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Study of the properties of the Higgs boson in the
decay channel to a b-quark pair with the ATLAS
experiment at the LHC

Abstract

This thesis focuses on two separate research axes: first, the search for the Standard Model
(SM) Higgs boson H in the associated production mode (V H) decaying to b-quark pairs,
with data collected at /s =7 TeV and 8 TeV during the LHC Run-1, and separately at
Vs =13 TeV during the LHC Run-2 (until July 2016). Furthermore, the search for a high-
mass CP-odd pseudoscalar A boson decaying to Zh pairs, with the h being a SM Higgs-like
boson decaying to bottom-quark pairs, with data collected at /s =13 TeV during the LHC
Run-2 (until December 2015).

The event selection, the analysis techniques, the main backgrounds and their modeling, the
signal properties, and the statistical discrimination between the signal and background in
data are discussed for all analyses presented in this document, as well as the interpretation
of the results.

In the SM V H(bb) channel no clear excess over the background prediction is observed
in the analyses of the LHC Run-1 and Run-2 datasets. From the Run-1 data analysis
the observed (expected) significance under the hypothesis of a SM Higgs boson can be
quoted at Oops(eap)y = 1.4(2.6) , with a ratio of the measured signal yield to the Stan-
dard Model expectation (signal strength) of p = 0.51 £ 0.31(stat.) & 0.24(syst.). The
significance of the Run-2 data analysis is oops(eap) = 0.42(1.94), with a signal strength of
W= O.21J_r8:§g(stat.) + 0.36(syst.), corresponding to a 95% observed upper limit on the
cross section times branching ratio pp — (W/Z)(H — bb) of 1.2 times the SM prediction,
compared to the limit of l.Ofgé expected in the absence of a SM Higgs signal.

In the search for a CP-odd pseudoscalar A boson two upward deviations from the background-
only hypothesis are observed, for masses of the A boson of m4 = 260 GeV and 440 GeV,
with a local significance of approximately 20. No other significant excess over the back-
ground prediction is found, therefore 95% upper limits are set on the production cross
sections times branching fractions, o(pp — A) x BR(A — Zh) x BR(h — bb), in the range
of [4.0, 0.017] pb ([6.9, 0.026] pb) for m4 = [220,2000] GeV assuming gluon-fusion (b-
quark-associated) exclusive production, which are furthermore interpreted in the context
of 2HMDs as constraints in the tan(f8) and cos(f — «) parameter plane.
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1 Introduction

The Large Hadron Collider (LHC) [!] at CERN accelerates and collides proton bunches
at unprecedented energies, with the highest instantaneous luminosities achieved in hadron
colliders so far. The proton-proton collisions provide access to an extended kinematic
regime, which is probed by two multi-purpose experiments, ATLAS [2] and CMS [3], able
to test Standard Model (SM) predictions for elementary particles and their interactions,
and to explore new physics scenarios beyond the SM (BSM).

In the Standard Model of particle physics the Higgs mechanism is required to introduce
mass terms for all massive elementary particles, without spoiling the fundamental proper-
ties of the model, and it predicts the existence of a new scalar massive state: the Higgs
particle H. The theory of the mass-generating mechanism was independently hypothesized
by Brout, Englert and Higgs in 1964 |1, 5], and it has been experimentally confirmed with
the discovery of the predicted Higgs boson, announced by the ATLAS and CMS experi-
ments on July 4, 2012 [0, 7]. At the time of this announcement only Higgs couplings to
bosons could directly be proven.

To probe the structure of the Higgs sector of the SM it is critical to investigate its coupling
to fermions as well: the H — bb channel allows to directly test the Higgs coupling to
bottom-type fermions, and it provides the largest branching fraction of 58% for a Higgs
boson with mass of 125 GeV, making it an important actor in the study of the total Higgs
decay width under general assumptions [3].

The overwhelming background from QCD jet production makes the inclusive search for
H — bb decays extremely challenging at hadron colliders: the experimental signature of
the different Higgs production mechanisms is the best handle to disentangle the signal
from the backgrounds. The associated production mechanism (V H) provides the highest
sensitivity thanks to the leptonic decays of the vector boson, while other modes, such as
vector boson fusion (VBF') and top-quark pair associated production (ttH), have been
studied as well by the ATLAS and CMS Collaborations.

The first evidence of the Higgs decay to bottom-quark pairs have been reported by the DO
and CDF Collaborations [9], with the full dataset collected during the Run-2 of the Teva-
tron proton-antiproton collider, corresponding to a maximum local (global) significance of
3.3 (3.1) standard deviations for an Higgs mass of 135 GeV, and an observed significance
of 2.8 standard deviations for an Higgs mass of 125 GeV.

The investigation of this Higgs process at the LHC aims at providing a definite and solid
answer about the nature of the Higgs coupling to bottom-quarks.

The CMS Collaboration reported a moderate excess of events from the analysis of the LHC
Run-1 data, with an observed significance of 2.1 standard deviations [10], while no result
from the LHC Run-2 data has been presented yet. A combination of the ATLAS and CMS
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Run-1 analyses has been performed [11], leading to an excess in the H — bb decay channel
of 2.6 standard deviations (from both V H and ¢ttH production modes combined).

In this thesis I describe the search for the V H(bb) process with data collected by the
ATLAS detector during the LHC Run-1 and Run-2: while the analysis of the LHC Run-
1 data represents the ‘legacy result’ for this search from the ATLAS Collaboration, the
Run-2 analysis is the first investigation of Higgs to bottom-quark pair decays in associated
production mode performed at a center of mass energy of /s = 13 TeV.

The V H(bb) final state is also a powerful probe in the quest for BSM physics. At the
center of mass energies reached by the LHC, massive resonances can be produced by
proton-proton collisions, and several BSM scenarios [12] predict the existence of CP-odd
neutral bosons A with masses above ~ 200 GeV. The Zh decay channel, where h is a
SM-like Higgs boson decaying to bottom-quark pairs, has a good sensitivity to this type
of signal, thanks to the large h — bb branching fraction coupled with the experimental
signature from leptonic V' boson decays.

The A — Zh — [T17bb channel has already been investigated by the ATLAS and CMS
Collaborations with data collected during the LHC Run-1 [13, 11]: in this thesis I present
the results of this search, extended to include Z — vv decay modes, and improved with the
use of jet substructure techniques, performed with data collected at /s = 13 TeV during
the LHC Run-2. The search for a high-mass resonance strongly benefits from the increase
in center of mass energy, from 8 to 13 TeV, and it represents one of the top candidates for
the analysis of the LHC Run-2 data.

Structure of the thesis and personal contributions The thesis is divided into nine
Chapters, including this Introduction. Chapter 2 is an overview of the fundamental theory
of particle physics, with emphasis on the construction of the Higgs scalar sector and its
main features. This Chapter contains a short outline of the BSM physics framework used
for the interpretation of the search for a CP-odd A boson documented in the thesis.
Chapter 3 provides a general description of the LHC, introducing some fundamental con-
cepts of accelerator physics, and contains a detailed description of the ATLAS detector
with its several sub-systems. A short outline of the upgrades introduced between the LHC
Run-1 and Run-2 is provided for the main components of the ATLAS detector.

In Chapter 4 I describe the main statistical methodologies developed for the analysis of
LHC data, and applied to obtain the results presented in this thesis. The Chapter is
divided into two main parts: first I cover the fundamental principles of the statistical ap-
proach, while in the second part I discuss some specific techniques applied in the analyses
described in the following Chapters. The results presented in this thesis heavily rely on
this statistical methods, which are a core aspect of the investigation of LHC data.
Chapter 5 contains the details of the object identification and reconstruction with the AT-
LAS detector, for all the main objects used in the analyses. The final part of the Chapter
covers the specific techniques used to improve the event reconstruction for V H(bb) final
states. When relevant, the differences between the strategies adopted for the identification
or the reconstruction of objects and events in the analysis of LHC Run-1 and Run-2 data
are outlined.

In Chapter 6 the search for V H(bb) processes with data collected during the LHC Run-1
is described. I have been involved in this search since December 2013, mainly focusing
on the analysis of the ZH (vbb) channel. The most relevant contributions I gave to this
results include the estimate of modeling systematic uncertainties (specifically for the dibo-
son background), the definition of the statistical analysis and the extraction of the results
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for the diboson V Z(bb) cross-check measurement, and the combination of the analyses of
/s =7 and 8 TeV datasets.

Chapter 7 describes the search of a CP-odd A boson decaying to Zh(— bb) final states,
performed with the first data collected by the LHC during Run-2, until December 2015.
My focus in this analysis remained on the Zh(vbb) channel, from the definition of the
selection cuts until the production of the final distributions used to extract the results.
I studied the optimal strategy to include the analysis of high-transverse-momentum final
states (where jet substructure techniques are used), combining it with the search at lower
transverse momenta. I took care of the estimate of modeling systematic uncertainties for
the main backgrounds (¢t and V + jets backgrounds) and I was editor of the supporting
documentation for signal and background modeling studies [15]. Finally, I worked on the
definition of the statistical analysis and the extraction of the final results.

In Chapter 8 I present the analysis of the LHC Run-2 data collected until July 2016, for
the search of V H (bb) processes. While I kept contributing to the analysis of the ZH (vizbb)
channel, I studied the modeling systematics for the main backgrounds (with focus on the
V + jets and diboson processes) and for the Higgs signal, as well as their implementation
in the statistical analysis.

The studies on the modeling of the V' H signal allowed me to be involved in the LHC Higgs
Cross Section Working Group, profitting from the useful and stimulating discussions taking
place in the VH 4+ V BF sub-group, and to participate to the ATLAS publication on Higgs

signal Monte Carlo modeling |16]. The work on the diboson background prediction allowed
me to contribute to the ATLAS publication on the Monte Carlo modeling of multi-boson
processes [17].

Finally, Chapter 9 outlines the general conclusions of the work presented in this thesis,
with an outlook on the future prospects for these analyses at the LHC.

— 11 —



— 12 —



2 The Theoretical Framework

In this Chapter I discuss the theoretical foundations that motivate the research work pre-
sented in this thesis, and provide the basis for its interpretation.

I start with an overview of the Standard Model (SM) of particle physics as fundamental
framework and I present the Higgs boson as natural consequence of the introduction of a
new scalar sector of the theory. I then discuss the phenomenology of this new boson, from
the main production modes to the decay channels relevant at hadronic colliders such as
the Large Hadron Collider (LHC), with particular emphasis on the processes studied in
this work. I finally present some of the theoretical issues and open points that arise from
the formulation of the SM with the addition of this new scalar sector, and the attempts
that have been made to develop the theoretical framework to address them.

In the second part of the Chapter I focus on a specific set of ‘beyond the Standard Model’
(BSM) theories which target the SM issues by extending its scalar sector to include addi-
tional Higgs bosons, known as Two Higgs Doublet Models (2HDMs).

2.1 The Standard Model of Particle Physics

The SM is a Quantum Field Theory (QFT) developed in the 1970s that unifies three of
the four fundamental interactions known today, and gives an almost complete description
of the elementary particles physics. In the last two decades the SM has been tested by
several experiments at LEP, Tevatron and LHC and other accelerators, and so far all the
precision measurements are almost completely reproduced by its theoretical predictions.

A detailed description of the Standard Model is beyond the scope of this thesis, never-
theless I discuss the core concepts on which the SM has been built and that characterize it.
The structure and the content of this Chapter are inspired by the complete texts covering
the theoretical foundations and the details of the SM of particle physics [18, 19, 20].

First I introduce from a phenomenological point of view the fundamental blocks used to
built the SM as a Quantum Field Theory, the elementary particles’ fields that describe the
components of matter. I'll discuss the structure of interactions between these particles, and
how it’s implemented within a Quantum Field Theory without spoiling its most appealing
properties.

Finally I illustrate the details of the Higgs mechanism, which allowed us to build a Quantum
Field Theory of massive fields that satisfy the criteria of gauge invariance and renormal-
izability. The most important theoretical aspects of the SM are highlighted, explaining
why it’s such a strong and durable theory, which incorporates the fundamental principles
required from an elementary particle theory.

At the end, I briefly outline the main issues and unsolved problems of the SM. It is impor-
tant to point out that, if today the SM doesn’t provide a complete description of particle
physics, it is expected to be, at worst, incomplete rather than wrong. That is, the Standard
Model is at worst a subset of a more advanced theory of particle physics.
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The Standard Model of particle physics is built with the language of Quantum Field The-
ories: it is important to remind the basic reasons and motivations behind this choice. The
idea to reduce particles and interactions to fundamental objects was predominant in the
XIX century, moved by the reduction of thermodynamics to statistical mechanics and the
unification of magnetism and electricity by Maxwell [21], whose intentions were to create
a mechanical model of electromagnetism.

Nevertheless the first cracks of this project appeared precisely in the field of electromag-
netism, with the inclusion of special relativity [22].

The goal became then to build the most general theory that included both relativistic
kinematics and quantum dynamics of particles, therefore following two main guidelines:

1. covariant theory: the Lagrangian is invariant under Lorentz transformation, and all
the observables are covariant objects. The theory’s states are built as irreducible
representations of Lorentz or Poincaré group.

2. quantum theory: the states of the theory are described by the rules of quantum
mechanics, characterized by the quantum numbers of the symmetry group of the
theory.

The procedure to build a theory with such properties is simple: one has to consider all
the fundamental objects (that is the most fundamental particles observed by experiments)
and find the largest symmetry group that allows to classify these objects as irreducible
representations, making sure that the theory respects the two points listed before. The
symmetry structure of the group defines then the interactions between the described par-
ticles.

This is the simple and general idea behind the construction of Quantum Field Theories,
which led to the crisis of mechanical reductionism.

2.1.1 Fundamental Particles of Matter

In this paragraph I describe the elementary matter blocks, the fermions. This group of
particles includes all the fundamental objects of quantum number of spin s = % observed
by experiments, and it is further divided in two sub-groups: leptons and quarks. Leptons
only interact through electroweak force, while quarks have an additional quantum number,
the color, related to strong force.

Fermions are also divided in three generations of increasing mass, both for leptons and

quarks, as shown in Table2.1. The main difference between leptons and quarks is that

I family II family III family Q/e Interactions
u c t +2/3  electroweak
Quarks d s b -1/3 strong
Leptons ¢ H ’ electroweak
Ve vy Vr 0

Table 2.1: Fermions families with spin and electromagnetic charge quantum numbers

leptons can be experimentally observed as single objects, while quarks are always bounded
together to form colourless particles with integer charge, called hadrons.
Hadrons composed of three quarks are classified as half-integer spin baryons, while hadrons
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composed of a quark anti-quark pair are integer spin particles called mesons.

Field description of fermions Fermions can be described by three main fields: Weyl,
Majorana and Dirac fields. The SM has to describe massive fermions, therefore they can-
not be introduced as Weyl fields (which are defined in two-dimensional representations of
the Lorentz group, and represent massless particles with positive or negative helicity). In
order to write a fermionic mass term in the SM Lagrangian, four-dimensional fields are
required: Majorana fields are built from one Weyl field and its hermitian conjugate, while
Dirac fields are composed of two different Weyl fields.

It can be easily shown that the free Lagrangian for massive Majorana fields is not invariant
under U(1) transformations, therefore electromagnetic charge is not conserved for Majo-
rana particles: as a consequence most of the SM particles cannot be described by such
fields. The SM Lagrangian is written using Dirac fields for all the included fermions.
Majorana fields however are not useless and can be used to describe massive neutrinos in
SM extensions where neutrinos have only left handed component [23, 24, 25]. In these
models the presence of Majorana mass terms should lead to violation of the lepton number
as a consequence of the non invariance under global U(1) symmetries.

2.1.2 Standard Model Lagrangian and Symmetry Group

After defining the fundamental objects of the theory, the fermionic fields, the next step is
to describe them as irreducible representations of the most large symmetry group that can
describe their properties.

This is a fundamental step in building a Quantum Field Theory: writing the Lagrangian
as a locally invariant object under the defined symmetry group provides us not only the
free theory of fermions, but also the structure of interactions between these free fields. The
interaction’s terms of the Lagrangian are then identified as additional particles (physical
observables), the boson force carriers of spin 1 that are described in Sections 2.1.3 and 2.1.4.

The symmetry structure of the SM has been worked out taking into account several years
of experiments and is the result of a challenging theoretical work. The global symmetry
group of the SM is:

SU(3)c@SU2) L@ U(l)y
We can divide the global symmetry group in two main sub-groups:

SU(2)r, ® U(1)y is the symmetry structure of the electroweak theory, where U(1)y
is the hypercharge symmetry group and SU(2), describes the weak interaction sym-
metries.

From this group it’s possible to extract a sub-group U(1)ey, that describes the elec-
tromagnetic interactions and the electrical charge conservation. This group allows to
describe in a unified way both the weak interaction, at first included as an effective
Fermi theory, and the electromagnetic force.

SU(3)¢ describes the colour symmetry of quarks and it’s related to strong interac-
tion. From an historical point of view this symmetry group has been introduced to
provide a theoretical description of the confinement of quark particles in hadrons, and
received validation by predicting successfully all the hadronic structures observed by
experiments.
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The SM Lagrangian is written as an invariant object under the global symmetry group
now described.

In order to describe not only the free theory, but also the interactions, the SM is built as a
gauge theory, requiring that the Lagrangian’s terms are locally invariant under SU(3)¢c ®
SU2),®U(1)y.

The gauge formulation of the theory is achieved by introducing additional terms to the
Lagrangian that provide us the interaction fields for the fundamental forces associated
with the symmetry group. The complete Lagrangian can be written as the sum of multiple
terms:

Lsm = Lsu; + Lsu,esu,

2.1.3 QCD: SU(3) Lagrangian

The strong interaction (QCD) part of the Lagrangian can be written as:

sUy = —SFLFH + 3 Grai DS ar
where F/il, is the field strength tensor for the gluon fields GL:
Fl, = 0,Gl — 0,G!, — g fijk Gl Gk

which depends on the QCD coupling constant g, with fi;, (4,5, = 1,---,8) the structure
constants defined by the non-abelian SU(3) algebra.

In order to obtain gauge invariance for the strong interaction term of the Lagrangian, the
covariant derivative is defined as: D5 = (Dy)ag = Oudag + igs GL Lgﬁ

where « runs over color quantum numbers for the gluon GL and L' = % are the represen-
tation matrices of SU(3).

The strong interactions alone are diagonal in the flavour indices (so there is no mixing
between flavours), but they can change the quark colors and are purely vector interactions.
In this SU(3) Lagrangian there are no bare mass terms for the quarks: these are allowed by
QCD alone but would spoil the chiral symmetry of the electroweak part of the Lagrangian.
The quark masses are generated by the scalar sector of the theory, described later.

2.1.4 Electroweak: SU(2) ® SU(1) Lagrangian

This second part of the Lagrangian can be further divided in several sub-terms, in order
to simplify its structure:

Lsu,ou, = Lgauge + Ly + Lo + Ly ykawa

where Lgqyge is the free Lagrangian (or Mazwell Lagrangian) for the gauge boson fields
that are introduced to preserve gauge invariance:

N W i 1 uv
gauge = — g L iBuwB
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with field strength tensors that reflects the abelian nature of U(1)y and the non-abelian
one of SU(2)r:

By = 9,B, — 9,B,
Fu = 0,W}, — 0,Wi — geiji, Wi W}k

where g is the gauge coupling constant for the SU(2), group, and Wﬁ, i=1, 2, 3and B,
are respectively the SUs and U; gauge fields.

The fermion part of the Lagrangian, Ly, is simply a Dirac-like Lagrangian for the fermionic
fields written with the covariant derivative of SU(2)r ® U(1)y to obtain gauge invariance:

F . . _ . . 0 .
F=Yme1 (@npi Py, + 1o, DI, + 10, i DU + o, i DAY, + €0, i Ded )
and
Dy = (au +ig3 Wi+ %BM) o

m is the family index and F' is the number of families (for the SM, F = 3). The fermionic
fields are included as left and right chiral projectors defined at the beginning of Sec-
tion 2.1.1. As for the QCD Lagrangian bare mass terms are forbidden by the requirement
of chiral invariance.

The Lagrangian’s terms introduced so far describe the free propagation and the inter-
action not only of the fermion’s fields, but also for the gauge fields introduced to build the
Lagrangian itself. Nevertheless we are neglecting the masses of all the particles, in order
to preserve local gauge invariance (for gauge fields) and chiral symmetry (for fermions).
To overcome this issue a scalar sector is added to the SM, described by two additional
Lagrangian terms: Lg to describe the new scalar field with its characteristic potential
and Ly ykewe to include its interactions with fermions. These additional terms are de-
scribed in full detail, together with the Higgs mechanism that justifies their introduction,
in Section 2.2.

2.2 Scalar Sector of the Standard Model: Higgs Mechanism

Before introducing the details of this theoretical model, I would like to highlight the need
to avoid bare masses for both the fermions and the gauge bosons in the SM Lagrangian,
as stated in the previous section.

The main motivation behind the great theoretical effort represented by the construction of
the SM is the will to describe the elementary particles with a gauge invariant theory. The
gauge invariance, in fact, grants us that the model satisfys several important properties,
first of all renormalizability, and that has the correct behaviour in high-energy regimes.
Including bare masses in the Lagrangian would spoil the gauge invariance in two different
ways:

gauge fields: adding a brute-force mass term in the gauge Lagrangian for any of
the gauge fields would lead to explicit violation of gauge invariance.

In order to obtain the gauge invariance of the fermion fields, that locally transform
like:

O(z) = e @)D (z)
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The gauge fields have to transform according to the following expression (for example

B,):
B, — B, + 0,a(x)

Therefore, a mass term like ,u2B“BN is clearly not invariant under B, transforma-
tions.

fermions: considering a Dirac-mass for the fermions: m(®.®g + ®r®y), it is clear
that, since the electroweak coupling is different between the right-handed and left-
handed part of the field, such a term is not invariant under a chiral transformation

Properties of gauge theories Including naive mass terms for fermions and bosons
would spoil gauge invariance: which are the reasons that make a gauge invariant theory
so appealing, and why it’s widely believed that the fundamental theory of nature has to
be a gauge theory? Gauge theories show some important features which allow to avoid
unphysical behaviours and make the SM a robust and solid theory of elementary particles.

1. renormalizability [26]: the computation of probability amplitudes for processes

with one or more loops leads to divergent results; the theory is called renormalizable
if there is a finite number of divergences at all perturbative orders (the number of
divergences must not increase with the perturbative order). As a consequence it is
possible to measure a finite number of physics observables to absorb the divergences
at every perturbative order.
This divergent behaviour may seem suspicious, and one may think that it hints at
some unsolved issue of the theory: on the contrary renormalization confirms the
correctness of the SM as a Quantum Field Theory. It reflects the fact that the La-
grangian is built using parameters (coupling constants, particles’ masses, ...) that
have to be experimentally measured in order to be well defined. The divergences
appear trying to express physics observables (as cross sections or decay widths) in
terms of the conventional parameters written in the Lagrangian.

Renormalizable theories show adimensional coupling constants, while non renormal-
izable ones have dimensional couplings. A non renormalizable theory is an effective
theory: it is still predictive if we measure enough observables to absorb all the diver-
gences, but increasing the perturbative order the number of measurements becomes
higher.

The idea that the fundamental theory of nature has to be a renormalizable theory
is a theoretical preconception, supported by the success of the SM: the fundamental
laws of nature could be very well described by different non renormalizable theories,
each valid at its own energy scale. In this scenario there wouldn’t be any larger renor-
malizable theory which generates the effective theories we observe at lower energy
scale throughout decoupling.

2. high-energy behaviour |27, 28]: probability amplitudes must satisfy a unitarity
requirement, which can be spoiled if the energy behaviour of the amplitude is not
correct. In detail, if the amplitude increases linearly with the center of mass energy,
unitarity is violated. Interaction terms coming from the gauge structure of the theory
(for example trilinear electroweak boson couplings) cancel the amplitudes that show
an incorrect energy behaviour, thus avoiding unitarity violation at high energy scale
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(see for example the diagrams in Figure 2.1).

The gauge symmetry of the theory sets not only the structure of the coupling, but also
grants the universality of the coupling constants: this feature grants the cancellation
of problematic terms.

W

~
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Figure 2.1: Feynman diagrams for the ete™ — WTW ™ process

In order to overcome this mass issue we can include an additional scalar sector to the
model, introducing a mechanism that provides mass to all the massive fermions and to
three of the electroweak bosons (29, W*) leaving the photon massless.

Symmetries in a Quantum Theory The following description of the scalar sector
and especially of the Higgs mechanism are based on a simple but fundamental idea: a
symmetry transformation has different definitions for classic and quantum systems.

classic system: if the Lagrangian L is invariant under symmetry transformation,
all the states of the system are invariant.

quantum system: the system is symmetric if the Lagrangian L and all the quantum
states of the system are invariant under the transformation, but states invariance is
not a consequence of the Lagrangian invariance.

Since the states are built from the vacuum state |0 > with ladder operators, state
invariance is achieved if the vacuum is invariant under symmetry transformations.

2.2.1 Construction of the Scalar Sector

The scalar sector of the SM is surely the less constrained sector: there are several exper-
imental results about the fermionic sector (coupling and mass measurements), while we
have only less direct and indirect information about the scalar one.

Keeping this in mind we want to build a SM scalar sector introducing the minimum num-
ber of required degrees of freedom, following a principle of simplicity.

The minimal model that can give mass to three of the four bosons of SU(2);, ® U(1)y
is built with three scalar fields, providing one degree of freedom for each massive boson.
This choice however is not the one realized in nature: the radiative corrections computed
within this model are not in good agreement with the SM precision tests.

The second minimal model has one additional degree of freedom, and shows interesting

symmetry properties that grant us much smaller radiative corrections and a better agree-
ment with experimental data. This model is built using a complex doublet of scalar fields,

defined as:
_ ¢r
®= < 1+ id2 )
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This field has to satisfy the gauge invariance properties of L under SU(2);, ® U(1)y trans-
formations (SU(3)c does not contribute, since the gluons are massless and don’t couple
with the scalar sector):

SU©2)p P — i3 @)]g
U1y P — eliTYF@)]g

where g is the SU(2)[, coupling constant, Y is the ipercharge quantum number and ¢’ the
U(1)y coupling constant. As for the electroweak sector, gauge invariance can be achieved
introducing the adequate covariant derivative for the scalar field:

Du® = (9 +ig5 Wi + 4 B,) @
Finally one can write the Lagrangian term for the scalar sector as:
o = (D"®)ID,® — V(@) = (DH®) D, ® — 120Td — \(dTd)?
Ly symmetry group The Lagrangian Lg for a doublet of complex fields is explicitly
invariant under O(4) transformations. It can be easily shown, writing Le in terms of a

complex matrix Hazo, that it is invariant under SU(2)r ® SU(2) g transformations as well
(O(4) and SU(2)r, ® SU(2)p are isomorphic groups)

In addition to this standard construction of the scalar sector, I can define some useful
quantities related to the scalar field:

e |0 > is vacuum state of the system, the lowest energy state

o v = < 0|®|0 > is the vacuum expectation value (vev) of the scalar field ®

The core concept behind the Higgs mechanism is that the vacuum expectation value of the
new scalar field introduced does not respect gauge symmetry.

Since the vacuum state |0 > is the lowest energy state of the system, it’s important to
study the potential (or the energy) for the scalar sector now defined, and therefore the
vacuum state itself.

2.2.2 Scalar Field Potential
The potential for & is:
V(®) = 120Td + \(DTd)?

Since the potential depends on @, field configuration, we cannot find explicitly the solution
for the vacuum state from V(®), but we can redefine the potential as a function of v =
< 0|®|0 > and minimize V' (v), interpreting v as the solution of the classical equation of
motion.

With few mathematical steps it can be shown that:

V(®) = V(v) = 312 [v]? + 1o
There are two possible solutions:

12 > 0, there is a single minimum at v = 0, therefore the vacuum is empty and
cannot break the symmetry (this case is not of physical interest).
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Figure 2.2: The Higgs potential V' (v) for u? > 0 (dashed line) and u? < 0 (solid line).

p? < 0, the solution is |v] = (—u?/)) /2 and is not unique (for pu? = 0 the solution
is similar to p? < 0).

Considering the u? < 0 case, it’s clear that the choice of the minimum is not trivial, since
the point of minimum is not unique. To further discuss this point the introduction of a
new concept is required.

Spontaneous Symmetry Breaking (SSB) A spontaneous symmetry breaking is a
symmetry breaking related to the choice of a particular state of the system. This kind of
symmetry breaking is possible also for classic systems, but plays a much more relevant role
in quantum theories when the choice of the vacuum state is not trivial, and is connected
with the appearance of a bosonic degree of freedom.

Goldstone Theorem The Goldstone theorem is built on the concept of SSB and pro-
vides a fundamental result for the Higgs mechanism [29].

Hp: Given a Lagrangian invariant under a group of continuous transformations with N
generators, and assuming that M of N generators are spontaneously broken: the vacuum
state is not any more invariant under the M transformations related to the broken gener-
ators.

Th: In the particles’ spectrum of the theory, developed around the vacuum expectation
value v, there are M massless particles called Goldstone bosons (one boson for each spon-
taneously broken generator).

It’s important to remind that the Goldstone bosons are not affected by radiative cor-
rections, therefore they are always massless.

The Goldstone bosons are massless scalar fields of the theory, that cannot be interpreted
as physics observables (real particles): they appear in unitary gauge as the longitudinal
degree of freedom of the massive spin 1 particles that acquire mass, while in arbitrary
gauge they can be expressed as non-physical particles of the theory.
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2.2.3 Higgs Mechanism

The core of the Higgs mechanism [, 5] is the application of the concepts described so far
to the potential introduced in Section 2.2.2.

The wvewv is not unique, therefore the symmetry group can be spontaneously broken on the
vacuum state by choosing a specific value for the vev itself. The field ® can then be re-
written as an expansion around the vev chosen: in the resulting Lagrangian the required
mass terms for the gauge bosons of the theory appear as a direct consequence.

Choice of the vacuum expectation value Generally there isn’t a prescription to
choose the vev to obtain a specific result. However, after the SSB, the resulting theory
must still include the QED with its un-broken U(1)eyy,, since the photon must not acquire
mass. The vev chosen during the SSB must be therefore invariant under U(1)ep,.

Given the general form of the vacuum expectation value:

Uev<0|<I>|0>:(I>0:\}§<Zl>
2

there are two choices that preserve U(1)e,, (conventionally the first one is used):

_ 1 0. _ 1 v
wea(2)0ms(0)

Now the scalar field ® can be written as an expansion around the vev (on the right in
unitary gauge for a simpler expression):

_ ¢+ a0
q)_<v+a—|—in T Va\ v+o

Mass of the vector bosons Z°, W=+

The scalar Lagrangian Le can now be written with the explicit form of the scalar complex
doublet ® and the covariant derivative D,,, that is combining the following equations:

= (D*®)1D,® — (20T — \(PTD)?

(8 +igZ Wi+ Bu>¢

0
¢ = f<v+a>

The computation is long but straightforward and the result shows interesting features, and
can be divided in two parts:

e charged component: W1, TW?
e neutral component: B, W3

Writing the W12 fields as linear combination, VVMjE = %(Wl} F zWﬁ), we recognize
immediately the mass eigenstates for the W+ bosons, and their mass terms within the
Lagrangian.

The neutral component contains mixed terms of B and W? fields, therefore the physical
fields can be retrieved by diagonalizing the mass matrix with a rotation of the Weinberg
angle.

— 922 —



A, = cos(Ow)B, + sin(@W)W/ff
Zf) = cos(Ow )W — sin(6w) By,

With the constraining relation on the value of Oy :

gsin(Oy) = ¢’ cos(By) = e = tan(fy ) = %/
Once the fields are written as mass eigenstates the gauge Lagrangian of SU(2)r, @ U(1)y
together with the scalar Lagrangian Lg can be conveniently expressed as:

1
L<I> + Lgauge = < a5

5(
v 1 2+ 12
+(%)2ijﬁ+§(7g 49 V022, 721+
) , (2.1)

g*v
gv_ > Lz ogn
2 2cos(fw)? taustot

A
9,0) (0" 0) + p*o* — Ivo® — 1044—

1
+§QQUWJW’_‘U +

92 sk 2 92 1 2
=WrIw =7, 7!
T *U+42cos(9w) K U)
The first line describes the self-couplings of the o scalar field, the second line contains the
physical fields’ mass terms, the third and fourth lines contain the couplings between the
field o and the gauge bosons.
The mass of the W and Z bosons can be explicitly written as:

o my =% =81 GeV

e mz = 5+/g* + g% =91 GeV

The vacuum expectation value v can be obtained from the measurement of the muon decay
width [30, 31, 32|, and corresponds to: vev = v = 246,22 GeV. Using this measure myy
and myz can be computed, obtaining the value quoted before, in very good agreement with
the direct mass measurements [33, 34, 35].

Coupling between the gauge bosons and the Higgs From the final form of the
Lagrangian we can see the coupling between the W and Z bosons with the Higgs field o.
This couplings can be re-written in order to make a very interesting property explicit:

o 3PvWiWs = gmw W/ W!o

2
gv 1
5

— 1
2cos(9w)2ZuZ“U =gmz 2(:057(0W)Z”Z#0—

The coupling of the Higgs boson o with a second particle is always proportional to the
mass of the particle itself (this result is valid for all bosonic and fermionic fields).
Mass for the fermionic sector

The scalar sector introduced in the SM Lagrangian to provide mass to the gauge bosons
can be used to define the fermionic mass in a gauge invariant way.
We can write a candidate Lagrangian as:

Ly ukawa = —Yu(QrPup + ap® QL) — Yo(Qr®dr + dr®'Qy)
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where Y(, gy are called Yukawa coupling constant and are specific for each fermion, and the

Q(r,r) terms are doublet of up and down fermionic fields: Qz gy = ( Z(L’R) > . Therefore
(L,R)
the explicit expression of the Yukawa Lagrangian contains:

° QLi)UR — (ﬂLvuR>(ﬂLouR)

V2 V2
o QrLPdp = (JL\;;R)(JL%R)

where the first term provides the mass to the fermion field and the second one shows the
coupling between the fermion and the Higgs boson o. Both the mass and the coupling
terms are explicitly invariant under SU(2)r, ® U(1)y transformations.

The fermionic mass can be then written as:

Yuv
muf\%
Ygv
md:%

Mass eigenstates and properties The fermionic fields used to write the Yukawa La-
grangian are flavour eigenstates, so they are not the physical observables detected in the
experiments. Expressing the Yukawa coupling constant as mass matrices and writing the
Lagrangian for the physical mass eigenstates we can look at some very interesting features:
}/(u7d) N Mi(jup,down)

Ly ukawa = _M;Ljp(QiL‘i)ujR +h.c) — M%‘)w"(QiL(I’de + h.c.)

In can be shown that the mass matrices Mi(jyp Aown) can be diagonalized with a pair of
unitary transformations, that act as basis transformations on the fermionic fields. It is
therefore possible to write the Lagrangian for the mass eigenstates exploiting these unitary

transformations, different for up and down fields:

HL:UL’I_L% ﬂRIURﬂ%
dp, = VidY) dr = Vrd%
where ©? and d” are mass eigenstates.

This result becomes very interesting if we look at the neutral and charged components of
the electroweak Lagrangian, writing them for the mass eigenstates.

° LNc:ﬂL’yuuL—i—...:>ﬂ%'y#u%+...

o Loo = Sy, 50dp + .o = Saly 2 U VL] +

Therefore the neutral electroweak interactions are diagonal for mass eigenstates. This is
a fundamental result for the SM: from a phenomenological point of view flavour changing
neutral couplings (FCNC) are extremely suppressed, and every theoretical model that
predict them at tree level is strongly disfavored.

Considering the charged term we can write the [U;VL] matrix product as a single unitary
matrix which summarizes the electroweak mixing between quark flavours: the CKM matrix
Verw [36, 37].

2.2.4 Main Standard Model features involving the Higgs scalar sector

In this Section I would like to point out some of the main properties that make the model
just described so solid and predictive for an elementary theory of particles.
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Free parameters of the SM

The gauge sector of the SM can be written using four constant parameters:
e g, ¢ electroweak coupling constants
e v vacuum expectation value
e ) quartic coupling constant of the SM scalar sector

The fermionic sector gives twelve Yukawa coupling constants, which can be directly mea-
sured from fermionic masses. It is possible to write the four gauge constants in terms of
physics observables, in order to measure them, choosing quantities that can be measured
with extremely high precision:

Therefore it’s possible to obtain the numerical value for v, g and g’, while A remains a free
parameter: this implies that the mass of the Higgs boson is not fixed by the model but
can assume different values. The mass mp can be written explicitly as:

myg = V2?2

The scale of the Higgs mass is thus controlled by the vacuum expectation value of the field,
but its precise theoretical value is unknown because of the new coupling constant .

This results were quite important from a phenomenological point of view, because the
theoretical model didn’t provide a direct information about the mass range where the
Higgs boson should have been found.

The observation of the Higgs boson, announced on July 4th 2012 by the ATLAS and CMS
collaborations [0, 7], has now been well established and a measurement of the Higgs boson
mass has been performed by the ATLAS and CMS Collaborations using data collected
during the Run-1 of the LHC [38], resulting in:

mpy = 125.09 + 0.21(stat) £ 0.11(syst) GeV = 125.09 4 0.24 GeV

Stability of the Higgs potential

The beta function describing the running of the quartic Higgs coupling A introduced in the
scalar potential in Section 2.2.2 is given by:

9 3
(200 — 6 + Zg* + Zg')

ey -

= 1672

where Y; is the top Yukawa coupling (neglecting the Yukawa for lighter fermions). The
function is thus positive or negative whether the negative contribution from the large top
Yukawa coupling is compensated by the gauge couplings and the Higgs quartic coupling.
We can thus observe that the running of the Higgs quartic coupling is determined by the
measured values of m; and mpg at the electroweak scale.

Had we measured a larger value of mpy we could have implied a non-perturbative behavior
of the Higgs self-coupling above some scale A, but from the measured value of mpy (as well
as the other EW SM parameters) we can conclude that the Higgs quartic coupling remains
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perturbative up to the Planck scale [39, 10].

However, for the same measured value of my we find that the S(\) function is negative
and the \ coupling decreases becoming negative at energies A = O(10'0 — 10'2) GeV, as
shown in Figure 2.3, although it has a broader range when considering a 3¢ fluctuation in
the top quark mass value. For negative values of A the SM vacuum state becomes unsta-
ble: this behavior may call for new physics at an intermediate scale before the instability
(hence below the Plank scale), or alternatively the electroweak vacuum may remain in a
metastable state [11, 12, 13].

This question, within the SM, is related to the lifetime of the metastable vacuum, deter-
mined by the rate of quantum tunneling from this vacuum into the true vacuum state of
the theory.
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Figure 2.3: Renormalization group evolution of the Higgs quartic coupling A, for my =
125.7 GeV, my = 173.4 GeV and ag(Mz) = 0.1184, with variations of £30 for these three
parameters separately [11].

Higgs boson width

As already derived explicitly the Higgs boson couplings to fundamental fermions and bosons
are proportional to the masses of coupled particles. In detail we can write the SM Higgs
boson couplings as:

m 2m? 2m? 3m? 3qu

f v 1% H
ngf:T’ gHVV = o gHHVV:77 gHHH = 0 JHHHH = 2

where V.= W*, Z. Since all Higgs couplings to fermions and bosons are specified knowing
the mass of the Higgs itself and of its decay products, in the SM the natural width of
the Higgs boson can be precisely calculated by summing the partial width of each decay
mode. The total width can thus be described as a function of the Higgs mass alone, as
shown in Figure 2.4. The natural width of a SM Higgs boson with a mass of 125 GeV is
about 4.1 MeV (smaller than the experimental mass resolution obtained by the ATLAS and
CMS Collaborations, which is of the order of 1-2% of the Higgs mass), with a theoretical
uncertainty of approximately 4%: if the Higgs width were experimentally measured to be
larger than the SM prediction, it may indicate the presence of new particles to which the
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Higgs boson could decay. For this reason Higgs width measurements can be used to probe
the existence of new physics coupled to the Higgs sector.

The direct upper limit on the total width I'f; is currently quoted by the CMS Collaboration
at 1.7 GeV [11]. More stringent limits can be obtained from the measurement of the off-
shell coupling strength of the Higgs boson decaying to WW and ZZ pairs, with the stronger
assumptions that the SM Higgs couplings are unchanged and no new physics intervenes at
energy scales larger than mpy (in the probed off-shell regime): observed limits on 'y are
quoted at 22.7(26) MeV by the ATLAS(CMS) Collaboration |15, 16].
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Figure 2.4: Theoretical prediction of the Higgs total width as a function of the mass of the
Higgs booson.

SM custodial symmetry

In addition to its SU(2);, ® U(1)y gauge symmetry, the SM Higgs Lagrangian also respect
an additional approximate global symmetry, which is verified in the limit of ¢’ — 0 and
hy — 0 as a SU(2)r symmetry. Under this approximation the Higgs Lagrangian is there-
fore globally invariant under SU(2)g x SU(2)r, and this symmetry remains preserved for
non vanishing Yukawa couplings Yy as long as Y,, = ¥j.

After the EWSB mechanism the SU(2)g x SU(2)1 global symmetry is spontaneously bro-
ken to a global SU(2)¢ called custodial symmetry group [17, 18]:

SU(?)R X SU(Q)L — SU(2)C

In the custodial symmetry limit (¢ — 0) we can indeed see that the W+ and Z gauge
bosons have identical mass and form an SU(2)¢ triplet. We can characterize the custodial
symmetry by introducing a parameter p, which is expressed at tree level as:
2 2 2
My, _ My, 9

1 or = = c0s26
M% gIQ _|_92 w

p= MZcos?0y B

These relations always hold at tree level, and clearly show that in the ¢ — 0 limit we
obtain the mass degeneracy My = Myz. The p parameter is a key quantity in the context
of precision electroweak measurements, since it’s measured experimentally with very high
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accuracy and may be especially affected by new physics. Since the custodial symmetry
protects the relation between the W and Z masses under radiative corrections (therefore
p = 1 beyond tree level), all corrections to the value of p are proportional to terms that
break the custodial symmetry.

To give one example, if we had built the SM scalar sector from a triplet of scalar fields
(rather than the Higgs doublet) we would have found very large radiative corrections to p
which allow us to discard such theoretical model.
An other example comes from the heavy quarks’ masses: since m; # my, the Y, = Yy
approximation is not valid and the custodial symmetry is broken, hence we see rele-
vant radiative corrections generated by massive fermions, proportional to m? + mz -
2(m2m3)log(m?/m2)/(m? —m?) [19]. Indeed, before the direct discovery of the top quark
at Tevatron, the p parameter has provided the main indirect information on the top mass
my, which was determined with approximately 30% accuracy. At one loop order the p
corrections from top-bottom loop is of the order of 1% and can be expressed as:
2 2
pzl—i-%:l—kgGFmt
472 8\/571'2
Conversely, since the Higgs potential respects exactly the SU(2)r x SU(2)r custodial
symmetry, we cannot find any one-loop correction to p proportional to the Higgs quartic
coupling A which would lead to corrections proportional to m%{. To find this type of
corrections we need to consider two-loop level contributions which explicitly break the
custodial symmetry, and are too small to put significant constraints on mg [50].

2.3 SM Higgs Boson Phenomenology at Hadron Colliders

In Section 2.2 I gave an overview of the foundations of the SM of particle physics, with
an additional scalar sector which introduces the Higgs boson as a new particle. I now
use this theoretical framework and its predictions to characterize the behavior of the SM
Higgs boson particle in the context of a proton-proton hadronic collider such as the LHC,
discussing its main modes of production and decay. Particular emphasis is given to the
V H associated production mode and the H — bb decay channel, which are the focus of
this research work.

Complete and detailed references for the theoretical calculations for the different Higgs
production modes and decay channels are given in [51, 52].

2.3.1 Higgs Production Mechanisms

The main production modes of a SM Higgs boson are categorized depending on the different
initial and final states that characterize the process. As shown in Figure 2.5 the production
mechanisms, ordered from the highest to the lowest cross section at the LHC, are: gluon-
fusion (ggH), vector boson fusion (VBF), associated production to vector bosons (V H),
associated production to heavy quarks pair (bbH, ttH), associated production to single
top quark (tH).

Gluon fusion production mode: ggF The dominant production mechanism for a SM
Higgs boson at the LHC is via gluon fusion: pp — gg — H. Gluons do not couple directly
to the Higgs boson, hence at the lowest order the production is mediated by a fermion
loop, as illustrated in Figure 2.6, and for this reason it may seem suppressed with respect

— 928 —



T I TTTT TTTT TTTT TTTT TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT I T g

210 — _|
—10°E M(H)= 125 GeV =2
8 = EW) 3%
& b woco sl 18
—~ B H (NN\—O+NN 12
>_E - P 12

T 10 E

) E LO EW) E

o L qu (NN\—O QCD + N i

o I PP EW) 7

5 i (L0 QLT D

1 pp Cp + NLO EW) =) ]

E ~ZA (NNLOS == NLO QCD. 3

C NNLO QCRIT ]

B op - 9ord i

L L0 |

1| to QP |

10 "¢ E

-2 _|

10 = 3

I | 1111 ‘ 1111 ‘ 111 ‘ 111 ‘ | ‘ | ‘ 1111 ‘ 1111 ‘ 1111 I 1

6 7 8 9 10 11 12 13 14 15
(s [TeV]

Figure 2.5: Production cross sections for a SM Higgs boson with mpy = 125 GeV as
a function of the center of mass energy (1/s [TeV]) for the different Higgs production
modes [52].

to other processes at tree level. Nevertheless the gluon density within colliding protons is
highly dominant with respect to other partons, as clearly shown by Figure 2.7 where the
PDFs for gluon and quarks are shown (the typical range of the average momentum fraction
carried by partons in Higgs production at LHC is 0.001 << z >< 0.01 ), therefore the
Higgs production cross section trough gluon fusion is dominant at hadron colliders. The
intermediate fermionic loop has to contain colored particles (to allow coupling with gluons),
and because the Higgs coupling is directly proportional to the mass of the interacting
particles, the most important contributions come from heavy quark loops (top, bottom)
with large Yukawa coupling.

e | e H

g

Figure 2.6: Feynman diagram of gluon fusion Higgs production at lowest order.

The cross section for this process has been recently determined at next-to-next-to-
next-to-leading-order (NNNLO or N3LO) in the effective theory as an expansion around
threshold, with a theoretical uncertainty of the order of 5-6% and PDF®ag uncertainties
of the order of 3% [54].
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Figure 2.7: The CT14 NNLO parton distribution functions at ¢ = 100 GeV for
u,u,d,d,s = § and g as a function of the transferred momentum fraction x [53].

Vector boson fusion production mode: VBF The second production mode in order
of decreasing rate is the vector boson fusion (VBF) mechanism: pp — qq — qqgV*V* —
qqH. This process has a very distinct signature in the detector, characterized by the
presence of two hard jets in the forward and backward regions of the detector.

The two main contributions to VBF Higgs production come from the ¢- and wu-channel
diagrams shown in Figure 2.8, which define the genuine VBF channel: the two hard jets
have a strong tendency to be forward-backward, in direct contrast to other jet-production
mechanisms, providing a good background rejection through selection criteria on transverse
momentum (pr) and pseudorapidity (n) of the jets, jets n gap and central jet activity (for
a precise definition of the pseudorapidity n see Section 3.2.1). The s-channel diagrams and
the interference terms are strongly suppressed by these standard VBF cuts, hence the cross
section can be properly approximated by the contributions of squared t- and u- amplitudes
without interferences. The QCD corrections to LO diagrams are thereby reduced to vertex
corrections to the weak boson quark coupling, while explicit NLO QCD calculations in
this approximation show that these corrections are small (about 5 — 10%). The NLO
EW corrections amount to approximately 5% [55, 56]. A first calculation of NNLO QCD
corrections to the total and differential inclusive cross section for VBF has been obtained
using the structure-function approach [57, 58].

Associated production to a vector boson: VH In the associated production of
the Higgs boson (or Higgsstrahlung) along with a vector boson W or Z, the leading-
order diagrams are quark-initiated (pp — ¢q¢ — V* — V H): as a result this is the third
mechanism, as far as production rate is concerned, at proton-proton colliders as the LHC,
while it ranked second (after gluon-fusion production) at the proton-antiproton Tevatron
collider. Furthermore, it was the most important production mode exploited at LEP for
Higgs searches, allowing to avoid Yukawian suppression due to the direct coupling of the
Higgs boson to electrons.

The associated production of Higgs and gauge bosons is one of the simplest production
mechanisms at the LHC: the final state V H is not affected by strong interactions, which
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Figure 2.8: Feynman diagram of vector boson fusion Higgs production qqg — qqH at lowest
order, in -, u- and s-channels, where V denotes the W or Z bosons and ¢ denotes any
quark or antiquark.

affect only the quark-antiquark initial state. At the lowest perturbation order in fact, this
process can be viewed simply as the Drell-Yan production of a virtual W+ or Z boson,
which then splits into a real vector boson and a Higgs particle. The partonic cross section
can therefore be expressed as a function of the momentum of the virtual gauge boson k as:
40 (qq — VH) =0(qq — V*) x 4 (V* - VH)
corresponding to the leading-order (LO) Feynman diagram shown in Figure 2.9.
Next-to-leading-order (NLO) QCD corrections to Drell-Yan processes only affect the ¢g

Figure 2.9: Leading-order Feynman diagram for associated Higgs and vector boson pro-
duction in hadronic collisions.

initial state, consisting in virtual corrections with gluon exchange on the qg vertex, quark
self-energy correction and emission of an additional gluon, as shown in Figure 2.10. When
these corrections are included the LO cross section is modified as

ONLO =010 + Aoyg + Aoy

For an appropriate choice of renormalization and factorization scales (ur = pp = Myg)
the NLO corrections increase the LO cross section by O(30%) [59].

g

i v V>

Figure 2.10: NLO QCD corrections to the vector boson-quark-antiquark vertex.
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The NNLO QCD corrections to the V H associated production [59, 60, 61] (i.e. the
O(a?) contributions to the pp — VH process) can be categorized in separate sets of
diagrams:

1. NNLO QCD correction to the Drell-Yan pp — V* process, consisting in two-loop
corrections to qg — V™, one-loop corrections to the qg — ¢qV* and qq — gV* pro-
cesses and tree-level contributions from ¢q, qq, qg, g9 — V* 4+ 2 partons in all possible
ways. These corrections affect both W*H and ZH production processes (see Fig-
ure 2.11(a)), and they increase the NLO production cross section by approximately

1-3%.

2. two-loop O(a%) box+triangle diagrams in ¢q¢ — Z*, and one-loop vertex diagrams
for q¢ — gZ* and qg — qZ* processes. These sets of diagrams are only allowed for
neutral Z bosons, and cannot be drawn for W bosons thanks to the conservation
of the electromagnetic charge (see Figure 2.11(b)). In the SM only the top and
bottom quarks contribute to these topologies (since the Z boson couples only axially
to internal quarks). These contributions are extremely small (at the level of less than
1%) and can therefore be safely neglected.

3. O(a%) diagrams containing closed fermion loops, with the Higgs boson coupling
directly to an heavy quark (predominantly top quark), allowed both for W*H and
Z H production (t-loop contributions of the order of 1% on the total cross section,
see Figure 2.11(c)).

4. gluon-initiated mechanism gg — ZH (not contributing for W*H production) con-
sisting of triangle and box diagrams (in both cases only heavy quarks loop - bottom
and top - give relevant contributions). It’s important to note that the contribution
of this kind of diagrams can be substantial at the LHC, since the O(a%) suppression
of the cross section is in part compensated by the increased gluon luminosity (see
Figure 2.11(d)).
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Figure 2.11: NNLO corrections at O(a%) for VH associated production processes.
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Loop-initiated gg —+ ZH processes at the LHC This particular subset of ZH
associated production processes deserves special attention for Higgs boson searches at the
LHC: in this Section I discuss some of its main features and I motivate why it can play an
important role for the analyses discussed in this research work.

The g9 — ZH production can be considered as a standalone process whose LO QCD
contributions start at O(a%), and correspond to the set of diagrams of Figure 2.11(d).
Calculations for the inclusive cross section at LO QCD are available and are relatively
straightforward; the main feature of the LO QCD cross section is the destructive interfer-
ence between the two main types of diagrams shown in Figure 2.11(d): box diagrams for
g9 — ZH and triangle diagrams for gg — Z* — ZH. The two initial-state gluons lead
to a rather strong renormalization and factorization scale dependence of about 30%, thus
increasing the theoretical uncertainty of the Z H relative to the W H process, where the gg
channel does not exist (at this order). Experience from the gluon-fusion process gg — H
(same initial state and color structure of gg — ZH) shows, however, that the LO scale
uncertainty drastically underestimates the actual size of the higher-order corrections (as a
consequence of the initial state color charge C4/Cr = 9/4, larger than in quark-initiated
Drell-Yan type of diagrams).

The NLO QCD O(ag) corrections to this process are beyond the technology currently
available for these calculations, because of the presence of massive multi-scale double-box
integrals. However a NLO perturbative correction factor (kxyro = onro/oro) can be cal-
culated in the limit of infinite top quark mass and vanishing bottom quark mass (known
as the ‘effective field theory’ approach) [62], and used to rescale the LO cross section to an
approximate NLO prediction:

my — 00, mp = 0)
my — 0o, mp = 0) (2.2)

NLO LO g NLO(
Uapprox(mt7 mb) =0 (mtv mb) O‘LO(

LO(

= o (my, mp)k(my — oo, my, = 0)

This approximation holds well for mpy = 125 GeV at the center of mass energies consid-
ered at the LHC (from 7 to 13 TeV), but of course worsens for larger v/3 (above the 2m;
threshold, which is not reproduced in the my — oo limit) and in specific kinematic regimes
(for instance in the boosted Higgs regime).

The validity of this approach has been tested by comparing the LO partonic cross section
obtained with the exact top-mass dependence, and with the effective field theory method:
the agreement is of the order of 2% (25%) for /s = 8 TeV (14 TeV) at my = 125 GeV,
and it deteriorates to the level of 74% (143%) for /s = 8 TeV (14 TeV) at my = 200 GeV.
It is worth noting that the kinematic constraint v/3 > mp + my, in the boosted Higgs
regime (p¥ > 200 GeV) is sufficient to impose Vs above the 2my threshold, already for
my = 100 GeV, hence the effective field theory approach cannot be used for the par-
tonic cross section calculation in boosted topologies. However the correction factor defined
above depends only weakly on the top-quark mass, even outside the convergence region
of the large my limit [63, 64, 65], therefore this method is applied for the calculation of
k(my — oo, my, = 0).

The result is a knro ~ 2 factor for my = 125 GeV at /s = 14 TeV, approximately
5% larger at 8 TeV, and indeed not covered by the size of the LO scale uncertainty. As
we could expect the uncertainty from renormalization and factorization scale variation on
the NLO result is decreased approximately by a factor of two, compared to the LO case.
The behavior of this correction factor is very similar to the one observed for gluon fusion
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single-Higgs production or Higgs pair production.

Finally, the impact of a threshold resummed cross section for gg — ZH at NLL has
been considered [66], matched to the NLO result: the central value of the inclusive ¢992H
cross section increases by 15(18)% at /s = 8(13) TeV, while the uncertainty from scales
variation decreases by a factor of three to four. This translates in an increase of 1.5-2%
for the total inclusive o2
of approximately a factor of two.

cross section, with a reduction of scale variation uncertainties

Based on this description I want to highlight two points relevant for these processes:

e The NLO+NLL ¢99%H contribution to the total oZ cross section is of the order of
8-9% at /s = 7 — 8 TeV, and it increases to approximately 14% at /s = 13. This
already sizable contribution becomes even more relevant when considering Higgs
production with relatively large transverse momenta. This is a consequence of the
threshold effect from the presence of top quark loops which makes the gg — ZH

process especially important for pr_,lf 2 my, with a transverse momentum spectrum

fundamentally different from the dominant quark-initiated contribution, as shown in
Figure 2.12.

e The gluon-initiated associated production brings a peculiar sensitivity to new physics:

through modified Higgs coupling to SM states, through new heavy colored states par-
ticipating in the loops or through new s-channel pseudoscalars predicted for instance
in the SM extensions discussed in detail in Section 2.5 (motivating the gg — A — Zh
search described in Chapter 7 of this thesis) [67].
Focusing in detail on modified couplings, the LO gg — ZH process introduces a de-
pendence on the couplings of the Higgs particle to top quarks, which doesn’t appear
from the LO quark-induced V H processes. Due to the destructive nature of the in-
terference between triangle and box gg — ZH diagrams, this process is furthermore
sensitive to the relative sign of the Higgs couplings to top quark (k;) and to the Z
vector boson (kz). Given the different structure of the p spectra for gluon-initiated
and quark-initiated contributions, a parametrized study of the couplings’ dependence
becomes therefore very interesting. Note that the pjhf spectrum is also sensitive to
the presence of additional heavy colored states in the loops which would cause new
mass-threshold effects in the distribution.
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Figure 2.12: Transverse momentum p¥ spectra for pp — ZH production at /s = 14
TeV [67], showing quark-initiated and gluon-initiated contributions. The dotted blue and
green lines represent the triangle and box diagrams contributing to the gg — ZH process,
which interfere destructively to give the red line gluon-induced differential cross section.
The top quark mass-threshold effect is clearly visible at p¥ ~ my.
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The total production cross sections for pp — g§ — V* — VH at NNLO QCD and
NLO EW accuracy are reported in Tables 2.2 and 2.3 separately for W H, W~ H and
Z H production modes, at 7,8 and 13TeV, for my = 125.09 GeV.

The NNLO QCD calculation is performed with VHONNLO [68], Renormalization and fac-
torization scales are set to p = pup = pur = Mypy and PDFs are taken from the set
PDF4LHC15 nnlo mc PDFs [69]. The NLO EW calculation is performed with HAWK [70)],
with 4 = pur = pup = My + My, using NNPDF2.3QED PDFs [71], which include EW
corrections.

The total cross sections are calculated as:

H WH,DY
oWH — UNNLOQCD(l +0EW) + Tt—loop
ZH ZH,DY ZH
g :UNNLOQCD(l+6EW)+O—t*loop+0—gg

with the 0994 contribution also quoted separately in Table 2.3, calculated at NLO QCD
accuracy with VHONNLO, including next-to-leading-log (NLL) effects. Photon-induced dia-
grams are not included in this calculation, and they contribute to O(1%) or less.

The reported uncertainties include independent scales variations in the range 1/3 < g ry/M <
3 and combined PDF®ag uncertainties at 68% CL from the PDFALHC15 nnlo mc PDFs

set.

Vs [TeV] | o [pb] | Ascate [%] | AppFaas | WTH [pb| | W™ H [pb]
7 0.5756 | 0% +2.1 0.3685 0.2070
8 0.7009 | 0% +2.0 0.4443 0.2566
13 1.373 o3 +1.9 0.8380 0.5313

Table 2.2: Total W*H cross sections at 7,8 and 13 TeV, with Ageqre and App F@ag uncer-
tainties, and separate contributions for W H and W~ H production modes.

Vs [TeV] | o [pb] | Ascate [%] | AppFaas | 0997 [pb]
7 0.3384 29 +1.7 0.02792
8 0.4199 +2.8 +1.7 0.03942
13 0.8824 a8 +1.6 0.1227

Table 2.3: Total ZH cross sections at 7,8 and 13 TeV, with A and Apprgag uncer-
tainties, and separate contributions for the 0994 contribution alone.

From Table 2.2 we can see the charge asymmetry for the W* H cross section at a proton-
proton collider as the LHC, due to the different parton distribution functions for quarks
and antiquarks in protons. The total cross sections for both W*H and ZH production
modes increase by approximately a factor of two when comparing the LHC Run-1 (7 and
8 TeV) and Run-2 (13 TeV) center of mass energies (a larger increase is observed for ZH
production due to the presence of gluon-induced processes). Scale uncertainties for the
Z H production mode are significantly larger compared to the W H process mainly thanks
to the contribution of gg — ZH.
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Production in association with heavy quarks: bbH, ttH, tH This production
mechanisms have the lowest cross sections and rates at the LHC, and are particularly
challenging from an experimental point of view, but they present the opportunity to study
the direct coupling of the Higgs boson to fermions. In particular the t¢H and ¢t H production
modes provide us the only direct probe of the nature of the top-Higgs Yukawa coupling
(otherwise accessible only at loop level in production or decay).

It is particularly interesting to note that the t#H production cross section increases more
rapidly (by approximately a factor of two) than the other Higgs production modes when
comparing LHC Run-1 and Run-2 center of mass energies, therefore this channel becomes
more and more interesting for searches with /s = 13 TeV data from the LHC (although the
cross section of the main background, SM top-antitop pair production, is also substantially
increasing for higher /s).

2.3.2 Higgs Decay Modes

The Higgs boson has no appreciable lifetime, and decays immediately into final state
fermions or bosons. The decay into bosons includes two, three and four body bosonic
decays, photons pair decay, gluons pair decay or Z~ associated decay through loop vertices.
Decays to fermions can be divided in leptonic decay modes (777, u*p~ and eTe™ pairs)
and hadronic decay modes (mainly bb and cc).

The branching ratio to any single mode is expressed as the ratio of the partial width to
the total width, where the total width is the sum of all possible partial widths:

BR(H — XX) = ZtI(“IEIH_)%X )‘(X;()

The branching ratios for the different decay modes for my around 125 GeV are shown in
Figure 2.13. For an Higgs particle with my = 125 GeV the dominant branching fraction is
to bottom quarks pairs at ~ 58%, covering more than half of the Higgs decay width. The
searches described in this document focus indeed on this specific decay mode, hence more
detail on its features are given in Section 2.5.

The second largest decay rate comes from W boson pairs production, with one of the
bosons off-shell. This decay channel is studied at the LHC considering all Higgs produc-
tion modes, and presents different challenges: the hadronic W decay channels show similar
issues to the bb case, with large hadronic activity in the detector, while for the leptonic W
decay channels we have to treat the presence of neutrinos in the final state.

