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Abstract

The discovery in 2012 of the Higgs boson at the Large Hadron Collider (LHC)
represents a milestone for the Standard Model (SM) of particle physics. Most of
the SM Higgs production and decay rates have been measured at the LHC with
increased precision.

This thesis presents the analysis that led to the observation of the SM Higgs
boson decay into pairs of bottom quarks. The analysis exploits the production
of a Higgs boson associated with a vector boson whose signatures enable efficient
triggering and powerful background reduction. The main strategy to maximise the
signal sensitivity is based on a multivariate approach. The analysis is performed
on a dataset corresponding to a luminosity of 79.8 fb~! collected by the ATLAS
experiment during Run-2 at a centre-of-mass energy of 13 TeV. An excess of events
over the expected background is found with an observed (expected) significance of
4.9 (4.3) standard deviation. A combination with results from other H — bb searches
provides an observed (expected) significance of 5.4 (5.5). The corresponding ratio
between the signal yield and the SM expectation is 1.01 + 0.12(stat.)F o1 (syst.).

The measurement of cross sections in exclusive regions of phase space of the
V H production times the H — bb branching ratio is reported as well. These
measurements are used to search for possible deviations from the SM with an
effective field theory approach, based on anomalous couplings of the Higgs boson.

This thesis also describes a novel technique for the fast simulation of the forward
calorimeter response, based on similarity search methods. The new simulation

approach outperforms the default technique used by ATLAS.



Preface

The work presented in this thesis is the result of a cooperation between myself and
other members of the ATLAS Collaboration. The purpose of this manuscript is to
present the main results achieved throughout this collaboration and describe my
original contributions in the effort of producing them. Results and figures from
works published by others have been clearly attributed in this thesis.

During my DPhil, as a Marie Sktodowska-Curie fellow, I also collaborated with
members of other institutions and collaborations, in the context of an interdisci-
plinary European Innovative Training Network (ITN) called advanced multivariate
analysis for new physics (AMVA4NewPhysics). The major projects carried out
within ATLAS and AMVA4NewPhysics during my DPhil are outlined in chrono-

logical order in what follows.

Classification and regression studies for Higgs pair production in the
resolved bbbb final state This phenomenological study, performed in a collabora-
tion with the AMVA4NewPhysics ITN, examined the potential of machine learning
applications in the discrimination of Higgs pair production from background, and
explored the regression technique as an additional tool for the improvement of the
classification. For this project, I contributed to the Monte Carlo production of
signal and background samples, I implemented the event selection for the bbbb final
state and contributed to the implementation of the algorithms (deep neural network
and boosted decision tree) necessary for the classification studies. The work is
documented in Deliverable D1.1 at Ref. [1]. In a second phase of the project, I have
adapted the multivariate techniques to be applied to ATLAS samples. Preliminary
results are documented in Ref. [2]. The di-Higgs classification project is not covered

in this thesis.

Jet Energy Resolution (JER) studies for b-jets Using the direct balance
method in v + jets events, I have studied the jet response and JER for different
b-tagging working points and I have evaluated the systematic uncertainties on the
JER. This work, documented in Ref. [3], qualified me as an author of the ATLAS
Collaboration, since beginning of 2018. The project is not discussed in this thesis,
although the direct balance method is described in Section 5.5.2.

Observation of Higgs boson decays into a pair of bottom quarks in the

vector boson associated production channel Since February 2018, I actively



worked on the VH(H — bb) analysis performed with Run-2 data, collected by the
ATLAS experiment and corresponding to an integrated luminosity of 79.8 fb~1.
Chapter 7 of this thesis discusses the main aspects of the analysis that led to the
observation of H — bb decay process. I contributed to the results with extensive
studies on b-jet energy corrections, in particular evaluating the optimal working
point for the application of the muon-in-jet correction, outlined in Section 7.4.1.
I documented the studies in the supporting note regarding the definition and
selection of the analysis objects [4]. T also contributed as analyser of the 0-lepton
channel, especially in the production of the samples needed for the training of
the multivariate analysis (MVA) based on a boosted decision tree. Additionally,
I was part of the team that performed the VH(H — bb) final statistical analysis
for the results published in Ref. [5]. Following the release of the analysis results
in July 2018, I conducted preliminary studies on the optimisation of the training
parameters of the MVA analysis, documented in Section 7.5.1 of this thesis. These
studies have served as a basis for further investigations, leading to a modification
of the MVA training parameters for the 2020 analysis iteration (not yet published),
performed with full Run-2 data, corresponding to an integrated luminosity of
139 fo— L.

Interpretation of the VH(H — bb) cross section measurements based on
an effective Lagrangian approach The ‘observation’ analysis has been further
extended to provide a finer interpretation of the V H(H — bb) signal measurement.
The cross sections for the V H production times the H — bb branching ratio have
been measured in exclusive regions of phase space. I performed the interpretation
of these measurements based on an effective field theory (EFT) approach. I was
responsible for the whole interpretation work, from the parametrisation of the
inputs to the fitting procedure and cross checks. The EFT interpretation results
have been included in the corresponding ATLAS paper [6], published in May 2019.
I also documented the results in the internal note [7]. Chapter 8 of this thesis
discusses the V H(H — bb) cross section measurements, with a special focus on the

EFT interpretation.

Similarity search for the fast simulation of the Forward Calorimeter in
ATLAS For aproject started in February 2019 in the context of the AMVA4NewPhysics

ITN, I was based in Moscow for a period of three months. I have collaborated



with researchers in Yandex and Higher School of Economics (National Research
University), working on similarity search techniques as a new approach for the
fast simulation of the forward calorimeter (FCal) in ATLAS. Such techniques
constitute a branch of machine learning algorithms and include clustering and
indexing methods that enable quick and efficient electromagnetic shower simulation
in the FCal. I have fully developed and implemented the new approach in the
simulation framework used by the ATLAS experiment (Athena). The new solution
outperforms the standard fast simulation technique used in ATLAS and it was
agreed by the ATLAS simulation group that it will be deployed in the official
ATLAS framework and used for the forthcoming Monte Carlo productions. The

fast simulation project is described in Chapter 6.

This research project has been supported by a Marie Sktodowska-Curie Innova-
tive Training Network Fellowship of the European Commission’s Horizon 2020
Programme under contract number 675440 AMVA4NewPhysics.
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Chapter 1

Introduction

The most accurate description of Nature conceived by the humankind is enclosed
in the elegant formulation of the Standard Model (SM) of particle physics. The
construction of the SM started in the 1950’s to extend a successful but incomplete
theory, Quantum Electrodynamics (QED), and was driven by brilliant ideas, such
as the quark model, the gauge symmetry and its spontaneous breaking. The success
of the SM came with its experimental validation, characterised by many particle
discoveries and technological breakthroughs. The observation in 2012 of the Higgs
boson at the Large Hadron Collider (LHC) marks the culmination and triumph of
the SM, since its last missing piece was finally discovered. Since then, the properties
of the Higgs boson have been measured with increased precision and found to be
consistent with the predictions. Nevertheless, despite the success of the SM, it is
now accepted by the scientific community that, similarly to how the QED was an
approximation of the SM, also the SM must be only an effective manifestation of a
more fundamental description of Nature.

To date, many physical phenomena are not explained and several questions
remain unresolved, from the nature of neutrinos and dark matter to the origin

of the baryon asymmetry in the Universe. The properties of the Higgs boson are
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also still under investigation. Is the Higgs boson a fundamental scalar or a more
complex object? Why is its mass so many orders of magnitude lower than the
straightforward prediction?

The physics program at the LHC is strongly committed to extend the SM.
The search for the physics beyond the Standard Model (BSM) can either be
pursued directly through searches for production of new particles or indirectly,
by looking at possible divergencies from the SM. Direct searches are based on
assumptions of specific BSM theoretical models, such as the supersymmetric theories
(SUSY) 8] or the two-Higgs-doublet model (2HDM) [9]. With the indirect approach,
precise measurements of cross sections are compared to SM predictions in search
of deviations. In this context, an effective field theory (EFT) can be used for the
interpretation of the LHC data.

The extensive physics program at the LHC requires increasingly advanced
computational and data analysis techniques. Recently, machine learning methods
have made a prominent appearance in the field of particle physics, and promise to
convey many challenges encountered at the LHC. One of the main limits is certainly
the simulation of the detector response. Physics measurements typically require
extremely detailed and precise simulation that rely on the well understood physics
governing the interaction of particles with matter. These simulations are generally
very computational demanding and require a big amount of the computing resources
of an experiment. Innovative machine learning techniques for fast simulations are

currently under investigation, if not already in use, at the LHC experiments.

This thesis presents the results of the analysis that in 2018 led to the observation
of the Higgs boson decaying into pairs of bottom quarks. The analysis exploits

the production of a Higgs boson associated with a vector boson. The leptonic
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decays of the vector boson provide signatures that enable an efficient triggering
and a powerful background reduction. The main analysis strategy is based on a
multivariate approach that maximises the signal sensitivity by discriminating the
signal events from the background in a powerful way. The analysis is performed
on a dataset of proton-proton (pp) collisions at a centre-of-mass energy of 13 TeV,
collected by the ATLAS experiment during Run-2 and corresponding to a luminosity
of 79.8 fb~!. The analysis results are provided in terms of signal strength, the ratio
between the measured signal yield and the SM expectation.

The extension of the V H(H — bb) analysis with further interpretation of the
signal measurement is also described in this manuscript. The cross sections for
the V H production times the H — bb branching ratio as a function of the vector
boson transverse momentum is measured in exclusive regions of phase space. These
measurements are used to search for possible deviations from the SM using an EFT
approach, based on anomalous couplings of the Higgs boson.

A novel technique for the fast simulation of the forward calorimeter response

based on similarity search is also presented.

The structure of the thesis is briefly outlined in what follows.

Chapter 2 introduces the theoretical argumentations of the SM and the Higgs
mechanism, fundamental for putting in context the following chapters.

Chapter 3 introduces the concepts necessary for the implementation and inter-
pretation of the machine learning techniques used in this thesis.

Chapter 4 is an overview of the LHC and the ATLAS functioning.

Chapter 5 describes the principal algorithms used for the reconstruction of
physics objects at the ATLAS experiment.

Chapter 6 presents the novel technique developed for the fast simulation of the
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forward calorimeter in ATLAS, based on similarity search.
Chapter 7 presents the V H(H — bb) ATLAS analysis performed with 79.8 fb~".
Chapter 8 presents the V H(H — bb) cross section measurements, including an
effective field theory interpretation.

Chapter 9 provides a brief summary and conclusions.



Chapter 2

Theoretical Introduction

The SM of particle physics [10, 11, 12] describes the fundamental constituents
of the Universe and the forces that regulate their interactions. The SM has now
been completed since a particle compatible with the SM Higgs boson has been
recently discovered. Despite the remarkable agreement between the model and
the experimental observations, it is reasonable to expect that the properties of the
SM particles, such as the Higgs boson, could be perturbed by physics beyond our
current understanding.

This chapter gives an overview of the SM formulation, with a special focus
on the Higgs mechanism, as well as a summary of the Higgs boson properties
measurable at the LHC. The EFT approach is also introduced as a framework for

studying possible deviations from the SM predictions.

2.1  Standard Model

The SM predicts the existence of a small number of fundamental particles of
spin %, called fermions, and arranged in a scheme of three generations, in such a

way that the second and third generations can be seen as heavier replicas of the first
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Figure 2.1: SM infographic. Together with the fermions, arranged in three generations,
the gauge bosons, responsible for mediating the interactions, are shown. For each particle,
charge, mass, and spin are indicated. Image source: [13].

generation, as illustrated in Figure 2.1. Fermions are further categorised according
to their quantum numbers. Fermions with a colour charge and a fractional electric
charge are called quarks. The up-type quarks carry an electric charge of +2|e| and
are identified in three flavours: up (u), charm (¢), top (¢). Similarly, the down-type
quarks, which carry a negative charge of —%|e|, stand out in three flavours: down
(d), strange (s), and bottom (b). Leptons are fermions with neutral or integral
electric charge (|e|) and are not associated to a colour charge. Each type (or
flavour) of charged leptons, which include electron (e), muon (x) and tau-lepton
(7), is paired to a neutral lepton, referred to as neutrino, and divided into v, v,

and v,.
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Elementary particles interact with each other through the four fundamental
forces, the strong, the electromagnetic, the weak, and the gravitational force, which
explain all the experimentally observed phenomena. However, the impact of the
gravitational force on particle processes is negligible, therefore this interaction is
not included in the SM formulation. The interaction between fermions is mediated
by force carriers of spin 1, known as gauge bosons. These particles are the photon
v, which mediates the electromagnetic force, the gauge bosons of the weak inter-
action, W+, W=, and Z°, and finally the carrier of the strong force, the gluon g.
Quarks are subject to the three kinds of interactions, while charged fermions in-

teract via electromagnetic and weak interactions and neutrinos only interact weakly.

The SM is a Quantum Field Theory (QFT), in which particles are described by
perturbations of quantum fields and satisfy the appropriate quantum mechanical
field equations. The theory is constructed upon the Lagrangian formalism as a
generalisation of Quantum Electrodynamics (QED). The dynamics of the free
fermions are described by the Dirac equation of relativistic quantum mechanics.
The Dirac equation has four solutions, two of which imply negative energies. These
solutions are interpreted as positive energy particles propagating backwards in time
or, equivalently, as positive energy antiparticles, objects with identical mass and
lifetime as the particles introduced above, but with opposite charge, propagating

forward in time. The Lagrangian density associated to the Dirac equation is:

D%Dirac = 1/}<Z’Y'ua,u - m)¢7 (21)

where ¢ = 1)(x) represents the field spinor, v represent the Dirac v-matrices and

m is the mass of the fermion. The Lagrangian for a Dirac field is required to be
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invariant under the U(1) local transformation:
Y(x) = ¢ (z) = ™ Dy(z). (2.2)
This is obtained by replacing the derivative 0, with the covariant derivative D,
Oy — D,y = 0, +iqA,, (2.3)

where A, is a vector field, which is identified with the massless photon, invariant

under the gauge transformation
Ay — A=A, =0 (2.4)

This allows to define the QED Lagrangian density, which describes the fermion

field, the photon field, and their interaction, in the form
_ _ 1 ,
Zapp = Y(iV"0, — m)p + eyth — ZFWF” ; (2.5)

where F),, = 0,A, — 0, A, is the electromagnetic field tensor.

Quantum Chromodynamics (QCD) describes the strong interaction and is
obtained by extending the local gauge invariance U(1) of the QED to the SU(3)
local gauge symmetry. QCD is mediated by eight massless gluons, corresponding
to the generators of SU(3), represented by 3 x 3 matrices. QCD is characterised by
three colour charges, each colour corresponding to an orthogonal state in the SU(3)
space. Quarks carry colour charge while leptons do not, and therefore only quarks
can couple to gluons and interact through the strong interaction. QCD is invariant

under SU(3) local phase transformations, which concerns rotations of states in the
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colour space. Consequently, the strength of QCD does not depend on the colour
charge of the quark.

Quarks are found to be arranged in composite particles and do not exist as
free particles. This phenomenon is known as colour confinement and regards the
objects with non-zero colour charge, which can not propagate as free particles. The
composite particles formed by quarks are called hadrons, which are categorised into
baryons, made of three quarks, and mesons, made of one quark and one antiquark.
The mechanism by which quarks and gluons produced in hard processes form the
hadrons is called hadronisation. Another important property of QCD is asymptotic
freedom, which is related to the significant variation of the coupling constant a; of
the strong interaction, over the range of energies relevant to particle physics. In
particular, g has large values for small energy scales (~ 1 GeV), which correspond
to large distances, making the theory non-perturbative. For higher energies, at
the typical scale of collider physics (> 100 GeV) the coupling strength decreases,
allowing perturbative methods to be used for quantitative predictions. However,
even in this condition, the convergence of the perturbative expansion is very slow
and requires higher-order corrections. A specific class of corrections, the quark
self-energy corrections, could lead to infinities, known as ultraviolet divergencies,
which can be eliminated by introducing a redefinition of fields or parameters to
absorb the divergent term. This procedure is called renormalisation and requires
the introduction of a renormalisation scale ugr and a factorisation scale pp (14,
15]. For all these reasons, QCD calculations for processes at the LHC are very

challenging.

The SM unifies the weak and electromagnetic forces into a single electroweak

(EW) interaction. The weak charged-current interaction is associated with an
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SU(2), gauge symmetry, whose generators are the weak isospin T that can be
written in terms of Pauli matrices o as T' = %a’. The subscript L of the SU(2),
group indicates that the weak charged-current interaction only couples with left-
handed (LH) particle states (and right-handed (RH) antiparticle states). In this
description, the LH particles and RH antiparticles are represented by weak isospin
doublets, with total weak isospin Iy, = %, while the RH particle and LH antiparticle
states are placed in weak isospin singlets with Iy, = 0. The local gauge invariance
can be satisfied by introducing three gauge fields, Wl’f , with k = 1,2, 3, correspond-

ing to three gauge bosons. Linear combinations of these fields give rise to weak

charged-currents, corresponding to the physical W bosons:

W = %(Wf) FiW?). (2.6)

The SU(2),, gauge symmetry also implies the existence of a weak neutral-current

that can only couple with LH particles and therefore it can not be identified with
the Z boson, which couples with both LH and RH particle states.

An additional symmetry U(1)y introduces the weak hypercharge Y = 2(Q — Iw),

where @) is the electromagnetic charge. A new gauge field B,, couples to Y. In this

model (called GSW after Glashow [16], Salam [17] and Weinberg [18]) the physical

photon and Z boson result from linear combinations of the fields B, and W,E?’):

A, = +B, cosby + Wf’) sin Oy,
(2.7)

Z, = —B,sinOy + W!ES) cos Oy,

where 0y is the weak mixing angle. Within the GSW model, the couplings of the

10
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weak and electromagnetic interactions are related as follows
e = gw sin by = gz sin Oy cos Oy (2.8)

The SM description unifies the EW and QCD theories under the symmetry
group SU(3)c ® SU(2), ® U(1)y. The required local gauge symmetry can only
be satisfied if all the particles are massless as the introduction of mass terms in
the SM Lagrangian would break the local gauge invariance. However, this is in
contrast with experimental evidence that shows that many particles have mass.
It is then necessary to include in the EW sector of the SM a mechanism that
spontaneously breaks the symmetry and gives rise to the mass of the particles: the

Brout-Englert-Higgs mechanism [19, 20, 21, 22|.

2.2 Higgs Mechanism

According to the Higgs mechanism, the gauge bosons acquire mass upon their
interaction with the Higgs field. The new field is identified with a weak isospin

doublet of complex scalar fields with four degrees of freedom:

oF 1 [ &1 +igo
o) V2 gy +ios

where ¢° and ¢T are a neutral field and a positively charged field, respectively. The

corresponding Lagrangian is

Z = (Do) (D"9) = V(9), (2.10)

11
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V(g)
Vig)

Figure 2.2: V(¢) = pu?p'é + M\(pT$)? potential for a complex scalar field, in case p? > 0
(a) and p? < 0 (b). The former case has a unique minima in ¢ = 0, while the latter
corresponds to the Higgs potential, and presents a set of degenerated minima.

where the derivative 0, is substituted by the covariant derivative that ensures
invariance under the SU(2), ® U(1)y local gauge symmetry:

Y
Op = Dy = 0+ igwT - W, +ig 5 B,. (2.11)

The first term of the Lagrangian in Equation (2.10) refers to the kinetic energy,

while V' (¢) is the Higgs potential, defined as

V(¢) = 1?61 + Mg ). (2.12)

The first term of V(¢) represents the mass term, while the second introduces a
self-interaction of the field. The vacuum state corresponds to the minimum of the
potential. In order to obtain a finite minimum, the coefficient A must be positive,
while p? can be either positive or negative. If p? > 0 the resulting potential
has a unique minimum at ¢ = 0, as illustrated in Figure 2.2a. In this case, the

Lagrangian in Equation (2.10) represents a scalar particle with mass p under the

12
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SU(2) symmetry. On the other hand, if 1* < 0 the potential has a set of degenerate

minima on a circumference corresponding to

2 2
Ho= 5B+ E+ B+ =2 =L (2.13)

2 2\
The latter case is shown in Figure 2.2b. All the minima are connected by an
SU(2) transformation and are equivalent. The choice of the vacuum state breaks
the symmetry of the Lagrangian: the process is known as spontaneous symmetry
breaking. To break the symmetry, one can choose ¢; = ¢ = ¢4 = 0 and only the

neutral scalar field ¢y corresponds to a vacuum expectation different from zero:

1 (0
(0] ¢0) = 7 : (2.14)

An excitation of the fields around the vacuum expectation can be written as:

1 ¢1(x) + icha ()
¢(z) = 7 ) (2.15)
v+ ain(x) + igy(x)
where the field ¢ is parametrised in terms of a real physical field n(z) and three
unphysical fields ¢; 24, that correspond to the Goldstone fields. When a particular
gauge transformation called unitary gauge is chosen, the Goldstone fields are

absorbed by the vector fields and the field ¢ can be written as a function of the

massive scalar Higgs field h(x):

(2.16)

13
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In the unitary gauge, the Lagrangian in Equation (2.10) is expressed as:

1 1
Zig = S(OM)(0"R) + 8 (W W) (0 + h)?

2 12
+ W (7,700 + ) (2.17)
2
w 2_ A 1
+ 2(v+h) 16(v+h)

where the massive neutral gauge boson, identified with the Z boson, is expressed

by a linear combination of massless bosons:

3
_ QWW/E ) - g/Bu

Z, (2.18)

The neutral gauge boson A, can be written in a similar way as a linear combination

of W, and B,:

_ g/W/E3) + gWB,u

In Equation(2.17), the terms that are quadratic with respect to the gauge fields

A (2.19)

W=, Z and the Higgs field H, correspond to the mass terms of the corresponding

bosons:

_ gwv V2 gr =W — /2.2 2.20
myy 5 0 Mz =5 g +9 cosg M L ( )

The gauge boson A, which is identified with the photon, is not associated to any

mass term and the corresponding particle is therefore massless.

The Higgs field also interacts with fermions via a Yukawa interaction, providing

them with mass. In the case of leptons, and taking the electron as an example,

14
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such interaction can be written as:
.,gqu = Yé (ZF(beR + éR¢TlF) (221)

where [r denotes the left-handed lepton doublet, er the right-handed singlet
electron, ¢ is the Higgs field and Y, represents the Yukawa coupling constant
between the electron and the Higgs boson. The Yukawa Lagrangian satisfies the
SU(2), @ U(1)y gauge symmetry of the SM. After spontaneous symmetry breaking,
the Eq. (2.21) becomes:

Yoo _ Yeoh _ _
Loy = NG (éLer + érer) — 5 (éLer + érer) (222)

where e;, and ep refer to the left- and right-handed state of the electron, defined

as:
1—75 1445
er=— 1o eg=-—Ty,. (2.23)
2 2
By defining the coupling parameter as
Y, = 2 (2.24)
v

where m, is the mass of the electron, the Lagrangian in Equation (2.21) takes the
form:
me —

Z.p = —m.ee — —eeh (2.25)
v

where érer + erer, = ee. The first term contains the mass of the electron, and the
second term represents the coupling of the electron with the Higgs field. While this
shows how the mass term arises for the electron, the same mechanism applies to

the second and third generation leptons.

15
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In the case of quarks, the mass term can be constructed in a similar way, but

with the addition of a second term:
"%d’ = —Y;?QngédR] — Y;;QLZ‘EQV'LLR]‘ + h.C. (226)

where )1, is the left-handed quark doublet for generation ¢, and dg; and ug; are
the right-handed down- and up-type quark singlets for generation j in the weak-
eigenstate basis. Y;;L’d are 3 X 3 complex matrices, and € is the 2 x 2 antisymmetric
tensor. A sum over 7 and j is intended for i,j = 1,2, 3.

While the first term in Equation (2.26) is basically the same as the one in
Equation (2.21), in Equation (2.26) we also have a second term, which is the only
other invariant term one can construct under the SU(2), ® U(1)y symmetry. This
term was not present for the leptons because it would assume the presence of a vr
field.

When ¢ acquires a vacuum expectation value as in Equation (2.16), the La-
grangian for the quark masses becomes

_ Y YU

%,mass = _dLWdR — QLWUR + h.c. (227)

Here, the matrices Y¢ and Y* are written in the weak-eigenstate basis, and they are
not necessarily diagonal. This introduces a difference between the weak-eigenstate
basis and the mass-eigenstate basis, where those matrices are diagonal. The
physical states are obtained by diagonalising Y*¢ by four unitary matrices VL“7 ’g

f
as Ming

= V/YIV]T(v/v/2) |23]. After applying these four unitary matrices, it is
found that the up-type quarks diagonalise the mass, while a misalignment remains
for the down-type quarks, and it is possible to go from the mass-eigenstate basis

(also referred to as physical basis) to the weak-eigenstate basis via the Cabibbo-

16
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Kobayashi-Maskawa (CKM) matrix defined as Vexm = VL“VLd .

dL = VCKM<dph>L (228)

where (dpp) 1, is the down-type quark in the physical basis. Using the physical basis,

the Lagrangian for the quark masses is now diagonal:

c%,mass - _(d_ph)Lmd(dph)R - (ﬂph)Lmu(uph)R + h.c.
(2.29)

= —dphmddph — ﬂphmuuph.

The implication of the CKM matrix is that it is possible a coupling between up;
and dr, quarks, where j and k are two different generations, through the charged-

current W= interactions.

The mass of the particles resulting from the construction of the model are not

known a priori, and are considered as free input parameters of the SM.

2.3  Cross Section and Decay Rate

The description of the particle production phenomenology at the LHC [24]
relies on the definition of cross section in hadronic collisions. The treatment of
the hadronic cross section is based on the QCD parton model. Within a hadron
scattering, the hard collision takes place between two partons a and b (quarks
or gluons) which carry momentum fractions x; and x5 of the incoming hadrons.
The partonic cross section 64, x describes the probability of a transition from
the initial state of the partons to a given final state X and is computed from the

interaction Lagrangian. According to the factorisation theorem [15], the inclusive

17
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cross section for the specific process pp — X is given by:

1 1
Opp—sX = Z/o dﬂh/@ d$2fa($1, MF)fb(JCQ,,uF) /dé—abﬁ\X(mlpla $2P27HR>NF)a

" (2.30)
where the parton distribution functions (PDFs) f;(x;, ur, pr) represent the proba-
bility for a parton to participate in the hard scattering interaction with momentum
p; = x; P;, within a proton of momentum F;. The PDFs are independent from the
hard process and are characterised by small energy scales. The separation of the
soft and hard domains is performed at the factorisation scale pp, which represents
the maximum value of the transverse momentum carried by hadronic particles that
are considered as part of the hadron [15].

The process ab — X can refer to a specific Higgs production process. The
computation of the inclusive production cross sections for the Higgs boson pp — H is
essential for the proper interpretation of the experimental measurements. However,
at the LHC only measurements of partial cross sections for specific Higgs boson
production and decay channels pp — H — Y can be performed. The branching
ratio BR(H — Y) = I'y_,v/I'y represents the probability for the Higgs boson to
decay into the final state Y. The BR of each decay mode is defined in relation to the
total decay width of the Higgs boson I'y. Precise predictions for the specific decay
widths are needed to properly weight the Higgs boson production cross section for

the exclusive channel H — Y.

2.4  Properties of the Higgs Boson

According to the SM, the Higgs boson is a neutral scalar particle which couples
to fermions and gauge bosons with a coupling strength proportional to the mass

of the particles. As a consequence, the Higgs boson is preferably produced in

18
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Figure 2.3: Examples of LO Feynman diagrams for the main Higgs boson production
modes: gluon fusion (top left), vector boson fusion (top right), associated production
with a vector boson V' (bottom left) and with a pair of top quarks (bottom right). Image
source [26].

processes that involve heavy particles and, similarly, it preferably decays into the
more massive particles that are kinematically accessible.

The main production mechanisms for Higgs bosons [25] in pp collisions at
the LHC are illustrated by Leading Order (LO) diagrams in Figure 2.3. The
dominant production mode is the gluon fusion ggF. Since the Higgs boson does
not couple with massless particles such as the gluons, the ggF production proceeds
through a loop diagram involving a virtual top quark. Loops with lighter particles
are suppressed. Although the ggF process has the largest cross section, from an
experimental point of view it is not the easiest channel for studying the Higgs
boson, since the final state is largely contaminated by QCD radiation.

The production mode with the second-largest cross section is called vector boson
fusion (VBF) and involves the scattering of two quarks, each mediated by a vector
boson V (W= or Z) that produce the Higgs boson. The VBF production provides
a more clean signature than ggF, since it is characterized by two forward jets in

addition to the decay products of the Higgs boson.

19
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Figure 2.4: Cross sections of the Higgs production modes (a) and branching ratios of the
main decay modes (b) in pp colliders as a function of the Higgs boson mass value. Image
source |27].

Another relevant mechanism is the Higgs boson production in association with
a vector boson V' (V H production or Higgs-strahlung). This channel offers a very
clean signature for the Higgs boson, as discussed in Chapter 7.

Another important channel is the Higgs production in association with a pair
of top quarks, which offers the unique opportunity to extract information on the
direct coupling of the Higgs boson to the top quark.