The decay to gluon pairs takes the third largest branching fraction but it’s not distin-
guishable from the SM background, and it’s not studied at the LHC. The following decay
mode is 7 leptons pair production: similarly to the WW case all production modes are
exploited for this channel, and the main difficulties come from the reconstruction of a
final state with undetectable neutrinos from the 7 lepton decays, and the discrimination
between hadronically decaying 7 leptons and light-quark jets.

The charm quarks pair production has a very low branching ratio and overwhelming back-
ground contributions from QCD SM processes (dominated by gluon-splitting g — ¢¢ pro-
duction), with the additional experimental challenge of tagging hadronic jets from charm
quarks. For these reasons this channel hasn’t yet been exploited at the LHC.

With a similar rate to the c¢ channel, the ZZ* production has a much cleaner experimental
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signature from the leptonic decays of the Z bosons: even if the total H — ZZ* — 4l pro-
duction rate is extremely low, this channel has almost no background contributions and
presents a distinct opportunity to precisely study the Higgs boson’s properties (for this
reasons it is known as the ‘golden channel’).

The 7~ decay channel has a lower decay rate but it’s a relatively clean process. Since
the Higgs boson has no direct coupling to photons, the H — ~7 production is always
a loop-induced decay with main contribution from top quark and W boson loops. In
this channel the main background contribution arises from SM photon pair production,
therefore this search is characterized by a signal peaking over a smoothly decreasing m.,
invariant mass spectrum. A similar process, with even lower branching fraction, is the
H — Z~ production.

Finally the pp decay channel presents a very clean experimental signature: a di-muon
pair with invariant mass peaking at my. The extremely suppressed branching fraction
makes it a challenging channel for Higgs boson searches, but it’s a prime candidate to
probe the nature of the Higgs boson couplings with fermions of the second family.

The decay of the Higgs boson to invisible particles, or the decay channels to Higgs bo-
son pairs are not treated here.
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Figure 2.13: Branching ratios for various decay modes of a SM Higg boson, as a function
of the Higgs mass mpy |52].
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2.3.3 Phenomenology of pp — VH, H — bb-+leptons processes

The research work documented in this thesis focuses on the search for a Standard Model
Higgs boson with mass of 125 GeV, produced in association with a vector boson V (W
and Z) and decaying to a pair of bb quarks: pp — VH, H — bb.

In this Section I discuss the phenomenological features that characterize this set of pro-
cesses: most of the aspects treated here are also valid for the BSM search for a CP-odd A
boson via pp — A — Zh, h — bb discussed in Chapter 7 (where h is the SM Higgs boson
candidate with m;, = 125 GeV), however limited to the production in association with Z
bosons. Some key aspects of these processes are nonetheless different from the SM Higgs
phenomenology, thus they are discussed in detail in Section 2.5.

As described in Section 2.3.2 the bb decay channel is particularly appealing since it al-
lows us to consider more than half of the Higgs total with, with a branching ratio of

BR(H — bb) = 0.5809

with an uncertainty of 0.65% from missing higher order corrections, and parametric uncer-
tainties of O(0.75%) of g, me, mp and my, and a partial width of T'y_,,;; = 2.407 - 1073
GeV, for the measured value of my = 125.09 GeV. In addition this decay channel is a
unique probe to study the direct coupling of the Higgs boson to down-type quark.

The main production mechanism at the LHC, gluon fusion Higgs production, cannot be
exploited since the SM bb pair production constitutes an irreducible and overwhelming
background with cross section several orders of magnitude larger than the gg — H — bb
one, as can be seen from Figure 2.15. We have to consider other production modes, with
lower cross section but cleaner experimental signatures which allow for triggering, iden-
tifying and discriminating signal events with more peculiar features. VBF, VH and ttH
mechanisms have been studied at the LHC in conjunction with H — bb decays: the most
significant results and the ones considered in this work are obtained from the V H asso-
ciated production mode, exploiting the leptonic decays of the V boson to achieve good
triggering conditions and strong background rejection.

V H(bb) signal: main experimental signature The pp — V H — bb processes, hence-
forth referred to as VH (bE), have three possible final states according to the leptonic decays
of the vector bosons: the ‘1-lepton’ channel for W — [v decays, the ‘2-lepton’ channel for
Z — 171~ and the ‘O-lepton’ channel for Z — vi, represented as LO diagrams in Fig-
ure 2.14.

The signature of these processes consists of a pair of hadronic jets originated from the bot-
tom quarks (b-jets) from the Higgs decay, produced in association with charged lepton(s)
(electrons, muons and possibly leptonically decaying 7’s) and/or large missing transverse
energy from undetected neutrino(s) in the detector.
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Figure 2.14: Feynman diagrams for the three leptonic decay channels of V H (bb).

— 41 —



proton - (anti)proton cross sections

107 gremy — g 10°
e e Ja
10° : o : ; ; : : 10
10k : tHe HE o
r Teva:lron ILHC: LHC 1
10° | b L= 4100
10° |k 3 10° *Tw
F o, : ] ; ! E oy
10° F f . . 410" E
3 : = v o
10° r 1 10° 8
0 u'Iel(ETlel * \‘3"120) 1 o
1 - 3 1
g8 f
EwE 9y 410
o E
z ]
© 1 10°

19° g (E* > 100 GeV)

events /sec for £ = 10

10° /
" £ X
10 Er & .

10"

E 10°
4 10°

1 E
[ -4
107 ko, (M,=120 GeV) :
5 [ -5
10 1 200 GeV 410
10° 4 10°

E 500 GeV | 5 P
" B B R e R 1 s Sl L o el T )
10 10

0.1 10

Vs (TeV)

Figure 2.15: Production rates for signal and background processes at hadron colliders as
a function of the center of mass energy of the collisions |[72].

SM backgrounds: main experimental signature These signal processes have large
background from numerous SM processes in large part common, but contributing in differ-
ent proportions, across the three lepton channels. In this Section I give a general overview
of these backgrounds, while a more detailed description of their modeling is left to the
following Chapters. The dominant SM backgrounds arise from vector boson production
in association with hadronic jets (in particular jets originated by heavy flavor quarks) and
top-antitop (¢f) pair production. Albeit with lower rates, also semileptonic diboson pro-
duction V'V (with one boson decaying leptonically and the other decaying hadronically),
single-top production and QCD multi-jet, give significant background contributions.

e V+jets background: the production of a vector boson decaying to leptons in asso-
ciation with two b-jets (Wbb, Zbb) is an irreducible background. For quark-induced
initial states the main contribution comes from V boson production in association
with gluon-splitting to bb, while gluon-induced processes (allowed only for Z + jets
production) contributes as bbZ associated production: both sets of processes are
shown schematically in Figure 2.16.

Other combinations of quark flavours in the final state can become a background for
the V H (bb) signal due to the misidentification of jets from charm or lighter quarks
(c-jets and light-jets respectively) as b-jets.We note that given the proton-proton na-
ture of the LHC hadronic collision, the flavour composition of Z + jets and W + jets
events is not identical and it is driven by the composition of the proton’s PDFs: for
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instance W production in association with a single b-jet plus additional c- or light(1)-
jets (W + bl or W + be) has a lower rate than the corresponding Z + bl or Z + be

production.
4q

e g b

-

, b v/ o+

! g b

Figure 2.16: Lowest order Feynman diagrams for quark-induced W+ bb or Z+bb production
(left) and gluon-induced Zbb production.

e top-antitop pair production: as can be noted from Figure 2.15 the production
of tt pairs has a quite large rate, however it is a reducible background which can be
suppressed with specific analysis cuts (described in full details in the next Chapters).
The top quark decays to Wb as shown by the diagram in Figure 2.17, thus the final
state signature of a tt decay can vary considerably.

In di-leptonic decays both W bosons decay leptonically to lv pairs, resulting in a final
state with two b-jets, large missing transverse energy and two leptons with opposite
charge.

In semi-leptonic decays one W boson decays to leptons, while the second to hadrons,
providing a final state with a single charged lepton, significant missing transverse
energy and four hadronic jets, two of which are b-jets.

In fully-hadronic decays both W bosons decay hadronically, producing a final state
with six jets, two of which are b-jets.

For the V H (bb) signal the di-leptonic and semi-leptonic contributions are the main
backgrounds, and can be rejected by vetoing events with multiple additional jets in
addition to the two b-jets from the Higgs decay. Since the b-jets are produced from
recoiling top quarks, they tend to be less collimated, and the ppr spectrum of the
selected b-jets pair is softer than in the V H(bb) case (in fact, for high py(bb) the
main ¢t contribution comes from events with a misidentified c-jet from the W decay,
close-by to the b-jet from the same top decay).

e semileptonic VV production: diboson processes with semileptonic decays have

much smaller rates than V + jets or tt, but constitute a very important background
for the V H (bb) search as they can mimic very closely the signal signature, as shown
by the diagrams in Figure 2.18.
The main contributions come from ZZ — It1"bb, ZZ — vibb and WZ — lvbb
processes in which the Z boson plays the role of the Higgs decaying to a bb pair with
invariant mass lower than the Higgs one (myz < mpy), but with a cross section ap-
proximately 5 times larger than the V H (bb) one. Considering the relatively poor mg
resolution for H — bb events, this background can bring significant contamination in
the region of the Higgs invariant mass peak.

— 43 —



Figure 2.17: Lowest order Feynman diagram for top-antitop pair production and decay.

Figure 2.18: LO Feynman diagrams for semileptonic diboson production in WZ and ZZ
channels.
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e single-top production: three main sets of single-top processes contribute as back-
ground in these searches: s-channel production, t-channel production and Wt-channel
production, shown schematically in Figure 2.19. In all cases the final state contains
at least one W boson and at least one b-jet, and can thus reproduce the signal experi-
mental signature. Similarly to the ¢¢ production case the angular separation between
b-jets can be a good quantity to reject the background.

Figure 2.19: Feynman diagrams for single-top production: (a) LO s-channel diagram, (b)
NLO t-channel diagram and (¢) NLO Wt-channel diagram.

¢ QCD multi-jet production: these processes are strongly suppressed when select-
ing leptonic final states, but they can still produce a small background due to the
extremely large production rate at the LHC.
Their main contribution arises from the misidentification of hadronic jets as charged
leptons, and the genuine production of b-jets (possibly containing semileptonic de-
cays to muons, and resulting in missing transverse energy). Isolation criteria for the
selected leptons are crucial to reject this background, which is mostly relevant for
the WH — lvbb decay mode for low transverse momenta of the W boson.
This background can be sizable in the ZH — vbb channel as well, mostly due to
multi-jet events with poorly reconstructed hadronic jets faking a genuine missing
transverse energy contribution from neutrinos. In this case the background is sup-
pressed with cuts on angular variables, defined from the reconstructed jets, the Higgs
candidate dijet-pair, and the missing transverse energy.
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2.4 Standard Model Issues and Open Points

In spite of the many features that qualify the SM as a solid and robust theory of elementary
particles, there are some critical points that show the limits of its theoretical structure and
hint at the fact that new physics may be required in order to describe consistently the
known phenomena of particle physics.

Some of this issues come from experimental observations that are not predicted or described
by the SM, other rely on theoretical preconceptions about the nature of a fundamental
theory of particles: in this Section I give a brief overview of some of these problems.

2.4.1 Higgs/Hierarchy problem

As shown in Section 2.2 it’s possible to generate masses for the electroweak bosons and the
fermions thanks to the SM scalar sector and, in detail, the introduction of an elementary
Higgs field. For the consistency of the model the Higgs mass cannot be too different from
the W boson mass, and the experimental discovery of the Higgs boson at LHC in the last
year shows that mpg ~ 125 GeV.

However there is a complication: the tree-level Higgs mass receives quadratically divergent
radiative corrections from interactions with gauge bosons, fermions and self interactions,
as show in Figure 2.20 |73, 74].

In detail we can write the corrections as:

mlztl = (m%{)bare + O(A, 92, h2)A2

where A is the next higher scale of the theory (after electroweak scale). If there were no
higher scale A could be interpreted simply as an ultraviolet cutoff, assuming that my is a
measured parameter and that (m)pare 1S Dot a physics observable. However the general
assumption is that the SM should be embedded in a different theory valid at a larger energy
scale, therefore the integral has a cut off at this new higher scale A.

For example the larger theory that includes the SM could be a theory of gravity, valid at
the Planck scale Mp ~ 10! GeV, or a grand unified theory (GUT), so that A ~ 10 GeV.
In any cases the natural scale for my is O(A), a much larger value than the measured (and
expected) one.

As a consequence there should be a fine tuned cancellation, of the order of 74 ~ %
for the Planck scale, between the bare value of the mass and its correction: this seems
highly unnatural and is a strong argument against the validity of the SM alone, that hints
at the presence of new physics at higher energy scales.

A viable solution to this issue is the possibility that the W and Z bosons are composite ob-
jects: however in this case we would be losing the beautiful (and successful) SU(2) ® U(1)
gauge symmetry of the SM. There are other models that address this problem, like Tech-
nicolor and composite Higgs models [75, 76, 77, 78] (which replace the Higgs mechanism
with dynamical mechanisms where the Higgs field is replaced by bound states of fermions)
or Supersymmetry [79, 80, 81].

2.4.2 Gravity problem

The SM doesn’t describe gravity, while unifying all the other known interactions, even if
it’s possible to use it together with classical general relativity by hand. This comes from
the fact that it is not clear yet how to implement general relativity as a quantum theory
and doesn’t seem possible to generate the interactions from the SM itself [32].

In addition to the non-unification and non-quantization of gravity there is a different issue
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Figure 2.20: Divergent loop corrections to my

related to the cosmological constant, recalling that it can be thought of as energy of the
vacuum. The energy density induced by SSB in the SM is about 50 orders of magnitude
larger than the observational upper limit of the cosmological constant [33]. Again this
would imply the presence of high fine tuning between the bare and the SSB value of the
cosmological constant (while in principle there is no reason to think that they are related):

Acosm = Abare + ASSB
|ASSB’ ~ 1050|Aobs|

Superstring theories attempt to unify gravity and may yield finite theories of quantum
gravity and other interactions (but it’s not clear whether or not they may solve the cos-
mological constant problem), but the lack of experimental predictions makes impossible to
validate these theories so far [34]. This limits the SM range of validity to 10! GeV

2.4.3 Dark matter and dark energy

The SM can describe the behaviour of ordinary matter, but we already know from cos-
mological measurements and gravitational effects that this only accounts for 4% of the
content of the universe [385, 86]. The remaining part is divided between dark matter (22%)
which has no electromagnetic interaction and can be detected only through gravitational
force, and dark energy (74%) which appears to be associated with the vacuum in space.
The dark energy is distributed evenly throughout the universe (in space and in time) so
it doesn’t have any local gravitational effects and leads to a repulsive force which tends to
accelerate the expansion of the universe.

The SM cannot offer any explanation for this different kind of matter, and while some of
its extensions (as Supersymmetry) provide good dark matter candidates, these have not
yet been observed in experiments.

2.4.4 Matter anti-matter asymmetry

In our universe there is a large predominance of matter over anti-matter: from a cosmolog-
ical point of view this may cause troubles, since it’s difficult to describe the evolution of the
universe from a situation of balance, at the Big Bang, to the very asymmetric condition
observed today [35].

The SM provide a source of CP violation that can take into account part of this asymmetry,
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coming from the presence of a complex phase in the CKM matrix [37] that describe the
mixing of different quark flavours, within electroweak interactions. CP violation can break
the balance between matter and anti-matter, throughout asymmetry between creation of
particles and antiparticles.

Nonetheless the CP violation provided by the CKM matrix of the SM is not enough to
justify the observed matter anti-matter asymmetry, therefore there should be other mech-
anisms which may explain it.

2.4.5 Strong CP problem

This is an additional fine-tuning problem. Considering the QCD Lagrangian introduced
previously, it is possible to include an additional term which breaks P, T and C'P sym-
metry [37, 88]. This term would induce an electric dipole moment dy for the neutron,
in disagreement with the stringent experimental limits (6§ < 107'%). Such a small value
of 0 seems again unnatural, and radiative correction due to CP violation in electroweak
interactions of the order of 1072 make impossible to set @ directly to zero, therefore it
should have an extremely small, but non zero, value. The fine tuning is required in order
to cancel this correction against the bare value.

2.4.6 Unification of coupling constants

The coupling constants of the SM interactions are running coupling constants: their value
depends on the specific energy scale considered, as a result of the renormalization. Looking
at the running coupling constants of the fundamental interactions (agrp, as, agw) for
increasing energy scales, we can see an interesting feature (as shown in Figure 2.21): the
coupling constants seem to converge at high energy, but the intersection is not the same
for all of them. In detail:

e ag and aggp converge at A ~ 104 GeV
e agpp and ag, converge at A ~ 1015 GeV
e g and ., converge at A ~ 1012 — 10™ GeV

This result seems, one more time, unnatural and not consistent with the idea of the SM
as an approximation at low energy of a larger theory, valid at much higher scales. If this
idea would be correct, the SM coupling constants should be obtained from the decoupling
at low energy scales of a single unified interaction. This issue can be solved in different
extensions of the SM, as Supersymmetry of Grand Unified Theories [39, 90].

2.4.7 Electromagnetic charge quantization

In the SM the electromagnetic charge is the quantum number of an abelian U(1),, sym-
metry group, hence there is no motivation that justify the absence in nature of particles
with arbitrary charge values: the charge quantization of quarks as % of leptons’ charges is
accidental.

This particular feature observed in nature is therefore not described properly by the SM,
while it’s possible to derive it from more complex models, as Grand Unified Theories, where
the electromagnetic charge originates as the quantum number of a non abelian symmetry
group and, as a consequence, has a discrete spectrum of values [91].
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Figure 2.21: Running of the coupling constants in the SM (on the left) and in a Super-
symmetric Model (on the right)

2.4.8 Hierarchy of fermionic families

The hierarchy of quark-lepton masses in the charged fermion spectrum is a striking fea-
ture of the SM: the fermionic masses range from the top quark mass, of the order of the
electroweak scale, down to the electron’s mass of about % MeV. Not only the SM doesn’t
give any motivation for the existence of the heavier families, that can be observed only in
laboratory and are not found in the ordinary matter, but there is no explanation or pre-
diction of the fermion masses, which vary over six order of magnitudes. There are many
possible models of new physics which generate fermionic masses at the loop level. Despite
all of these ideas there is no compelling model and none of these gives detailed predictions.

2.4.9 Neutrino masses

In the SM neutrinos are described as massless left handed particles, with no right handed
component (following a minimality assumption: since right handed neutrinos don’t inter-
act in the SM they are simply omitted). However experimental observations of neutrino
mass oscillations show that neutrinos have a small mass [92]. The approximation that
m, << my, where f is any fermion in the SM, is extremely good for most applications,
but still it is interesting to consider how mass terms for neutrinos can be consistently in-
troduced in the SM Lagrangian.

There are two possible mass terms for neutrinos, that can be written in the Lagrangian: a
Dirac mass (as for the other fermions) and a Majorana mass.

In the first case the existence of a right handed neutrino is assumed, and it becomes pos-
sible to build a four-dimensional Dirac field for neutrinos, using left and right handed
components. This RH neutrino is not yet observed because it doesn’t interact with any
other particles of the SM, and therefore it’s called sterile.

Since the neutrino masses, in this scenario, are introduced as for the other fermions, they
must be generated throughout the Higgs mechanism, but this implies that the yukawa
coupling constants of neutrinos should be at least 12 orders of magnitude weaker than
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that of the top quark. This is an arbitrary assumption that seems quite unnatural and it’s
widely refused.

The Majorana model is built by using only left handed neutrino fields and their complex
conjugates, interpreting the neutrinos as their own antiparticles: right handed neutrinos
are still introduced as charge conjugate of left handed neutrinos, which are chargeless. Us-
ing these fields it’s possible to introduce a Majorana mass term in the Lagrangian, without
exploiting the Higgs mechanism.

The Majorana mass can assume arbitrarily large values since no extra symmetry is re-
covered in the massless limit. Moreover, since Majorana masses violate lepton number
conservation, we must assume that the introduced Majorana mass is large enough that
lepton number violation effects are compatible with observations.

Writing the mass term for these Majorana neutrinos and diagonalizing the mass matrix
to get the mass eigenstates we obtain two eigenvalues m; and me. The first mass my is
extremely heavy (related to the large Majorana mass introduced for right handed neutri-
nos) and has no observable effects on physics at the electroweak scale; the second one mq
is suppressed with respect to the typical fermion masses m my a factor mﬂl In this way,
light neutrinos arise without the need of assuming unnaturally small values of the Yukawa
couplings. On the other hand a new heavy particle has been introduced, (that cannot be
observed at the electroweak scale) and allows to validate or disprove this model, called
see-saw mechanism [93].

Most of the SM issues presented are related to the problem of fine-tuning.

While considering the impact of fine-tuning in different models it is important to remember
that it is always possible to fix the fine-tuning problem of a theory by adding to the theory
itself an arbitrarily large contribution of new fields, particles or free parameters. However
in this way the naturalness of the theory is not improved. While building a new model we
must be very careful and find a way to give the correct estimate of the order of magnitude
of the fine-tuning, to check if we are proceeding in the right direction.
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2.5 Beyond the Standard Model Extensions:
Two Higgs Doublet Models

In this Section I discuss the theoretical and phenomenological aspects of the two-Higgs-
doublet extensions of the Standard Model (2HDM) which provides an interpretation frame-
work for the search for a CP-odd A boson via pp — A — Zh, h — bb discussed in Chap-
ter 7. The outline given in this Chapter is mostly inspired by the comprehensive review
from [12].

A comprehensive theoretical overview of 2HDM is beyond the scope of this document,
therefore only the key points of the models explored by the research work presented in this
thesis are treated in this Section. These models are 2HDM of Type I and Type II with
CP-conserving Higgs potential.

Two-Higgs doublet models are one of the simplest possible extensions of the SM which does
not entail large radiative corrections to the p parameter introduced in Section 2.2.4: these
models are built by extending the SM scalar sector from a single scalar SU(2) doublet to
two scalar doublets (hence the 2HDM’ denomination).

There are several reasons that can motivate the extension to 2HDM, among which the
main ones are:

e supersymmetry: a single Higgs doublet is unable to generate mass terms simulta-
neously for charge 2/3 and charge —1/3 quarks, since the scalars and their complex
conjugates belong to multiplets of opposite chirality and cannot therefore couple to-
gether in the Lagrangian. In addition, since scalars and spin-1/2 fields belong to the
same chiral multiplets, additional Higgs doublets are needed for the cancellation of
anomalies. For these reasons the Minimal Supersymmetric Standard Model (MSSM)
contains two scalar doublets.

e axion models: in some of these models with an additional singlet at high energy
scales, the presence of a second Higgs doublet arises as effective low-energy approxi-
mation and allows to eliminate CP-violating terms in the QCD Lagrangian (strongly
suppressed phenomenologically) by imposing a global U(1) symmetry.

e baryogenesis: 2HDM can provide a mechanisme to generate baryon asymmetry
in the sufficient size thanks to a flexible scalar mass spectrum and the presence of
additional sources of CP-violation.

2.5.1 Scalar potential in 2HDM

In order to write the general form of the potential of the scalar sector in 2HDM we can
rely on some simplifying assumptions: CP is conserved in the Higgs sectors (this allows
to distinguish between scalars and pseudoscalars), CP is not spontaneously broken, and
discrete symmetries are present, which eliminate from the potential all quartic terms odd
in one of the doublets (all possible real quadratic coefficients are usually considered, with
a term which softly breaks these discrete symmetries). For two scalar doublets ¢, ¢2 with
hypercharge +1 the general scalar potential can be expressed as:

V= (m%ﬁb{@bl + M3y b
A A
—mty (@162 + 63n) + T (6161)° + T (hn)° (2.3)

A
#haslondhon + Mioloalon + L (61007 + (0lon? )
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Following the same procedure introduced in Section 2.2.3 we can write the vacuum ex-
pectation values for the two doubles and express the two Higgs doublets as an expansion
around them. Two complex SU(2) doublets correspond to eight fields:

ba 5
a = “ ya=1,
i ((va+pa+ina)/\/§> ‘

Of these eight degrees of freedom three are used to generate masses for the W+ and Z
boson, as in the SM case, while the remaining five can be expressed as physical scalar
Higgs fields: one charged scalar H*, two neutral scalars h, H°, and one pseudoscalar A
Using these fields we can write from the scalar potential the mass terms for the charged
and neutral scalars and pseudoscalars degrees of freedom (not quoted here).
Two of the crucial parameter in the study of 2HDM are the rotation angle 5, which
diagonalizes the mass-squared matrices of the charged scalars and pseudoscalars, which we
can write as:

tan 8 = %2

Cil

(where vy and v; are the vacuum expectation values of the ¢; and ¢ fields) and the
rotation angle o which diagonalizes the mass-squared matrix of the scalar fields. These
two parameters («, #) determine the interactions of the various physical scalar fields with
the vector bosons and with the fermions (for given fermions’ masses): while in the SM
the Higgs branching fractions are determined by the mass of the particles involved in the
decay, in 2HDM an additional dependence on o and 8 comes into play.

2.5.2 Flavour Changing Neutral Currents (FCNC) in 2HDM

An important feature of general 2HDM is the presence of tree-level FCNC, strongly sup-
pressed by experimental measurements. These FCNC arise at tree-level since the Yukawa
interactions for same charge quarks are not automatically diagonalized in a simultaneous
way by a diagonalization of the mass matrix (contrary to the SM) for the two scalar degrees
of freedom ¢1 2. For this reason neutral Higgs scalars can mediate FCNC.

The FCNC in 2HDM can be avoided by imposing discrete symmetries on the models: based
on the Paschos-Glashow-Weinberg theorem, all right-handed quarks of a given charge cou-
pling to a single Higgs multiplet is necessary and sufficient condition for the absence of
tree-level FCNC. This can be realized in two different ways:

1. Type I 2HDM: all quarks couple to just one of the Higgs doublet (chosen to be ¢2).
This can be enforced with a discrete ¢; — —¢1 symmetry.

2. Type IT 2HDM: the @ = 2/3 right-handed (RH) quarks couple to one Higgs doublet
(¢2) and @@ = —1/3 RH quarks couple to the other (¢1). This can be enforced with
a discrete ¢p1 — —¢1, dﬁ,% — —d’é symmetry.

(Supersymmetric models give the same Yukawa couplings as Type II 2HDM, but using
continuous symmetries).

Type I and Type II 2HDM are the only ones explored in the search described in Chap-
ter 7, therefore additional models allowing some degree of FCNC (Type III 2HDM) are
not treated here.

Discussing Type I and II 2HDM with no CP violation in the vacuum expectation values
of the scalar doublets (v 2, which can thus be assumed to be both real and non-negative
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without loss of generality, and can be written as v; = vcos 8 and vy = vsin 5.
The five physical degrees of freedom introduced in Section 2.5.1 can be expressed as linear
combination of Goldstone bosons:

A =mnysinf —nacos
h = p1sina — py cos
H® = —pjcosa — pysina

H* = —qblisinﬁ—kq%cosﬁ

2.5.3 Relevant phenomenology for Type I and 11 2HDM

The results for the search of a massive CP-odd pseudoscalar A boson obtained in Chap-
ter 7 are interpreted in the framework of Type I and II 2HDM, with CP-conserving Higgs
potential, under the assumption that the lightest Higgs field h corresponds to the Higgs
boson with mass of 125 GeV observed by the ATLAS and CMS Collaboration at the LHC.

The CP-odd nature of the A boson makes its decay to Zh possible (given the CP-even
nature of the h Higgs boson, and the assumption of a CP-conserving scalar potential),
while H° — Zh decays are forbidden. Clearly in the search for a neutral A boson, only
Zh decay modes are considered, while charged W¥*h channels are not included (in prin-
ciple H* charged Higgs decays to W*h are possible, but with very low branching ratio,
subdominant with respect to fermionic decay channels).

Two main different mechanisms are considered for the production of the pseudoscalar A
boson:

e gluon fusion: the mechanism is similar to the gluon fusion production of a single
SM Higgs boson described in Section 2.3.1. In both Type I and Type II 2HDM
the coupling of the A boson to top quarks is proportional to tan~—! 3, therefore the
coupling is suppressed for large values of tan (5.

e bbA associated production: in this production mode the A boson is radiated
directly from a bottom quark line. The coupling to bottom quark is proportional to
tan~! 4 in Type I models and to tan 3 in Type II models, therefore this mechanism
is particularly sensitive to the large tan § phase space region for Type II 2HDM.

As a consequence of the different dominant production mode with respect to the SM
V H (bb) phenomenology discussed in Section 2.3.3 we can observed a larger hadronic jets
activity for pp — A — Zh,h — bb final states (because of the larger initial state color
charge for gluon-initiated processes). In addition, when considering bbA modes, we expect
final states with larger b-jets multiplicity, originated not only from the Higgs decay but
also from the production mechanism itself.

The phenomenology of the Zh decay is not substantially different from the SM case dis-
cussed in Section 2.3.3: the main differences arise when considering very large values of
ma (above ~ 1 TeV), for which the decay to Zh is considerably boosted, producing Z and
h bosons with very large transverse momenta. The treatment of this peculiar final states
from an experimental point of view is discussed in detail in Chapter 7.
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3 ATLAS and LHC

The research work documented in this thesis is based on data collected from proton-
proton (pp) collision at a center of mass energy (1/s) of 7, 8 and 13 TeV by the ATLAS
experiment [94, 95, 2] at the Large Hadron Collider (LHC) [1]. Data at /s =7 — 8 TeV
have been collected during the LHC Run-1 (2011-2012), while data at /s = 13 TeV have
been collected during the LHC Run-2 (2015-2016).

3.1 Large Hadron Collider LHC

The LHC is a two-ring superconducting hadron accelerator and collider, designed for pro-
tons and lead ions collisions, which has been installed in the existing 26.7 km tunnel
constructed between 1984 and 1989 for the CERN LEP machine [96], on the French-Swiss
border at the Furopean Organisation for Nuclear Research, known as Conseil Européen
pour la Recherche Nucléeaire (CERN).

The initial LHC project was approved by the CERN Council in December 1994, planning
to build the machine in two stages (with a center of mass energy of 10 TeV, to be upgraded
later to 14 TeV), and was then modified in 1995 to approve the conctruction of a 14 TeV
machine in a single stage. CERN was the perfect site for this accelerator, thanks to the
possibility to re-use the LEP tunnel and its injection chain, which guaranteed a consider-
able cost saving.

The LHC design depends on some basic principles taking advantage from the latest and
most advanced available technology. In order to build a particle-particle collider two rings
with counter rotating beams are required, unlike particle-antiparticle colliders (as Teva-
tron) where the beams can share the same space in a single ring.

The tunnel geometry has been designed for the LEP machine and includes eight interaction
points followed by long straight sections for RF cavities, as outlined in the schematic view
in Figure 3.1. LHC is a proton machine, hence it doesn’t suffer from synchrotron radiation
losses as much as LEP, and would ideally have longer arcs and shorter straight sections, but
using the LEP tunnel without heavy changes was the most cost-effective solution. Only
four of the eight crossing points (IPs) are used for interactions, and host the four main LHC

experiments: ATLAS, CMS [3], LHCb [97] and ALICE [98]. Three smaller experiments
are instead located at or nearby the main interaction points: LHCT [99], MoEDAL [100]
and TOTEM [101].

Upstream the LHC there is a series of less powerful accelerators, referred to as the LHC
injector chain outlined in Figure 3.2 [102], whose function is to accelerate the protons to an
energy of 450 GeV each, at which the beams are injected into the LHC itself. Protons are
originally extracted by stripping away electrons from a cylinder of hydrogen gas passing
through an electric field, and are first accelerated to an energy of 50 MeV in the linear
accelerator LINAC2. They are then injected first into the Proton Synchrotron Booster

— 55 —



(PSB) which accelerates them up to an energy of 1.4 GeV, and then into the proton syn-
chrotron (PS) up to 25 GeV. The beams pass to the Super Proton Synchrotron (SPS)
through the Transfer Tunnels (TTs) TT2 and TT10 to finally reach the energy of 450 GeV
before being injected into the LHC ring through the Injection Tunnels (TIs) TI12 and T1I8.
In the LHC the proton beams are accelerated with radio frequency (RF) cavities up to the
collision energy. The LHC ramp to nominal energy per beam takes around 20 minutes.
The two beams circulating in the LHC collide in the IPs under stable conditions for up to

Low B (pp)
High Luminosity

RF
& Future Expt

RIS

Low B (pp)

High Luminosity

Figure 3.1: Layout of the LHC ring showing the positions of each experiment at the collision
points as well as injection, beam dump and beam cleaning regions [103].

approximately 10 hours (depending on the conditions of the run), and are finally extracted
from the LHC to inject new beams. The whole process of injection, acceleration, collision
and extraction is referred to as a fill.

The protons circulating in the LHC are arranged in bunches, and each beam is able to
contain 2808 bunches with approximately 10'! protons per bunch. Proton bunches fit into
bunch trains, where the separation between each bunch is referred to as bunch spacing.
During 2011 and 2012 the bunch spacing was set to 50 ns, while during 2015 and 2016 the
bunch spacing has been reduced to 25 ns (except for a short period at the beginning of the
2015 data taking).

LHC magnetic system Opposite magnetic dipole fields are required in each ring to
accelerate counter-rotating proton beams: the LHC has been designed as a collider with
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Figure 3.2: Overview of the CERN accelerator complex including the LHC.

separate magnetic fields and vacuum chambers in the main arcs and with common sections
only at the intersection regions, where the experimens are situated.

The LHC relies on 1232 superconducting niobium-titanium dipole magnets at the edge
of present technology to bend the path of proton beams travelling through the ring: the
dipole magnets are cooled to a temperature of 1.9 K using superfluid helium, and operates
at fields of 8.36 T generated by an electric current of 11700 A. Additional 392 quadrupole
magnets complement the dipoles system by stabilizing and focusing the beams.
Superconducting technology is essential in order to obtain such high magnetic fields and
to avoid big resistive losses. Space limitations in the tunnel have led to a two-in-one or
twin-bore design for almost all of the LHC superconducting magnets, which accommodates
the two beam channels in a common cold mass and cryostat, with magnetic flux circulating
in the opposite sense through the two channels, show schematically in Figure 3.3. This
makes the magnet structure complicated, especially for the dipoles, for which the separation
of the two beam channels is small enough that they are coupled both magnetically and
mechanically.

Luminosity In a particle-particle collider the processes under study usually involve a two
body initial state which leads to an unknown final state: |1,2 >— |f >. The cross-section
for the process 041,25 | > is related to the probability of an initial state interaction lead-
ing to the final state |f >. In order to write this quantity in term of physical observables
a fundamental quantity is the average number of interaction per bunch crossing is:
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Figure 3.3: Cross section of the superconducting dipole 3.3(a) and quadrupole 3.3(b)
magnets used in the LHC ring.
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where 0, is the transverse section of the bunches, N1 and N are the number of particles in
each bunch. Therefore the rate of interaction, with a bunch crossing frequency f, is given by:

dN, 1.2>—|f>
% = Uz’m&|1,2>—>\f>£0
JN1N> . : : o .
Where Ly is a new quantity called instantaneous luminosity, usually quoted in

Oy
units of (em~2s7!). A detailed definition of £y is given as a function of the beam param-

eters:
900z 2
1
“(57)

where the definition of the parameters and their values for typical 8 and 13 TeV collisions
are shown in Table 3.1.

The number of total collisions in a given period of time is given by the integral over
time of the interaction rate, that is the product of cross section and integrated luminosity
Lint:

) ~1/2
Lo — Nb nbfref’}/r
0 dme, B*

Lint = fﬁodt
Newts = U|1,2>—>\f>£int

In order to obtain a significant number of events for very rare processes (hence very low
cross sections) an extremely high integrated luminosity is required.

The luminosity in the LHC is not constant over a physics run, but decays due to the
degradation of intensities and emittances of the circulating beams. The main cause of the
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Parameter Design | 2011 | 2012 | 2015 | June 2016 Definition
Beam Energy [TeV] 7.0 3.5 4.0 6.5 6.5
Np[1011] 1.15 1.3 1.5 | 1.1 1.1 Protons per bunch
ny 2808 1380 | 1380 | 2244 2076 Max bunches per beam
Jrev 11.245 Revolution frequency [s™!]
Yy 4260 Relativistic 7 factor
€n |pm] 3.75 2.4 24 | 35 3.4 Transverse emittance
B* 055 |1.0-1.5| 06 | 0.8 0.4 B function at IP
0./2 |prad| 143 120 146 | 145 185 Crossing angle at IP
o [cm] 7.55 9.4 10 RMS bunch length
o* 16.7 23 19 16 RMS transverse beam size
£rar 103 em=2s71 | 1.0 0.35 | 0.77 | 0.51 1.01 Maximum peak luminosity
Lot [fb=1] - 5.5 228 | 4.2 15.1 Total integrated luminosity

Table 3.1: Beam parameters for typical 8 and 13 TeV LHC runs.

luminosity decay during nominal LHC operation is the beam intensity loss from collisions.
The L;,: is given as a function of the characteristic decay time 77, and length of the run

Trun:
T,
Lint = LoTL, [1 —exp <— mn)]
TL

The LHC has been designed to collide proton beams with a center of mass energy /s
of 14 TeV and a luminosity of 103*¢m~=2s7!; it can also collide heavy ions (Pb) with an
energy per nucleon of 2.8 TeV and a peak luminosity of 1027e¢m~2s~!. The nominal design
number of protons per bunch is 15- 10!, and the time between successive bunch collisions
is designed to be 25 ns.

In 2010 the ATLAS detector recorded an integrated luminosity of 45 pb~! at a 7 TeV
center of mass energy, which increased in 2011 data taking period to 5.1 fb~!. During the
2012 data taking ATLAS recorded a total integrated luminosity of 21.3 fb=! at /s = 8
TeV in condition of stable beams. During 2015 ATLAS collected an integrated luminosity
of 3.9 fb~!, while the total integrated luminosity recorded by ATLAS at /s = 13 TeV until
July 2016 amounts to 13.7 fb1.

Figure 3.4 shows the total luminosity delivered by LHC and the integrated one collected
by ATLAS during the 2011, 2012 and 2015+2016 LHC runs.

Pile-up An important parameter related to the instantaneous luminosity is the mean
number of inelastic interactions per bunch crossing, called pile-up events. Pile-up events
are mainly soft interactions which constitute a background to the hard interaction targeted
by the analysis.

Pile-up events also affect the measurement of the physics objects used in the analysis,
worsening the resolution with which we can reconstruct hard-scattering events.

This quantity can be expressed in relation to the instantaneous luminosity:

Lo — png f

Oinelastic
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Figure 3.4: Cumulative luminosity versus time delivered to (green) and recorded by ATLAS
(yellow) during stable beams for pp collisions at 7,8 and 13 TeV centre-of-mass energy in
2011 3.4(a) , 2012 3.4(b) , 2015 3.4(c) and 2016 (a) 3.4(d) [101].

where p is the number of inelastic interactions per bunch crossing, n; is the number of
colliding bunches and f is the bunch crossing frequency, o;peiastic 1S the total inelastic cross
section for pp collisions (for instance, ojpeastic = 73 mb for 8TeV collisions). The number
of pile-up interactions per bunch crossing, p, is therefore proportional to % and increases
with the peak luminosity. During the 2011 data taking the mean number of inelastic
interactions per bunch crossing < p > was of approximately 10, increasing to < p > ~ 20
during the 2012 run, decreasing to < p > ~ 13 for data collected in 2015 (thanks to the
reduced bunch spacing) and reaching < p > ~ 21 during the 2016 data taking. Figure 3.5
shows the mean number of interactions per crossing for 2015 and 2016 pp collisions.

Interactions at hadronic colliders At hadronic colliders, protons (and possibly anti-
protons) are accelerated and collide, therefore the objects that interact are not elementary
particles, but instead have the composite structure of partons (quarks and gluons). To
highlight the main consequences I note a few important remarks:

1. minimum bias events (pile-up): inelastic pp collisions are dominated by soft interac-
tions where perturbative QCD calculations are not valid. Most of the time colliding
protons produce interactions with very low transverse momentum, generating a large
number of soft particles with a uniform distribution in rapidity. Occasionally there
is a hard scattering among the parton constituents producing outgoing particles and
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Figure 3.5: Luminosity-weighted distribution of the mean number of interactions per cross-
ing for 2015 3.5(a) and 2016 3.5(b) pp collision, showing all data delivered to ATLAS dur-
ing stable beam conditions. The mean number of interactions per crossing is the mean
of the Poisson distribution of the number of interactions per crossing calculated for each
bunch [104].

jets with high transverse momentum. We are in general more interested to hard-
scattering events, with large transverse momentum transfer which makes the QCD
perturbative regime valid, however we must have a good understanding and modeling
of the multiple soft interactions to assess their impact on the high-pp physics. To do
so we use minumum-bias (MB) data: inelastic hadron-hadron events selected with
an experiment’s minimum-bias trigger, largely dominated by soft interaction events.

2. underlying event: protons are composite objects, therefore any hard scattering pro-
cess between partons has an underlying event associated, characterized by many
objects at low transverse momentum and small angle, which come from the rest of
the colliding protons: interactions at hardon colliders are never clean.

3. partonic center of mass energy \/§: we are interested in collisions between protons
which are able to probe the partonic structure of the hadrons, thus involving a
momentum transfer that is large compared to the proton mass. Each parton inside
the protons however carries an unknown fraction of the proton energy, hence the
center of mass energy of the single partonic interaction v/3 is unknown (but of course
related to the center of mass energy of the proton collision y/s). The measurement
of hard scattering processes, with energy scales of more than a few GeV, is the main
method by which physics is explored at the LHC.

3.1.1 LHC Experiments

There are 7 main experiments ongoing at the LHC: ATLAS, CMS, ALICE, LHCb, TOTEM,
LHCf and MoEDAL. ATLAS and CMS are installed at the high luminosity intersection
points, where the highest peak luminosity is achieved, while ALICE and LHCb are low
luminosity experiments.

In order to operate successfully in the LHC standard conditions a detector must satisfy
some particular requirements regarding geometry, data acquisition and general features.
The following points focus mostly on the main requirements for the ATLAS and CMS
detectors, but are widely shared by the other experiments:
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Figure 3.6: Diagram of proton-proton interaction: the partons a and b contribute to the
hard scattering, while the rest of the protons X; and Xy generate the underlying event.
Jaja and fy g are the parton distribution functions PDF for the partons a and b.

- speed of response: this characteristic is essential to collect the largest fraction of
delivered luminosity, given the extremely high LHC collision rate.

- resistance to radiation: proton-proton interactions inside the detector cause large
amounts of radiation to hit the machine’s components, in order to obtain good per-
formances over a long period of time both read-out electronics and sensitive materials
must have a strong resistance to radiation.

- high granularity: to separate the interesting hard scattering events from pile-up
and underlying events it is very important to achieve a fine granularity that provides
the good spatial discrimination. Good resolution and reconstruction efficiency for
charged particles in the tracking detectors.

- impact parameter: precise determination of the interaction vertices and the impact
parameter are keys to identify long lived particles as b-jets or 7 leptons.

- energy measurement: efficiency and accurate energy measurement in the electro-
magnetic and hadronic calorimeters, with maximal geometric coverage is crucial to
fully reconstruct events within the detector.

- muon detection: muon identification and reconstruction at high resolution and
efficiency have to be achieved for the widest possible range of momenta.

- trigger system: the detector must have a fast, efficient and flexible trigger system
which allows to reject background and pile-up events and discriminate interesting
physics processes.

- data acquisition system (DAQ): in order to save and successfully store all the
information coming from the detector the data acquisition system must be able to
handle large amount of data.

Keeping in mind these fundamental features that must be the core of the detectors, the
6 experiments are designed to accomplish different goals, performing specific analyses and
searches:
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3.2

ATLAS and CMS are the two main and largest LHC experiments, designed as
general purpose and high luminosity detectors. They are both conducting studies
of SM and BSM physics, and both contributed to the discovery of the Higgs boson
particles. ATLAS and CMS have similar structures (which involve however different
technologies) and similar expected performances: the ATLAS detector is described
in detail in Section 3.2.

LHCDb has been built to study the B mesons physics and to measure CP-violation
parameters with very high precision. Its main feature is the particular geometry:
the detector covers only the forward pseudorapidity region 2 < n < 5 where the
probability to observe B mesons’ decays is maximal. LHCDb is much smaller than
ATLAS and CMS, it is installed in a low luminosity intersection since the cross
section for B-physics processes is very high.

ALICE has been optimized for heavy ions collisions, in order to study the properties
of high energy interactions between nuclei, and properties of the quark-gluon plasma.

TOTEM is designed to accurately monitor the luminosity of LHC, and to study
forward particles to focus on physics that is not accessible to the general-purpose
experiments: it is able to detect objects produced very close to the LHC beams.

LHCT{ exploits particles produced in the forward region by collisions in the Large
Hadron Collider as a source to simulate cosmic rays in laboratory conditions. The
study of the cascades of particles will help to interpret and calibrate large-scale
cosmic-ray experiments.

MoEDAL is an experiment designed to search for highly ionizing avatars of new
physics such as magnetic monopoles or massive (pseudo-)stable charged particles. It
is installed in the same cavern of LHCb.

ATLAS Detector

The ATLAS detector is designed to satisfy all the requirements listed in the Section 3.1.1
and to act as a general-purpose experiment: the physics program of the ATLAS Collabo-
ration includes both precise measurements of SM processes and searches for BSM physics,
therefore the detector is optimized for a broad variety of goals. Since the main features
of the detector are set by the physics processes under study at the TeV energy scale, it’s
worth to list some of the main goals of the ATLAS experiment:

high precision tests of QCD, electroweak interaction and flavor physics
high rate top quark production, study of top coupling properties and spin

study of the Higgs boson properties within the discovery decay channels, and search
in the remaining channels

search for BSM boson(s) (Higgs, W', Z', ...)
search and study of supersymmetric particles in different supersymmetric models

observation and study of nucleus-nucleus collisions, study of strong interaction prop-
erties at high energy densities where the transition to a non-confined color state is
possible (quark-gluon plasma)
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To achieve these goals the detector is designed to be able to identify and reconstruct a wide
variety of physical objects, in order to resolve as well as possible the different decay modes
and final states of these processes. Figure 3.7 shows a schematic view of the interaction
of different types of particles within the ATLAS subdetectors. The interaction with the
detector can be briefly outlined depending on the properties of the detected objects and
the measured quantities:

e clectrically charged particles are detected by bending their trajectories with a mag-
netic field and exploiting the Lorentz force to measure electrical charge and momen-
tum. Their paths are measured in silicon or gaseous detectors from ionisation effects:
this kind of signal is generally referred to as ‘hit’ and defines the spatial coordinate
of the particle interaction. A charged energetic particle can leave several hits in the
tracking detectors, from which it’s possible to reconstruct a trajectory. Accurate spa-
tial resolution is needed to reconstruct tracks in high luminosity environments as at
the LHC, in tracking detectors which are the closest to the interaction points. These
detectors are also used to reconstruct the primary collision vertex (PV) and possible
secondary interaction vertices (SV) from long lived particles or pile-up events.

e to obtain an accurate energy measurement for charged particles, we exploit the elec-
tromagnetic interactions and bremsstrahlung radiation processes. For electrons, and
photons above the 2me energy threshold, this process can produce electromagnetic
showers (measured in units of radiation length X() which are detected in electro-
magnetic calorimeters with scintillating material, designed to contain showers from
highly energetic photons and electrons.

e strongly interacting particles can also produce hadronic showers (characterized in
units of interaction length \) in heavy materials by inelastic nuclear processes, which
are collected in dedicated hadronic calorimeters designed to contain the most part
of the hadronic showers. The energy deposits in the calorimeters are the input seeds
used to build hadronic jets.

e muons can only be detected through electroweak interactions, and release minimum
ionisation energy in the calorimeters, which they can cross retaining most of their
energy. They can be detected with specific muon tracking chambers outside of the
calorimeters, whose information is combined with that from the inner tracking de-
tectors.

3.2.1 Detector structure

Coordinate system The nominal interaction point inside the detector is defined as the
origin of the coordinate system, the z axis is defined as the beam direction, the x-y plane
is the transverse plane with respect to the beam direction (where the x axis goes towards
the center of the LHC ring, and the y axis goes upward), as shown in Figure 3.8. The
detector is divided into two parts: A-side for positive values of z, and C-side for negative
value of z; it is also symmetric along the z axis with respect to the interaction point.

The azimuthal angle ¢ is measured around the beam axis, while the polar angle 6 is defined
starting from the beam axis.

0
A new angular variable is introduced, the pseudorapidity 7, defined as: n = —In(tan 5)

The pseudorapidity is quite useful to describe the geometry of the detector since it trans-
forms nicely under Lorentz boost. Useful pseudorapidity values are:
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Figure 3.7: Interaction of the different particles with the ATLAS detector active vol-
umes |105].
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Figure 3.8: Diagram of standard coordinates for a cilindrical detector

The angular distance in the (7, ¢) plane is defined by AR = \/A¢? + An?.

Detector components The ATLAS detector is a very large apparatus, 45 meters long
and 25 meters tall, with a cylindrical symmetry, and it is composed of several sub-detector
systems designed to accomplish specific tasks and provide particular features, shown in its
entirety in Figure 3.9. ATLAS is composed of three main sub-detectors, each optimized for
a specific physics goal (and a magnet system [3.2.2] which provides the required magnetic

fields):

e Inner Detector (ID)[3.2.3]: it takes care of the precise measurement of the charged
particles tracks and theirs momentum, allowing to reconstruct the production and
decay vertices. It is immersed in a 2T solenoidal magnetic field.
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Figure 3.9: Overview of the ATLAS detector with its sub-components

e Calorimeter System|3.2.4]: it includes two different calorimeters to measure hadronic
and electromagnetic energy losses. The electromagnetic component is a Liquid Argon
sampling calorimeter with high granularity and good coverage; in the barrel section
the hadronic calorimeter is a scintillator-tile calorimeter, while in the end-caps the
hadronic calorimeter uses the Liquid Argon technology too.

e Muon Spectrometer|3.2.5]: this is the outermost component of the detector and sur-
rounds the calorimeters. It uses three layers of high precision tracking chambers to
measure the muons momentum and reconstruct their tracks within a toroidal mag-
netic field.

In the next sections I will describe in detail not only these three fundamental sub-components
of the ATLAS detector, but also the magnet system that provides the different magnetic
fields required by the various parts of the apparatus. Table 3.2 show a summary of the
design performance of the ATLAS systems, which will be discussed in detail in the next
Sections.

3.2.2 Magnet System

The main feature of the ATLAS magnet system is the presence of two magnetic sub-
systems, one for the Inner Detector and one for the Muon Spectrometer. A solenoid [106]
is installed between the electromagnetic calorimeter and the Inner Detector, and generates
the axial magnetic field for the ID. Three sets of toroidal magnets [107, 105] (one for the
barrel and two for the endcaps) provide the magnetic field necessary for the muon spec-
trometer. Therefore the magnet system is composed of four main magnets, three toroids
and one solenoid.

This is one of the most remarkable differences with respect to the CMS design, which
includes a single solenoid providing a magnetic field of 4 T: while both detectors achieve
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Detector system Design resolution 1) coverage
Measurement Trigger
Tracking opr /DT = 0.05%p1 ®© 1% +2.5

EM calorimeter or/E =10%/VE @ 0.7% +3.2 +2.5
Hadronic calorimeter

barrel and endcap or/E = 50%VE & 3% +3.2 +3.2

forward op/E = 100%VE @ 10% 31<|n<4.9]31<|n <49

Muon spectrometer | o, /pr = 10% at pr = 1 TeV +2.7 +2.4

Table 3.2: Design performance parameters of the ATLAS detector. E and pr are expressed
in units of GeV.

similar muon momentum resolution (ATLAS benefits from the larger radial extension,
while CMS from the stronger magnetic field), the ATLAS Muon Spectrometer can provide
a standalone muon momentum measurement.

Solenoid The solenoidal magnet is a coil of superconducting material with a 8kA electric
current, which provides a magnetic field of 2T for the inner detector, and it is cooled to
a temperature of 4.5 K to maintain superconducting properties. It is 5.8 m long and has
an inner radius of 1.23 m and an outer radius of 1.28 m (the material it adds in front
of the calorimeters amounts to 0.66 radiation lengths to avoid disrupting the calorimeter
performances)

Toroids A toroidal magnet has the same structure of a solenoid whose extremities are
connected together. The ATLAS toroidal system includes a barrel toroid (composed of 8
separate coils with an electric current of 20 kA) and two endcaps toroids, which together
provide a 0.5 T field in the central region and a 1T field in the end-caps.

The toroids are installed just outside the haronic calorimeter (hence outside the calorimeter
system) with an inner radius of 4.7 m and an outer radius of 10.05 m and they are 25.3 m
long.

The endcaps toroids generate a magnetic field near the proton beam, in order to deflect
particles with small polar angles 8. Together with the barrel toroid they provide an almost
complete geometric coverage of the magnetic field. Figure 3.10 shows an overview of the
toroidal magnets, with the calorimeter system installed within.

3.2.3 The Inner Detector

The Inner Detector [109] is the central part of the detector, immersed in an axial mangetic
field of 2 T from the solenoid magnet. The ID must provide high granularity to measure
with very good precision tracks and transverse momentum of charged particles down to 0.1
GeV. It also takes care of reconstructing the particles’ primary and secondary interaction
vertices. The ID also identify electrons in a pseudorapidity range |n| < 2 from 0.5 to 150
GeV. To achieve this it exploits a discrete combination of high resolution silicon pixels
and micro-strip detectors in the innermost part of the tracking volume, and straw tubes in
the outermost part, combining a smaller number of high precision measurements close to
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Figure 3.10: ATLAS detector after the installation of the 8 toroidal coils 3.2.2, geometry of
the magnet system and the hadronic calorimeter steel 3.2.2 showing the eight barrel toroid
coils and the endcap coils interleaved. The solenoid is inside the calorimeter volume.

the interaction point with a higher number of measurements in the outer zone. Table 3.3
outline the ID geometry with all its components, which will be discussed in detail in the
next Sections.

The important parameters that can be measured in a tracker and characterize the helix
motion of a charged particle in a uniform field are:

e transverse momentum pr
e azimuthal angle ¢ defined from the momentum as tan ¢ = p,/p,
e polar angle 6, defined from the momentum as cot ¢ = p,/pr

e transverse impact parameter dy: distance in the xy plane between the track closest
point to the z axis and the z axis itself

e longitudinal impact parameter zp: z coordinate of the closest approach point to the
z axis

The amount of material in the ID necessary to achieve high granularity and including
readout and cooling system is quite sizable: a map of its impact in the ATLAS simulation
is shown in Figure 3.11 (excluding the IBL, the additional inner layer inserted after the
LHC Run-1). The overall ID momentum resolution (achieved in Run-1 before the IBL
insertion) is:

o

LT — 0.05% -pr & 1%
br

Pixel The pixel detector [110] is the nearest detector system to the interaction region,
where the particle flux is the highest, hence it must have a good resistance to radiation.
It has a very high spatial resolution and covers a pseudorapidity region |n| < 2.5.

The pixels have different structures in the barrel and end-cap regions: in the barrel they are
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System /Subsystem ‘ Radial extension (mm) ‘ Length (mm)
Overall ID envelope 0 < R < 1150 0 < |z| < 3512
Beam pipe 29(25) < R < 36(29) -
IBL Overall envelope 31.0 < R < 40 -
Sensitive barrel R > 25.7 0< |z <232
Pixel Overall envelope 45.5 < R < 241 0 < |z] < 3092
3 cylindrical layers Sensitive barrel 50.5 < R < 1225 0 < |z] < 400.5
2 x 3 disks Sensitive endcap 88.8 < R < 149.6 495 < |z] < 650
SCT Overall envelope | 255 < R < 549 (barrel) 0 < |z] < 805
251 < R < 610 (endcap) | 810 < |2| < 2797
4 cylindrical layers Sensitive barrel 299 < R < 514 0 < |z| <749
2 x 9 disks Sensitive endcap 275 < R < 560 839 < |z| < 2735
TRT Overall envelope | 554< R < 1082 (barrel) 0 < |z| <780
617 < R < 1106 (endcap) | 827 < |z| < 2744
73 straw planes Sensitive barrel 563 < R < 1066 0<|z] <712
160 straw planes Sensitive endcap 644 < R < 1004 848 < |z| < 2710

Table 3.3: Geometry parameters of the Inner Detector - values between parenthesis refer
to the updated geometry after the insertion of the IBL.

arranged in three cylindrical layers at a distance of 5.05, 8.85, 12.25 cm from the center of
the beam pipe. In the end-caps the pixels are divided into three disks: the detector design
is optimized to reconstruct high resolution tracks using three points within the pixels.

All the pixels are segmented in R - ¢ and z, with a minimum active size of 50pm in R - ¢
by 400 pm in z, achieving an accuracy of the order of 12 ym in R - ¢ and 115 ym in z.
The active region of the pixel detector is shown in Figure 3.12 with the three cylindrical
layers and two identical end-cap regions composed of three disks. It is worth noting that
the detector modules used to build the cylindrical part and the disks are identical. The
total number of pixels is of about 67 - 10° for the barrel and 13 - 10% for the end-caps, to
cover a global area of 1.7 m?.

Semi-Conductor Tracker SCT The SCT [111, | follows the same principles of the
pixel detector, applied to a larger area and using micro-strip detectors instead of pixels. As
the pixel detector also the SCT is divided into barrel and end-caps regions and covers the
pseudorapidity range |n| < 2.5. The SCT is designed to provide 4 additional track points
in the barrel to contribute to the momentum measurement (and the tracks reconstruction),
therefore it is organized in 4 layers approximately at 30, 37, 44, 51 cm from the interaction
point, each of ones is composed of 2 microstrip sensors. These two strip layers are assembled
together with a relative angle of 40 mrad in order to obtain a stereoscopic measurement
in the R - ¢ plane. The end-cap parts of the detector are organized in 2 x 9 disks of
micro-strips.

Each microstrip is 6.4 cm long with a pitch of 80 pum, the global area covered is of 61 m?,
with a spatial resolution of 16 pym in R - ¢ and 580 pm along the z direction.
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Figure 3.11: Material distribution of the inner detector including services and beampipe,
expressed in terms of radiation length Xy 3.2.3 and interaction length A 3.2.3
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Figure 3.12: Cut view of the entire ID 3.12(a) and schematic overview of the pixel detec-
tor 3.12(b).

Transition Radiation Tracker The TRT [I113, 11| covers the pseudorapidity region
In| < 2 and provides information only in the R - ¢ plane with a resolution of 130um.

The TRT is the outermost part of the ID and has the worse spatial resolution among the
ID sub-detectors, but provides up to 36 additional track points which are fundamental for
tracks reconstruction, particle identification and momentum measurement. The TRT is
designed as a drift chamber which measures the charge drift time and also the transition
radiation, identifying electrons thanks to transition radiation photons.

The drift tubes are filled with Xenon gas: there are about 50000 barrel tubes, which are
parallel to the beamline, 150 cm long, and with a diameter of 4 mm can work at very
high rates; each barrel tube is divided into two sections with two different outputs. In the
end-cap regions there are about 320000 tubes disposed radially in wheels.

Inner B-Layer (IBL) The Insertable B-Layer [115] (IBL) is a fourth layer added to the
present Pixel detector between a new smaller beam pipe and the current inner Pixel layer
(B-layer), which has been inserted in the ATLAS detector in the period between the LHC
Run-1 and Run-2 data taking (known as Long Shutdown 1 or LS1).

The IBL consists of 14 staves arranged around the beam pipe with a tilt of 14°, allowing
for an azimuthal overlap of the staves of A¢ = 0.18° (as shown in Figure 3.14 and 3.15)
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Figure 3.13: Overview of the general ID structure.

which ensures complete coverage in ¢ and to compensate for the Lorentz angle in the 2T
solenoidal magnetic field of the ATLAS detector. Since there is no overlap in the z direc-
tion, the design tries to minimize the gap between sensor areas, which is of ~ 250 pm.

The IBL is the innermost layer of the pixel detector, with an average distance of the staves
from the center of the beam pipe of 33.25 mm, and has been designed to achieve very
good spatial resolution with special care to be resistant to high radiation. Each stave is
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Figure 3.14: Schematic view of the ATLAS 4-Layer pixel Detector for Run-2.

64 cm long with a coverage of || < 2.9, and consists of 12 planar double-chip modules
in the central part and two times 4 3D sensor single-chip modules. The planar sensors
use a technology similar to the rest of the pixel detector, with some changes to improve
radiation hardness given the very short distance from the beam line. These sensor are built
in n-in-in technology and are 200 um thick with a 4x2 cm? area. The 3D sensor use n-in-p
silicon technology, and are 230 pm thick with a 2x2 cm? area. To allow lower bias voltage
with respect to the planar sensor, and improve the radiation hardness of the 3D modules,
electrodes passing through the bulk are used. The pixel size is reduced with respect to the
outermost pixel layer from 50 x 400 pm? to 50 x 250 pm?.

The IBL is a very light detector with a material budget of only 1.9% of a radiation length
(60% of the Pixel B-layer). The installation of the IBL required additional radial space
between the B-Layer and the beam pipe: a new beryllium beam pipe with reduced inner
diameter (47 mm) has replaced the previous one to fit inside the IBL.

— 71 —



he 0 Deuble chip pocai Dcubsie chig piana”

Figure 3.15: (left) 3D rendering of the IBL layer with its 14 staves, (right) photo of the
IBL during its installation inside the Pixel Detector in the ATLAS cavern.

The main gains from the insertion of the IBL can be summarized:

e tracking robustness: loss of data in the Pixel B-layer (from failures, radiation damage
or inefficiencies) strongly deteriorates the impact parameter resolution, and thus the
b-tagging. With the IBL the full b-tagging efficiency can be restored even in case of
complete B-layer failure.

e luminosity effects: the Run-1 Pixel detector was designed for a peak luminosity of
1 x 103*cm?s~! which has been exceeded during the LHC Run-2 (the peak luminos-
ity recorded by ATLAS up to October 2016 corresponds to 13.2 x 1033cm?s~! [116]),
leading to high occupancy from pileup events which will affect the B-layer in par-
ticular limiting the b-tagging efficiency. The IBL, with comparably low occupancy,
helps in preserving good tracking performance despite luminosity effects.

e tracking precision: the very close distance to the IP allows to improve the accuracy of
track impact parameter reconstruction, vertexing and hence b-tagging performance.

It’s worth noting how the IBL design targets the improvement of the b-tagging performance
for the LHC Run-2, a crucial aspect for the analyses described in this document.

Inner detector: Upgrades for LHC Run-2 After the LHC Run-1 several upgrades
have affected the ATLAS Inner Detector, driven by the insertion of an additional inner
layer (IBL) which made the extraction of the Pixel detector necessary. Both the Pixel and
the SCT detectors have been made more robust with new service panels (Pixel), additional
readout drivers and faster electronics with improved optical transmitters (SCT).

To cope with gas leaks in the TRT (abundant during Run-1 due to corrosion of outflow
pipes) it has been decided to use an Argon-based gas mixture (less expensive but with
reduced absorption of transition-radiation) in places where the Xenon losses were too high
and not affordable, adding remote gas regulation.
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Figure 3.16: Cut view of the ATLAS electromagnetic and hadronic calorimeters

3.2.4 The Calorimeter System

The ATLAS calorimeter system consists of two separate subsystems: the electromagnetic
and the hadronic calorimeters. The system is designed to meet precise physics require-
ments, mainly to provide the best possible resolution for high-energy photons, electrons,
jets and missing transverse energy.

To obtain a good missing transverse energy resolution, the main requirement for a calorime-
ter is hermeticity. Good containment for jets and missing transverse energy is also impor-
tant, and it is achieved because of the calorimeter thickness, allowed by the large radius
toroidal magnet muon system. The total thickness of the electromagnetic calorimeter is
larger than 22X in the barrel region and larger than 24X in the endcap region. The total
interaction length of the entire system is approximately 10\, with a peak value of 11\ at
n = 0.

The ATLAS calorimeters are designed to limit the punch-through of hadrons into the muon
system, enhancing the performance of the muon chambers, and to make sure that electro-
magnetic and hadronic showers are contained within the respective calorimeter system.
In Figure 3.17 are shown the calorimeter thickness in radiation lengths and interaction
lengths. Thanks to these features the electromagnetic and hadronic showers coming from
particles produced with energies of the TeV scale can be resolved and contained in the
calorimeters, for jets with a momentum of up to ~ 1.5 TeV.

The full calorimetric system covers a pseudorapidity range of |n| < 4.9: the larger n cov-
erage of the calorimeter system compared to the Inner Detector is due to the importance
of geometric coverage for the missing transverse momentum reconstruction.

The electromagnetic calorimeter exploits liquid argon (LAr) as active material and lead
as absorber; the hadronic calorimeter uses LAr technology with a copper absorber in the
forward region (HEC) and active scintillating tiles with steel as absorbing material in
the barrel (TileCal). The forward calorimeter (FCAL) uses LAr and copper for the elec-
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tromagnetic interactions and tungsten for the hadronic part. The general scheme of the
calorimeter system is outlined in Figure 3.16.
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Figure 3.17: Cumulative amounts of material in the ATLAS calorimeters in interaction
length (left), and radiation length (right)

Electromagnetic Calorimeter The ATLAS electromagnetic calorimeter [117, 118] is
composed of two parts, a barrel section that covers |n| < 1.4 and an endcap section where
14 < |n| < 3.2. It is a sampling calorimeter which uses Liquid Argon (LAr) as active
material and lead as absorber, disposed in an accordion geometry with full coverage in ¢
and no crack regions: this particular geometry (shown in Figure 3.18) provides uniform
performances through the detector, a good energy and spatial resolution and low electronic
noise with high resistance to radiation. The disadvantage of this layout is the long time of
response (about 400 ns), longer than the delay between two interactions. The ATLAS EM

Figure 3.18: Photo of one component of the LAr calorimeter

calorimeter follows the general principles of electromagnetic calorimeters: when a charged
particle enters the calorimeter it produces a shower of electrons and photons, the LAr
calorimeter then measures the shower energy collecting the charge at electrodes. Due to
the presence of lead absorber some energy is lost, but the global charge collected is propor-
tional to the energy of the particle that initiated the shower, therefore, by calibrating the
calorimeter, it is still possible to measure this energy. In the LAr calorimeter the absorber
is composed of lead plates with a thickness of 1.13 or 1.53 mm, glued to stainless steel
sheet 0.2 mm thick, to provide mechanical strength.

The barrel region is divided into two parts, for positive and negative z values, each 6.4
m long with inner radius of 1.15 m and outer radius of 2.25 m. In order to reduce the
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material budget in front of the calorimeter, the central solenoid and the EM calorimeter
barrel share a cryostat and are cooled together.

There are four calorimeter longitudinal layers with different features, which provide dis-
crimination power between electrons, photons and pions, and provide useful informations
regarding the longitudinal shape of the shower: presampler, strips, middle and back.

e The presampler is a very thin module, 1.1 cm thick, situated inside the solenoid
magnet and before the cryostat. It doesn’t contain any absorber material and is built
with very high granularity in order to measure the energy lost by the particles before
entering the calorimeter.

e The second layer is composed of An = 0.0031 strips with high granularity that allow
for charged and neutral pion separation, and to resolve adjacent energy deposits.
Together with the presampler it adds up to 6 Xj.

e The middle part is the most thick, extending up to 22 Xy and segmented in towers
of An x A¢ = 0.025 x 0.025, and usually contains most of the showers initiated by
electrons and photons with up to 50 GeV of energy.

e Finally the back module provides 2 additional X of Anx A¢ = 0.050 x 0.025 towers,
specifically for electrons and photons with E> 50 GeV producing large showers, and
has the role of presampler for the hadronic calorimeter.

The full barrel calorimeter covers a pseudorapidity region of |n| < 1.4.
The EM calorimeter has a linear response within 1% for clusters down to 10 GeV. The

Cells in Layer 3
Agedn = 0.0245:4.05

Figure 3.19: Schematic view of one of the EM barrel modules

lead thickness in the barrel is optimized as a function of n providing the best possible
resolution in energy measurement:

1
78 - 1% 5039

E | /E[GeV]

with a pseudorapidity resolution of:
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The electromagnetic calorimeter has a depth of about 2 interaction lengths (o), therefore
a significant fraction of jet energy can be deposited in the ECAL: this calorimeter can
contribute significantly to jet performance.

Hadronic Calorimeter The barrel region of the hadronic calorimeter [119, 120] is di-
vided into a central part (|| < 1) and two extended barrels (1 < |n| < 1.7). Scintillators
are used to recover part of the energy loss in the gap between the two barrel regions,
corresponding to the readout of the EM calorimeter. The hadronic endcap (HEC) covers
the pseudorapidity region of 1.5 < |n| < 3.2 and it is contained in the same cryostat of the
electromagnetic endcap calorimeter (EMEC) and the forward calorimeter (FCAL). The
hadronic endcaps are composed of two independent wheels each, with approximately 2 m
of outer radius, segmented longitudinally in two sectors: HEC modules are composed of
25 copper plates in the front wheels, 25 mm thick, and 15 copper plates 50 mm thick in
the rear wheels.

The tile modules of the tile calorimeter are built with a structure that alternates 14 mm iron
absorber plates and 3 mm scintillator polystyrene tiles with a ratio of 4.7:1 (a schematic
view of this structure in Figure 3.20).

The TileCal is built with a granularity of Anp x A¢ = 0.1 x 0.1, while the HEC has a
granularity of An x A¢ = 0.1 x 0.1 or 0.2 x 0.2 (notably worse than the EM calorimeter).
The overall energy resolution of the TileCal and HEC system is:

oE _ 50%

E  /E|GeV|

® 3%

"= Pholomultiplier

Figure 3.20: Tile from the ATLAS tile hadronic calorimeter.

Some loss of performance in the scintillation material is expected in the tile calorimeter
due to radiation damage, but the energy resolution should degrade by only ~ 10% after
about ten years of nominal operations (while no significant damage is expected for the
Liquid Argon calorimeters).
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FCAL The forward calorimeter [121] is designed using an intrinsic radiation-hard tech-
nology because of the high amount of radiation it is exposed to. It is placed in the same
cryostat of the EMEC and HEC, with its front face at 4.7 m from the interaction point.
The FCAL consist of three parts: the electromagnetic part is made with copper, while
the hadronic parts are made with tungsten as absorber material. It has a metallic matrix
structure with regularly spaced longitudinal channels filled with concentric rods (at posi-
tive high voltage) and tubes (grounded). The sensitive medium is LAr which fills the gap
between.

The FCAL has a compact design to fit in the available longitudinal space, and to avoid
energy leakage to its neighbors. The energy resolution is:

op  100%

E- VE

Calorimeter system: Upgrades for LHC Run-2 Between the LHC Run-1 and Run-
2 both ATLAS calorimeters underwent large consolidations: the common strategy for
both systems has been to increase reliability of the detectors, with new on-detector power
supplies, consolidated electronics and improved data and power transmission.

@ 10%

3.2.5 The Muon Spectrometer

Muons require a dedicated detector since they are the only detectable particles that can
consistently cross the ID and the calorimeter system without being stopped. The Muon

Spectrometer [122] (MS) is the outermost part of ATLAS and has its own trigger system
and tracking chambers. The MS covers out to || < 2.7 and can trigger on particles within
In| < 2.4

The magnetic field generated by the toroids is usually perpendicular to the muons tracks
and allows us to measure the muon momentum with high precision (up to a few TeV)
in the R — z projection, in a direction parallel to the bending direction of the solenoidal
magnetic field in the inner detector.

The muon chambers of the barrel region are designed in three concentric shells at radius
of 5, 7.5, 10 m from the beamline. In the endcaps the muon chambers are arranged in
large wheels at 7.4, 10.8, 14, 21.5 m from the interaction point along the z axis. The muon
system structure is shown in Figure 3.21.

The muon spectrometer is composed of two types of subdetectors: chambers for the pre-
cision measurement of the particle momentum, chambers with coarser resolution and fast
response for online triggering. The first type of subdetectors are:

e MDTs or Monitored Drift Tube chambers, which take care of the precise measurement
of muon momenta providing high accuracy and good mechanical stability. MDTs
cover the region || < 2.7 except in the innermost endcap layer where the coverage
ends at |n| = 2.0; each chamber of the MDTs is built with 3-8 layers of drift tubes
with an average resolution of 80 pm per tube and 35 um per chamber

e Cathode-strip Chambers (CSCs), used in the innermost layer of the forward region
due to their ability to tolerate higher rates; CSCs are multiwire proportional cham-
bers optimized to have the wires oriented in the radial direction. This design provide
a good resolution of 60 pum in the bending plane and 4 mm in the transverse plane.

The second type of subdetectors integrates the MDTs measuring the ¢ coordinates and
provide online event selection by identifying the bunch crossings containing hard-scattering
events with 99% accuracy (therefore they need to have very fast response).
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Figure 3.21: Cut view of the muon system structure.

e RPCs or Resistive Plate Chambers provide the fast trigger in the barrel region (|n| <
1.05): RPCs are gaseous parallel electrode-plate detectors. RPCs are arranged in
planes in three cylindrical layers around the z axis, each plane composed of two
layers which allow to measure the 7 and ¢ coordinates.

e In the end-cap regions (1.05 < |n| < 2.4) there are Thin Gap Chambers (TGCs)
which take care of the trigger: TGCs are multiwire proportional chambers with
high granularity and a very good rate of tolerance compared to RPCs. TGCs are
segmented radially into the endcap and forward region, measuring the bending plane
coordinate.

The accuracy of the measured momentum for a high-pr muon track depends mainly on
the resolution of the sagitta (the deviation in the R — z plane from a straight line): for a
track of pr ~ 1 TeV the typical sagitta is approximately 500 pm. The MDTs provide a
momentum measurement with o,,./pr ~ 10% resolution for 1 TeV muons, and 2-3% for
lower momenta. In case of low-pr muons the muon system information is combined with
the inner detector to achieve a good efficiency and resolution.

Muon system: Upgrades for LHC Run-2 The muon spectrometer upgrade has been
driven by the need to increase muon acceptance and the reduction of the Level-1 trigger rate
in the endcap (dominated during Run-1 by slow particles not coming from the interaction
region).

Muon acceptance have been improved with new or repaired chambers: ~ 30 TGCs and a
few CSC repaired or replaced, new RPCs in the barrel holes due to the toroid feed and the
access elevators (+2.8% acceptance) and extra endcap chambers. Improved muon purity
at trigger level is achieved by adding coincidences with inner TGC layers and external
TileCal layers.

— 78 —



Ay EML EOL

Figure 3.22: Schematic cutview of the ATLAS muon system, transverse to the beam line
(before the introduction of upgrades for the LHC Run-2).
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3.2.6 The ATLAS Forward Detectors

The ATLAS forward detectors [123] are a set of smaller detectors designed to provide cov-
erage in the very forward region, in order to study inelastic pp scattering at small angles.
From the closest to the most distant from the IP: LUCID [123] (Luminosity measure-
ment Using Cerenkov Integrating Detectors), ZDC [124] (Zero-Degree Calorimeter) and
ALFA (Absolute Luminosity For ATLAS). Their position along the beam line is outlined
in Figure 3.23.
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Figure 3.23: Placement of the forward detectors along the beam line with respect to the
ATLAS interaction point.

LUCID [t is situated at £17 m from the IP, close to the Target Absorber Secondaries
(TAS) collimator, with the main purpose of online luminosity monitoring (integrated and
instantaneous luminosity and monitoring of beam conditions) via the measurement of pp
inelastic collisions. Its design goal is an absolute luminosity measurement with uncertainty
lower or of the order of 5%.

LUCID’s main features and requirements are: resistance to a large radiation dose, good
acceptance for MB events, possibility of counting charged particles and pointing capabili-
ties to suppress tracks not coming from the IP.

It is designed as an array of Cerenkov tubes to count charged particles: 20 tubes of alu-
minum, 1.5 m long with a diameter of 15 mm, installed around the beam pipe and filled
with C4F1¢ at constant pressure of 1.2-1.4 bar. The Cherenkov threshold is 2.8 GeV for
pions and 10 MeV for electrons.

Its two components are installed at ~ 10 cm radial distance from the beam pipe, at
In| ~ 5.8. The read out system is composed of photomultipliers (PMT) with quartz win-
dows (which suffer from the high radiation environment of LUCID).

ZDC It is placed at 140 m from the IP, where the beam pipe is divided into two
separate pipes, and it is embedded in the Target Absorber Neutral (TAN), between the
two pipes after the split. ZDC is designed to detect forward neutrons from heavy-ion
collisions (|n| > 8.3 to measure the centrality of heavy-ion collisions versus the number
of forward spectator neutrons. By requiring a tight coincidence between the two ZDC
detectors it has the role to reduce beam-halo and beam-gas effects.
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Each arm is composed of four modules: one EM module of ~ 29X (built from eleven
tungsten plates normal to the beam axis, each vertically extended by 290 mm steel plates
- quartz rods of 1 mm diameter enter the plates parallel to the z direction to form a 8x12
matrix) and three hadronic modules of ~ 1.4\.

The time resolution is ~ 100 ps, which allows to determine the IP with a 3 cm precision
in z.

ALFA 1t is the furthest detector from the IP, encased into ‘Roman pots’ at =240 m, built
with scintillating fiber trackers. Its goal is to detect elastic scattering at small angles (of
the order of 3 urad), related to the total cross section by the optical theorem. Since such
scattering angles are typically smaller than the beam divergence, special beam conditions
are required (high-8* optics with small beam emittance), which result in low collected
instantaneous luminosity (as a consequence non-radiation-hard technologies can be used).
Using Roman pots the detector can be placed as close as possible to the beam pipe (~ 1
mm), to achieve the design spatial resolution of ~ 25+ 3 pm.

3.2.7 The ATLAS Trigger and Data Acquisition System

The collision rate provided by the LHC corresponds to 20 MHz during Run-1 and 40
MHz during Run-2: such rates are far exceeding the read-out and storage capabilities
allowed by the current ATLAS technology. A dedicated trigger system is used to rapidly
decide whether each event is stored for offline analyses, reducing the data-flow rate to
a more manageable value of about 1 kHz, and providing a first discrimination between
hard-scattering events (interesting for SM measurements and BSM physics searches) and
soft-physics events.

The trigger system consists of two main levels: the first stage or Level-1 [125] (L1) finds
regions of interest (Rols) in the calorimeters and MS by using fast, dedicated hardware,
reducing the data-flow rate to approximately 70 kHz (100 kHz for Run-2 collisions) with
about 2 us total latency.

Events retained by the L1 trigger are passed to the high-level trigger [126] (HLT), which
during the Run-1 data-taking is further divided into two parts, the Level-2 (L2) and the
Event Filter (EF) triggers, combined together during the Run-2. The HLT runs a more
complete event reconstruction on a read-out of the whole detector, and results in a trigger
acceptance rate up to 700 Hz (1 kHz during Run-2). For the Run-1 data-taking, the L2
trigger considers the Rols provided by the L1 including full granularity information from
the Inner Detector, reducing the data-flow rate to about 3.5 kHz, while the EF runs the
event reconstruction. For the Run-2 data-taking, the HLT tracking algorithms have also
been prepared for the inclusion of a new, fast hardware based tracking system (FTK [127])
which will become fully operational during 2017.

It is worth noting that the objects reconstructed at trigger level (‘online’) can be remarkably
different from the corresponding objects passing the offline reconstruction and identification
detailed in Section 5, and they do not benefit from dedicated calibration. Events used in
the analyses documented in this thesis are collected by single-lepton, di-lepton and E:,miss
triggers, whose details are described in the corresponding analysis Chapters.

Finally, a trigger selection (consisting in the full chain from L1 to HLT) can be ‘prescaled’
or ‘un-prescaled’: prescaled triggers only retain a fraction of the events that would pass the
trigger selection, to further reduce the data-flow rate and avoid over-burdening the data
taking system. All triggers used in these analyses are un-prescaled.
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4 Statistical Analysis: The Methodology

This Chapter contains a detailed description of the statistical procedures implemented in
the different analyses described in this thesis [128] [129] in order to extract the final results.
The main statistical model used to perform the analyses is the binned Likelihood, built by
taking into account the scaling factor for the expected signal rate (signal strength 1) as the
parameter of interest under study, and all the systematic uncertainties introduced in the
analysis as nuisance parameters (NPs). In the searches for the SM Higgs boson presented
in Chapters 6 and 8 the signal strength is defined as the ratio of the measured Higgs rate
to its SM prediction:

c-BR

"= osm - BRsy

4.1 Physics search as a statistical test

In this scenario the statistical significance of an experiment can be quoted by measuring a
p-value or its equivalent Gaussian significance. Under the hypothesis of signal absence, it
is also particularly useful to characterize the sensitivity of an experiment by means of the
expected statistical significance.

The general procedure for the search of a new physics process, in the framework of fre-
quentist statistical tests, is often configured as the test of a first hypothesis (in this case
predicted by a physics theory, but not yet observed by experiments) against an alterna-
tive hypothesis. For the purposes of setting limits on the presence of new phenomena the
first hypothesis (HO) corresponds to the presence of signal, which is tested against the
background-only alternative hypothesis (H1). When testing the discovery of a new signal
process, the role of the two hypotheses is inverted.

The result of the physics search can be presented in terms of p-value, a quantity which
estimates the level of agreement between a specific hypothesis H and the observed data,
formally defined as the probability, under the assumption of the hypothesis H, of finding
data of equal or larger incompatibility with the predictions of H. The tested hypothesis
can be considered excluded if the correspondent p-value is below a specific threshold.
The p-value is usually expressed in terms of the equivalent significance Z, defined such
that a Gaussian distributed variable found Z standard deviations above its mean has an
upper-tail probability equal to p, as shown from the example in Figure 4.1. In a more
formal way the significance Z is the quantile ®~! of the standard Gaussian, computed for

(1-p):
Z=0"1(1-p)

The choice of the threshold for the p-value which corresponds to the rejection of the hy-
pothesis H is not fixed and is in principle arbitrary. In the context of high energy physics
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the rejection of the background hypothesis with a significance of at least Z = 5 (hence p
= 2.87 x 1077) is regarded as an appropriate level to quote a discovery. On the opposite,
to exclude a signal hypothesis and set an upper limit on the presence of a new process, the
threshold for the p-value is set at 0.05 (corresponding to a confidence level of 95% and a
significance Z = 1.64).

It is important to point out that the rejection of the background-only hypothesis from sta-
tistical tests is only one of the steps required to claim the discovery of a new phenomenon.
The degree of belief for a new process depends also, for example, on the plausibility of the
new signal hypothesis and the level of agreement between its prediction and the observed
data.

While the significance is the primary instrument to reject or accept the tested hypotheses,
when performing an experiment to test the presence of new physics it is meaningful to
quantify the sensitivity of the analysis, measuring the expected significance that would be
observed in the measurement under the assumption of different hypotheses.

In this section the statistical procedures required to discard the tested hypothesis are
outlined in a very formal and general way. In order to implement these tests on the analy-
ses described in this thesis a specific method is applied: the frequentist significance test of
the Profile Likelihood Ratio (PLR). The core idea of this method is the use of a Likelihood
function as basic element to build a more complex test statistic, which is finally used to
compute the p-value. The strength of this concept relies on the great flexibility of the
parametric model that defines the Likelihood function, that makes possible to account not
only for the parameters of interest of the analysis (rate and cross section of the signal
process, the signal strength), but allows to introduce additional terms to fully describe sig-
nal and background models. These additional parameters are called nuisance parameters
(NP) and are fitted from the data when deriving the p-value from the PLR: the range and
the flexibility of the fit for each of these additional terms can be used to model systematic
uncertainties, or to provide additional constraints on the background estimate. The addi-
tional degrees of freedom, introduced with the nuisance parameters to model systematic
effects and uncertainties result as it is expected in a loss of sensitivity.
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Figure 4.1: Significance Z and p-value for a normal distribution.
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Likelihood function The Likelihood function built for these searches is a complicated
object, which has to account for several systematic effects and includes a wide range of
nuisance parameters: a detailed definition of the Likelihood for the different searches is
given in the corresponding chapters. The general formula for a binned Likelihood function
is thereby given as:

L(:ua ﬁsampa ‘98a Op, eglobal) = POiS(n|NT) : POiS(nsamp|Bsamp) : (087 9b> Hglobal)7
where:
- n = number of events measured in the signal region.

- Bsmp = statistical uncertainties quoted on the MC or data-driven control sample for
the backgrounds, using the initial event numbers (ns4mp) before scaling to the cross
section.

—

- 0, — nuisance parameters associated to signal and background estimate, they ac-
count for systematic uncertainties on the analysis model.

—

- O410bar = nuisance parameters shared amongst different decay channels, as the lumi-
nosity uncertainty (it is separated from the others to provide a good model for the
combination with other channels)

- pr = total number of expected events, defined as:

pr =32, nLoy(mx) fs(05) foOgiova) + X5 L8; F5(05) 5 Ogiobat) -

where the sum runs over the different signal production modes and/or contributions,
and the different parameters are:

— p = parameter of interest (POI) for the statistical analysis, it is the scaling
factor for the expected signal rate, called signal strength.

— L = nominal value of the integrated luminosity used for the analysis.

— oy(mx) = nominal effective cross section for signal events, where the signal is
the production of a new particle X with mass mx

— fs(G_;), fb(G_;,), fg(gglobal) = functions of the analysis nuisance parameters that
account for the dependence of the number of signal, background and total events
on these NPs.

— fBj = nominal effective cross section for the background process j

In these analyses the shape information of the discriminating variable used in the Profile
Likelihood Ratio fit is extracted from template histograms, therefore the Likelihood is built
as a binned function of this variable. This means that the complete Likelihood function is
obtained by the product of one binned Likelihood term (as the one shown above) for each
bin of the discriminating distributions.

As explained before, the presence of the NPs characterizes the shapes of probability density
functions for signal and background, encoding the information of systematic uncertainties
and providing the required handles to adjust the expected predictions during the Likeli-
hood fit, and thus resulting in a loss of sensitivity: this is represented by the broadening of
the profiled Likelihood function caused by the set of § terms that enters the maximization
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procedure. The 6 NPs represent additional degrees of freedom introduced in the Likeli-
hood fit, therefore when introducing them it is crucial to make sure that the information
available from the fitted data is sufficient to control these degrees of freedom, and that the
correlation model among them is properly assessed and implemented.

The NPs 6 included in the Likelihood function can be generally divided into three classes:
(i) unconstrained parameters controlling the normalization of the backgrounds (which are
formally identical to the signal strength p); (ii) normalization NPs controlling the yield
of signal and background across the different regions of the phase space, included in the
Likelihood with a log-normal probability density function (pdf) which prevents the normal-
isation factors from becoming negative in the fit; (iii) shape NPs controlling the variations
in the templates of the fitted distributions, parametrized with a Gaussian pdf.
Parameters from (ii) and (iii) are in general associated with systematic uncertainties, and
the prior constraint of their pdfs is added as a penalty term to the Likelihood, related to
the magnitude of the corresponding uncertainty.

When building the Likelihood the pdfs parametrizing these NPs are in general known for
the nominal case and for two extreme values of the NPs corresponding to the £10 system-
atic variations: the pdfs are thus interpolated between these points to obtain a smooth
pdf, using a quadratic interpolation with linear extrapolation for the normalization NPs
(ii), and a piecewise exponential extrapolation with 6th order polynomial interpolation for
shape NPs (iii).

Profile Likelihood Ratio (PLR) and test statistic The PLR is built from the Like-
lihood function here defined, as the ratio between the Likelihood maximized with respect
to the full set of NPs, with the parameter of interest set as an arbitrary value to be tested,
and the Likelihood maximized with respect to both the NPs and the parameter of interest:

where:

e 0 is the conditional maximum-Likelihood (ML) estimator of , the value of # that
maximizes the Likelihood for a specified p (hence it is a function of p itself).

e 0 and i1 are the ML estimator of the unconditional Likelihood at the denominator,
for the nuisance parameters # and the parameter of interest y respectively.

From the Profile Likelihood Ratio it is possible to build different test statistics, which
are the fundamental objects to compute the p-value of a measurement. From the given
definition of A(p) it is clear that 0 < A < 1, where A < 1 corresponds to a good agreement
between data and the tested value of p in the conditional Likelihood. For this reason the
test statistic in usually defined as ¢, ~ —2log A(x), so that higher values of ¢, imply an
increasing incompatibility between the data and pu.

It is important to note that when quoting the results for the ‘fitted signal strength’ i or the
fitted values of the NPs, a maximum Likelihood fit is performed rather than the complete
PLR fit, since only the i and 6 maximum Likelihood estimators are needed. To obtain the
uncertainty on ji however, the full PLR is used, considering variations of 2log A\(x1) by one
unit (without any constraint on /).

From the PLR A(u) several test statistics can be obtained, here I quote only the most
interesting choices for the analyses discussed in this document.
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Test statistics for the discovery of a positive signal ¢y This test statistics is intro-
duced to test the background-only hypothesis ; = 0 against alternative hypotheses where
w1 is assumed to be positive or zero. Rejecting the background-only hypothesis leads thus
to the the discovery of a new positive signal.
_[210800) i20_ | 210g KOIOD s
“o <o Loy

0 <0

The constraint on i > 0 means that data are considered in disagreement with the background-
only hypothesis only if an upward signal strength fluctuation is observed: a negative i may
indeed highlights some evidence against the background-only model but does not show that
the measured data contain signal events. If the measured event yield is larger than the
expectation ({1 > 0) the test statistics becomes larger, indicating higher incompatibility be-
tween the data and the background-only hypothesis. This incompatibility can be expressed
with a p-value, in this case named pg, defined as:

o0

w= [ Fawbda,
q40,0bs

where go ops is the value of the test statistic measured from the observed data, and f(qo|0)

the probability distribution function of the test statistic itself, under background-only

hypothesis.

Test statistics for upper limits setting ¢, for a positive signal This test statistics
is useful with the purpose of setting exclusion limits on the parameter of interest p, when
w >0

L(p. 0
G, = —2logA(p) A <p _ f(oag(o))
8 0 f> —2log (M’A(F)) 0<ia<p
L(f,0)
0 0> p

This quantity has some interesting properties: when f > p the test statistic is set to
zero, because, while determining an upper limit, data with 4 > p are not regarded as
less compatible with p than the data obtained, hence they are not part of the rejection
region of the test. When i < p two different scenarios are considered: if [ is negative, it
is replaced arbitrarily by zero to account for the fact that 4 > 0, hence a test of negative
value wouldn’t be significant. When 0 < /i < u the test statistic is written in the standard
form.

As introduced before, higher value of the test statistic correspond to increasing disagree-
ment between data and tested hypothesis, therefore the level of disagreement can be quan-
tified by means of the test statistic by defining the p-value for the tested u as:

Pp = / f(%’/i)d%;

Qu,obs

where g, ops is the value of the test statistic measured from the observed data, and f(q,|u)
the probability distribution function of the test statistic itself, under the hypothesis of
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signal strength p.

The g, test statistics is used in these analyses to set exclusion limits derived with the
CLg method [128], while the gy test statistics is used to assess the probability pg of the
background-only hypothesis.

Asymptotic formulae For both the test statistics introduced in this Section, several
useful approximations are available to make their calculation more straightforward and less
taxing from the computation point of view. In detail, exploiting the Wald approximation
[129] [130], the test statistics go and g, can be written respectively as:

2 ~
oo 2up
2 — - — <0
B >0 _ g?  oF
go =< o2 - Gu = (n—f1) 0
0 4a<o0 o?

[a)
=
\VARRVAN
S
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where [ follows a Gaussian distribution with mean value corresponding to the signal
strength according to whom the observed data are distributed (u') and standard devi-
ation o (obtained from the covariance matrix of the estimators for all the parameters, POI
and nuisance parameters) and p is the parameter of interest under test. With few straight-
forward steps it can be shown that the corresponding significance Zy or Z,, respectively
is:

2

- o
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In order to set an upper limit, the p,-value is computed for several tested signal strengths
, until the value corresponding to the fixed threshold « is found (for example a = 0.05
to exclude the signal with CL=95%). The upper limit is the largest © with p, < «, while
the p parameters with p, above the threshold are excluded with a confidence level CL =
1-a.

Recalling that:

pIJ» = 1 - Q(qﬂlu)a

where @ is the cumulative function of the Gaussian distribution, it is clear that the upper
limit on the signal strength 4 for a CL = 1 - « is obtained by setting p, = o, as:

pup = 1+ 0271 (1 — @)

Experimental sensitivity and the Asimov [131] dataset The sensitivity of an ex-
periment is a direct and quantitative estimate of the rejection power of the experiment
itself against different hypotheses (hence different values of the parameter of interest). Al-
though this sensitivity does not depend on the observed data, but can be estimated from
simulations, it is still a very important estimator of the experiment performance and it is
often used as discriminating variable to tune and optimize the analysis.
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The sensitivity is characterized as the expected (median) significance with which it is pos-
sible to reject different values of u. For the case of exclusion limit it is computed assuming
data generated under the background-only (u = 0) hypothesis, and testing the median
significance with which nonzero value of p can be rejected (specifically the nominal = 1).
The choice of the median value as expected significance is not accidental: in general the
expected value of Z would not satisfy the relation with the p-value (Z = ®~1(1 — p)),
but since it is monotonic the medians of Z and p respect the same relation. Note that
since the p-value is a monotonic function of the test statistic itself, establishing the p-value
correspondent to the median value of the test statistic under the assumption of p' (and

thus the sensitivity, or median Z) is equivalent to compute the median p-value, assuming
/

W
In order to easily obtain the median value of the significance Z the so called Asimov dataset
is introduced. It is an artificial dataset, defined so that when it is used to evaluate the
ML estimators for the Likelihood parameters, the results are the input values of the pa-
rameters themselves. These true values are, in practice, the ones that would be estimated
from Monte Carlo simulations in the limit of very large statistics. The Asimov dataset
condition is easily found by computing the ML estimators from the Likelihood function,
and imposing that they are equal to their expectation values.

This special dataset can be used to obtain the median value for the test statistic in a very
straightforward way, leading to a simple expression for the corresponding median signif-
icance. As show before Z is a monotonic function of the test statistic, thus the median
significance is obtained evaluating Z as a function of the median test statistic, which is
approximated by the Asimov value.

When treating the discovery of a positive signal with gg the median discovery significance
assumes a signal strength parameter p' tested, while in the case of exclusion limits setting
with §,, the median exclusion significance is evaluated assuming p/ = 0, obtaining:

med[ZO|H ] V q0,A,
med[Z,|0] = \/qu,A>

where the test statistics are obtained from the Asimov dataset.

Expected statistical variations It is important to emphasize that, even if the value y/
used to compute the median significance of rejecting the p under test is correct, real data
will be affected by statistical fluctuations, hence the observed significance may not coincide
to the median. Knowing the expected variation of the significance, given the statistical
fluctuation that are expected in data, is fundamental to obtain a reliable result.

In particular, since the fitted f follows a Gaussian distribution, it is easy to compute
error bands for the sensitivity corresponding to the £ N¢ variation of fi, because they are
conveniently the quantiles of the Gaussian function.

For the discovery test, the significance values corresponding to p/ + No are:

Zo(W + No) = med|Z|p'| + N
Zo(p' — No) = maz[med|Z|'] — N, 0]

While for the exclusion limits setting, recalling the expression found for fi,,:
fup = i+ 071 (1 — ),
the median upper limit under the i/ hypothesis can by computed by replacing i = p':
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med|puy|p'] = pf + 0@ (1 - ),
and the =N error bands on the sensitivity are given by:

bandy, = p' + o(®1(1 — a) £ N).

4.2 Treatment of the nuisance parameters in the Likelihood
Fit

In Section 4.1 I introduced the more formal principles guiding the definition of the statis-
tical tests used to perform the analyses. In this Section I focus instead on the treatment
of the NPs in the Likelihood fit, discussing how to deal with statistical fluctuations and
how to limit the fit complexity by removing negligible NPs. I then discuss some of the
most critical tests to assess the stability of the Likelihood fit, looking at the behavior of
the NPs during the fit and their impact on the result, and I introduce some fundamental
ideas that guide the determination of the correlation model among NPs.

4.2.1 Smoothing and pruning of systematic uncertainties

The effect on the fit of possible statistical fluctuations affecting the estimate of systematic
uncertainties on the shape of the distributions has to be tested. Shape uncertainties are
implemented in the Likelihood fit as alternative templates for the discriminating variable
relative to the nominal prediction, therefore they can suffer from statistical fluctuation in
the simulation. If the systematic uncertainty is obtained by reweighting the nominal tem-
plate distribution (e.g. uncertainties on the b-tagging efficiencies), no statistical fluctuation
is expected beyond those included in the nominal template. When the systematic varia-
tions can change the event selection (e.g. jet energy scale variations), additional statistical
fluctuations may be introduced and affect the systematic shape. If multiple systematic
uncertainties are derived from the same template distribution (e.g. multiple components
of the jet energy scale uncertainty), the statistical error on the template should not be
included in all of them. To mitigate this effect a smoothing procedure is applied to all
systematic variations across all regions, merging bins of the fitted distribution based on
the constraints that the statistical uncertainty in each bin must be below 5% and the shape
of the systematic templates remains physical (monotonous for the MVA discriminant, with
at most one local extreme for invariant mass spectra).

Given the very complex analyses and the extended model of nuisance parameters, the fit
may contain a very large number of systematic-variation template pairs (+1o and —10):
to reduce this number in order to obtain a more efficient and solid fit model, a pruning
procedure is applied to remove systematic uncertainties that have a negligible impact on
the final result. Normalization (shape) uncertainties are dropped if the variation of the
corresponding template is below 0.5% (below 0.5% in all bins). Additional pruning criteria
are applied in all regions where the signal contribution is less than 2% of the total back-
ground and the systematic variations impact the total background prediction by less than
0.5%. Furthermore, shape uncertainties are removed if the up- and down-varied shapes are
more similar to each other than to the nominal shape (only applied for shape systematic
where opposite-sign variations are expected).
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4.2.2 Stability of the Likelihood fit: post-fit NPs and rankings

The stability and the behavior of the combined fit is tested with several checks and studies:
the most notable tests include the comparison of the central value and uncertainty of the
nuisance parameters before (pre-) and after the fit (post-fit), which can be respectively
pulled or constrained by the Likelihood fit, as well as the study of correlations developed
between uncertainties during the fit. To assess these effects the expected modeling of the
NPs is compared to the pulls, the constraints and the correlations observed in the fit to
data: when striking differences are found their source is investigated and this may lead to
further uncorrelate systematic uncertainties by introducing additional NPs, providing the
the fit with the degrees of freedom required to adjust the MC expectation to the observed
data.

A second critical test allows to order the systematic uncertainties according to their impact
on the final results (the fitted value of the signal strength f): this information is extremely
useful to individuate the most important NPs in the Likelihood fit, and to isolate the as-
pect of the analysis which could most benefit from improvements or additional studies.
The NP ranking is obtained by performing one iteration of the fit for each systematic un-
certainty, fixing the corresponding NP to the fitted value 8 from the baseline fit, shifted up
or down by its fitted uncertainty, and allowing all remaining parameters to vary, in order
to properly account for correlations between the systematic uncertainties. The magnitude
of the shift in the fitted signal strength f compared to the baseline Likelihood fit gives a
measure of the impact of the considered NP. Similarly the expected impact of each uncer-
tainty is obtained from a fit in which the corresponding NP is set to its pre-fit value and
shifted by the associated uncertainty.

4.2.3 Nuisance parameters correlation

For the nuisance parameters related to the background and signal modeling the specific
correlation scheme is introduced case by case in the analysis Chapters. The choice to un-
correlate NPs related to different systematic effects (for instance the p¥ shape uncertainty
and the jet flavor fraction for a given background) appears clear when considering their role
in the fit: to correlate two NPs is equivalent to the assumption that information on one of
them can affect the other. This is a strong statement as one of the systematic effects may
be strongly constrained by the Likelihood fit (for instance the p¥ spectrum), and prop-
agate this strong constraint on the second NP (in this example controlling the jet flavor
fractions of the background). Furthermore, special care is needed when the correlation
model between uncertainties is obtained from MC-to-MC comparisons: if the correlation
is not reproduced in data, the NPs will be pulled during the fit to recover data-to-MC
discrepancy, causing potential bias in the final result.

Keeping the NPs uncorrelated may represent a more conservative approach, since it in-
creases the number of degrees of freedom in the fit: this is adopted for large backgrounds
whose modeling can be controlled with good accuracy from the fit to data. For smaller
backgrounds, such as diboson or single-top production, less information is available from
data and it is less likely to cause biases in the result due to mismodeled correlations, there-
fore NPs can be correlated more extensively across regions and/or systematic effects. It is
however important to highlight that the correlation model implemented for the NPs has
to be studied case by case, considering our best knowledge of the modeling for the process
in consideration.
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5 Event and Object Reconstruction

5.1 Physics objects reconstruction

In this Section I describe the details of the identification and reconstruction of the main
objects used in the analyses documented in this thesis. Since these analyses have been
performed with LHC data collected at different center of mass energies, during different
Runs, the features of the object reconstruction may be different due to changes in the
identification and reconstruction algorithms, upgrades of the ATLAS sub-detectors (for
instance, the insertion of the IBL in the Pixel detector) and different detector conditions.
In this cases I give full details of the algorithms an techniques used for data collected
at /s = 8 and 13 TeV, while I shortly summarize possible differences in the analysis of
Vs =7 TeV data in Section 5.3. These objects include tracks from charged particles and
interaction vertexes (Section 5.1.1), charged leptons (Section 5.1.2), hadronic jets - possibly
originated by heavy-flavor quarks - (Section 5.1.3, 5.1.4) and the missing transverse energy,
a quantity related to the reconstruction of the full event (Section 5.1.5).

5.1.1 Tracks and vertexes

Charged particle tracks are reconstructed by fitting track hypotheses to the set of clustered
hits left by charged particles passing through the inner detector. The tracking algorithm
uses clusters collected from the pixel layers of the ID as seeds, and is able to resolve
ambiguities in the hit assignments arising from high multiplicity environment. The pp-
threshold for charged particle tracks is at 400 MeV.

In the analysis of Run-1(Run-2) data, interaction vertices are reconstructed from at least
three(two) selected tracks in the inner detector, and the fit to the candidate vertex is
performed including the beam spot as an additional constraint. The ‘primary vertex’ is
selected among the candidate vertices as the one with the largest sum of squared transverse
momenta of associated-tracks 3 p% .

5.1.2 Leptons

Leptons are critical objects for all the analyses discussed in this document: not only the
main search channels are defined from the leptonic decays of the vector boson V produced in
association with the Higgs boson, but isolated leptons are also used to reject backgrounds
containing misidentified leptons, or leptons originated by semileptonic decays of heavy
quarks (as multijet processes).

Three categories of leptons are defined in all analyses presented in this thesis, corresponding
to three different purity criteria: loose, medium, tight leptons. In this section these three
definitions are presented, highlighting the main differences for the reconstruction strategies
used for data collected during the LHC Run-1 and Run-2.
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Electrons

Electrons are reconstructed as noise-suppressed clusters of energy in the calorimeter using
a sliding window algorithm with a matching charged track from the inner detector [132,

, |. Electron energy calibration is driven by data from reference processes such as
Z — ete [137].

» Loose electrons are required to have Ep > 7 GeV and |n| < 2.47, they have to fulfill
loose likelihood identification criteria, which encodes information on the electron
shower-shape, track-quality criteria, quality of the matching between the track and
its associated energy cluster in the calorimeter (direction and momentum/energy),
TRT information, and an identification criterion for electrons originated by photon
conversions. In the Run-1 analysis the lepton must pass an isolation criteria, requiring
that the transverse momentum carried by tracks within AR = 0.2 around the lepton,
excluding its own track, is less than 10% of the lepton energy. In the Run-2 analyses a
similar isolation criteria is applied with 99% efficiency for real electrons; furthermore
the lepton track has to satisfy impact parameter criteria to reject tracks from pile-up
events, based on the transverse impact parameter significance and the longitudinal
impact parameter difference between the track and the primary vertex.

» Medium electrons are required to satisfy the loose criteria with a tighter selection
Er > 25 GeV.

» Tight electrons are required to satisfy the medium criteria with tighter likelihood
identification. The Run-1 track-based isolation criteria is tightened to 4%; an addi-
tional isolation cut is applied by requiring the sum of the calorimeter energy deposits
within AR = 0.3 around the lepton, excluding clusters associated to the lepton itself,
to be less than 4% of the lepton energy. In the Run-2 analyses similar calorimeter-
based isolation and track-based isolation criteria are combined, with an efficiency of
95% for real electrons.

Muons

Muon leptons are reconstructed from tracks in the inner detector and the muon spectrom-
eter [1306, 137].

» Loose muons are required to have Epr > 7 GeV. Different types of muons are
included in the analyses: almost all muons are reconstructed in both the MS and the
ID, with |n| < 2.5 coverage; to overcome the limited muon chambers coverage muons
identified in the calorimeter with py > 20 GeV, associated to an ID track with |n| <
0.1 are retained; muons reconstructed in the forward region (2.5 < |n| < 2.7) of the
MS are considered even if not matching full ID tracks (to cope with the limited inner-
detector coverage). When muons are associated to ID tracks, additional requirements
on their impact parameter are applied (in both Run-1 and Run-2 analyses), and in all
cases isolation criteria are included to reject non-prompt muons, as done for electrons.

» Medium muons have to satisfy the loose criteria, with Ep > 25 GeV and |n| < 2.5
(in the analysis of Run-1 data, only muons reconstructed in both MS and ID are
retained at this step).

» Tight muons have to satisfy the medium criteria, with tighter identification and
isolation requirements (as done for electrons) to further reduce the multi-jet back-
ground.
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Taus

In the analysis of Run-1 data, tau leptons are not treated specifically: taus decaying
hadronically (7p,44) are treated as light-jets, while tau decaying leptonically are not ex-
plicitly selected (but electrons or muons from their decay are included, if reconstructed as
isolated leptons according to Section 5.1.2).

On the contrary in the analyses of Run-2 data, hadronically decaying taus are used in
the physics selection: they are reconstructed |13, | using the anti-kr algorithm [1410]
with a radius parameter R of 0.4. 73,44 leptons are required to have exactly 1 or 3 match-
ing charged tracks within a cone around the jet axis of R = 0.2 (1-prong or 3-prong 7
candidates). To reject fake 7-leptons from hadronic jets a multivariate discriminator is
built with boosted decision trees, combining information from calorimeters and tracking
detectors.

Dedicated energy corrections are applied to calibrate the hadronically decaying tau lepton
candidates [111].

Hadronically decaying 7 leptons are required to have pp > 20 GeV and |n| < 2.5, ex-
cluding the transition region between the barrel and forward calorimeters corresponding
to 1.37 < |n| < 1.52. The Th4q reconstruction and identification efficiency is about 55% in
the 1-prong case and about 40% in the 3-prong case.

5.1.3 Hadronic Jets

Elementary particle physics processes are often described in terms of quarks and gluons,
fundamental objects of Quantum Chromodynamic. These objects, however, are not ob-
served in a physics experiment, due to the structure and the features of strong interaction:
quarks and gluons fragment and hadronise immediatly after production, therefore the only
observable object in the detector is a spray of hadrons, which is called jet [1412].

Jets are particularly important because by measuring their properties it is possible to ob-
tain information about the partons that originated them. Even if usually a jet is initiated
from a single parton, this is not always the case: first, partons are ill-defined objects es-
pecially when it comes to physics measurements, and also two or multiple partons may be
highly collimated and result combined in a single jet, with a specific structure. Therefore
in physics analysis useful informations come from both the number of jets and their sub-
structure, originated by multiple partons within a single jet.

Jets need a precise definition in order to reconstruct and use them. A jet definition is a set
of rules, organized as an algorithm, that allows to group particles into jets and to compute
the momentum of the resulting objects. In the analyses presented in this thesis different
jet definitions are used, depending on what physics information is required from the initial
partonic state which originate the jet. In this section I describe all jet definitions used
in the following chapters, highlighting their main features and the motivations of these
choices.

All jets used in the analyses are built using the anti-k7 algorithm [110], therefore the main
differences among the jet algorithms considered come from the parameters of this algo-
rithm (e.g. the radius R), and from the fundamental objects used as inputs for the jet
algorithms, which may be energy clusters in the calorimeter or inner detector tracks.

Calorimeter jets Calorimeter jets are reconstructed from noise-suppressed topological
clusters of energy in the calorimeters [113]. In the search for the SM V H (bb) (Chapters 6
and 8) only jets with radius parameter R = 0.4 are considered. In the search for a CP-odd
A boson presented in Chapter 7 also jets with larger radius R = 1.0 are used. Both jet
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collections are here described in detail.

Calorimeter jets are simply referred to as ‘jets’; when both jet collections are used in par-
allel, the R = 0.4 jets are named ‘small-R’ jets, while the R = 1.0 jets are named ‘large-R’
jets.

» calorimeter jets with R = 0.4, or small-R jets: the energies of reconstructed jets is
calibrated using pr- and n-dependent correction factors (JES) derived from simula-
tion, with residual corrections from in-situ measurements applied to data |11, ,

|. The jet energy is furthermore corrected to account for the contribution of pile-
up interactions with a jet-area-based technique [117, |. Further adjustments are
made based on jet internal properties, which improve the energy resolution without
changing the average calibration (global sequential calibration |11, D).
Jet cleaning criteria are applied to identify jet candidates likely to be originated from
non-collision sources and noise: any event containing such jets is removed [1419].
Different criteria are in place to reduce the contamination by jets from pile-up inter-
actions: in the analysis of Run-1 data, the scalar sum of the pr of tracks matched to
the jet, and originating from the primary vertex, must be at least 50% of the scalar
sum of the pr of all tracks matched to the jet (this requirement is applied only to
jets with pr < 50 GeV and |n| < 2.4, and it is named ‘jet vertex fraction’ or JVF
selection), jets without matched tracks are retained. In the analysis of Run-2 data
this selection is based on a likelihood discriminant which combines information about
the primary vertex and charged tracks associated with the jet [150], applied for jets
with pr < 50 GeV and |n| < 2.4.

In the SM V H(bb) analysis presented in Chapter 6 jets with pr > 20 GeV and
|n| < 4.5 are considered; while in the searches presented in Chapter 7 and 8, jets
with pr > 20 GeV and |n| < 2.5 (‘central jets’) and jets with pr > 30 GeV and
2.5 < |n| < 4.5 (‘forward jets’) are included.

» calorimeter jets with R = 1.0, or large-R jets: this jet collection is only used in
the search presented in Chapter 7. A dedicated procedure named trimming [151] is
applied to the large-R jets to remove the energy of clusters originating from initial
state radiation, pile-up interactions or underlying event. The trimming is applied by
reclustering the initial jet constituents into sub-jets with radius Rg,, = 0.2, using
the kp algorithm [152, 153], and removing subjets with py below 5% of the pr of the
parent large-R jet [154].

The energy of large-R jets is corrected for losses in passive material of the detector
and for the non-compensating response of the calorimeter.
Only large-R jets with pp > 250 GeV and |n| < 2.0 are considered in the analysis.

Track jets Track jets are built from ID tracks using the anti-kp algorithm with radius
parameter R = 0.2, and are required to have pr > 10 GeV and |n| < 2.5, and to be formed
by at least two tracks.

These jets are used in the search presented in Chapter 7, and are only considered if associ-
ated to a large-R jet, to extract information on its sub-structure and composition. Track
jets are associated to large-R jets via ghost-association [155]: the large-R jet clustering al-
gorithm is run including the track jets among the seeds, setting their py to an infinitesimal
value, and if they are found to be included in the large-R jet constituents they are defined
as ghost-associated to it.
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5.1.4 B-Jets

In these analyses ‘b-jets’ are hadronic jets reconstructed as small-R or track jets which
pass some identification criteria based on dedicated b-tagging algorithms developed by
the ATLAS Collaboration. These algorithms are built to identify jets originated from the
fragmentation of b-quarks by using information from the long b-quark lifetime.

The b-tagging algorithm has evolved between the analysis of LHC Run-1 and Run-2 data,
to cope with the different conditions of pp collisions and to fully exploit the upgrades of the
ATLAS detector (such as the insertion of the IBL). In this section I describe the b-tagging
algorithms considered, for different LHC runs and types of jets, as well as some details
on their calibration and the associated systematic uncertainties. In all cases the b-tagging
algorithms provide as output a weight w for each tested jet, related to the likelihood of
it being a b-jet: several operating points, corresponding to different b-tagging efficiencies
and calibration scale factors, are provided for each algorithm.

b-tagging for the analysis of Run-1 data Jets originated from b-quarks are selected
with the ‘MV1c’ b-tagging algorithm [150, , 158]: MVlc is a neural network multivariate
regression function which combines together various b-tagging algorithms built to exploit
the information of the track impact-parameter significance, and explicit reconstruction of
b- and c-hadron decay vertices and b — ¢ hadron decay chain. The MV1c algorithm is an
improved version of the MV1 function 159, , | which achieves a better rejection for
jets originated by c-quarks, at the cost of slightly worse light jet rejection. This feature is
especially important to suppress the tt background in the high-pr region of the analysis,
where the flavor composition of this process has a strong contribution from events with
jets originated by c-quarks, as stated in Section 2.3.3.

In the analysis described in Chapter 6 four different MV1c operating points are used, with
dedicated calibrations, corresponding to average b-tagging efficiencies of 80%, 70%, 60%
and 50% for b-jets with py > 20 GeV (measured in a dedicated sample of ¢ events),
denoted respectively as loose, medium and tight. The improved c-jets rejection factor
obtained with MV1c corresponds to 26 (5) for the tight (medium) operating point, while
the light-jets rejection factor corresponds to 1400 (136).

The efficiencies for b-, c- and light-jets are corrected by measuring them in data and
simulation in a specific t¢ control region (for b-jets), a D*-enriched region (for c-jets) or
in multi-jet samples (for light-jets), extracting scale factors (SFs) from the data-to-MC
comparison for each exclusive region between operating points, as a function of the jet
kinematic (pr and - for light-jets - |n]).

To keep into account the dependency of these SFs on the MC generator used for the
simulation, an additional set of ‘MC-to-MC’ SFs is derived by comparing the efficiencies
across different generators. The MVlc b-tagging algorithm is developed for jets with
pr > 20 GeV and |n| < 2.5, thus only this kinematic regions is considered when applying
b-tagging criteria in the analysis.

b-tagging for the analysis of Run-2 data In the analysis of LHC Run-2 data, two
types of jets are considered for b-tagging: small-R calorimeter jets and track jets. The b-
tagging algorithm ‘MV2c¢’ is a multivariate function similar to MV1c, including information
from the improved tracking capabilities achieved by ATLAS in particular with the insertion
of the additional pixel layer IBL. The MV2c¢ algorithm has been deployed in two separate
versions, corresponding to a first optimization MV2c20 with the 2015 dataset [162, ,

|, and a second instance MV2c10 for the combined 2015+2016 dataset [165]. The former
is used in the search presented in Chapter 7 (it is worth noting that the same b-tagging
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algorithm is used for both small-R and track jets in this analysis, at the same operating
point), while the latter is applied in the analysis described in Chapter 8.

» MV2c20 (2015 dataset): this algorithm is used with a single 70% efficiency working
point, providing a c-jets rejection factor of 8 (5.6), and a light-jets rejection factor of
400 (180) for small-R jets (track jets). The algorithm is applied to jets in the region
of |n| < 2.5, and only to track jets which are ghost-associated to a selected large-R
jet.

» MV2cl0 (201542016 dataset): this algorithm is only applied to small-R jets, as
track jets are not used for b-tagging criteria in the analysis presented in Chapter 8.
While the b-tagging efficiency working point used is again 70%, the c-jets rejection
factor is improved to 12, with a small reduction in the light-jets rejection factor
which corresponds to 380. Given the strong impact of backgrounds characterized by
the presence of c-jets in the final states considered (especially from top-quark pair
production), this feature makes this improved algorithm a better candidate than the
MV2c20 used for the preliminary analysis of the 2015 dataset. The algorithm is
applied to jets with |n| < 2.5.

For both instances of the MV2c algorithm the tagging efficiencies are corrected by data
measurements in specific control regions, similarly to what described for the b-tagging
algorithm used for /s = 8 TeV data. No MC-to-MC SFs are needed for the MV2c al-
gorithms, since the MC simulated samples produced for the analysis of LHC Run-2 data
have been generated with consistent setup for the heavy-flavor simulation and the b-quark
decays through the EvtGen1.2.0 software [166].

5.1.5 Missing Transverse Energy

The missing transverse momentum (EZ7**) is a crucial quantity to identify final states
with undetectable neutrinos, whose presence can be inferred by an apparent momentum
imbalance in the transverse plane, and to suppress the background contribution in signal
topologies where all the particles in the final state can be identified in the detector (as the
2-lepton ZH — [T~ bb process).

Since the Eg,,mss quantify the transverse momentum imbalance, it is really an ‘event quan-
tity’ whose definition relies on all other objects reconstructed for a given event.

Emiss for the analysis of Run-1 data The EM% [167, 165] is defined as the negative
vector sum of the transverse momenta associated with energy clusters in the calorime-
ters with || < 4.9. When clusters are associated with reconstructed objects (electrons,
7 leptons, photons and jets) the appropriate calibration for these objects is used. Muons
are treated separately by adding their transverse momenta to the EQWSS calculation, prop-
erly removing the energy deposited in the calorimeters to avoid double-counting. The
components not associated to any reconstructed objects are part of the E}”iss(SoftTerm),
or E{}”SS (ST), which encodes the contribution of all energy deposits that do not satisfy
any criteria to be identified as physics objects (thus can be associated to mismeasured or
misidentified leptons or jets due to limited detector coverage and resolution, or to noise
sources inside and outside the detector as cosmic-ray and beam-halo muons).

E{}”SS for the analysis of Run-2 data The approach used in the analyses described
in Chapters 7 and 8 differs from the reconstruction strategy adopted for Run-1 data in
the treatment of the E7"**(ST): this component is based on the well-reconstructed tracks
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originating from the primary vertex, which are not already included in any of the physics
objects [169]. Building the EZ¥**$(ST) from tracks rather than from energy deposits in the
calorimeters, makes this quantity more robust with respect to the pile-up contribution.

In addition to the Ej"liss , a track-based missing transverse momentum vector p?iss is built
from the negative vector sum of the transverse momenta of all well-reconstructed tracks
associated with the primary vertex. This quantity is mainly used to suppress non-collision
and multi-jet backgrounds.

5.2 Event reconstruction

In this Section I describe the techniques, methods and corrections dedicated to the opti-
mization of the reconstruction of full physics events, using the objects introduced in the
previous Section. This includes specific b-jet energy corrections for the improvement of the
Higgs invariant mass resolution (Section 5.2.1), a kinematic fit applied in the [71~bb channel
- where the event kinematic can be fully reconstructed and constrained (Section 5.2.2), the
overlap removal techniques applied to avoid double counting of objects (Section 5.2.3), and
finally the truth-tagging method applied to improve the statistical power of MC simulation
when applying b-tagging requirements (Section 5.2.4).

5.2.1 Dijet mass resolution: b-jets energy corrections

In all the analyses discussed in this document the invariant mass of the Higgs candidate is
reconstructed from its decay to a b-quark pair, and it is either used as final discriminating
variable or contributes to its definition. The resolution of this invariant mass is therefore
a crucial aspect of the analysis performance, and plays a central role in the rejection of
backgrounds which are either non-resonant (such as t¢ or V-+jets production) or have a
different invariant mass (as diboson V' Z production).

Since the Higgs invariant mass is built with hadronic jets originating from b-quarks, objects
whose reconstruction is very challenging, special care is needed to to maximize its resolu-
tion. In this section I present a series of corrections applied to the b-jets used to define
the Higgs invariant mass: although these corrections are applied to the specific objects,
their target is the improvement of the invariant mass resolution, thus they are considered
‘event-related’.

The following corrections are derived for the analysis of Run-1 and Run-2 LHC data:

» ‘muon-in-jet’: this correction targets semileptonic decays of b-quarks which produce
muons inside the jet cone. The 4-vector of muons passing selection criteria and
reconstructed within the b-jet cone, is added to the jet 4-vector, after subtracting
the muon’s energy deposit in the calorimeter (if more than one muon is found, the
closer to the jet is used). Systematic uncertainties on this kind of correction are
found to be negligible.

» ‘pp-reco’: this correction (applied after the muon-in-jet one) compensates for biases
in the jet response due to resolution effects, out-of-cone energy and undetectable
neutrinos. It is derived from the pr spectrum of jets from the decay of a Higgs
boson with my = 125 GeV in simulated VH events. The correction is obtained by
comparing the energy of calibrated jets to the energy of corresponding ‘truth jets’
(reconstructed from simulated MC events before detector simulation - including all
stable hadrons from the hadronization of the generated partons and any muons or
neutrinos from semileptonic jet decays).
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Both corrections are applied to the selected b-jets used to build the Higgs candidate,
leading to an improvement of 14% in the dijet mass resolution (which is typically of 11%).
The impact of both corrections applied in the analysis of Run-1 LHC data is shown in
Figure 5.1(a). In the search presented in Chapter 7 the muon-in-jet correction is applied
to large-R jets as well, while the pr-reco correction is derived and used only for small-R
jets. Figure 5.2 shows the impact of muon-in-jet and pp-reco corrections for small-R jets
in the analysis of LHC Run-2 data presented in Chapter 7, compared to the standard jet
calibration applied to hadronic jets.
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Figure 5.1: Dijet-invariant-mass distribution for the decay products of a Higgs boson with
mpg = 125 GeV in the 2-lepton MVA selection. The distributions are shown (a) using
jets after global sequential calibration (GSC, solid), and after adding muons inside jets
(dotted) and after correcting for resolution effects specific to the kinematics of the decay
of a Higgs boson with my = 125 GeV (dash-dotted); (b) using jets after global sequential
calibration (GSC, solid), and after adding muons inside jets and applying the kinematic
fit (dash-dotted). The distributions are fit to the Bukin function [170] and the parameter
representing the width of the core of the distribution is shown in the figures, as well as
the relative improvement in the resolution with respect to jets after the global sequential
calibration.
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Figure 5.2: Dijet invariant mass distribution for the decay products of a Higgs boson with
myp, = 125 GeV in the 2-lepton low—p% 2-tag category in simulated gg — A — Zh — IT17bb
events, from the analysis presented in Chapter 7. The distributions are shown using jets
after the standard jet calibration, after the muon-in-jet correction, and finally after the
pr-reco (resolution) correction. The distributions are fit using the Bukin function and the
parameter representing the width f the core of the distribution is shown above, as well as
the relative improvement with respect to the jets after the standard jet calibration.
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5.2.2 Kinematic fit

As outlined in Section 2.3.3 the ZH (bb) process is studied in the 2-lepton channel, where
the Z boson decays leptonically to a pair of electrons or muons. In this topology there
is no ‘true’ ETY (originated from undetectable particles in the detector) other than the
small contribution from neutrinos coming from semileptonic heavy flavor decays, therefore
the full ZH (I*1~bb) event kinematic can be reconstructed.

Since the lepton resolution is much higher than the jet resolution, the jet energy can be
corrected in order to fully balance the transverse momentum of the event, improving its
resolution and, as a consequence, the resolution of the invariant mass of the Higgs boson
candidate.

This is achieved with a kinematic likelihood fit (KF) which combines a Breit-Wigner con-
straint on the dilepton invariant mass, a Gaussian constraint on each component of the
transverse momentum of the (I*1~bb) system (centered at zero, with width of 9 GeV deter-
mined from ZH MC simulated events), dedicated transfer functions relating the true jet
transverse momenta to their reconstructed values (after applying muon-in-jet correction,
without pp-reco resolution correction), and finally a prior constraint obtained from the
true jet pp spectrum in simulated ZH events (which plays a role similar to the pp-reco
correction).