The cross sections of the mentioned Higgs production modes are shown in

Figure 2.4a as a function of the Higgs boson mass.

The Higgs boson is unstable and, in principle, it can decay into all the particles
predicted by the SM. The decay branching ratio (BR) is driven by the mass of the
involved particles. In Figure 2.4b the BR of the decay modes accessible at the LHC
are shown as a function of the Higgs mass. The dominant decay mode is H — bb,

which will be discussed in Chapter 7. Examples of LO Feynman diagrams for the
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Figure 2.5: Examples of LO Feynman diagrams for the Higgs boson decay modes: H — bb,
H — 77, H — pu (top left), H — ZZ, H — WW (top right), H — ~~ channels (bottom
row). Image source |26].

Higgs boson decays are shown in Figure 2.5. The experimental observability of the

various decays is affected by diverse background processes.

In 2012 a particle consistent with the scalar boson resulting from the SM
Higgs mechanism was discovered at the LHC by the ATLAS [28] and CMS [29]
experiments, representing a milestone for the LHC and a remarkable success of the
SM. Since then, substantial progress has been made, yielding an increasingly precise
information on the properties of the Higgs boson. Its mass has been precisely
measured (125.18 + 0.16 GeV [23]) and the accessible production and decay rates
are found to be consistent with the SM predictions. The compatibility of the
experimental results with the SM is expressed in Figure 2.6 by the measured
coupling-strength modifiers defined as /ky = for weak bosons with a mass my,
and as kp™ for fermions with mass mp. All measured coupling scale factors are

found to be compatible with their SM expectation (dotted line) [30].
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Figure 2.6: Measured coupling-strength modifiers defined as \/ky ™% for weak bosons
and as kp ™ for fermions. All the coupling scale factors are compatible with their SM
expectation (dotted line). Image source [30].

2.5 Effective Field Theory

Every physics theory can be considered as an approximation of the physics
at higher scales of energy, characterised by parameters that result to be small if
compared to the physical quantities observed. These parameters enter the ap-
proximate description only as small perturbations [31]. A familiar example is
QED, the first QFT developed in particle physics, which, in its own, represents
an approximation of the SM as it is currently conceived. QED can be obtained
from the SM by integrating out all the particles other than photons and elec-
trons [32]. From this perspective, it seems reasonable to assume that the SM is
an approximation of a more complex underlying physical theory. It is possible
to describe the physics that we are able to test at the LHC in terms of a QFT
with a finite set of parameters, without any reference to the energy scale at which

the unknown underlying theory is valid. The only implication is that the acces-
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sible energy scale is orders of magnitude smaller than the scale of BSM, E < A.

This approach is totally model-independent, as it does not assume any specific BSM.

In the Standard Model Effective Field Theory (SMEFT) the SM Lagrangian of
dimension D = 4 is extended by a set of local operators written in terms of SM
fields, in such a way that each consecutive term is suppressed by a larger power of

the energy scale of new physics A, which is unknown:

() (6) (7) (8)
(6 C: C c
Lsuprr = Lsu + E ;\ 01(5) + E /Zp (956) + g _11\3 0§7) + E _/’\4 (91(8) 4.

)

(2.31)
In Equation (2.31), ¢; are coupling constants, referred to as Wilson coefficients, and
O") are operators of dimension D, invariant under the SU(3)¢ @ SU(2), @ U(1)y
symmetry. The operators with dimension D = 5 violate the lepton number [33],
which is assumed to be conserved as a consequence of the SM symmetry, while the
D = 7 operators violate baryon number minus lepton number B — L [34], which
should be conserved for the same reason. Therefore, the leading BSM effects come
(6)

from dimension D = 6 operators O,

;~, which usually describe small deviations

from the SM. At this order, the model counts 59 independent operators involved in
the effective Lagrangian, of which only a restricted set affects Higgs physics, and

capture all the possible deviations from the SM [35].

The truncation of the SMEFT Lagrangian at dimension D = 6 to approximate
the effective theory is accepted by the LHC community and is the main choice
of many model implementations currently available. However, it is important to
consider that, in some cases, non-trivial corrections can appear at least at dimension

D = 8. For instance, the contribution of dimension D = 8 can be dominant when

23



2.5 Effective Field Theory Chapter 2. Theoretical Introduction

the operators mediate an interaction that does not appear at lower level in the
EFT expansion [36]. A pertinent example for the work presented in this thesis is
the gg — ZH production mode, which appears at Next-to-Next-to-Leading-Order
(NNLO) through heavy-quark loops. This process is not affected by perturbations
due to dimension D = 6 operators evaluated at LO, but might be subject to

modifications from dimension D = 8 operators.

The EFT operators can be defined in several different bases, with a preference
for those that are complete (all the D = 6 operators are included in the basis or
represents a linear combination of operators of the basis) and non-redundant (the
basis is a minimal set of operators). The Strongly-interacting light Higgs (SILH) [37]
and the Warsaw bases [38] are currently considered as the most convenient bases
containing operators relevant for Higgs physics. The SILH basis is derived from
an effective theory of a light composite Higgs boson associated with strong dy-
namics and responsible for EW symmetry breaking. The Warsaw basis, which is
a completely renormalised theory is currently recommended over the SILH basis,
which is considered incomplete |39, 40]. However, the EFT results that will be
presented in Section 8.4 are obtained with the Higgs Effective Lagrangian (HEL)
implementation [41] which is a partial implementation of the SILH and contains
operators up to dimension D = 6. The reason for this choice is due to the larger
availability of public implementation and tools needed when the work presented in

this thesis was performed.
The parameters arising from the EFT construction can be constrained through

precision measurements at the LHC. The main advantage of the EFT approach is

that it is independent from specific theoretical models. This means that all the

24



2.5 Effective Field Theory Chapter 2. Theoretical Introduction

constraints set on precise measurements can be re-interpreted later as constraints
on masses or couplings of new particles expected from any BSM. Global studies at
Next-to-Leading-Order (NLO), which involve combinations of precision Higgs and
EW measurements, are key to BSM interpretation. Nonetheless, LO constraints
on EFT parameters relevant for specific processes, performed with Run-2 data,
represent the first necessary step toward a comprehensive treatment of the LHC

data with the EFT approach.
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Chapter 3

Machine Learning in High Energy

Physics

Machine learning (ML) [42] refers to all algorithms and models that provide a
system with the ability to learn and improve, based on the inference of statistical
dependencies, without being explicitly programmed to perform a specific task. ML
is perceived as one of the main disruptive technologies of our ages. In parallel to the
rise in industrial applications, scientists have become increasingly interested in the
potential of ML for fundamental research. For decades, ML applications have played
an important role in the field of High Energy Physics (HEP) for the improvement
of the sensitivity of physics analyses and reconstruction techniques [43, 44, 45|. The
advent of deep learning [46], a modern discipline that comprises ML methods based
on multi-layer artificial neural networks, together with powerful computational
resources and tools become available, has triggered even more interest on ML in
the HEP community.

Providing a comprehensive description of the ML techniques used by researchers at

the LHC is beyond the scope of this work. However, in the following sections an
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overview of the main concepts used in this thesis is provided, to contextualise the
different applications. In particular, the Boosted Decision Tree algorithm, described
in Section 3.2.1, is key to enhancing the sensitivity of the main analysis presented
in Chapter 7. Moreover, similarity searches, introduced in the context of clustering
algorithms in Section 3.4.2, are at the core of the fast simulation project, outlined

in Chapter 6.

3.1 Supervised and Unsupervised Learning

Most machine learning problems can be grouped into two categories: supervised
and unsupervised learning. The majority of practical applications falls into the
supervised domain, which deals with function approximation. Given a set of input
variables x; with an associated response measurement y;, an algorithm is used to

infer the mapping function f from the input to the output:
f:X—=>Y (3.1)

The set of pairs {x;, y;}, where i = 1, ..., n, is called a training set. In Equation (3.1),
X represents the input space and Y the output space. The goal is to approximate
the mapping function in such a way that, given a new input data z, it is possible to
predict the corresponding new output y. A training process is required to prepare
a model which makes predictions. The training is an iterative process, where the
model is dynamically corrected when the prediction is wrong, based on the known
output. The training process proceeds until the desired level of accuracy is reached.
Part of the dataset is generally used to evaluate the performance of the model, it
is called a walidation or a testing set.

Unsupervised learning is a more challenging task than supervised ones, as in
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this case for each observable x; of the dataset, there is not an associated response
y;. Nevertheless, it is possible to learn relationships and underlying structures from
the dataset and build a model able to predict a new output.

An important aspect of a predictive model is its ability to generalise. A good
model must make reasonable predictions on new data. Qverfitting occurs when
the model learns in detail the training data, losing the ability to make predictions
on new data. On the other hand, underfitting refers to a model that can neither
model the training data nor generalise to new data. A short training may lead
to underfitting the training and testing sets, while too long training can result in
overfitting the training dataset and in a poor performance on the testing set. The

latter condition is referred to as overtraining [47].

3.2 Classification and Regression

Supervised learning algorithms can be further categorised into classification
and regression problems. The main difference between the two kinds of tasks
is whether the output is from a discrete set or a continuous one. Classification
algorithms attempt to estimate the mapping function f from the input variables
x to discrete or categorical output y. On the other hand, regression algorithms
predict continuous output variables. The simplest type of classification is binary
and allows the prediction of two distinct classes, usually 0 versus 1 or, more common
in particle physics, signal versus background. There is also the possibility to predict
more than two class labels with multi-classification algorithms and, in particle
physics, this is usually applied to distinguish among different kinds of background
processes. An example is given by the boosted decision tree algorithm (BDT), which

is described in the next section.
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3.2.1 Boosted Decision Tree
Multivariate Analyses

A cut-based approach is a conventional method to separate signal from back-
ground events, by applying a set of cuts on individual kinematic variables charac-
terising the event. Although these observables are chosen to be weakly correlated,
a simple cut-based approach is not optimal, since it does not exploit at best the
full information carried in the event. To extract results with maximum precision it
is necessary to treat the kinematic variables in a multivariate way, by optimising

multiple selection cuts at a time, in a more sophisticated fashion.

Decision Tree

One of the most used ML techniques, since decades, is the BDT algorithm [48].
The big success of BDT is due to its simplicity and interpretability. Tree-based
models consist in extending a standard cut-based analysis to a multivariate tech-
nique. These models can be used for both classification and regression tasks. A
simple structure of decision tree is represented in Figure 3.1. Several observables z;
are fed into the decision tree model which, starting from the root node, performs a
sequence of binary splits of the data in correspondence of each node, according to
a set of decision rules. The decision rules are determined with specific algorithms
that recursively generate the decision tree structure. These algorithms work by
choosing a variable at each step that splits the set of items in an optimal way. The
separation quality is measured by the specific metric used in the algorithm. One of
the most common is the Gini impurity or index which, in case of many classes, is
defined as:

i#]
Gini = Z DiP;, (3.2)

i,jEclasses
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Figure 3.1: Schematic structure of a simple decision tree. Starting from the root node, the
dataset is split according to a set of decision rules that determine cuts on the discriminating
variables x;. Each event of the dataset ends up in one of the leaf nodes at the bottom
end of the tree, labelled S for signal and B for background. Image source: [49].

where p; is the probability of assigning a random object to class ¢ and p; is the
probability that the object is actually in class j. Gini represents a measure of
misclassification or impurity. For a problem with two classes, signal and background,
we can define p as the purity of the signal p = p; = 1 — p, (where p, is the purity
of background), which is given by:

ZiESignal w, S

p= : - = : (3.3)
ZiESignal wé + Zjebkg wljz s+ b

where w! and wi are the weights of the signal and background events, respectively,
and their corresponding sums are indicated with s and b. For a two-class problem,

the Gini index becomes:

2sb

Gini =1 sz 2p(1 —p) GroE

i=s,b
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The goal is to minimise the Gini function, thus the overall tree impurity [50]. This
procedure assigns to the node the probability to select an event of a specific class.
In the leaves of the tree, the terminal nodes, the predictions are based on the
probability assigned to each node, according to the distribution of the classes in

training data.

Boosting

The simple tree-based models are powerful but unstable. A small change in the
training data can produce a large change in the tree. This can be mitigated by the
use of a boosting method [51]: the weights of those training events that have been
misclassified are increased (boosted), and a new tree is formed. This procedure is
then repeated for the new tree, as many times as the number of boosting stages.
This procedure generates several trees which form a forest of trees. The new trees
are created to correct the residual impurities in the predictions from the existing
trees. From a number of weak classifiers (or weak learners), the boosting technique
alms at creating stronger classifiers. The whole boosting procedure is controlled
by an objective function that quantifies the residual impurity and needs to be
minimised. The objective function consists in two parts: a loss function L(f) and

a reqularisation term g:

0(8) = L(6) + Q. (3.5)

where 6 is the vector of parameters for the model. The loss represents the residual
and quantifies the difference between actual value (hypothesis) and predicted value
of y (target). A parameter called learning rate determines the step size at each
boosting iteration, necessary to move toward a minimum of the loss function.
Essentially, it controls the speed of learning the corrections. The regularisation

measures the complexity of the model. There are many different ways of iteratively
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adding learners (trees) to minimise an objective function. Some of the most common

are the following:

AdaBoost Adaptive boosting adjusts the boosting procedure according to the
errors returned by the weak learners, by iteratively updating the event weights
in a way that favours the events with larger errors. For each input z, the
outputs of the weak learners are combined as a weighted sum into a function
F(z) that represents the model response of the boosted classifier. The

algorithm uses the exponential loss function: L(F,y) = e @Y [49, 52].

GradBoost Gradient boosting generalise the AdaBoost approach, by using any
differentiable loss function, potentially more robust. GradBoost is based on a
gradient descent procedure which is done by calculating the current gradient
of the loss function and then taking steps proportional to the negative of the

gradient, in order to reach a minimum of the function [49, 53].

XGBoost eXtreme Gradient boosting follows the same principle of gradient boost-
ing. There are, however, differences in the model details. The main improve-
ment is that XGBoost uses regularisation, that helps to penalise some parts of
the algorithm and, in general, improves its performance by better controlling

overfitting [54].

Tree Constraints

The set of inputs is analysed throughout the whole boosted decision tree until a
stop condition is verified. The stop conditions are determined by some constraints
that can be imposed on the construction of the tree. Below is a list of parameters

that can be tuned:

e Number of Trees constraints the maximum number of trees in the model.
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e Tree Depth controls the number of cuts applied before reaching the leaf.

e Minimal Node Size imposes a minimum amount of training data at a node
before a split can be considered.

o Minimum Improvement to Loss quantifies the minimum improvement of any

split added to a tree.

A general rule of thumb is that the more strict are the tree conditions, the larger
number of trees are needed in the model. In any case, the tree constraints need to

be properly tuned in order to construct a good model and avoid overfitting.

3.3 Clustering Algorithms

Clustering [42, 51| is a common unsupervised machine learning task, consisting
in grouping the dataset into non-overlapping subsets or clusters, such that objects
within the same cluster are more similar, while objects in different clusters are
dissimilar. Sometimes, clustering also involves arranging the clusters into a hierarchy;,
in such a way that the similarity is kept at each level of the hierarchy. A distance
metric between individual objects defines the degree of similarity. The choice
of the metric depends on the domain of the problem and is critical for catching
natural similarity in data. The FEuclidean distance is typically employed when
quantitative features are used. The Euclidean distance between two vectors p and

q of dimension d is defined as:

D(p, Q) - \/(Q1 _pl)2 + (QQ — p2)2 + ...+ (qd — pd)2 =
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Figure 3.2: Results for K-means clustering on an unlabelled dataset. Each panel corre-
sponds to a different K used for clustering. The different colours are assigned after the
algorithm partitions the dataset. Image source: [51].

3.3.1 K-means Clustering

The K-means algorithm [55] is one of the most popular clustering methods.
It aims at iteratively grouping N observations into a pre-specified number K of
clusters in which every observation belongs to the cluster with the nearest mean.
The result is a partitioning of the data space into Vorono: cells, as indicated in
Figure 3.2, where each panel shows the result of applying K-means clustering with

a different value of K.

3.3.2 Hierarchical Clustering

Hierarchical clustering [56] is an alternative partitioning approach which does
not require to pre-specify the number of clusters K and results in a tree-based
representation of the dataset, called dendrogram. This is built by at first treating
each observation of the dataset as a separate cluster, and then iteratively merging

the two most similar clusters, as illustrated in Figure 3.3. The iteration on which
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Figure 3.3: Dendrogram obtained from hierarchical clustering of a dataset. The different
panels show clustering obtained by cutting at different heights. Image source: [51].

the merging happens, indicated on the vertical axis in Figure 3.3, measures the
degree of similarity between the clusters. Therefore, those observations that are
merged at the bottom of the dendrogram are more similar than clusters merged at
the top. Cutting the dendrogram at different heights provides different numbers of

clusters, the analogous of K in the K-means algorithm.

3.4 Nearest Neighbours search

K-Nearest Neighbours (KNN) [57] is defined as a non-parametric, lazy learning
algorithm, meaning that it does not make any assumptions on the underlying data
distribution (non-parametric) and it does not use the training data points to do any
generalisation (lazy), but it makes predictions from them. Predictions are made
for vector q, called query, by measuring the distance with all the single instances
in the dataset and selecting the K most similar ones. The most popular distance

definition is, again, the Euclidean distance, as defined in Equation (3.6).
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3.4.1 Approximate Nearest Neighbours

The computational complexity of KNN scales linearly with the number of
instances, making its use difficult for large-scale datasets. Additionally, the volume
of the input space increases at an exponential rate with the number of dimensions,
leading to the sparsity of the available data. This condition is known as curse of
dimensionality, which makes the computation unfeasible. To overcome this problem,
it is possible to relax the conditions of the exact search of a KNN by permitting
a small number of errors. This is achieved by making use of approximate nearest
neighbours algorithms [58] that, in some cases, do not guarantee to return exactly
the nearest neighbour and result in a less accurate search, but have the advantage

to gain in speed and memory saving.

3.4.2  Similarity Search

Approximate nearest neighbour search (K-ANNS) [58], or more generally sim-
tlarity search, is receiving growing attention in the current era of big data and
large information resources. Similarity search is primarily used in computer vision
applications, facial recognition and multi-media retrieval to quickly search for
objects similar to each other. An exhaustive search for the most similar object is
infeasible on large-scale datasets and therefore many approximation methods have
been developed. These methods, which are often based on clustering processes,
restrict the part of the dataset considered in the search. The dataset restriction

involves a pre-processing of the dataset, an operation called indexing.

Inverted Index

The first indexing approach ever used for billion-scale datasets [59] is based

on the inverted index structure [60, 61] that requires to split the feature space
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Figure 3.4: The Inverted Index partitioning obtained on a dataset of 200 two-dimensional
points (small black dots). The three closest cells to the query point (q) are indicated in
light blue. Image source: [61].

into Voronoi regions, according to a set of K-means centroids, called codes and
learned on the dataset. Each code is associated to a set of vectors belonging to the
corresponding Voronoi cell. The list of vectors is stored in the so-called inverted
file or wnverted index. Given a query, the most suitable clusters are identified,
based on the similarity with the codes. The partition of the space, as well as the
assignment of the query to a cluster, is performed by the quantiser, which defines
a mapping function between the vectors and the centroids, and in this case is
obtained through the K-means algorithm. A number of vectors within the selected
clusters are returned as a result of the search. An example of the inverted index
partitioning is shown in Figure 3.4 on a dataset of 200 two-dimensional points. The
small black dots represent the objects in the dataset, while the green dots are the

centroids of the clusters and the big black dot (q) represents the query vector.
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Product Quantisation

In the case of high dimensionality or when the dataset requires a big amount
of computer memory, it can be useful to use a compressed representation of the
database vectors. The compressed representations are typically obtained with
product quantisation (PQ [62]) that allows computing the distance between the
query and compressed vectors in a more efficient way. With PQ, each vector is
typically split into two sub-vectors, and for each of the two sub-spaces created
a dedicated index is built. The quantisation provides a faster search with a less

accurate result.

Hierarchical Navigable Small World graphs

Proximity graphs have recently gained popularity and are considered state-of-
the-art for K-ANNS algorithms [63]. In particular, the model called Hierarchical
Navigable Small World (HNSW) seems to provide an optimal complexity scaling and
good results both for high- and low-dimensional data (with dimension d ~ 4) [64].
The idea of the HNSW algorithm is to maintain connectivity between all the vectors
of the dataset, through links, based on the similarity metric. The graph structure
keeps both long-range links to far neighbours and short-range links to closer ones.
Links are separated according to their length scale into different layers, with the
use of a hierarchical clustering algorithm. A multi-layer structure, similar to the
one shown in Figure 3.5, is then formed. The first layer contains only a single
point, and the base layer is the whole dataset. Each layer contains a so-called
neighbourhood graph, which connects two points by an edge if there is not a closer
third point. The search starts with the first layer. A search is performed on the
layer until it reaches the nearest neighbour of the query within this layer. The

identified vector is used as an entry point to perform the search in the next layer.
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Figure 3.5: Illustration of an HNSW structure composed by three layers. Image
source: [64].

The procedure is repeated until the bottom layer is reached. In this way only a
needed fixed portion of the connections for each element is evaluated, thus allowing
a logarithmic scalability. HNSW is expected to provide an exceptional trade-off

between speed and accuracy.

3.5 Machine Learning in High Energy Physics

Recently, ML methods have made a prominent appearance in the field of particle
physics. Although simple implementations of neural networks and BDTs have been
used for decades to improve the discrimination between signal and background,
and consequently the sensitivity of physics analyses, the deep learning revolution
occurring in the industrial field is also reaching the HEP community:.

In the next decade, the LHC machine will undergo major upgrades to guarantee
sufficient statistic for performing precise measurements. The set of upgrades will
enhance the sensitivity to new physics by progressively increasing the pp collision

rate. The data volume, size and complexity will bring a variety of technological
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challenges, such as real-time particle reconstruction and fast detector simulation,
that the particle physics community will need to address already in the Run-3 of
the LHC (2021 to 2024). The qualitative and quantitative complexity of the data
collected in the future at the LHC will pose limits to the physics performance of
algorithms and computational resources. ML methods, designed to exploit large
datasets to reduce complexity and find new features in data, promise to provide
improvements in both of these areas. ML techniques could outperform traditional
and resource-consuming techniques in tasks typical of physics experiments at particle
colliders, such as particle identification and reconstruction, energy measurement,

and detector simulation.
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Chapter 4

The Large Hadron Collider and the
ATLAS Detector

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the largest and most powerful particle
accelerator ever built for particle physics research, operating at the European
Organization for Nuclear Research (CERN) near Geneva, in Switzerland. The
collider is installed in the tunnel of 27 km of circumference that hosted the former
Large Electron-Positron Collider (LEP) [65] and is located 100 m underground.
LHC is a two-ring-superconducting-hadron synchrotron designed to accelerate
bunches of protons in opposite directions and collide them up to a centre-of-mass
energy of y/s = 13 TeV. The machine is also capable of accelerating heavy ions.
The analyses and studies reported on this thesis are obtained with pp collisions at

Vs =13 TeV.
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Figure 4.1: The CERN accelerator complex. Image source: [66].

4.1.1 The Accelerator Complex

Before being injected in the LHC ring and collided, the protons are progressively
accelerated through the pre-accelerator chain, as shown in Figure 4.1. The proton
source originates from the ionization of pure hydrogen gas through the use of
an electric field. The proton beam is collected and accelerated up to 50 MeV
through the Linear Accelerator 2 (LINAC2) and then injected into the Proton
Synchrotron Booster (PSB). Here, protons are accelerated to 1.4 GeV, before their

energy is boosted by the Proton Synchrotron (PS), up to 25 GeV. The Super Proton
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Synchrotron (SPS) accelerates them to 450 GeV. Then, the protons are split and
they finally reach the two beam-pipes of the LHC ring, where they circulate in
opposite directions for about 20 minutes before gaining the final energy of 6.5 TeV.
Protons are aggregated in bunches containing 1.1 x 10! protons and separated
from each other by a 25 ns interval. The two beams are brought into collision in
four interaction points, within four detectors: ATLAS [67], ALICE [68], CMS [69]
and LHCb [70].

4.1.2 Luminosity

The capability of a collider is measured by the luminosity L, the instantaneous

rate of beams interaction per cross section o of the pp process, given by

dN

The instantaneous luminosity can be defined as a function of the beams parameters:

£ = VNN (4.2)

dro,oy, ’

where NN () are the intensities of two colliding bunches, f is the revolution frequency,
Ny is the number of bunches in one beam and o, refers to the beam width,
assuming two Gaussian beams colliding head-on. An important parameter is given
by the integrated luminosity over a certain period of data taking L = [ Ldt,
which quantifies the performance of an accelerator. In Figure 4.2 is shown the
integrated luminosity delivered by the LHC and collected by the ATLAS experiment,
during the period of data-taking between 2015 and 2018 for collisions at 13 TeV
centre-of-mass energy (Run-2).

At the LHC, an event is identified as a head-on collision occurring between
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Figure 4.2: Integrated luminosity versus time delivered by the LHC (green) and collected
by ATLAS (yellow) during stable beams for pp collisions at /s = 13 TeV in Run-2. Image
source: [71].

two protons within a bunch crossing and producing the hard scattering of interest.
These head-on collisions, however, are always accompanied by multiple soft proton-
proton collisions in the same and adjacent beam crossing, called pile-up. As the

instantaneous luminosity increases, the number of additional interactions rises. The

number of interactions per crossing is calculated for each bunch as

o ﬁbunch Oinel

S (4.3)

where Lpunen 1S the instantaneous luminosity per bunch and oy, is the inelastic
pp cross section. The mean number of interactions per crossing corresponds to
the mean of the Poisson distribution of the number of interactions per crossing

calculated for each bunch. This distribution is shown in Figure 4.3.
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Figure 4.3: Luminosity-weighted distribution of the mean number of interactions per
crossing for 2015 (yellow), 2016 (orange), 2017 (purple), 2018 (green) and total (blue),
obtained with data of pp collisions at /s = 13 TeV. Image source: [71].

4.1.3 The LHC Program

The LHC operations started in 2009 with collisions at a centre-of-mass energy
of \/s =7 TeV followed in 2012 by collisions at /s = 8 TeV. The data collected
between 2010 and 2012 are referred to as Run-1. The LHC machine and the
detectors were repaired and upgraded during a Long Shutdown (LS1) between 2013
and 2015. In 2015, operations resumed for Run-2 at /s = 13 TeV and the machine
progressively increased the delivered luminosity until the end of 2018, when another
shutdown, LS2, started for maintenance and upgrades. In Figure 4.4, a sketch of
the LHC tentative plan is reported. After Run-3, scheduled in 2021-2024, a third
LS will precede the High Luminosity configuration (HL-LHC). During LS3 the
machine will undergo major upgrades to increase its luminosity by a factor of at
least five beyond its nominal design value. The significant increase of luminosity is

necessary to guarantee sufficient statistic for performing precise measurements.

45



4.2 The ATLAS Detector Chapter 4. The LHC and the ATLAS Detector

® Peak luminosity =Integrated luminosity

6.0E434 —— : — - 3500

5.0E+34 L ,,,,,,, x rrrrrrrrrr 00.0‘ L ) | 3000

<

e

N =)
Nb) - 2500 =
p 4.0E+34 5
15 3
2 | c
- ‘ P | | 2000 g
= d ] ' ! ! S
3 3.0E+34 f---boocteo- ) 4 ] =
H H H | el

£ | P F1500 Q
S | | Pl &
S ; : : : =
— 2.0E+34 --bobee- coe -/ SRR PR SR SR gJD
: - 1000 E

to! |
1.0E+34 T
3" hn e [ 50
o | ~ ‘
0.0E+00

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Year

Figure 4.4: Projected LHC performance through 2037, showing preliminary dates for long
shutdowns of the LHC and projected luminosities. Image source: [72].

4.2 The ATLAS Detector

The ATLAS (A Toroidal LHC ApparatuS) [67] is one of the main experiments
located at the LHC. It is a general-purpose detector devoted to the study of a wide
range of physics processes, in particular to measure precisely the SM parameters
and to search for BSM particles. The ATLAS detector, shown in Figure 4.5,
surrounds one of the crossing points of the beams and is shaped like a cylinder.
It consists of a set of detectors arranged in layers to cover almost the entire solid
angle and detect all the particles produced in the collisions. The ATLAS detector

is forward-backward symmetric to the interaction point.

4.2.1 Coordinate System

The ATLAS reference frame is a right-handed Cartesian coordinate system,
where the origin is identified with the nominal interaction point, the z-axis lies

on the beam direction and the x — y plane is transverse to the beam direction.
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Figure 4.5: The ATLAS detector. The main sub-systems are indicated. Image source:
[73].