This procedure is applied in the 2-lepton channel, in both the analysis of Run-1 and Run-
2 data with the same kinematic function, leading to an improvement of O(20%) of the
Higgs candidate mass resolution, which is shown in Figure 5.1(b) compared to the mass
resolution obtained applying only the GSC correction for the analysis of Run-1 data.

5.2.3 Overlap removal

The ‘overlap removal’ procedure takes into account all reconstructed objects and applies
specific criteria to avoid double-counting, treating objects which are reconstructed from the
same detector signature (for instance an electron, which is also reconstructed as fake-jet).
Only small-R jets are used for the overlap removal. Differences between the techniques
used in the analyses of Run-1 and Run-2 are highlighted in the following description of the
overlap removal steps: when two cut values are quoted, the one in parentheses refers to
the Run-2 analyses.

1. if an electron and a muon share the same matched ID track, the electron is removed
2. if a jet and an electron are separated by AR < 0.4(0.2) the jet is discarded

3. (Run-2 analyses only) if a surviving jet and an electron are separated by AR < 0.4,
the electron is removed

4. if a jet and a muon are separated by AR < 0.4(0.2) the jet is discarded if it has three
or fewer matched tracks since it is likely to originate from a muon showering in the
calorimeter, otherwise the muon is discarded. The discarded muons are used in the
E}”iss computation and in the jet energy corrections described in Section 5.1.4.

5. (Run-2 analyses only) if a surviving jet and an muon are separated by AR < 0.4,
the muon is removed

6. (Run-2 analyses only) if a surviving jet and an hadronic 7 candidate are separated
by AR < 0.2, the jet is removed
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The more complicated treatment of the overlap between muons and jets is introduced to
avoid loosing signal-like events where muons from the V' boson decay are close to hadronic
jets. The selection criteria on the number of tracks for the muons (which are associated
to the primary vertex) also helps in reducing the likelihood of considering muons from
semileptonic b (or ¢) quark decays, and improves the rejection of pile-up jets.

Jets satisfying the b-tagging requirement are treated separately in order to properly treat
semileptonic decays of the b quarks seeding them (as described in Section 5.1.4), hence
they are not considered for the overlap removal procedure.

5.2.4 Truth-tagging

The b-tagging algorithms presented in Section 5.1.4 have high rejection power against c-
and light-jets: it is difficult to produce MC samples with large enough statistics after the
b-tagging requirements for processes dominated by c- and light-jets. To overcome this
issue a dedicated procedure named ‘truth-tagging’ (or ‘tag rate function’) is applied to
obtain reasonable statistics. The core principle of this method consist in retaining all MC
events, whether they contain jets which are indeed satisfying the b-tagging criteria or not,
assigning an event-by-event weight which depends on the b-tagging efficiency.

The truth-tagging procedure is applied for the V 4-cc, V 4cl, V +1, and WW samples in the
2-tag categories to produce the template histogram input of the Likelihood fit. Furthermore
the training of the BDTs strongly benefits from high statistics samples, therefore the truth-
tagging is applied to all events used for the MVA training. This procedure is only applied
in the SM V H (bb) analyses presented in Chapters 6 and 8.

The b-tagging efficiency €j¢; is a function of the jet kinematic (pr and 1) and its true flavor
label (based on the flavor of the MC generated hadrons with pr > 5 GeV within a cone of
size AR = 0.3 around the jet axis), related to the likelihood of b-tagging the jet.

For each event all possible combinations of b-tagged and non b-tagged jets satisfying the
analysis selection are considered: for each combination a single weight is defined as the
product of the b-tagging efficiency for each b-tagged jet, times the complement of the b-
tagging efficiency for each non b-tagged jet. The truth-tagging weight is finally defined as
the sum of the weights for all these possible combinations.

For events containing exactly 2 selected jets (j1, j2) in a region where 2 b-tagged jets are
required, the truth-tagging weight is defined by the single term:

Wrot = €51 * €2
while for events containing exactly 3-jets, in the same region, the truth-tagging weight is
written as the sum:
wiot = (€, - €5, - (1 = €j5))+
(€z - €5 - (1 — €,))+ (5.1)
(€j1 “€js (1 - Ejz))

and similarly for events with higher jet multiplicities (adding terms to the sum) or different
b-tagging requirements.

In some cases it is required to define precisely which are the b-tagged jets among the
selected ones, in order for instance to apply specific analysis selections. When this is
necessary, a random combination of b-tagged and non-b-tagged jets is chosen among the
possible ones with probability given by the single term of the wiot sum corresponding to
the specific combination.
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An additional complication is introduced to the truth-tagging method when the specific
value of the b-tagging algorithm output is used in the analysis, for instance to define mul-
tiple exclusive b-tagging categories as described in Section 6.3. In this scenario, in fact, a
jet is not only defined as b-tagged or non-b-tagged, but it can satisfy different b-tagging
purity criteria (e.g. loose, medium, tight).

A random value of the b-tagging algorithm output weight is drawn for each jet in the
event, extracted from the cumulative distribution of the output weights (generated from
the the b-tagging efficiency) above or below the b-tagging selection criteria, depending on
the b-tagging assignment of the jet in the truth-tagging procedure. The b-tagging algo-
rithm output values are described by discrete distribution comprising one value for each
b-tagging operating point (hence these information is called ‘pseudo-continuous’ b-tagging).

One of the disadvantage of the truth-tagging method comes from ignoring possible corre-
lation between the b-tagging efficiency of different jets in an event. When applying the
truth-tagging to the MC samples used for the Run-1 V H (bb) analysis (Chapter 6), a bias
in the tagging efficiency for c-jets is observed in events with two c-jets, as a function of
AR(c,c), by comparing the direct- and truth-tagging approaches. From this comparison a
reweighting correction function of AR(c,¢) is extracted and applied in the analysis, with
a corresponding systematic uncertainty quoted as half the size of the correction.

This AR(c,c) correction is not found to be necessary for the Run-2 V H(bb) search pre-
sented in Chapter 8

5.3 Objects and event reconstruction in the analysis of /s =7
TeV data

The main features of the object and event reconstruction in /s = 7 TeV data are very
close to what described in the previous sections concerning the analysis of /s = 8 TeV
data, with a few small differences, which are only relevant for inclusion of the /s = 7 TeV
dataset in the measurement presented in Chapter 6, detailed in Section 6.7.

» clectrons: loose electrons are defined with a transverse energy cut at 10 GeV, rather
than 7 GeV. Tight leptons are required to pass a looser calorimetric isolation, down
to 7% (from 4%).

» hadronic jets: the global sequential calibration is not applied. The cut on the scalar
sum of the pr of the tracks matched to the jet, originating from the primary vertex,
is raised from 50% to 75%.

» b-tagging: the b-tagging algorithm employed is MV1 [171, |, predecessor of the
improved version used in the analysis of /s = 8 TeV data (MV1c). A single operating
point is available for this tagger with an efficiency of 70%.

» overlap removal: double-counting between reconstructed muons and hadronic jets
does not include any requirement on the number of tracks associated with the jet.
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6 Search for Standard Model V H (bb): Run-1 data

6.1 Introduction: The Analysis Strategy

In this Chapter I describe the search for the bb decay of the Standard Model Higgs boson
in (W/Z)H associated production, performed with data collected by the ATLAS detector
during the Run-1 of the LHC [173] at the center of mass energies of /s = 7 and 8 TeV.
An analysis of the 7 TeV dataset had already been published by the ATLAS collabora-
tion [174], and a preliminary result for the full Run-1 dataset (including data collected at
v/s =7 and 8 TeV) had been presented in [175]: the analysis discussed in this thesis not
only benefits from a larger dataset with respect to [174], but also includes several improve-
ments in the analysis strategy and the object reconstruction not included in [175].

Given the low sensitivity of the 7 TeV data, and the changes in the ATLAS object re-
construction strategies between 7 and 8 TeV datasets, most of these improvements target
only the analysis of 8 TeV data. The two datasets are therefore analyzed separately, with
minimal changes for the analysis of 7 TeV data with respect to [174].

This chapter focuses on discussing the improved analysis of the 8 TeV dataset, while the
main differences in the 7 TeV data analysis are outlined in Section 6.7. The datasets used
in this analysis as well as the simulated samples employed for the signal and background
predictions are outlined in Section 6.2.

As outlined in Section 2.3.3 this analysis targets separate V H(bb) final states depend-
ing on the leptonic decay mode of the vector boson V', including events containing zero
(Z — vv), one (W — lv) or two (Z — ll) charged leptons (electrons or muons), named
respectively as 0-lepton, 1-lepton and 2-lepton channels. To optimize the analysis sensi-
tivity events are further categorized according to the reconstructed transverse momentum
of the vector boson (p¥ ), the number of jets and the number of b-tagged jets. The object
reconstruction is described in Chapter 5, and it is not repeated in the analysis chapters,
while the event selection and categorization is described in Section 6.3.

One of the defining points of this analysis is the choice of adopting a multivariate (MV)
approach to perform the data analysis for the 8 TeV dataset, including different variables
in the definition of the final discriminant. The features and needs of a multivariate analysis
(MVA) have a strong impact on the definition of the event selection described in 6.2. For
the 7 TeV dataset the analysis is performed consistently with |1 74] using the invariant mass
of the Higgs candidate (dijet-mass) as discriminating variable. The dijet-mass analysis is
also performed for the 8 TeV dataset in order to gain confidence with the results of the
MYV approach and provide a separate cross-check of the results. The details of the MVA
are described in Section 6.4.

The main backgrounds are described in Section 2.3.3: except for the multi-jet QCD pro-
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duction which is estimated with data driven methods, all other background predictions
come from Monte Carlo (MC) simulations. The MC modeling of the background is thus
one of the main components of this analysis, and special care is needed in the treatment
of background processes which present mismodelings in the simulation, with data driven
corrections and extensive modeling studies, documented in Section 6.5.

The analysis results are obtained from a binned maximum Likelihood fit which determines
the signal yield and the background normalization, following the approach described in
Chapter 4. The Likelihood fit includes experimental and theoretical systematic uncertain-
ties as nuisance parameters (NP), which models the deviation from the nominal prediction
in the fit: the uncertainties are reflected in penalty terms which constrain the NP in the
fit. The details of the Likelihood fit for this analysis are summarized in Section 6.8, along
with the treatment of all systematic uncertainties which affect the analysis.

As a validation procedure for the analysis strategy, both for the MVA and the dijet-mass
approaches, a measurement of the diboson V Z(bb) yield is performed in the same final
states and with the same event selection: this SM process is remarkably similar to the
V H (bb) signal (replacing the H — bb decay with the Z — bb one) with a larger cross
section, and provides a good check of the validity of the analysis (details on the implemen-
tation of this separate measurement are presented in Section 6.8.4).

Finally the results of the V H(bb) analysis for the 7 and 8 TeV datasets, from the MVA

and the dijet-mass approaches are presented in Section 6.9, along with the outcome of the
validation V' Z(bb) measurement.
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6.2 Data and Simulated Samples

The datasets used in this analysis include only pp collision data recorded with the ATLAS
detector in stable beam conditions and with all relevant sub-detectors providing high-
quality data, during the Run-1 of the LHC. Two separate datasets for /s = 7 TeV (2011)
and for /s = 8 TeV (2012) data are analyzed simultaneously, corresponding to integrated
luminosities of 4.7 and 20.3 fb~! respectively.

Data quality and event cleaning Only data recorded with stable beam and in op-
timal functional conditions of the ATLAS detector are used in the analysis, ensuring all
essential elements of the ATLAS detector were operational with good efficiency. These are
summarized in the ATLAS Good Run Lists (GRL) of runs and luminosity blocks whose
high quality has been assessed by the Data Quality ATLAS group, taking into account the
status and performance of each sub-detector, beam conditions and objects reconstruction
performance.

On top of the GRL request, a series of standard cleaning cuts are applied to avoid sporadic
event problems in the detector, during reconstruction, or due to activity in the detector
from non-collision background:

» remove incomplete events which do not contain information from all relevant subde-
tectors

» remove events which triggered error flags from the LAr or TileCal calorimeters
» remove events not containing a primary vertex associated to at least three tracks

> E}”iss cleaning: remove events containing poorly reconstructed jets with pr > 20
GeV and |n| < 4.5, after overlap removal and before JVF cut, to avoid jets not
associated to real energy deposits in the calorimeters.

Trigger selection In the 0-lepton channel events are triggered by the magnitude of the
E}mss vector: the E{,WSS trigger configuration evolved during the Run-1 data taking to
cope with the increasing luminosity. The EZ¢ trigger used for the 7 TeV data taking has
a lower threshold at 70 GeV and an efficiency above 50% above 120 GeV, exceeding 99%
above 170 GeV. The trigger used for 8 TeV data has an increased E%”SS threshold at 80
GeV.

The dependence of this trigger on the offline E:’}”SS reconstruction is measured from
W — pv and Z — pp + jets events selected from single-muon triggers, in which the
EMmiss ig reconstructed including the muon contribution. The luminosity of the 7 TeV
dataset is reduced to 4.6 fb~! as a consequence of a brief data taking period in which the
E{,’Ji‘ss triggers were not available for the first bunch crossings of two bunch trains.

The 1-lepton channel relies on single-lepton (electron or muon) triggers to select events.
The single lepton trigger threshold changed during the Run-1 data taking: the E7 thresh-
old for the single-electron trigger increased from 20 to 22 GeV, while the pr threshold
for the single-muon trigger was set at 18 GeV throughout the 7 TeV data taking period.
For the 8 TeV data two sets of single-lepton triggers are considered: a first set with lower
thresholds (Ep > 24 GeV for single-electron, pr > 24 GeV for single-muon) and isola-
tion criteria, which were not included for 7 TeV triggers; a second set with higher energy
threshold (E7 > 60 GeV for single-electron, pp > 36 GeV for single-muon) but no isolation
requirements. Single-lepton trigger efficiencies are extracted using a tag-and-probe method
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from Z — ee and pup events.

The 1-muon sub-channel also includes events collected by the E}m“ triggers, to compen-
sate for the limited muon trigger-chamber coverage (since muons are not included in the
E&Z”SS calculation at trigger level, events triggered by significant Ej’f”“ can contribute to
the 1-lepton muon sub-channel after the full offline reconstruction).

In the 2-lepton channel events are selected from single-lepton (with same trigger threshold
as in the 1-lepton channel) and di-lepton triggers, with thresholds at 12 GeV and 13 GeV
for the electron and muon channels respectively.

Monte Carlo Samples Monte Carlo simulated samples are produced for signal and
background processes using the ATLFAST-II simulation [!76], including a complete simu-
lation of the ATLAS detector based on the GEANT4 program [177], except for the response
of the calorimeters for which a parameterised simulation is used.

The V H(bb) signal from qq-initiated WH and ZH processes is simulated with PyTHIA
8 [178] with the CTEQ6L1 [179] parton distribution functions (PDFs), the AU2 ATLAS
tune [180, | for parton shower, hadronisation and multiple parton interactions. For
the analysis of 8 TeV data, the POWHEG generator 182, , | has been used with the
MiNLO approach [185] (with CT10 PDFs [186], interfaced to PYTHIA 8 via the AU2 tune),
to produce samples for the evaluation of theoretical systematic uncertainties, and also to
generate gg — ZH events at LO(QCD) (for the 7 TeV data analysis this contribution is
included only in the total cross section for the normalization of the signal contribution,
but not as a separate MC sample), validating its prediction with an independent calcula-
tion [67]. Signal samples are simulated for Higgs boson masses from 100 to 150 GeV in
steps of 5 GeV, simulating all charged-lepton flavours from W and Z decays, and only the
bb mode for the Higgs decay.

The qg-initiated VH processes are normalized to the total production cross section calcu-
lated at NNLO in QCD [60, 61, 59] with EW corrections at NLO accuracy [187], while the
gg-initiated production cross section is computed at LO with NLO corrections [62]. The
Higgs boson decay branching ratios are calculated with HDECAY [188].

For the main background processes introduced in Section 2.3.3 the following MC generators
are used: version 1.4.1 of the SHERPA generator [139] with CT10 PDFs for (W/Z) + jets
events at LO in QCD, with massive c¢- and b-quarks. In order to obtain a good statistical
size for the (W/Z) + jets MC samples, even in regions with heavy flavor production or
boosted vector bosons, dedicated filters are employed for the generation of this simulation:
one filter allows to select events containing b-, c- or light-flavored hadrons (to enhance
the statistics of V' production in association with heavy hadrons), a second filter selects
events according to the vector boson transverse momentum. The (W/Z) + jets samples are
thus ‘sliced’ in several exclusive sub-sample according to the pr of the vector boson, with
boundaries defined as follow:

py. bins = [0, 40, 70, 140, 280, 500) GeV (the last bin contains events with p¥. > 500 GeV)

Top-pair production events are simulated with the POWHEG generator with CT10 PDFs
interfaced with the PYTHIA 6 parton shower [190] (for which the CTEQ6L1 PDFs and the
ATLAS Perugia2011C tune [130, 181] are used). The ¢t samples include a filter to require
at least one W boson to decay leptonically.

The total yield for these backgrounds is determined from data in the Likelihood fit, how-
ever they are normalized to theoretical cross sections for the analysis optimization. The
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(W/Z) + jets cross sections are computed at NNLO QCD [191], while the ¢¢ cross section
is given at NNLO QCD with next-to-next-to-leading logarithmic (NNLL) resummation of
soft gluon terms [192].

V + jets events obtained from SHERPA are labelled according to the flavor of the recon-
structed jets with the following procedure: for each jet all generated hadrons with pr > 5
GeV within a cone of size AR = 0.4 around the jet axis are considered:

» if a b-hadron is found the jet is labelled as b-jet
» if not, and if a c-hadron is found the jet is labelled as c-jet
» if none of the above the jet is labelled as light-jet

The flavor of the two reconstructed jets used to build the Higgs candidate is used to label
each (W/Z) + jets event in

» V+(heavy flavour) (or V+hf), if at least one of the two jets is labelled as b-jet, or
both jets are labelled as c-jets

» V + cl, if one jet is labelled as c-jet and the other as light-jet
» V-tlight (or V +1), is both jets are labelled as light-jets

where the V + ¢l subsample is kept separate from the V-+hf one, since the main production
process is gs — Wc rather than gluon splitting.

Semileptonic diboson events are modeled with the POWHEG generator with CT10 PDFs in-
terfaced to the PYTHIA 8 parton shower with the AU2 tune (for the analysis of 7 TeV data

the HERWIG generator [193] is used, with CTEQ6L1 PDFs and the AUET?2 tune [180, 181]).
The diboson POWHEG prediction is normalized to the NLO cross section provided by
the MC generator itself, cross-checked with the MCFM [194] software, while the HER-

WIG prediction is scaled to the NLO cross section obtained from MCFEFM directly (with
MSTW2008NLO PDFs [195]). Note that WW processes actually include all possible de-
cays, including fully leptonic final states.

The single-top background from s- and Wt- channels is simulated with the same POWHEG
setup used for tf events, while t-channel events are modeled by the ACERMC genera-
tor [196] interfaced to PYTHIA 6 with CTEQG6L1 PDFs and the Perugia2011C tune, with
cross sections taken from [197, , 199].

Minimum-bias interaction events are simulated with the PYTHIA 8 generator with MSTW2008LO
PDFs [200] and the A2 ATLAS tune [180, 181]. These events are included by overlaying
them to signal and background simulated events according to the luminosity profile of the
recorded data: these ‘pile-up’ events are simulated both within the same bunch crossing

of the hard-scattering process and in the neighboring bunch crossings.

A complete and schematic list of the MC generators used in this analysis for all signals

and backgrounds is reported in Table 6.1.
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Process ‘ Generator o X BR

Signal
qq — ZH — vbb/1T1bb PYTHIA 8 59.1 fb
g9 — ZH — vibb/1T17bb POWHEG +PYTHIA 8 5.1 fb
q@ — WH — lvbb PYTHIA 8 131.7 tb
Vector boson + jets
W — v SHERPA 1.4.1 12.07 nb
Z/y* =1 (my > 40 GeV) SHERPA 1.4.1 1.24 nb
Z — v (myp > 5 GeV) SHERPA 1.4.1 6.71 nb
Top-quark
tt POWHEG +PYTHIA 6 | 262.89 pb
t-channel ACERMC +PYTHIA 6 | 87.76 pb
s-channel PowHEG +PYTHIA 6 5.61 pb
Wt-channel PowHEG +PyTHIA 6 | 22.37 pb
Diboson(*)
WWwW PowHEG +PyTHIA 8 | 52.44 pb
WZ (my > 40 GeV) POWHEG +PyTHIA 8 | 9.241 pb
Z7 (my > 40 GeV) POWHEG +PyTHIA 8 | 3.171 pb

Table 6.1: The generators used for the simulation of the signal and background processes,
along with the cross sections times branching ratios (corrected for filter efficiencies when
relevant) used to normalize the MC samples. (*) For the analysis of the 7TeV data, no MC
simulation is used for gg — Z H signal (which enters in the analysis only as a normalization
factor on the total V H cross section, and HERWIG for the simulation of diboson processes.
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6.3 Event selection

The detailed definition of the objects (leptons, jets, E}”“S) used in the analysis to recon-
struct the event properties and kinematics is given in Chapter 5, leaving to this Section
the outline of the selection cuts and the event categories implemented for the analysis of 8
TeV data (while differences in the 7 TeV selection are summarized in Section 6.7).

The analysis has been optimized for the search of a V H(bb) signal of a SM Higgs with
mass my = 125 GeV, whose phenomenological features are given in Section 2.3 and 2.3.3.

Lepton channels Events are divided into lepton channels by counting the number of
reconstructed leptons, to target the different vector boson leptonic decay modes:

» O-lepton channel: events with exactly zero loose leptons
» 1-lepton channel: events with exactly one tight lepton and no additional loose leptons

» 2-lepton channel: events with exactly one medium lepton and one additional loose
lepton of the same flavor (electrons or muons), and no other loose lepton

For 1-lepton and 2-lepton events the objects that satisfied the trigger requirements have
to be associated with the selected leptons, for at least one of the lepton triggers considered.

Jet categories Reconstructed jets used in this analysis are described in Section 5.1.3:
‘selected jets’ are defined as central jets with pr > 20 GeV and |n| < 2.5 (corresponding
to the n validity range for the application of the b-tagging algorithm).

Only events with exactly two or three selected jets are retained, rejecting events containing
additional jets with pp > 30 GeV and |n| > 2.5 to suppress the background from top-pair
production, resulting in two jet-categories or jet-bins (2-jet and 3-jet). From this point
on, only selected jets are considered to define analysis variables. All selected jets are
considered for the b-tagging algorithm, in order to define three exclusive double b-tag
(2-tag) categories and one single b-tag (1-tag) category. In all cases at least one of the
b-tagged jets must have pp > 45 GeV.

The 2-tag categories are defined by events with exactly two selected jets passing the loose
b-tagging requirement, discarding events with 3 selected jets in which the lowest-pr one is
loosely b-tagged. These events are furthermore divided into three exclusive sub-categories:

» 2-tag TT (or Tight) category: events in which the two b-tagged jets satisfy the tight
(50% efficiency) b-tagging requirement

» 2-tag MM (or Medium) category: events which don’t belong to the TT category, in
which both b-tagged jets satisfy the medium (70% efficiency) b-tagging requirement

» 2-tag LL (or Loose) category: events which don’t belong to any of the above, in
which both b-tagged jets satisfy the loose (80% efficiency) b-tagging requirement

The MM and TT 2-tag categories bring the largest contribution to the analysis sensitivity,
while the LL category can provide constraints on the background contributions without
two real b-jets.

In the dijet-mass analysis these three 2-tag subcategories are kept separated, to exploit
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the information from the different b-tagging purity; in the MVA the b-tagging discrimi-
nant variable MVlc is included directly in the BDT definition, therefore the MM and TT
categories are merged together for the 0-lepton and 2-lepton channels.

The 1-tag category contains events with exactly one loosely b-tagged jet. Finally an ad-
ditional zero b-tagged jet (0-tag) category is defined requiring no loosely b-tagged jet,
although it is not included in the extraction of the final results but only used for modeling
studies. Figure 6.1 shows a scheme describing the events categorization according to the
number of b-tagged jets and their purity.

The Higgs candidate in 2-jet events is built from the selected dijet pair, while in 3-jet
categories it is formed by the two b-tagged jets in the 2-tag regions, by the b-tagged jet
and the highest-pr non b-tagged jet in the 1-tag region, and by the leading (highest pr)
jets pair in the 0-tag region.

100% 80% 70% 50% 0%
o i
(o]
5 1-tag
14
=
- { 50%
=
MM
70%
LL
80%
0O-tag 1-tag
100%

MV1c(jets) OP

Figure 6.1: Schematic view of the event categorization in b-tagging regions according
to the output of the MVlc b-tagging algorithm applied to the selected jets. The bin
boundaries corresponds to the MV1c algorithm operating points discussed in Section 5.1.4
for efficiencies of 100%, 80% (loose), 70%(medium) and 50% (tight).

Vector boson transverse momentum p¥ categories FEvents selected in the lepton
channels and jet categories described above are also separated in multiple regions depend-
ing on the magnitude of the transverse momentum of the vector boson (p¥ ), to improve
the analysis sensitivity by isolating high—p¥ events (where the signal over background ratio
is larger). In the O-lepton channel the transverse momentum of the vector boson is defined
as the E}”iss, since we can assume its main contribution comes from the neutrinos from
the Z decay. In the 1-lepton channel pgy equals to the vector sum of the selected lepton
transverse momentum and the E}mss contribution. Finally for 2-lepton events p% is the
vector sum of the transverse momenta of the two selected leptons.

The p‘T/ categorization is different in the MVA approach and the dijet-mass analysis. For
the multivariate analysis two categories are defined, separating events with p¥ < 120 GeV;
for the dijet-mass analysis 5 separate regions are defined with boundaries at 0, 90, 120,
160 and 200 GeV.

The main reason behind this difference comes from the nature of the MVA: the p¥ is
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included among the input variables used by the MV algorithm to define the final discrim-
inant, which thus includes information from the shape of the p¥ distribution, making a
finer transverse momentum categorization not needed. It is however still useful to separate
low—p¥ and high—p¥ events for the MVA: when training the MV algorithm over the inclu-
sive p¥ spectrum in fact, the low—p¥ region is dominating thanks to the higher statistics,
thus decreasing the performance in the most sensitive high—p¥ category.

The p¥ categorization is slightly different for O-lepton events, because of the lower threshold
of the E:,WSS trigger which makes selecting very low—p¥ events not possible. In the 0-lepton
channel a cut on the scalar sum of the jets transverse momenta »_ p‘%@ b at 120(150) GeV
for 2-jet(3-jet) events is applied to reject events for which the E’ngS trigger efficiency is
not well modeled, due to its non-trivial dependence on the jet activity. After this cut
the E%mss trigger is 100% efficient above 160 GeV, 97% efficient above 120 GeV and 80%
efficient above 100 GeV, with rapidly decreasing efficiency below this threshold. For this
reason, only four p¥ regions are included in the dijet-mass analysis for the 0-lepton channel,
with the first p¥ boundary at 100 GeV rather than 90 GeV, while in the MVA approach
the lower boundary of the first p¥ bin is increased from 0 to 100 GeV.

For similar reasons in the 1-lepton muon sub-channel events collected by the E%’”SS trigger
are included only for pIVY > 120 GeV.

The definition of three lepton channels, two jet-bins, four b-tag categories (1-tag, 2-tag LL,
MM and TT) and multiple p¥ regions results in a quite complex split of the analysis selec-
tion consisting of 44 categories in the MVA approach and 108 categories in the dijet-mass
analysis.

Topological and kinematic selection Additional kinematic cuts are applied to fur-
ther suppress the background contribution, following two main guidelines: the selections
cuts are different among lepton channels when they target the specific signature from the
leptonic decay of the vector boson, and they are different between MVA and dijet-mass
analysis. In the multivariate approach the selection cuts are looser to retain the highest
possible statistics for the MVA training, relying on the multivariate algorithm itself to use
the input variables information in order to separate the signal from the background.

» A common selection cut can be applied on the AR(jet;, jet,) separation between
the two selected jets which form the Higgs candidate, within a [ARin, ARmaz]-
The AR boundary suppresses the V + jets background (which receives large con-
tribution from gluon-splitting g — bb).

The upper AR, boundary reject top-pair production background, and can be
tightened for higher p¥ regions since boosted V H (bb) events tends to produce very
collimated b-jets, contrary to b-jets from ¢ events. For the same reason the lower
cut is removed in the highest p¥ bin to increase signal acceptance.

In the dijet-mass analysis all these cuts are applied, while in the MVA approach
only the lower cut is considered and only for p¥. < 200 GeV (but the AR(jety,jets)
variable is included in the MVA training).

» In the O-lepton channel the main set of cuts is applied to suppress QCD mul-
tijet (MJ) and non-collision background, selecting events with large magnitude of
the track-based missing transverse momentum vector (p?iss ), small azimuthal angle
between ETS and pliss (A¢(EMss, pmiss)) | large azimuthal angle between EFs
and the closest jet (min[A¢(EF"5 jet)]) to target signatures with genuine missing

transverse energy (instead of E?"'ss produced by misidentified or misreconstructed
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jets), and large azimuthal angle between E7¥** and dijet system (A¢(E7**, dijet))
to target the back-to-back signature typical of signal events. In addition a cut on the
Sk bi s applied to improve the trigger efficiency modeling as already stated.

An additional set of cuts is applied only for low-pY. events (100 < p¥ < 120 GeV),
where the MJ background starts to rise because of the looser EF*$ cut: only events
with exactly two jets are considered (removing the 3-jet category), with small az-
imuthal angle between selected jets Ag(jetq,jety) < 2.7, large EJ* significance
S > 7 (where § is the ratio of the E¥*** to the root square of Zp]Tet’)) and large val-
ues of a likelihood ratio built specifically to discriminate against the MJ background
L >0.5.

» In the 1-lepton channel a cut on the transverse mass m7W , defined from the selected
lepton and the ng”ss as

ml =\ 2 (1~ cos(@! — gmie)),

is applied in the dijet-mass analysis to suppress the ttbar background (while mIVY
enters directly in the BDT discriminant, therefore no cut is used in the MVA).

To reject the MJ background, only events with large Hp (scalar sum of E:,WSS, pr of
the two leading jets and the selected leptons) or large E;}”SS are retained, respectively
for the low—pIW and high—pgy categories. Nevertheless the contribution of the MJ
background is significant in this channel, and it is especially sizable for electron
events in the low—pIW region: given the difficulties in the MJ background modeling

and the relatively lower sensitivity of this region, only muon events are considered
for low-pl¥ (< 120 GeV).

» In the 2-lepton channel the only requirements applied are on the invariant mass
of the dilepton system (my;), which has to be consistent with the Z boson mass, and
on the Er_,rf”ss for the dijet-mass analysis (while the E:’}”SS is included in the BDT
definition for the MVA). The kinematic fit detailed in Section 5.2.2 is applied to
2-lepton events selected by this analysis.

These selection cuts are outlined schematically in Table 6.2. After event selection, the
energy calibration of the b-tagged jets is enhanced as detailed in Section 5.2.1, leading
to an improvement of the signal dijet-mass resolution of the order of 14%, and a mass
resolution of typically 11%. In the 2-lepton channel the kinematic likelihood fit described
in Section 5.2.2 is applied, resulting in an improvement of 30% for the dijet-mass resolution.

The goal of this event selection is to reject as much background as possible, and split
the phase space to improve the analysis sensitivity, while maintaining the highest signal
acceptance. After the cuts, the signal acceptance for the VH signal, with leptonically
decaying V boson, is shown in Table 6.3 for the MVA and the dijet-mass based analyses,
along with the total signal cross sections (the acceptance for other signal production and
decay modes is negligible). The W (— [v)H signal shows significant contamination in the
O-lepton channel (with 7% of the total W H acceptance), and the Z(— [l)H signal in the
1-lepton channel (with 10% of the total Z(— Il)H acceptance).
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Variable

Dijet-mass analysis

‘ Multivariate analysis

Common selection

pY [GeV] 090 | 90120 |120-160|160 200 | > 2000 120\ > 120
AR(jet,. jets) 0.7-34| 0730 |[0.723[0718]|<14|>0.7(p¥<200 GeV)
O-lepton selection

PSS [GeV) > 30 > 30 > 30
B BRI pEais) < /2 < /2 < /2
min[A¢( B2, jet > 1.5 >1.5

min| (,f)g s, jet)] N Kt
Ap(ERSs dijet) > 2.2 > 2.8
Niei=2(3) |
> prt [GeV] > 120 (NU) > 120 (150) > 120 (150)
i=1
1-lepton selection
m¥ [GeV] < 120 =
Hr [GeV] > 180 = > 180 =
Emiss [GeV] > 20 > 60 > 20
2-lepton selection
Mgy [GEV] 83-99 T1-121
EXss [GeV] < 60 ~

Figure 6.2: event selection for the different lepton channels and analysis strategies (MVA,
dijet-mass). () In the O-lepton selection the first pY. interval starts at 100 GeV rather
than 90 GeV; in the 1-lepton selection only the muon channel is included for p¥ < 120

GeV (NU = ‘Not Used’).

mpy = 125 GeV at /s = 8TeV

Acceptance [%)]

Process Cross section x BR [fb] Olepton _ Llepton _2Jepton
GG — (Z — 00)(H — bb) 14.9 E 1.3 (1.1) 13.4 (10.9)
99 = (Z = 00)(H — bb) 1.3 - 0.9 (0.7)  10.5 (8.1)
qq — (W — (w)(H — bb) 131.7 0.3 (0.3) 4.2 (3.7) =

4G = (Z = vv)(H — bb) 44.2 4.0 (3.8) = -

99 = (Z — vv)(H — bb) 3.8 5.5 (5.0)

Figure 6.3: Cross section times branching ratio and acceptance for the three channels at
Vs = 8 TeV, showing separately qg- and gg-initiated processes for ZH. The branching ratio
for Z — [l includes only decays to electrons and muons, while all three lepton flavors enter
in the W — lv and Z — v processes. The acceptance is computed considering all events
passing the MVA (or dijet-mass analysis) selection in the 2-tag categories combined.
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6.4 Multivariate Analysis: Boosted Decision Trees

This analysis is aimed to the search of the SM Higgs boson decaying to a bb final state,
therefore the invariant mass of the dijet pair selected as the Higgs boson candidate is the
primary discriminating variable to separate signal from background. However given the
small signal-over-background ratio in the regions considered, the nature of the background
processes which can very well mimic the signal signature, and the relatively coarse resolu-
tion of the dijet invariant mass, including the discriminating power of additional variables
can be extremely beneficial and lead to large sensitivity improvements. The main analysis
of the 8 TeV dataset is thus performed following a multivariate approach, defining boosted
decision tree (BDTs) [201, 202| selectors which combine the discriminating power of several
input variables.

A multivariate decision tree is a binary tree classifier which recursively partitions the pa-
rameter space into multiple regions where signal or background purities are enhanced,
using multiple discriminating variables and properly accounting for the correlation be-
tween them. Boosting is a method which improves the performance and the stability of
the decision trees and involves the combination (as weighted average) of many trees into a
single final discriminant. The use of a multiple tree classifiers is a crucial step to improve
the stability with respect to statistical fluctuations in the training sample.

Dedicated BDTs are built, trained and evaluated for each separate region of the following
list: the 2-tag region (merging together LL, MM and TT categories) of the O-lepton, 1-
lepton, and 2-lepton channels, for 2-jet and 3-jet events. In the 0-lepton channel the BDTs
are defined only for events with p). > 120 GeV, while in the low-p¥. bin (100 — 120 GeV)
the dijet-mass approach is used. In the 1-lepton and 2-lepton channels separate BDTs are
considered for p¥ < 120, with no separation between electron and muon channels (since
no BDT variable depends specifically on the lepton flavor). The BDTs are defined and
trained to separate the V H (bb) signal from SM background processes. The output of the
BDT multivariate algorithm is here defined as BDTy g.

Input variables The BDT input variables are defined as the smallest set of variables
which provides the best discriminating power for the final BDT output, avoiding the in-
clusion of variables which show large mismodelling in the MC simulation with respect to
data, or that do not bring significant improvement to the final discriminant. The first
variable considered is the dijet invariant mass of the Higgs candidate (1) which provides
the best sensitivity. Several additional variables are tested by adding them one at a time to
the myy, retaining the one which provides the largest signal versus background separation.
This procedure is iterated (by adding each tested variable to the set defined in the previ-
ous step) until the inclusion of new variables doesn’t bring any significant improvement.
The complete list of variables for each lepton channel is outlined in Table 6.4 (the small
differences among lepton channels stem from the inclusion of quantities which are specific
to the kinematic of the separate channels).

Common variables across lepton channels include: the transverse momentum of the vector
boson p¥ (defined as the E?”“ in the 0-lepton channel), the transverse momentum of the
two b-tagged jets (pr(l‘2>), the missing transverse energy EMS the AR(by,bs) separation
between the two b-tagged jets, the A¢p(V,bb) azimuthal angle between the vector boson
and the dijet system and finally the output of the MV1c b-tagging neural network for the
two b-tagged jets. For 3-jet events only, two more variables are included: the transverse
momentum of the third jet p/ '3 and the invariant mass of the 3-jet system myp; (increas-
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ing the sensitivity of the 3-jet category by roughly 30%).

Additional variables are included for specific lepton channels: the pseudorapidity separa-
tion |An(by, be)| between the b-tagged jets (0-lepton, 2-lepton), the pseudorapidity separa-
tion between the vector boson and the dijet system |An(V,bb)| (2-lepton), the scalar sum
Hr of the transverse momenta of all jets and the EF** (0-lepton), the minimum azimuthal
separation between the selected lepton and the two b-tagged jets min[A¢(l,b)] and the
transverse mass mY’ (1-lepton), the invariant mass of the dilepton pair my (2-lepton).

Variable 0-Lepton  1-Lepton  2-Lepton

pY. X X
I_E;}

Py

P

s
AR(b1,by)
|An(b1, b2)|
Ap(V, bb)
|An(V, bb)|
Hr X
min[A¢(4, b)]

mW
mep

X X X X X X X
L O G G 4
X X X X X X X X

Mgy *

MV1e(by)

MV 1e(bs) X X X
Only in 3-jet events

. Jelq

D X

Mpp X X X

Figure 6.4: Variables used in the MVA BDT for the 0-lepton, 1-lepton and 2-lepton chan-
nels.

The quality of the modeling of the input variables for the signal and the expected
backgrounds (being them estimated from MC simulation or data-driven techniques) is
crucial: mismodelings of the distributions used in the BDT training could lead to bias in
the output of the BDT discriminant and lower performances of the MVA when applied
to data. It is therefore important to study the agreement of the signal and the expected
background with the data, not only for the final BDT output, but for each one of the input
variables. From this comparison a good agreement between data and expectation is found
within the estimated uncertainties. Distributions for a selected set of variables for the
three lepton channels, in 2-jet and 3-jet events, are shown in Figure 6.5, 6.6, 6.7, 6.8. In
these distributions the multijet background is estimated as described in Section 6.5.1, the
corrections to the MC simulation defined in Section 6.5.2 are applied and the background
prediction is adjusted in shape and normalization by the combined Likelihood fit described
in Section 6.8 through the action of all the included nuisance parameters and normalization
factors. The 2-lepton channel expectation is furthermore corrected by the kinematic fit
described in Section 5.2.2.

Information on the correlation among the input variables is also used by the BDT to build
the final discriminant, thus its modeling has to be studied comparing the expectation to
the data: as it is shown in Figure 6.9 a good agreement for the correlation between input
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variables is observed between data and MC simulation (shown here for the most powerful
variables - mpy, and AR(by, b2) - but tested for all pairs of variables).

The correlation between the input variables and the BDT output itself is equally important
and can provide information on the impact and the features of individual variables on the
final discriminant: this correlation is shown in Figure 6.10 for the dominating variable,
the dijet invariant mass myy, which appears in good agreement between data and MC
simulation.
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Figure 6.5: BDT input variables in the O-lepton channel for the 2-jet 2-tag category (LL,
MM and TT combined) and p¥. > 120 GeV: (a) EF¥s (b) pr(b1), (c) mup, (d) AR(by, bs),
(e) [An(by, b2)l, (f) |[Ap(V,bb)|, (g) Hr. In (h) the output of the MV1c b-tagging algorithm
is shown for the first identified b-jet, where the left bin boundaries denote the operating
points (MV1c(by) OP) of the MV1c b-tagging algorithm, corresponding to b-tagging effi-
ciencies of 80%, 70%, 60%, 50%. Background contributions after adjustments explained in
the text are shown as filled histograms. The Higgs boson signal (mg = 125 GeV) is shown
as a filled histogram on top of the fitted backgrounds, as expected from the SM (indicated
as u=1.0), and, unstacked as an unfilled histogram, scaled by the factor indicated in the
legend. The dashed histogram shows the total background as expected from the pre-fit MC
simulation. The entries in overflow are included in the last bin. The combined statistical
and systematic uncertainty on the sum of the signal and fitted background is indicated by
the hatched band. The ratio of the data to the sum of the signal and fitted background is
shown in the lower panel.
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Figure 6.6: BDT input variables in the 1-lepton channel for the 2-jet 2-tag category (LL,
MM and TT combined) and p¥. > 120 GeV: (a) p¥., (b) EFs, (c) pr(b1), (d) mp, (e)
AR(b1,b2), (f) |As(V,bb)], (g) min[A¢(l,b)], (h) m}¥. In (i) the output of the MV1c b-
tagging algorithm is shown for the first identified b-jet, where the left bin boundaries denote
the operating points (MV1c(b;) OP) of the MV1c b-tagging algorithm, corresponding to
b-tagging efficiencies of 80%, 70%, 60%, 50%. Background contributions after adjustments
explained in the text are shown as filled histograms. The Higgs boson signal (myg = 125
GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected from
the SM (indicated as p=1.0), and, unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total background as expected

from the pre-fit MC simulation.

The entries in overflow are included in the last bin.

The combined statistical and systematic uncertainty on the sum of the signal and fitted
background is indicated by the hatched band. The ratio of the data to the sum of the
signal and fitted background is shown in the lower panel.
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Figure 6.7: BDT input variables in the 2-lepton channel for the 2-jet 2-tag category (LL,
MM and TT combined) and p¥. > 120 GeV: (a) p¥, (b) EZ¥, (c) pr(b1), (d) mpp, (e)
AR(by1,ba), (f) |An(b1,b2)], (g) |Ap(V,bb)|, (h) |[An(V,bb)|. In (i) the output of the MV1c b-
tagging algorithm is shown for the first identified b-jet, where the left bin boundaries denote
the operating points (MV1c(b;) OP) of the MV1c b-tagging algorithm, corresponding to
b-tagging efficiencies of 80%, 70%, 60%, 50%. Background contributions after adjustments
explained in the text are shown as filled histograms. The Higgs boson signal (mpy = 125
GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected from
the SM (indicated as p=1.0), and, unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total background as expected
from the pre-fit MC simulation. The entries in overflow are included in the last bin.
The combined statistical and systematic uncertainty on the sum of the signal and fitted
background is indicated by the hatched band. The ratio of the data to the sum of the
signal and fitted background is shown in the lower panel.
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Figure 6.8: Variables input to the BDT specific for 3-jet events in 2-tag category (LL,
MM and TT combined) and p¥. > 120 GeV: (a) 0-lepton, pjﬁtg’; (b) O-lepton, muj; (c)
1-lepton, pJ;te‘; (d) I-lepton, mu;; (e) 2-lepton, pjrﬁt?’; (f) 2-lepton, myy;. The distributions
for the 2-lepton channel in (e) and (f) are shown after having applied the kinematic fit.
The background contributions after the adjustments explained in the text are shown as
filled histograms. The Higgs boson signal (mgy = 125 GeV) is shown as a filled histogram
on top of the fitted backgrounds, as expected from the SM (indicated as p =1.0), and,
unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The
dashed histogram shows the total background as expected from the pre-fit MC simulation.
The entries in overflow are included in the last bin. The size of the combined statistical
and systematic uncertainty on the sum of the signal and fitted background is indicated by
the hatched band. The ratio of the data to the sum of the signal and fitted background is
shown in the lower panel.
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Figure 6.9: Correlation plots for the two most discriminating variables included in the
BDT: the dijet-mass my, and the separation AR(by,bs), shown in the 2-tag 2-jet high—p¥
signal region (merging LL, MM and TT categories) of the O-lepton channel. In (a) the
2D scatter plot of myy, versus AR(by,bs) for the total expected background (the shading
indicates the number of events) and data (the size of the open boxes is proportional to the
number of events); in (b) and (c) the mean values and the RMS of the projections onto
the AR(b1,b2) and my, respectively, for the total expected background after the combined
Likelihood fit to data.

6.4.1 Boosted Decision Trees

A decision tree is a binary tree structured classifier which performs a sequence of binary
splits (yes/no decisions) on a single variable at a time from the full set of input variables
until a stop criterion (which limits the complexity of the tree) is fulfilled, splitting the phase
space into several regions which can be finally classified as signal-like or background-like
according to the majority of training events in the final node. The root node of the tree
is the entire training sample consisting of signal (s) and background (b) events: the split
is determined at each node of the tree by finding the variable and corresponding cut value
that provides the best separation between signal and background. The main principle of
decision trees is not dissimilar to a cut-based approach, but it is able to split the phase
space in a large number of hypercubes, each labeled as signal or background-like, while a
cut-based analysis can only select a single hypercube of phase space for each region con-
sidered.

Boosted decision trees extend these concepts from one to multiple trees, all built from
the same training ensemble by reweighting the original events, combined in a single MVA
classifier given by the weighted average of the individual decision trees. The boosting step
stabilizes the response of the decision trees with respect to fluctuations in the training
sample. Note however that the advantage of a relatively straightforward interpretation of
the decision tree (as consequence of its similarities with the cut-based approach) is lost
when combining multiple trees in a single BDT, but the performance improvement and the
possibility to strongly reduce the sensitivity of the classifier to fluctuations in the training
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Figure 6.10: Correlations between the dijet-mass mg, and the BDT output discriminant
BDTypy in the 2-tag 2-jet high-pY. signal region (merging LL, MM and TT categories)
of the 0-lepton channel. In (a) the 2D scatter plot of my, versus BDTy g for the total
expected background (the shading indicates the number of events) and data (the size of
the open boxes is proportional to the number of events); in (b) and (c) the mean values
and the RMS of the proejctions onto the axes of the BDTy i discriminant and dijet-mass
respectively, for the total expected background after the combined Likelihood fit to data.

samples (known as overtraining) makes this the best option.

The BDTs are still tested to evaluate possible overtraining: fluctuations in the training
sample can be due to limited statistics or an excessive number of nodes in the trees, and
lead to a different response of the BDT between the training sample and an independent
sample: a simple overtraining test is therefore used to compare the BDT performance
between independent training and test samples.

In order to exploit the full available statistics of signal and background simulations without
introducing biases, the events are split into two equal size samples (A and B): each BDT
is trained on the entirety of A+B events, but the BDTs trained with events from A(B) are
tested on the B(A) subsample, to avoid using the same events for training and evaluation
of the BDTs. Half of the data are analysed with BDTs trained on sample A and the other
half with BDTs trained on sample B. The output distributions of BDTs trained on samples
A and B are merged for both simulated and data events.

In order to perform the training of the BDTs with the largest statistics available for the
background samples, the truth-tagging procedure described in Section 5.2.4 is applied to
all background processes. In the plots presented in this Section, and in the rest of the
analysis, the truth-tagging method is only used for V 4 ¢l, V + [ and WW samples in
2-tag categories, in order to reduce statistical uncertainties on these processes which would
suffer from low statistics after the double b-tagging requirement.

The BDTs used for this analysis are trained and tested using the Toolkit for Multivariate
Data Analysis, TMVA [203]. This tool provides access to several parameters of the BDTs

which can be fine tuned (as the number of tree nodes, the training stopping criteria, ...)
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whose values have been determined in order to achieve the best expected sensitivity while
limiting the complexity of the BDTs. The main parameters with their corresponding val-
ues are summarized in Table 6.2: the parameter names refers to the naming convention
from [203].

TMVA parameter Value Description
NTrees 200 number of trees in the forest
MaxDepth 4 maximum depth of the decision tree allowed
nCuts 100 number of equally spaced cuts tested per variable per node
nEventsMin 100 minumum number of training events in a leaf node
BoostType AdaBoost Boosting type for the trees in the forest

Table 6.2: Main parameters of the BDTs with corresponding values from the TMVA [203]
software.

Transformation of the output distribution The BDT output is provided by the
MVA algorithm as a distribution between -1 (background-like events) and +1 (signal-like
events) stored in histograms with 1000 bins. This histogram is rebinned in order to obtain a
smoother distribution in the background-dominated regions (where a finer binning doesn’t
bring sizable improvements, and less bins provide stability to the Likelihood fit) and a fine
binning in the signal-dominated regions, to achieve the best sensitivity while retaining a
sufficiently large number of background events in each bin. This approach is viable since
the original BDT output distribution does not have a well-defined physical interpretation.
The binning transformation is optimized considering the expected sensitivity from the
Likelihood fit and the total number of bins.

The core steps of this rebinning are the following: starting from the highest (rightmost)
bin of the BDTy i distribution, the bins to the left are merged one by one until the value
of a dedicated likelihood-based function Z, which encodes the signal over background
information, exceeds 1. This step is then repeated starting from the highest bin which
has not been merged in the previous step, until the full distribution has been scanned.
Furthermore to limit the number of bins and reduce the impact of statistical fluctuations
the expected statistical uncertainty from the total background has to be smaller than 10%
in each merged bin. The Z function is defined as:

Z = \/anb/Nb + VzsLs
Ls=7Y 5 xlog(1+s;/b;)
where s; and b; are the number of signal and background events in the bin i, Ny is the
total number of background events in the histogram, ny(,) the number of background events

in the merged bins, and z,) are free parameters optimized to achieve the best rebinning,
both set to z5 = 2z, = 4.5.

A similar strategy is adopted for the dijet-mass analysis as well, to rebin the my, dis-

tribution. The main differences are in the definition of the Z likelihood function which is
now written as

Z = zgng/Ng + zpny/Np

- 125 -



and in the optimization of the zy;) parameters which is performed independently for dif-
ferent lepton channels (ranging from 2 to 6).

The myy distribution is binned more coarsely in the tail of the mass spectrum where the
background is dominating, and finer in the central region where the signal to background
ratio is largest. A similar effect appears for the BDTy j distribution in which the signal is
dominating on the high side of the spectrum. Figure 6.11 shows the impact of the rebinning
transformation on the BDTy g distribution and the dijet-mass distribution for one of the
1-lepton signal region, with the caveat that both distributions are mapped to histograms
with fixed-size bins, required for the technical implementation of the Likelihood fit.

Alternative MVAs The BDTs are built and optimized to provide separation power be-
tween the Higgs signal V H (bb) with a mass of 125 GeV and the SM backgrounds. In order
to perform the analysis across a wider mpy range the same BDTs are re-trained (without
changing the parameters optimization) with alternative signal samples corresponding to
the different mass points under study, since using the BDTs trained at my = 125 GeV
across the whole mass range would lead to a degradation of the expected limits of approx-
imately 20% for mpy # 125 GeV.

In a similar way the same BDTs are used to perform the diboson cross-check measurement
described in Section 6.8.4, re-training, testing and evaluating the BDTs using the semilep-
tonic diboson processes as signal versus the remaining SM backgrounds (which include in
this case the Higgs processes as well). The BDTs binning parameters for the diboson mea-
surement have also been re-tuned, moving the z, value from 4.5 to 2.5 to further reduce
the number of bins with no loss in expected sensitivity.
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Figure 6.11: Top: dijet-mass my, distribution for the expected background and signal
contributions in the 2-tag 2-jet T'T category of the 1-lepton channel with 160 GeV < pIVY <
200 GeV (a) before and (b) after applying the binning transformation. Bottom: BDT
output distribution BDTy  for the expected background and signal contributions in the
2-tag 2-jet TT category of the 1-lepton channel with p}¥' > 120 GeV (c) before and (d)
after applying the binning transformation. The background expectation corrected by the
combined Likelihood fit is shown as filled histogram, while the total expected background
contribution before applying any correction from the Likelihood fit is shown as dashed blue
histogram. The Higgs signal for mpy = 125 GeV is shown as filled histogram in red stacked
on the fitted background for a SM expectation corresponding to a signal strength u =1,
and as simple solid red line scaled by a large factor to make it more visible, unstacked to
the background prediction. All overflow entries are included in the last bin. The combined
statistical and systematic uncertainties on the signal plus fitted background expectation is
plotted as hatched band, while the lower panel shows the ratio of the data to the sum of
signal and fitted background.
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6.5 Background Estimate and Modeling

The quality and the accuracy of the SM background expectation is a crucial part of this
analysis: several backgrounds have strong contributions in the most sensitive signal regions
and their modeling has to be carefully considered, not only for the discriminating variables
used in the Likelihood fit (the BDTy p classifier, the my, spectrum and the distribution
of the b-tagging algorithm output weights for the selected dijet pair MV1c(by(g))), but for
all the variables entering in the analysis selection and in the construction of the final BDT
discriminant.

The estimate of the QCD multijet background which is used as input in the Likelihood
fit is obtained from a data-driven technique, detailed in this Section. For all remaining
backgrounds the expected distributions used in the Likelihood fit rely on MC simulations,
which are studied in detail considering both comparisons to alternative MC generators and
data-to-MC comparisons to assess potential issues and derive the corrections described in
this Section.

The Likelihood fit is able to adjust the shape and the normalization of the backgrounds
(within certain constraints corresponding to the systematic uncertainties documented in
Section 6.6) to exploit information from the data. The normalization of the dominant
V + jets and tt backgrounds is left free to float in the fit and it is therefore determined
from the data.

Given the strong role of the Likelihood fit to data in the determination of the final back-
ground modeling, all the distributions shown in this Section, unless otherwise specified,
show the backgrounds after the Likelihood fit corrections in shape and normalization.

6.5.1 Estimate of the multijet background

As described in Section 2.3.3 multijet production from strong interactions has an extremely
large cross-section an can thus lead to significant background in the analysis, even with
effective MJ-suppression selection cuts. Two main types of MJ processes affect the V H (bb)
final states: the first coming from the misidentification of jets or photon conversions as
electrons or from semileptonic decays of heavy flavour jets, which contributes mostly to
the 1-lepton and 2-lepton channels. The second arising from strong fluctuations in the jet
energy measurement in the calorimeters, which create ‘fake’ contributions to the E}”iss,
and affects mostly the O-lepton channel. The lepton channel which suffer the most from
this background is the 1-lepton, since the high E}”iss requirement in the O-lepton and the
signature from two well reconstructed leptons in the 2-lepton allow to strongly suppress
the MJ contribution.

For these MJ processes no reliable MC simulation is yet available, therefore their estimate
has to rely on data. Different data-driven techniques are adopted for the three lepton
channels, given the different nature of the background contributions.

Systematic uncertainties on the estimate of the MJ background for all the lepton channels
have been studied and are documented in Section 6.6.2.

Multijet in 0-lepton channel The technique adopted in this channel is based on the
definition of three background-enriched regions (named B,C and D) and one signal region
corresponding to the baseline 0-lepton selection (named region A). The background esti-
mate in the signal region is taken from the multijet contribution in the regions B, C and
D with the following method.

Two of the variables described in Section 6.3 are considered: the min[Ag(ER"¢, jet)] (if
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the E{Fm“ arises from mismeasured jets, its direction is expected to be close their direction)
and the A(ﬁ(Eq’?iss , p?iss) separation (in events without ‘fake’ E}mss the calorimeter-based
and the track-based missing transverse momenta should have similar directions).

The signal(VH)-region (A) is defined by the nominal selection cuts introduced in Sec-
tion 6.3, min[A¢(ER®S jet)] > 1.5 and A@(ERSS pmiss) < /2. Three background-
enriched regions are defined by reverting only the Ag(ER pmiss) cut (region C), or
requiring min[A¢(ER*S, jet) < 0.4 (region B and D - with Ag(ERS, pmiss) cut as in
region A and C respectively). The correlation between this two variables has been shown
to be weak (both in data and MC simulation), thus they are good candidates for this
technique.

The statistics of the four regions, after subtracting the EW background estimate, is fairly
low, therefore the b-tagging requirement is removed from regions B,C and D, and a normal-
ization correction factor R is applied to the final estimate as the fraction of 2-tag events in
region D. The MJ background template in region A is obtained from data events in region
B, C and D after subtracting the remaining EW backgrounds:

NQCD(A) = X N(C) X R
The MJ background contribution in the 0-lepton channel is estimated at approximately
1% of the total background.

Multijet in 1-lepton channel The MJ estimate in this channel rely on the definition
of a background-enriched region by loosening some of the lepton identification criteria to
increase the first type of MJ contribution described above: the MJ template is obtained
from this region by subtracting the remaining EW background contribution (adjusted by
a preliminary fit to data). The estimate is performed separately in the electron and muon
channels and for each signal and control region.

The background-enriched region is defined from the nominal selection using medium lep-
tons instead of tight ones, and looser track- and calorimeter-based isolation criteria: the
track-based isolation is widened to intervals of 5%-12%(7%-50%) for electrons(muons) in-
stead of < 4%, while the calorimeter-based isolation is loosened from < 4% to < 7%.

As in the 0-lepton case the 2-tag requirement strongly reduces the available statistics in the
background-enriched region. To increase the sample size, 1-tag events are used to enrich the
2-tag MJ template, since their kinematic properties are similar in the background-region,
by assigning to the untagged jet an emulated MV1c value drawn from the MVlc distri-
bution observed in the corresponding 2-tag MJ template. The MV1c distribution chosen
from the 2-tag sample depends on the rank (leading or sub-leading) of the untagged jet
and on the MVl1c value of the tagged jet in the 1-tag events.

Some residual differences are observed between real 2-tag MJ events and pseudo-2-tag MJ
events in data, therefore a reweighting is applied on the MV1c variable of the tagged jet
and, only in the electron sub-channel, on the AR(j1,j2) and pgy variables. The 2-tag
background-enriched region is thus defined by this procedure, separately for 2-jet, 3-jet,
LL, MM and TT categories.

The normalization of the MJ template is determined by fitting the Ej’?iss distribution sep-
arately in 2-jet, 3-jet, 1-tag and 2-tag (merging LL, MM and T'T categories) background-
enriched regions leaving the normalization of the other EW background processes free to
float.

The MJ background is dominant for low pTW since it can hardly mimic the signature from
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a boosted W decay: in the 2-tag 2-jet p:,W < 120 GeV category it ranges from 11% of
the total background in the LL region to 6% in the TT region. Moreover for pjvy < 120
the MJ contribution is twice as large in the electron sub-channel than in the muon sub-
channel. The low—pIW region is included mainly to provide constraints and the modeling
of the major backgrounds (V + jets and tf) in the Likelihood fit, with relatively small
signal-to-background ratio. For these reasons the electron sub-channel is only included for
pQW > 120 GeV, while the muon sub-channel is considered across the whole pjvl/ range to
provide constraints on the EW backgrounds.

The removal of the low—ij electron sub-channel from the analysis affects also the search
performed with 7 TeV data, and it is one of the remarkable differences in the analysis of
the 7 TeV dataset with respect to the results presented in [174].

Multijet in 2-lepton channel The strategy adopted follows closely the 1-lepton chan-
nel, by loosening identification and isolation requirements for the selected leptons. The MJ
template is however determined from a fit of the dilepton-mass distribution my; in which
only the Z + jets and the MJ components are freely floating, while the remaining EW
backgrounds come from the MC simulation. The fitted normalization factors are consis-
tent among O-tag, 1-tag and 2-tag regions. The size of the MJ data sample is strongly
reduced in the 2-tag region due to the b-tagging selection, therefore events without any
b-tagging requirements are included. Their normalization is scaled by the fraction of 2-tag
events, and MV 1c values are randomly assigned to the selected jets, according to the frac-
tion of observed events in the 2-tag region with the corresponding MV1c values.

Comparing data and MC prediction in the sidebands of the Z mass peak, the contribution
of the MJ background is found to be negligible in the muon sub-channel; the total esti-
mated amount of MJ background is < 1% of the total background in the 2-lepton channel.

6.5.2 Modeling of the EW backgrounds: corrections and reweightings

In this section I will focus on the description of the quality and the features of the modeling
of the main backgrounds of this analysis: V +jets and tf production. In both cases extensive
studies have been conducted to assess the accuracy of the MC description by comparing it
to the data, and corrections have been derived to improve the MC modeling. Backgrounds
whose MC simulation does not require specific corrections are studied in full detail to
assess possible systematic uncertainties related to their modeling, which are described in
Section 6.6.3

V + jets modeling and corrections This background is studied separately for Z + jets
and W + jets events. The available statistics is not large enough to allow conclusive
modeling studies directly in the 1-tag and 2-tag categories, so instead the 0-tag region is
considered to investigate the details of the MC prediction compared to data.

The crucial variable for these studies, encoding prime information on the kinematic of the
system recoiling from the Higgs candidate, is the transverse momentum of the vector boson
p¥. The analysis categorization is indeed defined by splitting the p¥ spectrum, with the
boosted categories providing the highest sensitivity.

For W +jets events in the 0-tag region of the 1-lepton channel sizable discrepancies between
the MC description and data are observed: in particular the pIW spectrum is found to be
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softer in data, as shown in Figure 6.13(a) in the muon sub-channel. The mismodeling of
the W transverse momentum is shown to be correlated to a mismodeling of the A¢(j1, jo2)
distribution, shown in Figure 6.13(b) again in the muon sub-channel. Studies conducted
in [175] showed that this kind of discrepancies persists when applying harsh cuts to reject
the MJ background, and are consistent for the electron and muon sub-channel, thus they
are unlikely to be related to the modeling of MJ background.

To improve the modeling of the MC simulation a set of reweighting corrections is extracted
for the W+1 and W+-cl background components which are dominant in the 0-tag region.
Four corrections are computed as function of the A¢(j1,j2) variable, separately for 2-jet
and 3-jet events, and for p:,VY < 120 GeV. The choice of two separate sets of functions
for the low- and high—pjvy regimes is motivated by the fact that a single set of functions
inclusive in p:,W leads to an overestimate of the correction in the high-p:,W regime. To cor-
rect the relative normalization of the pjvy < 120 GeV regions with respect to each other
between data and MC additional rescaling factors are introduced to increase(reduce) the
background yield by 0.7%(5.6%) in the p}¥’ < (>)120 GeV.

The result of these reweighting corrections is shown in Figure 6.13(c) and 6.13(d), where
the modeling of the p}¥ spectrum (and of course of the reweighted A¢(j1, j2) variable) is
considerably improved (other variables as the dijet-mass are improved by the reweighting
as well). The reweighting functions are applied to the W-+1 and W+-cl backgrounds in all
regions and lepton channels. No correction is extracted for the W+cc or the W-+hf com-
ponents, since their contribution to the 0-tag and 1-tag categories of the studied control
regions is too low to allow conclusive studies.

For Z + jets events in the 2-lepton channel a similar approach is adopted, although it
is easier to define a category with high purity in Z(— Il)+jets background: a 0-tag control
region is defined from the nominal MVA 2-lepton selection applying the tighter cuts of
the dijet-mass analysis on the E}mss and my; variables. In this region it is found that a
A¢(j1,72) reweighting analogous to the W + jets one improves the modeling of the p%:
this correction is therefore applied to the Z+1 background component in all regions and
lepton channels.

A second control region is obtained applying the 2-tag MVA selection limiting the dijet-
mass spectrum to m;; < 100 GeV and mj; > 150 GeV, to obtain a signal-depleted sample:
in this control region there is no evidence of a need for the A¢(ji,j2) reweighting but
the p% distribution is mismodeled nonetheless. A dedicated p% reweighting is therefore
extracted and applied to the Z+hf and Z+cc background components in all regions and
lepton channels, and it is shown to improve the modeling in the 1-tag categories as well.

tt modeling and corrections For the ¢t background it has been shown that the POWHEG
generator interfaced to the PYTHIA 6 parton shower describes a py spectrum of the top
quarks which is too hard compared to the unfolded measurement from ATLAS [204]. To
account for this discrepancy a correction, function of the generated top quarks pr, has
been derived, and it is applied in this analysis for the ¢ production process in all regions
and lepton channels (a recent higher-order differential cross-section calculations [205] - not
available when this analysis has been performed - shows that the fixed order NNLO (QCD)
results would improve the description of the top quarks py spectrum, correcting at least
in part this mismodeling).
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6.5.3 Modeling of VH signal: NLO EW differential corrections

As described in Section 6.2 the signal prediction is normalized to the NNLO(QCD)+NLO(EW)
cross section, therefore the effect of the NLO EW contributions is already included on the
total normalization. However it has been shown [200] that the NLO EW corrections have
a strong dependence on the vector boson transverse momentum p¥, therefore the HAWK
MC program has been used to derive differential cross section corrections Ayro as a func-
tion of this variable (reconstructed from the MC before detector simulation), along with
the associated uncertainty, with special care not to include NLO EW inclusive effects, al-
ready accounted for in the signal normalization. Fluctuations due to limited MC statistics
are smoothed by fitting the correction above 200 GeV with a first-order polynomial. The
correction is derived and applied only for qg-initiated V H production (the effect on gg-
initiated production has not been calculated yet).

The uncertainty on the NLO EW correction is dominated by next-order (NNLO) correc-
tions from additional EW vertices, which are expected to be of the order of the squared NLO
corrections: to ensure that the uncertainty does not vanish, it is applied as max (2%, A?\, L0)-
The size of the Axyro EW p¥ reweighting, with the associated uncertainty, is shown in
Figure 6.12 separately for the three V H signals (Ilbb, vbb and luvbb).
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Figure 6.12: Relative NLO electroweak correction to the signal cross sections as a function
of p¥, and size of the associated uncertainties, calculated from the HAWK MC generator.
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Figure 6.13: The (a) py¥ and (b) A¢(j1,j2) distributions observed in data (points with
error bars) and expected (histograms) in the O-tag 2-jet control region for the 1l-lepton
muon sub-channel (MVA selection) before and (c,d - respectively) after the reweighting
A¢(j1,72) function is applied. The multijet and simulated background normalization are
provided by the multijet fits. The size of the statistical uncertainty is indicated by the
shaded band. The data-to-background ratio is shown in the lower panel.
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6.5.4 Background composition in the V H(bb) analysis

Having introduced the details of the SM background expectation derived from data and
MC, as well as the definition of the analysis categorization and selection for both the dijet-
mass approach and the MVA | I show in this section the background composition across the
different signal and control regions for the discriminating variables used to extract the final
results. The details of the background composition are slightly different for the dijet-mass
analysis and the MVA and are thus outlined separately.

Dijet-mass analysis Figure 6.14, 6.15 and 6.16 show distributions of the p¥ and dijet-
mass variables for a selection of 2-tag signal regions from the dijet-mass analysis.

The most sensitive categories are the 2-jet 2-tag signal regions with tighter b-tagging
requirements: for the higher jet multiplicity the ¢ and V + jets backgrounds increase,
while the signal has larger acceptance in the 2-jet region (as a result of the main production
modes being qq-initiated rather than gluon-fusion initiated). The background composition
is very different across lepton channels, as well as for different p¥ intervals, jet multiplicities
and b-tagging categories:

» 2-lepton channel: the dominant background is Z + bb across all categories. Top-
quark pair production has a significant contribution in the lower-p% intervals, and
the relative semileptonic diboson contribution increases with p% .

» 1-lepton channel: in 2-jet events the W+bb and ¢t backgrounds are clearly dom-
inant in the MM and TT categories, while the relative contribution of W-+bb and
diboson is largest in tighter b-tagging categories and increases with p7W . For the tt
background the flavors of the two selected jets show a dependence on the pYW inter-
val: at high—pYW , where the top decay products (W, b-quark) are collimated, the bc
contribution is large, with the c-quark coming from the W — cs decay. Significant
contribution from single-top-quark production is observed.

In 3-jet events the tf background is the dominant one, with a sizable contribution
from single-top-quark production, especially from Wt-channel, and from W-bb (in-
creasing in relative contribution with pgﬂv as for 2-jet events).

The MJ background is non negligible in the 1-lepton channel and can be clearly
observed in the lowest pIW intervals of the 2-jet category.

» O-lepton channel: the dominant processes are Z-+bb and tt, with sizable back-
ground from W-bb. The relative tf contribution is largest in the lowest p¥ intervals
and in the 3-jet category (as expected)

Multivariate analysis Figures 6.17, 6.18 and 6.19 show distributions of the BDTy i
variable for 2-tag signal regions in 2-jet and 3-jet categories, across the three lepton chan-
nels.

Since the BDTs are trained to separate signal-like events from background-like events, it
can be observed that background processes dominated by light-jets and (to a lesser extent)
c-jets are pushed to the lower values of the BDTy g distributions, mainly thanks to the
inclusion of the MV1c b-tagging information among the input variables of the MVA. At
higher values of the MVA discriminant the background composition is fairly similar to what
is observed in the 2-tag signal regions of the dijet-mass analysis, with largest contribution
from V + bb and tt. The top-quark-pair production has however the largest contribution
in this analysis due to the looser selection on AR(j1, j2).

Figure 6.20 shows the distributions of the output of the MV1c b-tagging algorithm for the
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b-tagged jet in the 1-tag categories of the MVA/ for 2-jet categories with p¥ > 120 GeV.
The four bins considered in these distributions correspond to the four b-tagging operat-
ing points and are ordered from left to right in increasing b-jet purity. These plots show
clearly how the inclusion of the MV 1c variable in the combined fit is able to provide strong
constraints on V + ¢l and V +light backgrounds.
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Figure 6.14: The pY. distribution observed in data (points with error bars) and expected (histograms) for (a) the 2-jet signal regions of the
0O-lepton channel with the Medium and Tight b-tagging categories (also referred to as MM and T'T in the text) combined, (b) the 2-jet signal
regions of the 1-lepton channel for the LL category, (c) the 2-jet signal regions of the l-lepton channel with the MM and TT categories
combined, (d) the 3-jet signal regions of the 1-lepton channel with the MM and TT categories combined, and (e) the 2-jet signal regions of
the 2-lepton channel with the MM and TT categories combined. The background contributions after the global fit of the dijet-mass analysis
are shown as filled histograms. The Higgs boson signal (mgy = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds, as
expected from the SM (indicated as p = 1.0), and, unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The dashed
histogram shows the total background as expected from the pre-fit MC simulation. Overflow entries are included in the last bin. The size of
the combined statistical and systematic uncertainty on the sum of the signal and fitted background is indicated by the hatched band. The
ratio of the data to the sum of the signal and fitted background is shown in the lower panel.
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Figure 6.15: The dijet-mass distribution observed in data (points with error bars) and
expected (histograms) in the 0-lepton channel with the Medium and Tight b-tagging cat-
egories (also referred to as MM and TT in the text) combined for (a) the 2-jet signal
region in the 100 < p¥ < 120 GeV interval, (b) the 2-jet signal regions in the three inter-
vals with p¥ > 120 GeV combined, and (c) the 3-jet signal regions in the three intervals
with p¥ > 120 GeV combined. The background contributions after the global fit of the
dijet-mass analysis are shown as filled histograms. The Higgs boson signal (mpy = 125
GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected from the
SM (indicated as p = 1.0), and, unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total background as expected
from the pre-fit MC simulation. The entries in overflow are included in the last bin. The
size of the combined statistical and systematic uncertainty on the sum of the signal and
fitted background is indicated by the hatched band. The ratio of the data to the sum of
the signal and fitted background is shown in the lower panel.
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Figure 6.16: The dijet-mass distribution observed in data (points with error bars) and
expected (histograms) with the Medium and Tight b-tagging categories (also referred to
as MM and TT in the text) combined and the three intervals with p¥. > 120 GeV combined
for (a) the 2-jet signal regions of the 1-lepton channel, (b) the 3-jet signal regions of the
1-lepton channel, (c) the 2-jet signal regions of the 2-lepton channel, and (d) the 3-jet
signal regions of the 2-lepton channel. The background contributions after the global fit of
the dijet-mass analysis are shown as filled histograms. The Higgs boson signal (mg = 125
GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected from the
SM (indicated as p = 1.0), and, unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total background as expected
from the pre-fit MC simulation. The entries in overflow are included in the last bin. The
size of the combined statistical and systematic uncertainty on the sum of the signal and
fitted background is indicated by the hatched band. The ratio of the data to the sum of
the signal and fitted background is shown in the lower panel.
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Figure 6.17: The BDTy g discriminant distribution observed in data (points with error
bars) and expected (histograms) for the O-lepton channel combining the 2-tag Medium and
Tight b-tagging categories (also referred to as MM and TT in the text) for p¥. > 120 GeV
for (a) 2-jet events and (b) 3-jet events. The background contributions after the global fit of
the MVA are shown as filled histograms. The Higgs boson signal (mg = 125 GeV) is shown
as a filled histogram on top of the fitted backgrounds, as expected from the SM (indicated
as i = 1.0), and, unstacked as an unfilled histogram, scaled by the factor indicated in the
legend. The dashed histogram shows the total background as expected from the pre-fit
MC simulation. The size of the combined statistical and systematic uncertainty on the
sum of the signal and fitted background is indicated by the hatched band. The ratio of
the data to the sum of the signal and fitted background is shown in the lower panel.
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Figure 6.18: The BDTy g discriminant distribution observed in data (points with error
bars) and expected (histograms) for the 2-tag signal regions of the 1-lepton channel for (a)
2-jet events with the Medium and Tight b-tagging categories (also referred to as MM and
TT in the text) combined and with p¥ < 120 GeV, (b) MM 2-jet events with p}t’ > 120
GeV, (c) TT 2-jet events with p}¥ > 120 GeV, and (d) MM and TT combined 3-jet events
with pIW > 120 GeV. The background contributions after the global fit of the MVA are
shown as filled histograms. The Higgs boson signal (my = 125 GeV) is shown as a filled
histogram on top of the fitted backgrounds, as expected from the SM (indicated as ;= 1.0),
and, unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The
dashed histogram shows the total background as expected from the pre-fit MC simulation.
The size of the combined statistical and systematic uncertainty on the sum of the signal
and fitted background is indicated by the hatched band. The ratio of the data to the sum
of the signal and fitted background is shown in the lower panel.
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Figure 6.19: The BDTy g discriminant distribution observed in data (points with error
bars) and expected (histograms) for the 2-lepton channel combining the 2-tag Medium
and Tight b-tagging categories (also referred to as MM and TT in the text) for (a) 2-jet
events with pZ < 120 GeV, (b) 2-jet events with pZ > 120 GeV, and (c) 3-jet events with
pr_% > 120 GeV. The background contributions after the global fit of the MVA are shown as
filled histograms. The Higgs boson signal (mpg = 125 GeV) is shown as a filled histogram
on top of the fitted backgrounds, as expected from the SM (indicated as p = 1.0), and,
unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The
dashed histogram shows the total background as expected from the pre-fit MC simulation.
The size of the combined statistical and systematic uncertainty on the sum of the signal
and fitted background is indicated by the hatched band. The ratio of the data to the sum
of the signal and fitted background is shown in the lower panel.
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Figure 6.20: Distribution of the output of the MV 1c b-tagging algorithm observed in data
(points with error bars) and expected (histograms) for the 1-tag control regions of the
MVA in the 2-jet category with p¥. > 120 GeV (a) in the O-lepton channel, (b) in the
1-lepton channel, and (c) in the 2-lepton channel. The left bin boundaries denote the
operating points (MV1c(b) OP) as defined in Section 5.1.4, corresponding to b-tagging
efficiencies of 80%, 70%, 60%, 50%, i.e., the b-jet purity increases from left to right. The
background contributions after the global fit of the MVA are shown as filled histograms.
The Higgs boson signal (mg = 125 GeV) is shown as a filled histogram on top of the fitted
backgrounds, as expected from the SM (indicated as p = 1.0), and, unstacked as an unfilled
histogram, scaled by the factor indicated in the legend. The dashed histogram shows the
total background as expected from the pre-fit MC simulation. The size of the combined
statistical and systematic uncertainty on the sum of the signal and fitted background is
indicated by the hatched band. The ratio of the data to the sum of the signal and fitted
background is shown in the lower panel.
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6.6 Systematic Uncertainties

The estimate of systematic uncertainties and their contribution to the analysis is a fun-
damental step of every research work, which needs to be well understood and carefully
validated: quoting the result of a measurement without assigning systematic errors is mis-
leading and untrustworthy. In this chapter I describe in detail the numerous sources of
systematic uncertainties which affect this analysis, explaining how they are derived and
included and what is their impact on the measurement: the experimental systematics,
related to the performance of the detector and the reconstruction of measured objects and
events; the systematics on the data-driven estimate of the MJ background; the systematics
on the MC modeling of the EW backgrounds and the V H (bb) signal.

In understanding what role these systematic uncertainties play in the final results it is
crucial to remember that the hypothesis tested in this search is studied by building and
fitting a Profile Likelihood Ratio function, where each systematic uncertainty enters as a
nuisance parameter which characterizes the shape of the signal and background probability
density functions, with a constraint related to the estimated magnitude of the uncertainty.

6.6.1 Experimental systematic uncertainties

This type of systematics mostly stems from the uncertainty on the corrections to the
reconstruction and the calibration of simulated objects in the detector. The V H (bb) final
state in the three lepton channels contains almost all possible physics objects that can be
identified in the ATLAS detector, therefore several sources of experimental systematics can
play an important role in different regions of the analysis, depending on the targeted final
state.

» integrated luminosity and pile-up: the uncertainty on the integrated luminosity
corresponding to 2.8% is applied to the signal and backgrounds estimated from MC
simulation (except the data-driven MJ background), and it is derived following the
methodology detailed in [207], from a preliminary calibration of the luminosity scale
obtained from beam-separation scans performed in November 2012. An uncertainty
of 4% on the modeling of additional interactions per bunch crossing is applied.

» leptons: for both electrons and muons, uncertainties are considered on the trig-
ger, reconstruction, identification and isolation efficiencies and on corrections on the
energy and resolution. For the 0-lepton channel an additional uncertainty on the
lepton veto efficiency is estimated using the 2-lepton selection. The impact of lepton
systematic uncertainties in the analysis is fairly small at the order of O(1%).

> E?iss trigger: the efficiency of the E*% trigger is corrected for the MC simulations
with scale factors derived from W (uv)+jets and Z(pup)+jets events (separately). The
correction amounts to 4.5% in the low-EZ7%* regime (100 GeV < EF% < 120 GeV)
and 1% in the high- E7"* regime (above 120 GeV). Systematic uncertainties on this
correction are applied, derived from the statistical uncertainty on the correction factor
and the difference between corrections from W (uv)+jets and Z(up)+jets events: the
uncertainty is smaller than 1% for high-EZ7'**$ and O(3%) for low-EZ*¢ events.

> jet energy scale (JES) and resolution (JER): the calibration of the energy scale
of hadronic jets involves several steps, therefore multiple sources of systematic un-
certainties are considered, related to in situ calibration analyses, pile-up dependent
corrections and flavor composition of jets in different event classes. These uncer-
tainties are decomposed into uncorrelated components and treated as independent
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sources in the analysis. The total relative systematic uncertainties on the JES ranges
from 3% for central jets with pr of 20 GeV to 1% for central jets with pr of 1 TeV. An
additional uncertainty of 1-2% is introduced specifically for the energy calibration of
b-jets (including uncertainties from MC response differences, lepton energies in semi-
leptonic b hadron decays and different composition and response of light quarks and
gluons within the jet).

Similarly, a total uncertainty on the JER has been applied, estimated at 10% to 20%
depending on the n range (for jets with pp of 20 GeV) and less than 5% for jets
with pp > 200 GeV. This uncertainty already includes a specific contribution derived
for b-jets [208]. From in-situ analyses the JER appears well described by the MC
simulation: the JER uncertainty includes both the data-to-MC differences observed
in these analyses, and the uncertainties on the method used for the JER measure-
ment itself, therefore it is expected to be slightly overestimated and constraints in
the Likelihood fit can be expected.

E?issz both the JES uncertainty and the uncertainties on the lepton energy and
momentum calibration are propagated to the E{Fm‘ss calculation. Additional uncer-
tainties on the energy calibration (8%) and resolution (2.5%) of calorimeter energy
clusters not associated with any reconstructed object (the soft-term entering in the
Emiss definition) are included.

flavor-tagging: several sources of uncertainties related to the flavour-tagging of
hadronic jets are considered. Jets are tagged according to the value of the MVlc
discriminant: specific MC-to-data scale factors (SFs) are derived by measuring
the tagging efficiency in data (with dedicated samples) and simulation, within in-
tervals between operating points and depending on the jet kinematics (pr and 7),
as detailed in Section 5.1.4. Uncertainties on these SFs are considered, encoding
experimental (e.g. JES propagation), theoretical (e.g. pr spectrum of ¢t events) and
statistical errors. Following the approach adopted for the JES, the uncertainties are
decomposed into uncorrelated components, and only the most significant are applied
in the analysis, resulting in 10 components for b-jets, 15 components for c-jets and
10 components for light-jets. The impact of the remaining uncertainty components
has been checked to be negligible in the analysis. For b-jets the MC-to-data SFs
are close to unity, with uncertainties of the order of 2-3% across the jet pr range,
reaching 5% for pr = 20 GeV and 8% above 200 GeV (the accuracy of the b-jet SFs
is driven by the analysis of ¢t events in 2-lepton final states).

An additional set of MC-to-MC SFs is derived for b- and c-jets (described in Sec-
tion 5.1.4), to account for the differences between the MC simulation used in the
analysis and the one used for the MC-to-data SFs measurement. Half of the value of
the SFs is applied as a systematic uncertainty.

When performing the parametrised tagging (or truth-tagging) a correction is ap-
plied on the c-jets in V + cc samples in the low-AR region, as described in Sec-
tion 5.2.4. Half of the correction is included as systematic uncertainty.

6.6.2 Uncertainties on the modeling of the multi-jet background

The data-driven estimate of the MJ background is described in detail in Section 6.5.1. In
the O-lepton and 2-lepton channels, where the MJ contribution is estimated at the level of
1%, a systematic uncertainty of 100% is applied to the normalization of this background.
This uncertainty includes both systematic and statistical effects in the methods used to
determine the MJ background, and it is considered uncorrelated across jet bins and b-tag
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categories in the O-lepton mode.

In the 1-lepton channel the MJ background has a more significant contribution, hence
the systematic uncertainties cover the different systematic effects in full detail: they can
be divided into uncertainties affecting the shape, the normalization, or derived from the
reweighting applied to the MJ template.

Uncertainties on the normalization of the MJ background include both the statistical un-
certainty from the MJ fits and the EW background subtraction. Furthermore they include
the difference between the MJ fits performed separately in LL, MM and TT categories,
or inclusively in the 2-tag region. These uncertainties in the 2-tag 2-jet region amount to
11%, 14% and 22% (in LL, MM and TT categories respectively) for the electron channel,
and are three times larger in the muon channel due to the lower statistics of the MJ sample.
Uncertainties on the shape of the MJ template are estimated comparing the nominal MJ
background to alternative templates obtained with different isolation requirements: in the
electron channel the track-based isolation is varied in the range of 12% to 50% and the
calorimeter based isolation is varied from 0% to 4%. In the muon channel alternative
templates are derived tightening the track based isolation (in the range of 7%-9.5%) and
loosening it (in the range of 9.5%-50%).

Finally a reweighting in AR(j1,72) and p¥ is applied to the 1-lepton MJ estimate in
the electron channel, as described in Section 6.5.1: half of the reweighting is applied as
systematic uncertainty for both variables.

6.6.3 Uncertainties on the MC modeling of signal and backgrounds

As already stated this analysis relies strongly on MC simulation to obtain an accurate es-
timate of the several sources of SM background. The estimate of the background however
is also driven by the data sample analyzed, in the sense that all backgrounds enter in a
combined Profile Likelihood Fit, and their shape and normalization can be adjusted by
the fit to properly model the data distributions.

The degree to which the fit can modify the background estimate obtained from the MC sim-
ulation is determined by the features of the nuisance parameters affecting the background
itself: these nuisance parameters can be either freely floating normalization parameters (in-
cluded only for the main backgrounds: V-+h.f. and tf) or constrained parameters on the
shape and normalization of the background prediction, where the constraint corresponds
to the estimate of the systematic uncertainty on such quantities.

In this section the uncertainties related to the MC modeling of the different backgrounds
are described, with the premise that the full model of systematic uncertainties has not
only to reflect our theoretical knowledge of the background prediction, but also provide
the Likelihood fit with a complete set of handles to obtain an accurate background estimate
when fitting the MC expectation to data.

These uncertainties are derived considering, when possible, all the input variables included
in the BDTs, or at least the most important ones, starting from the mg, and the p¥ . They
can be divided into two main groups: systematic uncertainties obtained from the compar-
ison of the MC simulation to data, in specific control regions, and uncertainties derived
from the comparison of different MC generators among themselves.

The same uncertainty can affect different regions of the analysis: whether to correlate or
not the variation across categories depends if the constraint in the Likelihood fit on one
region should be propagated to the other regions. This is determined case by case and it
is outlined in the description of the fit model in Section 6.8.
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Signal systematic uncertainties

Theoretical systematic uncertainty on the signal prediction can be categorized in: uncer-
tainties on the total cross section, uncertainties on the signal acceptance across different
analysis categories, and uncertainties affecting the shape of the main discriminating vari-
ables.

The inclusive V H cross sections used for the signal normalization have been introduced
in Section 6.2: normalization uncertainties on this estimate are obtained from [209] and
cover missing higher-order corrections via renormalization (ur) and factorization (ur) scale
variations and PDFs uncertainties. For W H processes, the scale uncertainties amount to
1%, while PDFs uncertainties are quoted at 2.4%. For ZH processes, the uncertainties
from [209] are quoted inclusively for qq- and gg-initiated processes: since the two classes of
signal processes are included as separate MC simulations in the analysis, we derive separate
uncertainties as follow. The q¢ — ZH scale and PDFs uncertainties are taken identical to
the W H ones (assuming that they are comparable given the similar initial state), while the
g9 — Z H values are taken such that the quadrature sum of the uncertainties for qq- and
gg-initiated processes gives the estimate obtained from [209]. The scale uncertainties on
the gg-initiated ZH contribution are furthermore inflated to account for differences in the
number of additional jets between the LO and the NLO (QCD) prediction. This procedure
results in scale uncertainties of 50% and PDFs uncertainties of 17% for gg — ZH, while
the values for q¢ — ZH are identical to the W H case.

The relative uncertainty on the Higgs boson branching ratio to bb is 3.3% for mpy = 125
GeV [188]. The contribution of decays to final states other than bb is verified to amount
to less than 1% after selection.

The effect of missing higher-order corrections on the acceptance and the shape of the
MC prediction is estimated by generating alternative signal samples with POWHEG inter-
faced to the PYTHIA 8 parton-shower, with ur and pp varied independently between 0.5
and 2.0 in all possible combinations.

The Stewart-Tackmann procedure [210] is applied to estimate the impact of scale variations
to the signal acceptance after kinematic selections applied at generator level. This proce-
dure allows to properly account for the correlation of scale variations between different jet
bins (exclusive among themselves), and results in an acceptance uncertainty on the com-
bined 2-jet and 3-jet categories (3.0%, 3.4% and 1.5% for WH, qq — ZH and g9 — ZH)
and an anti-correlated acceptance uncertainty on the 3-jet category (4.2%, 3.6% and 3.3%
for WH, qq¢ — ZH and gg — ZH) which is related to the vetoing of 3-jet events applied
to define the 2-jet exclusive bin.

These scale variations have a sizable effect on the shape of the p¥ distribution, therefore
an additional uncertainty is derived as function of this variable. For qg-initiated processes
this uncertainty starts from a positive effect of 1% at p¥ = 50 GeV and goes to a nega-
tive impact of 3% at p¥ = 200 GeV. For gg-initiated processes the same shape effect is
observed, with variations from a positive 2% to a negative 8%, respectively. The p¥ shape
uncertainty is obtained from a linear fit performed to envelope the most discrepant scale
variations.

PDFs uncertainties on the signal acceptance and shape are obtained in a similar way,
following the PDFALHC prescription: alternative POWHEG +PYTHIA 8 samples are gen-
erated with the central values of the MSTW2008NLO and NNPDF23NLO PDF sets, and
compared to the POWHEG +PYTHIA 8 samples generated with CT10NLO, after kinematic
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selections applied at generator level. Acceptance uncertainties are derived separately for
2-jet and 3-jet events and different signal processes, but they are considered correlated
across jet categories, and range from 2% to 5%. No evidence for any shape uncertainties
is found from PDF variations.

Uncertainties on the modeling of underlying event, multiple parton interactions and details
of the parton-shower tuning are studied comparing different tunes of the PYTHIA 8 parton-
shower using the same POWHEG +PyTHIA 8 MC samples employed for the estimate of
scale and PDFs effects, and found to be negligible for this analysis.

An uncertainty on the parton-shower and hadronization model used for the signal predic-
tion is derived by comparing POWHEG signal samples interfaced to PYTHIA 8 and HERWIG
parton-showers respectively: this comparisons results in an acceptance variation of 6.5%
for events with p¥. > 120 GeV, while below 120 GeV the variation is of 8% and 13% for
2-jet and 3-jet events respectively.

Finally the uncertainty on the NLO EW differential correction on the shape of the p¥
spectrum, already described in Section 6.5.3 is included.

The full model of theoretical systematic uncertainties for the signal prediction is outlined
in Table 6.22 along with the SM backgrounds.

Top-pair production systematic uncertainties

The nominal prediction for the ¢¢ background is obtained from the POWHEG +PYTHIA 6
generator, detailed in Section 6.2. In the global Likelihood fit the normalization of this
background is left free to float, separately for the different lepton channels, therefore no
systematic uncertainty on the inclusive ¢t cross section, used to normalize the MC samples,
is applied.

Theoretical uncertainties are assessed by comparing this nominal estimate with alternative
MC simulation encoding several effects:

» PDFs variations: POWHEG +PYTHIA 6 with HERAPDF [211] sample

» parton-shower and hadronization scheme: POWHEG +HERWIG sample

» matrix-element NLO calculation and matching: MCQNLO [212]+HERWIG sample
» varied initial- or final-state radiation (ISR/FSR): ACERMC +PYTHIA 6 sample

» higher-order tree-level matrix elements: ALPGEN [213]+PYTHIA 6 sample

The comparison focuses on the 1-lepton channel selection, where the background contri-
bution is the largest, and shows that the dominant variation is obtained from the ALPGEN
+PYTHIA 6 sample, which is thus used to assess most of the ¢f systematic uncertainties
described in this section.

From the comparison of the POWHEG +PYTHIA 6 and ALPGEN +PYTHIA 6 simulations
an uncertainty of 20% on the ratio of 3-jet to 2-jet events is obtained. This uncertainty
is treated as correlated across 0- and 1-lepton channels, while uncorrelated to the 2-lepton
channel.

Variations in the mgy, and the p¥ spectra are studied with the same comparison. Uncer-
tainties on the shape of the my, distribution are derived separately for 2-jet, 3-jet, low—p¥
and high—p¥ events, correlated in the global fit across these categories. The variation is
larger for higher p¥ categories: in 2-jet events a positive impact of 3% at my, = 50 GeV
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changes to a negative impact of 1% at 200 GeV; the effect is similar but opposite in sign
for 3-jet events.

From the study of the p¥ distribution an uncertainty of 7.5% on the relative acceptance
variation between high- and low—p¥ categories is obtained.

In the 1-lepton channel only, an additional shape uncertainty on the E}”iss distribution
is found to be significant, derived separately for low- and high—p¥ , although applied as
correlated between the two regions.

Finally a systematic uncertainty related to the top quark pr reweighting described in
Section 6.5.2 is applied, amounting to half the correction, and correlated across lepton
channels.

Z + jets systematic uncertainties

In the combined Likelihood fit the Z + jets background is divided into three main compo-
nents, according to the flavor labels of the two selected jets used to reconstruct the Higgs
candidate: Z+light, Z 4 cl and Z+hf (the last including Z 4 bb, Z +bc, Z + bl and Z + cc).
For each one of the three background components two nuisance parameters are included
in the fit to control the total normalization and the ratio between 3-jet and 2-jet events
(3-to-2-jet ratio). For Z-+light events the uncertainty on both the normalization and the
3-to-2-jet ratio is derived from data selected in the O-tag region of the 2-lepton channel,
and correspond to 5%.

For Z + cl and Z + bb events the overall normalization is left free to float in the fit, without
any constraints or uncertainties, while the 3-to-2-jet ratio is determined from the compar-
ison of the nominal SHERPA MC prediction to the alternative ALPGEN generator, in the
2-tag 2-lepton category, and amount to 26% and 20% respectively.

Furthermore, from the same comparison, uncertainties on the relative acceptance varia-
tions between the flavor components of the Z+4hf sub-sample (with respect to the Z + bb
one, whose normalization is free to float) are estimated at 12% for each be/bb, cc/bb and
bl/bb fraction (uncorrelated between 2-jet and 3-jet events for the bl/bb one).

From a data-to-MC comparison in the 2-tag region of the 2-lepton channel (excluding the
region in the 100-150 GeV range) an additional systematic effect is observed, on the shape
of the my, spectrum. This results in a systematic uncertainty on the shape of this variable
with a positive effect of 3% at my, = 50 GeV decreasing to a negative effect of 5% at
200 GeV. The my, shape systematic is treated as correlated between Z + ¢l and Z-+hf
components, but uncorrelated for the Z+light one, and it is shown to cover the MC-to-MC
comparison between SHERPA and ALPGEN.

The last set of systematic uncertainties is derived from the corrections applied to the Z+jets
MC prediction, described in Section 6.5.2. A systematic variation on the A¢(j1, j2) variable
is quoted as half the magnitude of the corresponding correction for the Z+light background
component, and the full size of the correction for the Z+hf and Z + ¢l components. This
uncertainty is uncorrelated for the Z+light component (but correlated across Z + ¢l and
Z+hf), and between 2-jet and 3-jet events.

A systematic uncertainty is assigned to the p¥ correction, corresponding to half the size of
the reweighting, uncorrelated for Z+light events (but correlated across Z + ¢l and Z+hf).

W + jets systematic uncertainties

The treatment of the W + jets modeling is similar to the Z + jets one. In the combined
Likelihood fit the W +jets background is divided into three main components, according to
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the flavor labels of the two selected jets used to reconstruct the Higgs candidate: W +light,
W + ¢l and W+hf (the last including W + bb, W 4 be, W + bl and W + cc).

For each one of the three background components, two nuisance parameters are included
in the fit to control the total normalization and the ratio between 3-jet and 2-jet events
(3-to-2-jet ratio). For W-+light events the uncertainty on both the normalization and the
3-to-2-jet ratio is derived from data selected in the O-tag region of the 2-lepton channel, and
correspond to 5%. The normalization of W + ¢l and W+hf events is determined from the
fit as an unconstrained floating parameter, while for W + ¢l events an uncertainty on the
3-to-2-jet is quoted at 10% from the same data-to-MC comparison used for the W-light
sample.

Since for the W-hf background there are no dedicated control regions to study the accu-
racy of the MC simulation compared to data, alternative MC samples are used to assess
the modeling systematic uncertainties on this background, including several systematic
sources: the nominal SHERPA prediction is compared to alternative POWHEG +PyYTHIA
8, AMCQNLO +HERWIG ++ (including independent pup and pp variations between 0.5
and 2.0, and different PDF sets - CT10NLO, MSTW2008NLO, NNPDF2.3) and ALPGEN
+HERWIG simulations. The comparison is performed after kinematic selections on gen-
erator level quantities which mirror the cuts applied in the analysis, and the largest source
of variation is taken as systematic uncertainty.

This procedure leads to an uncertainty on the 3-to-2-jet ratio of 10% from the comparison
between SHERPA and the AMCQNLO +HERWIG ++ nominal samples, which is applied
to the whole W+hf component. From the same generator comparison an uncertainty on
the shape of the p¥ spectrum is derived, with a positive impact of 9% at p¥ = 50 GeV
decreasing to a negative impact of 23% at 200 GeV, treated as correlated across the W-+hf
sub-samples and uncorrelated between 2-jet and 3-jet events.

From the comparison between SHERPA and ALPGEN +HERWIG a sizable effect on the my,
distribution is observed, and it is applied as systematic uncertainty on the whole W + jets
sample, uncorrelated among W+light, W + cl, W + (bb, cc) and W + (bl, bc) components,
and furthermore uncorrelated between low- and high-pY. events for the W + (bb, cc) com-
ponent. This uncertainty has a a positive impact of 23% for my, = 50 GeV decreasing to
a negative impact of 28% at 200 GeV.

The uncertainties on the relative acceptance variations between the flavor components of
the W+hf sub-sample (with respect to the W + bb one, whose normalization is freely
floating) are estimated from a comparison between SHERPA and ALPGEN +HERWIG after
detector simulation and full event reconstruction, applying the nominal 1-lepton channel
analysis selection: this comprises effects on the prediction of flavor composition from both
the matrix-element calculation and the parton-shower model. The systematic uncertain-
ties are quoted at 12% for be/bb and cc/bb, and at 35% for the bl/bb fraction (which is
uncorrelated among low- and high—p¥ events).

Similarly to the Z + jets case, the last set of uncertainties is obtained from the A¢(j1, j2)
correction applied to the MC simulation for W+light and W +c¢l components. A systematic
uncertainty corresponding to half the magnitude of the correction is applied, uncorrelated
between W+light and W + cl, and 2-jet and 3-jet events. No correction is applied for
W +hf events, but a systematic uncertainty is included corresponding to the full correction
for W 4+ [ and W + cl events, uncorrelated between 2-jet and 3-jet events.

Diboson systematic uncertainties

The diboson background includes the diboson production processes which originate a final
state with two vector boson (WW, WZ, ZZ). Several diboson processes give significant
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contribution in the analysis signal regions: Z — v and Z — bb for the 0-lepton channel,
Z — 1l and Z — bb for the 2-lepton channel; W — lv and Z — bb for the 1-lepton channel.
Additional processes can give smaller contributions, thanks to the failed identification of
a jet from the W decay or to the failed reconstruction of one of the leptons: Z — vv and
W —qq, Z — ll and W — qq, WW (inclusive) production.

The POWHEG generator provides a NLO (QCD) estimate of the diboson background, rely-
ing on the CT10NLO PDF set, interfaced to the PYTHIA 8 parton-shower and hadroniza-
tion model.

The NLO (QCD) cross sections are provided by the POWHEG generator, and are used to
normalize the diboson MC simulation. For WW and ZZ processes the POWHEG cross-
section does not include the contributions of gg-initiated processes (g9 — V'V'), which
is thus computed and added back to the cross-section value using the MCFM software,
setting the main parameters of the calculation (renormalization and factorization scales,
PDF) consistently with the POWHEG simulation. For the processes with one leptonically
decaying Z boson a cut on my > 20 GeV is applied for consistency with the POWHEG
samples, where my; is the invariant mass of the lepton pair produced by the Z boson. As
a result the diboson cross-section is increased by 2.5% for the WW sample and by 6% for
the Z7Z samples.

Different sources of systematic uncertainties on the modeling of the diboson background
are considered: perturbative uncertainties on the fixed-order NLO cross-section compu-
tation, uncertainties on the knowledge of PDF and ag coupling constant, parton-shower
and hadronization model. While the first two are estimated using fixed order calculation
with varied parameters from the MCFM software, the last one is obtained comparing the
nominal POWHEG +PYTHIA 8 sample to an alternative HERWIG MC simulation.

Perturbative uncertainties: missing higher-order corrections Uncertainties due
to unknown higher-order perturbative corrections to the total and differential cross-sections
are usually estimated through scales variations. Applying this method on a phase space
divided into exclusive jet bins, as it is the case in this analysis, however, leads to an under-
estimation of the uncertainty on exclusive 2-jet fixed-order cross-section, due to cancella-
tions occurring between the large corrections to the total cross section and the perturbative
corrections from logarithmic dependence on the third jet veto. To obtain a robust esti-
mate of these uncertainties, treating properly these cancellations, the Stewart-Tackmann
method [210] is applied to derive systematic errors in the 2-jet and 3-jet categories.
These uncertainties are obtained from the MCFM fixed order cross-section calculation per-
formed with renormalization and factorization scales varied independently between 0.5 and
2.0, considering all possible combinations, defining the 2- and 3-jet categories by cutting
on the transverse momentum and the pseudorapidity of the final state partons in the NLO
calculation. Since MCFM does not provide the cross-section computation at higher order
than NLO, the 3-jet bin corresponds to the inclusive cross-section o>3 for VV+1 jet (while
the 2-jet bin corresponds to the exclusive cross-section oo for VV+0 jets).

According to [210] the covariance matrix for the perturbative uncertainties on the 2-jet
and 3-jet categories is built as:

A2, + A2, —A?
C(o2, 0>3) = ( =, =%,

2 2
—AZ, AZ,

where A>9 and A>3 are the absolute uncertainties on the inclusive 2-jet cross-section (0>2)

— 150 —



and the inclusive 3-jet cross-section, derived varying the pr and pp down to half and up
to double the initial value. The covariance matrix C is decomposed in the sum of two

matrices:
A2 0 A2 —A2
C(og, 0>3) = ( =2 > + < 23 Z3> = Cy + Ca.
0 0 -A%, A%,

The first term C; results in an absolute systematic error A>s on the 2jet-exclusive cross
section oy, while the second term Cs has one singular eigenvector (hence no systematic
variation) and one non-singular eigenvector which provides an anticorrelated A3 absolute
systematics on o2 and o>3. This procedure is applied for each of the diboson processes,
obtaining two orthogonal relative uncertainties on o9 and one relative systematic uncer-
tainty on o>3.

The scale variations are derived separately in the different p¥ regions used in the dijet-mass
analysis: the variations show a non negligible dependence with respect to p¥ , therefore
they are applied as uncertainties affecting both the normalization of the MC samples and
the shape of its p¥ distribution. Figure 6.21 shows the two orthogonal shape systematics
for the W — lv and Z — qq process obtained with this procedure on the 2-jet bin cross-
section o9. Table 6.3, 6.4 and 6.5 summarize the values of these uncertainties across the
5 p¥ bins for the 6 different diboson processes considered.

These uncertainties are fully correlated across diboson processes and categories (with the
proper correlation model across jet bins implemented via the Stewart-Tackmann proce-
dure).
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Figure 6.21: Shape perturbative systematics on g9 for the W — lv and Z — ¢ process
obtained applying scale variations according to the Stewart-Tackmann method. The solid
line corresponds to the errors derived from the C; term and the dotted line from the Cs
term of the covariance matrix C.

PDF and ag uncertainties The uncertainties on PDFs and ag are evaluated accord-
ing to the PDFALHC prescription: the global PDF+ag uncertainty is derived taking the
envelope of the error bands provided by the CT10NLO and MSTW2008NLO PDF sets,
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p¥ bins |GeV] 0-90 | 90-120 | 120-160 | 160-200 | > 200
Z—=vvZ—=qq | 3% 5% ™% 10% 14%
Z—=UZ—qi | 3% | 5% 7% 10% | 13%
W —=lwvZ—=q7 | 3% 8% 12% 19% 28%
Z v W —=qq | 3% ™% 12% 18% 28%
Z =W —qq 3% 8% 13% 19% 29%
Ww 3% 6% 9% 13 % 19 %

Table 6.3: Perturbative systematics on oo from the C; term of the covariance matrix across
the different pq‘f bins.

pY bins [GeV] | 0-90 | 90-120 | 120-160 | 160-200 | > 200
Z —vv Z—qq | 2% 4% 5% 7% 11%
Z =1 Z—qq 2% 4% 6% 8% 11%
W —=lvZ—q7 | 3% 6% 10% 14% 22%
Z v W —qq| 2% 5% 8% 12% 20%
Z =W —qq 2% 6% 9% 13% 21%
wWw 2% 4% 6% 9% 13%

Table 6.4: Perturbative systematics on oo from the Co term of the covariance matrix across
the different p¥ bins.

evaluated for two different ag central values of 0.117 and 0.119. This set of uncertain-
ties does not show a significant dependence with respect to p¥ , therefore the errors are
considered as normalization systematics on the cross-sections of the diboson backgrounds.
The systematic errors are derived separately for the 2-jet and 3-jet categories, and do not
depend on the decay of the vector boson but only on the V boson pair produced. The
PDF+ag uncertainties range from 2% for WW 3-jet events to 4% for WZ 2-jet events.
These uncertainties are fully correlated across diboson processes and analysis categories.

Parton-shower and hadronization model uncertainties The shape of the recon-
structed Z — bb lineshape in V Z production is affected by the parton-shower and hadroni-
sation model. Two different shower models are considered to study this effect: the nominal
PowHEG +PyYTHIA 8 prediction and the LO HErwIG MC simulation with LL parton-
shower. Since HERWIG does not provide a separate estimate of the different decay modes
for the boson pair, the comparison is performed inclusively for WW, WZ and ZZ events.
The effect of higher-order corrections is already included via scale variations, therefore
the normalization difference between the LO HERWIG calculation and the NLO POWHEG
prediction is neglected normalizing the samples to the same cross section. A systematic un-
certainty is derived from the comparison of the dijet-mass spectrum applying the 0-lepton
selection without any b-tagging requirement, fitting the MC-to-MC ratio with a paramet-
ric function to reduce the impact of statistical fluctuation. The variation has a negative
impact of 10%(20%) for m;; = 50 GeV increasing to a positive impact of 20%(40%) above
200 GeV for ZZ(WZ) events. The resulting uncertainties are applied for all lepton channels,
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pY. bins [GeV] 0-90 | 90-120 | 120-160 | 160-200 | > 200
Z v Z—qq | -11% | -12% | -13% | -15% | -16%
Z—UZ—q7 |-10%| -12% | -14% | -15% | -16%
W —lvZ—=qq |-12% | -13% -15% -16% -17%
Z—uvoW —=qq|-11% | -12% | -14% | -15% | -17%
Z —=UW —qq |-12% | -13% -14% -16% | -18%
WWw 11% | -12% -14% -15% -17%

Table 6.5: Perturbative systematics on o>3 from the Cy term of the covariance matrix
across the different p¥ bins.

uncorrelated for WW, WZ and ZZ events.

Single-top systematic uncertainties

The single-top MC prediction is normalized to the inclusive cross sections quoted in [197,
, |, with uncertainties of 4%, 4% and 7% respectively for the s-channel, t-channel
and Wt-channel production from [197].
To estimate systematic effects on the modeling of the MC simulation the nominal predic-
tion is compared to several alternative MC generators. The s-channel POWHEG +PyYTHIA
6 nominal sample is compared to alternative ACERMC and MC@NLO predictions; for
the t-channel differences between the nominal ACERMC +PyTHIA 6 and AMC@NLO
+HERWIG ++ are considered; finally the Wt-channel POWHEG +PYTHIA 6 prediction is
compared to ACERMC, POWHEG +HERWIG and MCQ@QNLO simulations. Furthermore,
different approaches to the interference between t¢ and Wt-channel are compared, con-
sidering both the Diagram Removal (DR) adopted for the nominal MC sample, and the
alternative Diagram Subtraction (DS) scheme [214]. For all three channels the ACERMC
samples are used to estimate the effect of varied ISR and FSR. The comparisons are per-
formed applying the 1-lepton event selections, where the single-top background is largest.

Acceptance uncertainties for each production channel are taken as the largest deviation
among the different MC-to-MC comparisons, separately for low- and high—p¥ , 2-jet and
3-jet events. These uncertainties range from the largest 52% for 2-jet 10w—p¥ t-channel
events, to the lowest 5% for the Wt-channel (which increases to 15% in the 3-jet high—p¥
region), and values around 20% for the s-channel.

Variations in the shape of the BDT input variables are considered for all the above com-
parisons and the different single-top channels, leading to include three shape uncertainties
for the Wt production mode: the myp, spectrum for 2-jet high—p¥ events is varied from
a positive 20% at my, = 50 GeV to a negative 40% at 200 GeV; a second uncertainty
is quoted on the same variable in the 3-jet category, with corresponding range between
positive 25% and negative 20%; finally, a third uncertainty affects the pr spectrum of the
leading jet for 2-jet low—p¥ events.
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Figure 6.22: Summary of the systematic uncertainties on the signal and background mod-
elling. An ‘S’ symbol is used when only a shape uncertainty is assessed.
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6.7

Analysis of the /s =7 TeV dataset

A standalone analysis of the 7 TeV dataset has been published by the ATLAS collabora-

tion |

| in November 2012, and it is included with very small changes in the final results

presented in this chapter, combined with the MVA of the 8 TeV dataset. Since the analysis
of the 7 TeV data is mostly unchanged from the previous publication, and its impact on
the combined sensitivity is relatively small, the analysis will not be covered in full detail:
In this section I will briefly discuss the main differences between the analysis of the two
datasets, and the few modifications introduced to the 7 TeV analysis with respect to [174].

6.7.1 Main features of the 7 TeV analysis

This analysis is performed following a dijet-mass approach similar to the one adopted as
alternative cross-check for the analysis of 8 TeV data, no MVA has been considered. The
main differences between the two dijet-mass analysis arise from changes in the object and
event reconstruction (which are outlined in the dedicated Section 5.3) and some changes
in the event selection and analysis strategy motivated by the different sensitivity of the 7
and 8 TeV datasets.

The selection cuts mirror the ones introduced in Section 6.3 for the 8 TeV dijet-mass
analysis, with the following exceptions:

| 2

the analysis is divided into a different number of p¥ regions, with slightly different
boundaries: in the 1- and 2-lepton channels five p¥ bins are included [0,50,100,150,200,>200]
GeV, while in the O-lepton channel three p¥. bins are included [120,160,200,>200]

GeV.

only one b-tagging operating point is available, thus a single 2-tag category is defined
(rather than three separate LL, MM and TT sub-categories)

in the 0-lepton channel events with 100 GeV < p¥ < 120 GeV are not included, and
no cut on . pi’ ! is applied

in the 1-lepton muon channel events from the EZ trigger are retained only in
the 2-tag 2-jet category, for png > 160 GeV, and they define a separate category.
Furthermore in both the electron and muon channels the mgy > 40 GeV cut is
applied for ij < 160 GeV, and the Hp cut is replaced by an E%m'ss > 25 GeV

selection for events with plt’ < 200 GeV.

in the 2-lepton channel no kinematic fit is applied, and an additional control region is
included in the Likelihood fit to constrain the ¢t background from data. This ‘top-eu’
CR is defined selecting different lepton flavor events with 2 b-tagged jets, with no
veto on the number of selected jets.

The background modeling has some differences from the outline of Section 6.5. The data-
driven MJ background in the 1-lepton channel is derived by fitting mgy and E}mss templates
obtained from the inversion of lepton track-isolation criteria, in the electron and muon chan-
nel respectively. The MC simulations used for the estimate of the EW backgrounds are
consistent with Section 6.5 with the following exceptions: a mixture of POWHEG +PYTHIA
and ALPGEN +HERWIG is used for the W + jets background (respectively for the model-
ing of W produced in association with heavy flavors or with light- and c-jets); ALPGEN
+HERWIG is also used for the Z+light jets backgrounds; top-quark pair and single-top
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productions are obtained from MCQNLO +HERWIG and finally HERWIG is used for the
semileptonic diboson simulation. The VH signal modeling is consistent with Section 6.5
and 6.5.3, but no separate gg — ZH sample is available, therefore the contribution of
gg-induced signals is included by rescaling the inclusive signal cross section to account for
it.

A reweighting correction is applied to the (W/Z) + jets MC simulation as function of
A¢(j1, j2), derived from O-tag events in the 1- and 2-lepton channels, inclusively in pY., to
account for the same mismodeling observed in the 8 TeV dataset, while no correction to
the tt simulation is considered.

Figure 6.23 shows a few selected distributions of the discriminating variable, the dijet-mass
mpp, in the signal regions of this analysis for the three lepton channels.

The experimental systematic uncertainties are mostly different with respect to the ones
described in Section 6.6: either different datasets (7 TeV data rather than 8 TeV data)
are used to extract the uncertainties, or the uncertainties pertain to different identification
and/or reconstruction algorithms, or finally they are strictly related to the data-taking
period (as the uncertainty on the integrated luminosity, quoted at 1.8% for the 7 TeV
dataset).

Systematic uncertainties on the MC modeling of signal and backgrounds are derived with
strategies similar to the ones adopted for the 8 TeV analysis, comparing the baseline MC
simulation to alternative generators and/or fixed order calculations. However the base-
line MC predictions themselves are not always consistent among the analyses of the two
datasets, therefore it is not trivial to identify the same sources of modeling uncertainties
between the two analysis.

The dominant sources of systematics for the 7 TeV analysis are quite similar to the ones
affecting the analysis of 8 TeV data: the leading instrumental uncertainties are related
to the b-tagging efficiency and the jet energy scale, while the most important modeling
uncertainties come from the ¢, Z+jets and W+jets background estimate.

The statistical analysis follows a binned Likelihood fit approach, using the my, dijet-mass
distribution as discriminating variable for the analysis signal regions. The rebinning trans-
formation described in Section 6.4 is not applied. The signal regions include all 2-tag
categories, consisting of 13 p¥ bins across the three lepton channels, separately for 2-jet
and 3-jet events. The control regions are included in the Likelihood fit exploiting only the
event yields, and consisting of the top-eu CRs for 2-tag 2-lepton events divided into five p¥
bins, and all 1-tag categories with 13 p¥ bins across the three lepton channels, separately
for 2-jet and 3-jet events.

The floating normalizations introduced in the Likelihood fit are consistent with the 8 TeV
analysis, with the difference that a single normalization parameter is included for the tt
background, fully correlated across lepton channels. Furthermore the MJ background nor-
malization is also free to float in all regions of the 1-lepton channel, except in the 2-tag
3-jet regions where the statistical power of the data is not sufficient to provide a reliable
constraint. In these regions the MJ normalization is constrained by a 30% uncertainty.

Updates to the analysis of the 7 TeV dataset Two main changes have been intro-
duced to this analysis compared to the results published in [174]:

1. VH signal normalization: the contribution of gg-induced and top-loop-induced ZH
signal processes was not included in [174]. A dedicated MC sample for this signal is
not available for /s = 7 TeV, but its contribution is taken into account by modifying
the inclusive cross section used to normalize the signal prediction to include it, leading
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to an increase in the total cross section of 6% for my = 125 GeV.

. 1-lepton low—p¥ electron channel: in the MVA of the 8 TeV dataset, events from
the 1-lepton electron channel in the p¥ < 120 GeV region are discarded, since their
contribution to the combined sensitivity is quite low and the estimate of the MJ
background very challenging. To be consistent in the combination of the 7 and 8
TeV results, this region is removed from the 7 TeV analysis as well.
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Figure 6.23: The dijet-mass distributions observed in the 7 TeV data (points with error
bars) and expected (histograms) for the 2-jet 2-tag signal regions with the pY. > 120 GeV
intervals combined: (a) O-lepton channel, (b) 1-lepton channel, and (c) 2-lepton channel.
The background contributions after the global fit of the dijet-mass analysis are shown as
filled histograms. The Higgs boson signal (mpg = 125 GeV) is shown as a filled histogram
on top of the fitted backgrounds, as expected from the SM (indicated as p = 1.0), and,
unstacked as an unfilled histogram, scaled by the factor indicated in the legend. The
dashed histogram shows the total background as expected from the pre-fit MC simulation.
The entries in overflow are included in the last bin. The size of the combined statistical
and systematic uncertainty on the sum of the signal and fitted background is indicated by
the hatched band. The ratio of the data to the sum of the signal and fitted background is
shown in the lower panel.
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6.8 Statistical Analysis: the Likelihood fit

In this section I describe the statistical analysis performed to extract the final combined
results of the V H(bb) analysis of Run-1 LHC data. The core aspects of the Likelihood
fit adopted in this search are introduced with more details in Chapter 4, therefore in this
section the focus is on the aspect of the statistical procedure which are specific to this
analysis.

First I describe the details of the Likelihood function used in the global fit, outlining the
features of the different categories included, along with the fitted discriminating variables.
I discuss the treatment of systematic uncertainties in terms of nuisance parameters in the
fit, and then present the impact of the fit to data on these uncertainties, giving full detail
on the many studies performed to gain confidence with the solidity and the performances
of the fit.

The main purpose of this section is twofold: first it describes in details the fit model, with
the main technical details of its implementation. Furthermore it motivates the specific
choices which defined the main building blocks of this fit model, from the different regions
included to the treatment of their correlations. Full understanding of these details is crucial
to present the result of this search in Section 6.9.

6.8.1 The Likelihood function: categories and variables

The test statistics adopted to extract the final results is built from a Profile Likelihood Ra-
tio, where the binned Likelihood function follows the description given in Chapter 4, and it
is built as the product of Poisson probability terms over the bins of the input distributions
involving the numbers of data events and the expected signal and background yields. The
signal strength is the parameter p that multiplies the SM Higgs boson production cross
section times branching ratio into bb. The impact of systematic uncertainties on the signal
and background expectations is described by nuisance parameters (NPs), 6.

The results of the statistical analysis are presented in terms of: the 95% confidence level
(CL) upper limit on the signal strength; the probability py of the background-only hypoth-
esis; the best-fit signal strength fi with its associated uncertainty o, (defined in Chapter 4).
Expected results are obtained in the same way as the observed ones by replacing the data
in each input bin by the corresponding Asimov data prediction.

The regions entering the Likelihood fit are summarized in Table 6.24 and correspond to
the event selection outlined in detail in Section 6.3.

Signal regions of the dijet-mass analysis In the dijet-mass approach the signal re-
gions include all 2-tag categories (separately for LL, MM and TT purities), across 5 p¥
intervals in the 1- and 2-lepton channels, 3 p¥ intervals for 0-lepton 3-jet events and 4 p¥
intervals for O-lepton 2-jet events, separately for 2-jet and 3-jet events, for a total number
of 81 categories. In all these regions the my, distribution after rebinning transformation is
used as input for the global fit.

Signal regions of the MVA In the MVA approach 24 2-tag signal regions are consid-
ered, including two p¥ < 120 GeV intervals for the 1- and 2-lepton channels, and a single
p¥ > 120 GeV interval for the O-lepton channel, separately for 2-jet and 3-jet events. In the
1-lepton channel the b-tagging categories are separated in LL, MM and TT according to
the jets’ purity, while in the 0- and 2-lepton channel the MM and T'T category are merged
in a single (MM+TT) region, while keeping the LL one separated. In all these regions the
BDTy g is the fitted discriminating variable, after the rebinning transformation.
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Furthermore in the 0-lepton channel three additional regions are included (raising the num-
ber of signal regions to 27), corresponding to the 100 GeV < p¥ < 120 GeV interval, for
2-jet events only, separately for LL, MM and TT purities. For these additional categories
the my, distribution is used in the Likelihood fit.

Control regions Control regions are included in the fit to provide constraints on the
modeling of the backgrounds. In both the dijet-mass and the MVA approach the main
control regions include the 11 1-tag categories, across two p¥ < 120 GeV intervals for all
lepton channels, with lower p¥ boundary at 100 GeV in the 0-lepton channel, separately
for 2-jet and 3-jet events. In all these regions the distribution of the MV1c output of the
b-tagging algorithm is used in the fit, to provide further constraints on the flavor compo-
sition of the backgrounds.

Note that the MVA p¥ categorization is used in the 1-tag category for the dijet-analysis as
well. The finer p¥ binning used in the 2-tag regions would require a very accurate study of
the modeling of the MV 1c distribution as a function of the transverse momentum, in order
to properly assess systematic uncertainties and control the relative normalization across
p¥ bins. The use of two p¥ bins still provides information on the p¥ spectrum for the
different jet flavor components.

When the Likelihood fit is performed in the 2-lepton channel alone, without the contribu-
tion of the other lepton channels, an additional control region is included to constrain the
tt background from data. This ‘top-ep’ CR is defined from different lepton flavor and op-
posite sign events, with no veto on additional selected jets. The top-ex CR is not included
in the global fit since sufficient information on the ¢t modeling can be extracted from the

1-lepton regions in the dijet-mass analysis, and the 2-lepton low-B DTy iy categories in the
MVA.

V H(bb) categories: impact on the Likelihood fit The full set of regions included in
the Likelihood definition covers an extremely large phase space with many different SM
backgrounds having larger yields than the expected V H signal. Two general considerations
are therefore necessary: first, what is the power of the different regions included in the fit,
and could some of them be eliminated? Second, how does the Likelihood function reflect
the best knowledge of the background and signal predictions across these several regions?
To answer the first question the main sets of regions can be considered one by one, starting
from the consideration that, from the topology and kinematic of the V H(bb) signal, the
most natural signal regions for the three lepton channels are the 2-jet 2-tag categories with
boosted Higgs candidate (and thus high transverse momentum p¥ of the recoiling vector
boson):

» 1-tag regions: these categories have very low sensitivity by themselves, since the
signal versus background ratio is quite small. However they are crucial to provide
information on the modeling of the relative flavor fraction in V' + jets events (V 41,
cl, ce, bl, be, bb), whose theoretical modeling in the MC simulation is extremely
challenging. Removing these regions from the combined Likelihood fit degrades the
sensitivity by O(5%) due to degeneracies in the shape of different V' + jets flavor
production in the MC simulation. For these reasons the fitted variable for the 1-tag
category is indeed the output distribution of the b-tagging algorithm MV1c, which
provides accurate control on the jet flavor composition of the events.

» 3-jet regions: in the 1-lepton and (to a smaller extent) in the 0-lepton channels
the 2-tag 3-jet regions are enriched of t¢ events, providing useful constraints on the
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modeling of this major background. In the 2-lepton channel, 3-jet events show a very
high purity in Z+hf background, whose modeling is thus controlled by fitting these
categories. Removing the 3-jet regions from the combined fit degrades the analysis
sensitivity by O(8%).

> low-p¥ regions: as described in Section 6.5 the transverse momentum spectrum of
top-quark pair and vector boson production show mismodeling when comparing the
MC simulation to the data distributions. The inclusion of low—p¥ events not only
brings additional sensitivity to the analysis (of the order of 10%) but allows the fit to
fix the background normalization from the 10W—p¥ categories (with higher statistics)
and propagate this information to the boosted regions. The details of this correlation
have to be carefully implemented in the fit model to avoid bias in the background
modeling at high—p¥ : this is done through the modeling systematic uncertainties
outlined in Section 6.5, which control the relative normalization of the backgrounds
across the p¥ spectrum with normalization and shape parameters.

Dijet-mass analysis MVA
Channel O-lepton | 1-lepton | 2-lepton | O-lepton | 1-lepton | 2-lepton
1-tag MVie MVle
LL My BDT®) BDT
MM 2-tag My BDT
BDT™ BDT
TT mpp BDT

Figure 6.24: The distributions used in each region by the likelihood fit in the dijet-mass
analysis and in the MVA applied to the 8 TeV data. Here, ‘BDT’ stands for ‘BDTy gy
discriminant’. For each entry listed, there are additional divisions into p¥ intervals; five
in the dijet-mass analysis and two in the MVA. These distributions are input to the fit for
the 2-jet and 3-jet categories separately, except in the low—p¥ interval (100 — 120 GeV) of
the 0-lepton channel where only the 2-jet category is used. In the 0- and 2-lepton channels,
the MM and TT 2-tag categories are combined in the MVA. (x) In the low-pY. interval of
the 0-lepton channel, the MVA uses the my, distributions in the LL, MM and TT 2-tag
categories as well as the MV1c distribution in the 1-tag category.