The positive x-axis points to the centre of the LHC ring and the positive y-axis
points upwards. The azimuthal angle ¢ is defined with respect to the z-axis on
the x — y plane, whilst 6 is measured on the y — z plane and with respect to the
z-axis. However, to indicate the polar direction it is more convenient to use the

pseudorapidity, which is defined as:

—) »

The pseudorapidity is used in the ultra-relativistic regime as an approximation of

the quantity called rapidity, defined by:

1 E+p,
v=5 In (¢>, (4.5)
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where p, is the component of the momentum along the beam axis. The advantage
of using these quantities is that their intervals are invariant under a boost along
the longitudinal direction. The angular distance AR between two objects can
be conveniently defined as AR = \/m Other important observables
for the description of interesting events detected with ATLAS are the transverse
momentum pr = pcosf and the transverse energy Fr = E cosf, defined on the
x — y plane. The missing transverse energy EMis® quantifies the energy that is not
detected on the transverse plane and mostly corresponds to undetected neutrinos
in the event. According to energy conservation, it can be computed by balancing

the transverse energy detected, as described in Section 5.7.

4.2.2 Inner Detector

The ATLAS Inner Detector (ID) |74, 75] is used to track charged particles
from the interaction region to the electromagnetic calorimeter system and measure
their momentum within the pseudorapidity range |n| < 2.5. The ID operates in
an environment characterised by high track density. The detector fine granularity
provides the high resolution required for the momentum and vertex reconstruction.
The ID consists of three different systems of sensors, all immersed in a 2T magnetic
field parallel to the beam axis, generated by a superconducting solenoid which

surrounds it. The layout of the ID is illustrated in Figure 4.6.

Pixel Detector (Pixels) The innermost system is composed of silicon pixel
detectors. It originally consisted of three barrel layers and three disks on each
detector side, for a total of about 80 million pixels and 1744 readout modules.
Pixels have a typical size of 50 pm x 400 pum and a thickness of 250 um [76].

During the LS1, the barrel was supplemented with a fourth layer, called Insertable
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Figure 4.6: Cut-away view of the ATLAS inner detector. Image source: [76].

B-layer (IBL) [77]|. Located at a distance of 33 mm to the beamline, it contains
12 million pixels with size 50 pm x 250 pm. The IBL was introduced to improve
the tracking robustness and precision. These are important requirements for the
determination of the track impact parameter, fundamental for the performance of

b-tagging, described in Section 5.5.4.

SemiConductor Tracker (SCT) The sub-detector that surrounds the Pixels
consists of silicon microstrips sensors assembled in four concentric barrels and two
end-caps composed by nine disks each. Every component, either barrel or disk,
provides two measurements which are combined in a single space-point. Every
particle originated in the interaction point is typically associated with eight strip
measurements (hits) which provide four space-point measurements |78|. The barrel
sector has 2112 modules, while each end-cap counts 988 modules. Each barrel

module consists of four silicon-strip sensors with strips parallel to the beamline at
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a pitch of 80 pm. Two rectangular sensors are paired together and contain a total
of 768 strips of approximately 12 cm in length, which provide 2D measurements.
Another pair is glued back-to-back to the first one at a stereo angle of 40 mrad,
to provide information on the third coordinate. The modules on the end-caps
have a similar arrangement with trapezoidal sensors characterised by strip pitch of
variable size (80 ym in average) and mounted in such a way that the strips have

radial direction. The thickness of the sensors is 285 pm.

Transition Radiation Tracker (TRT) The TRT [79] is the outermost part of
the ID. It is a straw-tube tracker which contains around 300 thousands cylindrical
drift tubes (straws) with a diameter of 4 mm, arranged in parallel to the beam
axis and serving as cathodes. Fach tube contains a gold-plated tungsten wire in its
centre and is filled with a gas mixture based on xenon. When a charged particle
traverses a straw, it ionises the gas and produces electrons that drift toward the
wire where they are collected and read out. The tubes are embedded in polymer
fibres and foils which provide a transition material boundary. In traversing the
boundary, a relativistic charged particle may emit radiation with a probability that
depends on the relativistic factor ¥ = E//m. The transition radiation photons are
absorbed in the straw, producing high-threshold signals. Since the emission is much
more likely for an electron than for a hadronic particle, such as a pion, it is more
probable that an electron track is associated with higher energy hits, providing a
good discrimination power for particle identification. The intrinsic resolution of the
TRT is larger than in the silicon trackers and corresponds to 120 yum. However, the
TRT provides a large number of hits per track, typically > 30. This design makes
the TRT an optimal detector, not only for the capability of particle identification

but also for good pattern recognition.
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Figure 4.7: Cut-away view of the ATLAS calorimeter system. Image source: [82].

4.2.3 Calorimetry

The calorimetry in ATLAS [80] consists of a set of sampling detectors with full
symmetry in ¢ and coverage around the beam axis, as shown in Figure 4.7. The
system is designed to stop or absorb most of the particles coming from a collision
and to measure their energy. In most cases, the Liquid Argon (LAr) technology
[81], consisting in the use of LAr as active detector material, is employed. The
advantages of using LAr rely on the stability of its response over time and its
intrinsic radiation-hardness. Electromagnetic calorimeters, characterised by a fine
granularity, are designed to precisely measure the energy loss of electrons and
photons, through the electromagnetic showers created when they traverse the
medium. The development of the showers is parameterised by the radiation length

(Xo), the average distance over which a high energy electron is reduced to 1/e of
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its energy by bremsstrahlung. The depth of the electromagnetic calorimeters is
measured in radiation lengths and, in ATLAS, it is larger than 22 X,. Similarly,
the evolution of hadronic showers in the matter, which is mainly governed by
ionisation and nuclear interactions, is characterised by the nuclear interaction
length X, defined as the mean distance travelled by a hadron, before interacting
with a nucleus. The depth of the hadronic calorimeters, which require coarser
granularity to measure hadronic jets and £ is ~ 10 X. These dimensions provide
good containment for the particle showers.

The energy resolution of a calorimeter is described by

Of a

b
0= 4.
7 \/E@E@c, (4.6)

where the parameter a is called stochastic term and represents the statistical shower
development, b is the noise term, c is the constant term and the symbol & indicates

a quadratic sum. The nominal energy resolution for the electromagnetic calorimeter

is 28 ~ %’ @® 0.7%, while for the hadronic calorimeter is % ~ &Z’ @ 3% [83].

Electromagnetic Calorimeters (ECAL) The ECAL is a lead-LAr detec-
tor [81] consisting of a barrel component (EMB) which covers the pseudora-
pidity region of |n| < 1.475 and two end-cap components (EMEC), covering
1.375 < |n| < 3.2. The lead plates and electrodes are arranged in an accordion
geometry, with size varying with 7, to guarantee complete ¢ symmetry without
azimuthal cracks.

The EMB is composed of three layers with different thickness and segmentation
in 7. The first layer has the finest granularity in n to provide v — 7% separation
and photon direction measurement. The second and third layers measure most

of the electromagnetic shower energy and leakage, respectively. The three layers
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are complemented by a presampler, an instrumented argon layer, which provides a
measurement of the energy lost in front of the electromagnetic calorimeters.

The EMEC calorimeter consists of two coaxial wheels, one on each side of the
electromagnetic barrel. It presents a longitudinal segmentation and its thickness is

similar to that of the EMB.

Hadronic Calorimeters (HCAL) The HCAL is located outside the ECAL
envelope and consists of sampling calorimeters which employ different technologies,
according to the physics performance required.

The Tile calorimeter [84] uses steel as the absorber and plastic scintillating tiles
as the active material. The tiles are oriented radially and perpendicular to the
beam-pipe and are read out by wave-length shifting fibres, which deliver the light
to photomultipliers. The Tile calorimeter is composed by a barrel in the range
In| < 1.0 and two extended barrels in 0.8 < |n| < 1.7.

The Hadronic End-cap Calorimeter (HEC) is a sampling calorimeter made with
copper plates interleaved with 2 mm gaps filled with LAr. The HEC consists of two
independent wheels per end-cap, located directly behind the EMEC, and covering
the range 1.5 < |n| < 3.2. Each wheel is divided into two segments in depth, for a

total of four layers per end-cap.

4.2.4 Forward Calorimeter

The most forward region of the ATLAS detector is equipped with a forward
calorimeter (FCal) [85, 86|, which extends the pseudorapidity coverage, spanning
3.1 < |n| < 4.9 and slightly overlapping with the HEC, as shown in Figure 4.8. The
FCal, located at a distance of ~ 4.7 m to the nominal interaction point, completes

the nearly hermetic calorimeter system in ATLAS. It is designed to detect jets
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Figure 4.8: Transversal view of the ATLAS calorimeter system showing the transition
from the EMEC and HEC calorimeters to the FCAL calorimeter. Image source: [87].

originated from high-rate low-pr or soft minimum-bias collisions which produce
particles whose density and energy increase with 1. These jets would otherwise
escape detection, leading to false EXS signatures.

Due to the harsh environment near the beamline, the FCal, which is a LAr
sampling calorimeter, is designed with an unconventional structure, as shown in the
front-face view in Figure 4.9. The FCal consists of an absorber matrix which holds
cylindrical electrodes arranged parallel to the beamline. Each electrode consists of a
rod (anode) inside a tube (cathode), separated by a small gap (0.27 mm) filled with
LAr, the active medium. In each end-cap, the FCal is segmented into three modules.
The first module (FCall), closest to the interaction point, uses a copper absorber
and is optimised for electromagnetic measurements. The following modules (FCal2
and FCal3) are made with tungsten and are used as hadronic calorimeters and to
correct for leakage behind the electromagnetic calorimeter. In the FCall module,
two consecutive electrodes are separated on the z-axis by a distance of 7.5 mm.
This distance, as well as the LAr gap, increases in the FCal2 and FCal3 modules.

100

The nominal energy resolution for the FCal is Z£ ~ ﬁ% @ 10%
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Figure 4.9: Front-face view of the electrode arrangement of a portion of the forward
calorimeter (FCal) in ATLAS. Image source: [87].

4.2.5 Muon Spectrometer

The muon spectrometer (MS) [88, 89|, shown in Figure 4.10, is the outermost

sub-detector in ATLAS dedicated to measure the trajectory and momentum of the

charged particles exiting the calorimeters, typically muons. The MS is based on

a magnetic system of three large air-core superconducting toroidal magnets, one

barrel and two end-caps, each consisting of eight flat coils. The magnetic system

provides a field of approximately 0.5 T in the region of pseudorapidity |n| < 2.7

which deflects the charged particles entering the MS. The transverse momentum of

the muons is measured with a resolution that varies between 3% (for muons with

2 < pr < 250 GeV) and 10% (for muons with pr ~ 1 TeV). The MS is instrumented

with two separate kind of chambers, optimised either for trigger or high-precision

tracking.
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Figure 4.10: Cut-away view of the ATLAS muon spectrometer. Image source: [90].

Precision Tracking Chambers Precise measurements of the muon trajectory
deflection in the barrel are provided by the Monitored Drift Tubes (MDT) [91],
arranged in three or four layers and covering the region of pseudorapidity |n| < 2.7.
The MDT are designed to provide a track position resolution of 40um. The region
of pseudorapidities of 2.0 < |n| < 2.7 is covered by Cathode Strip Chambers (CSC)

[92], multi-wire proportional chambers with cathodes segmented into strips.

Fast Trigger Chambers The trigger system covers the pseudorapidity range
In| < 2.4 and consists of three layers of Resistive Plate Chambers (RPC) [93], which
are used in the barrel, and three or four layers of Thin Gap Chambers (TGC)
[94], used in the end-cap regions. The main purpose of this system is to provide
the muon hardware-based trigger, through the hit coincidences of different layers.
Furthermore, the system provides a measurement of the muon trajectory in the

direction orthogonal to the precision measurement that is approximately parallel
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to the magnetic field lines.

4.2.6 Trigger and Data Acquisition

During Run-2, the LHC bunch-crossing occurred with a frequency of 40 MHz,
resulting in a large and complex data flow. Due to the limited bandwidth in the
online and offline computing resources, the recording rate must be reduced by
rejecting minimum-bias processes (produced without any hard collisions occurring
in the event), while maintaining efficiency in selecting relevant physics processes.

The trigger system in ATLAS [95] is responsible for retaining the most interesting
events for later study, reducing the recorded event rate to 1 kHz. The trigger
system consists of a hardware-based Level-1 (L1) trigger and a software-based
high-level trigger (HLT). The L1 trigger uses information from the calorimeters
and the muon spectrometer to identify signatures from high-pt objects. It also
targets events with large E2 and Ep. The L1 reduces the event rate to 100 kHz.
The n — ¢ regions of the detector where interesting features have been identified,
are defined as Regions-of-Interest (Rol) and passed to the HLT. The HLT performs
an event reconstruction by executing offline-like algorithms within the Rol.

A trigger menu defines the selection criteria for L1 and HLT. The trigger
configuration depends on the purpose of the data taking. Different triggers are used
for physics measurements, efficiency and performance measurements and detector

calibration.
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Chapter 5

Physics Object Reconstruction

The particles produced in the pp collisions travel throughout the ATLAS
detector volume, leaving different signatures in the sub-systems, according to the
particle properties and the nature of the physics processes taking place. Figure 5.1
illustrates how different types of particles interact with the components of the
ATLAS detector. The collected raw information are combined using dedicated
algorithms, to reconstruct the relevant physics objects and identify the particles
emerging from the beam collision. Before being used in physics analyses, the objects
are corrected for detector effects, in a process called calibration.

In this chapter, a description of the reconstruction algorithms and techniques

used to identify the objects detected at the ATLAS experiment is provided.

5.1 Tracks and Primary Vertices

The presence of an axial magnetic field along the z direction forces the charged
particles stemming from the hard collision to follow helical trajectories. The trajec-
tory and momentum of charged particles are reconstructed by starting from the

deposits of energy left by the particle in the ATLAS ID [97]. The energy deposits
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Figure 5.1: Transversal view of the particle paths in the ATLAS detector. Particles of
different nature interact in different ways and in different sectors of the detector. Image
source: [96].

are clustered together to form hits. The main track recognition is based on an
inside-out strategy [98|, which starts with the identification of triplets of hits on
different layers of the sub-detector, either Pixels or SCT modules. A combinatorial
Kalman filter [99] is then used to extend the track by adding the most likely
successive hits, according to the preliminary trajectory. This procedure results in a
number of ambiguous track candidates, due to an incorrect assignment of the hits
or overlapping tracks with shared hits. The following stage attempts to solve the
ambiguities, by assigning a score to each candidate, based on the number of hits
involved, the origin of each hit (the most precise measurements coming from Pixels
have a higher score) and the presence of holes, which are expected hits missing
in the prediction trajectory. Additionally, a x? fit is performed on the tracks and
poor-quality candidates are penalised. The momentum of the track is considered
as well to promote energetic tracks and suppress low-pr tracks, which are usually

associated with wrong assignments. Poorly ranked candidates are removed, while
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the other tracks are extended to the TRT volume and combined with its measure-
ments. In order to reconstruct those tracks which may have missed some hits in
the silicon tracker, a reverse approach, called outside-in, is also applied to start a
pattern recognition from the TRT module. Finally, all the reconstructed tracks are
required to pass general criteria, like having a minimum of seven hits in the silicon
detector, a maximum of two shared hits and a transverse momentum pt > 400
MeV. Tracks can be only reconstructed within the ATLAS ID pseudorapidity range

of n < 2.5.

The precise reconstruction of the primary vertez [100, 101|, the position where
the hard scattering between the protons has occurred, is fundamental for the
physics analyses. In a single triggered event, due to the harsh environment of
pile-up, several interaction vertices can be reconstructed. The identification of the
primary vertex involves an iterative procedure of finding and fitting the vertices.
The reconstructed tracks are used as input and combined with a seed position,
selected for one vertex at a time, to determine the optimal vertex position with a
x? minimisation. The tracks are weighted, according to their compatibility with
the vertex candidate and then a new vertex position is computed. The procedure
is iterated until a stopping criterion is reached and the vertex position determined.
The tracks found incompatible with the current vertex are rejected and used to
identify the next vertex, and the procedure is repeated until all the reconstructed
tracks are associated with a corresponding vertex. Out of all the reconstructed
vertices, the primary vertex is identified as the one having the highest sum of the
squared transverse momenta of associated tracks: Y. p2. The remaining vertices
are labelled as pile-up vertices.

In the reconstruction of the primary vertex, two important parameters are
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track

Figure 5.2: Transverse dy and longitudinal zg impact parameters of a track with respect
to the interaction point. Image source: [102].

used: dy and zp, respectively the transverse and longitudinal impact parameters,
defined as the projections on the transversal and longitudinal planes of the distance
between the interaction point and the perigee, the point of the track’s closest
approach to the beam axis. Impact parameters are illustrated in Figure 5.2. The
corresponding uncertainties are denoted as o4, and o0, and are estimated in the
track fit. The efficiency of the primary vertex reconstruction is estimated to be

higher than 99% [100].

5.2 Electrons

Electrons and positrons are reconstructed in the central region of the ATLAS
detector (|n| < 2.5) by combining tracks reconstructed in the ID and energy deposits
in the EM calorimeter, appearing as EM showers [103, 104]. Since the forward
region with pseudorapidity 2.5 < n < 4.9 is not covered by tracking detectors, only
the information collected in the EMEC and FCal calorimeters can be exploited to

reconstruct electrons, selected with Er > 20 GeV. To compensate for the absence
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of tracking information, variables describing the shape of the EM showers are
employed. In the rest of this section, the reconstruction, identification and isolation

will be discussed exclusively for central electrons.

5.2.1 Reconstruction

Electromagnetic cluster seeds are identified with a sliding-window algorithm
which scans the 7 x ¢ space of the EM calorimeter with a window of 3 x 5 units of size
An x A¢ = 0.025 x 0.025, corresponding to the granularity of the EM calorimeter
middle layer. The energy found in the cells in all the longitudinal layers of the
calorimeter within the window are summed into a tower energy and, in case this
energy is larger than 2.5 GeV, a cluster seed is identified. Electromagnetic clusters
are then formed around the seeds with the use of clustering algorithms [105]. The
reconstructed tracks characterised by energy loss values which are compatible with
an electron hypothesis (up to 30% energy loss at each intersection with the detector
material) are combined with the EM clusters. In particular, a loose matching is
performed between the extrapolated position of the track in the middle layer of the
EM calorimeter and the barycentre of a cluster, if their angular distance satisfies
An < 0.05 and A¢p < 0.1. To take into account the significant amount of energy
losses due to bremsstrahlung of high-energy electrons, a fitting algorithm, called
Gaussian Sum Filter [106], refits the tracks that have enough precision hits and
are loosely associated to a cluster. The matching is performed again with the
refitted tracks and more stringent conditions. To reconstruct an electron candidate,
at least one track is required to be matched to a seed cluster. If more than one

track is matched to a cluster, tracks are ranked according to the number of precise

hits and distance to the cluster AR = /(An)2 + (A¢)?, to identify the primary

track. Electron candidates with no associated precision hit tracks are removed and

62



5.2 Electrons Chapter 5. Physics Object Reconstruction

considered to be photons. The tracks associated to an electron candidate need
to be compatible with the primary vertex of the hard scattering and satisfy the
requirements on the impact parameters: dy/oq, < 5 and Azysinf < 0.5 mm, where
dy and zy are the impact parameters of the track introduced in Section 5.1 and 6 is

the polar angle of the track.

5.2.2 Identification

In order to reduce the background arising from the conversion of photons into
ete™ pairs or due to secondary particles, for instance, coming from semileptonic
decays of heavy-flavour hadrons, prompt electrons in the central region of the
detector without transition regions, covering n < 2.47, are selected using electron
identification algorithms [107]. In particular, a likelihood-based algorithm (LH) is
applied. Track measurements data, such as number of hits in each layer, impact
parameters and momentum lost by the track in traversing the ID, and electron
cluster information, including shower width, energy and measurements of the
bremsstrahlung effects, are combined by LH into an MVA. For a given electron, the
signal and background probabilities are evaluated by combining these information

and then a discriminant d, is built as

Ls

dr = — =2
£ Lot Lp

with  Lgp)(x) = HPS(B),i(xi)a (5.1)
=1

where x is the vector containing all the mentioned discriminating variables and
Pg(py,i(x;) is the probability density function of the variable z;, in case of signal
(S) or background (B) hypothesis, based on simulated events.

Fixed values of the LH discriminant are used to define different operating

points, denominated as VeryLoose, Loose, Medium, and Tight. The operating
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points correspond to increasing thresholds for the LH discriminant and account for
slightly different selections, which are more selective for medium and tight electrons,
requiring, for instance, that at least one hit of the track must be in the innermost
pixel layer. The electron candidates that satisfy tighter operating points also satisfy
less restrictive operating points, in such a way that if an electron candidate is
selected with tight criteria, it is certainly selected by the other operating points.
The electron identification allows for an increasing background rejection as the
selection gets tighter, nonetheless with a progressive cost for the efficiency of the
selection itself. The minimum FEt of the electron identification was set to 4.5 GeV

in Run-2.

5.2.3 Isolation

To further improve the background rejection, electrons are required to be
isolated from additional tracks or energy deposits. A small activity in the An x A¢
area surrounding the electron is a typical signature for prompt electrons. Several
variables can be constructed using the calorimeter and tracking measurements, in
order to quantify the amount of this activity. Calorimeter-based isolation criteria
require to construct a cone of size AR around the candidate electron’s cluster
position and compute the isolation variable by summing up the energies deposited
within the cone, excluding the energy deposited by the electron itself. Track-based
isolation variables are constructed from the sum of the transverse momenta of the
tracks with pr > 1 GeV found within a cone of radius AR constructed around
the candidate’s trajectory, excluding the electron track’s own contribution. To
minimise pile-up contamination, only tracks from the primary vertex are used in
the definition of the isolation variable. Different criteria applied to the isolation

variables give rise to different operating points for electron isolation. The choice
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depends on the specific needs of the physics analysis considered. The most relevant

operating points for the analyses discussed in Section 7 and 8 are the following:

e LooseTrack isolation: targets a fixed value of 99% for the isolation efficiency
by varying the radius of the isolation cone depending on the transverse
momentum of the electron (track-based).

e HighPtCalo isolation: uses calorimeter-based isolation in a cone of fixed
radius AR = 0.2 and requires that the energy deposited does not exceed
3.5 GeV.

The electron efficiencies are evaluated both in data and in simulation from
Z — ete” and J/¢ — eTe” samples, for each of the steps previously described.
The overall efficiency, obtained through the product of the reconstruction, identifica-
tion and isolation efficiencies, is critical for physics measurements. The efficiencies
obtained with data measurements are compared with simulations to retrieve cor-
rection scale factors as a function of Er and 7 of the electron candidate to account

for MC mis-modelling. The scale factors obtained are very close to unity.

5.3 Photons

Similarly to electrons, energetic photons originate electromagnetic showers
within the EM calorimeter. Prompt photons are reconstructed in the central region
of the detector |n| < 2.5, following a similar strategy to the one used for prompt

electrons [108].

5.3.1 Reconstruction and Identification

Due to very similar signatures, the reconstruction of photons and electrons

proceeds in parallel. The sliding-window algorithm introduced in Section 5.2 is used
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to identify seed clusters which are loosely matched to reconstructed ID tracks. Both
photons that convert and do not convert to eTe™ pairs can be reconstructed, and
are respectively referred to as converted and unconverted photons. The converted
photons usually leave a conversion vertex which can be reconstructed from pairs
of oppositely charged tracks in the ID that are likely to be electrons. The final
discrimination between unconverted photons, converted photons and electrons is
achieved through a set of decisions which take into account the presence or absence
of hits in the silicon detector and conversion vertices. MC simulations show that
the 96% of prompt photons with Et > 25 GeV are expected to be reconstructed
as photon candidates, while the remaining 4% are incorrectly reconstructed as

electrons.

Prompt photons need to be identified against background photons, usually
arising from hadronic jets. The identification is based on cuts performed on a
set of variables which describe the shape and other characteristics of the showers.
Electromagnetic showers originated from prompt photons are typically narrower
than the ones from hadronic jets and are associated with a smaller leakage in
the HCAL, indicating that no additional hadrons are present. Photons arising
from the decay of isolated neutral pions (7° — ~7) are often characterised by two
separate local energy maxima in the first layer of the ID, due to the small separation
between the two photons. The separation between prompt and background photons
is complicated by the presence of low-FE; activity in the detector, due to pile-up
events. Two reference operating points, Loose and Tight, are defined according to

the selection criteria.
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5.4  Muons

Muons (p*) are reconstructed within the acceptance of the muon spectrometer
with n < 2.7. After leaving hits in the ATLAS ID, these particles deposit a small

amount of energy in the calorimeters and then reach the ATLAS MS [109].

5.4.1 Reconstruction

Muon reconstruction is performed separately in each sub-system and then
combined to construct muon track candidates. The track reconstruction in the
ID follows the general strategy described in Section 5.1. In the MS, muon tracks
are built from segments reconstructed using hits found within each set of muon
chambers. The segments are then combined through a fit performed on the hits,
according to criteria based on relative positions and angles of the hits and multi-

plicity. The segment combination forms the muon track.

The combination of ID and MS tracks, with the additional use of calorimeter in-
formation, can be done with various algorithms which define different reconstructed

muon types, as listed below:

e Combined muons (CB): after independent track reconstruction in the ID and
MS, a combined track is built by fitting the hits from the two sub-detectors.
Muons are mostly reconstructed following an outside-in pattern recognition
which starts with hits collected in the MS and then extrapolates the track
into the ID. This is the main type of reconstructed muons and provides the
highest muon purity.

o Segment-tagged muons (ST): a track in the ID is associated with at least one

track segment in the MS. Mostly based on the ID information, this type is

67



5.4 Muons Chapter 5. Physics Object Reconstruction

used when muons cross only one layer of the MS, due to low pt or because
they fall outside the MS acceptance.

e Calorimeter-tagged muons (CT): a track in the ID is combined with an energy
deposit in the calorimeter. This type is used when track information from
the MS is missing, due to not instrumented regions.

e FEatrapolated muons (ME): a track is reconstructed exclusively from MS
segments, requiring information at least from two layers of MS chambers. In
the forward region, muons are reconstructed at least from three layers of the
MS. ME muons are mainly used to extend the acceptance in the region of

pseudorapidity 2.5 < |n| < 2.7, which is not covered by the ID.

5.4.2 Identification

After reconstruction, prompt muons from signal processes must be identified
against the background, mainly arising from in-flight decays of pions 7 and kaons K.
A typical characteristic of background muons is a ‘kink’ shown in the reconstructed
track. Several variables can be constructed to impose quality requirements that
suppress this kind of background. For instance, the ¢/p significance! quantifies the
incompatibility between the momentum measured in the ID and the one measured
in the MS, while a certain value of the x? of the combined fit reveals the poor quality
of the fit in case of background. Different muon operating points are provided,
according to the tightness of the required selection criteria: Loose, Medium, Tight
and High-pr. The Loose selection offers the best efficiency (98.1%) with slightly
worst purity while, as the selection gets tighter, the purity improves with a cost on

the efficiency (in the case of Tight selection, the efficiency is up to 89.9%).

Lq/p significance is defined as o(q/p) = [(a/p)'° —(a/p)"" |

= o/ T T where ¢ and p are the charge

and momentum of the muon.
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5.4.3 Isolation

In order to disentangle prompt muons decaying from bosons such as W, Z
and H, and muons arising from the semileptonic decays of heavy-flavour hadrons,
muon isolation criteria are applied on specific isolation variables, constructed using
tracks and calorimeter information. The track-based isolation variable pytreones0
is the scalar sum of the tracks transverse momenta in a pr-dependent variable
cone with AR = min(10 GeV/pf, 0.3), where p4. is the muon transverse momentum
built around the muon track. FE$?° is a calorimeter-based isolation variable,
constructed as the sum of the transverse energy of calorimeter clusters in a cone
of fixed size AR = 0.2 built around the muon. Several working points are defined

for the reconstructed muons, according to the isolation cut. The relevant working

points for the analyses discussed in Section 7 and 8 are the following:

e LooseTrack: requires a variable cut on the variable p4<"30 /py. where pr
is the transverse momentum of the muon, in such a way to obtain 99% of
efficiency in the whole n and pr range.

e HighPtTrack: requires p$"*"/pr < 1.25 GeV and provides up to 95% of

efficiency.

The efficiencies for the isolation working points are measured in data and simulation
in Z — ptp~ and J/1p — ptu~ decays. Similarly to the electron reconstruction,

the isolation scale factors are evaluated to correct for simulation mis-modelling.

5.5 Jets

The ultimate goal of physics analyses is to reconstruct the fundamental particles
produced in the primary interaction. In a high-energy pp collision at the LHC the

most frequently produced particles are coloured quarks and gluons. However, as
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described in Section 2, quarks and gluons can not be observed as free particles
because, after their production, they immediately undergo fragmentation and
hadronisation, processes responsible for the generation of energetic colourless
hadrons. These particles, collimated in streams called jets, deposit a large amount
of energy in the ATLAS calorimeters. A jet is the most complicated object to be
reconstructed in ATLAS and, ideally, measuring its energy and direction provides

information about the original parton that initiated it [110].