6.8.2 Nuisance parameters in the Likelihood fit

The implementation in the fit of the nuisance parameters controlling the signal and back-
ground modeling, and related to systematic uncertainties, reflects the confidence with
which these parameters and their behavior are known.

The prior penalty terms constraining the parametrized NPs reflect the degree of knowledge
as to where their true value lies, while the correlation of the NPs across analysis categories
expresses the statement that their effects have the same source in different regions, and
are therefore correlated.

Statistical fluctuations affecting the estimate of systematic uncertainties are dealt with ap-
plying the smoothing techniques described in Section 4.2.1, and the number of systematic-
variation template pairs (+10 and —10) is reduced by a factor of two, from the initial num-
ber of twenty-thousands, thanks to the pruning procedure also described in Section 4.2.1,
reducing significantly the fit complexity.
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Background normalization: floating scale factors The collected data have sufficient
statistical power to control the dominant backgrounds, tt, W-+hf, W+-cl, Z+hf and Z+cl,
whose normalizations are thus left free to float in the fit in the 2-jet categories.

As explained in Section 6.5 the ¢ normalization is uncorrelated among lepton channels.
The probed tt phase space is largely different for different lepton selections: 2-lepton tt
events come mostly from fully leptonic decays, while in the 0- and 1-lepton channels there
is a sizable contribution from semileptonic decays and fully leptonic decays with mis-
identification or mis-reconstruction of one or more leptons. Furthermore, the p¥ spectrum
considered is different in the 0-lepton channel and the 1- and 2-lepton channels. The scale
factors extracted from the MVA fit to the 8 TeV data for these backgrounds are summarized
in Table 6.25.

Understanding the VH(bb) Likelihood fit model The correlation scheme for nui-
sance parameters related to the modeling of signal and background has been introduced
case by case in Section 6.5, and it is the result of careful studies based on the core consid-
erations detailed in Chapter 4

The stability and the quality of the fit model are studied performing the different tests
outlined in Section 4.2.2, considering the impact of the Likelihood fit on the NPs in terms
of central values, uncertainties and correlation arising during the fit itself. Furthermore
the ranking of the NPs according to their impact on the measured signal strength [ is
considered as a figure of merit to determine the most important NPs in the analysis. The
computation of the raking can become a lengthy procedure since the number of NPs in the
fit model is very large: systematic uncertainties which are shown to have negligible effect
on the expected fitted uncertainty on j are not included in the study (NPs associated
to the muon momentum scale and resolution, to the electron energy resolution, one NP
related to a single JES component, NPs associated with the quark-gluon composition of
the backgrounds).

The stability of the results is also tested by performing fits for each lepton channel inde-
pendently, which can also help to identify from which region each constraint originates.

Figure 6.26 shows the ranking of the systematic uncertainties obtained from the MVA
fit to 8 TeV data, with NPs ordered by decreasing observed impact on . The first five
systematic uncertainties in the ranking are (from the largest impact in descending order):

» on the dijet-mass shape in W-bb and W-cc backgrounds, for pV' > 120 GeV
» on the W-bl/W-bb relative acceptance variation, for p:,W > 120 GeV

» on the W-+bb background normalization (free to float in the 2-jet categories)
» on the pIW shape of the W+hf background in the 3-jet category

» on the signal acceptance from parton-shower modeling effects

It is clear how the modeling of the W-+hf in the most sensitive signal region plays a crucial
role in the determination of the final results: this is not unexpected since the W + jets
background plays a dominant role in the analysis, but the MC simulation of heavy flavor
production is still extremely challenging and not fully under control from a theoretical
point of view, and there isn’t any pure control region where its modeling can be studied
accurately.

The NPs which appear lower in the ranking are not unexpected as well: from Figure 6.26
NPs related to the modeling and normalization of the main backgrounds (¢ and Z-+hf) are

- 162 -



observed, along with JES-related NPs (which can impact the relative normalization of the
2- and 3-jet bins) and b-tagging-related NPs (which can affect the relative normalization
of the different b-tagging categories).

Pulls and the constraints are shown as the black points plotted in Figure 6.26 for the top
ranked parametrized NPs (whose expectation is at 0.0 with a £1.0 pre-fit uncertainty),
and as the red points for the top ranked unconstrained normalization parameters (whose
expectation is at 1.0, without any prior uncertainty). Most of the top ranked NPs have
pulls which are compatible with the expected value within the fitted uncertainties. The
pull on the NP related to the pJW shape uncertainty for W+ hf 3-jet events (4th in the rank-
ing) could be explained with a residual mismodeling of the MC simulation of the W+hf
background: a mismodeling of this variable is found from the data-to-MC comparison in
0-tag W + jets events (dominated by W+light), but in absence of a pure data control sam-
ple the same study cannot be performed for the W+hf background. It is not unlikely that,
if such mismodeling is present in the W+hf MC simulation, the png shape uncertainty,
derived from MC-to-MC comparisons in the 2-tag regions, may be pulled to adjust the
MC prediction to the observed data.

It can be noted how the normalization parameters free to float in the fit are well constrained
for backgrounds which benefit from pure control regions (¢t and Z + jets), while the Whf
floating normalization shows a significant post-fit uncertainty (the numerical value of the
floating normalization with associated uncertainties are reported in Table 6.25 as well).
The remaining top ranked parameters are well behaved in the combined Likelihood fit,
and the solidity of the fit is reflected in the excellent data-to-MC agreement show in the
post-fit plots for the fitted discriminating variables (add ref.).

Process Scale factor
tt O-lepton | 1.36 4 0.14
tt 1-lepton | 1.12 4 0.09
tt 2-lepton | 0.99 & 0.04
Wbb 0.83 £0.15
Wel 1.14 +0.10
Zbb 1.09 + 0.05
Zel 0.88+0.12

Figure 6.25: Factors applied to the nominal normalizations of the tf, W+hf, W-cl, Z+hf,
and Z+cl backgrounds, as obtained from the global MVA fit to the 8 TeV data. The tt
background is normalized in the 2-jet category independently in each of the lepton channels.
The errors include the statistical and systematic uncertainties.

Likelihood fit for alternative my hypothesis The analysis has been optimized for
the search of a Higgs boson with mpy = 125 GeV, but the Likelihood fit is performed for
alternative masses as well, to scan the range between 100 and 150 GeV. For the dijet-mass
analysis no change is introduced when testing different Higgs masses, except the binning
of the transformed my, distribution. The MVA however is trained with signal samples
corresponding to the alternative my, as explained in Section 6.4, to avoid degrading the
performance for masses away from the baseline mpy = 125 GeV. The fit model described
in this section and the results, when not specified, refer to the analysis performed for a
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Higgs boson with mass of 125 GeV.

6.8.3 Combination of /s =7 TeV and /s =8 TeV analyses

The analyses of the 7 TeV and the 8 TeV datasets are performed separately, and finally
combined when building the Likelihood function and performing the Likelihood fit. In this
section I describe how the combined Likelihood function is defined in order to include both
measurements (this combination is tested and performed only for the MVA of the 8 TeV
data).

A combined Likelihood fit including both analyses is simply defined by the product of
the Likelihood function defined for the analysis of the 8 TeV dataset with the additional
Poisson probability terms corresponding to the categories of the 7 TeV search. The signal
strengths which control the normalization of the signal prediction for all Likelihood terms
are correlated among themselves.

The features of the combined measurement are thus defined by the level of correlation
between the NPs which control the Likelihood terms related to the 7 TeV or the 8 TeV
searches: to assess the possible correlation for each NP, the source of the corresponding
systematic uncertainty and the methodology to estimate it are considered.

The object reconstruction is substantially different between the two searches: jet calibra-
tion, lepton identification and b-tagging algorithms are different, as well as the calculation
of the ng”“ soft-term. All experimental systematic uncertainties are therefore kept un-
correlated between the 7 and 8 TeV measurements, in the combined Likelihood.

The background and signal modeling is in many cases relying on different MC genera-
tors; furthermore the categories of the 8 TeV analysis have been extended to improve the
sensitivity and include larger statistics for the MVA approach, thus it is difficult to assess
accurate correlations between modeling uncertainties estimated for the two searches, which
are finally kept uncorrelated in the fit.

The theoretical uncertainties on signal cross section (including missing higher order correc-
tions and PDF variations) and H — bb branching ratio are instead computed consistently
at 7 TeV and 8 TeV, therefore they are fully correlated between the two analyses. For the
7 TeV analysis the missing higher order corrections and PDF variations for ZH signals are
computed only for the q¢ — ZH production, and applied to the full ZH signal (rescaled to
include the gg-induced contribution as described in Section 6.7), therefore the first are fully
correlated to the corresponding uncertainty for both the qgq- and gg-induced Z H signal of
the 8 TeV analysis, while the second are correlated between qg-initiated signal only.

NPs in the combined fit Since the combined fit of 7 and 8 TeV dataset is performed
keeping both measurements almost completely uncorrelated, the results are expected to be
consistent with the separate Likelihood fit of the 7 TeV and 8 TeV analyses.

No correlation between NPs belonging to the two analyses arises after the combined fit; the
NPs pulls are completely consistent with the behavior observed in standalone Likelihood
fit of 7 and 8 TeV dataset and finally the NPs ranking of the combined analysis is identical
to the one shown in Figure 6.26: this is a clear indication that the impact of the 7 TeV
measurement on the final result is small (as expected, given the lower analysis sensitivity)
and no effect on the NPs controlling the 8 TeV measurement is introduced when performing
the combined fit. These checks are repeated both on the observed data and on the Asimov
dataset built from the 7 and 8 TeV analyses.

Compatibility between the 7 TeV analysis and the expected 8 TeV result A
consistency test between the 7 TeV measurement and the expected results of the 8 TeV
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analysis has been considered: two minimum Likelihood fits have been performed (building a
combined Likelihood including both 7 TeV and 8 TeV analyses), correlating or uncorrelating
the Higgs signal strength p between the two analyses, and the difference between the
Likelihood minima has been studied.

The test has been repeated using several Asimov datasets from the 8 TeV measurement,
generated with expected values of the signal strength ranging from 0.0 to 3.0, and real
data for the 7 TeV measurement. The difference between Likelihood minima for these
multiple fits is described by a x? distribution, therefore the consistency between the two
measurements can be quoted as the probability of obtaining a result (from the 8 TeV
measurement contribution) which is more or less compatible than the one observed from
the combined fit with the tested 8 TeV signal strength. For an expected 8 TeV signal
strength of 1.0 the consistency is of the level of 5%, increasing to O(10%) for an 8 TeV
signal strength of 0.5. The low consistency between the 7 TeV measured signal strength
and the 8 TeV expected one is not surprising, since the 7 TeV signal strength is expected
to assume negative values from [174].

6.8.4 Measurement of the diboson V Z(bb) signal strength

As outlined in the Introduction 6.1 the measurement of the signal strength for semileptonic
diboson production processes V Z(bb) can be used as a validation of the analysis procedure,
since their signature is remarkably similar to the V H (bb) one, with softer pgf’ spectrum and
myp peaking at lower values. This cross-check is performed both for the dijet-mass and the
MVA.

In the dijet-mass approach, the binning transformation of the my, distribution is re-
optimized, while for the MVA the BDTs are re-trained to discriminate the diboson signal
from the SM backgrounds (including the V H (bb) and WW processes), as described in Sec-
tion 6.4. The Likelihood fit is then performed including a signal strength parameter py z
controlling the overall normalization of the diboson WZ and ZZ processes, treating the
WW contribution as background. The V H signals are included in the fit as background
contribution, with a nuisance parameter on the overall normalization constrained by an
uncertainty of 50%. The fitted distributions of the BDTy z discriminant are shown in
Figure 6.27 for the 2-jet 2-tag py. > 120 GeV signal regions of the three lepton channels.

Compatibility between the diboson and the Higgs measurements Similarly to
the consistency check described in Section 6.8.3, the compatibility of the diboson cross-
check with the baseline Higgs result is tested by performing a Likelihood fit in which both
the V H and the V Z signal strength, u and py 7, are unconstrained. This allows to study
the correlation between the two parameters arising during the fit to data. The template
distributions of the discriminating variables (my, or BDTy z) use the binning optimized
for the Higgs search, and in the MVA approach the BDTs are trained to select the Higgs
signals.

6.9 Results

The results of this analysis are obtained from the Likelihood fit (detailed in Section 6.8)
of the final discriminating variable in the 2-tag signal regions and the MV1c distributions
of the b-tagged jet in the 1-tag control regions, with nuisance parameters free to float or
constrained by priors. The final discriminant used in the 2-tag regions are the rebinned
my, distribution for the dijet-mass analysis, and the transformed BDTy p multivariate

- 165 —



discriminator in the MVA approach.

Separate results for the V H search are obtained from the dijet-mass and the multivariate
analysis, with the latter being used as nominal result given the higher expected sensitivity
to the Higgs boson signal targeted in this study. The dijet-mass analysis is maintained
as a cross-check, and its results are described in Section 6.9.2. The analysis of the 7 TeV
dataset is only performed following the dijet-mass approach, and it is combined to the
nominal MVA result obtained from the 8 TeV dataset, as described in Section 6.8.3. If
not specified otherwise all results are presented for a Higgs boson mass of 125 GeV. In the
following the fitted signal strength parameters are denoted as p and py 2z, rather than [
and pyz.

In Section 6.9.3 the results of the diboson VZ Profile Likelihood Fit described in Sec-
tion 6.8.4 are reported.

6.9.1 Nominal results for the V H(bb) search

These results are obtained from the combined Likelihood fit of the dijet-mass analysis of
7 TeV data and the MVA of 8 TeV data. Distributions of the BDTy i discriminant and of
MVle, with background normalization and nuisance parameters adjusted by the global fit
to the 8 TeV data were already presented in Section 6.5. Dijet-mass distributions in the
7 TeV data analysis were shown in Section 6.7. Agreement between data and estimated
background is observed within the systematic and statistical uncertainties shown by the
hatched bands.

Figure 6.28 shows the 95% CL upper limits on the cross section times branching ratio for
pp — (W/Z)(H — bb) in the Higgs boson mass range 110-140 GeV obtained from the
Profile Likelihood Fit. The observed limit for my = 125 GeV is 1.2 times the SM value, to
be compared to an expected limit, in the absence of signal, of 0.8. For the 8 TeV (7 TeV)
data only, the observed and expected limits are 1.4 (2.3) and 0.8 (3.2), respectively.

The probability pg of obtaining from background alone a result at least as signal-like as
the observed one is 8% for a tested Higgs boson mass of 125 GeV; in the presence of a
Higgs boson with that mass and the SM signal strength, the expected pg value is 0.5%.
This corresponds to an excess observed with a significance of 1.40, to be compared to an
expectation of 2.60. For the 8 TeV data alone the observed and expected levels of signifi-
cance are 1.70 and 2.50, respectively. For the 7 TeV data alone the expected significance
is 0.70 and there is a deficit rather than an excess in data, as can be seen in Figure 6.23.
Figure 6.29 shows the pg values in the mass range 110-140 GeV as obtained from the 7
TeV and 8 TeV combined dataset.

The fitted p values for mpy = 125 GeV from the maximum Likelihood fit are shown
in Figure 6.30 for the 7 TeV, 8 TeV and combined dataset. With all lepton channels
and data-taking periods combined, the fitted value of the signal strength parameter is
p = 0.51 + 0.31(stat.) + 0.24(syst.). For the 8 TeV data the fitted value of the sig-
nal strength parameter is p = 0.65 & 0.32(stat.) & 0.26(syst.). For the 7 TeV data it is
p = —1.6 + 1.2(stat.) £ 0.9(syst.).

For a Higgs boson with mass of my = 125.36 GeV, as was measured by ATLAS [215], the
signal strength parameter is p = 0.52 £ 0.32(stat.) £ 0.24(syst.).

Additional PLR fits are performed floating independently the signal strengths for (i) the
WH and ZH production processes, or (ii) the three lepton channels (note that these are
not independent fits across production modes or lepton channels, but combined fits with
multiple signal strengths). The results of these fits are shown in Figure 6.31 and 6.32.
The consistency of the fitted signal strengths in the WH and ZH processes, assuming the
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SM hypothesis, is at the level of 20%. For the lepton channels, the consistency under the
SM hypothesis between the three fitted signal strengths is at the level of 72% for the 7
TeV data, and of 8% for the 8 TeV data. These consistency checks are performed with the
same methodology outlined in Section 6.8.3. The lower compatibility of the fitted signal
strengths for the ZH processes and in the 0-lepton channel are associated with the data
deficit observed in the most sensitive bins of the BDTy p discriminant in the 0-lepton
channel, shown in Figure 6.17(a).

Figure 6.33 shows the data, background and signal yields, where the bins of the final
discriminant distributions from all signal regions are combined into bins of log(S/B), sepa-
rately for the 7 and 8 TeV datasets, where the rightmost bins show thus the most sensitive
analysis categories. To build this plot, S is the expected signal yield and B is the fitted
background yield. Details of the fitted values of the signal and of the various background
components are provided in Table 6.36.

6.9.2 Dijet-mass analysis as cross-check of the MVA approach

The distributions of mg, in the dijet-mass analysis, with background normalisations and
nuisance parameters adjusted by the global fit to the 8 TeV data were already presented
in Section 6.5. Agreement between data and estimated background is observed within the
uncertainties shown by the hatched bands.

In the dijet-mass analysis a p value of 1.23 £ 0.44(stat.) 4+ 0.41(syst.) is obtained for the 8
TeV dataset. The consistency for the results of the three lepton channels is at the level of
8%.

The compatibility of the dijet-mass analysis and the MVA results is estimated with a
‘bootstrap’ method [216] from the 8 TeV dataset results, since the same data sample is
used for both analyses. A large number of event samples are randomly extracted from
the simulated samples, with the Higgs signal strength p set to the SM expectation at 1.0.
Each of the random extractions is representative of the integrated luminosity used for the
data analysis in terms of expected yields as well as of associated Poisson fluctuations.
Each of the event samples is used to perform both the dijet-mass analysis and the MVA,
thus allowing the two fitted p values to be compared and their statistical correlation to
be extracted (simulating the effect of repeated measurement). At the same time, the
expected distributions of u and of its uncertainty are determined for both analyses. From
this procedure the results obtained for the 8 TeV data with the dijet-mass analysis and
the MVA are expected to be 67% correlated, and the observed results are found to be
statistically consistent at the level of 8%.

The observed significance in the dijet-mass analysis is 2.20, while the expected significance
is 1.90, to be compared to 2.50 expected for the MVA, which is thus the baseline analysis.
Figure 6.34 shows the my, distribution in data after subtraction of all backgrounds except
for diboson production for the 7 TeV and 8 TeV data separately, as obtained with the dijet-
mass analysis. In this figure the contributions of all 2-tag signal regions from all lepton
channels is combined, weighted by their respective ratios of expected Higgs boson signal to
fitted background (S/B). The V' Z contribution is clearly seen, located at the expected Z
mass. The Higgs boson signal contribution is shown as expected for the SM cross section.

6.9.3 Diboson VZ(bb) measurement

The analysis has been validated by measuring the diboson V Z signal strength parameter
uyvz, as detailed in Section 6.8.4. The measured signal strength for the 8 TeV dataset
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with the MVA is pyz = 0.77 £ 0.10(stat.) & 0.15(syst.). This result is consistent with the
observation already made from Figure 6.34. The signal strengths obtained for the com-
bined fit of three lepton channels are consistent at the 85% level (assessed with the same
methodology used for the Higgs measurement). In the dijet-mass analysis at 8 TeV the
observed signal strength is pyz = 0.79 + 0.11(stat.) = 0.16(syst.). The correlation of the
systematic uncertainties on muyz and p is 35% in the MVA and 67% in the dijet-mass
approach.

The compatibility between the diboson cross-check measurement and the main Higgs re-
sults is obtained as outlined in Section 6.8.4, by performing the PLR fit with the same
discriminating variables used for the baseline Higgs analysis of the 8 TeV dataset, with
both p and uyz free to float. The fitted Higgs signal strength p is unchanged from the
nominal result presented in Section 6.9.1, and the statistical correlation between the two
signal strength parameters is quoted at —3% in the MVA and 9% in the dijet-mass anal-
ysis. The main cause of this low correlation can be found in the different shape of the p¥
distributions for VZ and V H events (softer in the case of diboson processes): since this
variable is used both in the MVA training and in the definition of the categories for both
dijet-mass and MVA approaches, the final results are remarkably sensitive to its features.
The yields quoted in Tables 6.37, 6.38 and 6.39 indeed show that the ratio of the diboson
to the Higgs contribution is smaller in the higher p¥ interval than in the lower one. The
additional input variables for the BDT provide further separation in the MVA, leading to
a very small diboson contribution in the most significant bins of the BDTy i discriminant,
as it appears from Table 6.36.

The diboson signal strength obtained from fit of the 7 TeV dataset corresponds to puyz =
0.50 + 0.30(stat.) & 0.38(syst.). The signal strength measured from the combined 7 and
8 TeV datasets is puyz = 0.74 £+ 0.09(stat.) + 0.14(syst.). The diboson V' Z signal is thus
observed with a significance of 4.90, to be compared to the expected significance of 6.30.
The fitted pyz values are summarized in Figure 6.35 for the 7 TeV, 8 TeV and combined
dataset, and for the combined fit of the 0-, 1- and 2-lepton channels (in all cases the MVA
results are considered for the analysis of 8 TeV data).

— 168 —



Al
-0.15 -01 -0.05 0 0.05 0.1 0.15 0.2

PR BE EEFETTE DR EED LD R R R T
I I I I I I I I

W+bB, W4cZ my shape E //
(p) > 120 GeV) . % A
Wbl to W+bb normalisation : .V 7
Ip;’>120GEVJ H V//
W.+bb normalisation : "O"
; Z :
WiHF p shape (3-t) | et
T ' v A
Signal acceptance (parton shower) [ ’/ 4
: A
1 ://
Z4+bl to Z+bb normalisation (2-jet) : — %/ /
' -
. . ' |77 :
b-jet energy resolution - - :7 :
H v H
Z4bb, Z+<T m, shape : '_%—' :
: s H
' v '
Jet energy resolution : — % :
. ;o : v :
Dilepton tf normalisation ' v @
: 1% :
WaHF p;’ shape (2-jet) s V%—. :
Z+bB normalisation : 0
! Y -
Jet energy scale 1 —e // :
7 :
b-jet tagging efficiency 4 - o
ttbar high p‘I’ normalisation E P /‘ E

—@— Pull: (8- 8,)/40

ATLAS

ML laat:
INOrT n

-1
s =8TeV, ILdt=20'3 fb +1a Postfit Impact on i
m,=125 GeV [ -1o Postfit Impact on fi
A NEEN1 FRRN1 SRER1 FRRNY FRRN] FRRN] FRRRY ARRRE RAN

2 -15 1 05 0 05 1 15 2

Figure 6.26: Impact of systematic uncertainties on the fitted signal-strength parameter f
for the MVA applied to the 8 TeV data. The systematic uncertainties are listed in de-
creasing order of their impact on i on the y-axis. The boxes show the variations of fi,
referring to the top x-axis, when fixing the corresponding individual nuisance parameter
0 to its post-fit value 0 modified upwards or downwards by its post-fit uncertainty, and
repeating the fit as explained in the text. The hatched and open areas correspond to the
upwards and downwards variations, respectively. The filled circles, referring to the bottom
x-axis, show the deviations of the fitted nuisance parameters 6 from their nominal values
Ao, expressed in terms of standard deviations with respect to their nominal uncertainties
Af. The associated error bars show the post-fit uncertainties of the nuisance parameters,
relative to their nominal uncertainties. The open circles with their error bars, also referring
to the bottom x-axis, show the fitted values and uncertainties of the normalisation param-
eters that are freely floating in the fit. The normalisation parameters have a pre-fit value
of one. As explained in Section 6.6, the jet energy scale and b-tagging uncertainties are
decomposed into uncorrelated components; the labels 1 and 4 refer to such components.
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Figure 6.27: Distribution of the BDTy 7z discriminant used in the V' Z fit observed in data
(points with error bars) and expected (histograms) for the 2-jet 2-tag signal regions with
py > 120 GeV in the Medium (MM) and Tight (TT) categories combined of (a) the 0-
lepton channel, (b) the 1-lepton channel, (c¢) the 2-lepton channel. The VZ signal and
background contributions are shown as filled histograms after the global V' Z fit of the
MVA, except for the Higgs boson contribution (mg = 125 GeV). The latter is shown as
expected from the SM (indicated as =1.0) both as a filled histogram on top of the sum of
the fitted V Z signal and other backgrounds, and unstacked as an unfilled histogram scaled
by the factor indicated in the legend. The expected V Z contribution is shown in a similar
way as an unfilled dotted histogram. The dashed histogram shows the sum of the total
V Z signal and background as expected from the pre-fit MC simulation. The size of the
combined statistical and systematic uncertainty on the fitted V' Z signal and background
is indicated by the hatched band. The ratio of the data to the sum of the fitted V Z signal
and background is shown in the lower panel.
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Figure 6.28: Observed (solid) and expected 95% CL cross-section upper limits, normalised
to the SM Higgs boson production cross section, as a function of mg for all channels and
data-taking periods combined, as obtained using the dijet-mass analysis for the 7 TeV
dataset and BDTs trained at each individual mass for the 8 TeV dataset. The expected
upper limit is given for the background-only hypothesis (dashed) and with the injection of
a SM Higgs boson signal at a mass of 125 GeV (dotted). The dark and light shaded bands
represent the 1o and 20 ranges of the expectation in the absence of a signal. For all curves
shown, the results obtained at the tested masses are linearly interpolated.
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Figure 6.29: Observed (solid) and expected py values as a function of my for all channels
and data-taking periods combined, as obtained using the dijet-mass analysis for the 7 TeV
dataset and BDTs trained at each individual mass for the 8 TeV dataset. The expected pg
values are given for the background-only hypothesis in the presence of a SM Higgs boson:
for the dashed curve the Higgs boson mass corresponds to each tested mass point in turn;
for the dotted curve the Higgs boson mass is 125 GeV. For all curves shown, the results
obtained at the tested masses are linearly interpolated.
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Figure 6.30: The fitted values of the Higgs boson signal-strength parameter p for mg = 125
GeV for the 7 TeV and 8 TeV datasets and the combination of the 7 TeV and 8 TeV datasets.
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Figure 6.31: The fitted values of the Higgs boson signal-strength parameter p for mg = 125
GeV for the WH and ZH processes and the combination of the WH and ZH processes, with
the 7 and 8 TeV datasets combined. The individual p values for the (W/Z)H processes
are obtained from a simultaneous fit with the signal strength for each of the WH and ZH
processes floating independently.
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Figure 6.32: The fitted values of the Higgs boson signal-strength paramete y for mg = 125
GeV for the 0-, 1- and 2-lepton channels and the combination of the three channels, with
the 7 and 8 TeV datasets combined. The individual u values for the lepton channels are
obtained from a simultaneous fit with the signal strength for each of the lepton channels
floating independently.
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Figure 6.33: Event yields as a function of log(S/B) for data, background and Higgs boson
signal with mpy = 125 GeV for the (a) 8 TeV data and (b) 7 TeV data. Final-discriminant
bins in all signal regions are combined into bins of log(S/B). The signal S and background
B yields are expected and fitted, respectively. The Higgs boson signal contribution is
shown as expected for the SM cross section (indicated as p=1.0). The pull of the data
with respect to the background-only prediction is also shown with statistical uncertainties
only. The full line indicates the pull of the prediction for signal (u=1.0) and background
with respect to the background-only prediction.
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Figure 6.34: The distribution of my, in data after subtraction of all backgrounds except
for the diboson processes, as obtained with the dijet-mass analysis for the (a) 8 TeV and
(b) 7 TeV data. The contributions from all lepton channels, p¥ intervals, number-of-jets
and 2-tag b-tagging categories are summed weighted by their respective values of the ratio
of expected Higgs boson signal to fitted background. The contribution of the associated
WH and ZH production of a SM Higgs boson with mpy = 125 GeV is shown as expected
for the SM cross section (indicated as p=1.0). The size of the combined statistical and
systematic uncertainty on the fitted background is indicated by the hatched band.
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Figure 6.35: The fitted values of the diboson signal strength muy 7 for (a) the 7 TeV, 8 TeV
and combined datasets, and (b) for the three lepton channels separately and combined, for
the combined dataset. The MVA is used for the 8 TeV data. The individual muy z values
for the lepton channels are obtained from a simultaneous fit with the signal strength for
each floating independently.
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Process Bin 1 Bin2 Bin3d Bin4 Binb Bin6 Bin7 Bin&8 Bin9
Data 368550 141166 111865 20740 5538 2245 382 41 4
Signal 29 43 96 57 58 62 32 10.7 2.3
Background | 368802 140846 111831 20722 5467 2183 364 37.9 3.4
S/B 8 x 107° 0.0003 0.0009 0.003 0.01 0.03 0.09 0.3 0.7
W+ht 14584 10626 15297 1948 618 250 45 8.2 0.7
Wel 96282 30184 15227 1286 239 47 4.2 0.2 0.005
Wi 125676 14961 3722 588 107 16 1.3 0.03 0.001
Z+hf 10758 14167 21684 7458 1178  B77 130 148 2.2
Zcl 13876 11048 4419 941 61 22 2.1 0.1  0.008
Zl 49750 18061 3044 537 48 15 1 0.05 0.004
tt 30539 24824 26729 5595 2238 922 137 10 0.3
Single top 10356 9492 14279 1494 688 252 31 2.7 0.1
Diboson 4378 1831 1247 474 186 62 9.7 1 0.2
Multijet 12603 5650 6184 400 103 26 3 0.9 0

Figure 6.36: The numbers of expected signal and fitted background events and the observed
numbers of events after MVA selection in the bins of Figure 6.33(a). These numbers are
for both the 1-tag and 2-tag events in the 8 TeV dataset, corresponding to an integrated
luminosity of 20.3 fb~ .
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Sample 1-tag LL-tag MM-tag MM+TT-tag TT-tag
Py 100 —120GeV > 120GeV 100 —120GeV > 120GeV 100 — 120GeV > 120GeV 100 — 120 GeV
2-jet
VH 7.9 23 2.2 6.9 3.5 23 4.0
Wz, ZZ, WW 235 635 18 49 14.7 81 13.3
tt 840 1520 114 183 129 332 116
Single top 531 704 40 56 32.6 66 22.8
Wi 5470 7100 159 206 14.4 16 0.2
Wel 2230 3710 106 159 234 27 1.1
W +hf 762 1520 54 124 33.6 128 21.8
zl 3890 10750 96 272 6.1 17 0.1
Zel 1590 3990 59 162 9.4 24 0.3
Z+hf 2550 6510 225 607 186 876 151
Total 18340 + 150 36890 + 200 886 + 17 1841 + 25 458.5 £ 9.8 1599 + 28 333.2 £ 8.9
Data 18343 36903 887 1860 477 1592 306
3-jet
VH - 8 - 2 - 7 -
WZ,ZZ WW - 260 - 17 - 20 -
tr - 1670 - 186 - 315 -
Single top - 318 - 25 - 30 -
Wi - 2280 - 59 - 4.3 -
Wel - 1240 - 53 - 8.9 -
W+ht - 750 - 60 - 62 -
A - 3190 - 79 - 4.5 -
Zcl - 1620 - 65 - 9.8 -
Z+ht - 1890 - 170 - 259 -
Total - 13310 £ 100 - 718 £ 12 - 719 + 17 -
Data - 13344 - 657 - 710 -

Figure 6.37: The expected signal and fitted background yields for each category of the 0-lepton channel after the full selection of the multivariate
analysis. The my;, distribution is used in the 100 < E% < 120 GeV interval. The background yields are normalized by the results of the global
likelihood fit. All systematic uncertainties are included in the indicated uncertainties.
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Sample 1-tag LL-tag MM+TT-tag
s < 120GeV = 120GeV < 120GeV = 120GeV < 120GeV = 120GeV
2-jet
VH 20 7.4 5.5 2.0 19 7.0
WZ,ZZWW 800 135 73 12.2 129 22
tt 3490 213 1023 49 3180 137
Single top 385 44 40 0.8 96 12
W+l 245 12 3.7 0.4 0.3 0.0
Wel 166 18 5.8 0.6 1.0 0.1
W4ht 90 13 7.5 0.7 4.9 0.6
Z+1 29410 4180 648 101 41 6.2
Z+cl 12130 1622 421 £id 71l 9.7
Z+hf 21080 2853 1916 2BT.7 2858 414
Total 69360 £ 280 9123 £ 86 4271 £ 50 52464+ 79 6473+ 76 607 + 13
Data 69313 9150 4313 517 6501 a70
3-jet
VH 7.4 3.9 1.5 0.9 4.9 2.8
WZ,ZZWW 347 100 22 6.9 29 8T
tt 2170 182 486 29 1476 74
Single top 144 22 18 3.0 41 6.5
W+l 76 7.1 1.4 0.2 0.1 0.0
W+el a7 8.9 2.3 0.4 0.4 0.1
W4ht 40 f.4 3.1 0.8 0.8 0.4
Z+1 BETO 1913 180 46 12 2.7
Z4cl 4650 949 164 38 25 5.7
Z+hf 5790 1223 497 121 T6H6 180
Total 22720 £ 150 4430 £ 56 1403 £ 20 245.2 £ 5.2 23656 £ 43 2809 £ 84
Data 22662 4436 1428 253 2394 283
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Figure 6.39: The expected signal and fitted background yields for each category of the 2-lepton channel after the full selection of the multivariate
analysis. The background yields are normalized by the results of the global likelihood fit. All systematic uncertainties are included in the
indicated uncertainties.



7 Search for a CP-odd A boson decaying to Zh(bb)
with data collected at /s = 13 TeV during the
2015 LHC data-taking

The Higgs boson particle discovered by the ATLAS and CMS Collaborations in 2012 [6, 7]
has so far been observed to be consistent with the Standard Model (SM) predictions,
and it can be used to probe beyond-the-SM scenarios in which the Higgs SM properties
are altered, or additional Higgs bosons are included. In particular many physics models
which include an extended Higgs sector also include a CP-odd (pseudoscalar) Higgs boson,
denoted A, and a lighter CP-even Higgs boson, denoted h, as described in more detail in
Section 2.5. In this analysis we search for the resonant production of a heavy A boson,
decaying to a Z vector boson and a h boson with mass of 125 GeV (denoted as A — Zh),
targeting leptonic final states in the decays of the Z boson (Z — ete™, Z — utu~,
Z — vp), with the h decaying to a bottom quark pair (h — bb).

The search is performed with data collected by the ATLAS detector during the Run-2 of
the LHC, for the data-taking period from September until December 2015, corresponding
to an integrated luminosity of 3.2 fb~! [207]. The results are interpreted in the context
of two-Higgs doublet models (2HDM) of Type I and II, where the Higgs potential is CP-
conserving. Previous searches in the same final states have been performed by experiments
at LEP, Tevatron, and by both the ATLAS and the CMS experiments using data at /s = 8
TeV. These are reported in [217, , 13, 14].

7.1 Introduction: The Analysis Strategy

The work presented in this thesis is mainly focused on the search for the SM Higgs boson in
the bottom-quark pair decay channel, therefore the inclusion of this search may seem out
of place. There are however several reasons which motivate this analysis performed with
the first data collected by the ATLAS detector during the LHC Run-2. In this introduction
I present the strategy that lead to the publication of these results, and furthermore the
main distinguishing features of this analysis which stem from the particular nature of the
A — Zh signal investigated.

From the experience accumulated with the analysis of the LHC Run-1 dataset it was known
that with the amount of data collected by the ATLAS detector during the first months of
the LHC Run-2 (until the end of December 2015, corresponding to an integrated luminosity
of 3.2 fb~!) a rough estimate of the expected sensitivity of the SM V H (bb) search could
reach at most at 1o (accounting for the change in the signal and background partonic cross
sections and in the parton luminosities, between /s = 8 TeV and 13 TeV).

However, in order to gain at least partial confidence with the characteristics of the SM
V H (bb) analysis, it is interesting and worthwhile to investigate a different physics scenario
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which could lead to promising results with these first data, and at the same time presents
a final state very similar to the SM V H (bb) one. This is the case of the search for a heavy
CP-odd A boson decaying to a Zh pair, where the h boson corresponds to a SM-like Higgs
boson particle, subsequently decaying to the 0- and 2-lepton final states investigated by
the SM analysis.

With the center of mass energy increasing from 8 TeV up to 13 TeV, the production cross
section for this type of signals in 2HDMs can be enhanced by a factor of 2-9 (increasing
with the mass of the A boson, and depending on the type of 2HDM considered), making
this search a suitable candidate for an early investigation of LHC Run-2 data.

To clarify the notation, hereafter in this chapter the SM-like Higgs boson with mass of
125 GeV is named h, consistently with the notation introduced in Section 2.5 for 2HDM
particles (while in Chapter 6 and Chapter 8 the SM Higgs boson is indicated with H).

This approach has interesting features: most notably, since the h boson produced in asso-
ciation with the Z by the A boson decay corresponds to a SM-like Higgs boson, a positive
result of this search would also lead to an evidence/observation for the SM-like A boson
in the bottom-quark pair decay channel. This is not, of course, the primary goal of this
analysis, but it represents an attractive byproduct.

There are of course some significant differences in the nature of the A — Zh signal pro-
cesses investigated in this Chapter, and the SM V H (bb) process described in Chapter 6
and 8, which lead to some of the most peculiar aspects of this search.

First, given the neutral electromagnetic charge of the A boson, decays to W*h pairs are
forbidden, thus excluding the 1-lepton channel from this analysis. This aspect makes this
analysis simpler than the SM V H (bb) search, since the level of accuracy required for the
modeling of some of the main 1-lepton channel backgrounds, such as W boson production
in association with heavy flavor jets and multi-jet processes, is lower.

Furthermore, the Zh pair is the decay product of a heavy A boson, with mass m 4 tested
in this analysis from 220 GeV up to 2 TeV. For large values of m4 the Z and h bosons
can be strongly boosted, reaching transverse momenta above 500-600 GeV. In this regime
the decay products of the h boson tend to be strongly collimated to each other, and the
efficiency of reconstructing them as resolved hadronic jets decreases. This key feature mo-
tivates the definition of two main regions in which this search is performed: a ‘resolved
regime’, where the h decay products are identified as separated hadronic jets with smaller
radius, and a ‘merged regime’, where the same decay products are reconstructed as a single
hadronic jet with large radius.

The structure of this Chapter is the following: in Section 7.2 I present the dataset con-
sidered for this search and the MC simulation used to estimate signal and background
contributions; in Section 7.3 I describe the details of the selection strategy adopted for
the different lepton channels, while the main features of the signal and background MC
estimate are given in Section 7.4; in Section 7.5 the experimental and theoretical system-
atic uncertainties are outlined; Section 7.6 contains the main features of the statistical
approach used to extract the final results, which are presented in Section 7.7. The details
of the reconstruction of the main physics objects used in this analysis, along with the main
event reconstruction techniques, were described in Chapter 5.
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7.2 Data and Simulated Samples

Dataset This analysis is performed with data recorded with the ATLAS detector in
stable beam conditions from pp collisions at /s = 13 TeV during the first part of the LHC
Run-2; with all relevant sub-detectors operating in good conditions. The dataset analyzed
corresponds to an integrated luminosity of 3.2 fb~!. Data collected in ideal conditions of the
ATLAS detector are summarized in GRL, passing high quality controls from the ATLAS
Data Quality Group. Cleaning selections analogous to the cuts reported in Section 6.2 are
applied, updated to reflect the different beam and detector conditions. For the dataset
collected during 2015 considered in this analysis the mean number of pile-up interaction
amounts to 13.5.

Trigger selection The trigger strategy is similar to the one adopted for the analysis of
Run-1 data described in Section 6.2 (although much simpler since the data-taking period
is considerably shorter, therefore data-taking conditions are subject to less changes): in
the 0-lepton channel, events are recorded from an un-prescaled E;I”SS trigger with online
threshold of 70 GeV; 2-lepton events are triggered by at least one of the lowest un-prescaled
single-electron or single-muon triggers, with lowest available pr threshold at 24 GeV for
isolated electrons and 20 GeV for isolated muons. In events recorded via the lepton trig-
gers the object that satisfies the trigger requirement has to match an offline-reconstructed
lepton.

Monte Carlo samples The signals and all the SM backgrounds considered in this anal-
ysis are modeled with MC simulations. All MC samples are processed using the GEANT
4-based ATLAS detector simulation [176], and reconstructed with the standard ATLAS
reconstruction software used for collision data. The simulated samples (except those gen-
erated with SHERPA) exploit the EvtGen 1.2.0 program [166] to describe properties of the
bottom and charm hadron decays.

The A — Zh signal samples are generated considering two different production modes,
which are tested in this search: both gluon-fusion production gg — A and b-quark associ-
ated production bbA processes are simulated with MADGRAPH5 AMCQ@NLO 2.2.2 [219,
| with NNPDF2.3LO PDFs, interfaced to the PYTHIA 8 parton shower and hadroniza-
tion model, using again the NNPDF2.3LO PDFs, configured with the ATLAS A14 tune [220].
The light CP-even h boson in the simulation is always assumed to correspond to the SM-
like Higgs boson with mj = 125 GeV and narrow width compared to the resolution of the
detector for h — bb decays. The h — bb branching ratio is set to the SM expected value
of 58 + 2% [51] for the baseline MC prediction, however it is modified by the parameter
of the tested 2HDMs when interpreting the results in terms of tan 8 and cos(8 — «). The
cross section o(gg — A) x BR(A — Zh) x BR(h — bb) for these signal processes is fixed
to 0.5 pb (rather than the specific values predicted by one of the different models), and
scaled by the Z boson leptonic branching ratios.
The CP-odd A boson has masses m 4 ranging from 220 GeV to 2 TeV, and its width is
assumed to be narrow when compared to the m 4 resolution in the generation of MC events.

The (W/Z) + jets background prediction relies on the SHERPA 2.1.1 [189] generator, with
CT10 PDFs and a dedicated SHERPA internal parton shower tune, with massless b- and c-
quarks in the ME calculation, while massive quarks can be produced in the parton shower.
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In order to provide a good modeling of large jet multiplicities, SHERPA 2.1.1 provides a com-
bination of matrix elements with different parton multiplicities, using the Comix [221] and
OPENLOOPS [222] generators, and merging the MEs with the SHERPA parton shower [223]
using the ME+PSQ@NLO [221] prescription via the CKKW-L [225] merging technique, with
a merging scale Qcyt = 20 GeV: up to 2 extra partons are included in the NLO ME, and 3
or 4 extra partons are included in the LO ME. The modeling of even higher jet multiplic-
ities relies on the parton shower algorithm.

As for the (W/Z)+jets MC samples described in Section 6.2, also in this case the simulated
events are filtered according to the presence of b-, c- or light-flavored hadrons, and sliced
in several sub-samples depending on the pp of the vector boson. This second selection in
p¥ is particularly important since this search probes regions of the phase space at very
large transverse momentum: reducing possible statistical fluctuations of the background
prediction in the boosted regime is therefore crucial. The boundaries of the p¥ selection
are the following:

pY. bins = [0, 40, 70, 140, 280, 700, 1000, 2000) GeV
(the last bin contains events with py. > 2000 GeV)

The (W/Z) + jets total cross sections are calculated at NNLO (QCD) accuracy [226, 227].
Top-quark pair production is simulated with the POWHEG generator with CT10 PDFs
interfaced to the PYTHIA 6 parton shower (with similar setup to what detailed in Sec-
tion 6.2). The tt samples generated with this setup include a filter to require at least one
W boson to decay leptonically. The POWHEG resummation damping factor hdamp, which
is one of the parameters controlling the matching between ME and parton shower and reg-
ulating the emission of high-pr radiation, is set to the mass of the top quark my,, = 172.5
GeV to obtain a better data-to-MC agreement in the high-pr region for this process, as
show in [228]. The ¢t cross section is calculated at NNLO in QCD including resummation
of NNLL soft gluon terms with the top++2.0 software [229].

The theoretical cross sections for Z-+jets and tf processes are used to normalize the corre-
sponding MC simulation to perform optimization studies, however the overall event yields
of these backgrounds are included as unconstrained parameters in the analysis and are
determined from the fit to data described in Section 7.6.

The modeling of single-top events in s-, t- and Wt- production channels is obtained with
the POWHEG generator, with CT10 PDFs, interfaced with the PYTHIA 6 parton shower
model (with the same settings described in Section 6.2); the single-top cross sections are
computed at NLO (QCD) with the Hator v2.1 software [230, 231] and used to normalize
the MC prediction. Single top samples in the t- and s-channels are generated applying a
lepton filter to require the leptonic decay of the W boson, while Wt-channel samples are
generated inclusively.

Semileptonic diboson production (ZZ, WZ and WW) is simulated with the SHERPA 2.1.1
generator with CT10 PDFs and internal parton shower tuning, normalized to the NLO
cross section provided by the MC generator itself. With the same methodology employed
for the (W/Z) + jets simulation, SHERPA provides a combination of different matrix el-
ements with different parton multiplicities: for WZ and WW, processes with zero extra
partons are calculated at NLO in the ME, while 1,2 or 3 additional partons are included
at LO, while for ZZ one additional parton is included in the NLO ME. The contribution
of gg-initiated ZZ and WW processes is not included in this analysis.

The associated production of a SM Higgs boson V& is treated as background in this
search, and its modeling relies on the PYTHIA 8 generator for qg-initiated processes,
while the gg-initiated ZH contribution is simulated with POWHEG +PyTHIA 8 (with
similar setup to what detailed in Section 6.2). The Vh signals are normalized to the
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NNLO(QCD)+NLO(EW) cross sections [51].

The MC samples used in this analysis include the contribution of multiple pp interac-
tions from the same and from neighboring bunch-crossing (pile-up), overlaying simulated
minimum-bias events to each generated event. The simulation of pile-up interactions is ob-
tained from soft QCD processes with PYTHIA 8, with the A2 tune and the MSTW2008LO
PDFs.

A complete and schematic list of the MC generators used in this analysis for all signals
and backgrounds is reported in Table 7.1.

Process Generator o X BR

A — Zh signal

gg— A — Zh — 1TI7bb MADGRAPH5 AMC@NLO +PyTHIA 8 | 0.05 pb
g9 — A — Zh — vibb MADGRAPHS AMCQNLO +PyTHIA 8 0.1 pb
bbA — Zh — 1117 bb MADGRAPH5 AMC@NLO +PyTHIA 8 | 0.05 pb
bbA — Zh — vibb MADGRAPHS AMC@NLO +PyTHIA 8 | 0.1 pb
Vector boson + jets
W — v SHERPA 2.1.1 20.080 nb
Z/y* = 1T (66 < my < 116 GeV) SHERPA 2.1.1 1.906 nb
Z — v SHERPA 2.1.1 1.914 nb
Top-quark
tt POWHEG +PYTHIA 6 831.76 pb
t-channel POowHEG +PYTHIA 6 69.51 pb
s-channel POWHEG +PYTHIA 6 3.314 pb
Wt-channel POwWHEG +PYTHIA 6 68.00 pb
Diboson
Ww SHERPA 2.1.1 51.97 pb
WZ SHERPA 2.1.1 23.72 pb
77 SHERPA 2.1.1 7.00 pb
SM Vh Higgs (background)
qq — ZH — virbb /171~ bb PYTHIA 8 132.7 tb
g9 — ZH — vibb/1T1~bb POWHEG +PYTHIA 8 18.3 fb
q@ — WH — lubb PYTHIA 8 258.0 fb

Table 7.1: The generators used for the simulation of the signal and background processes,
along with the cross sections times branching ratios (corrected for filter efficiencies when
relevant) used to normalize the MC samples.

7.3 Event selection

This search targets A — Zh — (1717, v)bb signals (where [ = e, 11), hence one of the main
differences with respect to the V' h(bb) searches described in Chapter 6 and 8 is the lack of
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a 1-lepton channel, since charge conservation forbids the A — W=*h decay. The analysis is
thus optimized categorizing events in two lepton channels, O-lepton and 2-lepton, according
to the number of charged leptons.

Selected events are furthermore divided according to the reconstructed transverse momen-
tum of the vector boson p%, in low- and high—p% categories. This is a crucial step since the
event reconstruction strategy differs largely between low- and high—p% events: the low—p%
category corresponds to the ‘resolved regime’ introduced in Section 7.1, while the high—p%
category defines the ‘merged regime’. The p% is reconstructed as the E{}ms in the 0-lepton
channel and as the vector sum of the transverse momenta of the two leptons in the 2-lepton
channel. The boundary between low- and high—p% regions is set at p% = 500 GeV, where
this value has been tuned to optimize the expected sensitivity of the analysis.

Specific selection criteria are applied for different p:% regions (common across lepton chan-
nels) to reconstruct events in the different regimes:

> low-p%: only events with at least two selected central small-R jets with pr > 20 GeV
and |n| < 2.5 (central) are retained. Events are divided into two b-tagging categories
(1-tag, 2-tag) by counting the number of b-tagged central small-R jets: events with
more than 2 b-tagged central jets are rejected. At least one of the b-tagged jets
must have pr > 45 GeV. In the 2-tag category, the Higgs candidate is built from the
two b-tagged jets, while in the 1-tag category the b-tagged jet and the highest-pp
remaining central jet are used.
The dijet-mass resolution is improved by applying specific b-jet energy corrections
described in Section 5.1.4. Events are furthermore categorized according to the value
of the reconstructed mass of the Higgs candidate, after applying these corrections:
the signal regions are defined by selecting 110 GeV < magijer < 140 GeV (consistent
with the SM myg = 125 GeV), while the background control regions contain events
in the mgjjer side-bands. Both signal and control regions are defined separately for
1-tag and 2-tag events. The mass window signal region selection has an efficiency of
70%-80% for signal events [232].

> high-p%: only events with at least one selected large-R jet with pr > 250 GeV and
In] < 2.0, and at least two track jets with pp > 10 GeV and || < 2.0 associated
to it, are retained. Events are divided into two b-tagging categories (1-tag, 2-tag)
by applying the b-tagging algorithm to the two leading track jets associated with
the leading large-R. jet. The Higgs candidate is defined as the highest-pr large-R jet
in both 1- and 2-tag categories, applying to it the jet energy corrections described
in Section 5.1.4. Events are divided into signal and control regions with the same
approach as in the low—p% category, however the mass window is widened to 75 GeV
< mjet < 145 GeV to account for the lower mass resolution. The mass window signal
region selection has an efficiency of 90% for signal events [232].

Detailed definitions of the hadronic jet collections and b-tagging algorithms used to build
these selection criteria are given in Chapter 5. Note that the truth-tagging procedure and
the kinematic fit described in the same Chapter are not used in this search.

In both regimes, events with more than 2 b-tagged jets are rejected to suppress the tt
background contribution. Except for the requirement of at least two central small-R jets
(low-pZ) or one large-R jet (high-pZ), no additional categorization in jet-bins is considered
and no veto on higher jet multiplicities is applied. This constitutes a major difference with
respect to the analysis described in Chapter 6, motivated by the different nature of A — Zh
signal: since the main production mode investigated is through gluon-fusion, signal events
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show higher jet multiplicities compared to the SM qqg-initiated Vh(bb) processes. This
is due to the different color-factors associated to the emission of real gluons from quarks
(Crp =4/3) or from gluons themselves (C4 = 3).

Vetoing events with many jets would therefore significantly impact the signal acceptance
degrading the analysis performance. Selected small-R jets (in both p% categories) used in
the following selections may be central (pr > 20 GeV and |n| < 2.5) or forward (pr > 30
GeV and 2.5 < |n| < 4.5).

A schematic representation of all regions included in the analysis, separately for the resolved
and merged regimes, is shown in Figure 7.1 (the ¢t control region shown here is introduced
in Section 7.4).

#b-tagged
small-R jets ¢ y i
4 Low ptZ regime High pt% regime
#b-tagged
2tag | tibar CR(e,mu) - 2Lepton | track-jets
1-tag only 1
CR CR
2tag | vajets SR Vijets 2-tag SR
CR CR
1-tag | vijets SR Vijets 1-tag SR
O-tag 0-tag
110 140  mu[GeV] 75 145 mu[GeV]

Figure 7.1: Hlustration of the signal and control regions in the O-lepton and 2-lepton low—p%
(left) and high-pZ (right) categories.

After this first categorization, additional topological and kinematic selection criteria are
applied for the different lepton channels, summarized in Table 7.2. Most of the selection
cuts are taken from the Run-1 V h(bb) analysis detailed in Section 6.3 with values adjusted
for the different phase space and background composition of this search:

» O-lepton channel: only events with exactly zero charged leptons are retained. To
select a region where the E%mss trigger is almost fully efficiency, the reconstructed
EMs$ has to be larger than 150 GeV: this ensures a trigger efficiency of 85% at
E}”iss = 150 GeV, rising to 100% above 200 GeV. In the low—p% region an additional
cut on the scalar sum of the transverse momenta of the selected jets is applied to
avoid mismodeling in the turn-on curve of the EJ* trigger. The > j " is defined
including up to the first three selected central small-R jets ordered in pp (if only
two central small-R jets are selected, the leading forward small-R jet is included if
present); the value of the cut is set at 150 GeV for events with more than two selected
jets, at 120 GeV for events with exactly two jets (counting both central and forward
small-R jets).

The contribution of the MJ and non-collision background is suppressed by select-
ing events with: large magnitude of the track-based missing transverse momentum
(p?iss) to reject non-collision background; small azimuthal angle between E%”iss and
s (Ag(Emss pmiss)), large azimuthal angle between EM“*$ and the closest jet
(min[A¢(ER*% small-R jet)]) calculated using all small-R jets for the high-pZ cat-

egory and the same jets included in the Zp]Te b definition for the low—p% category,
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to select events with genuine E%mss contribution, not originated by mismeasured ob-
jects; large azimuthal distance between the E}”iss and the h candidate reconstructed
as described above for the two p% regions; small azimuthal distance between the
selected small-R jets used to build the h candidate A¢(jety, jety) (for low—p% events
only), to retain events with the typical V h(bb) topology. After these cuts the contri-
bution of MJ background estimated from MC simulation is reduced below 1%.

Furthermore events with at least one hadronically decaying 7 leptons, reconstructed
as described in Section 5.1.2; are discarded to reduce the contribution of W+-jets and
tt backgrounds. In the high-p% regions the t# background is further suppressed by
vetoing events with at least one b-tagged track jets not associated with the selected

large-R jet.

» 2-lepton channel: only events containing exactly two oppositely charged same
flavor leptons (electrons or muons) are selected, where at least one lepton is required
to have pp > 25 GeV and |n| < 2.5 (both leptons have to satisfy this requirement in
the high—p% regions). To select events compatible with the leptonic Z boson decay a
window selection on the 2-lepton invariant mass is applied, in the range of 70 — 110
GeV for low—p% events, widened to 55— 125 GeV for high—p% muon events (due to the
worse muon momentum resolution at high transverse momenta). The ¢t background
is suppressed by selecting events with E%“'SS /VHr < 3.5v/GeV where Hr is the scalar
sum of the pr of the leptons and the small-R jets in the event.

The discriminating variable used in this search is relatively simpler compared to the com-
plex BDTs used in the SM VH(bb). In the 0-lepton channel, since fully reconstructing
the invariant mass of the Zh system is not possible due to the presence of undetectable

neutrinos, the transverse mass m%h is utilized, defined as:

m%h _ \/<E77’£nss + E%)2 _ (Ejn;iss +p§)2

where p% and E% are the transverse components of the 3-momentum and the energy of

the h candidate respectively, and EY"?Z'SS is the 3-momentum term of the missing transverse
energy 4-vector. When building the m%h variable the 4-momentum of the dijet system is
scaled by my, /mdijet, where my = 125 GeV, only for low—p% events, in order to improve
the transverse mass resolution.

In the 2-lepton channel the discriminating variable is the reconstructed invariant mass of
the Zh system, defined from the h candidate and the two selected leptons. To improve its
resolution the 4-momentum of the di-muon system is scaled by myz/m,,, where mz = 91.2
GeV, in both low- and high—p% regions. Furthermore the 4-momentum of the dijet system
is scaled by mp/mgijetr, where my = 125 GeV, only for low—p% events, similarly to the
0-lepton channel. The final resolution of the m%" variable is in the range of 2.5%-3.5%.

Signal acceptances The event selection described in this Section is tailored to achieve
the best analysis sensitivity for A — Zh signal events produced via gluon-fusion mecha-
nism. The results of this search are however also interpreted considering signals from bbA
associated production (although the analysis is not optimized for such processes), therefore
it is useful to quote the signal efficiencies for the two production modes. To give a single
figure of merit, all numbers are quoted for a signal with m 4 = 600 GeV.

The 2-tag signal regions efficiency for gluon-fusion A — Zh events corresponds to 12.3%
for vobb decays and 15.3% for the average of [T17bb (I = e, ) decays. The 1-tag signal
regions efficiency corresponds to 7.0% and 7.4% respectively.
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The corresponding signal efficiencies for bbA produced A — Zh signal events are in the
range of 58%-64% of those found for gluon-fusion production (for the same m 4 values). The
major drop in efficiency for this production mode corresponds to the veto of events with
more than 2 b-tagged jets: removing this veto the bbA efficiencies rise to approximately
80% of the gluon-fusion production ones.

Variable Low-p?l:' | I-Iigh-p.%'
Common selection

p,% [GeV] <500 = 500

Np-tag jet 1.2 1,2

Nimall-R jet =2 =0

Jr"""la.rg::—ﬁ‘ jet =0 z1

Mgijey OF Mg [GeV] 110-140 75-145
0-lepton selection

ESS [GeV) | >150 -

Nie=32) .,

z pr' [GeV] > 150 (120)) -
PSS [GeV] > 30 > 30
Ag(Emiss i mmiss <x/2 <nf2
AG(ETSS, ) > 27/3 > 2n/3
min[A@(ET™, small-R jet))] >a/9% | > a9
Ad(j.j) <Tn/9 -
Number of hadronic taus 0 0
Number of b-tag track-jets not - 0

associated to the leading large-R jet
2-lepton selection
Mg [GeV] T70-110 70-110
myy [GeV] 70-110 55-125
ET™S |\Hy [VGeV] <35 -

Figure 7.2: Event topological and kinematic selections. (x) In the low—p% category of the
0-lepton channel the min[A¢(EZ* small-R jet)] and the Zﬁvzjlet:?’@) p]; Y are calculated
using the first three central small-R jets ordered in pr or, in case there are only two central
small-R jets, with these two jets and the first forward small-R jet ordered in pr.

7.4 Background Estimate and Modeling

As stated in Section 7.2 this analysis relies entirely on MC simulations to obtain the
estimate of signal and background processes which is used as input for the Likelihood fit
to data. In this section I will briefly highlight some of the key points that differentiate the
background estimate from what described in Section 6.5, and characterize this analysis:

1. MJ background: since the 1-lepton channel is not included in this search, the
impact of the MJ background is largely suppressed. With the selection cuts presented
in Section 7.3 its contribution is reduced below 1%: no dedicated estimate of these
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processes is therefore required. In order to optimize the cuts and to control its impact
on the selected phase space, the PYTHIA 8 MC simulation is used to model the MJ
background.

2. (W/Z) + jets background prediction: these background processes are similar to
the ones described in Section 6.5, however the SHERPA MC prediction is improved
from the LO estimate of SHERPA 1.4.1 used in Chapter 6, to the higher order predic-
tion of SHERPA 2.1.1. The striking mismodelings found for the V+jets background
in the analysis of Run-1 data are not observed in this search, comparing data to MC
in the analysis control regions (specifically the 1-tag categories, with higher available
data statistics): the variables that were used to extrapolate corrections for the Run-1
V H (bb) analysis are well described by the simulation, thus no reweighting correction
is applied in this search.

3. (W/Z)+ jets background flavor labeling: the (W/Z) 4+ jets backgrounds are sep-
arated in sub-component according to the true flavor of the two small-R jets forming
the h candidate in low—p% events, or the true flavor of the two leading track jets asso-
ciated to the selected large-R jet in high—p% events. The true flavor is determined with
the same technique described in Section 6.2. The (W/Z) + jets simulated samples are
then split into six components based on this association scheme: W/Z+bb, W/Z +bc,
W/Z+bl, W/Z+cc, W/Z+cl and W/Z+Il. For the Z+jets background, Z+bb, Z+bc
and Z + cc are treated as a single component representing all events with a Z boson
and two associated heavy-flavor jets, denoted ‘Z + (bb, be, cc)’, while ‘Z + (bl, cl)’ rep-
resents Z + bl and Z + cl. For the Wjets background, ‘W + (bb, be, cc, bl)’ contains
the union of W 4 bb, W + be, W + cc and W + bl.

4. tt background: the ¢t background has sizable contribution in both 0- and 2-lepton
channels. It is worth noting that this background shows the largest increase in
partonic cross section from /s = 8 to 13 TeV among all EW backgrounds, and it
is furthermore enhanced since no veto on higher jet multiplicities is applied in this
analysis. Less control on its estimate is provided by the Likelihood fit to data, since
the 1-lepton channel is not included. For this reasons a specific t¢ control region is
defined by applying the 2-lepton selection, relaxing the lepton invariant mass cut to
my; > 40 GeV, removing the E:,”?iss /v Hr cut and requiring the selected leptons to
be of different flavor. This CR is defined for low—p% events only, separately for 1-tag
and 2-tag events.

The remaining backgrounds (semileptonic diboson, single-top production and SM V H (bb)
processes) contribute to the level of a few percents in the analysis regions. When per-
forming this analysis the differential NLO EW reweighting corrections for the SM V H (bb)
estimate (introduced in Section 6.5.3) were not available and therefore are not applied.
The distribution of the discriminating variables m%h and m?" are shown in Figure 7.3 for
the mg;jer side-bands control regions, defined in Section 7.3, for the low—p% categories of
the 0- and 2-lepton channels, separately for 1-tag and 2-tag events. The m?" distribution
from events collected in the ¢t specific control regions is shown in Figure 7.4, separately
for 1-tag and 2-tag categories.