5.5.1 Reconstruction

Additionally to the sliding-window algorithm introduced in Section 5.2.1,
calorimeter clusters are reconstructed in ATLAS by merging topologically-related
energy deposits of the electromagnetic and hadronic calorimeters, following a
signal-significance pattern recognition [111]. The resulting topo-clusters are used
to reconstruct jets through a clustering algorithm that repeatedly recombines the
closest pair of clusters, according to some distance measures. This algorithm,
implemented in the FastJet [112] package, is known as the anti-kr algorithm [113]
and relies on the following distance measures:

AR,
R

dzj = min(ktf, ng)

dip = k;;2, (5.2)

where AR? = (y; — y;)* + (¢ — ¢;)? is the angular distance between two objects
and j, and ky;, y; and ¢; are respectively the transverse momentum, rapidity and
azimuth of the object 7. The clustering procedure compares d,;, which represents
the distance between two objects ¢ and j, with d;p, the distance of the object 7
with respect to the beam. If d;; < d;p, the objects ¢ and j are recombined together

and the algorithm proceeds with the next iteration. If d;; > d;p, the object ¢ is
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anti-k,, R=1 |

Figure 5.3: Simulation of jet reconstruction as results with the anti-kr algorithm. Image
source:[113].

reconstructed as a jet and removed from the list of objects. The distances are
recalculated and the procedure repeated until no objects are left. The radius
parameter R defines the size of the maximum jet cone. The algorithm works in
such a way that if a hard object has no hard neighbours within a distance of
2R, it just accumulates all the soft objects within a circle of radius R, with the
consequence that the hard jets are all circular with a radius R, as illustrated in
Figure 5.3. Values of R = 0.4 and R = 1.0 are usually considered for the jet radius
parameter. The first value is typically used for jets initiated by gluons or quarks,
also called small jets. The other choice is used for jets containing the hadronic
decays of massive particles, such as W, Z and Higgs bosons or top quarks, and

they are usually referred to as fat jets.

5.5.2 Calibration

The energy of the reconstructed jets has to be calibrated to account for several

effects, such as the calorimeter non-compensation (regarding the different response
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for electromagnetic and hadronic calorimeters), dead material and leakage, out-of-
cone energy (by construction, not included in the jet) and pile-up contamination.
Through calibration, the jet energy scale (JES) of the reconstructed jet can be
restored to the scale of truth jets. The calibration is derived using a combination
of methods based on MC simulation and data-driven techniques, summarised in

the following [114].

Origin correction To improve the 7 resolution, the direction of the jet is corrected
to make it point to the hard-scatter primary vertex rather than the centre of

the detector, while keeping constant the jet energy.

Pile-up corrections Pile-up interactions can occur within the bunch crossing
of interest (in-time) or in neighbouring bunch crossings (out-of-time). The
corrections aim at removing both of the two contributions and proceed in two
steps: first, the average contribution is subtracted by the pr of the jet with a
method based on the area of the jet; then, residual pile-up dependencies are
removed, as a function of ;1 (the number of interactions per crossing, defined

in Section 4.1.2) and the number of reconstructed primary vertices.

Absolute JES correction It is performed with a MC simulation and is based
on the comparison between reconstructed jets, calibrated up to the pile-
up corrections, and truth jets, selected with a geometrical matching with
AR = 0.3. The average energy response is derived from the mean value of
the Gaussian fit of E*®°/E'™ distribution, and is obtained as a function
of B and n. A numerical inversion procedure provides the corrections

in B from E™  An additional correction is derived as the difference

reco truth

between the reconstructed 77 and n'™"*" parametrised as a function of Bt

and 7, to account for the transition regions between the barrel and end-cap
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(n ~ 1.4) and between the end-cap and forward (n ~ 3.1) calorimeters.

Eta inter-calibration Well-measured jets in the central region of the detector
(n < 1.4) are used to derive a residual calibration for jets in the forward

region (0.8 < |n| < 4.5).

Global Sequential Calibration (GSC) Aiming to reduce fluctuations of the
jet response due to energy leakage, five observables are identified and for
each of them an independent jet four-momentum correction is derived as a
function of pF"™ and |n|. Correcting the selected variables, which depend on

the shape and energy of the jet, improves the distinction between quark- and

gluon-initiated jets.

In-situ calibration As the last stage of the jet calibration, it corrects for differ-
ences between MC and data, arising from an incorrect detector description
in the MC. The JES is calibrated in data, using as reference a well-calibrated
object. A method called direct balance is used which exploits Z+ jet processes,
in case of low-pr region [20-500| GeV, and v + jet processes in the middle-pr
region [36-950] GeV. The pr balance between the reference boson and the jet,
prel pIet s fitted with a Gaussian fit to extract the corrections. The multijet
balance technique extends the calibration up to pr = 2 TeV and, rather than

balancing the reference object against the jet, it uses a whole hadronic recoil.

After applying the set of corrections, the JES is evaluated as a function of the
jet transverse momentum. The jet energy resolution (JER) defined as o, /pr is
also obtained tn — situ by comparing the width of the balance distribution in data
and MC [115]. The results are shown in Figure 5.4. The JES and JER corrections
are evaluated together with a large set of systematic uncertainties, mainly arising

from the data-driven stages and accounting for assumptions made on the MC
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Figure 5.4: Data-to-MC ratio of the average jet pt response as a function of jet pp. The
combined result is based on three in-situ techniques: the Z+jet balance method, v+jet
balance method and the multijet balance (a). The relative JER o, /pr as a function
of ppr. The results are obtained for anti-kt jets with a radius parameter of R = 0.4,
calibrated following the JES scheme, including the residual in-situ calibration and using
the 2017 dataset (b). Image sources: [116, 117].

simulation, sample statistics, propagation of the uncertainties of the energy scales
of other objects. MC mis-modelling of pile-up parameters also affect the accuracy
of the corrections, as well as differences between MC and data for the jet flavour
composition. Systematic uncertainties are determined by varying the parameters
of the object selection, in addition to ascertaining the MC effect with alternative

MC samples, and comparing the in-situ JER with the resolution obtained on MC

only (Closure).

5.5.3 Pile-up jets suppression

Pile-up suppression is fundamental for most physics analyses. After the dedi-
cated correction introduced in the previous section, spurious jets may remain, due
to local fluctuations in the pile-up activity. The jet-vertex fraction (JVF) variable
measures the fraction of transverse momentum from the tracks that are associated

with the hard-scatter vertex. In Run-1 JVF was used to separate jets originated
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Figure 5.5: Distribution of the JVT discriminator for pile-up and hard-scatter jets. Image
source: [118].

from the hard-scatter and those from pile-up interactions by imposing a minimum
threshold on it. However, this procedure leads to a dependency of the jet efficiency
on the number of reconstructed primary vertices in the event, N,;,. New variables,
which are based on tracking information and are stable as a function of N, have
been defined and a multivariate combination of them, called the jet-vertex-tagger
(JVT) algorithm, has been developed for Run-2. The discriminant is constructed
using the variables as a 2-dimensional likelihood [118]. Its output is shown in

Figure 5.5.

5.5.4 b-jets Tagging

The identification of the flavour of the quark originating the jets is of funda-
mental importance for every physics analysis, to properly reconstruct the primary
process happened in the hard-scattering. In particular, flavour identification, or
flavour tagging, is vital for many analyses with b-quark jets in the final state, such

as the VH(H — bb) analyses, discussed in Sections 7 and 8. Flavour tagging
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Figure 5.6: Illustration of the principle of b-hadron decay. Image source: [119].

is enabled by the distinctive properties of the heavy hadrons produced in the
hadronisation of the original quarks. A b-jet is originated from the hadronisation
of a b-quark at the primary vertex and the consequent decay of the newly formed
b-hadron. The main property of a b-hadron is the relatively long lifetime of order
1.5 x 107'2 s, which results in a measurable displacement of the decay point, the
secondary vertex, with respect to the primary vertex. The secondary vertex is
sketched in Figure 5.6. Depending on the momentum, the secondary vertex is
typically a few millimetres away from the primary vertex. Additionally, because
of the large mass of ~ 5 GeV, the b-hadron retains a large fraction of the b-quark
momentum (~ 75%) and decays into a large number of decay products, resulting
in a large track multiplicity. Because of geometrical effects, the tracks arising from
the secondary vertex tend to have a large impact parameter with respect to the
primary vertex. Furthermore, a b-quark decays preferably into a c-quark, due to the
CKM transition matrix values |V|? > |Vip|? [120]. Therefore, b-jets very often con-

tains c-hadrons which in turn decay with their own detectable displaced vertex [121].

The flavour tagging techniques applied in ATLAS are designed to exploit b-jet

characteristics, in order to discriminate between b-jets, c-jets and jets originating
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from light quarks (u, d, s), called light-jets [122]. The ATLAS strategy is based on
two different levels of flavour taggers. Low-level taggers use a series of algorithms
that aim at extracting the features that are relevant for the discrimination of the
flavour nature of the jets. The outputs of these algorithms are fed into a high-level
tagger, whose job is to estimate a total likelihood ratio for the b-jet versus no-b-jet
hypothesis. In the following sections, the main b-tagging algorithms used in the

analyses presented in Sections 7 and 8 are briefly described.

Impact Parameter based Algorithms

Due to the long lifetime of b-hadrons, tracks generated from b-hadron decay
products show impact parameters larger than tracks emerging from the primary
vertex. This property is exploited by impact parameter based taggers [123]. The
sign of the impact parameter of a track with respect to the primary vertex can be
assigned by determining whether the point of closest approach of the track to the
primary vertex is in front (positive) or behind (negative) the primary vertex with
respect to the jet direction. Tracks from b- and c-hadrons tend to have a positive
sign, while background is usually related to a negative sign. Figure 5.7 shows the
distribution of the track signed impact parameter significance with respect to the
primary vertex, in the transversal (dy/oq4,) and longitudinal (zysind/o,,) planes.
The probability density functions for the signed impact parameter significance of
these tracks are used to define ratios of the b- and light-flavour jet hypotheses.
The final discriminant is then derived using a log-likelihood ratio obtained by the

combination of the probability density functions.
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Figure 5.7: The transverse (a) and longitudinal (b) signed impact parameter significance
of tracks in events associated with b (green), ¢ (blue) and light-flavour (red) jets. Image
sources: [123].

Secondary Vertex Finding Algorithm

The Secondary Vertex algorithm (SV) [124] attempts to reconstruct the secondary
vertex of the b-hadron decay, while rejecting vertices likely to originate from
the decay of long-lived particles (like Kg or A), photon conversion or hadronic
interactions with the detector material. It also constructs a set of observables
from specific properties related to the reconstructed secondary vertex, which are
used as input to the high-level discriminator. Some of these variables are shown in
Figure 5.8: the invariant mass of the tracks associated to the vertex m(SV), which
is indicative to the mass of the hadron that initiates the jet; the transverse decay
length L,,; the distance between the primary and secondary vertices divided by its
uncertainty S;,.; the energy fraction fg, defined as the energy from the tracks in

the displaced vertex relative to all the tracks reconstructed within the jet.
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Figure 5.8: Properties of the secondary vertices reconstructed by the SV algorithm for b
(solid green), ¢ (dashed blue) and light-flavour (dotted red) jets: the invariant mass (a),
the transverse decay length (b), the 3D decay length significance (c¢) and the energy from
the tracks in the displaced vertex relative to all the tracks reconstructed within the jet
(d). Image source: [123].
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Decay Chain Multi-Vertex Algorithm

The decay chain multi-vertex reconstruction algorithm, called JetFitter, is
dedicated to the reconstruction of the full decay chain from the primary to the
secondary vertex of the b-hadron decay and finally to the tertiary vertex, due to the
further decay of a c-hadron. The algorithm uses a Kalman filter and assumes that
the three vertices lie on a common line. With this approach, the b- and c-hadron
vertices can be resolved [123]. A set of variables describing the properties of the

decay topology and secondary vertices is reconstructed by JetFitter.

Multivariate Algorithm

The outputs obtained with the low-level algorithms previously described,
are fed into a high-level tagger, a multivariate algorithm which uses a BDT
called MV2c10 [125]. This algorithm was developed for Run-2 and used in the
V H(H — bb) analyses presented in Sections 7 and 8. The transverse momentum
and pseudorapidity of the jets are provided to the BDT as well, to take advantage
of correlations with other variables. The BDT training is performed on a subset
of events from a simulated ¢t sample, by considering b-jets as signal and c-jets
and light-flavour jets as background. The output of the MV2c10 algorithm is
presented in Figure 5.9, together with the background rejection factors for c-jets
and light-flavour jets as a function of the b-jet efficiency. A set of operating points
is defined according to selection criteria applied to the discriminant obtained by the
b-tagging algorithm, designed to fix a certain efficiency in the simulated ¢f sample.
The selection criteria can rely on a single-cut or a flat efficiency with variable
cut on the BDT output. The single-cut operating point provides the targeted
efficiency when averaged over the transverse momentum distribution of b-jets. The

target efficiencies for the various operating points are 60%, 70%, 77% and 85%.
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Figure 5.9: The MV2c10 output for b-jets (solid line), c-jets (dashed line) and light-flavour
jets (dotted line) in simulated ¢t events (a). The light-flavour jet (dashed line) and c-jet
rejection factors (solid line) as a function of the b-jet tagging efficiency of the MV2c10
b-tagging algorithm (b). Image sources: [125].

Data-to-simulation scale factors are then calculated for each operating point as a
function of the b-jet pr, by comparing the efficiency measured using collision data

sim

edate to that predicted by the simulation €

5.6 Tau Leptons

With a mass of 1.78 GeV [23], tau particles (7%) are the heaviest among the
lepton family. This is reflected in a very small lifetime of (290.3 +0.5) x 10715 s,
corresponding to a distance ¢ = 87um traveled by the 7 leptons before decaying
inside the beam pipe, preventing them to reach the active detectors. 7 leptons
decay either leptonically, with branching ratio of 35% or hadronically, in the
remaining cases. The leptonic decays, 7 — fy,v,, yield in the final state a lepton
(electron or muon) which can not be distinguished from a prompt one and whose
reconstruction and identification is very challenging. On the other hand, the

hadronic component of tau decays can be typically identified in narrow jets of
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particles left in the calorimeter, associated with a number of tracks in the ID [126].
Therefore in ATLAS, tau reconstruction and identification concentrate on the
hadronic decay modes, which typically lead to final states with one or three charged
pions, called prongs, with the possible additional presence of one or two neutral
pions which decay to photons (7% — ~v). Jets formed using the anti-k; algorithm
with a distance parameter R = 0.4 are used in the tau reconstruction algorithm if
pr > 20 GeV and |n| < 2.5. Additionally, the production vertex of the tau lepton
is identified to increase the reconstruction efficiency and reduce pile-up effects, and
either one or three tracks are associated with it. The tracks are required to be
within the region AR < 0.2 around the 7-jet direction. Some requirements are
imposed on the impact parameters of the tracks with respect to the tau vertex:
|do| < 1.0 mm and |Azpsinf| < 1.5 mm. An identification step is necessary to
distinguish between 7-jets and QCD jets, by exploiting the characteristics of the
former, such as the low track multiplicity, collimated energy deposits, and the
displacement of the tau vertex. Several discriminating variables are fed into a BDT,
which is trained separately for 1-prong and 3-prong decays using samples of the
process Z/v* — 77. Three working points, labelled Tight, Medium and Loose and

corresponding to different tau identification efficiency values, are defined.

5.7 Missing Transverse Momentum

For weakly interacting particles produced in the hard scattering, such as neu-
trinos or dark matter candidates, the probability of interacting within any of the
ATLAS sub-detectors is negligible. By escaping detection, these particles cause an
energy imbalance in the observed event. The conservation of momentum in the
transversal plane of the detector requires the overall transverse momentum of the

event to be zero. An imbalance can then be attributed to a weakly interacting
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particle produced in the hard collision and traversing the detector.

The imbalance can be measured through the reconstructed missing transverse
momentum E5 which is constructed by considering two contributions [127]. The
first comes from the objects produced in the hard collision, comprising particles
and jets fully reconstructed and calibrated. The second contribution is a soft term
which accounts for additional charged-particle tracks that are associated with the
primary vertex but not with any of the reconstructed hard objects. The missing
transverse momentum vector is calculated as the vectorial sum of missing transverse

momentum terms:

E%lissz—( > prt ), prt Y PR Zp%+zpjﬁt+zp¥aCk>

electrons photons T-leptons muons jets tracks
__ yoniss, e miss,y miss, Thad miss, miss, jet miss, soft
=E; + Eq} +E} +E; +E; +E}

(5.3)

Particles and jets included in the hard term are reconstructed with the methods
described previously in this chapter, and are additionally accepted by the event
selection. The object selection is refined in the context of every specific physics
analysis, in order to optimise the EF5. Since the physics objects are reconstructed
from signals collected within different sub-detectors, the same signal can be used for
reconstruct different objects. To avoid this multiple counting, a hierarchy is defined
for the physics object, prioritising electrons and then, in order, photons, tau leptons
and jets. Muons do not show signal overlap, since they are reconstructed from
MS tracks that are nor reached by other objects. The soft term is reconstructed
exclusively from ID tracks associated to the primary vertex and represents a very
important contribution for the improvement of the EX5 scale and resolution,

especially in final states with a low hard-objects multiplicity.
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The reconstruction and measurement of the EX*5 are very challenging tasks,
due to the nature of this quantity. The uncertainties arising from the reconstruction
of every single object contributing to the missing transverse momentum must be
taken into account and combined into an overall systematic uncertainty associated

with the measurement of ER.
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Chapter 6

Fast Shower Simulation in the

Forward Calorimeter

6.1 The ATLAS Simulation Infrastructure

The physics programs of the experiments at the LHC heavily rely on detailed
simulations that predict the response of the complex detectors and make the
comparison between experimental results and theoretical predictions possible. The
simulation process in ATLAS is controlled by Athena [128], a software framework
which takes care of the particle interaction and propagation in the detector, as
well as the physics object reconstruction, described in Chapter 5. Athena uses the
GEANT4 [129] simulation toolkit to propagate particles. The simulation chain can
be divided into fundamental steps: the event generation, the detector simulation,
the digitisation of the energy deposited in the sensitive material of the detector
and finally the reconstruction of the physics objects [130]. The flow of the ATLAS
simulation chain is sketched in Figure 6.1, which reports the main stages (in boxes)

and the data objects produced (arrows), and is briefly outlined below.
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Figure 6.1: The flow of the ATLAS simulation software. Image adapted from [130].

Generation The pp collision at the interaction point and the prompt decay of
the emerging unstable (¢7 < 10 mm) particles are simulated with a Monte
Carlo (MC) generator. Any stable particle that is expected to propagate
through the detector is stored. The most commonly used MC generators in
ATLAS are MADGRAPH [131, 132] and POWHEG [133] for matrix element
generation, PYTHIA [134], SHERPA [135] and HERWIG [136] for parton shower
and hadronisation. They typically produce simulation output files in the
standard HepMC format. The output file contains information called truth,
related to the history of the interactions from the generator for particles in

the event.

Simulation The stable particles are propagated through the ATLAS detector
by GEANT4. The structure of the detector is realistically reproduced and
built from a database containing information about the detector geometry
(volume dimensions, rotations, positions), as well as element and material
properties (density, thickness). The simulation is performed in steps. For
each step, GEANT4 is responsible for transporting the particle from one

point to another. The length of each step depends on the kinematic and the
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physical processes to which the particle is subject (like ionization), and on the
macroscopic properties of the detector material traversed by the particle. The
energy deposited in the sensitive portions of the detector is recorded as hits,
containing the energy deposition, position and time. Truth-level information,

like decays of specific particles or position of interaction, is also stored.

Digitisation The hits recorded in correspondence of the active material are con-
verted into digits, which are used as input to the Read Out Driver (ROD), the
readout module of the detector electronics. The ROD functionality is then
emulated in order to produce a Raw Data Object (RDO) file. The ATLAS
detector writes out data in a bytestream format and various algorithms are
used to convert RDOs into bytestream and vice-versa. The truth information

is also recorded at this level of the simulation chain.

Reconstruction The detector response is reconstructed into physical objects
using various algorithms, described in Chapter 5. First, the response from the
trackers and calorimeters are reconstructed as tracks and clusters, which are
then combined into the physical objects such as jets, muons, electrons and
photons. The results of the reconstruction are stored in a special format called
Analysis Object Data (AOD). AODs can be read by the ATLAS analysis
framework, which gives easy access to all the reconstructed objects. The truth
information is processed up to the reconstruction step. This information can
be used by the analyser to make studies at generator level. For instance, it
could be possible to retrieve the origin of a specific simulated object, like a

b-hadron that started a b-jet.
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6.2 Fast Simulation

The complex and detailed simulation of physics events demands a large amount
of computing resources which will dramatically increase with the increment of
the luminosity at the LHC, expected with the Run-3 and the HL-LHC era. To
address this limitation, considerable effort has been focused on the development
of alternative and faster approaches for all the components of the full simulation
chain [137]. Some examples of the tools used by ATLAS are the FastCaloSim [138],
FATRAS [139] and Fast Digitisation [140] modules.

The most computationally demanding task in the chain is the detector simulation.
In particular, for a typical physics event, most of the simulation time (~ 70%)
is spent in the calorimeters, mainly in the end-cap and forward regions. The
calorimeters are designed to fully absorb the particles in order to measure their
energy and because of this, they are built of very dense material. From the
simulation standpoint, the particle transport in a denser material requires a larger
number of simulation steps, increasing the overall processing time. Since this is
particularly true for the simulation of the FCal (described in Section 4.2.4), the
present chapter is focused on developing novel methods to speed up the simulation
of this sub-detector.

The FCal is a sampling calorimeter located at a distance of ~ 5 m to the
interaction point, covering the forward region in the range of pseudorapidity
3.1 < |n|] < 4.9. Because of its position, the FCal is exposed to a high flux of high-
energy particles and their simulation demands a CPU consumption which increases
exponentially with the multiplicity and the energy of the particles. Despite being
not essential for most of the physics analyses in ATLAS, which usually select events
in the low pseudorapidity region, an accurate simulation of the FCAL response is

crucial for some important analyses. One example is the identification of the signal
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Higgs boson production in VBF processes [141]. To help the discrimination between
QCD multi-jet events and VBF processes, the definition of certain event categories
requires at least one VBF jet to be in the forward region, corresponding to the
range 3.2 < |n| < 4.4, which is fully covered by the FCal. The forward calorimeter
is also fundamental for the measurement of the forward-backward asymmetry Apg
which is sensitive to the electroweak mixing angle sin?#fy, and can be derived from
cross section precision measurements [142].

The FCal is, therefore, a primary target to develop faster simulation methods by
reducing the computational complexity while maintaining the needed accuracy for
the response. Indeed, a fast simulation based on a frozen shower library approach
for the FCal has been used by ATLAS since 2008 [143]. The approach is based
on pre-simulated electromagnetic showers stored in a library and used later on to
substitute low-energy particles in the simulation, at runtime. A specific frozen
shower library must be generated for each type of particle and for each calorimeter
that one wants to fast-simulate. In this work, the effort has been focused on the
production and use of electromagnetic showers (in the following simply referred
to as showers) generated in the first module of the forward calorimeter, FCall,
and initiated by electrons and photons, which are responsible for the majority of
the shower production. Within a sampling calorimeter, the energy of a showering
particle is primarily deposited through a very large number of very soft electrons
and photons. Several low-energy showers are, in fact, used for simulating a single
high-energy particle entering the FCal, as sketched in Figure 6.2.

A novel technique for the association of the showers stored in the library and
the generated low-energy particles has been developed and will be described in
the following sections. In section 6.3, a general introduction to the fast simulation

procedure based on the frozen shower approach is provided. In Section 6.4, the
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Figure 6.2: Sketch of the frozen shower substitution. On the left side, a shower (collection
of hits) is shown as it is stored in the library. On the right, a low-particle produced in
simulation is replaced with the stored shower.

properties of the FCal are discussed as preliminary information for the description
of the frozen shower libraries. A description of the default version of the library

is given in Section 6.5, while Section 6.6 describes in details the new technique

proposed and shows the relevant results.

6.3 Frozen Shower Library

The first step of the library generation is the simulation of so-called starting
points, corresponding to the low-energy particles that initiate the electromagnetic
showers to be stored in the frozen library. The simulation begins with top quark
pair events tt, generated at the interaction point. The stable particles produced in
the decay of the tt pairs are propagated with GEANT4 until a particle with energy
below a certain threshold is produced in the FCal, typically 1 GeV for electrons
and 10 MeV for photons. The kinematic properties of these particles are saved
as starting points in a library. The starting points are then propagated in the
calorimeter until their whole energy is deposited, and the showers produced are

stored as an aggregation of hits, in such a way that the library is a collection of
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starting points and their corresponding showers.

After the generation, the library can be used in the simulation. During the fast
simulation, the detector response is simulated with GEANT4, until a particle of
the same type of the library in use is produced below the energy cut-off. After
some checks on the energy and position of the particle, to make sure that it is
in the correct energy range and far enough from the edge of the calorimeter, the
particle is matched with a given entry in the library. Before the substitution of the
particle with the corresponding shower, since the energy of the matched shower
will slightly differ from the original one, the energy of each hit in the shower is

rescaled as indicated in Equation (6.1):

Bl = By x 6.1)

where Ej;; is the original energy of a single hit, Ep,; is the energy of the eligible
particle to be substituted and E, 11, is the energy of the corresponding particle

in the library.

6.4 Properties of Electromagnetic Showers in FCal

The way a particle is matched with a shower in the frozen library depends on
the characteristics of the development of the electromagnetic showers in the specific
calorimeter. The structure of the FCal determines the parameters that should be
used to identify the showers in the library.

As described in Section 4.2.4, the ATLAS forward calorimeter structure consists
of an absorber matrix instrumented with cylindrical electrodes parallel to the
beamline. The active material, the LAr filling the narrow interstices between each

rod and tube, occupies a small portion of the calorimeter and is not distributed
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Figure 6.3: Transversal position of the shower hits collected in the FCal sub-detector (a).
Scheme of three rods defining a unit cell in the structure of FCal: within the unit cell,
the distance to the closest rod centre and the corresponding angle with respect to the
x-axis are identified (b).

uniformly throughout its volume. In Figure 6.3a, the rod structure of the FCal
is reproduced by the transversal coordinates of the shower hits that provide the
detectable signal. Only the energy released in the active material is, in fact,
collectable in a sampling calorimeter. The sampling fraction indicates the ratio
between the energy deposited by an incident particle in the active part of the
detector and the total energy deposited, as described in Equation (6.2) [144]:

E(active)
active) + E(absorber)’

fsamp = E( (62)

For the ATLAS FCal, the sampling fraction is about 1%. The calorimeter resolution
depends on the sampling fraction, as well as on the sampling frequency, determined
by the number of different sampling elements in the region where the showers
develop. These two factors affect the sampling fluctuations, representing the

variations of the shower energy deposited in the active calorimeter layers, from
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event to event. Sampling fluctuations are stochastic and they contribute to the

total energy resolution, introduced in Equation (4.6), as described by

OR a . dsamp
— 35—, with ax \/ ) 6.3
E V FE fsamp ( )

in which dump represents the thickness of individual active sampling layers [145, 146].

A small thickness means a large sampling frequency for a given total amount of active
material and this translates into an increased number of particles contributing to
the signal. On the other hand, the smaller the sampling fraction is, the larger is the
stochastic term, as in the case of the FCal, where it represents a larger contribution
compared to the ECAL and the HCAL. The dominant term in Equation (4.6) for
the FCal is the constant term. It includes contributions that do not depend on the
energy of the particle and reflects non-uniformity of the detector response, mainly
due to the special FCal geometry.

Due to the discontinuities between the active and the passive materials, the
characteristics of the showers created in the FCal are expected to have a strong
dependency on the position within the sub-detector element where the shower is
originated. This position is identified as the distance d to the centre of the closest
rod and is defined as illustrated in Figure 6.3b. Given an incident particle, the
three closest rod are identified and the distance djs3 to the corresponding centres
are calculated. The distance d is defined as d = min(dy, ds, ds) and the angle «
with respect to the z-axis is calculated accordingly. The non-uniformity of the
FCal must be taken into account in the development of the algorithms used for

simulation.
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6.5 Default Library

The frozen libraries currently used by ATLAS for the FCal fast simulation
(called default libraries in the following), contain about 10* starting point-shower
pairs, and are produced separately for electrons, photons and neutrons. For each
library, the pre-simulated showers are parametrised in bins of position d and
pseudorapidity 1 of the starting points, for which the energy is stored as well, but
remains unbinned. For each shower, the position of the hits, their energy and time
are saved. In 2017, a machine-learning-based procedure was introduced for defining
an optimal binning in d [147|. Before being stored in the library, each shower is
translated and rotated to have the vertex corresponding to the interaction point at
zero time, and momentum pointing to the positive z-axis. At simulation time, the
starting point closest to the simulated low energy particle is found by first picking
the closest d and 7 bin and then finding the closest energy available within the
bin. After retrieving the needed shower, this must be translated to the spatial
coordinates of the particle and rotated in the direction of its momentum.

The most critical aspect of the frozen showers approach is to reproduce the
energy dependence of the resolution provided by the full simulation. Figure 6.4
shows that, with the default library, there are some problems with modelling the
energy resolution, which is found to be two times smaller than the full simulation.
Therefore, the parameters of the default library need to be tuned before being
used. The tuning procedure provides reasonable agreement with the full simulation
but in some regions of the phase space disagreements remain; moreover it is not

automated and requires constant manual intervention.
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Figure 6.4: Energy resolution obtained in fast simulation using the default library (star
points) compared to the result obtained with full simulation (black dots). The parameters
in the library need to be tuned in order to obtain a result consistent with the full
simulation. The empty circles correspond to the fast simulation response obtained with
tuned library. Image source:[147].

6.6 Inverted Index Library

A new approach for the generation and use of frozen showers has been developed
in order to overcome the limitations of the existing approach. The new version of
the frozen library contains comprehensive information about the particle starting
points: the stored showers are keyed by 6-dimentional parameter vectors containing
the angular and spatial information of the starting points, as well as their energy.
Table 6.1 summarises the features used to parametrise the starting points, in case
of default and new library. Figure 6.5 shows the distributions of the features
describing the starting points of electrons generated with an energy threshold of
1 GeV, for the new library. The distribution of the distance to the closest rod,
shown in 6.5a, has a triangular shape coming from the cylindrical symmetry of the
rods. The distribution also shows a discontinuity in correspondence of the LAr gap.

This is due to the different radiation lengths X in argon (sensitive material, with
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Feature | Default Library | New Library Description
n yes (discrete) yes Particle Rapidity
d yes (discrete) yes Distance to closest rod
E yes yes Particle Energy
« no yes Angle to the closest rod
) no yes Particle Phi Angle
z no yes Particle z coordinate

Table 6.1: List of the features used in the default and new libraries to parametrise the
starting points.

Z = 18) and copper (absorber in FCall, with Z = 29). The radiation length scales

as
A

X, -
X Z(Z 1y

(6.4)

where Z and A are, respectively, the atomic and mass numbers of the nucleus.
Therefore, Xq is smaller in copper than in LAr and consequently, a smaller number
of interactions takes place in the active material. The distribution of a in Figure
6.5b, angle between the distance to the closest rod and the x-axis, presents regular
spikes due to the use of polar coordinates for defining the angle in the rectangular
geometry of the unit cell, identified by the three closest rods, as shown in Figure
6.3b. Although the electrons initiating the showers are generated with a threshold
of 1 GeV energy, they are very soft, as shown in Figure 6.5¢, and are most likely
produced in the proximity of the FCall front face, as shown in Figure 6.5d. Finally,
from Figure 6.5e and Figure 6.5f, it can be argued that the starting points have

uniform angular distributions.

6.6.1 Similarity Search for Fast Simulation

The new approach for the fast simulation of the FCal response is based on

similarity search algorithms, introduced in Section 3.4. These are machine learning
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Figure 6.5: Distributions of the parameters describing electron starting points in the new

library.
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models that support search and retrieval of similar items in an efficient and scalable
way. The approach includes several methods that allow us to quickly and efficiently
search for vectors similar to each other. As described in Section 3.4.2, this requires
to build a data structure, the index, from the database, which in this case is
represented by the frozen library.

To this purpose, Facebook Al Similarity Search (Faiss) [148], a library developed
by the Facebook Artificial Intelligence researchers to efficiently retrieve multimedia
documents, has been used. Faiss is written in C++ and has been fully integrated
in the ATLAS simulation framework. In a pre-processing step, the Faiss library is
used to build the index which encapsulates the set of vectors for a given library.
Then, the index structure is provided to the Athena framework, together with
the corresponding library, and used during the simulation. At runtime, when a
particle below the fixed energy threshold is produced, the simulation is suspended
and such particle is used as a query vector to search for the closest starting point
within the provided library. The similarity search is performed according to the
similarity method chosen within Faiss. Once the closest starting point is found, the
corresponding shower is returned to substitute the querying particle and finalise

the fast simulation.

6.6.2 Indexing Methods in Faiss

Faiss allows us to focus the search to the most relevant part of the library,
hence avoiding to examine a large portion of it. The vectors in the libraries are
identified by an integer: the index. Since the similarity search performs better if
all the objects have the same scale, the vectors have been normalised to the range
[0, 1]. This operation is known in ML as ‘feature scaling’, which ensures that all the

parameters are treated equally in the search process. To compare different vectors,
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a metric has to be defined, and while several metrics are available in Faiss, in the

present work the Euclidean distance has been used. Different kinds of index have

been

described in Section 3.4.2. Faiss provides several methods which combine

different indices and quantisers. The indexing algorithms learn the structure in a

training phase. Vector compression is also available. Several combinations have

been tested to find the most suitable one for showers retrieval. The Faiss methods

explored in this work are briefly described below.

IVF Flat At training stage, Inverted File Index (IVF) clusters all input vectors

HNSW

HNSW

into nlist groups using a K-means technique, as described in Section 3.4.2.
The vectors are stored without compression. At search time, a number equal
to nprobe of most similar groups to the query vector are returned and scanned
exhaustively to provide the closest vectors. Only a fraction of the dataset
is compared to the query: as a first approximation, it corresponds to the
ratio nprobe /nlist, but this approximation is usually under-estimated because
the inverted lists do not have equal lengths. A Flat index, which encodes
the vectors into codes of a fixed size and store them in an array, is used as

quantiser.

Flat The HNSW indexing method is based on a graph built on the indexed
vectors, as described in Section 3.4.2. At search time, the graph is ‘traversed’
to find the nearest neighbours as quickly as possible. HNSW depends on a
few parameters: M, the number of neighbours in the graph, efConstruction is
the depth of exploration when the graph is being constructed, and efSearch

is the depth of exploration of the search. A Flat index is used as quantiser.

SQ HNSW is used as index structure. The vectors are compressed to 8-bit

integers using a Scalar Quantisation (SQ), which may cause some loss of
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precision.

IVF HNSW IVF index is used in the same way as IVF Flat, but the search function

of the quantiser index is based on the HNSW graph structure.

IVFPQ Flat IVF index is used. Vectors are split into sub-vectors that are each
quantised to 8 bits using a Product Quantisation (PQ) (see Section 3.4.2). A

Flat index is used as quantiser.

IVFPQ HNSW IVF index is used with Product Quantisation (PQ). A quantiser based

on HNSW graph structure is used.

6.6.3 Validation and Results

For the validation of the new approach, several libraries with ~ 10° showers
have been generated with electrons of energy below 1 GeV. Then, high-energy
electrons are generated at the interaction point with ParticleGun, a tool in Athena,
which allows us to “shoot” primary particles from a specific point with a certain
energy, momentum and direction. The generated electrons have discrete values
[100, 200, 300, 400, 500] GeV and pseudorapidity in the range 3.35 < |n| < 4.60.
They are propagated using the fast simulation with the new implementation. The
validation returns the coordinates of the FCal front face where the electrons interact,
as well as the information related to the showers selected for the fast simulation.
The validation is done both in the inclusive pseudorapidity range and for smaller
pseudorapidity slices. Figure 6.6 shows the spatial distribution of the electrons
entering the FCall front face.

The detector response is driven by the set of parameters shown in 6.1, which
describe the starting points. However, this relation is stochastic and depends

on the energy scale. The new method should provide good results in terms of
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Figure 6.6: Spatial distribution of the generated high-energy electrons entering the FCall
front face.

CPU consumption and accuracy. These quantities can only be evaluated on
the cumulative response of the simulation. The CPU consumption, expressed in
seconds, is evaluated as the average of the CPU time, or processor time, spent
executing the propagation of a high-energy electron of fixed initial energy. The
propagation of a single high-energy electron produces a large amount of low-energy
electrons, of the order of ~ 10%, for each of which the search of the most suitable
shower is performed. The accuracy of the method is evaluated from the detector
resolution. This is measured as the ratio og/E between the standard deviation
and the mean value of the energy deposited by the low-energy electrons in the
calorimeter. The deposited energy corresponds to the sum of the energy of each hit
of the low-energy showers, and its distribution is shown in Figure 6.7 for the fully
GEANT4-based simulation (blue), the default library (red) and the new library
(green). As expected, the deposited energy depends on the energy of the primary

electron: the larger it is, the more secondary electrons and electromagnetic showers
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Figure 6.7: Distribution of the energy deposited by the showers originated by the low-
energy electrons in the FCal calorimeter.

are generated, and the more energy is deposited in the calorimeter. Each peak
in Figure 6.7 corresponds to a specific discrete energy of the generated primary
electrons, with an average deposited energy between 1 and 2% of the initial energy.
This is due to the small sampling fraction of the FCal. Since the detector response
is a stochastic process, the bootstrap method [42] has been used for assessing the
statistical accuracy of the measure. The idea of the method is to randomly draw
datasets with replacement from the original dataset for a fixed number of times
(say 30 times). The original dataset here is represented by the sum of the energies
deposited by the showers selected for each simulated event (i.e. each high-energy
electron). For each bootstrap, the quantity of interest is computed, in this case
the resolution og/E, to obtain a distribution of such variable. From here, we can
estimate the mean and the standard deviation of the variable of interest, as shown

in Figure 6.8.
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Figure 6.8: Detector resolution as a function of the energy of the initial electron. The
estimation is obtained with the bootstrap method by sampling the initial dataset consisting
of the output of the fast simulation.

First Results (IVF Flat)

The validation of the new fast simulation procedure has been, at first, performed
by using the IVF Flat index, the most common method used for similarity search
and provided by Faiss. As shown in Figure 6.9, the first results obtained with this
method have been compared with the response provided by the full simulation
(blue curves) of high energy electrons and with the response obtained with the
default frozen library (red). The curves related to the IVF Flat search have been
obtained by clustering the feature space with nlist = 3000, but using slightly
different configurations. For the yellow and purple curves, the same library was
used, containing 4 x 10* showers, but searching the closest shower within a different
number of Voronoi regions, indicated by nprobe, equal to 1 and 20, respectively.
The green curve was obtained with a larger library of 2.5 x 10° entries, whose

clusters contain in average more showers. Figure 6.9a shows that the resolution
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Figure 6.9: Resolution (a) and CPU consumption (b) resulting from the validation of
the new fast simulation procedure, using the IVF Flat method. Results obtained with
different libraries and different nprobe (green, yellow, purple) have been compared with
Full Simulation (blue) and Default Library (red) results.
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obtained with the full simulation is always well reproduced by using the fast
simulation with IVF Flat method. The new library outperforms the default one
(red), which appears to have difficulties in reproducing properly the resolution
of the full simulation. Figure 6.9b shows that the new approach also provides a
faster simulation if compared to the full one. However, with the configurations
shown in Figure 6.9, IVF Flat is less efficient than the default fast simulation.
There is not much difference between the three configurations: increasing nprobe
from 1 to 20 does not introduce significant delay and does not provide better
resolution. Increasing the library size, seems to provide a slightly better accuracy

with, however, a small cost in the processing time.

Comparison of Faiss Methods

The similarity search methods described in Section 6.6.2 have been tested in
order to choose the most efficient one, making sure to keep the optimal resolution

obtained with the IVF Flat. In Figure 6.10, the results obtained with a validation
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Figure 6.10: Resolution (a) and CPU consumption (b) resulting from the validation of
the new fast simulation procedure, comparing different Faiss methods.
in the inclusive pseudorapidity region are shown. From these results, different simi-
larity search methods show quite analogous performances, with small improvements
brought by the use of IVF HNSW, IVFPQ HNSW and HNSW SQ. However, looking at
the performance in restricted regions of pseudorapidity, it can be realised that, in
many cases, the IVF index built with an HNSW quantiser provides a faster search
of the showers. This is clear from Figure 6.11, which reports the CPU consumption
in the ranges of 3.80 < |n| < 3.95 (a) and 4.10 < |n| < 4.30 (b). Given that the
resolution is properly reproduced as well, the IVF Flat HNSW implementation has
been selected as the optimal method to use for further studies of the fast simulation

work.

Optimisation

Both in the default library and the new one, each shower is stored with the
vertex starting at the origin of the coordinate system, and oriented along the z-axis,
as shown in Figure 6.12a. At simulation time, when the closest shower has been

selected, an affine transformation is performed to move the origin of the shower to

105



6.6 Inverted Index Library

Chapter 6. Fast Shower Simulation in FCal

n=[3.80,3.95]

—— IVF Flat

—— IVF HNSW

81 —— HNSW Flat

HNSW SQ

7] — WFPQ Flat
IVFPQ HNSW

100 150 200 250 300

E [GeV]

350 400 450 500

(a) CPU time in 3.80 < |n| < 3.95.

CPU [s]

n=[4.10, 430]

—— IVF Flat
—— IVF HNSW
~—— HNSW Flat
HNSW sQ
—— IVFPQ Flat
IVFPQ HNSW

12

10

100 150 200 250 300

Ee [GeV]

350 400 450 500

(b) CPU time in 4.10 < |n| < 4.30.

Figure 6.11: CPU consumption resulting from the validation of the new fast simulation
procedure in two pseudorapidity regions, comparing different Faiss methods.
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Figure 6.12: Electromagnetic showers originated by electron starting points with energy
E <1 GeV. The shower in (a) is stored in the library after translation and rotation, while
the shower in (b) is stored without receiving rotation.
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the coordinates of the starting point and rotate it along its momentum. This is
done because the default library does not use the ¢ angle for the shower search,
and so the stored shower lying on the z-axis can then be rotated to appropriate
¢ direction (and 7), once queried. This procedure is not required with the new
approach and it can be dropped in order to speed up the simulation. The fact
that the new library exploits the full set of particle parameters assures that the
selected shower will have a direction which is likely to be very close to the direction
of the particle momentum, making the two rotations unnecessary. Of course, the
translation to make the shower corresponding to the starting point is still performed.
Figure 6.12b shows that the shower rotation has been removed in such a way that
the new library contains showers with origin in (0,0, 0) and the original direction.

In Figure 6.13, the green curves correspond to the results obtained with the
IVF Flat HNSW algorithm with rotation of the showers, while the yellow one
shows the results without rotation, as well as the purple curve, which includes,
in addition, further optimisation of the relevant parameter nlist = 1000. Figure
6.13b shows that removing the shower rotation provides a useful acceleration of
the new simulation, which now outperforms the default electron library also in
the computation consumption. The resolution obtained without rotation still

reproduces nicely the full simulation response, as seen in Figure 6.13a.

Final Results

As mentioned, a dedicated library have to be generated for each particle type
that needs to be fast-simulated. In addition to the library for the showers generated
by electrons with energy F. < 1 GeV, a new library has been produced with
low-energy photon starting points. The energy threshold for the photons is 10 MeV.

The choice of a different energy cut-off is due to previous studies which showed that
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Figure 6.13: Resolution (a) and CPU consumption (b) resulting from the validation of
the new fast simulation procedure, using the IVFFlat HNSW method.

very low-energy (below 10 MeV) photons do not create ete™ pairs, making them
suitable for the simulation. The photon library has been tested individually in the
simulation and compared with the performance obtained with the default photon
library. The comparison is shown in purple in Figure 6.14: the full line represents
the default library, while the dashed line represents the new photon library. The
latter appears to be less efficient than the former and, as a general fact, the photon
library provides a smaller boost to the simulation than the electron library. This is
quite intuitive, given the lower threshold used for the photons. However, when the
electron and photon libraries are used in combination, the simulation is significantly
accelerated and provides a result comparable to the default library, as shown by
the yellow curves. The difference in the individual photon performances is not
reflected in the overall performance. This can be explained, again, by the fact
that the thresholds used in the two libraries are very different: since the electrons
have higher threshold, it is more likely that the corresponding library is used;
additionally, every time that the electron library is called, the chance to use the
photon library for lower energy photons is intrinsically killed.

For the sake of completeness, Figure 6.15 shows the comparison of the perfor-
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Figure 6.14: CPU response obtained with the new (dashed lines) and the old (full lines)
libraries. The results come from simulations where the photon library (purple) and the
electron library (green) are used individually for the fast simulation. In yellow is the
response obtained with the simultaneous use of the two libraries. The results are compared
with full simulation (blue) and the total default simulation which uses also a neutron
library during the fast simulation (red).

mances of the two versions of the libraries. The new library approach (dashed

curves) always provides a perfect reproduction of the full simulation response, while

the default fast simulation (continuous curves) are less accurate.

6.7 Conclusions and Prospects

The new approach for the FCal fast simulation provides optimal results in
terms of detector resolution response and improves the CPU time by around 70%
with respect to the full simulation. The achieved acceleration is comparable to the
default library method. This aspect can be further improved by performing the
search of the most suitable showers in batches, since Faiss is optimised for batch
searches. The main reason is that most index structures rely on a partition of the

data that at query time requires a multiplication of a matrix with a vector, in case of
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Figure 6.15: Resolution response obtained with the new (dashed lines) and the old (full
lines) libraries. The photon library (purple), electron library (green) and their combination
(yellow), both for the default and the new approach, are compared with the full simulation
(blue) and the default simulation which uses a neutron library during the fast simulation

(red).

single query, or another matrix, in case of multiple queries. Multiplications between
matrices are usually much faster than the corresponding amount of matrix-vector
multiplications. At the moment, the Athena simulation is implemented in such
a way that only searches with single queries can be performed. The potential
improvement due to batch searches has been tested using Faiss in a standalone
mode. For this study two datasets (libraries) containing electron showers have been
used. The first dataset, with ~ 10° showers, is used as the actual library. The
second dataset contains ~ 10* showers, which are used as queries. A number of
searches is performed on the first library using 2" queries for each search, where
n = 0 for the first group of searches, until all the queries of the dataset are matched.
Then, n is incremented by one and the searches are repeated to match exhaustively
the entire dataset of queries. The procedure is repeated iteratively, incrementing n

by one at each step, until the size of the batch, 2", corresponds to the size of the
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Figure 6.16: Total CPU time required by searches that exhaustively match a dataset of
queries as a function of the batch size.

entire dataset and only one search is sufficient to match all the queries. For each
value of n, the total CPU time required to match all the queries in the dataset
is evaluated. Figure 6.16 shows that the CPU time decreases significantly as the
batch size increases. This suggests that the fast simulation implemented in Athena
would greatly benefit from batch searches.

In summary, the new technique outperforms the default approach and it can be
used in production. Certainly, the similarity search library needs further validation.
Comparisons between the results of the fast and full simulation for a variety of

physics processes are necessary.
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Chapter 7

VH,H — bb Search

The discovery of the Higgs boson in 2012 by the ATLAS and CMS collabora-
tions |28, 29| was a major achievement in the quest to understand the electroweak
symmetry breaking mechanism that generates the masses of elementary particles.
Since then, substantial progress has been made to measure the properties of the
Higgs boson with increased precision. Most of its production and decay rates were
measured and found to be consistent with the SM predictions. The gluon fusion
and the vector boson fusion production modes and the Higgs decays into bosons
Z7 [149], WW [150] and ~~v [151], and fermions 77 [152] were all observed by
the end of LHC Run-1. During Run-2, thanks to the higher luminosity available,
it has been possible to measure additional fundamental pieces of the SM Higgs
sector: the coupling with an up-type quark, through the measurement of the
associated production with top quarks ttH [153], the coupling with a down-type
quark, through the measurement of the decay mode H — bb, and the associated

production mode with a vector boson V H [5].

In this chapter, an overview of the VH(H — bb) analysis [5] that led to the

observation of the SM Higgs boson decaying into pairs of bottom quarks H — bb,
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as well as the observation of the V H production mode with the ATLAS detector
at the LHC, is presented. After an introduction on the physics processes studied
in the analysis, given in Section 7.1, the data and simulation samples needed
and the event selection and categorisation used in the analysis are summarised in
Section 7.2 and 7.3, respectively. The corrections applied to the b-jets are described
in Section 7.4 with particular attention dedicated to the extensive studies performed
in the context of the muon-in-jet correction. Section 7.5 is dedicated to the MVA
description and studies. Section 7.6 and 7.7 address, respectively, the statistical
analysis and systematic uncertainties treatment. The results of the V H(H — bb)
analysis are discussed in Section 7.8 and the cross-check analyses in Section 7.9.
Finally, the combinations with other Higgs analyses, that provide the sensitivity

for the observations, are summarised in Section 7.10.

7.1 Overview

The SM predicts that the Higgs boson decays into a bb pair with the highest
branching ratio of BR(H — bb) = 0.581 & 0.007% [27]. Despite the large BR,
selecting the H — bb process among the copious multi-jet background produced
in QCD interactions at the LHC is very challenging. The cross section of the
dominant Higgs production mode, gluon fusion ggH, is about seven order of
magnitude smaller than the cross section of QCD production of b-jets, as shown
in Figure 7.1. This makes the search of H — bb very complicated in the ggH
channel. A powerful strategy is to focus on the mode where the Higgs boson is
instead produced in association with a vector boson V', either a W or a Z. The
leptonic decays of W and Z provide signatures that allow for efficient triggering
and powerful QCD background rejection. The V H associated production is the

most sensitive channel for the search of the H — bb decay and was first exploited at
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Figure 7.1: Standard Model cross sections of pp and pp collision processes as a function
of collider energy, with 125 GeV Higgs. Image source: [154].

the Tevatron with pp collision data. The combination of the CDF and DO searches
provided in 2012 the first evidence of the VH(H — bb) process with a global
significance of 3.1 o [155]. A combination of Run-1 data at the LHC collected
by the ATLAS and CMS experiments provided a significance of 2.6 ¢ for the
H — bb decay in 2016 [156]. Finally, in Run-2 the ATLAS and CMS experiments
separately announced the evidence of the Higgs boson decay into b-quark pairs
and the associated production with a vector boson [157, 158]. Three different
signatures are targeted in the corresponding analysis: ZH — vvbb, WH — (vbb
and ZH — (0bb, where ¢ = e, . and the vector boson decays into 7-leptons are
not explicitly considered. The corresponding Feynman diagrams are shown in

Figure 7.2.
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Figure 7.2: Feynman diagrams for the LO quark initiated SM V H(H — bb) processes,
with V' decaying leptonically.

7.2 Data and Simulation Samples

The VH(H — bb) analysis presented in this thesis was performed with the
pp collision data collected during Run-2 by the ATLAS detector at the LHC
between 2015 and 2017, corresponding to an integrated luminosity of 79.8 fb~! at a
centre-of-mass energy /s = 13 TeV. The majority of the SM backgrounds and the
V H(H — bb) signal have been simulated with state-of-the-art MC simulators, such
as POWHEG [133], PYTHIA [134] and SHERPA [135]. All samples of simulated events
were generated at least at next-to-leading-order (NLO), passed through the ATLAS
detector simulation based on GEANT4 [129] and reconstructed with the standard
ATLAS software Athena [128], as described in Section 6.1. Both the quark- and
gluon-induced processes contributing to the Z H signal production have been taken
into account. The mass of the Higgs boson was fixed at 125 GeV. The multi-jet

background, produced by QCD processes, is largely suppressed by the selection
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criteria and the residual is evaluated using data-driven methods, as presented in
Section 7.3.3. The remaining backgrounds involved in the measurement are briefly

described in the following.

V+jets production A vector boson V' (W or Z) is produced in association with
jets. The main contribution is due to heavy-flavour (HF) jets. The jets
containing heavy hadrons are tagged as b-jets, returning the same signature
of the signal. V +bb, V 4 bc, V + bl and V + cc are jointly considered as

V+HF background, which is dominant in several analysis regions.

Top pairs production Only leptonic and semi-leptonic decays of the ¢t pairs are
included in this background. At least one lepton decaying from the W bosons
produced in the top decay is present in the final state, as well as heavy flavour

jets mimicking the signal signature.

Single top production The total contribution of single top background, pro-
duced through s-channel, t-channel and Wt-channel, is smaller than ¢¢. This
background has leptons and HF jets in the final state, arising from the top

quark decay t — bW.

Diboson production The diboson backgrounds are composed of three distinct
processes WZ, ZZ and WW  with the first two dominating. Both the gg-

and gg-induced processes contribute to the final state.

Collectively, the background processes involving a vector boson decaying into
leptons are referred to as electroweak (EW) backgrounds. Table 7.1 summarises
the signal and background processes simulated for the analysis and also reports
the corresponding theoretical predictions for the cross sections [159, 160], used to
normalise the samples. The matrix element and parton shower generators used for

each production are also indicated.
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Process Generator o X BR [pb]
qq — Z(vv)H | POWHEG + PYTHIA 8.91 x 1072
qq — W({lv)H | POWHEG + PYTHIA 26.91 x 1072
qq — Z((0)H | POWHEG + PYTHIA 4.48 x 1072
99 — Z(vv)H | POWHEG + PYTHIA 1.43 x 1072
g9 — Z(0)H | POWHEG + PYTHIA 0.72 x 1072
Z — vv+ jets SHERPA 1914
W — lv+ jets SHERPA 20080
W — U+ jets SHERPA 2107(mye > 40) GeV
tt POWHEG + PYTHIA 831.76
single-top (s) | POWHEG + PYTHIA 3.31
single-top (t) | POWHEG + PYTHIA 66.51
single-top (Wt) | POWHEG + PYTHIA 68.00
qq — WW SHERPA 49.74
qq —>WZ SHERPA 21.65
qq — 47 SHERPA 15.56
gg —> VV SHERPA 56.27

Table 7.1: MC samples used for the signal and background processes with the corre-
sponding cross section times branching ratio used to normalise the different processes at
/s = 13 TeV. Branching ratios correspond to the decays shown. Table adapted from [159]
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7.3 Selection and Categorisation

In order to target the three processes of interest ZH — vvbb, WH — (vbb and
ZH — (0bb, the events are categorised into three channels, 0-lepton, 1-lepton and
2-lepton, depending on the number of prompt electrons and muons in the final state.
Since two b-jets are expected to be originated from the Higgs boson, a common
requirement across the channels is the presence of exactly two b-tagged jets in the
event. The presence of additional jets is allowed in some categories, which will be

defined in the following of this section, according to the specific selection.

7.3.1 Object Selection

The physics objects are reconstructed consistently with the standard reconstruc-
tion procedures described in chapter 5. Lepton candidates must satisfy specific
criteria of identification and isolation which define different working points.

By reference to Section 5.2.2 and 5.2.3, loose electrons are required to pass loose
identification and track isolation requirements (Loose ID and LooseTrack isolation,
respectively), while tight electrons must fulfil more stringent requirements ( Tight
ID and HighPtCalo isolation). In general, selected electron candidates have at
least pr = 7 GeV, pseudorapidity within the ATLAS ID acceptance |n| < 2.47 and
small impact parameter (|zgsinf| < 0.5 mm), to suppress pile-up contamination.
Similarly, muon candidates are either selected with loose quality and isolation
criteria (loose muons) or with medium quality and tight isolation (tight muons),
according to the reconstruction requirements defined in Section 5.4.2 and 5.4.3.
Muons are required to be within the acceptance of the muon spectrometer || < 2.7
and to have pr > 7 GeV and small impact parameter (|zgsinf| < 0.5 mm).

Jets are reconstructed with the anti-k; algorithm and radius parameter R = 0.4

(Section 5.5.1). In order to suppress pile-up, jets have to pass a requirement on the
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JVT discriminant (JVT > 0.59), introduced in Section 5.5.3. Jets in the central
region |n| < 2.5 are required to have pr > 20 GeV, while for jets in the forward
region (2.5 < |n| < 4.5) a stricter requirement of pr > 30 GeV is applied in order
to further suppress jets from pile-up activity. The energies of the jets are calibrated
using the standard calibration chain described in Section 5.5.2. b-tagged jets are
subject to additional flavour-specific corrections aimed at improving their energy
scale and resolution, as will be discussed in Section 7.4.

Since the complex reconstruction strategy has to deal with the signal left
in several detector sub-systems, it is possible that the same signal is used for
reconstructing different objects. To avoid any double-counting between leptons
and jets, an overlap removal procedure is applied in the analysis, before the event

selection. The main steps of the procedure are outlined in what follows:

e tau-electron: if AR(7,e) < 0.2, the 7 lepton is removed.

e tau-muon: if AR(7, ) < 0.2, the 7 lepton is removed.

e clectron-muon: if a muon shares an ID track with an electron, the electron
is removed if the muon is combined, instead the muon is removed if it is
calorimeter-tagged (defined in Section 5.4.1).

o clectron-jet: if AR(jet,e) < 0.2, the jet is removed, otherwise if AR(jet,e) <
min (0.4,0.04 + 10 GeV/p%), the electron is removed.

e muon-jet: if AR(jet, ) < 0.2, then the jet is removed if it has less than three
associated ID tracks with pr > 500 MeV or if the muon retains most of the
jet energy, otherwise if AR(jet, ;1) < min (0.4,0.04 4+ 10 GeV /pk), the muon

is removed.

tau-jet: if AR(T, jet) < 0.2, the jet is removed.

The jets from hadronically decaying 7 leptons are only used in the analysis in

the overlap removal procedure.
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b-tagging

In the analysis, jets are labelled as jets containing b-hadrons by imposing a
cut-off on the MV2c10 discriminant, introduced in Section 5.5.4, consistent with
a 70% efficiency measured in simulated tf events. The working point used in the
analysis corresponds to a rejection rate (the inverse of the efficiency) of ~ 8 for
c-jets and ~ 313 for light jets, as shown in Figure 5.9b [4, 125]. A direct tagging is
applied when the b-jet is tagged according to wether it passes the cut on the MV2c10
discriminant or not. However, while this is the unique approach for tagging jets
in data, for some MC samples, removing the events that do not pass the MV2c10
selection would lead to a small selection efficiency that reflects on a poor statistics
for the MC-based MVA training and fitting processes. Hence, a truth tagging can
be applied in order to retain all the events of a sample and associate a weight to
each MC event based on the expected probability for a jet to be tagged as a b-jet.
The weight is calculated from the b-tagging efficiency of all the jets contained in the
event. Truth tagging is used for the V +cc, V +¢l, V + 1l and WW samples, which
simulate small background contributions. For all other samples, direct tagging is

applied.