The distribution of the my;jer variable, key to define signal and control regions and to
build the final discriminating variables, is shown in Figure 7.5 and 7.6 for the same set of
regions.

A crucial aspect of this search is the possibility to probe two different regimes simultane-
ously: the low—p% regime, which shares several features of the background estimate and
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modeling with the SM V H (bb) search, and the high-p% regime. In the ‘resolved regime’ the
contribution of EW backgrounds is large and their modeling has a sizable impact on the
analysis performance, while in the ‘merged regime’ the number of events is fairly low due
to the requirement of p% > 500 GeV, therefore the fine details of the background modeling
are less impactful. Figure 7.7 show the p% distribution for 0- and 2-lepton signal regions,
separately for 1- and 2-tag categories, combining together the low- and high—p% regimes,
clearly showing the different magnitude of the background contribution for p% < 500 GeV
(the discontinuity at p% = 500 GeV is due to the different selection cuts in the low- and
high-pZ categories).

In all Figures 7.3, 7.4, 7.5, 7.6 and 7.7, the background expectation is shown after the
maximum Likelihood fit to the data, described in Section 7.6.
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Figure 7.3: Distributions of m:%h and mZ" in the low—p% categories for the O-lepton (top)
and 2-lepton (bottom) channels ‘(W/Z) + jets’ control regions. The left (right) column
corresponds to the 1-tag (2-tag) control regions. The background expectation is shown
after the maximum Likelihood fit to data; the total background expectation before the fit
is denoted by the dotted blue line. The ratio of the data to background prediction is shown
below each plot, and contains the total uncertainty band (black diagonal hashing) on the
background prediction.
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Figure 7.4: Distributions of mzj, in the té-enriched ey control region. The left (right)
column corresponds to the 1-tag (2-tag) regions. The background expectation is shown
after the maximum likelihood fit to the data; the total background expectation before the
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shown below each plot, and contains the total uncertainty band (black diagonal hashing)
on the background prediction.
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Figure 7.5: Distributions of the dijet-mass in the low—p% categories for the 0-lepton (top)
and 2-lepton (bottom) channels, combining signal regions and ‘(W/Z) + jets’ control re-
gions. The left (right) column corresponds to the 1-tag (2-tag) control regions. The
background expectation is shown after the maximum likelihood fit to the data; the total
background expectation before the fit is denoted by the dotted blue line. The ratio of the
data yield and background prediction is shown below each plot, and contains the total
uncertainty band (black diagonal hashing) on the background prediction, excluding the
uncertainties specifically derived on the shape of the m%h and m?" mass distribution for
the (W/Z) + jets and the tt processes. Signal MC simulation samples are generated using
the gluon fusion process. The right-most bin in each plot contains all events in and above
that bin.
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Figure 7.6: Distributions of dijet-mass in the tt-enriched ep control region. The left (right)
column corresponds to the 1-tag (2-tag) regions. The background expectation is shown
after the maximum likelihood fit to the data; the total background expectation before the
fit is denoted by the dotted blue line. The ratio of the data yield and background prediction
is shown below each plot, and contains the total uncertainty band (black diagonal hashing)
on the background prediction, excluding the uncertainties specifically derived on the shape
of the m4" and m?" mass distribution for the (W/Z) + jets and the tf processes. The
right-most bin in each plot contains all events in and above that bin.
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7.5 Systematic Uncertainties

In this section I describe the systematic uncertainties affecting this analysis, broadly cate-
gorized in experimental systematic uncertainties (related to the performance of the detector
and the reconstruction of objects and events) and modeling systematic uncertainties (re-
lated to the accuracy of the MC modeling of backgrounds and signal).

7.5.1 Experimental systematic uncertainties

This set of systematics includes uncertainties affecting the trigger selection, the object
reconstruction and identification, the object energy, momentum and mass calibrations
and resolutions, for the different objects used in this analysis (charged leptons, hadronic
jets, missing transverse momentum). The main details of these uncertainties are here
summarized:

» integrated luminosity and pile-up: the uncertainty on the integrated luminosity
amounts to 5%, and it is applied to the MC estimate of signal and backgrounds,
determined following the same procedure outlined in [207]. An uncertainty on the
modeling of additional interactions per bunch crossing is applied to the MC simula-
tion by varying the average number of additional interactions by O(10%).

» leptons: systematic uncertainties affecting the lepton triggers, lepton reconstruction,
identification and isolation efficiencies and the energy and resolution corrections are
included, for both electrons and muons, with very low impact on the analysis perfor-
mance.

» ERiss trigger: the trigger efficiency is corrected with scale factors (SFs) obtained
from data-to-MC comparison for W (uv) + jets events. Uncertainties on these scale
factors account for statistical fluctuations in its determination, and differences in its
measurement with alternative physics processes (comparing SFs obtained from ¢t and
Z(vv) + jets events).

» small-R jets energy scale (JES) and energy resolution (JER): the systematic
uncertainty on the JES is fully documented in [233] and includes several sources, es-
timated from data collected at 13 TeV. It is divided into several components covering
in-situ analyses, 7 inter-calibration, high-pr jets, pile-up effects, flavor composition,
flavor response, b-jets specific effects and impact of punch-through jets. These differ-
ent effects are treated by performing a principal component analysis, to decompose
them into uncorrelated components that can be considered as independent sources,
and combining the resulting variations in a set of three separated uncertainties, ap-
plied in this analysis. The JES uncertainty for central jets (n = 0) ranges from
0(6%) for jets with ppr ~ 20 GeV, to O(1%) for jets with pr > 100 GeV. A single
JER systematic uncertainty is derived from data-to-MC comparisons, ranging from
0(4%) for jets with pr ~ 20 GeV, to O(1%) for jets with pr > 100 GeV (in the
central region n = 0).

» large-R jets: both JES and JER uncertainties are included in the analysis, along
with systematic uncertainties on the mass scale and resolution, evaluated by com-
paring the ratio of calorimeter-based to track-based measurements in multi-jet data
and simulation. These systematics have typical sizes of 2-20% for the large-R jet
energy /mass scales [154].
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» flavor-tagging: uncertainties related to the flavor-tagging algorithm applied to
small-R and track jets cover different systematic effects. For both jets collections
a set of data~-to-MC SFs is applied, derived by measuring the tagging efficiency in
data, depending on the jet kinematics (pr and n): for c-jets and light-jets these mea-
surements are performed with data collected during Run-1 (with Run-1 to Run-2
extrapolation uncertainties), while for b-jets the Run-2 data are used with t¢ en-
riched samples. The uncertainties on these SFs encode several effects from their
measurements in data, and result in 40 separate components per flavor (b-, c-, 7-
and light-jets). Following the approach used for the JES, this number is reduced
via a principal component analysis, resulting in 3 separate uncertainties for b-jets,
4 for c-jets and 5 for light-jets, which are applied in this analysis. Two additional
systematic uncertainties are included, related to the extrapolation of the SFs to dif-
ferent jet pr regimes and to the extrapolation from charm to bottom quark. These
uncertainties are treated as fully correlated between small-R and track jets.

> E%‘issz the uncertainties on the jet energy scale are propagated to the Eg?iss calcu-
lation. Furthermore uncertainties on the determination of the E7"%® soft-term are
included, covering its calibration and resolution.

7.5.2 MC modeling systematic uncertainties

The dominant background contributions for this search come from t¢ and (W/Z) + jets
events (mostly Z + jets): for these processes dedicated systematic uncertainties on the ac-
curacy of the MC estimate and modeling have been derived. The remaining backgrounds
(single-top production, semileptonic diboson processes) have contributions of the order of
few percent: for these processes the systematic uncertainties derived for the SM Vh(bb)
search presented in Chapter 6 have been applied without modifications, and their impact
on the final result is very small. Finally Vh(bb) processes are treated as background in
this search, applying an overall normalization uncertainty of 50%.

In this section I describe in detail the procedure applied to estimate the MC modeling
systematics for ¢t and (W/Z) + jets backgrounds and for the A — Zh signal processes.
The strategy adopted to derive systematic uncertainties for the two main backgrounds is
the following: for each process the total normalization is determined by the fit to data,
either as a unconstrained nuisance parameter (for the largest background components)
or with specific priors. Furthermore systematic uncertainties on the relative variation of
the background acceptance across analysis categories are derived by comparing the nomi-
nal MC prediction to alternative generators and/or setups. The complete set of nuisance
parameters thus derived provides the Likelihood fit with all the necessary degrees of free-
dom to control the background prediction and adjust its modeling using the information
extracted from data. The systematic uncertainties on the normalization of the t¢ and
(W/Z) + jets backgrounds are summarized in Tables 7.3 and 7.4.

Top-pair production systematic uncertainties The overall normalization of the ¢t
background is free to float in the Likelihood fit to data, separately for O- and 2-lepton
channels, in order to fully exploit the constraining power of data from signal and control
regions. Additional modeling systematic uncertainties are estimated via the comparison
of the nominal POWHEG prediction to the alternative MADGRAPHS AMCQ@QNLO MC
generator, and to POWHEG samples with increased or reduced production of additional
radiation. All the alternative samples are generated applying the same requirement on the
leptonic decay of the W boson as the nominal one, and undergo the baseline analysis selec-
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tion described in Section 7.3. The details of these alternative samples are given in Table 7.2
(where hdamp is the POWHEG resummation damping parameter, the transverse momentum
scale around which the Sudakov resummation becomes unimportant and can be damped.
At this scale the pure NLO matrix element provides a good description, meaning that
smaller values of hdamp correspond to a larger suppression of the hardest emission cross
section). An uncertainty of 30% is quoted on the relative normalization of the high-p% and

Generator Setup Details Systematic Effect
MaDpGRAPHS _AMC@NLO UE-EE-5 tune hard scatter
+HERWIG ++ [234] CT10(ME) & CTEQ6L1(PS) generation and matching
lepton filter
PowHEG +PyTHIA 6 nominal setup low variation for additional
scale variations low (ur = ur = 2) radiation

hdamp = myop
low radiation PERUGIA2012 tune variation

PowHEG +PyTHIA 6 nominal setup high variation for additional
scale variations high (ur = pr = 0.5) radiation
hdamp = 2 X Myop
high radiation PERUGIA2012 tune variation

Table 7.2: tt MC samples generated for the estimate of systematic uncertainties.

low-pZ regions, and uncertainties in the range of 2.5%-10% on the relative normalization
of mg;jer signal region to the side-bands control regions: these uncertainties are derived
and applied in the analysis separately for 0-lepton and 2-lepton ¢t events, consistently with
the overall normalization. Finally an uncertainty of 2.5% is assigned to the relative nor-
malization of the tt dedicated control region and the remaining 2-lepton channel. These
uncertainties are obtained from the quadrature sum of ¢f acceptance variations between
nominal and alternative MC predictions, without including possible differences in the total
tt cross section. This scheme of normalization uncertainties applied for the ¢t background
is reported in Table 7.3.

Additional systematic uncertainties on the shape of the discriminating variables m%h and
m?" are extracted from the same MC comparisons. Separate uncertainties are derived from
the comparison of the nominal POWHEG prediction to MADGRAPHS AMC@NLO, and
to the alternative POWHEG samples (treated as correlated), separately for 0- and 2-lepton
events, by fitting the ratio between different predictions with a first order polynomial func-
tion.

Finally a systematic uncertainty on the shape of the transverse momentum of the top-quark
candidates pr(top) is included: this systematics is taken unmodified from the SM V H (bb)
analysis described in Chapter 6, and it is detailed in Section 6.6.3. Although no striking
mismodeling in the pr(top) distribution has been observed in this search, discrepancies
have been found in the analysis of the LHC Run-1 data: since the MC prediction has not
changed significantly between the two analyses, it was decided to provide the Likelihood
fit with some degrees of freedom to modify the ¢f description according to this variable.

(W/Z) + jets systematic uncertainties Systematic uncertainties on the modeling of
these processes are considered separately for the different sub-components: Z + (bb, be, cc),
Z+ (blyel), Z+1, W+ (bb, be, cc,bl), W + cl and W + 1. The uncertainties are derived by
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Lepton channel Uncertainty Value
0-lept
epon overall normalization | floating
2-lepton
0-lept
eptot high-to-low pZ 30%
2-lepton
0-lept 12%
epot Mdijet SR-to-CR ¢
2-lepton 9%
2-lepton tt CR / 2-lepton SR | 2.5%

Table 7.3: Summary of the normalization systematic uncertainties for the ¢ background.

comparing the nominal SHERPA MC prediction to alternative MC samples. Two approaches
are considered:

1. comparison between the baseline SHERPA MC and alternative MADGRAPHS5 AMC@QNLO
+PyTHIA 8 samples: this comparison is performed applying the full event selection
detailed in Section 7.3. The main drawback of this approach is the low statistics
of the MADGRAPH5 AMC@NLO samples (generated without hadron-flavor or p¥
filters) in the analysis signal regions.

2. comparison between the baseline SHERPA MC and alternative SHERPA samples pro-
duced with factorization, renormalization and resummazion scales either doubled or
halved, or matching scale varied in the range 15 GeV - 30 GeV: these alternative
samples are produced at particle-level, without any detector simulation, therefore
they cannot undergo the baseline event selection from Section 7.3. This comparison
is thus performed by implementing an event selection based on particle-level recon-
structed quantities through the RIVET [235] software, closely mirroring the baseline
selection.

The overall normalization of the largest contributions, Z + (bb, bc, cc) and Z + (bl, cl), is
unconstrained in the Likelihood fit to data, while overall normalization uncertainties are
assigned to the remaining components to constrain their values in the fit. These normal-
ization uncertainties correspond to 26% for Z + 1, 30% for W + (bb, be, ce, bl), 30% for
W + ¢l and 10% for W + [ processes, and encode both theoretical uncertainties in the
cross section calculations used to normalize these samples [191] and acceptance variations
from the particle-level comparisons of the nominal SHERPA prediction to the alternative
SHERPA samples produced with varied scales.

Additional uncertainties are quoted on the relative variation of the background contri-
butions across analysis categories and flavor components. An uncertainty of 13% (35%) is
assigned to the relative acceptance variation of Z + ¢l to Z + bl (W + bl to W + bb) from
the comparison of the alternative SHERPA samples.

Furthermore uncertainties of 10%-20%-30% are quoted on the relative acceptance vari-
ation between low- and high-pZ categories, respectively for Z + (bb,be,cc), Z + (bl,cl)
and Z + [ components; and corresponding uncertainties of 11%-24%-33%, respectively
for W + (bb, be, cc,bl), W + ¢l and W + | components. These systematic uncertainties
are obtained from the comparison of the baseline SHERPA prediction to the alternative
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MADGRAPHS AMC@NLO samples. From the same comparison, uncertainties of 17%-
12%-9% are derived on the relative acceptance variation between 0- and 2-lepton channel
for Z 4 (bb, be, cc), Z + (bl, cl) and Z +1 components (while corresponding uncertainties for
the W + jets background are not included, since its contribution in the 2-lepton channels
is negligible).

All these relative normalization uncertainties include only variation effects on the accep-
tance of the backgrounds, with no contribution from possible differences in the cross section
calculation, and are outlined in Table 7.4.

Finally shape systematic uncertainties for the discriminating variables m%" and m?" are
extracted from the comparison between SHERPA and MADGRAPHS AMC@NLO: these
shape variations are derived separately for all six (W/Z) + jets background components,
and are estimated and applied separately in the mg;je; signal region and the side-bands
control regions, in order to cover relative acceptance variations across these categories, as
well as shape effects (the impact of these variations is in the range 1%-13%).

Zh
T

A — Zh signal systematic uncertainties Several systematic effects are considered
when studying the modeling of the signal processes, and they are all combined in a sin-
gle systematic uncertainty on the total signal normalization, since no striking shape effect
is observed for the main discriminating variables. The sources of systematic effects in-
clude: choice of the PDFs, with an impact of 1%-4% estimated by changing the baseline
NNPDF2.3LO PDFs to the MSTW2008LO set; independent variations by a factor of two
of the renormalization and factorization scales, with an impact of 1%; choice of the parton
shower and underlying event tune, with an impact of 1% to 4%.

These uncertainties are found to be fairly consistent across the m 4 mass range considered
in this analysis, thus no dependence on the mass of the A boson is introduced.

No modeling uncertainties are considered for the alternative signal samples used to test
the bbA production hypothesis.

Uncertainty Z + (bb, be, cc) Z+ (bl,cl) | Z+1
Overall normalization floating floating 26%
high-to-low pZ 10% 20% 30%
0-to-2 lepton 17% 12% 9%
Z+c/Z+ bl - 13% -
Systematic W + (bb, be, ce, bl) W+ ¢l W +1
Overall normalization 30% 30% 10%
high-to-low pZ 11% 24% 33%
W + bl/W + bb 35% - -

Table 7.4: Summary of the normalization systematic uncertainties on the (W/Z)+jets
backgrounds

7.6 Statistical Analysis

The statistical approach chosen to extract the final results of this search is presented in
its core principles in Chapter 4, and it is consistent with the one adopted for the other
analyses presented in this thesis: the measured data are fitted using templates for the
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expected signal and background contributions with a binned Likelihood fit approach, which
combine simultaneously all the signal and control regions of the analysis. This analysis
uses the test statistics specifically defined for upper limits setting ¢, (rather than the one
defined for the discovery of a positive signal qg), detailed in Section 4.1.

In this section I present an overview of the main features of this fit, summarizing all signal
and control regions with their role in the Likelihood fit, while the main results of the search
are presented in Section 7.7.

Signal regions Eight different signal regions (SRs), introduced in Section 7.3, are in-
cluded in the Likelihood fit, separately for 0- and 2-lepton channels, 1-tag and 2-tag cate-
gories, low- and high—p% regimes. The split in 1-tag and 2-tag categories is introduced to
provide additional constraints on the background flavor composition, and to recover signal-
like events in the high—p% regime where one of the b-tagged jets is not properly tagged due
to the proximity of the selected jets (as a result of the large boost of the h candidate). The
efficiency of these regions in collecting signal events is quoted in Section 7.3.

The distribution of the discriminating variables m%h and m?" in these signal regions is
shown in Figure 7.8 and Figure 7.9, respectively for low- and high—p% events (the back-
ground expectation is shown after the binned maximum likelihood fit to the data). It is
interesting to note how the high-pZ selection (including the pZ > 500 GeV requirement)
greatly depletes the number of selected events in data, resulting in zero selected data events
in the 2-tag high-pZ signal regions shown in Figure 7.9(b) and 7.9(d).

Control regions Six separate control regions (CRs) are included in the Likelihood fit:
four regions are defined as ‘(W/Z)+jets CRs’ by selecting events outside of the mg;je; mass
window cuts: low-mg; ;e and high-myg;jer events are merged together, while 1-tag and 2-tag
categories are kept separate, as well as lepton channels. The background composition of
these CRs is clearly shown in the distributions of the mg;je; variable shown in Figure 7.5.
Two additional regions are defined as ‘¢t CRs’ as detailed in Section 7.4, from a loosened
2-lepton selection with different flavor leptons, providing strong constraint to the modeling
of the tt background processes. The distributions of the mg;je; variable for these CRs is
shown in Figure 7.6.

These six control regions are included only for the low—p% regime since the background
contribution is severely depleted after the high—p% selection, hence including correspond-
ing CRs in the merged regime does not lead to any improvement in the Likelihood fit. It
is therefore crucial to remark that the background modeling and normalization are mostly
controlled by the fit of the low—p% categories (where the background contribution is sizable)
and propagated to the high—p% regions through the overall normalization parameters for
the different background processes. To handle this correlation, additional parameters are
included for the main backgrounds (t¢ and (W/Z) + jets) controlling the relative normal-
ization between low- and high—p% categories, as detailed in Section 7.4.

Discriminating variables and binning The variables included in the Likelihood fit
for both signal and control regions are the transverse mass m%h and the invariant mass
m?" | respectively for the 0- and 2-lepton channels, introduced in Section 7.3.

Given the different statistical power of low- and high—p% categories, different binning choices
for the discriminating variables are adopted. For high—p% regions (in both lepton channels)
the mass distributions have three equal-size bins from 500 GeV to 2 TeV: the low number

of bins is chosen to cope with the very low statistics of these categories while retaining
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some information from the shape of the discriminating variable.

For low-p% signal regions in the 0-lepton channel the m%h distribution contains 8 equal-
size bins of 100 GeV, from 200 GeV to 1 TeV; while in the 2-lepton channel variable-width
bins are used, with broader bins for larger m?" masses, in order to reflect the change in
background contribution and signal resolution for different masses, exploiting the better
mass resolution of this lepton channel. For both lepton channels the template distributions
included for the different control regions have equal-size bins of 200 GeV, from 200 GeV
to 1 TeV. In all cases events outside the presented range are included in under/over-flow
bins.

Statistical uncertainties due to the limited size of simulated background samples are in-
cluded as nuisance parameters with Poisson parametrization, assigning one NP to each bin
of the fitted mass distributions if the relative statistical uncertainty on the total background
is above 5%.

Understanding the AZh(bb) Likelihood fit model The Likelihood fit model and its
results are studied and checked by performing the different tests presented in Section 4.2.2,
considering the impact of the fit to data on the NPs in terms of central values, uncertainties
and correlations arising during the fit itself. In addition, the ranking of the NPs according
to their effect on the measured signal strength /i is considered as a figure of merit to deter-
mine the most important NPs in the analysis (in this search the signal strength is simply
the scaling factor for the expected signal rate, including the branching ratios of the Z and
the h bosons). No pathological behavior is found from these tests, showing the stability of
the Likelihood fit and the extracted results.

The dominant systematic uncertainties in the Likelihood fit depend on the signal mass
hypothesis m 4 tested, as fits to lower masses are more sensitive to the low—p% categories,
while fits to larger masses strongly depend on the high—p% regions. When testing signals
with a mass of myg = 500 GeV the highest ranked systematic uncertainties are related to
the modeling of Z + (bb, be, cc) and Z + (bl, ¢l) processes in the signal regions and to the
experimental uncertainties on the b-tagging scale factors, the total integrated luminosity
and the JES.

Considering different m 4 mass hypothesis it is found that the most important experimen-
tal systematic uncertainties are associated with the calibration and resolution of the small-
and large-R jet energy, the calibration and resolution of the large-R jet mass (for high—p%
categories) and the determination of the jet b-tagging efficiency and mistag rate. The
highest ranked modeling systematic uncertainties are always related to the background
estimate for Z + jets and ¢t events, and play a stronger role when fitting lower m 4 values.
Statistical fluctuations on the estimate of systematic uncertainties are treated by applying
the smoothing procedure detailed in Section 4.2.1, while the total number of systematic
variation template pairs (+1o and -10) and normalization NPs is reduced with the pruning
methods described in the same Section, in order to eliminate unnecessary parameters and
limit the fit complexity.

A crucial message from the Likelihood fit results comes from the total uncertainty on
the cross section for the A — Zh signal processes, after the maximum Likelihood fit to
data. For a signal with m4 = 600 GeV, after the Likelihood fit, the dominant contribution
to this uncertainty comes from the limited number of events in data, which accounts for
almost 80% of the cross section uncertainty, while the limited statistics of MC simulated
samples, the modeling systematics and the experimental uncertainties play a much smaller
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Figure 7.8: Distributions of m%h and m?" in the low—p:% categories for the O-lepton (2-
lepton) channels are in the top (bottom) row. The left (right) column corresponds to the
1-tag (2-tag) signal regions. The background expectation is shown after the maximum
likelihood fit to the data; the total background expectation before the fit is denoted by the
dotted blue line. The signal for g9 =+ A — Zh with m 4 = 600 GeV is shown stacked on top
of the background and normalized to 113 b, corresponding to the 95% CL upper limit on
o(g9 — A)x BR(A — Zh)x BR(h — bb). The ratio of the data and background prediction
is shown below each plot, and contains the total uncertainty band (black diagonal hashing)
on the background prediction. The right-most bin in each plot contains all events in and
above that bin. In (c) and (d) the bin widths vary with m4.
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Figure 7.9: Distributions of m%h and m?" in the high—p:% categories for the 0-lepton (2-
lepton) channels are in the top (bottom) row. The left (right) column corresponds to the
1-tag (2-tag) signal regions. The background expectation is shown after the maximum
likelihood fit to the data; the total background expectation before the fit is denoted by the
dotted blue line. The signal for g9 - A — Zh with m 4 = 600 GeV is shown stacked on top
of the background and normalized to 113 fb, corresponding to the 95% CL upper limit on
o(gg — A)x BR(A — Zh)x BR(h — bb). The ratio of the data and background prediction
is shown below each plot, and contains the total uncertainty band (black diagonal hashing)
on the background prediction. The right-most bin in each plot contains all events in and
above that bin.
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7.7 Results and Interpretation

The results of this search are obtained from the combined Likelihood fit to data described
in Section 7.6 performed for values of the A boson mass in the range 220 GeV - 2 TeV: dis-
tributions of the discriminating variables m%h and m?" for events passing the signal regions
selections are shown in Figure 7.8 and Figure 7.9, for the low- and high—p% categories respec-
tively. The background expectation is shown in these figures after the binned Likelihood
fit to data: no significant excess above the expectation from the background prediction is
observed in data. Two upward deviations from the background-only hypothesis occur at
masses m4 = 260 GeV and 440 GeV, each corresponding to a local significance of about 20.
The expected and observed numbers of events in each signal region (after the Likelihood
fit to data) are shown in Table 7.10: the numbers predicted for the A — Zh signal process
assume o(gg — A) x BR(A — Zh) x BR(h — bb) = o(Abb) x BR(A — Zh) x BR(h —
bb) = 113 fb, for ma = 600 GeV. This value of the cross section is chosen because it
corresponds to the 95% CL upper limit on the o(gg — A) x BR(A — Zh) x BR(h — bb)

process at this mass, from the Profile Likelihood Ratio fit.

Since no excess is observed, exclusion limits are quoted using the modified frequentist
method named CLs, with the test statistics ¢, defined in Section 4.1.

Figure 7.11 shows the 95% confidence level (CL) upper limits on the product of production
cross section (pp — A) and branching fractions (A — Zh and h — bb) as a function of
the resonance mass m 4, for the different production mechanisms tested: pure gluon-fusion
and pure b-quark associated production. The same limits are shown super-imposed in
Figure 7.12 for a more direct comparison, while the exclusion limits obtained for an equal
mixture of gluon-fusion and b-quark-associated production signals are presented in Fig-
ure 7.13.

The 95% confidence level upper limits on the triple branching fractions, o(pp — A) X
BR(A — Zh) x BR(h — bb), are set in the range of [4.0, 0.017] pb ([6.9, 0.026] pb) for
ma = [220,2000] GeV assuming gluon-fusion (b-quark-associated) exclusive production.

In order to show the different features of the sensitivity of the 0- and 2-lepton channels,
the expected upper limits for gg — A — Zh — (1=, vD)bb are presented separately for
the two lepton channels in Figure 7.11(a). For m4 < 800 GeV the 2-lepton channel shows
the strongest contribution, mainly thanks to the better mass resolution of the m?%"
able, critical in the low-mass region where the contribution of EW backgrounds is sizable.
On the contrary the 0-lepton channel is dominant for m4 > 800 GeV, due to the largest
branching ratio of the Z decay to neutrinos compared to the decay to electron and muon
pairs: the larger signal yield has indeed a stronger impact than a finer mass resolution, in
a region where the backgrounds are almost completely suppressed.

vari-

Finally Figure 7.14 shows the expected upper limits for gg — A — Zh — (IT1=,vD)bb
as obtained from the separate standalone fits of the low—p% and high—p% categories (com-
bining 0- and 2-lepton channels), compared to the expected combined upper limits. This
result clearly shows how the high—pr_% categories are dominant for large values of the A
boson mass, above 1100 GeV.

For my > 800 GeV the results presented here in terms of expected limits improve upon
the results presented by the ATLAS Collaboration in [13].
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Interpretation in the context of the Type-I and Type-II 2HDMs The results
presented in this section can be interpreted within the framework of the different 2HDMs
introduced in Section 2.5 to impose limits on some combination of parameters of such mod-
els. In detail, Type-I and Type-II 2HD models are considered, in order to quote exclusion
limits on the tan 8 and cos(8 — a) parameter plane: 95% CL exclusion regions in this plane
are shown for my = 600 GeV in Figure 7.15.

The width of the A boson is assumed to be narrow in the MC simulation, but it is a
parameter which depends on the values of tan 8 and cos(8 — «) tested. To properly ac-
count for this dependence the A boson width is corrected to the value I'4 predicted by
the tested 2HDMs for each point in the tan 8 and cos(f — «) parameter space, by using
a relativistic Breit-Wigner function. This correction is an approximation which holds for
I'4 width smaller than 5% of the mass m 4, therefore only points of the parameter space
where I'y /m4 < 5% are considered in this interpretation (points outside this validity re-
gion correspond to the gray areas in Figure 7.15, which are thus not tested here).
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Figure 7.10: The numbers of expected and observed events for all the signal regions. The
expectation is shown after the maximum likelihood fit to the data. The quoted uncertain-
ties are the combined systematic and statistical uncertainties. The numbers predicted for
a A — Zh signal process in gluon-fusion and b-quark-associated production assume that
o(gg = A) x BR(A — Zh) x BR(h — bb) = o(pp — bbA) x BR(A — Zh) x BR(h —
bb) = 113 b, for ma = 600 GeV. This cross section corresponds to the 95% CL upper limit
on these effective cross sections at this mass. A dash indicates a negligible yield of events.
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Figure 7.11: Upper limits at the 95% CL on the product of the production cross section for
pp — A and the branching ratios for A — Zh and h — bb evaluated by combining the 0-
lepton and 2-lepton channels. The possible signal components of the data are interpreted
using the following production mechanism hypotheses: Assuming (a) pure gluon-fusion
production, and (b) pure b-quark-associated production. The green (yellow) band indicates
the 1o (20) statistical and systematic uncertainty on the expected exclusion limit (dotted
black line). The solid black line is the observed exclusion limit. The long-dashed (fine-
dotted) red line indicates the limit for the O-lepton (2-lepton) analysis alone. The small
increase in the expected limit for A — Zh — [T17bb with m4 around 850 GeV is due
to statistical uncertainties on the background estimation, while for m 4 around 1 TeV the
effect is due to the transition from the low—p% category to the high—p% category.
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Figure 7.12: Upper limits at the 95% CL on o(pp — A) x BR(A — Zh) x BR(h — bb) eval-
uated by combining the 0-lepton and 2-lepton channels. The possible signal components
of the data are interpreted using an equal gluon-fusion production (black) and b-quark-
associated production (red). The dotted lines indicate the expected exclusion limits. The
solid lines are the observed exclusion limits.
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Figure 7.13: Upper limits at the 95% CL on o(pp — A) x BR(A — Zh)x BR(h — bb) eval-
uated by combining the 0-lepton and 2-lepton channels. The possible signal components
of the data are interpreted using an equal mixture of gluon-fusion and b-quark-associated
production. The green (yellow) band indicates the 1o (20) statistical and systematic un-
certainty on the expected exclusion limit (dotted black line). The solid black line is the
observed exclusion limit.
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Figure 7.14: Expected upper limits at the 95% CL on 0(g9 — A)x BR(A — Zh)x BR(h —
bb) evaluated by combining the 0-lepton and 2-lepton channels. The long-dashed line is
the upper limit expected from the low—p% analysis, while the fine-dotted line is that from
the high—p% analysis. The remaining dotted line is the combination of the two analysis
channels.
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Figure 7.15: The interpretation of the cross section limits in the context of a Type-I and
Type-I11 2HDMs as a function of the parameters tan § and cos(8 — «) for my = 600 GeV.
Variations of the natural width up to I'y/m4 = 5% and different mixtures of gluon-fusion
and b-quark-associated production are taken into account. Only points in parameter space
where 'y /m4 < 5% are considered.
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8 Search for Standard Model V H (bb): Run-2 data

8.1 Introduction: The Analysis Strategy

In this Chapter I describe the search for the Standard Model Higgs boson in associated
production (W/Z)H in the decay channel to a pair of b-quarks, performed with data col-
lected by the ATLAS detector during the LHC Run-2 (until July 2016) at a center of mass
energy of /s = 13 TeV [230].

This is the first analysis targeting the Higgs V H(bb) performed with data collected at
/s = 13 TeV. It starts from the experience gathered from the same analysis performed
with the LHC Run-1 data, documented in Chapter 6, and from the search described in
Chapter 7 which, although targeting a different type of process, has been critical to begin
the understanding of the LHC Run-2 data in the final states here considered.

The main analysis strategy is shaped in its main features on the mold of the V H (bb)
analysis of LHC Run-1 dataset: in this Chapter I give a full description of the analysis,
with particular highlights on the updates and changes that have been introduced with
respect to Chapter 6.

The dataset and the simulated Monte Carlo samples used for this search are described
in Section 8.2. The object and event reconstruction was already detailed in Chapter 5
and thus not repeated here, while the event selection and categorization are described in
Section 8.3.

Following the successful experience of the analysis at 8 TeV, the multivariate approach
is adopted, by building an MVA whose details are given in Section 8.4. The background
composition and modeling, although similar to what observed from Run-1 data, show some
important differences. The multijet background is one of the main actors in the SM anal-
ysis (contrary to the search described in Chapter 7 where the 1-lepton final state is not
included) and its determination from /s = 13 TeV data, along with details of the back-
grounds and signal estimate, is outlined in Section 8.5.

The experimental systematic uncertainties relevant in this analysis are quite similar to the
ones described in Chapter 7, with a few differences. The modeling uncertainties however
have been carefully studied and re-derived here. Section 8.6 provides full details on the
estimate of the systematic uncertainties included in the analysis.

The results of this search are obtained with a statistical procedure whose main principles
are described in the dedicated Chapter 4: in Section 8.7 I provide a detailed discussion of
the implementation and the results of this statistical methodology, which leads to the final
results presented in Section 8.8.
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8.2 Data and Simulated Samples

Dataset This analysis is performed with data collected by the ATLAS detector at a
center of mass energy of /s = 13 TeV during both the 2015 and the early 2016 LHC
running periods, corresponding to integrated luminosities of 3.2 + 0.1 fb~! and 10 4 0.4
fb~! respectively [207]. Running conditions changed between 2015 and 2016, and typically
events from the combined dataset have a pile-up between 10 and 30. Only data collected in
ideal operating conditions of all ATLAS sub-detectors, and passing tight quality controls
from the ATLAS Data Quality Group, are used. Cleaning criteria similar to the ones
detailed in Section 6.2 are implemented.

Trigger selection The trigger selection follows closely the strategy adopted for the anal-
ysis of 2015 data described in Chapter 7: 0-lepton events are collected with EZ* trigger
with online thresholds of 70 GeV (for data recorded in 2015) and 90 GeV (for data recorded
in 2016, due to the higher trigger rate).

Events in the 1-lepton electron channel are recorded by at least one of the lowest un-
prescaled single-electron triggers, with thresholds of 24, 60 and 120 GeV for the 2015 data,
and an increased threshold of 140 GeV for the highest threshold in 2016 data; an isolation
requirement is included for the lowest threshold trigger, removed for the medium threshold
trigger, while the identification requirements are relaxed for the highest threshold trigger.
In the 1-lepton muon channel only the the ng”ss trigger is used, as in the 0-lepton channel,
providing good efficiency for high p7 muons (the acceptance gain from the inclusion of the
lowest unprescaled single-muon trigger has been tested, and it is found to be very small).
In the 2-lepton channel events are triggered by at least one of the lowest unprescaled single-
electron (the same used for the 1-lepton channel) or single-muon triggers (with pp threshold
of 24 GeV and 40 GeV for the 2015 data, of 24 and 50 GeV for the 2016 data), where one
of the offline-reconstructed leptons selected in the analysis has to match the object that
satisfied the trigger. The lowest threshold triggers include an isolation requirement which
is removed for the higher threshold trigger.

Monte Carlo samples The signals and most of the background processes are predicted
with Monte Carlo (MC) simulations, described in this section in detail. The simulation is
typically scaled to the best available theoretical prediction for its cross section (even for
backgrounds that are left free to float in the Likelihood fit). The MC events are obtained
from different generators, and they are processed with a GEANT4-based simulation of the
ATLAS detector and the standard ATLAS reconstruction software.

The q¢ — V H SM signals (both in the W and Z channels) are simulated with the PyTHIA
8 MC generator at LO(QCD) with leading-log (LL) parton shower, using the A14 tune
and NNPDF23LO PDF set. The gluon-induced gg — Z H production is obtained from the
POWHEG generator interfaced to the PYTHIA 8 parton shower, using the AZNLO tune [237]
and CT10NLO PDF set. In the simulation the mass of the Higgs boson is fixed at 125
GeV (no mass scan is considered in this analysis), while the Higgs branching ratio is set
to BR(H — bb)=58%. The total cross section used to normalize the PYTHIA 8 samples
for qg-induced processes is computed at NNLO(QCD) and NLO(EW) [60, 61, 59, 52],
subtracting the gg-induced contribution to avoid double-counting it. The gg-induced cross
section is calculated at NLO+NLL(QCD) [62, 52, 66], and it is used to normalize the
POWHEG gg — ZH events.

Top-quark pair, single-top and semileptonic diboson productions are simulated with the
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same generators and similar settings as what described in Section 7.2: the only difference
concerns the diboson samples for which the clustering algorithm has been improved, bring-
ing the performance of SHERPA 2.1.0 closer to the improved SHERPA 2.2.0 version.

The modeling of (W/Z) + jets processes is provided by the SHERPA 2.2.0 generator: the
same generator parameters and filters (both for hadronic flavors and vector boson trans-
verse momentum) as the SHERPA 2.1.0 MC described in Section 7.2 are considered. A
theory-based reweighting correction function of the jet multiplicity distribution is applied
at event level (where jets are reconstructed from MC simulated events before applying
detector reconstruction): this is required to correct the (W/Z) + jets samples generated
using a simplified scale setting prescription (to improve the generation speed), to match
the prediction obtained from the strict scale prescription. These events are scaled to their
NNLO(QCD) cross sections.

The cross sections of all background and signal processes correspond to the numbers already
quoted in Table 7.1, with the only exception of the gg — Z H signal, whose calculation was
improved to include NLL(QCD) effects. This change gives an increase of the gg — ZH
cross section of 13%.

All MC samples include the effect of multiple pp interactions from the same and neighbor-
ing bunch-crossing by overlaying simulated minimum-bias events on each generated event.
These pile-up interactions are obtained from soft QCD processes with PYTHIA 8, using
the A2 tune and MSTW2008LO PDFs. The simulated samples (except those generated
with SHERPA) exploit the EvtGenl.2.0 program to describe properties of the bottom and
charm hadron decays.

8.3 Event selection

The details of object and event reconstruction were already outlined in Chapter 5, while
in this Section I describe the event selection criteria that define this analysis. The events
are categorized following the same scheme used for the analysis of 8 TeV data presented in
Chapter 6, with the most important differences highlighted in this Section; the selection
cuts employed to reject the backgrounds are also based on the experience gathered with the
Run-1 analysis, and are optimized to disentangle the signal from V H (bb) Higgs production
(with mpy = 125 GeV) from the Standard Model backgrounds.

» lepton channels: 0-, 1- and 2-lepton channels are defined requiring respectively
exactly 0 loose leptons, 1 tight lepton or 2 loose leptons (of which at least one of
medium quality) with same flavor and, in the muon sub-channel, opposite charge.
The lepton selection criteria are defined in Section 5.1.2.

» jets selection and categories: hadronic jets used in this analysis are the small-R
jets defined in Section 5.1.3, and are divided into ‘central’ jets (pr > 20 GeV and
In| < 2.5) and ‘forward’ jets (pr > 30 GeV and 2.5 < |n| < 4.5). Only events with at
least two central jets are retained, and exactly two of them must satisfy the b-tagging
requirement (these b-tagged dijet pair is used to build the Higgs candidate). The
b-tagged jet with the hardest pr (leading) is required to have pr > 45 GeV. Events
are furthermore categorized according to the jet multiplicity (counting both central
and forward jets): in the 0- and 1-lepton channels only events with exactly two and
exactly three jets are considered, forming the exclusive 2-jet and 3-jet bins. Larger jet
multiplicities are vetoed to suppress the ¢t production background. In the 2-lepton
channel events with more than three jets are included in the so-called 3-jet bin (which
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becomes effectively an inclusive > 3-jet bin), leading to an increase in significance
of 5-6%. Hereafter, the > 3-jet bin of the 2-lepton channel is denoted as ‘3-jet bin’,
for consistency with the naming convention adopted for the 0- and 1-lepton channels.

With respect to the V H (bb) search presented in Chapter 6 it is worth noting some
significant differences in the selection and tagging criteria applied to the hadronic
jets.

First, no 1-tag category is included in the analysis. This choice is the result of ex-
tensive studies that keep into account different factors: no calibration is available
for pseudo-continuous distributions of the MV2c¢ b-tagging algorithm output used in
this search, thus the b-tagging weight distribution cannot be used as a discriminating
variable; the background modeling is estimated to be sufficiently under control with-
out the contribution of 1-tag events in the Likelihood fit (no striking mismodeling
for (W/Z) + jets processes is observed in /s = 13 TeV data); the flavor composition
of the backgrounds is more under control thanks to the improved performance of the
MV2c algorithm compared to the MV1c algorithm (with a c-jets rejection improved
by more than a factor of two, for the same 70% b-tagging efficiency). Finally, the in-
clusion of the 1-tag category has a relatively small impact of O(3%) on the expected
sensitivity while adding complexity to the fit model.

The second major difference is the inclusion of events with > 3 jets in the 2-lepton
channel: while the ¢ background increases significantly from the Run-1 to the Run-2
center of mass energy, it is sufficiently under control (and its suppression also benefits
from the improved c-jets rejection) to make this change beneficial in terms analy-
sis sensitivity, improving the expected significance of the 2-lepton channel alone by
O(10%).

Finally, the 2-tag region is not divided into sub-categories according to the b-tagging
purity: not having a pseudo-continuous calibration for the MV2c¢ algorithm means
that only inclusive b-tagging operating points are calibrated and usable in the anal-
ysis, therefore events cannot be categorized in exclusive b-tagging bins within the
2-tag region.

Vector boson transverse momentum pq‘f categories: The p¥ categorization
has the goal of separating high-sensitivity regions (at high pY¥.) from lower-sensitivity
categories which are mainly used to constrain the background modeling, thanks to
their larger statistical power.

In the O-lepton channel the p:% is defined as the reconstructed E:’}”SS; in 1-lepton
events pQW is equal to the vector sum of the selected pr and the Ej"}iss contribution;
in the 2-lepton channel p% corresponds to the vector sum of the transverse momenta
of the two selected leptons.

In the 0- and 1-lepton channels a single p¥ region is included, requiring events with
vector boson transverse momentum above 150 GeV. Events in the 2-lepton channel
are divided into low- and high—p¥ , with boundary at 150 GeV. A finer split in p¥ ,
such as the one adopted in the analysis of Run-1 data, doesn’t bring significant
improvement given the lower statistics available for this search. While in the 0-lepton
channel the p¥ cut at 150 GeV is justified by the threshold of the EJ* trigger, in
the 1-lepton channel we could in principle include events with lower p:,VY . the low—pjvy
region is not considered in this search to avoid the harsh difficulties related to the
modeling and estimate of the multijet background, which contributes significantly in
this region, in view of a moderate impact on the analysis sensitivity (of the order of
5-10%).
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Topological and kinematic selection After the event categorization just described,
an additional set of criteria specific to each lepton channel is applied, in order to reduce
the background contribution. A schematic outline of all cuts is given in Table 8.1, along
with some details of the previous trigger selection and event categorization. Most of these
criteria are inherited from the analysis presented in Chapter 6, with differences arising from
the changes in detector conditions, center of mass energy and background composition.

» O-lepton channel: a cut on the scalar sum of the pp of the two (three) selected

jets (S7) is set at 120 (150) GeV to avoid regions with poor modeling of the trigger
efficiency. To suppress the multijet background below the O(1%) level, a set of criteria
is applied on angular quantities: events with small azimuthal angle between the E}mss
and the p?iss , and large azimuthal angle between the E?”“ and the closest jet are
retained, since they are likely to contain large genuine missing transverse energy,
not originated by object mismeasurements or misidentifications. Furthermore events
with large azimuthal angle between the E}”iss and the Higgs candidate, and small
azimuthal angle between the b-tagged jets, are selected, to target the typical V H (bb)

signature.

1-lepton channel: the only channel-specific selection is applied in the electron
channel, where events with missing transverse energy below 30 GeV are rejected, to
reduce the multijet background contribution.

» 2-lepton channel: the invariant mass of the dilepton system is selected within the
window 71 GeV < my < 121 GeV, to be consistent with the Z boson mass. The
width of this window is relatively large since the my variable is also input to the
multivariate discriminant, and its asymmetry takes into account the corresponding
asymmetry in the multijet background contribution. The kinematic fit technique
described in Section 5.2.2 is used in the 2-lepton channel of this analysis.

Selection 0-lepton 1-lepton 2-lepton
Trigger Emiss Exs* (u sub-channel)

Lowest unprescaled single lepton
Leptons 0 loose lepton 1 tight lepton 2 loose leptons

(> 1 medium lepton)

Lepton pair

Same flavour
opposite-charge for pp

Epss > 150 GeV > 30 GeV (e sub-channel) -

my - - 71 < my < 121 GeV
St > 120 (2 jets), >150 GeV (3 jets) - -

Jets Exactly 2 or 3 signal jets Exactly 2 or > 3 signal jets
b-jets 2 b-tagged signal jets

Leading jet pr

> 45 GeV

minA(ER™, jet) > 20° N _
Ap(EF=, h) > 120° - -
A¢(jetl jet2) < 140° R R
AP(ET™, Ex i) <90° - -

p¥ regions

[0, 150] GeV (2-lepton), [150, oo] GeV

Figure 8.1: Summary of the event selection in the 0-, 1- and 2-lepton channels.
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8.4 Multivariate Analysis: Boosted Decision Trees

As this search follows the path traced by the analysis of data collected during the LHC
Run-1, a multivariate approach is adopted to enhance the sensitivity by combining the dis-
criminating power of several variables. The main principles that motivate this choice have
been introduced in Section 6.4: the MVA (BDTs) used in this analysis is almost identical
to the one described there, with a few distinct aspects that arise from further optimization
targeting the search at /s = 13 TeV. In this Section I do not repeat a full description of
the BDTs, already provided in Section 6.4, but I highlight the differences introduced for
this analysis.

Separate BDTs are trained for each lepton channel and in the 2- and 3-jet regions, since the
background composition differs considerably across them, and also for the low- and high-
p:% categories of the 2-lepton channel, resulting in eight different BDTs trained. Table 8.2
outlines schematically the set of categories included in the analysis with the different BDTs
employed in each one of them.

In the training of the BDTs, the truth-tagging method described in Section 5.2.4 is applied
to all backgrounds in order to retain the largest available statistics in the 2-tag category.

The input variables combined in the BDTs include all the variables introduced in Section 6.4
(Table 6.4), with two notable differences. Since pseudo-continuous b-tagging calibration is
not available, the MV2c¢ output weights cannot be used as discriminating variables in the
BDTs, thus they are not considered. Furthermore, two variables are added for the 1-lepton
channel, to improve the rejection of the t¢ background: the rapidity difference between the
W and the H boson |AY (W, H)|, and the mass of the top quark candidate, reconstructed
from the (lepton, neutrino, b-jet) system assuming that each event is obtained from top-
quark pair production. In order to build these variables a complete knowledge of the event
kinematic (and thus an estimate of the 4-momentum of the neutrino from the W decay)
is required. The transverse components of the neutrino 4-momentum are assumed to be
equal to the reconstructed Egl“'ss transverse components, while the longitudinal compo-
nent pY is determined, up to a possible two-fold ambiguity, by constraining the mass of
the (lepton, neutrino) system to be consistent with the W boson mass. The top quark can
be built from the reconstructed W boson and one of the b-jets, choosing p% and the b-jet
so that 1y, is minimized. The addition of specific variables that improve the tt rejection
is particularly important since the production cross section for this background shows a
larger increase when moving from /s = 8 TeV up to 13 TeV, compared to the signal and
the remaining background.

The complete list of input variables included in the BDTs is given in Table 8.3, which can
be compared with Table 6.4 for an overview of the differences between the setups of the
MVAs used for the analysis of Run-1 and Run-2 data.

As introduced in Section 6.4, a proper and well understood modeling of the input variables
is critical for the BDTs performances, as well as careful checks of the correlations among
the variables themselves and between each of them and the output of the BDTs. In order to
gain confidence in the modeling of the different input variables provided by the background
prediction, their distributions are compared to data, to spot potential discrepancies. Fig-
ures 8.4, 8.5 and 8.6 show the distribution of several key variables for the different lepton
channels, across analysis categories. No striking mismodeling is observed, and the predic-
tion from MC simulation is well behaved when compared to data. Correlation tests across
variables have been performed, without showing any pathological behavior. Note that in
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these plots, and in the rest of the analysis, the truth-tagging procedure is only applied
to the V 4+ ¢l, V 4+ 1 and WW samples, which are the most statistically depleted by the
b-tagging requirements.

Details of the BDTs setup inherited from the Run-1 analysis The BDTs defini-
tion follows closely the one described in Section 6.4. The following aspects have not been
modified: in order to control the overtraining of the MVA the BDTs are ‘cross-trained’ by
splitting the sample of training events in two sub-samples, so that the training on the first
sub-sample can be tested on the second sub-sample, and viceversa.

The output distribution of the BDTs weights is transformed to modify its binning in order
to maximize the sensitivity of the variable, coping with the available statistics: the same
rebinning transformation adopted for the Run-1 analysis is used (with parameters zg =
zp = 10, re-optimized for the different statistics).

Alternative BDTs are trained for the cross-check analysis of semileptonic diboson processes
V Z(bb): no change in the BDTs setup is introduced, and the same output transformation
is employed for VH and VZ MVAs. The BDTs output variables are here noted as BDTy i
and BDTy 7, when the MVA is trained to discriminate against V H or V Z signals respec-
tively (since no Higgs mass scan is performed in this search, a single set of Higgs BDTs is
trained for an Higgs boson mass of my = 125 GeV).

Categories
2 b-tagged jets
Channel pY < 150 GeV pY > 150 GeV
2 jets | 3 jets | > 3 jets | 2 jets | 3 jets | > 3 jets
0 lepton - - - BDT | BDT -
1 lepton - - - BDT | BDT -
2 lepton | BDT - BDT BDT - BDT

Figure 8.2: The distributions used in the global likelihood fit for all the categories in each
channel.
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Variable O-lepton  1-lepton  2-lepton
P x X
Eriss X X X
plffl X X X
p%? X x X
Mbb X X X
AR(by, bs) x X X
lAT](bl, bg)‘ X X
Ap(V, bb) x X X
|An(V, bb)] x
HT X
min[A¢(¢, b)] X
ml? «
myj X
MTop X
AV (v, H)| x

Only in 3-jet events
p"lﬁta' X X X
Mpbj X X X

Figure 8.3: Variables used in the multivariate analysis for the 0-, 1- and 2-lepton channels.
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Figure 8.5: The my, (top) and my; (bottom) post-fit distributions in the 2-lepton channel for 2-tag events, in the 2-jet low pY¥. (left), > 3-jets low
@% (center) and > 3-jets high %% regions (right). The background contributions after the global likelihood fit are shown as filled histograms.
The Higgs boson signal (my = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds as expected from the SM (indicated as
p = 1.0). The dashed histogram shows the total background as expected from the pre-fit MC simulation. The size of the combined statistical

and systematic uncertainty on the sum of the signal and fitted background is indicated by the hatched band. The ratio of the data to the sum
of the signal and fitted background is shown in the lower panel.
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indicated by the hatched band. The ratio of the data to the sum of the signal and fitted

background is shown in the lower panel.
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8.5 Background Estimate and Modeling

The analysis presented in this Chapter is a very close relative of the search described in
Chapter 6, therefore the same considerations introduced in Section 6.5 are in general valid.
The description of the backgrounds heavily relies on MC generators: except for the multi-
jet processes which are estimated with data-driven techniques, all other backgrounds are
taken from the simulation. The normalization of the largest backgrounds is still left free
to float in the Likelihood fit, however the correlation scheme introduced to control their
yields across the different categories is updated with respect to what was used in Chapter 6.

In the analysis of Run-1 data some striking mismodelings of the V+jets processes have
been observed, and dedicated corrections have been derived to adjust the MC prediction
to the data distributions. Such mismodelings are not found in the analysis of Run-2 data,
therefore no correction for the SM EW backgrounds is introduced in this analysis.

In this Section I describe the data-driven estimate of the multijet background, and the
reweighting corrections applied to the V H signals to account for NLO(EW) effects on the
differential kinematic distributions.

8.5.1 Estimate of the multijet background

The type of processes which contribute to the MJ background are the same introduced in
Section 6.5.1, however the selection considered in this search has some crucial differences
from the ones presented in Chapter 6, which affect the background composition and the
impact of MJ processes: not only the 1-tag categories are not included in the analysis,
but the search is limited in the 0- and 1-lepton channels to the high—p¥ regions (above 150
GeV), whereas the Run-1 data analysis included 1-lepton events even at low transverse
momentum (across the whole p¥ spectrum in the single-muon channel, above 120 GeV
in the single-electron channel). Both these aspects contribute to a reduction of the MJ
background in the analysis of Run-2 data, which is therefore relatively simpler to control.

Multijet in 0-lepton channel In the 0O-lepton channel the dedicated selection cuts
introduced in Section 8.3 are very effective in rejecting MJ and non collision backgrounds.
The residual contamination from MJ background has been studied in detail to assess its
possible impact in this final state. The MJ estimate for this cross-checks is obtained
from the PYTHIA 8 MC generator with A14 ATLAS tune and NNPDF2.3LO PDFs: the
modeling provided by this MC has been validated by applying the analysis selection without
b-tagging criteria and in 1-tag regions, in order to benefit from a larger statistics, and has
been found to be compatible with the observed data distributions for the relevant kinematic
quantities used to reject the MJ background. When possible mismodelings are observed as
data-to-MC discrepancies, the MJ MC prediction is inflated to match the data (although
this is a conservative approach: given the known difficulties in simulating MJ processes, it
is deemed appropriate for this cross-check studies).

After the full analysis selection, in the 2-tag signal regions included in this search, the
MJ contribution is not only lower than 1% of the total background, but it is also lower
than 10% of the predicted Higgs boson signal yield in the mass window 60 < mg, < 160
GeV. The MJ background is therefore considered negligible and it is not included in the
Likelihood fit for the O-lepton channel.

Multijet in 1-lepton channel The 1-lepton channel is the most heavily affected by
the MJ background, although the p¥ boundary at 150 GeV has a strong impact on the
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rejection of this process. To provide a solid estimate of the background, a data-driven
technique similar to the one used for the O-lepton channel in Chapter 6 is employed, here
referred to as ‘fake-factor’ method.

The typologies of MJ processes relevant for the 1-lepton channel slightly differ in the single-
electron and single-muon channel. In the single-muon channel the main contribution comes
from multijet production with jets originated by heavy-flavor quarks containing muons from
semileptonic decays of the quark itself. In the single-electron channel there is also a sizable
contribution from events with jets and/or photon conversions which can mimic a single-
lepton signature, therefore the MJ background is larger in this sub-channel. Given these
differences, the MJ estimate is performed separately in the single-electron and single-muon
sub-channels (as well as separately for 2-jet and 3-jet events), although using the same
technique.

The background estimate relies on the definition of a MJ CR enriched in events containing
fake leptons: this region is defined by the nominal analysis selection where leptons are
identified as failing the tight requirements introduced in Section 5.1.2 but passing the
loose ones (loose-not-tight), in order to maintain orthogonality from the signal regions.
The MJ background estimate is taken from this region by removing the contribution of all
remaining EW backgrounds, and it is corrected by applying a ‘fake-factor’ that accounts
for the different lepton selection requirements between SRs and CRs. The fake-factor is
extracted as the ratio of events measured in dijet-enriched data samples with the SR-like
lepton selection (at the numerator) and the CR-like lepton selection (at the denominator),
thus resulting in the following estimate for the MJ contribution in the analysis signal
region:

SR
Ndijet—data

SR __ loose—not—tight
NMJ - f X NMJ - f X Nloosefnotftight

dijet—data

under the assumption that f is the same for the baseline analysis selection and the dijet-
enriched CRs selection. The dijet-enriched CR is defined by applying the baseline 1-lepton
event selection to events with exactly one central jet and one loose lepton. Since the es-
timate of the fake-factor f is very sensitive to the contribution of EW backgrounds, the
normalization of these processes is taken from MC simulation but fitted to data in the
dijet-enriched CR, in the range of 150 < EF$% < 250 GeV. To account for the fake-factor
dependence on the lepton kinematic, f is measured separately in bins of  and pr of the
selected lepton, as well as EQ’?“S categories for the single-electron channel.

The MJ background estimate naturally includes two components: the normalization and
the shape of these processes. The yield of the MJ background is taken from the method
described above applied to the 2-tag region, however the shape of the kinematic and topo-
logical quantities used in the analysis cannot be reliably extracted from 2-tag categories
because of the low statistics. For this reason the template distributions for the MJ back-
ground are estimated by applying the fake-factor method to 1-tag categories, where the
statistics is larger. Careful cross-checks have been performed to show that the shape of the
relevant variables is similar between 1-tag and 2-tag regions for this background: this is
mainly due to the fact that the MJ contribution is dominated by non-prompt leptons from
heavy flavor jets, while the contribution from light jets faking electrons is smaller. The
possible differences between shape distributions in 1-tag and 2-tag categories are however
included in the estimate of the systematic uncertainties on the MJ background template.

Multijet in 2-lepton channel The 2-lepton channel shows very small MJ background,
thanks to the presence of two isolated leptons in the Z boson invariant mass range. To
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estimate the residual MJ contribution a fit to data is performed by using events from the
baseline analysis selection with same-sign (SS) charge requirement for the two selected
leptons. The fit includes the contribution of all EW backgrounds from MC simulation,
while the MJ background prediction is taken from an exponential model. Assuming that
same-sign and opposite-sign events are symmetric for the MJ background, its contribution
in the analysis signal region is extracted from this fit, and it is found to be of the order
of 0.3% and 1.4% in the muon and electron sub-channels respectively (after applying the
dilepton invariant mass window cut of 71 < my < 121 GeV). Given the tiny size of this
background in the 2-lepton channel, it is not included in the combined Likelihood fit as in
the 0-lepton channel case.

8.5.2 Modeling of VH signal: NLO EW differential corrections

In parallel to the analysis of the LHC Run-2 data, several advancements have been made
in the modeling of V H signal processes. However, next-to-leading order EW corrections
are not yet included in the currently available generators that can be interfaced to par-
ton shower models, to produce MC events for the analysis. These corrections are in-
cluded in the normalization of the q¢ — V H signal samples, which are scaled to the
NNLO(QCD)+NLO(EW) total cross section, however their effect on the differential dis-
tributions of signal simulated events is not accounted for.

For this reason, and knowing from the studies conducted for the analysis of Run-1 data
that these corrections can be sizable, the V H signal events are reweighted to include dif-
ferential NLO(EW) corrections as a function of the pY. distribution. These corrections are
calculated with the HAWK MC software, obtaining a kg@o-factor function:

kg (pr) =1+ dpw

separately for Z(— ITI7)H, Z(— vo)H and W*(— I*v)H events. The NLO(EW) cor-
rections are shown in Figure 8.7, separately for the different processes, as a function of the
vector boson transverse momentum.

An uncertainty on these corrections is also estimated: similarly to what introduced in
Section 6.5.3 the NNLO(EW) contribution is expected to be of the order of the squared
NLO(EW) corrections, thus the uncertainty is quoted as max(1%, 0%y, A,) to ensure that
it does not vanish, where 1% is the generic size of the neglected NNLO(EW) higher-order
effects and A, = Ao, /oy is the relative uncertainty from photon-induced processes, as
quoted in [52].
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Figure 8.7: Distribution of the NLO(EW) dgw correction as a function of the vector boson
transverse momentum p¥ for the different signal processes, as obtained from the HAWK
MC program.
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8.6 Systematic Uncertainties

In this Section I give a description of the different sources of systematic uncertainties
included in this analysis, from the experimental systematics related to the performance of
the detector and the object identification and reconstruction, to the uncertainties on the
data-driven multijet estimate, to the systematics on the MC modeling of EW backgrounds
and V H signals.

8.6.1 Experimental systematic uncertainties

The sources of experimental systematics are very similar to the ones described in Sec-
tion 6.6.1 and 7.5.1, with differences arising from the increased center-of-mass energy,
detector conditions, reconstruction and identification algorithms and the event selection
applied. Systematics on leptons (lepton triggers, reconstruction, identification and isola-
tion efficiencies and the energy and resolution corrections), E}”“S trigger, jet energy scale
(JES) and energy resolution (JER), do not differ substantially from what described in Sec-
tion 7.5.1 and are therefore not covered in this section, although applied in the analysis.

» integrated luminosity and pile-up: the uncertainty on the integrated luminosity
is quoted at 2.1% and 3.7% for data collected during 2015 and 2016 respectively,
resulting in a global 2.9% uncertainty on the combined dataset, which has been es-
timated with the methodology introduced in [207], from a preliminary calibration of
the luminosity scale using x-y beam-separation scans performed in August 2015 and
May 2016. This uncertainty is applied on both the signal and background prediction.
An uncertainty on the modeling of additional interactions per bunch crossing is ap-
plied to the MC simulation by varying the average number of additional interactions
by O(10%).

8.6.2 Uncertainties on the modeling of the multijet background

Since this background is neglected in the 0- and 2-lepton channel, based on the studies
described in Section 8.5.1, the systematic uncertainties on its estimate only affect the
1-lepton channel, and are divided into three (two) components for the electron (muon)
sub-channel.