7.3.2 Event Selection

In all channels, events are required to have exactly two central b-tagged jets,
arising from the decay of the Higgs boson candidate. The most energetic of the
two b-jets is required to have pr > 45 GeV. Events are categorised as 2-jet if no
additional untagged jets are found, or 3-jet if such jets are present. In case of
0-lepton and 1-lepton channels, only one additional jet is permitted, since the events
with four or more jets would add a large contamination from t¢ background against

a small gain for the selected signal. On the contrary, in the 2-lepton channel, the ¢t
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Figure 7.3: Distribution of the p¥ for the 2-jet category of 1-lepton (a) and 2-lepton
channels (b). The distributions are obtained after performing the final fit to data. The
Higgs boson signal and the backgrounds are normalised with the factors extracted in the
fit and shown as a filled histograms. The signal is also shown unstacked as an unfilled
histogram, scaled by the factor indicated in the legend. The dashed histogram shows the
total pre-fit background.

contamination is limited by a special requirement on the invariant mass of the two
leptons and the inclusion of high jet-multiplicity events provides a significant gain
in the sensitivity (around 5% of improvement in the expected signal significance).
Therefore, any number of jets is accepted in the 3-jet category of the 2-lepton
channel.

Since the distribution of the vector boson transverse momentum p¥ for the
signal is boosted at large values, as shown in Figure 7.3 for 1-lepton and 2-lepton
channels, the analysis focuses on the phase space with high p¥., with the aim of
maximising the signal-to-background ratio. The p¥ considered, as well as specific

selection requirements, optimised to reject the background, are described in the

following.

0-lepton channel A missing transverse energy ER trigger is used for the online
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selection, with threshold varying during the data-taking period from 70
GeV to 110 GeV, providing an efficiency between 85% and 90% at EXss =
150 GeV [159]. Since this channel aims at selecting the ZH — vvbb process,
the vector boson transverse momentum pY is reconstructed as the EX of
the event and is required to be larger than 150 GeV. A requirement on the
scalar sum of the transverse momenta of the jets, Hr, is applied to remove
a region which is mis-modelled in MC, due to a dependence of the trigger
efficiency on the jet activity. No loose leptons are allowed in the events. In
order to suppress the multi-jet background, a set of angular cuts are applied,

as listed in Table 7.2 and explained in Section 7.3.3.

1-lepton channel Different online triggers are used for the two sub-channels. For
the muon sub-channel, the same trigger as in O-lepton channel is used, since
in the analysis phase space it performs better than single-muon triggers. In
the offline selection, a tight muon with pr > 25 GeV and no additional loose
leptons are required. In case of electron sub-channel, a single loose electron
trigger is applied and, consequently, only events containing a single high
pr tight electron are retained. The reconstructed vector boson transverse
momentum p¥. corresponds to the vectorial sum of ER and of the charged
lepton transverse momentum. Across the channels, an additional selection of
EXiss > 30 GeV is applied to reduce the background from multi-jet production,
which is found to be non-negligible and is therefore modelled with a data-
driven technique, as described in Section 7.3.3. The pY¥. is required to be
greater than 150 GeV. An additional selection separates a signal region, used
to extract the signal in the statistical analysis, from a control region, used to

constrain the background processes, as discussed in Section 7.3.4.

2-lepton channel The online selection is based on the presence of a single loose
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lepton. Then, an offline selection retains events with exactly two loose leptons
with opposite charge, one of which must have pr > 27 GeV and the invariant
mass of the lepton pair compatible with that of the Z boson. The multi-
jet background is highly suppressed by this selection after which is found
to be negligible. The p¥ is calculated as the transverse momentum of the
2-lepton system and required to be larger than 150 GeV for the high-pX
region. Furthermore, the signal sensitivity is increased by the addition of
a medium-p¥. category with 75 GeV < pY < 150 GeV. As described in
Section 7.3.4, in this channel a control region that is orthogonal to the signal

region is identified.

The event selection for the three channels is summarised in Table 7.2.
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7.3.3 Multi-jet Background Estimation

In contrast to EW backgrounds, QCD processes produce leptons that do not
arise from vector bosons directly produced in the collision, but rather originate
from non-prompt weak decays, like semi-leptonic decays of heavy-flavour hadrons.
These leptons may pass the trigger selection. Furthermore, mis-measurements of
jets in the calorimeter can lead to non negligible B signature. The multi-jet
background is treated with different methods across the channels, as discussed

below.

0-lepton

The multi-jet background enters the 0-lepton selection because of jet mis-
measurements. The fake B is expected to be aligned with the mis-measured jet,
while a correctly reconstructed EXS| representing the Z boson, would roughly be
directed in the opposite direction. To suppress the multi-jet background, a set of

angular cuts is applied as follows:

o min[AG(ETS jets)] > 20°(2 jets), > 30°(3 jets)
o AG(EDsS ph) > 120°

o A¢(by,by) < 140°

o Ap(Emis pmiss) < 90°

In the listed conditions, ¢ is the azimuthal angle, b, and b; are the two selected

b-jets arising from the Higgs candidate, ET™ is the missing energy transverse of

the event and pi** is the missing transverse momentum calculated using only

tracks reconstructed in the inner tracking detector and matched to the primary

vertex. Fake missing energy EXsS tends to diverge from the track-based transverse
“miss

momentum pp'®. After the angular selection, the presence of multi-jet events is

considered to be negligible.
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1-lepton

The multi-jet background is not negligible in the 1-lepton channel and it
can not be extracted using simulations, because of insufficient MC statistics due
to the large cross section of QCD processes. Therefore, it is estimated with a
template fit performed separately for the electron and muon sub-channels in 2-
jet and 3-jet categories. A multi-jet enriched control region is constructed from
data by requiring an inverted lepton isolation selection, in such a way that the
control region contains events that are kinematically similar to the events of
the corresponding signal region, but do not overlap with them. To increase the
statistics of the background estimation, the requirement on the number of b-tagged
jets in the final state is relaxed to one. After subtracting the contribution from
EW background processes, evaluated with MC predictions, the multi-jet yield is

extracted. Then, a fit to the W boson candidate’s transverse mass, reconstructed

as my = \/2p%Ems(1 — cos(Ap(¢, EX))), is performed in the signal region
to determine the normalisation of the multi-jet contribution, which is used in
the final global likelihood fit. The my variable is chosen because it offers an
optimal discrimination between QCD- and EW-induced processes. The multi-jet
contribution in the 2-jet category is found to be 1.9%(2.8%) of the total background
contribution in the electron (muon) sub-channel, while in the 3-jet category is

found to be 0.2%(0.4%).

2-lepton

The multi-jet background in the 2-lepton channel is efficiently suppressed by
the dilepton invariant mass requirement: 81 GeV <my, <101 GeV. Any residual
contribution is evaluated with a template fit to the dilepton mass distribution,

where the expected EW contributions evaluated in MC are also included. The

126



7.3 Selection and Categorisation Chapter 7. VH, H — bb Search

fraction of the remaining background coming from multi-jet events is estimated to
be small enough to have a negligible impact on the signal extraction, therefore it is

not included in the global likelihood fit.

7.3.4 Analysis Regions

Events passing the selection criteria are classified in eight categories, corre-
sponding to the signal regions (SR) of the analysis. Additional categories, defined
as control regions (CR) and relying on different selections, are constructed in
order to constrain some background processes such as the W boson production in
association with jets containing heavy-flavour hadrons (W-+HF CR) and top quark
pair production (ex CR). CRs do not overlap with the SRs and are characterised

by negligible signal contamination. The two CRs are described in what follows.

W +HF Tt is defined from the 1-lepton channel both in the 2-jet and 3-jet high-p¥.
categories to be highly pure in W-HF'. It is built by applying, on top of the
1-lepton selection, a cut on the reconstructed top mass m;, which helps to
reduce the ¢t and single top background, and a cut on the invariant mass of
the dijet system my,, to reduce the V H signal contamination. The specific
cuts are my,, > 225 GeV and my, < 75 GeV. The resulting purity of the
W+HF control region is around 75%. In Figure 7.4 the event yield in the

W-+HF CR is shown for 2-jet (a) and 3-jet (b) categories.

ep It is constructed by requiring the same kinematic selection as 2-lepton signal
region, but different flavours for the two leptons (eu or pe), which is not an
expected signature for ZH. The assumption is that the kinematics of the tt
same-flavour SR and the ey CR are the same, since tt is flavour-symmetric.

This was proved in the first Run-2 analysis [161] by comparing the shape
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of the observables in the two regions. This CR achieves a 99% purity in
tt and single top. To constrain the top background yield and shape, the
my, distribution, which is one of most sensitive discriminants, is used in the
statistical analysis. The my, distribution in the ep CRs is shown in Figure 7.4
for the high-p¥. region in 2-jet (7.4c) and 3-jet (7.4d) categories. The different
binning of the two distributions is due to the limited statistics in the 2-jet
high p¥ region. The ey CRs are also evaluated and used in the medium-p}.

regions.

In the analysis, a total of eight SRs and six CRs are defined, as summarised in

Table 7.3. After the selection, the three channels show a very diverse compositions

Categories
Channel 75 GeV < p{ < 150 GeV | p¥ > 150 GeV
2jet | 3jet | >3jet | 2jet | 3jet | > 3jet

O-lepton ‘ — ‘ — ‘ - ‘ SR ‘ SR ‘ —
1-lepton

myy > 75 GeV or myg, < 225 GeV - - - SR | SR —
my, < 75 GeV and myep > 225 GeV | — — — CR | CR -
2-lepton

ee and pp channels SR | — SR SR | — SR
epr channel CR | - CR CR | — CR

Table 7.3: Summary of the analysis regions. Regions with relatively large signal purity
are marked with the label SR. Regions designed to constrain the background uncertainties
are marked with the label CR.

of the backgrounds: the top quark pairs production (¢t) is dominant in 1-lepton
and also affects O-lepton and 2-lepton channels; Z-+jets is the main background in
0-lepton and 2-lepton; W +jets contributes to both 1-lepton and 0-lepton, while does
not affect the 2-lepton channel because of the my, constrain; minor backgrounds
such as single top and vector boson pairs production (Diboson) contribute in small

proportions to all channels; the multi-jet background represents a small contribution,
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Figure 7.4: Control region distributions used as input to the global likelihood fit for the
MVA analysis to extract the normalisation of the main backgrounds. Image sources: [5].
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Figure 7.5: Invariant mass distribution of the two b-jets in 0-lepton (a), 1-lepton (b)
and 2-lepton (b) channels. The distributions have been obtained after performing the
final likelihood fit, therefore the extracted normalisation factors are applied. The dashed
histogram shows the total pre-fit background. The background contributions are shown
as filled histograms. Image sources: [5].

only in 1-lepton channel. In Figure 7.5, the invariant mass distribution of the two
b-jets is shown for signal and backgrounds to highlight the different compositions

in O-lepton (7.5a), 1-lepton (7.5b) and 2-lepton (7.5¢).
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b-jet b-jet

Figure 7.6: Examples of b-jet semileptonic decays at quark-level. A b-jet may contain at
least one muon in ~ 21% of cases due to the decay of virtual W bosons.

7.4  b-jet Energy Corrections

As introduced in Section 5.5.2, the energy of the jets in ATLAS is calibrated
using a series of standard corrections derived with MC and data-driven techniques.
These corrections do not account for differences in jet flavours. However, heavy-
flavour jets present some peculiarities that can be exploited not only for the
identification of the jet flavour (as in the case of displaced vertices used as a
precious information for b-tagging), but also to further correct the energy of the
jet, on top of the standard ATLAS jet corrections.

Specific corrections for b-jets account for semileptonic decays of the b-quark
occurring in the b-hadrons contained in the jet. The dominant decay mode of a
b-quark is b — c¢W*, where the virtual W materialises either into a pair of leptons
lv (semileptonic decay) or into a pair of quarks which then hadronise (hadronic
decay) |23]. An additional virtual W arises from the decay of the c-quark produced
in the b-quark decay, with the possibility to produce an extra v couple in the
b-quark decay chain. Examples of quark-level diagrams representing two possible

b-jet semileptonic decays are shown in Figure 7.6. For b-jets containing semileptonic
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decays of the b-quark, a large fraction of the jet momentum is carried by the leptons
and neutrinos. While the energy of the electrons deposited in the calorimeter
is included in the total energy of the jet, muons and neutrinos are not properly
accounted for in the jet reconstruction. In fact, muons are detected in the MS and
only a small fraction of their energy is deposited in the calorimeter, while neutrinos
totally escape detection. This leads to a mis-calibration of the jets, yielding a jet
energy response different from unity, with larger deviations at low jet pr, called

non-closure effect.

Since the signal of the VH(H — bb) analysis contains two b-jets originating
from the Higgs resonance, a set of b-jet corrections is applied to improve the energy
scale and resolution of these jets. The resolution of the reconstructed invariant
mass My, which provides a powerful discrimination between signal and background,
widely benefits from the b-jet corrections, resulting in a significant gain in the
sensitivity of the analysis. In particular, two consecutive corrections are applied to
b-tagged jets. The first is the muon-in-jet correction, which consists on including
the energy of the muon into the jet. Then, in 0-lepton and 1-lepton channels, a
residual correction called PtReco is applied to recover the energy of neutrinos. In
the 2-lepton channel the PtReco correction is replaced by a kinematic likelihood
fit (KF) [162] that uses the full kinematic information of the event to balance the
20bb system. The muon-in-jet and PtReco corrections are applied per-jet, while
the KF is applied per-event. Extensive studies have been performed to optimise
the muon-in-jet correction. Details are provided in Section 7.4.1, followed by an

overview of the other b-jet corrections.
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7.4.1 Muon-in-jet Correction

The muon-in-jet correction, introduced in the first VH(H — bb) analysis of
Run-2 [161], consists on integrating into the four-momentum of the jet the four-
momentum of a muon found in the vicinity of the jet itself, while removing the
four-vector of the energy deposited by the muon in the calorimeter. A recon-
structed muon is considered as a candidate for the muon-in-jet correction, if it has
pr > 5 GeV and is found within a cone of fixed distance AR = 0.4 with respect to
the jet axis. Medium quality muons (as defined in 5.4.2) are considered by default.
If there is more than one muon satisfying the requirements, only the closest to the
jet axis is considered for the correction. For the V H(H — bb) analysis presented
here, several studies on the properties of the correction muon candidates have
been performed in the 0-lepton channel with the MC quark-induced signal sample
ZH — vvbb, in order to identify the optimal configuration for the muon-in-jet

correction.

In Figure 7.7a, the distribution of the reconstructed muon candidate pr, derived
in the 0-lepton MC sample, is shown as a function of the b-jet pr. As expected, the
correction mainly concerns low pr muons (below 10 GeV) escaped from low pr jets
(peaked around 30-40 GeV). As shown in Figure 7.7b, the muon retains about 10%
of the jet momentum. These distributions have been obtained by including both
the leading and sub-leading jets. However, the pr distributions are quite different
between the two types of jets, with the leading one being significantly boosted, due
to the O-lepton trigger requirement of EMis > 150 GeV. The pr distribution of the
jets is shown in Figure 7.8, both for the reconstructed and truth jets. The TruthWZ
collection contains particle-level jets reconstructed with the same algorithm as for

the reconstructed jet: stable particles are used, including non-isolated neutrinos
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Figure 7.7: Distribution of the candidate muon pr as a function of the b-jet pp (a). About
10% of the jet momentum is carried by the muon (b).
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Figure 7.8: Distribution of the b-jet transverse momentum pr, shown separately for
leading (red) and sub-leading (orange) jets. The distributions of the reconstructed jets
(continuous line) are compared to the truth jets (dashed line).

and muons. TruthWZ jets are used as truth target for the reconstructed jets and

in Figure 7.8 are slightly boosted with respect to the reconstructed jets which do

not contain muons and neutrinos yet.
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Figure 7.9: Transverse momentum of the reconstructed muon candidates versus the
momentum of the matched truth muons that are originated from a b-hadron.

Different muon qualities and pr thresholds have been compared, in order to
identify the optimal selection for the candidates of the muon-in-jet correction. The
comparison is based on the efficiency and fake rate to select muon candidates. These
quantities are evaluated by matching the reconstructed non-isolated muon, referred
to as reco, and a truth-level muon, indicated as truth, that is found to be originated
from a b-hadron decay. The matching requirement is AR(reco — truth) < 0.4.
Figure 7.9 shows the transverse momentum of the reconstructed muon as a function
of the pr of the truth muon matched. The matching performs reasonably well, as
only 0.3% of matched muons is found with [p5®® — piuth| > 10 GeV.

The muon correction efficiency is defined as the ratio between the number
of matched muons and the total number of available truth b-initiated muons. A
reconstructed muon is identified as a fake candidate when it is not matched to a

corresponding truth muon, either because the requirement on the angular distance
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Efficiency = C
A+C

Fake Rate = B
B+C

Figure 7.10: Schematic definition of muon correction efficiency and rate of fake candidates.

AR(reco — truth) < 0.4 is not satisfied, or because a corresponding truth muon is
not found within the jet. A schematic definition of muon correction efficiency and
rate of fake muon candidates is shown in Figure 7.10.

The muon correction efficiency is studied as a function of pr, starting from
4 GeV, and as a function of n of the truth muons. The corresponding distributions
are shown in Figure 7.11a and 7.11b, for different reconstructed muon types: loose,
medium, tight (discussed in Section 5.4.2). The loose (red) and medium (blue)
muons provide similar results for the efficiency as a function of pr, showing a
plateau around 95% which decreases below 90% for a tighter selection of muons
(green). The rate of fake candidates is shown in Figure 7.11¢ and Figure 7.11d as a
function of pr and 7 of the reconstructed muons, respectively. The smallest fake
rate is provided by tight muons and the largest by loose muons. The largest fake
rate (10-30%) is observed in muons with a pr between 4 and 10 GeV. The default
medium quality for the muons provides a good compromise between efficiency and
fake rate.

The multiplicity of reconstructed muons and fake candidates are evaluated
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per jet, for different pr selections of medium muons. With a muon selection at
pr > 4 GeV, 13% of jets contain one muon of which 9% are identified as fake
candidates. A total of 0.5% of jets contains two muons, of which at least one is fake
in 26% of the cases. By increasing the pr cut of the muon selection, the number
of jets containing muons decreases, as well as the amount of corresponding fake
candidates. A study on the origin of fake muon candidates reveals that, in case
of only one muon considered within the jet, more than 68% of fake candidates
are caused by a wrong muon identification due to detector mis-measurements at
low pr (background muons), 4% are non-isolated muons and for the remaining
28% the origin is unknown. If a second muon candidate within the jet is found
to be fake, this is a background muon in about 79% of cases, and non-isolated in
16%. The good muon candidates (not fake) are purely non-isolated muons, if only
one candidate is considered. If a second candidate is available, it originates from
background muons in 10% cases. This suggests not to include the second muon
into the jet since the rate of fake candidates would increase and the good muon
candidates would be contaminated by background.

Since fake candidates mostly have very low pr, an increment on the pr cut from
4 GeV to 10 GeV would remove about 80% of fake muons, corresponding to 67% of
the total momentum carried by fake muons, and wrongly used for correcting the
energy of the jets. Nevertheless, about 40% of good muon candidates would be
removed with the 14% of the total momentum of good muons, reversing the benefit
of the muon-in-jet correction.

Ultimately, the most appropriate figure of merit to evaluate the best muon
selection for the muon-in-jet correction is the resolution of the my, distribution.
The invariant mass my,, for different pr cuts (with fixed medium type) and different

muon types (with fixed pr cut at 4 GeV) is evaluated on the ZH — vvbb MC sample
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Figure 7.12: Invariant mass my, distributions for different pr cuts (a) and muon types
(b), evaluated with the ZH — vvbb sample.

and shown in Figure 7.12a and Figure 7.12b, respectively. A Bukin function [163]
is used to fit the my, distribution and extract the values of the mean and the width,
which are reported in Table 7.4a and Table 7.4b.

The values extracted with the fit show that the narrower distribution is provided
by selecting medium muons with pr > 4 GeV, thus identifying this as an optimal
working point. However, due to a stringent analysis timescale, a nearly optimal
selection of medium muons with pr > 5 GeV was used for the analysis presented
here. Systematic uncertainties related to the muon selection for the muon-in-jet

correction have been studied in Run-1 [161] and found to be negligible.

Mean Width Mean Width
4 GeV 1224+ 0.1 11.39 4+ 0.06 medium 1224 + 0.1 11.39 4+ 0.06
7GeV 1219+ 0.1 11.56 £ 0.05 loose 122.0 £ 0.1 11.51 & 0.05
10 GeV 121.8 &£ 0.1 11.65 & 0.05 tight 121.9 £ 0.1 11.59 £ 0.05

(a) (b)

Table 7.4: Mean and width obtained with a Bukin fit of the my, distributions. Results in
(a) refer to muons selected with medium quality and different pp cuts; results in (b) refer
to muons selected with pr > 4 GeV and different qualities.
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7.4.2 PtReco Correction

The PtReco correction is derived from simulation and applied to the O-lepton
and 1-lepton channels as a function of pr, to further improve the jet response and
account for undetected neutrinos. It is based on the residual difference in the jet
response between the reconstructed b-jets, which had received the muon-in-jet
correction in addition to the standard corrections, and the corresponding truth
jets which include muons and neutrinos (TruthWZ). Two categories of jets are
considered, depending on the decay of the b-hadron inside the jet. If at least one
muon is reconstructed inside the jet, the jet is considered semileptonic, otherwise
the decay is classified as hadronic. The correction factors are derived in a simulated
ZH — (0bb sample in bins of pr of the reconstructed jet, separately for the two
categories of jets. For semileptonic jets, the jet four-vector, already corrected with
the muon contribution, receives an increment of about 25% for jets with low pr.
The correction decreases as the transverse momentum increases, reaching a plateau
of 6% at pr ~ 100 GeV. The PtReco for the hadronic jets corrects the momentum

of about 12% at low pr and reaches a plateau of 1% at pr ~ 70 GeV [4].

7.4.3 Kinematic Fit

In the 2-lepton channel, the ZH — £bb event kinematics is fully reconstructed.
The hadronic energy is balanced with the leptonic contribution, arising from the
Z boson decay, which is measured with high precision. A per-event kinematic
likelihood fit is applied to exploit the kinematic balance and improve the estimate
of the b-jet energy. The likelihood function is parametrised with a combination of
functions: Gaussian distributions for the transverse momenta pr of the two leptons,
as well as the third jet, when available; Gaussian of the transverse momentum of

the £¢bb system; transfer functions relating the truth pr to the reconstructed pr of
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the two b-jets; Breit—Wigner constraint on the dilepton mass myy.

Figure 7.13 shows the invariant mass my, as additional corrections are applied to

the jet energy. The result shown is obtained with 36.1 fb~' dataset of the previous
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Figure 7.13: Comparison in 2-lepton channel of the my,, distribution as additional energy
corrections are included in the jet correction. Image source: [161].

analysis iteration, as the configuration of the jet corrections has not changed since
then. The distribution obtained with the inclusion of the muon-in-jet correction
(blue curve) shows an improved resolution of 15% with respect to the result obtained
with the only standard jet calibration (black curve) in the 2-lepton channel. The
PtReco correction augments the my, resolution of 19% (purple), while adding the

KF correction provides an overall improvement of 40% (red).
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7.5 Multivariate Analysis

The main strategy of the VH(H — bb) analysis is based on an MVA approach,
introduced in Section 3.2.1. In order to maximise the discrimination between
signal and background events passing the selection (Section 7.3), a BDT is trained
separately for each lepton channel and for each signal region. A set of observables
are combined into each BDT, designed to separate the Higgs boson events from
expected backgrounds, yielding the final discriminant variable used as input of
the statistical analysis. The set of observable changes across the channels, due to
the different background compositions. A summary of the variables used is listed
in Table 7.5. The two b-tagged jets are indicated by by(2), V' is the reconstructed
vector boson, m.g represents the scalar sum of E2 and the pr of all signal jets
present in the event. St is the scalar sum of the pr of the leptons and jets in the
event and EMss//S1 is defined as the B significance. Finally, |AY (V, bb)| is
the difference in rapidity between the Higgs boson candidate and the W boson
candidate. The most powerful variables for the discrimination are the invariant
mass of the dijet system myy,, the angular distance between the two jets ARy, and
the transverse momentum of the vector boson p¥. The BDT is implemented with
the ROOT-based TMVA (Toolkit for Multivariate Data Analysis) package [49].
Since the multivariate algorithms must be trained and evaluated on independent
samples in order to ensure a robust and unbiased result, the MC events are split into
training and validation samples. A k-fold cross-validation resampling procedure [51]
is applied: this is a common procedure in ML applications that consists in splitting
the training set into k£ smaller sets of approximately equal size. For each of the
k folds the model is trained using k — 1 folds as training data and the remaining
part of the data are used to validate the model itself. In our implementation a

2-fold approach is used, in such a way that the dataset is split into two sub-sets
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based on the event number, either odd or even, each composed by 50% of the
total events. Each of the two orthogonal subsets is used as training and validation
set in two consecutive steps. The results of the two training stages, performed
on two different sub-sets, are expected to be unbiased. The final discriminant is
then constructed by the combination of the two resulting discriminants. The set of
training parameters (or hyper-parameters of the discriminating model) used for the

BDT is shown in Table 7.6.

Variable O-lepton 1-lepton 2-lepton
24 = Fiis X X
BT X X
pirl X X X
Pr X X X
M X X X
AR(by, by) X X X
|An(br, by)| X
A(b(v;, bé) X X X
|An(7, 50) x
Mef X
min[A¢(Z, b)] X
myY X
My X
Mop X
|AY (V, bb))| X

Only in 3-jet events
pj;tg’ X X X
Mppj X X X

Table 7.5: Variables used for the multivariate discriminant in each of the categories.
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TMVA Setting Value Description

BoostType AdaBoost  Boost procedure
AdaBoostBeta 0.15 Learning rate
SeparationType Ginilndex Node separation gain

PruneMethod = NoPruning Pruning method

NTrees 200 Number of trees
MaxDepth 4 Maximum tree depth

nCuts 100 Number of cuts per variable and node
nEventsMin 5% Minimum number of events in a node

Table 7.6: Configuration of the hyper-parameters used for the TMVA implementation of
the BDT applied in the VH(H — bb) analysis.

7.5.1 MVA Hyper-parameters Studies

The set of training parameters was optimised for the Run-1 analysis [161]
through a one-dimensional scan of the parameters. Preliminary studies for a
similar optimisation have been performed with the aim to select the most suitable
hyper-parameters setup for the 0-lepton channel in the current analysis. Several
configurations have been obtained by changing one parameter at a time and
retraining the BDT model. The performance of a model is evaluated on the basis
of the Receiver Operating Characteristic (ROC). The ROC curve illustrates the
performance of a binary classifier system as a variable threshold is applied on the
discriminant score. The curve is created by plotting the signal acceptance against
the background rejection at various threshold settings. One of the most common
estimators to evaluate the ROC performance is its Area Under the Curve (AUC). A
unitary value of the ROC AUC indicates a perfect discrimination of the signal from

background, while a value of 0.5 implies no discrimination ability of the model.
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Figure 7.14: ROC comparison between AdaBoost and GradBoost performances in 2-jet
(a) and distribution of the BDT discriminant obtained with the GradBoost algorithm
(b). The learning rate is fixed at the default value (LR = 0.15), as well as the other
parameters.

Boost Type

As described in Section 3.2.1, different boosting algorithms can be used to train
a BDT model. The GradBoost [53] algorithm is used to retrain the model and the
performance is compared with the result obtained with AdaBoost, used in the default
training. In Figure 7.14a the corresponding ROC curves obtained with the testing
samples are compared in the 2-jet category, showing a significant improvement
when GradBoost is used. In terms of AUC, the improvement corresponds to 5% for
the 2-jet category and 4% for the 3-jet category. In Figure 7.14b the distribution
of the BDT discriminant obtained with the GradBoost implementation in 2-jet

category is shown as an example.

Training Statistics

The 2-fold technique employed in the analysis determines the training statistics,

since it divides the dataset into two equal sub-sets. However, the k-fold technique
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Figure 7.15: ROC comparison between different training statistics used with AdaBoost
(a) and GradBoost (b). The blue curve is obtained with a 2-fold scheme, the green with
3-fold and the red curve with 4-fold. The results are shown only for the 2-jet category.

allows to use an arbitrary value for k, thus allowing to change the proportion between
training and testing samples. As the number of folds increases, a larger training
sample can be used while the validation sample is reduced. This, in principle,
would improve the accuracy of the BDT model. However, the testing sample must
be large enough to be statistically representative of the whole dataset [164]. A
large k£ also means that the model needs to be trained several times and that
could be computationally expensive. After due consideration, different k values
are used to train the BDT model and the results compared in Figure 7.15 both
for AdaBoost and GradBoost. The ROC curves show conflicting results: as the
size of the training test increases, the performance at first gets worse when using
3-fold, then improves with the /-fold scheme. This may be caused by statistical
fluctuations due to the fact that the model is evaluated on samples of different

sizes.
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Learning Rate

The learning rate is an important hyper-parameter that, as anticipated in
Section 3.2.1, controls the adjustment of the weights of the BDT at each boosting
stage. The smaller is the learning rate, the slower is the convergence to the minimum
of the objective function. With a small learning rate, the model requires more
trees to build a robust BDT, but the accuracy of its prediction is expected to
improve [165]. On the other hand, with a large learning rate, the global minimum of
the objective function may be overshot and the model may not converge. Different
values of learning rate have been tested both with AdaBoost and GradBoost
algorithm, while keeping the other hyper-parameters fixed to the default values.
The values of learning rate tested are the following: 0.001, 0.01, 0.15 (default),
0.3, 0.5. The ROC comparison for GradBoost is shown in Figure 7.16a for the
2-jet category. Very small values for the learning rate, such as 0.001 (blue curve)
and 0.01 (green curve), make the fit model not converging and the BDT loses
the ability to discriminate between signal and background. The corresponding
BDT distribution (obtained with the lowest learning rate tested) looks as shown in
Figure 7.16b. The default value for the learning rate 0.15 (red curve) provides the

best performance among the different values tested.

Number of Trees

Another parameter that has been explored is the number of trees in the BDT
model. Different models have been constructed with number of trees equal to 200
(default), 400, 800, 1000 and 2000. The best performance in terms of ROC AUC is
provided by the default value, with small deterioration for models with a larger

number of trees, both in the 2-jet and 3-jet category.
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Figure 7.16: ROC comparison between different learning rates used with GradBoost, in
2-jet (a) category. In Figure (b) the BDT distribution obtained with a learning rate of
0.001 is shown.

In summary, the studies on the MVA hyper-parameters show that a significant
improvement can be achieved with the GradBoost algorithm. Further investigations
are needed to draw conclusions on the other parameters evaluated. It is important
to notice that most of the hyper-prameters are correlated and more detailed studies
should take these correlations into account. A possible way to proceed with the
hyper-prameters tuning to find an optimal configuration would be a grid search,
which consists on exhaustively testing the parameter combinations within a given

parameter space.

7.5.2 BDT Transformation

The default binning of the output distributions resulting from the multivariate
analysis is not optimal and must be transformed to maximise the final BDT

sensitivity. An iterative algorithm is applied to remap the BDT histogram according
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to the transformation Z, defined as:

Ng Ny
A R 7.1
Z N, +ZbNb ( )

where N is the total number of signal (background) events in the BDT histogram,
N is the number of events in a predefined interval within the BDT output range
and z() are free parameters used to tune the algorithm and need to be optimised.
In this analysis, optimal values are found to be z; = 10 and 2, = 5. This requirement
guarantees that the MC statistical uncertainty is kept below 20% in each bin. The
iterative algorithm starts by grouping the bins corresponding to the highest values
of the discriminant (the last bins on the right). The adjacent bins on the left are
progressively incorporated one by one and the Z function is recomputed at every
iteration. When the condition Z > 1 is reached, a single bin is constructed from the
grouped bins and the procedure is repeated starting from the next bin on the left.
The procedure is repeated until all the BDT distribution is completely re-binned

such that across the bins the statistical uncertainty is uniform.

7.6 Statistical Analysis

After training the BDT on each SR, a statistical fitting procedure is employed
to extract the strength of the Higgs boson signal from the data. The signal strength
1 is defined as the observed product of the Higgs boson production cross section

and its branching ratio into bb, in units of the corresponding SM values:

o x BR
= ——— 7.2
a osm X BRgm ( )
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The statistical procedure that extracts the signal strength is based on a binned
maximum likelihood fit, simultaneously performed in the three channels. The
likelihood function L£(u) is built as the product of the Poisson probability terms

over the N bins of the input distributions:

psi+b;)

N

4 b)e
=11 (pusi + bi)"e (7.3)
=1

In Equation (7.3), s; and b; are the expected signal and background yields in the
i'" bin, respectively, and n; is the number of observed data. The inputs to the
likelihood function include the unidimensional re-binned BDT discriminants in all
the categories, for a total of eight SRs. In addition, for the two W+HF CRs the
event yields are used as input to the fit, while the my, distributions are employed
for the four ey CRs.

The principal parameter of interest that must be extracted in the fit is the signal
strength . The effect of the systematic uncertainties is embodied in the likelihood
as well, with the introduction of nuisance parameters (NP) 0. The prior knowledge
of each NP enters the fit model as a Gaussian distribution, thus modifying the

likelihood function, which becomes a function of p and :

N  (uss , Ny (0,—60;)°
(115;(0) + b;(0))™ e~ (s:(O)+6:(9)) 1 2
L, 0) = X e 7.4
(1) H n! 1_[1\/27r0j (7.4)

where 6; is the NP to be fitted, 6y; and o; are the central value and the uncertainty
assigned to the prior, respectively. The inclusion of the NPs in the likelihood adds
flexibility to the model while reducing the analysis sensitivity. In order to test a

certain hypothesis for the value of u, a profile likelihood ratio is considered as a
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test statistic [166]:

Ap) = : (7.5)

where 1 and 6 are the parameters that maximise the likelihood, while é denotes
the value of @ that maximises the likelihood for a given u. The likelihood ratio is
defined in the range [0, 1], describing good agreement between the data and the
specific hypothesis of © when A(u) is near 1, and disagreement as A(u) moves to

the null value. It is convenient to construct the test statistic ,:
t, = —2InA(p). (7.6)

As the value of t,, gets larger, the incompatibility between the data and the given
hypothesis p increases. The disagreement can be quantified by the p-value computed

from the test statistic:

Py = / T (k) dt, (7.7)

ty,obs
where t,, o is the observed value of ¢, in data and f(¢,|x) describes the probability
density functions of ¢, under the assumption p. The relation between ¢, and
p-value is shown in Figure 7.17a. The p-value can be interpreted as the probability,
under the hypothesis pu, of finding data that are incompatible with the hypothesis.

The p-value is related to the significance Z, defined as
Z=0""1-p,), (7.8)

where @ ! is the quantile (inverse of the cumulative distribution) of a standard
Gaussian. The relation of the p-value and the significance Z is shown in Figure 7.17b.
A p-value of 2.87 x 1077 corresponds to a significance Z = 5, which represents

a deviation of 50 with respect to the background-only hypothesis. The physics
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(a) | (b)
Figure 7.17: Relation between the p-value and the test statistic ¢, (a). Relation between
the p-value and the significance Z (b). Image source: [166]
community considers this value of significance as a sufficient level to reject the
background-only hypothesis and claim an observation or discovery.

Assuming that a new signal can only increase the mean event rate with respect
to the case of background-only, the signal process must have > 0. For the special
case of testing the p = 0 hypothesis, the test statistic ¢, defined in Equation (7.6),

is modified as follows:

qo (7.9)
where A(0) is the profile likelihood ratio for = 0. With the given assumptions,
the © = 0 hypothesis is effectively rejected, leading to the discovery of new signal,
only when p > 0. Measuring an increased yield with respect to the expected
background (p > 0) corresponds to find a larger value of go. As qo gets larger, the
incompatibility of data with the u = 0 hypothesis increases.

In the VH(H — bb) analysis the results are presented in terms of probability
that the background-only (x = 0) hypothesis is compatible with the data. The

fitted 1 value is obtained by maximising the likelihood function with respect to
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all parameters. The profile likelihood function assumes a parabolic shape around
the minimum. The uncertainty on p is obtained with a profile likelihood method
by varying qo = —2In A\(u) of one unit, corresponding to a variation of 10 on p.
Expected results are obtained by replacing the data with a representative dataset,
the Asimov dataset, constructed from simulations by setting all the NPs to their
best-fit values obtained with data. Due to the finite number of events contained
in the MC samples used in the analysis, the background estimates are subject to
statistical fluctuations that must be considered in the fit. This is done with the
Beeston-Barlow technique [167], which models the number of events in a bin as
a Poisson distribution and treats the mean distribution as additional NP in the

likelihood model.

7.7 Systematic Uncertainties

The VH(H — bb) analysis is affected by several systematic uncertainties, which
can be grouped into different categories, according to their origin: experimental
uncertainties, simulated signal and EW background uncertainties, data-driven

multi-jet background uncertainties.

7.7.1 Experimental Uncertainties

The experimental uncertainties depend on the process of reconstruction and
correction of the objects used in the analysis, as well as on the detector performances.
The dominant sources are found to be related to the jet flavour-tagging and the
jet energy calibration. The first type is derived from the difference in flavour-
tagging efficiency between data and simulation, measured as scale factors. An

event weight systematic is retrieved separately for b-jets, c-jets and light-jets, which
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have uncertainties estimated from multiple measurements. These uncertainties are
separated in several uncorrelated components that are treated independently. The
uncertainty due to the tagging efficiency is around 2% for b-jets, 10% for c-jets
and 30% for light-jets. A separate uncertainty is evaluated for the extrapolation
of the b-jet efficiency calibration for pr > 300 GeV and the mis-identification of
hadronically decaying 7-leptons as b-jets. Several uncertainties are considered for
the JES and JER corrections, which are derived as described in Section 5.5.2. A
set of 23 uncorrelated parameters that take into account the single steps of the jet
energy calibration and resolution is used to evaluate this systematic uncertainty.

The systematic uncertainties due to the presence of leptons in the analysis are
evaluated using the scale factors obtained for their reconstruction, identification
and isolation. The uncertainties are evaluated through variations of the scale
factors and they are found to have a small impact on the final measurements. The
lepton and jets systematic uncertainties are combined together to evaluate the
uncertainties on the EM  to which contributions due to the scale, resolution and
efficiency of the E¥s soft term, defined in Section 5.7, are added.

The systematic uncertainty arising from the integrated luminosity is evaluated
by combining the scale calibration results of 2015, 2016 and 2017 obtained with
van der Meer scans [168]. The resulting uncertainty is 2%. The pile-up also
contributes to the set of uncertainties. A correction factor of 1.03 is applied to the
nominal value of the number of interactions per bunch crossing and is varied to

1.00 and 1.18 to estimate the up and down uncertainties.

7.7.2 Simulated Sample Uncertainties

The assumptions made in the simulation of the signal and background processes

originate additional systematic uncertainties. In general, these uncertainties can
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affect the normalisation, the shape and the event acceptance of the kinematic distri-
butions involved in the measurement. The normalisation of the main backgrounds
tt, W+HF and Z+HF are left unconstrained (floating) and directly extracted
from data with the global likelihood fit. For the remaining simulated background
processes, the overall normalisations and associated uncertainties are obtained from
very accurate cross section calculations. Since these uncertainties are due to MC as-
sumptions, they are usually assessed through comparisons at particle-level between
the nominal simulated sample and an alternative choice. The alternative choice is
either produced by a different generator or by varying the nominal values of some
parameters of the generator used in the simulation. The nominal and alternative
samples are normalised using the same production cross section. For each variation,
acceptance and shape uncertainties are evaluated. The first type accounts for the
variations in the number of events falling in a certain analysis category and the
possible migration from a category A to a category B. The acceptance uncertainties

are calculated as double-ratios between acceptances A, as:

A(Categoryﬁom; / jECategOTY%t) (7.10)

A(Categoryy™ Categoryaét) ’

where each ratio is obtained between the number of events falling in the two
categories, the first calculated with the nominal MC sample (nom) and the other
using an alternative one (alt). Shape uncertainties are addressed separately for each
analysis region and derived for the my, and pY¥. variables as the variation induced

in these distributions by an alternative generator.

The simulated sample uncertainties are evaluated for the signal and for each of

the background samples separately, as described in the following.
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V H(H — bb) signal The signal samples are normalised to the best theoretical
prediction of the cross section for the different processes. The systematic
uncertainties in the overall V H production cross section are obtained by
varying the renormalisation and factorisation scale factors, as well as the
PDF sets. Acceptance and shape uncertainties originate from missing higher-
order QCD and EW corrections, PDF+ag variations, differences for parton

shower and underlying event models.

V +jets The normalisation of the V+HF is derived from the fit, separately for
the 2-jet and 3-jet categories. In the case of W+HF background, a dedicated
acceptance uncertainty has been evaluated to account for the correlation
between the 1-lepton SR and the W-+HF CR, as well as between 0-lepton
and 1-lepton regions. Similarly, for the Z+HF background, the acceptance
uncertainty was considered between the 0-lepton and 2-lepton regions. For the
remaining V +cl and V +1[, which are suppressed by the two b-jets requirement
of the analysis and that account for less than 1% of the background, only the
normalisation uncertainty is considered. For the p} and my, distributions,
shape uncertainties are derived from the comparison between the nominal
and alternative MC generators or variations of internal generator parameters

and is parametrised as a straight line.

Top pair The ¢t background contributes to all the analysis channels and its effect
on the systematic uncertainties is evaluated independently for the 0+ 1 lepton
channels and the 2-lepton channel. The 2-lepton channel involves two different
kinematic regions: 75 GeV < p¥ < 150 GeV and p¥ > 150 GeV. For the
2-lepton channel, the normalisations are left floating, both in the 2- and
3-jet categories, and extracted from the corresponding ey CRs. For the

0 + 1 lepton channels, acceptance variations are considered between 2-jet
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and 3-jet categories, between W+HF control and signal regions, and between
1-lepton and O-lepton channels. Shape uncertainties are estimated through
the comparison between the nominal and alternative samples for the relevant

kinematic distributions, separately in the 0 + 1 lepton and 2-lepton channels.

Single top The single top contribution arises from different production channels:
W, t- and s-channels. Normalisation, acceptance and shape uncertainties are
evaluated for the first two, while only the normalisation uncertainty is con-
sidered for the s-channel, whose contribution is negligible. The normalisation
uncertainties account for renormalisation and factorisation scale variations,

the ag uncertainty and the errors on the PDFs.

Diboson Three different contributions are considered: W2, WW and ZZ. For
the WW, whose contribution is very small (it accounts for less than 0.1% of
the total background), only a normalisation uncertainty is evaluated. For
the main contributions, W2 and ZZ, normalisation, acceptance and shape
uncertainties are assigned, taking into account event migrations between

0-lepton and 1-lepton and between 2-jet and 3-jet categories.

7.7.3 Multi-jet Background Uncertainties

As described in Section 7.3.3, after the event selection, the multi-jet background
is not negligible only in the 1-lepton channel, where it is estimated from data.
Systematic uncertainties can affect the shape of the m¥ distributions used in
the multi-jet template fits, thus affecting the background normalisation, or even
the BDT distributions used as input of the final fit. Normalisation and shape
uncertainties are evaluated throughout variations of the multi-jet selection: by

requiring two b-tagged jets instead of one, by tightening the isolation requirements,
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by modifying the single-lepton trigger. Moreover, contaminations from V-+jets and

top quark processes are considered.

7.8 Results

The results of the V H(H — bb) search performed with data collected between
2015 and 2017 by the ATLAS detector, corresponding to an integrated luminosity
of 79.8 fb~! at a centre of mass energy /s = 13 TeV, are reported in this section.
The result of the global likelihood fit indicates that, in the combination of the three
lepton channels, for a Higgs boson mass of 125 GeV, the probability py of obtaining
a signal as strong as the observation, by assuming the background-only hypothesis
is 5.3 - 1077, while the expected value is 7.3 - 1075, The value of the signal strength
parameter is:

pvy = 1.16 £ 0.16(stat.) Ty (syst.) = 1167031,

An excess on the difference between the data and the fitted background is observed
with a significance of 4.9 standard deviations, to be compared to an expectation of
4.3 standard deviations. These results are summarised in Table 7.7, together with
the results obtained for each lepton channel separately.

Figure 7.18 shows the BDT output distributions, after the global likelihood fit,
in the most sensitive high-p¥. regions of 0-lepton (top row), 1-lepton (middle row)
and 2-lepton (bottom row). Shown as stacked filled histograms, the background
predictions have been obtained by normalising the backgrounds and setting the
systematic uncertainties according to the values of the floating normalisation and
NPs extracted by the fit. The signal sample (red histogram on top of the back-

grounds) is normalised to the signal yield extracted (with the signal strength pu).
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Signifi
Signal strength Signal strength o R
Exp. Obs. Exp. Obs.
0-lepton 1.0475:33 9.5-10™* 51-107* 3.1 3.3
1-lepton 1.0975:45 8.7-107% 4.9-107° 24 2.6
2-lepton 1.387045 40-107% 33-107* 2.6 34

V H(H — bb) combination 1.16792 73-107% 53-1077 43 4.9

Table 7.7: Measured signal strengths, expected and observed p-values py and significance
values (in standard deviations) from the combined fit.

The unstacked and unfilled red histogram represents the signal sample scaled by
the factor indicated in the legend. The dashed histogram shows the total pre-fit

background.

Table 7.8 shows the signal and background yields after the event selection,

rescaled with the normalisation results of the global likelihood fit. The results are

given for each category.
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Figure 7.19a shows the distribution of log,,(S/B), constructed from the combi-
nation of the signal S and the background B yields of the final-discriminant bins
for all the regions. The lower panel shows the statistical significance of the Higgs
signal, where the red line represents the ratio between the combination of the fitted
MC signal and background and the background only.

A combined fit is also performed with floating signal strengths separately for the
W H and Z H production processes. The results of this fit are shown in Figure 7.19b.
All results are fully compatible with the SM predictions.

The total systematic uncertainty on the signal strength 182, is directly extracted
with the global likelihood fit. In order to assess the impact of the individual
uncertainties introduced in Section 7.7, the fit is performed again with the nuisance
parameter 6, corresponding to a specific category, fixed to the fitted value 6 and
modified upwards and downwards by its fitted uncertainty. In this fit, all the other
parameters are left floating in such a way that the correlations between different
uncertainties are properly taken into account. With this method, the variation
of the signal strength with respect to the nominal result is evaluated, according
to the variation of the corresponding uncertainty. The result of this procedure is
shown in Figure 7.20a, where the categories of systematics are ranked in decreasing
order of their impact on 8. The filled circles show the deviations of the fitted
NPs 6 from their nominal values 0y, expressed in terms of standard deviations with
respect to their nominal uncertainties Af. The associated error bars show the fitted
uncertainties of the nuisance parameters, relative to their nominal uncertainties.

The individual sources of uncertainties are combined (summed in quadrature) in
categories whose contribution to the final measurement is provided in Figure 7.20b.
As shown in this breakdown, the analysis is dominated by systematic uncertainties,

mostly arising from modelling of the signal, followed by the uncertainty due to the
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Figure 7.19: Figure (a) shows the event yields as a function of log;y(S/B) for data,
background and a Higgs boson signal with my = 125 GeV. Figure (b) shows the fitted
values of the Higgs boson signal strength ul{}’H for mg = 125 GeV. The results are obtained
from a simultaneous fit with the signal strength for each of the lepton channels floating
independently.

limited size of the MC samples, the modelling of the background and the b-tagging

uncertainty.

7.9 Cross-check Analyses

In order to validate the result of the multivariate analysis, two additional cross-
check analyses have been performed: the analysis where the multivariate strategy
is substituted by a more classic cut-based approach and the mass of the dijet
system my, is used as the main fit observable, and the analysis where the nominal
multivariate strategy is used to extract the signal yielded by the VZ(Z — bb)

diboson process.
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Figure 7.20: Figure (a) show the impact of the individual systematic uncertainties on the
measured signal strength ,u?}’H. Figure (b) shows the breakdown of the uncertainty in
ul‘)}’H when the individual contributions are combined in categories.

7.9.1 Dijet-mass Analysis

The dijet-mass analysis (DMA) relies on the same object and selection criteria
described in Section 7.3 for the main MVA analysis, with the inclusion of additional
cuts, listed in Table 7.9, which help to reduce the background contamination. A

cut on the transverse mass m?f

in 1-lepton and a cut on the E¥* significance
Emiss [\/St in the 2-lepton channel allow us to reduce the ¢ background. The high-
pY region is further split into two regions 150 < p¥ < 200 GeV and p¥. > 200 GeV.
A cut on the angular separation between the two b-tagged jets AR(gl, 52) is applied

with different values according to the pY. region. In fact, for a Higgs boson splitting
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into two b-jets with approximately same momentum, its mass is related to the
object separation as
mpug

bt
where, the larger is the transverse momentum p, the smaller is the b-jets separa-
tion [110]. Since in the 1-lepton channel the low my, dijet mass provides sufficient
information to constrain the W+ HF background normalisation, the construction

of a dedicated control region is not necessary.

Channel

Selection 0-lepton 1-lepton 2-lepton

myy - < 120 GeV -
Emiss /S - - < 3.5v/GeV

py regions

Y 75 — 150 GeV 150 — 200 GeV > 200 GeV
(2-lepton only)
AR(by, by) <3.0 <1.8 <1.2

Table 7.9: Summary of the event selection criteria in the 0-, 1- and 2-lepton channels
for the dijet-mass analysis, applied in addition to those described in Section 7.3 for the
multivariate analysis.

The signal is extracted with a global likelihood fit performed simultaneously
across the three lepton channels on the dijet-mass distribution. The value of the
signal strength is found to be:

(8 = 1.06 & 0.20(stat.) 750 (syst.) = 1.06+0:35.

This result, summarised in Figure 7.21a, is in agreement with the main MVA
analysis and corresponds to an observed (expected) significance of 3.6 (3.5) standard

deviations. With a 27% smaller significance, the dijet analysis is less sensitive than
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Figure 7.21: Fitted values of the Higgs boson signal strength ,u%’ﬁ’H for the 0-, 1- and
2-lepton channels and their combination. The results are shown both for the nominal
MVA and for the di-jet mass analysis (DMA) (a). my, distribution obtained from the
DMA analysis (a).

the nominal MVA analysis. In Figure 7.21b is shown the my, distribution obtained
by subtracting the background contribution, except for the W27 and ZZ diboson

processes, from the signal of each analysis bin and weighting it by the ratio of fitted

signal and background in each bin.

7.9.2 Diboson Analysis

The nominal MVA strategy is validated with a diboson analysis by measuring
the signal strength of the V' Z processes, instead of VH. A new BDTy 4 is trained to
separate the V Z(Z — bb) signal from all the other background processes, including
the SM VH(H — bb). A global likelihood fit returns a value of signal strength

i, = 1.20 £ 0.08(stat.) 7o 1o (syst.) = 1.20732,
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Figure 7.22: Figure (a) shows the event yields as a function of log;y(S/B) for data,
background and diboson (V' Z) signal. Figure (b) shows the fitted values of the VZ
signal strength for the O-lepton, 1-lepton and 2-lepton channels. The results are obtained
from a simultaneous fit with the signal strength for each of the lepton channels floating
independently.

which corresponds to a signal significance much larger than 5¢. Similarly to the
VH(H — bb) MVA analysis, this result can be visualised with the log;,(S/B)
distribution, as shown in Figure 7.22a. Figure 7.22b summarises the results of

simultaneous fit where the individual signal strengths for each of the lepton channels

are left floating independently.

7.10 Combinations

The results of the multivariare analysis presented in the previous sections,
which was performed with 13 TeV data collected during Run-2, have been combined
with the Run-1 dataset [169], recorded at a centre of mass energy of 7 TeV and
8 TeV, with the aim to improve the sensitivity of the measurement. Furthermore,
combinations of analyses that are sensitive to the H — bb decay or V H production

mode have been performed and have led to the observation of such processes. The
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main challenge in these combinations is to properly understand the correlation of
the systematic uncertainties, especially those arising from different experimental
configurations of Run-1 and Run-2. Several studies on the impact of the correlation
of systematic uncertainties between the VH(H — bb) analyses performed with
different centre-of-mass energies were conducted in the 2017 analysis [161]. Most
of the NPs have negligible correlations and only the JES for b-jets and theory
uncertainties in the signal process are found to be correlated. Potential correlations
in the background modelling, due to different cross section and acceptance, different
MC generators, as well as different reconstruction, selection and analysis procedure,
have been studied as well. The impact of such correlations is found to be no more

than a few percent effect.

7.10.1 Run-1 and Run-2 VH(H — bb) Combination

The combination of the VH(H — bb) analyses conducted in Run-1 and Run-2
produces a p-value of 5.5- 1077, corresponding to an observed (expected) signal

significance of 4.9 (5.1) standard deviations. The measured signal strength is:

(8 = 0.98 + 0.14(stat.) T 17 (syst.) = 0.9875:22.

The results of multiple parameter-of-interest fit, obtained with independent floating

signal strength for the WH and ZH, is shown in Figure 7.23.

7.10.2 H — bb Observation

The combination is based on the analyses of the Higgs boson production modes
conducted in Run-1 and Run-2. The following analyses have been included in the

combination:
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Figure 7.23: Higgs boson signal strength u"’})H for the WH and ZH processes in the

combination of Run-1 and Run-2, using the 7 TeV, 8 TeV and 13 TeV data. The displayed

values are the result of a global likelihood fit where the individual signal strengths of W H

and ZH are left floating.

V H(H — bb) The Run-1 analysis performed with 4.7 fb™! at a centre-of-mass
energy of 7 TeV and with 20.3 fb~! at 8 TeV [169]. The Run-2 analysis

used in the combination is the one presented in this chapter, performed with

78.9 fb~! at a centre-of-mass energy of 13 TeV [5].

VBF The VBF production mode with the Higgs boson decaying into a pair of
bottom quarks is targeted by the analyses of Run-1, conducted with 20.2 fb™*
at 8 TeV [170], and Run-2, conducted with 30.6 fb~' at 13 TeV [171]. Since a
non-negligible fraction of gluon-gluon fusion events are present, these analyses

are referred to as VBF+ggF.

ttH The analyses of the Higgs production in association with a pair of top quarks
have been used in the combination. In Run-1 the analysis was conducted
with a dataset of 20.3 fb™' at 8 TeV [172], while in Run-2 it was performed

with 36.1 fb™! at 13 TeV [173].
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Figure 7.24: Higgs boson signal strength MQ/bH for the VBF+ggF, ttH and V H production
modes and Higgs boson decaying into a pair of bottom quarks. The displayed values are
the result of a global likelihood fit where the individual signal strengths of the different
production modes are left floating.

The combined fit performed as a search of the H — bb decay results in a signal

strength
(8 = 1.01 £ 0.12(stat.) 015 (syst.) = 1.01 & 0.20.

The observed significance for the H — bb decay is 5.4 standard deviations, while
the expectation is 5.5 standard deviations. The combination of Run-1 and Run-
2 different production mode analyses provides the necessary sensitivity for the
observation of the H — bb decay. The results of the global likelihood fit performed
with floating signal strength parameters separately for VBF-+ggF, ttH and V H,

are shown in Figure 7.24.
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7.10.3 V H Observation

Another combination is carried out with Run-2 measurements, in order to
improve the sensitivity of the specific V H production channel. The following decay

channels have been exploited in the combination:

H — bb The process analysed in this thesis work, performed during Run-2 with

a dataset corresponding to 79.8 fb™'.

H — ~~ The corresponding measurement has been performed with a Run-2

dataset corresponding to 79.8 fb~!, whose strategy is documented in [174].

H — ZZ* — 4 The measurement of the Higgs boson in the V H production

mode decaying into leptons, either electrons or muons, have been performed

with 79.8 fb™" [175].

The combined fit performed as a search of the V H production mode results in a

signal strength
1y = 1.13 4 0.15(stat.) 015 (syst.) = 1.137924.

The observed significance for the V' H production channel is 5.3 standard deviations,
while the expectation is 4.8 standard deviations, thus providing the necessary
sensitivity to claim the observation of the V' H production mode. The results of the
global likelihood fit performed with floating signal strength parameters separately

for H — bb, H — ZZ* and H — v, are shown in Figure 7.25.
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Figure 7.25: Higgs boson signal strength u'{}’H for the H — bb, H — ZZ* and H — vy
decay modes and V' H production. The displayed values are the result of a global likelihood
fit where the individual signal strengths of the different decay modes are left floating.
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Chapter 8

VH,H — bb Cross Sections and
Effective Field Theory

8.1 Cross Section Measurements

LHC Run-1 and Run-2 were mainly devoted to probing the SM predictions
on the Higgs processes with signal strength measurements that exploit at best
the experimental sensitivity, as in the VH(H — bb) analysis discussed in Chap-
ter 7. On the other hand, as the experimental measurements have become more
precise, phenomenological searches for deviations from the SM predictions have
been enabled. This kind of measurement requires the definition of a common
framework where these deviations can be computed precisely and in a fashion that

is as independent of the theory as possible [176].

The signal strength for a generic production mode ¢ and decay f takes the form

5 (oi-BR/)=®

My = (Ui . BRf)theo' (81)
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This quantity is strongly dependent on the underlying theoretical assumptions
used to predict (o - BR/ )theo and therefore is not the recommended approach to
present results of precise measurements of the Higgs boson. An alternative choice is
provided by the total cross section, which is defined by quantities that are directly

measurable:
Nev,if

iJexp — ~—~f 5, a° 8.2
(0) P BRfAifEif,C ( )

Apart from the luminosity £ and the number of observed events N, ;¢, the mea-
sured quantities, such as the acceptance A, the experimental efficiency € and the
branching ratio BR, still depend on theoretical assumptions. A requirement for
the experimental quantities is that they should be directly comparable with the
theory. This is achievable by implementing the event selection at generator level on
simulated objects that have not interacted yet with the simulated detector. These
selections identify fiducial volumes on the truth level phase space and are defined
to resemble the experimental selection and the detector acceptance cuts [177]. In
general, not all the events falling in a fiducial volume are properly reconstructed
at detector level and some corrections are required, which introduce a theoretical
dependence. The procedure used to correct experimental effects, such as acceptance
and resolution effects, is called unfolding into fiducial regions. The larger is the
fraction of the reconstructed events from the fiducial volume, the smaller is the
theoretical contribution to the correction. Therefore, with a careful definition
of fiducial volumes, the dependence to the model can be minimised. All these
considerations bring to the definition of fiducial cross sections with fixed final state

which do not require extrapolations to the full phase space [176]:

(0 X BRY X Ajf)exp = —2. (8.3)
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Typically, the best choice to achieve a measurement least dependent on the assumed
theoretical model is represented by differential fiducial cross sections, which are
fiducial cross sections with fixed final state, measured as a function of event
kinematic observables.