In the single-electron sub-channel the sources of systematics include the relative amount
of jets faking leptons with respect to semileptonic heavy-flavor hadron decays, the impact
of the energy scale applied to the ‘fake-electrons’ on the E’Tniss calculation and the amount
of non-multijet background in the loose-not-tight isolation region. The latter is considered
for the single-muon sub-channel as well, together with the bias from the different missing
transverse momentum that isolated and non-isolated muon events may have.

8.6.3 Uncertainties on the MC modeling of signal and backgrounds

As introduced in Section 6.6.3 the analysis of the V H (bb) heavily relies on MC simulation
to estimate the background contributions: the proper assessment of systematic uncertain-
ties on the MC modeling of the backgrounds is therefore crucial as it reflects our degree of
confidence in the theoretical prediction for these processes, and the level of accuracy that
can be expected from the simulation. The final results of this search are extracted via a
Likelihood fit to data, in which the background shape and normalization can be adjusted
to data (with or without parametric constraints). The size of the systematic uncertainties
on the background prediction, and the correlations among them, are two crucial elements
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of the Likelihood fit model that determine how and to what extent the fit to data is able
to change and modify the MC estimate of background and signal.

For these reasons extensive studies have been performed to assess modeling systematic un-
certainties for the main and the smaller backgrounds after the V H (bb) analysis selection,
as well as for the V H signal processes, which are described in detail in this section. The
results of these studies reflect the status of our knowledge of these physics processes in the
analysis considered, and quantify the accuracy of their description obtained from the MC
simulations.

Since this search is performed by building a MV discriminant, the impact of systematic un-
certainties on the modeling is considered for the main variables entering in the multivariate
algorithm.

Signal systematic uncertainties Systematics on the signal model may be categorized
in uncertainties on the total NNLO(QCD)+NLO(EW) cross section used for the normaliza-
tion of the signals and the Higgs branching ratio BR(H — bb), and shape and acceptance
uncertainties from the MC simulation.

Uncertainties on the total cross section and the branching ratio are obtained from the pre-
scription of [51] and [52], and affect only the overall normalization of the signal prediction.
The former include the effects of renormalization (up) and factorization (up) independent
scale variations in a range between 1/3 and 3 times their original values, as well as combined
PDFs and ag uncertainties from the 68% CL interval using the PDFALHC15 nnlo mc
PDF set. Scale uncertainties are quoted in [52] for ZH and W H processes, without differ-
entiating between qq- and gg-initiated ZH production. Given the different formal order of
accuracy of the two production modes, these uncertainties are extracted separately for the
two processes by applying the following procedure: scale uncertainties for the qqg-initiated
Z H production are assumed to be identical to the ones quoted for W H production, while
the uncertainties on gg-initiated production are re-derived so that their quadrature sum
with the qg-initiated ZH scale uncertainties results in the systematic variations quoted
in [52] for the whole ZH production. In a similar way PDF+4ag uncertainties are not
quoted separately for qq- and gg-initiated ZH processes: in this case the procedure de-
scribed above is not suitable, therefore these uncertainties are taken from [51] for the
99 — ZH contribution, while the ones quoted in [52] for the whole ZH production are ap-
plied to q¢ — ZH processes alone (assuming that the impact of gg-initiated Z H processes
is relatively small).

The uncertainty on the Higgs branching ratio is quoted at 1.7% from [52] and it is applied
directly in the analysis, accounting for missing higher order effects (QCD and EW) as well
as uncertainties on the b-quark mass and the strong coupling constant ag.

Table 8.1 shows a schematic summary of the normalization systematic uncertainties on
the signal theory prediction. Finally a systematic uncertainty related to the reweighting
correction function that includes NLO(EW) effects is applied in the analysis, already de-
scribed in Section 8.5.2.

The second set of systematic uncertainties on the signal prediction covers effects on the
acceptance and the shape of the baseline MC simulation after the analysis selection. As
introduced in Section 8.2 the V H signals are simulated with the LO(QCD) PyTHIA 8
generator for qg-initiated processes, and the NLO(QCD) POWHEG +PYTHIA 8 generator
for the gg — ZH contribution.

A set of alternative samples has been produced to assess different sources of systematic un-
certainties, relying on the NLO(QCD) MADGRAPHS  AMC@NLO generator for the hard
scattering process, interfaced to the PYTHIA 8 parton shower, hadronization, underlying
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event and multiple-parton-interaction (MPI) simulation, using the NNPDF2.3 5f{ FFN [150]
PDF sets with the A14 tune. These alternative samples only include qg-initiated processes,
therefore no specific acceptance or shape systematic is derived for gg — ZH:

» MADGRAPH5 AMCQ@NLO +PyYTHIA 8 nominal prediction, compared to the base-
line PYTHIA 8 description to assess differences in the matrix element calculation, and
compared to the alternative MADGRAPHS5 AMCQ@NLO samples listed below.

» MADGRAPHS AMCQ@NLO +PyTHIA 8 with variations in the Al4 tune for the
parton shower and the underlying event, covering upwards and downwards variations
of the initial-state and final-state radiation, MPI and UE tunes.

» MADGRAPHS AMCQ@QNLO +PyTHIA 8 with pur and pup independent scale vari-
ations by a factor ranging from 1/2 to 2 times the original value, to assess the
uncertainties from missing higher order corrections.

» MADGRAPHS AMCQNLO +PyTHIA 8 with PDF and «ag variations, generated
with the PDF4LHC15 PDFs sets including 30 PDFs variations and 2 ag variations,
to estimate PDF+ag systematics.

These alternative samples are generated at particle-level, thus no detector simulation is
considered and therefore they cannot be processed through the baseline event selection
described in Section 8.3, since many quantities used to build the selection criteria cannot
be defined. To analyze these samples a dedicated analysis selection has been implemented
using the RIVET software, reflecting as closely as possible the baseline cuts. All the studies
presented in this section using these alternative samples are conducted with this dedicated
RIVET V H (bb) analysis.

Two types of systematic uncertainties are studied: relative acceptance variations across the
different analysis categories, and variations in the shape of two of the most discriminating
variables used in the BDTs, the vector boson transverse momentum p¥ and the invariant
mass of the Higgs candidate my,. To extract acceptance variations all samples are nor-
malized to the same total cross section for the different V H processes, in order to avoid
double counting of the normalization uncertainties from Table 8.1; quote shape variations
all distributions (after selection cuts) are scaled to the same area to avoid double count-
ing of acceptance effects. Relative acceptance variations are studied across jet-bins, while
variations across p¥ categories are provided by the shape systematic on the p¥ variable.
The following uncertainties are considered:

» A1l4 tune variations: changes in acceptance are calculated separately for 2-jet and
3-jet events and lepton channels, for each A14 tune variation, by taking the maximum
among the absolute values of upwards variations, downwards variations and half the
difference between the two. Separate tune variations are then summed in quadra-
ture, resulting in acceptance changes very similary between 2-jet and 3-jet events. An
overall acceptance variation is assigned inclusively with respect to the jet multiplic-
ity as the maximum between 2-jet and 3-jet variations, and a 3-to-2 jet acceptance
variations is quoted as the double-ratio between 3-jet and 2-jet acceptance changes
encoding all tune variations as described above. These two acceptance uncertainties
are correlated among V H processes, and the variations quoted for q¢ — ZH are
applied to the gg — ZH as well: the values of the uncertainties are summarized in
Table 8.2.

Shape variations are assessed by comparing each tune variation to the baseline MAD-
GRAPH5 AMC@NLO +PYTHIA 8 prediction for the p¥ and my, variables (the latter

— 228 —



in the range between 0 and 200 GeV), and fitting the ratio with a linear function. For
the p¥ variable there is a single tune variation which shows a non negligible shape
effect, for which the maximum of the linear fit between upwards and downwards vari-
ations is considered as systematic uncertainty. For the Z(— (717)H process the p¥
shape is derived inclusively for 2-jet and 3-jet events since the effect is very similar,
while this shape systematics is not applied for 3-jet Z(— vw)H events, where the
shape effect is negligible. For the my,;, variable multiple tune variations show sizable
discrepancy from the baseline prediction, thus the maxima of the linear fit between
upwards and downwards variations are added in quadrature for the separate tune
changes, and an uncertainty is derived for all signal processes. For Z(— ITI7)H
events the my, uncertainty is estimated separately in low- and high—p¥ categories.
The p¥ and mg, shape uncertainties are considered as correlated among V H pro-
cesses, and the shapes derived for gq¢ — Z H processes are applied to the gg — ZH
contribution as well.

QCD scale variations: acceptance changes due to pur and up scale variations
are derived separately in each jet-bin and for each lepton channel, by comparing
the baseline MADGRAPHS AMC@NLO +PyTHIA 8 prediction with the alternative
samples with varied scales and taking the envelope of all scale choices. To prop-
erly account for the effect of missing higher order corrections and their correlation
across the analysis jet-bins, the Stewart-Tackmann |210] method was employed, in a
similar way to what described in Section 6.6.3. For this reason, an additional varia-
tion is calculated for the 0- and 1-lepton channel to account for the effect of vetoing
events with jet multiplicity larger than three. In the 2-lepton channel all variations
are derived inclusively across the p¥ spectrum. For gg — ZH processes the same
uncertainties obtained for the qq — ZH contribution are used, but they are kept
uncorrelated among qq- and gg-initiated production mode, as a result of the expe-
rience acquired in the analysis of LHC Run-1 data, where scale variation effects are
different between these two processes (as described in Section 6.6.3). The acceptance
uncertainties from scale variations implemented in the Stewart-Tackmann correlation
scheme are given in Table 8.3.

Shape uncertainties are studied for p¥ and my, by considering the ratio between
the baseline prediction and each scale variation, parametrized by a linear fit for p¥
and a second order polynomial for my,, and considering the scale choice showing the
largest discrepancy from the nominal. The p¥ variations are derived separately for
2-jet and 3-jet events, but treated as correlated among jet-bins. The my, variations
are obtained inclusively across the analysis categories since they are found to be very
similar. Shape uncertainties derived for gq¢ — ZH are applied to gg — Z H processes
as well.

PDF+ag variations: changes in acceptance from PDFs and ag variations are con-
sidered inclusively across jet-bins since no striking dependence on this categorization
is observed, as well as inclusively across the p¥ spectrum in the 2-lepton channel.
The overall acceptance uncertainty is obtained as quadrature sum of all PDF and
ag variations compared to the baseline MADGRAPHS AMCQ@NLO +PyTHIA 8 pre-
diction. For ZH processes the uncertainties thus derived are only applied to the
qq — ZH contribution, while for gg — ZH processes the systematics obtained in
Section 6.6.3 for PDFs and ag variations are conservatively implemented, since their
values are significantly larger than the ones obtained for qg-initiated ZH production
from this study. Table 8.4 summarizes these acceptance variations.
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Shape uncertainties are quoted on p¥ and my, with the same methodology used for
scale variations: no my, shape effect is observed, while p¥ shape variations are de-
rived separately for 2-jet and 3-jet events. The p¥ shape uncertainties obtained for
qq — Z H are applied to gg — ZH as well, but treated as uncorrelated between qq-
and gg-initiated ZH production modes.

» ME variations (LO vs NLO): the baseline PYTHIA 8 MC prediction is compared
to the alternative MADGRAPHS AMC@NLO +PyYTHIA 8 nominal sample, to study
the effect of possible differences in acceptance and/or shape between MC simulation
at LO and NLO(QCD). The acceptance variation effects observed are small compared
to the signal uncertainties introduced so far, and the impact of missing higher order
corrections is already encoded in the QCD scale uncertainties quoted in Table 8.3.
Furthermore no striking shape effect is observed for the p¥ and my, variables. As
a result, no additional uncertainty is quoted from the LO-to-NLO comparison be-
tween the two generators, which simply constitutes a validation study of the baseline
PyTHiA 8 MC simulation used in the analysis.

Process Value Source
H — bb decay | 1.7% | missing higher order, m; and ag effects

qq — ZH 0.7% UR, pF scale uncertainties

99 — ZH 27% KR, pF scale uncertainties

qq — ZH 1.9% PDF+ag uncertainties

qq —WH 1.6% PDF+ag uncertainties
(correlated)

g9 — ZH 5% PDF+ag uncertainties

Table 8.1: Summary of the normalization systematic uncertainties on the signal theory
prediction, showing the sub-processes affected, the relative value of the uncertainty and
the source of systematic.

Process Acceptance variation

overall | 3-to-2 jet

Z(»vo)H | 7.5% 5%
Z(— 1T H | 6.5% 4%
W(— Ww)H | 7.5% 6%

Table 8.2: Summary of the acceptance normalization systematics quoted from variations
of the A14 ATLAS tune for signal processes.
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Process Acceptance variation

2et (Ist) | 2jet (2nd) | 3-jet | 4-jet veto
Z(— vi)H 3.6% 1.8% 25% | -1.1%
Z(=1H)H | 04% 1.3% 1.4% -
W(— w)H 4.0% -3.0% 3.6% | -3.0%
correlated to 3-jet

correlated between W H and qq-ZH

Table 8.3: Summary of the acceptance normalization systematics from scale variations
implemented in the Stewart-Tackmann correlation scheme.

Process ‘ Acceptance variation
Z(—vr)H 0.6%
Z(—=I1T")H 0.3%
W(—lv)H 0.7%

Table 8.4: Summary of the acceptance normalization systematics quoted from variations
PDFs and ag.
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Top-pair production systematic uncertainties Systematic uncertainties on the MC
modeling of ¢t processes are derived by the comparison of the baseline PowHEG MC
prediction to the different generators introduced in Section 7.5.2, with the addition of the
following:

» POWHEG +HERWIG ++: this sample is generated using the same setup for POWHEG
as for the nominal POWHEG +PYTHIA 6 sample, while parton shower, hadronisation,
underlying event and MPI are simulated with HERWIG ++ (version 2.7.1) [234] with
the UE-EE-5 [238] tune and the corresponding CTEQ6L1 PDF set. This sample
provides the comparison to a different parton shower model (HERWIG ++ vs PYTHIA
6) with respect to the nominal prediction, without changing the hard scattering
simulation.

As in Section 7.5.2 the alternative POWHEG samples are compared to the baseline POWHEG
prediction, while the MADGRAPHS AMCQNLO prediction is compared to POWHEG with
the same parton shower model (HERWIG ++) to isolate effects arising from the different
simulation of the hard-scattering process.

While in this case the tf samples are available with detector simulation included, they
are analyzed using the same RIVET V H(bb) analysis introduced for the study of signal
systematic uncertainties, to avoid limitations in the statistical size of the samples due to
reconstruction effects.

In the 2-tag analysis signal regions the ¢t background is mainly composed of events with
two b-tagged jets originated by two b-hadrons (bb), or by one b-hadron and one c-hadron
(be) (a jet is associated to a specific hadronic flavor if the corresponding hadron is found
within AR = 0.3 from the jet axis among the jet constituents in the MC simulation). For
this study of systematic uncertainties only tf events labelled as bb or bc, according to this
definition, are included, assigning them weights corresponding to the b-tagging efficiencies
for the selected jet pair, in order to properly reproduce the flavor composition of 2-tag
reconstructed events.

The approach chosen to evaluate the modeling systematic uncertainties on the MC simu-
lation of ¢t production stems from the structure of the Likelihood fit used in this analysis,
in which the overall normalization of the main backgrounds (¢t and (W/Z) + h.f.-jets) is
left unconstrained and it is determined from data.

Two types of uncertainties are considered from MC-to-MC comparisons for the t¢ back-
ground: relative acceptance variations across different categories of the analysis, and pos-
sible shape variations for the most important variables entering in the BDTs (p¥ and mpp).
Relative acceptance variations are derived by summing in quadrature the different MC-
to-MC comparisons among acceptance ratios between 3-jet and 2-jet events, separately
across lepton channels (and inclusively in p¥ in the 2-lepton channel). For this evaluation
all samples are normalized to the same total cross section, to cover only variation in the
acceptance due to the analysis selection. The uncertainties thus derived are very similar
for 0- and 1-lepton channel, and a common uncertainty is assigned to these channels. It is
worth noting that while ¢¢ events in the 2-lepton channel are generally fully reconstructed,
in the 0- and 1-lepton channels these background events are characterized by the misre-
construction of at least one object. For this reason, and given the different size of the
uncertainties obtained for the 2-lepton versus the 0- and 1-lepton channels, the uncon-
strained overall normalization of the ¢ background is kept uncorrelated among 0-1-lepton
and 2-lepton events. A summary of the normalization uncertainties for the t¢ background
is given in Table 8.5.

Finally, shape variations for the p¥ and my, variables are derived by parametrizing the
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largest MC-to-MC variations (after normalizing the template distribution to the same
area, to avoid double counting acceptance effects) with a linear or an exponential function.
For both variables the largest variation arises from a change in the parton shower model
(POWHEG +HERWIG ++ vs POWHEG +PYTHIA 6): the p¥ shape uncertainty is derived
separately for 0+1- and 2-lepton events, while the my, variations are extracted separately
across all three lepton channels (correlating 0- and 1-lepton afterwards).

A cross-check study has been performed by analyzing the alternative ¢t samples with the
baseline selection cuts at reconstructed-level, after detector simulation: the results show
that no strong correlation between the p¥ and my, variables is present, and that the size
of the p¥ shape variations is large enough to cover any shape effect on the transverse mo-
mentum spectrum of the leading jet. Both these results give solidity to the estimate and
the implementation of the systematic uncertainties derived for the ¢ background.

Lepton channel Uncertainty Value
0+1-lept
T l-lepton overall normalization | floating
2-lepton
0-+1-lept 9%
-lepton 3-to-2 jet acceptance 0
2-lepton 24%

Table 8.5: Summary of the normalization uncertainties for the ¢t background.

(W/Z) + jets systematic uncertainties In a similar way to what is described in Sec-
tion 7.4 the (W/Z) + jets background is divided into sub-components based on the true
hadronic flavor of the jets selected to build the Higgs candidate, determined by considering
the flavor of hadrons within AR = 0.3 from the jet axis in the MC simulation, as introduced
in Section 6.2. The (W/Z) + jets six sub-components are: W/Z +bb, W/Z + be, W/Z +bl,
W/Z+cc, W/Z+cl and W/Z+1l. The (W/Z)+jets background is then grouped into three
sub-samples denoted as ‘(W/Z) + (bb, be, cc, bl)’ (also named (W/Z)+h.t.), (W/Z)+ (cl)’
and ‘(W/Z)+(1)’, which are treated separately in the Likelihood fit, and studied separately
for the estimate of systematic uncertainties. In the Likelihood fit the overall normalization
of the (W/Z) + h.f. component is left free to float and determined from the fit to data,
while the remaining contributions (which amount to less than 1% of the total background
in the 2-tag signal regions) are parametrized with a Gaussian constraint, whose prior is
discussed in this Section.

The estimate of systematic uncertainties for these backgrounds follow the same method-
ology employed for ¢t processes: acceptance variations from MC-to-MC comparisons are
used to assess priors on the overall normalization of the (W/Z)+(cl) and (W/Z)+(1) back-
grounds, as well as relative normalization systematics across the different analysis regions
for the (W/Z) + h.f. components (always separately for W and Z events). Furthermore
shape systematic uncertainties are extracted, in this case from data-driven studies con-
ducted in dedicated control regions.

The alternative MC samples used for these studies are obtained with the SHERPA gen-
erator with setup similar to the baseline simulation introduced in Section 8.2, produced
with factorization, renormalization and resummation scales either doubled or halved, or
matching scale varied in the range 15 GeV - 30 GeV. The envelope effect of upwards and

— 233 -



downwards scale changes is added in quadrature across the four scale variations. These
samples are generated without detector simulation, therefore the studies presented in this
Section are also relying on the RIVET analysis introduced for the signal and ¢t systematic
studies.

Relative acceptance variations for the (W/Z) + h.f. backgrounds are derived by taking
the comparison of each scale variation with respect to the baseline scale choice for the
ratios between:

» 3-jet and 2-jet events, separately across lepton channels (and inclusively in p¥ in the
2-lepton channel)

» O-lepton and 1-lepton events (for W + h.f processes)
» O-lepton and 2-lepton events (for Z + h.f processes)

In this way systematic uncertainties are obtained on the relative acceptance variation across
jet-bins and across lepton-channels. No systematic is introduced to control the relative nor-
malization of low- and high—p% events in the 2-lepton channel, since this effect is covered by
a dedicated shape uncertainty. Furthermore the relative acceptance variations across the
different hadronic flavor components of the (W/Z)+h.f. sample ((W/Z)+(bb, bc, cc, bl)) are
considered. This results in three additional systematic uncertainties for (W/Z) + h.f. that
control the relative flavor composition of the background. Figure 8.8 shows a schematic
outline of this set of systematics and the way they control the normalization of the Z 4+ h.f.
background, while their values are summarized in Table 8.6 and 8.7 for both (W/Z) +h.f..
Acceptance variations across jet-bins and lepton-channels are estimated inclusively across
flavor components (for the whole (W/Z) 4 h.f. sample), as the same variations are fairly
consistent across the bb, bc, cc and bl sub-components. Acceptance variations across flavor
components are derived separately across lepton channels and jet-bins, as non negligible
differences are observed, but they are treated as fully correlated in the Likelihood fit. All
systematics on the 3-to-2 jet ratio are fully correlated across lepton channels, all system-
atics on the lepton-channel ratios are fully correlated across jet-bins.

For the (W/Z) 4 (cl) and the (W/Z) + (1) backgrounds a systematic uncertainty on the
overall normalization is obtained by adding in quadrature the effect of the four scale vari-
ations on the total acceptance within the analysis signal regions, from the envelope of
the impact of upwards and downwards scale changes for each variation. This results in
acceptance uncertainties of 18% and 23% for Z + (1) and Z + (cl), and 32% and 37% for
W + (1) and W + (cl), which are included as prior on the parametrized normalization of
these sub-samples in the Likelihood fit.

Shape uncertainties for the (W/Z) + h.f. backgrounds are obtained from data-to-MC com-
parisons performed in dedicated control regions enriched in these processes, after subtract-
ing all remaining EW backgrounds, and MC-to-MC studies, considering the p¥ and myy
variables.

The Z + h.f. background is studied applying the 2-lepton selection with a tighter 81 <
my < 101 GeV selection and introducing a cut on E}”iss / VHr below 3.5v/GeV (where
Hy is the scalar sum of the two selected leptons and all reconstructed jets), to further
suppress the ¢t background. The 0-, 1- and 2-tag regions are considered (removing events
with 110 < myp, < 140 GeV for the 2-tag category to avoid the most signal-like region) sep-
arately for 2-jet and 3-jet events. The systematic shapes are obtained from a logarithmic
fit of p¥ and a linear fit of my, in such a way to encompass the data-to-MC differences
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observed in the different categories. The resulting systematic uncertainties are quoted as
functions of p¥ and myy. The p¥ function ranges from 6% at p¥ = 100 GeV up to 15%
at py. = 250 GeV, while the my, function ranges from 0.5% up to 7.5% between 125 GeV
and 250 GeV. It is worth noting that the striking mismodelings observed in the analysis
of Run-1 data (for instance in the A¢(j,7) variable) are not found in this study. These
shape variations are applied to both 0-lepton and 2-lepton Z + h.f. events.

The W + h.f. background is considered in the 1-lepton categories: in the 1-tag and 2-tag
regions the tf contribution is too large to allow a data-driven study, therefore the baseline
SHERPA prediction is compared to the MADGRAPHS AMCQ@NLO samples introduced in
Section 7.5.2. The shape uncertainties on p¥ and myy, are obtained with the same method-
ology used for the Z + h.f. data-to-MC study. The p¥ function obtained is identical to the
one derived for Z + h.f., while the my, systematic is larger, ranging from 5% at 125 GeV
up to 30% at 250 GeV. These shape variations are applied to both 0-lepton and 1-lepton

W + h.t. events.

= |

— 0-lepton
2-jet

Figure 8.8: Schematic outline of the strategy applied to control the normalization of the
Z + h.f. background across analysis categories and flavor components.
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Z + h.f. processes Value Category
3-to-2 jet acceptance variation 28% | (2-jet, O-lepton)
25% | (2-jet, 2-lepton)
0-lepton/2-lepton acceptance variation | 26% 0-lepton
14% 0-lepton
Z+bc/Z 4 bb 27% | (2-jet, 2-lepton)
16% | (3-jet, 2-lepton)
12% 0-lepton
Z+cc/Z 4 bb 31% | (2-jet, 2-lepton)
™% | (3-jet, 2-lepton)
17% 0-lepton
Z+bl)Z +bb 38% | (2-jet, 2-lepton)
15% | (3-jet, 2-lepton)

Table 8.6: Summary of normalization acceptance uncertainty for the Z + h.f. background.
The last column indicates the analysis region in which the corresponding systematic un-
certainty is applied.

W + h.f. processes Value Category
3-to-2 jet acceptance variation 23% | (2-jet, 0+1-lepton)
O-lepton/1-lepton acceptance variation | 17% 0-lepton
43% 0-lept
W + be/W + bb ¢ epton
21% 1-lepton
24 0-lept
W+ cc/W + bb % epton
13% 1-lepton
17% 0-lept
W+ bl/W + bb ¢ epton
31% 1-lepton

Table 8.7: Summary of normalization acceptance uncertainty for the W 4 h.f. background.
The last column indicates the analysis region in which the corresponding systematic un-
certainty is applied.
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Diboson systematic uncertainties The estimate of modeling uncertainties for semilep-
tonic diboson processes follows very closely the methods applied for the (WW/Z) 4+ jets back-
ground, with the main differences that the overall normalization of the diboson contribution
is always parametrized in the Likelihood fit with a Gaussian constraint, acceptance vari-
ations across flavor components are not necessary and no data-driven estimate of shape
uncertainties has been performed. Among the three main diboson processes, WZ, ZZ and
WW, the latter has a tiny contribution in the analysis selection, thus only an overall
normalization uncertainty is considered. For WZ and ZZ processes only the dominant
decay modes are considered (W Z(qqlv), ZZ(qqltl™) and ZZ(qquv)) to extract the sys-
tematic uncertainties, which are applied to the sub-dominant modes as well W Z(qql™1™)
and WZ(qqvv). Relative acceptance variations are obtained from MC-to-MC comparisons,
as well as shape uncertainties on the p¥ and my, variables.

The nominal MC prediction for these processes is obtained from SHERPA, while alternative
SHERPA samples are generated with factorization, renormalization and resummation scales
either doubled or halved, or matching scale varied in the range 15 GeV - 30 GeV. Further-
more POWHEG +HERWIG ++ and POWHEG +PYTHIA 8 samples are also available and
compared among themselves to assess parton shower model variations. These alternative
samples are generated without detector simulation, therefore the studies presented in this
Section rely on the RIVET analysis introduced for the previous systematic studies.

Acceptance variations for the diboson background are derived as follow: the envelope
of upwards and downwards scale variations (for all the scale variations considered) and the
parton shower variation from the comparison of HERWIG ++ and PYTHIA 8 are added in
quadrature. Furthermore the full difference between the baseline SHERPA generator and
the POWHEG +PyTHIA 8 prediction is considered: if this discrepancy is larger than the
former quadrature sum, it is taken as the only acceptance uncertainty (this comparison en-
codes several effects already covered by parton shower and scale variations, thus including
it in the quadrature sum would lead to double counting). The following acceptance ratios
are compared for scale, parton shower and generator variations:

» 3-jet and 2-jet events, separately across lepton channels (and inclusively in p¥ in the
2-lepton channel)

» O-lepton and 1-lepton events (for W Z(qglv) processes)
» O-lepton and 2-lepton events (for ZZ(qql™1™) and ZZ(qqvv) processes)

This results in two set of systematics controlling the relative acceptance variation across
jet-bins (correlated among lepton channels) and between O-lepton events and 1- or 2-
lepton channels (correlated across jet-bins). No uncertainty is introduced on the relative
acceptance between low—p% and high-p% events in the 2-lepton channel: control over this
variable is provided by a dedicated shape systematic. Table 8.8 summarizes the values of
these systematic uncertainties as well as the regions where they are applied.

Similarly to what is described for the (W/Z) + (cl) and (W/Z) + (I) backgrounds, an
uncertainty on the overall normalization of ZZ, WZ and WW processes is derived by simply
taking the acceptance variation (computed as described above to encode the different
systematic sources) from the full analysis selection. This results in uncertainties of 20%,
26% and 25% on the global normalization of ZZ, WZ and WW processes respectively.
Shape uncertainties on the p¥ and my, variables are obtained by comparing the different
MC simulations, after normalizing the template distributions to the same area, considering
the largest variations among them. Scale variations are always covered by parton shower

— 237 —



effects, therefore for this study only the PYTHIA vs HERWIG ++ and POWHEG vs SHERPA
comparisons are included.

The my, variable shows a distinct feature for both sources of systematic, consisting in
a shift of O(10GeV) of the V(¢g) invariant mass peak towards higher masses (already
documented in [239]), as it is clear by the comparisons shown in Figure 8.9. The variable
does not show other striking systematic effects and it is fitted in the region between 25
and 500 GeV from the POWHEG vs SHERPA difference. The fit is performed separately for
each diboson process, but inclusively across all analysis categories, resulting in 3 different
shape functions which are treated as correlated. The parametrized function used for the
fit is the following:

Gaus|((x - ¢)/f) + 1]
Gausl(z—g)/ ) + 1

The p¥ variable shows a mild shape effect for both systematic sources: the POWHEG
vs SHERPA difference is fitted for ZZ events (separately for 0-lepton, 2-lepton, 2-jet, 3-
jet categories) and WZ events (separately for 2-jet, 3-jet categories and 1-lepton events),
deriving 6 shape functions which are treated as correlated across lepton channels, jet bins
and diboson processes. The fit is performed in the range of 0-500 GeV for 2-lepton events,
and 150-500 GeV for O-lepton and 2-lepton events. The fitted function for this shape
systematic is:

f(z)=a+bx+ ce~t/d 4 where x = myy.

fx)=a+bx+ ;Uij—d’ where x = pY.

It is worth noting that the main contribution from the diboson background in this analysis
comes from events with a Z boson decaying to bb, mimicking the signature of V H signal
events, while all uncertainties discussed so far are extracted without any requirement on
the flavor composition of the hadronically decaying boson in the V'V pair. All acceptance
and shape uncertainties have therefore been cross-checked by re-deriving them selecting
diboson events with two jets originated by b-hadrons (labelled as bb according to the
convention introduced for the (W/Z) + jets background), with results well consistent with
the ones obtained without any requirement on the jet flavor (which benefit from a larger
statistics).

Process Acceptance variation | Value Category
22(q@lH 1 + qgov) 3-to-2 jet 19% 2-jet
0O-lepton /2-lepton 30% 0-lepton
3-t0-2 jet 14% | (2-jet, O-lepton)
W Z(qqlv) 3-t0-2 jet 11% | (2-jet, 1-lepton)
0-lepton/1-lepton 12% 0-lepton

Table 8.8: Summary of the acceptance normalization uncertainties for the semileptonic
diboson background.
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Figure 8.9: Shape variation of the my, variable comparing POWHEG +PYTHIA 8 versus
PowHEG +HERWIG ++ and POWHEG +PYTHIA 8 versus SHERPA, for all considered
diboson samples: ZZ(qql™1™) (a), ZZ(qqvv) (b) and WZ(qqlv) (c). All templates are
normalised to the same integral to evaluate the effect on the shape of the variable without
considering acceptance variation effects.
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Single-top systematic uncertainties Systematics on the modeling of single-top pro-
cesses are derived following the same methodology adopted for diboson processes.

The uncertainties on the overall normalization are provided by the LHC top working group
and encodes QCD scale variations, PDFs and «g effects, summed in quadrature to obtain
4.4%, 4.6% and 6.2% global uncertainty for t-, s- and Wt-single-top processes respectively.
Acceptance and shape uncertainties are derived for the t- and Wt-channels by comparing
alternative MC samples with the RIVET analysis selection previously introduced: the al-
ternative samples are detailed in Table 8.9 along with the systematic effects considered.
All studies are focused on the 1-lepton channel, where this background has a non negligible
contribution, and result in acceptance systematic uncertainties for the 2-jet and 3-jet re-
gions (separately) as well as p¥ and mg, shape uncertainties. The acceptance systematics
are derived by comparing the alternative MC samples and taking the quadrature sum of
the different systematic sources, resulting in the numbers presented in Table 8.10. Shape
uncertainties are obtained by comparing the p¥ and my, template distributions normalized
to the same area among the different MC generators, and fitting the largest discrepancy
with a linear function. The systematics derived in the 1-lepton channel for this background
are conservatively applied in the 0- and 2-lepton channels as well.

Generator Setup Details Systematic Effect

PowHEG +PyTHIA 6 nominal setup low variation for additional
scale variations low (ur = pr = 2) radiation
low radiation PERUGIA2012 tune variation

PowHEG +PYTHIA 6 nominal setup high variation for additional
scale variations high (ur = ur = 0.5) radiation
high radiation PERUGIA2012 tune variation

PowHEG +PyYTHIA 6 Wt-channel nominal setup alternative ME calculation

‘diagram subtraction’ scheme
setup in the PowHEG ME calculation

PowHEG +HERWIG +-+ t-channel nominal setup alternative PS
parton showering with HERWIG +-+
CTEQ6L1-UE-EE-5 tune for PS

MADGRAPHS _AMC@NLO  t-channel alternative setup alternative ME
+HERWIG ++ ME with MADGRAPHS 5 aMC@NLO
CT10f4 PDF in ME

Table 8.9: Single-top MC samples generated for the estimate of systematic uncertainties.
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Process Uncertainty Value

s-channel 4.6%

t-channel | overall normalization | 4.4%

Wt-channel 6.2%

t-channel ) 16%
2-jet acceptance

Wt-channel 25%

t-channel , 19%
3-jet acceptance

Wt-channel 32%

Table 8.10: Summary of the normalization uncertainties for the single-top background.
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8.7 Statistical Analysis: the Likelihood fit

The statistical analysis performed to extract the final results adopts the main principles
outlined in Chapter 4: in this Section I present the specific details of the combined binned
Likelihood fit, from the discriminating variables, to the signal and control regions included
in the fit, to the different studies and tests that give solidity to the result. Many aspects
of the fit model are shared between the different analyses described in this document,
but given the differences in event selection, center of mass energy and detector conditions
among the three searches, the model has to be carefully defined and validated to make
sure that the results extracted from the Likelihood fit are solid and robust.

As stated in Section 8.6, the normalization of the main backgrounds is left free to float in
the fit, in order to be sensitive to the the measured data: these backgrounds are (W/Z)+h.f
and t¢ (for the latter the global normalization factor is uncorrelated between 0+1- and 2-
lepton channels). The normalization of the remaining backgrounds (diboson, single-top,
multijet, (W/Z)+ (cl) and (W/Z)+ (1)) is parametrized in the Likelihood fit with a Gaus-
sian constraint. For all background processes, the relative normalization across the different
analysis regions, as well as the shape of the most important variables entering the BDTs,
is controlled in the fit by the systematic uncertainties introduced in Section 8.6.3, included
in the Likelihood fit as prior penalty factor on the parametrized Gaussian constraints.
The normalization of the Higgs V H signal is of course free to float, and constitutes the
parameter of interest which is extracted from the fit itself, the Higgs signal strength pu.
All systematic uncertainties included in the fit model as nuisance parameters undergo a
smoothing and pruning procedure to improve the robustness of the model and reduce its
complexity, as described in Section 4.2.1. Statistical uncertainties due to the limited size
of the simulated MC samples are taken into account in the fit with nuisance parameters
constrained by Poisson distributions in each bin of the distribution, included if the relative
statistical uncertainty on the total background is above 5%.

V H(bb) categories: impact on the Likelihood fit The discriminating variable fitted
to the measured data is the output of the multivariate algorithm defined in Section 8.4,
BDTy g, after applying the rebinning transformation. The BDTy g output is shown in
Figure 8.10 and 8.11: these template distributions are included in the Likelihood fit for
all the regions listed in Table 8.2, covering three lepton channels, two jet-bins and two p¥
regions for the 2-lepton channel only.

The 1-tag regions are not included in the combined fit as their impact is found to be
negligible on the final results: the background modeling is already well under control from
the fit of 2-tag regions and the effect of additional constraints from the 1-tag categories is
not crucial.

This results in a relatively simpler fit model compared to the one detailed in Section 6.8.1:
the 0- and 1-lepton channels are divided into just two sub-categories according to the jet
multiplicity, where the 3-jet bin provides the strongest constraint on the ¢¢ background
normalization and modeling, while the 2-jet bin has the largest S/ VB.

The 2-lepton channel is divided into four sub-categories, separating low- and high—p% events
and 2-jet and > 3-jet events: the high—p% regions provide the largest sensitivity, while
events at low transverse momentum are crucial to constrain the background modeling,
especially for Z + h.f and tf processes (while the two backgrounds have similar size in the
2-jet low—p% bin, top-pair production becomes dominant in the 3-jet region). This aspect
makes the proper understanding and implementation of the p¥ systematic uncertainties on
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these backgrounds a crucial aspect of the search, since these uncertainties are the nuisance
parameters that control the relative normalization of high- and low—p% categories in the
2-lepton channel fit model, propagating the information gathered from the high-statistics
low—p% regions to the high-sensitivity boosted categories. Event yields for the signal,
backgrounds and data in the regions included in the combined fit are quoted in Table 8.12,
after the modifications introduced by the Likelihood fit itself on the signal and background
normalization.

Background normalization: floating scale factors During the Likelihood fit the
normalization of ¢t and (W/Z) + h.f is adjusted to the measured data, without any prior
constraint, completely free to float in the fit, with the correlation model described in the
previous sections. Table 8.13 shows the scale factors obtained from the fit to data for these
backgrounds, separately for ¢t in the 0-+1- and 2-lepton channels, W + h.f and Z + h.f.
While the normalization of ¢t and Z+h.f is relatively well behaved and compatible with the
expectation, the W + h.f background requires a large scale factor of 1.59 to adjust the MC
modeling to the data distributions. The measure of this SF is driven by the 1-lepton chan-
nel, where this background process is dominant compared to the 0- and 2-lepton channels.
Two considerations are necessary to comment this results: there is no high-purity control
region where the production of W bosons in association with heavy flavor jets can be easily
measured and studied, to validate the accuracy of the MC simulation. The W + h.f back-
ground is a highly non-trivial process, that does not benefit in the fit from any pure control
region to constrain its modeling, nor from constraints from low—p¥ categories, that are not
included in the 1-lepton channel. Furthermore it has been observed in previous studies
(documented in [210]) that the SHERPA MC simulation has the tendency to underestimate
the production of vector bosons in association with heavy flavor: it is possible that this
potential mismodeling in the MC simulation results in a large positive scale factor.

This background is clearly a crucial aspect of the V H (bb) search, and a better understand-
ing of its modeling should be a priority for the next iteration of the analysis: both by
improving the accuracy of the MC simulation, and by including additional regions of the
1-lepton channel that could bring precious information on the W + h.f features.

Finally it is worth noting that the floating normalization factors only tell part of the story:
for these major backgrounds the complex model of normalization and shape systematic un-
certainties described in Section 8.6.3 is implemented, providing the fit with several degrees
of freedom to act on the background modeling on separate regions and/or variables.

Understanding the V H(bb) Likelihood fit model Several studies and tests have been
performed to assess the solidity of the fit model, following the experience gathered from
the analyses presented in Chapter 6 and 7. The NPs included in the fit are investigated
by studying their central values, uncertainties and correlations before and after the fit to
data. Furthermore the NPs are ranked considering their impact on the measured signal
strength fi, from the most to the least important, to highlight the crucial parameters in the
fit model. These tests do not show striking pathological behaviors in the fit, thus proving
the robustness of the results.

Figure 8.14 shows the NPs ranking according the their impact on i, showing their central
values and uncertainties after the fit to data as well.

It is interesting to observe how the systematic uncertainties that occupy the highest places
in the ranking are all related to either the tagging efficiencies for b- and c-jets, or the
MC modeling of the main backgrounds. Tagging efficiencies play a strong role in all three
lepton channels (and are correlated to the normalization of the main backgrounds); the
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Z + h.f. normalization is in particular dominant in the 0- and 2-lepton channels, while
the impact of W + h.f. arises from the 1-lepton channel (and to a less extent it receives
contribution from the O-lepton one as well). It is worth noting that the floating normaliza-
tion of the Z + h.f. correlates this background between 0- and 2-lepton channels. The my,
shape uncertainty for the Z + h.f. is also driven high in the ranking by the 0- and 2-lepton
channels, and gains a slight downwards pull from the 2-lepton channel regions.

The modeling of the Z + h.f. undergoes some adjustment in the fit, reflected in the pulls of
the NP central values: both the p¥ shape systematics (correlated between 0- and 2-lepton
channels) and the 0-lepton normalization are pulled towards positive values. This is possi-
bly due to a mismodeling in the p¥ distribution, which results in a difference between low-
and high—p¥ regions, shown in the pull of the p¥ Z + h.f. shape uncertainty (which goes in
the direction of adjusting the MC simulation to data - note that this uncertainty is derived
from data-to-MC comparisons). Since in the 0-lepton channel the low—p¥ regions are not
included, the interplay between Z + h.f. normalization and p¥ shape from the 2-lepton
regions fit may lead to a larger scale factor in the 0-channel alone. The normalization of
the same background is also pulled upwards in the 2-jet category (correlated among 0-
and 2-lepton channel and across the p¥ spectrum), where again a possible cause can be
the underestimate of Z production in association with heavy flavors from the SHERPA MC
generator (common to both lepton channels and more evident when vetoing events with
larger jet multiplicities).

The presence of the ¢t normalization in the 2-lepton channel among the top ranking NPs
is not surprising as well, as this background has a strong impact in the > 3-jets 2-lepton
category, and shows some correlation with the Z + h.f. normalization (furthermore is is
uncorrelated from the 0+1-lepton channels, thus it does not benefit from their additional
constraints). The tf normalization in the 3-jet categories appears high in the ranking as
well, mostly driven by the 1-lepton channel, and it is anti-correlated with the overall ¢t
normalization in the 0+1-lepton channels.

The overall message from this ranking distribution is that, while experimental uncertainties
from b- and c-tagging have a strong impact on the results, a proper understanding of the
background modeling and the implementation of a complete and robust fit model (in terms
of correlations among backgrounds and analysis regions) are critical to gain confidence with
the solidity of the final results.

Measurement of the diboson V Z(bb) signal strength As described in Section 6.8.4,
the fit of the signal strength of semileptonic diboson processes uy 7 provides a very useful
validation of the V H (bb) analysis, given the similar signature with the V H signal. To per-
form this cross-check an alternative BDT training is performed, as outlined in Section 8.4,
while the remaining details of the analysis are unchanged. The only difference in the
diboson fit model is the implementation of a Gaussian parametrization for the Higgs nor-
malization with a constraint of 50%, while the uncertainties on the overall normalization
of the diboson processes introduced in Section 8.6.3 are removed, replaced by an uncon-
strained diboson signal strength. The BDTs trained against VH or V' Z signals provide
good separation between diboson and Higgs signal processes, therefore the Higgs and di-
boson Likelihood fits are only weakly correlated, mainly thanks to the softer p¥ spectrum
and the peak of the my, distribution at lower mass, for V Z processes. The measured val-
ues of the diboson signal strength corresponds to pyz = 0.91 £0.17(stat.) 8'732(syst.), well
compatible with one within the uncertainties. The diboson processes are thus observed

with a significance of 3.0 standard deviations (o(‘)/l;f ), compared to the expected value of
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3.2 (aV2).

erp

8.8 Results

The main results of the V H(bb) search with data collected during the LHC Run-2 are
extracted from the statistical analysis detailed in Section 8.7 and reported in full detail
in this section. From the combined Profile Likelihood Ratio fit including all three lepton
channels the observed limit on the ratio of the cross section times branching ratio with
respect to the SM expectation for an Higgs mass of my = 125 GeV is 1.2, compared to an
expected limit, in absence of signal, of 1.0Jj8:§. The probability pg of obtaining a result at
least as signal-like as what is observed in the analyzed data, under the background-only
assumption, is 34% for a tested Higgs boson mass of 125 GeV, while the expected py value
under the assumption of the signal hypothesis (presence of an Higgs boson with mass and
signal strength predicted by the SM) is 3%.

This results in a Higgs boson excess observed with a significance of 0.42 standard devia-
tions (oH), compared to an expectation of 1.94 standard deviations (0';/;; ). The expected
and observed 95% CL limits, pg and significances are quoted in Table 8.15 for the single
lepton channel fits (performed separately) and the combined global fit.

The Higgs signal strength extracted from the fit to data corresponds to y = 0.21f8:§g (stat.)£
0.36(syst.). Table 8.11 shows the breakdown of the error on p in the different sources of
uncertainty. It is worth noting that this breakdown is extracted from a combined fit includ-
ing several categories, on which the effect of the various uncertainties is different: while the
impact of systematic uncertainties is close to the statistical error from data, in the most
sensitive high—p¥ categories data statistics is still the dominating factor, therefore they
will directly benefit from the data collected by the ATLAS detector until the end of the
LHC Run-2. Furthermore, among the systematic uncertainties, the statistical fluctuations
in the MC simulation have a strong impact on the result, especially at low p¥ : this could
be directly improved by increasing the size of the simulated samples (in principle a simple
task, but often technically demanding). Among the experimental systematics, as expected
from the ranking plot of Figure 8.14, the flavor-tagging uncertainties play the stronger role
(this type of uncertainties will also largely benefit from the increased statistics that will be
collected until the end of the LHC Run-2 data-taking, since they are extracted from data
measurements).

Finally Figure 8.17 shows the data, background and signal yields, where the bins of the
final discriminant BDTy g in all signal regions are combined into bins of log(S/B). Here,
S is the expected signal yield and B is the fitted background yield. This summary plots
allows not only to gauge directly at the background composition across the whole V H (bb)
analysis regions, but in particular shows that in the three rightmost, most sensitive, bins of
the distribution the observed data are well described by the background-only hypothesis,
thus resulting in a fitted signal strength for the V H (bb) signal lower than one.

The same Likelihood fit is also performed separating the Higgs signal strength in lepton
channels, as well as in WH and ZH production modes (still including all regions in the
combined fit model), free to float independently from each other in the fit to data, and
without changes in the background fit model. The result of these fits with multiple param-
eters of interest are shown in Figure 8.16: it can be observed how all three lepton channels
give a signal strength lower than the Higgs SM expectation (this behavior is evident in
particular from the 2-lepton channel, where the fitted signal strength assumes negative



value).

Uncertainty 4 Impact on the error on p
Data Stat. + 0.361 - 0.346
Full Syst. -+ 0.358 - 0.360
MC Stat. + 0.208 - 0.215
Floating background normalization -+ 0.099 - 0.150
Floating and parametrized normalization + 0.126 - 0.171
All except normalization -+ 0.315 - 0.320
Jets and MET -+ 0.050 - 0.046
Flavor-tagging + 0.162 - 0.190
Leptons + 0.010 - 0.011
Luminosity -+ 0.017 - 0.011
Diboson modeling + 0.022 - 0.022
Z + jets modeling + 0.118 - 0.179
W + jets modeling + 0.097 - 0.136
tt modeling + 0.090 - 0.145
Single-top modeling + 0.042 - 0.031
Multijet modeling -+ 0.015 - 0.016
Signal modeling + 0.081 - 0.027
Total -+ 0.508 - 0.499

Table 8.11: Breakdown of the uncertainties on the fitted signal strength g for the MVA
Higgs fit. The uncertainties are divided into different sources: data statistics (‘Data
Stat.”), systematic uncertainties together with MC statistical uncertainties (‘Full Syst.”),
MC statistics alone (‘MC Stat.”) and different sub-groups of systematic uncertainties.
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Figure 8.11: The BDTy j post-fit distributions in the 2-lepton channel for 2-tag events, in
the 2-jet (left) and > 3-jets (right) for the low pY¥. region. The background contributions

after the global likelihood fit are shown as filled histograms.

The Higgs boson signal

(mpg = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds as expected
from the SM (indicated as p = 1.0). The dashed histogram shows the total background
The size of the combined statistical and
systematic uncertainty on the sum of the signal and fitted background is indicated by the
hatched band. The ratio of the data to the sum of the signal and fitted background is
shown in the lower panel.

as expected from the pre-fit MC simulation.

O-lepton 1-lepton 2-lepton
Sample py > 150 GeV, 2-tag pY¥ > 150 GeV, 2-tag pY < 150 GeV, 2-tag p¥ > 150 GeV, 2-tag
2-jet, 3-jet 2-jet | 3-jet 2-jet 3-jet 2-jet | 3-jet

Z+1 1.5+0.1 3.312.2 - 4.6+0.1 15.4+0.5 0.4+0.0 2.9+0.1
Z +el 4.92+1.8 6.7+2.6 0.940.6 - 13.945.9 49421 1.0+£0.4 | 10.0£4.3
Z +HF 864-+49 1300490 29.043.0 65.7+3.7 40004120 82504300 260+14 | 1192+49
W +1 2.3+1.5 3.842.2 4.3£0.1 9.6+0.3 0.0£0.0 0.040.0 0.040.0 0.0£0.0
W+l 3.7+1.8 7.44+3.5 20+11 33417 0.0+0.0 0.5+0.0 0.0+0.0 0.0+0.0
W+ HF 184437 440496 7414114 16104300 1.2+0.3 42410 0.440.1 1.3+0.3
Single-top 45.5+£7.7 204439 331455 1590300 139439 4004130 | 10.5+3.0 44+14
Multi-jet - - 101+63 2104140 - - - -

tt 13614 1081467 886482 75204360 40804120 | 122104340 | 42.3+4.3 | 402436
Diboson 5617 65+16 39+10 6816 121432 190436 8.3+2.3 | 46.6+8.4
Total bkg. 1297+35 3110+£52 2152+48 11120£110 8358102 21150150 322+13 | 1698+38
V H(bb) (fit) 3.7E8.7 4.3+10.3 42+10.1 5.0£12.0 4.2+10.0 6.2+14.9 0.0+2.2 25+5.9
Data 1313 3120 2145 11124 8365 21163 316 1700 |

Figure 8.12: The data, background and signal yields along with the total uncertainty. All
the background and signal values are evaluated according to the results of the global fit.
The V+HF yield counts includes events from the V+bb, V+be, V+bl and V+cc categories.
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Sample Scale factor
tt 0+1-lepton | 0.86 £0.13

tt 2-lepton 0.94 4+ 0.09
W+ HF 1.59 4+ 0.39
Z + HF 1.04 +0.11

Figure 8.13: Factors applied to the nominal normalisations of the tt, W+ HF and Z+ HF
backgrounds, as obtained from the global likelihood fit. The ¢t background is normalised
independently in the 0+1 and 2 lepton channels. The errors include the statistical and
systematic uncertainties.
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Figure 8.14: Impact of systematic uncertainties on the fitted signal-strength parameter p.
The systematic uncertainties are listed in decreasing order of their impact on Ti on the
y-axis. The boxes show the variations of u, referring to the top x-axis, when fixing the
corresponding individual nuisance parameter 6; to its post-fit value 9; modified upwards or
downwards by its post-fit uncertainty, and repeating the fit as explained in the text. The
hatched and open areas correspond to the upwards and downwards variations, respectively.
The filled circles, referring to the bottom x-axis, show the deviations of the fitted nuisance
parameters é; from their nominal values 6y expressed in terms of standard deviations with
respect to their nominal uncertainties Af. The associated error bars show the post-fit
uncertainties of the nuisance parameters, relative to their nominal uncertainties. The open
circles with their error bars, also referring to the bottom x-axis, show the fitted values
and uncertainties of the normalisation parameters that are freely floating in the fit. The
normalisation parameters have a pre-fit value of 0280 The jet energy scale and b-tagging
uncertainties are decomposed into uncorrelated components; the numerical labels refer to
such components.



Limit Po Significance
Dataset Exp. Obs. | Exp. Obs. | Exp. Obs.
O-lepton | 1.475% 2.0 | 0.07 0.15 | 1.45  1.02
l-lepton | 2.010% 2.1 | 015 046 | 1.04  0.10
2-lepton | 1.815T 1.7 | 0.13 057 | 1.14 —0.17

Combined | 1.075% 12 [ 0.03 034 [ 1.94 042

Figure 8.15: The expected and observed 95% CL limits on the ratio of the cross-section
times branching ratio with respect to the SM expectation and py and significance values for
the individual lepton channels and their combination. The expected limits are evaluated
assuming the absence of signal and the expected pg and significance assuming a Higgs
boson of mpg = 125 GeV mass with the SM signal strength.

ATLAS Preliminary {s=13TeV, [Ldi=13.2f5" ATLAS Preliminary {s=13TeV, [Ldt=13.2 fo”
LA I TN FRNL I LN LA TR S A LA O A L | LA I TN FON I LN LA TR T LB O TR |
b —Tal. - = — Tt =
Stat, Tot. ( Stat. Syst. ) Stat, Tot. ( Stat. Syst.)
. g .0.24+090 (+0.64 +063y |
0.15+067 (+049 +045, e 024705 (Zoss Zo'0)
ZH— =i - _o0ss '-047 —044’
084 (+0.67 +067
1lepton |~ I 0.25% 2 (Toas Xosr)
WHI  —e—m 0.33+095 (+0.B& +0.68) —
O8RS0 84 S HeT 073 (+059 +0.44
Olepton = K—o—H4 0'4?J:0.69 ( J:O,SS i042) =
Combiation| = tre 021105 (1535 0% | Combination (~ k-e-4 021108 (1538 10%)
PR I T SPUUR U [ T S - e P PRI (S S BRI TS S S S PR T——— |
0 2 4 6 8 10 0 2 4 6 8 10
Best fit p=ofcsm for m,=125 GeV Best fit p=ofcsm for m,=125 GeV
(a) (b)

Figure 8.16: The fitted values of the Higgs boson signal-strength parameter, u, for mg =
125 GeV for the W H and ZH processes and their combination (left) and for the 0-, 1- and
2-lepton channels and their combination (right). The individual p values in either the case
of the (W/Z)H processes or individual lepton channels are obtained from a simultaneous fit
with the signal strength for each of the processes or lepton channels floated independently.
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Figure 8.17: Event yields as a function of log(S/B) for data, background and Higgs boson
signal with my = 125 GeV. Final-discriminant bins in all signal regions are combined into
bins of log(S/B). The signal S and background B yields are the expected and fitted values,
respectively. The Higgs boson signal contribution is shown as expected for the SM cross
section (indicated as p = 1.0). The pull of the data with respect to the background-only
prediction is shown without systematic uncertainties. The solid red line indicates the pull
of the prediction for signal (x = 1.0) and background with respect to the background-only
prediction.
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9 Conclusions and Outlook

The results of three analyses have been presented in this thesis, corresponding to two sep-
arate searches for SM Higgs physics and BSM phenomena.

The search for the SM Higgs boson in the decay channel to b-quark pairs in the associated
production mode V H has been performed on the LHC Run-1 dataset, corresponding to
an integrated luminosity of 25.0 fb~! at /s = 7 and 8 TeV, and the data taken during
the LHC Run-2 until July 2016, for a luminosity of 13.2 fb~!, collected with the ATLAS
detector. The results of these searches in terms of expected and observed sensitivities, as
well as the measured Higgs signal strengths, are shown in Table 9.1. In both cases a signal
strength lower than the SM expectation is observed, corresponding to a data deficit with
respect to the signal+background hypothesis, which is reflected in an observed sensitivity
below the expected value oops < Tegp.

The CMS Collaboration reported the results of the V H (bb) search using the LHC Run-1
dataset [2411], obtaining a signal strength of ;1 = 0.89 £ 0.43, with an observed significance
of 2.090,s and an expected significance of 2.520 .

Data sample Luminosity | oezp | Oobs Signal strength
Vs=T+8TeV | 250 fb~! 2.6 | 1.4 | p=0.51£0.31(stat.) £ 0.24(syst.)
V5=13TeV | 13.2fb71 | 1.94 | 042 | p=0.217035(stat.) & 0.36(syst.)

Table 9.1: Summary of the results of V H(bb) searches with Run-1 and Run-2 LHC data,
in terms of expected and observed sensitivities and measured value of the Higgs signal
strength.

While the signal strength measured from Run-1 data is well compatible with the SM ex-
pectation at 1.0, the measurement obtained from the preliminary Run-2 dataset shows a
larger disagreement, not fully covered by +1o statistical and systematic uncertainties. It is
therefore interesting to quote the 95% CL upper limits on the cross section times branch-
ing ratio pp — (W/Z)(H — bb) for this result: the observed limit for my = 125 GeV
corresponds to 1.2 times the SM value, to be compared with the limit of 1.0f8:§ expected
in the absence of signal. An exclusion of the SM Higgs hypothesis in this search channel
is therefore not possible from this analysis.

Although none of the analyses presented in this thesis has been able to reach the level
of an observation of the V H(bb) signal, it is worth noting the very good performance
achieved in both cases, quantified by the expected sensitivity. Not only the 2.60.;, quoted
from the analysis of Run-1 data represents the highest expected sensitivity for V H (bb)
searches among HEP experiments, but considering the Run-1 and Run-2 results together
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would likely bring the expected sensitivity above the level of 30¢zp.

No attempt to combine the LHC Run-1 and Run-2 datasets for a comprehensive analysis
of the whole available statistics has been made so far, and given the under-fluctuations
observed in both searches it would not result in an observation at the level of 3o ps.

While the analysis of the LHC Run-1 dataset is the ATLAS ‘legacy’ result for the V H (bb)
search, the /s = 13 TeV data will keep increasing throughout the whole LHC Run-2, for
an expected integrated luminosity of approximately 30 — 40 fb~! to be collected by the
end of 2016, and approximately 100 fb~! by the end of the run. Under the assumption of
the SM Higgs hypothesis, this increase in luminosity should likely be sufficient to bring the
analysis of /s = 13 TeV data to the level of an observation (30¢zp) by the end of 2016, and
a discovery (50ezp) by the end of the LHC Run-2. Of course, the results presented in this
thesis show a non negligible deficit in data compared to the SM Higgs hypothesis, which
is not reflected in these expected sensitivities. The next months will be therefore critical
to determine with better accuracy the nature of the V H(bb) process, profiting from the
increased data statistics.

Additional /s = 13 TeV data will deeply impact the results presented for the Run-2
dataset analysis. Although the level of statistical and systematic uncertainties on the
measured signal strength is very similar, an increased statistics will allow for a better un-
derstanding of the complex background processes competing with the V H (bb) signal, and
a more accurate determination of data-driven experimental uncertainties, thus reducing
indirectly the magnitude of the systematic error. It will be critical to improve the analy-
sis design in order to extract as much detail and information as possible from the Run-2
dataset, to pin down with precision the modeling of the most complex backgrounds, such
as (W/Z) + heavy flavors and ¢t production.

With the prospect of a rapidly increasing statistics during the LHC Run-2, it becomes
very interesting to consider the V H (bb) channel as a candidate to test possible deviations
from the SM. From the analysis of LHC Run-1 and Run-2 data more and more limits on
new physics states have been pushed to higher energies, and, in parallel, no significant
indication of any deviation of the Higgs boson couplings from those expected in the SM
has been observed.

In this scenario, Effective Field Theories (EFTs) in which the new physics is decoupled
from the SM at some large energy scale A, and its leading effects can be parametrized
through higher-dimension effective operators suppressed by A, are becoming more and
more relevant.

The associated production mechanism V H is a very promising candidate to provide strong
constraints on a number of these higher-dimension effective operators, specifically related to
the Higgs coupling to vector bosons, competitive (and complementary) to the electroweak
precision measurements from LEP [212] , ].

In particular, it is very encouraging to consider possible deviations in differential distribu-
tions of quantities highly sensitive to the impact of EFT operators, such as the transverse
momentum of the system recoiling away from the Higgs (p¥.), or the invariant mass (myg).
This impact is enhanced by powers of v/§ /A, playing a strong role in the high tail of the
my g distribution, and in the boosted region at large p¥ , where the background contribu-
tion is extremely small.

With the additional data from the full LHC Run-2 an accurate study of the Higgs boson
properties will play a critical role in the quest for new physics: the VH channel will be
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an important actor in this precise measurements, with a leading impact from the V H (bb)
analysis, which is already contributing at the level of O(85%) to the V H expected signifi-
cance from the Run-1 ATLAS and CMS combined Higgs measurement |11].

The Zh(bb) final state has been interpreted in the search for a massive CP-odd A bo-
son, decaying to a Zh pair where the h boson corresponds to the SM-like Higgs boson,
with data collected at /s = 13 TeV corresponding to an integrated luminosity of 3.2
fb~'. No significant excess is found when comparing data to the background expecta-
tion, although two upward deviations from the background-only hypothesis are observed,
for masses of the A boson of myg = 260 GeV and 440 GeV, with a local significance
of approximately 20. Limits on the production cross sections times branching fractions,
o(pp — A) x BR(A — Zh) x BR(h — bb), in the range of [4.0, 0.017] pb ([6.9, 0.026] pb)
for my = [220,2000] GeV assuming gluon-fusion (b-quark-associated) exclusive production
are quoted, which are furthermore interpreted in the context of 2HMDs as constraints in
the tan(B) and cos(f — «) parameter plane.

The sensitivity of this search is strongly driven by statistics, which is the limiting fac-
tor on the obtained results, exceeding by far the impact of systematic uncertainties. The
additional data collected by ATLAS at /s = 13 TeV will directly affect this analysis, even
without fine improvements of the background modeling or the experimental uncertainties.

The analysis presented in this thesis has been optimized for signals produced by gluon-
fusion mechanism (g9 — A — Zh), while results are obtained considering b-quark as-
sociated production as well (bbA — Zh). It is worth noting that the bbA production
mechanism has an increased sensitivity to the high-tan(f) region of the 2HDMs param-
eter space, thanks to the direct proportionality of the bbA coupling to tan(3) in Type-II
2HDMs. Revisiting the analysis optimization to improve its sensitivity to these types of
processes would provide more stringent limits under these scenarios, although it would
also open the analysis to background processes with complex features, such as top-quark
pair production in association with heavy flavor quarks, whose understanding will be a
challenge for the analysis of Zh(bb) final states.
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