The fiducial and measured cross sections, respectively ¢4 and o}, are related

through an unfolding or migration matriz A;; as
o = ZAijUja (8.4)
J

where ¢ and j define the bin where a particular differential cross section is measured.

Despite being the recommended approach for comparing a measurement to a
theoretical prediction, a differential fiducial measurement is not always feasible
as it requires high statistics, as well as very clean decay channels and production
modes. Furthermore, the extraction of differential fiducial cross sections is usually
enabled by event selections based on kinematic cuts, while many Higgs analyses
rely on multivariate techniques to enhance their sensitivity, like the VH(H — bb)

analysis.

8.2 Simplified Template Cross Section framework

A new common framework has been developed by the LHC community to
combine the advantages of the signal strength measurements and the fiducial and
differential measurements [27, 178|. The simplified template cross section (STXS)
framework allows the measurement of cross sections defined in exclusive regions
of phase space. This reduces significantly the model dependence with respect to
a signal strength measurement and maximises the experimental sensitivity. The

definition of the simplified fiducial volumes, in fact, allows the use of advanced
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multivariate techniques. The cross section o,..s measured in a specific Higgs

production and decay mode is related to the STXSs as

Omeas — Aa1 Oa,

Omeas — Aﬁl 08, + A520'52 (8 5)

Omeas = Ay 0y + Ayyo, +0-+ Ay 0y,

where the ay (Bk, 7k) indicate the splitting in &k fiducial regions, the o, (s, )
are the STXSs and the A,, (s,,,) are factors that account for the efficiency and
acceptance in each STXS. The STXS framework is defined for progressive stages
and each line of Equation (8.5) corresponds to a stage which is characterised by an
increasing splitting of the fiducial space, resulting in multiple bins. The definition
of the STXS bins follows the criteria of minimisation of the theoretical dependence
and maximisation of the experimental sensitivity within each bin. Potential effects
from BSM physics are expected to be isolated in specific regions of the phase space,
as shown in Figure 8.1.

The framework is constructed in such a way that it takes advantage, in terms
of precision of the measurement, from combinations, and at the same time aims
at maximising the granularity of the measurement. The bins must be mutually
exclusive in order to avoid statistical correlations between adjacent bins. The
splitting is determined by kinematic observables that are directly measured by the

experiments and reduces the extrapolation into larger regions of phase space.
In the first stage of the STXS framework, called stage-0, the cross sections are

measured in the Higgs boson rapidity region |yg| < 2.5, within single inclusive bins,

each corresponding to one of the main Higgs production modes: ggF, VBF, VH
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Figure 8.1: Transverse momentum of the Z boson produced in association with a Higgs
boson. The SM differential distribution (grey) is compared to the predicted distribution
obtained assuming that anomalous coefficients could modify the Higgs couplings with the
vector boson (red and blue). Image source: [179].

and ttH. At stage-1, a number of subregions are obtained by further splitting those
in stage-0. The splitting is determined by kinematic properties such as the number
of selected jets, the transverse momentum of the Higgs boson, or the transverse
momentum of the vector boson V', in case of V' H production. An example of stage-1
splitting for the V H productions is shown in Figure 8.2. The first split of the V H
production, based on the initial state production, gq or gg, is defined according to
the MC samples used in the analysis. Moreover, gq is split according to the vector

boson, W — (v and Z — ¢{/vv, and then into bins of p¥.
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Figure 8.2: STXS stage-1 binning for associated production with vector bosons. Image
source: [27].

8.3 VH(H — bb) STXS Measurements

The VH(H — bb) analysis presented in Chapter 7 has been extended to provide
a measurement of the cross sections as a function of the gauge boson transverse
momentum, using the STXS framework [6]. The STXS bins are defined by fiducial
selections according to kinematic properties of the Higgs production, following
a modified version of stage-1 shown in Figure 8.2, called reduced stage-1. The
qq and gg initial states for the ZH production can not be distinguished by the
current analysis, due to insufficient statistics in data. In order to reflect the analysis
acceptance at the reconstruction level, the p% < 150 GeV stage-1 regions are split
into two subregions: pZ < 75 GeV and 75 < pZ < 150 GeV. Two sets of reduced
stage-1 splittings, shown in Figure 8.3, are employed to measure three or five cross
sections, in the schemes respectively defined as ‘5-POI” and ‘3-POI’, according to
the number of parameters of interest (POI). The 5-POI scheme defines three bins

for ZH production (75 < pZ < 150 GeV, 150 < pZ < 250 GeV and pZ > 250 GeV)
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and two for W H production (150 < p'¥ < 250 GeV and p} > 250 GeV). In the
3-POI case, two cross sections for ZH (75 < pZ < 150 GeV and p% > 150 GeV) and
one for WH (p¥ > 150 GeV), are measured. The resolution on pX. varies between

a few percent in case of 2-lepton channel, and ~ 10% in the O-lepton channel.

Apart from dedicated assessment of theoretical systematics, the strategy of the
analysis, including the event selection and categorisation, as well as the use of a
BDT that maximises the analysis sensitivity, remains unchanged with respect to
the one presented in Chapter 7. The event categorisation is not explicitly designed
to distinguish between events with p¥. below or above 250 GeV. The sensitivity
to the two regions targeted by the STXS approach is provided by the different
shape assumed by the BDT discriminant used in the final fit to data. The BDT
shapes are shown in Figure 8.4 separately for the two pY. regions in the 1-lepton,
2jet category.

A maximum likelihood fit is performed simultaneously on the STXS regions.
The fit model is very similar to the one used for the VH(H — bb) analysis and

discussed in Sections 7.6 and 7.7, with a few differences in the treatment of the

py [75,150]
py. [150, 00]

(a) (b)

Figure 8.3: Figure (a) shows the 3-POI scheme used for the V H(H — bb) cross section
measurements. Similarly, figure (b) shows a finer bin splitting used to perform 5-POI
cross section measurements.

179



8.3 VH(H — bb) STXS Measurements Chapter 8. VH, H — bb Cross Sections

>\0-357\ T ‘ T TT ‘ T TT ‘ T TT ‘ T ‘ T T T T TT T \7
S - ATLAS Simulation .
o 0.3 T Vs=13TeV = Total signal —
- V -

_8 - 1lepton, 2 jets, 2 b-tags 150 <p; <250 Ge_ .
L 0.25[ p! > 150 GeV Tt Pp>250GeV
© C b
& - = All background | -
— 1 -
o 0.2 -
Z ]
0.15 -
0.1 -
0.05 .

== \-\- | ‘ 111 ‘ 111 ‘ 111 ‘ 111 T

1—08 -06-04-02 0 0.2 04 06 0.8 1
BDT,,, output

Figure 8.4: BDT distributions for different STXS regions in 1-lepton channel, in the 2jet
reconstructed category.

signal. In the cross section measurements, multiple shapes and yields, according to
the number of regions under study, substitute the single shape or yield used in each
category for the signal strength measurement, and multiple parameters of interest
now replace the single parameter of interest of the fit. Additionally, theoretical
uncertainties associated with the signal strength do not enter anymore the fit model.
The systematic uncertainties are re-evaluated for the signal samples in each STXS
region. The V H cross sections times the H — bb branching ratio are measured
on each of the three or five STXS regions and summarised in Table 8.1. The
templates for the 3-POI scheme in the regions with p¥. > 150 GeV are obtained by
merging the templates in the regions with 150 < p¥. < 250 GeV and p¥ > 250 GeV

of the 5-POI scheme, and assuming that the ratio of yields in those regions has

180



8.3 VH(H — bb) STXS Measurements Chapter 8. VH, H — bb Cross Sections

Measurement region SM prediction Result Stat. unc. Syst. unc. [fb]

(Iyu| < 2.5, H — bb) [fb] [fb] [fb] Th. sig. Th. bkg.  Exp.
5-POI scheme

W — €v; 150 < p‘T’ < 250 GeV 240 = 1.1 20 + 25| % 17 | 2|+ 13 | + 9

W — {v; p‘T/ > 250 GeV 71 + 03] 88 + 52|+ 441+ 05|+ 25|+ 09

Z — vy 75 < p‘T’ <150GeV | 50.6 = 4.1 81 = 45| = 35|+ 10|+ 21|+ 19

Z — 06, vv; 150 < p‘T/ <250GeV | 188 + 24 14 + 13|+ 11| + 1|+ 6| + 3

Z — vy, p‘T/ > 250 GeV 49 + 05| 85 == 40| = 37|+ 08|+ 12|+ 0.6
3-POI scheme

W—)é’v;p‘T/ > 150 GeV 31,1 = 1.4 35 = 14| = 9| 2|+ 9] + 4

Z — vy, 75 < p‘T/ <150GeV | 50.6 =+ 4.1 81 =+ 45| % 35/ 10| + 21 |+ 19

Z — vy p‘T’ > 150 GeV 237 + 30|284 == 81| = 64|+ 24|+ 36| 23

Table 8.1: Fit results with uncertainties for the V H simplified template cross section
measurements times the H — bb branching ratio (expressed in femtobarn), in the 5-POI
(top five rows) and 3-POI (bottom three rows) schemes.

the value predicted by the SM. The relative uncertainties of the measurements
are found to be between 29% and 56% in the 3-POI scheme and between 56%
and 125% in 5-POI case. This is mainly driven by statistical uncertainties, which
become larger if a finer splitting of the phase space in used. Among the systematic
uncertainties, those related to the limited size of the MC background samples
and their theoretical modelling are dominant. The uncertainties due to the signal
modelling are found to be small, between 6% and 12%. The uncertainties on the
SM predictions are larger for ZH than W H, due to the limited precision of the
theoretical calculations of gg — ZH process. The results for the 5-POI scheme
shown in Figure 8.5 agree with the SM prediction. With the 5-POI scheme, an
anti-correlation of 40%-60% is observed between the cross sections in the bins
150 < pY < 250 GeV and p} > 250 GeV. This is due to the fact that the two

regions correspond to the same analysis category.
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Figure 8.5: Measured V H cross sections times the H — bb branching ratio.
8.4 Effective Lagrangian Interpretation

The definition of fiducial volumes allows the isolation of high p¥ regions where
the sensitivity to potential modifications of the Higgs boson couplings is expected
to be enhanced. The STXS framework is particularly suitable for investigating
potential deviations with the use of an effective field theory (EFT) approach,
described in Section 2.5. A large number of operators enters the formulation
of the effective Lagrangian, but a limited set of them affects the Higgs boson
couplings. These operators can be constrained with Higgs physics measurements,
and specifically with cross section measurements, by relating the STXSs to the
operators. In this study, only dimension D = 6 operators are considered and the

effective Lagrangian takes the form:

Lerr = Lsu + Z V00 /A2, (8.6)
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where (’)1(6) represent dimension D = 6 operators, ¢; are coupling constants (the
Wilson coefficients) and A represents the energy scale of new physics. In order to
establish a relationship between the STXSs and the effective Lagrangian operators,
it is useful to express the cross section into components arising from SM, BSM and

the interference between them:

OEFT = OSM + Oint + OBSM- (8.7)

The deviation from the SM can then be expressed as a function of the coefficients

of the operators:

OsMm py
In the convention used in this work, the scale A has been absorbed in the definition
of the Wilson coefficients and the operators divided by v?, where v is the vacuum
expectation value of the Higgs boson field, such that the coefficients considered ¢;
are dimentionless: ¢ = ¢\”v2/A2. In Equation (8.8), A; and B;; define coefficients
that can be derived through a leading order MADGRAPH generation, as documented
in [180]. The non-SM contributions in equation (8.8) are given by Zixt =37, A;¢;
and % =>. i B;j;cicj, which are linear and quadratic terms in ¢;, respectively.
The linear terms arise from the interference between SM and BSM, while the
quadratic terms are the leading contribution from BSM only. In a similar way, the
EFT operators can affect the coupling involved in the Higgs decay, thus modifying
the corresponding BR. In order to parametrise the partial widths of the Higgs

decays, an identical procedure as for the cross sections is used. For instance, the

183



8.5 VH(H — bb) EFT Parametrisation Chapter 8. VH, H — bb Cross Sections

BR of the H — bb process can be expressed as shown in Equation (8.9):

BRy, = F 1+ ZAM’ + ZB JCiCj — (ZAA” + ZBA”@E])]
I
(8.9)

where Ty, is the partial width of the H — bb decay and I"4; is the total width.

8.5 VH(H — bb) EFT Parametrisation

A complete procedure for fitting STXS measurements to the coefficients of
the effective Lagrangian operators has been developed by the LHC community,
and documented in [180]. The document also reports the explicit dependencies
of the V H stage-1 STXS bins to the EFT operators based on leading order (LO)
predictions, retrieved in the SILH formulation [37], introduced in Section 2.5. In
order to convert the parameterisation from the stage-1 to the reduced stage-1, it is
necessary to extrapolate the coefficients according to the relative combination of
bins. In particular, the reduced stage-1 does not distinguish between events with or
without additional jets with respect to the two b-tagged jets coming from the Higgs
boson. The coefficients in the merged region are obtained by summing the original
coefficients weighted by the cross sections predicted by the SM. The coefficients
for ZH in the new region of 75 < p}. < 150 GeV are obtained by following the
prescription in [180], which consists in generating MADGRAPH samples using an
EFT model and assuming that the new operators act one at the time. Then, the
cross section times the acceptance in the region of interest is evaluated for each
sample with RIVET [181], a software that allows to compute fiducial physics objects
and to analyse them, and compared with the same quantity obtained with the SM
assumption. The parameterisations for the five STXS regions are then established.

The V H(H — bb) analysis is sensitive to the operators that introduce new Higgs
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boson interactions with the W boson and the Z boson (in the production process)
and the b quark (in the decay process). The operators considered are defined in
the context of the Higgs Effective Lagrangian implementation (HEL) [41]. The
constraints on the operators are obtained through a binned maximum likelihood
fit performed on the kinematic regions identified for the 5-POI STXS. The cross
sections are parametrised as a function of the dimensionless coefficients of the
operators involved in the V H processes. The following set of coefficients has been
considered: ¢yw, ¢yp, cw — ¢ and ¢;. The sum ¢y + g is strongly constrained
by precision electroweak data [182], therefore it is assumed to be zero in this work.
cgw and ¢y are associated to the operators affecting the interaction of the Higgs
boson with the field that generates the HWW and H Z Z vertices, while ¢y p and ¢g
introduce contributions to the HZZ vertex. The ¢, coefficient affects the coupling
between the Higgs boson and bottom quarks through the modification of the partial
width T'% and the total width I'4" of the Higgs boson. The operators and the
corresponding coefficients are listed in table 8.2, where g and ¢’ represent the SU(2)
and U(1) SM gauge couplings, and v is the vacuum expectation value of the Higgs

boson field.

Operator Lagrangian term HEL coefficient Vertices

Ouw | i(D*H) 0" (DY HYW?, | eyw = Mremy | HWW /HZZ

A2

g9
Ous | i(D*H) (D'H)B,, | cyp="isp | Hyy/HZZ
Ow | i(H'o"D*H)D'Wg, | aw="0% | HWW/HZZ
O i (HD*H) D¥B,,, cp="Ww | Hyy/HZZ
Oy va| H|?QrHdg + h.c. Ca :112% Hbb

Table 8.2: The EFT operators and the corresponding HEL coefficients relevant for the
V H(H — bb) measurements are listed. The Lagrangian term introduced by each operator
and the affected vertices are also shown.

The equations used for the parametrisation of the cross sections, which include
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both linear (3_; A;¢;) and quadratic terms (3 _,; By;¢ic;), are reported in Table 8.3.

Cross section region

qq — Hlv (150 < pf < 250) GeV
qq — Hlv (p¥ > 250) GeV

o0cyw + T4cw
170¢cyw + 200cy

qq — HIl (75 < p} < 150) GeV
qq — HIl (150 < p¥ < 250) GeV
qq — HIl (p¥ > 250) GeV

13cygw + 38cw + 3.9cyp + 10.5¢p
37cyw + 6lcw + 11lcyp + 18¢p
130cyw + 150¢y + 38cyp + 46¢g

Cross section region

2_i; BijCic

qq — Hlv (150 < pf < 250) GeV
qq — Hlv (p > 250) GeV

83922y, + 1555¢%, + crw (9008y)
14000¢%y, + 160003, + crw (30000cy,)

qq — HIl (75 < p¥ < 150) GeV

853, + 40063, + 8¢4; 5 + 35¢%

+caw (150w + 20¢y  + 42¢p)
+eup(44ey + 12¢5) + ey (140¢p)
46263y, + 982¢%, + 4163, 5 + 86¢%
+Crw (1255¢w + 277¢yp + 358¢p)
+cpp(373¢w + 105¢g) + cw (587¢p)
80007y, + 9600¢3, + 72087, 5 + 850¢%,
+Erw (17000¢y + 4800y 5 + 510085)
+¢up(5100¢y 4 1500¢g) + cw (5700¢p)

qq — HIl (150 < p¥ < 250) GeV

qq — HIl (p¥ > 250) GeV

Table 8.3: The cross section parameterisations are listed for each V.H(H — bb) STXS
region. The contribution from the interference between SM and BSM (3, A;¢;) and the
pure BSM terms ( i B;j¢;c;), are reported separately.

Analogously, Table 8.4 summarises the dependences of the partial and total
widths from the coefficients. The coefficients that affect the V H production cross
sections, such as ¢xyw, €up, ¢w and ¢g, also enter the H — bb BR parametrisation,
with small contributions. These contributions have been taken into account in the

parametrisation used for the fits.
As an example, the curves that correspond to the EFT parametrisation of the

cross sections induced by the ¢y — ég coefficient is shown in Figure 8.6. The curves

illustrate the effect on the cross section for each kinematic region, for the combined
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Partial width | > . A;¢ Zij B;jcic;

H — bb 3¢y 2.3¢2

H — All 2.3¢4 + 0.37cgw + 1.0ey | 1.7¢5 + 4.7
+0.0079¢y 5 + 0.023cg | +2.6¢%, + 4.3¢% 5

Table 8.4: Parametrisations for the interference between SM and BSM amplitudes and
pure BSM contribution for the H — bb Branching Ratio.
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Figure 8.6: Cross section variations for each kinematic region introduced by the ¢y — ¢ép

coefficient. The combined linear and quadratic contributions are illustrated by solid lines,
while linear contributions only are illustrated by dashed lines.

linear and quadratic contributions (solid lines), and for linear contribution only

(dashed lines).
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8.6

EFT Fit Results

Simultaneous maximum likelihood fits to the five STXS bins are performed to

find the constraints for the EFT coefficients. A one-dimensional fit is performed

for each of the EFT parameters considered, while the other coefficients are kept

constant at zero, as predicted by the SM. The parametrisation considered includes

both linear and quadratic contributions. In Figure 8.7 the likelihood profile is

shown for each coefficient. The likelihood presents a typical shape with two minima,

due to the parabolic parametrisation used.
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Figure 8.7: Expected (blue) and observed (red) profile likelihoods of the fitted EFT

coefficients. The parametrisation used includes both linear and quadratic contributions.
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The fits are repeated by using a parametrisation which only includes linear
contributions. The likelihood profile obtained is shown in Figure 8.8 for each
parameter and is compared to the previous result. The likelihood function has now
a single minimum, since the parametrisation used is monotonic with respect to

each coefficient. The expected and observed intervals for the fitted EFT coefficients
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Figure 8.8: Observed profile likelihoods of the fitted EFT parameters. Comparison
between the result obtained with the only linear parametrisation (green) and the result
with the full (linear+quadratic) one (red).

are reported in Table 8.5 with 68% and 95% of confidence level (CL). Using both
the linear and quadratic parametrisation, the parameters ¢y and ¢y — ¢g are

constrained within a few percent at 95% CL, while the constraint on ¢yp is about
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Coefficient Expected Interval Observed Interval
Results at 68% Confidence Level

Crw :0.003, 0.002] -0.001, 0.004]

(interference only [-0.002, 0.003] [-0.001, 0.005])

- 1-0.006, 0.013] :0.078, -0.055] | [0.005, 0.019]

(interference only [-0.016, 0.016] [-0.005, 0.030])

&w — Cg [-0.006, 0.005] [:0.002, 0.007]

(interference only [-0.005, 0.005] [-0.002, 0.008])

& -1.5, 0.3] -1.6, -0.9] U [-0.3, 0.4]

(interference only [-0.4, 0.4] [-0.2, 0.65])

Results at 95% Confidence Level

Caw 0.018, 0.004] :0.019, -0.010] | [-0.005, 0.006]
(interference only [-0.005, 0.005] [-0.003, 0.008])
CuB :0.078, 0.024] [-0.090, -0.032]

(interference only

[-0.033, 0.033]

-0.022, 0.049])

Gw — Cp 1-0.034, 0.008] :0.036, 0.024] | [-0.009, 0.010]
(interference only [-0.009, 0.010] [-0.006, 0.014])

ép -1.7, 0.5] -1.9, 0.7]
(interference only [-0.8, 0.8] [-0.6, 1.1])

Table 8.5: The expected and observed 68% and 95% confidence intervals for the EFT
coefficients ¢gw, ¢cgp, ¢w — ¢ and ¢g.

five times worse. In fact, since ¢gp only affects the ZH production, the analysis is
less sensitive to the measurement of this coefficient. Similarly, the constraint on
¢4 is not very powerful since this coefficient is expected to modify only the decay
coupling. The constraints are are about 50% stronger when considering only the
linear parametrisation.

The coefficient ¢; has been constrained for the first time in this work, while
the set of coefficients involved in the V' H production was considered in previous
publications. An ATLAS publication [183] reports constraints obtained in the
combined H — ZZ* — 40 and H — ~ channels using 36.1 fo~! of data. Although
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the implementation used is the same as in this thesis, the mentioned work performs
a simultaneous fit on six coefficients, therefore the comparison of the results is
not straightforward. Another publication [184] describes a global fit to Higgs,
Diboson and EW data and uses only linear parametrisation for the coefficients
constrained. The sensitivity reached by the V H(H — bb) analysis to anomalous
couplings of the Higgs boson would certainly bring a great contribution in future

global measurements.

The expected effect of the EFT parameters on the SM cross sections for
the STXS bins is shown in Figure 8.9. The variations, expressed in terms of
0; X BRy /o™ x BRyM, are obtained by assuming for each parameter the value
of the upper limit of the corresponding interval measured with 95% of CL. As
expected, the ¢y and ¢y parameters affect all bins, while the ¢y p, ¢g parameters
only affect bins associated to the ZH production mode. The ¢; parameter has the

same impact across the bins, because it contributes to the H — bb BR.

8.7 Considerations on the EFT Interpretation

The EFT interpretation work performed in the context of the VH(H — bb)
cross section measurements represents a proof of concept for the methodology
necessary for a future global fit to precision data. Several arguments have been
discussed in order to construct an appropriate approach to the EFT interpretation

for VH(H — bb). In this section, the most important considerations are described.
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Figure 8.9: Variations on the SM cross sections induced by the EFT coefficients considered
in the VH(H — bb) measurements.

8.7.1 ¢gg— ZH Contribution

From a theoretical point of view, the V H production can be split into a Drell-
Yan component and a gluon-gluon component. As shown in the Feynman diagrams
of Figure 8.10, the gg — Z H process appears only at NNLO, through a top quark
triangular loop or a box loop.

g

Figure 8.10: Feynman diagram topologies contributing to the gg — ZH production.

The standard EFT approach is to fit using the LO relative correction to the
SM from dimension-6 operators. The EFT samples are produced with a LO
MADGRAPH generation and do not contain loop-induced diagrams. Modifications

of the gg — ZH production cross section are introduced by higher dimensions
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and so they are not included in the correction in the current approach. In the
VH(H — bb) EFT interpretation, the gg — ZH cross section is fixed to the SM
value. Nevertheless, even if contributing at a higher order, the gg — ZH process
is enhanced by the large gluon-gluon luminosity at the LHC (due to the large
values of the PDFs) and it can contribute up to ~ 30% on a single STXS bin.
Additionally, the gluon components becomes more important for high p¥, due to
the top quark loop threshold [185]. An identical EFT parametrisation as q¢ — ZH
(which contributes at LO) has been assumed to perform a fit to be compared with
the standard setup where gg — ZH is assumed not to be affected by the EFT
operators. The fit provides stronger limits. However, the q¢ — Z H parametrisation
is not appropriate for possible gg — Z H modifications. The standard approach of

assuming the SM value for the corresponding cross section has been therefore used.

8.7.2 EFT in 3-POI Scheme

The 5-POI results have been compared with the fits obtained on the 3-POI
scheme. The parametrisation for the regions resulting from merging two adjacent
regions of the 5-POI scheme is obtained by summing the corresponding coefficients
weighted by the relative cross section. The 5-POI fit results in stronger constraints,
approximately improving the ¢y sensitivity by a factor two, as shown in Fig-
ure 8.11. The better constraining power is due to the larger contribution of EFT

operators at higher values of pY.

8.7.3 Branching Ratio Contribution

As shown in Table 8.4, the EFT coefficients affecting the V' H production, also
contribute to the BR modification. These contributions are in general small but in

some cases not negligible, especially when considering ¢y and ¢yp coefficients.

193



8.7 Considerations on the EFT Chapter 8. VH, H — bb Cross Sections

3‘||||||||||||||||||||||||||||||||||||:||||||

Vs=13 TeV, 80 fbi'

— cHW (5bins) --- cHW (3bins)

Y
N

a

]

0.5

IIII|IIII|IIII|IIII|III__I_‘_L.I.-I-1

. o
o
0
‘0. ¥

A I I P IR I U0 Saf I

—8.03—0.025 -0.02-0.015-0.01-0.005 O 0.005 0.01 0.015
cHW

Figure 8.11: Profile likelihood for the ¢py coefficient. The main results from the 5-POI

model (red) are compared to the results of the 3-POI model parametrisation (blue).
As an example, in Figure 8.12 the profile likelihood fits for the ¢yp coefficient are
shown in case the BR parametrisation is included (red) or not included (purple) in

the parametrisation.
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sation is included (red) or not included (purple) in the EFT parametrisation.
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8.7.4 Multi-dimensional Fits

Simultaneous fits with two parameters have been performed for the ¢gy and
cyp coefficients, using both linear and quadratic parametrisation, as shown in
Figure 8.13. The correlations between the two parameters are found to be very
strong (~ 70%), therefore it has been decided to publish only one-dimentional

fit results for the constraint of the EFT coefficients relevant to the V H(H — bb)

analysis.
= 0047 AL B ]
N C + Best Fit 7
0.03FVH H—>bB 68% CL Obs.
[ Vs=13TeV,79.8 1™ — 95%CL Obs. 1
0.02- + SM =
0.01- -
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-0.021 -
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Figure 8.13: Contour plots at 68% (dashed) and 95% (full) CL from the simultaneous fit
of two EFT coefficients (¢yw and ¢gyp) to the observed data.
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Chapter 9

Conclusions and Future Prospects

The discovery of the Higgs boson represents an outstanding success of particle
physics. It opened a window for testing the scalar sector of the Standard Model
and its possible extensions. All the measurements performed during Run-1 and
Run-2 are found to be compatible with the Standard Model.

The Run-2 analysis that enabled the observation of the Higgs decay into a pair
of bottom quarks, as well as the associated production with a vector boson, has
been presented in this thesis. The VH(H — bb) analysis is performed on a dataset
corresponding to an integrated luminosity of 79.8 fb~!, collected by the ATLAS
experiment at a centre-of-mass energy of 13 TeV. The leptonic decays of the vector
boson allow for an efficient triggering and background rejection. The analysis
is divided into three channels, depending on the number of leptons in the final
state, and the event selection is optimised in each channel. The analysis greatly
benefits from the discrimination between signal and background events provided
by a multivariate analysis based on a Boosted Decision Tree. After training the
Boosted Decision Tree, a maximum likelihood fit is performed to extract the signal
strength and normalisation of the main backgrounds. An excess of events over

the expected Standard Model background is found with an observed (expected)
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significance of 4.9 (4.3) standard deviation. A combination with results from other
searches for the H — bb process is performed, providing an observed (expected)
significance of 5.4 (5.5). The corresponding ratio between the signal yield and the

SM expectation is 1.01 + 0.12(stat.) 70 1o (syst. ).

This thesis has also reported the evolution of the VH(H — bb) analysis as a
measurement of the V H production cross sections times the H — bb branching
ratio as a function of the vector boson transverse momentum. The measurement
is performed in exclusive regions of phase space, using the Simplified Template
Cross Section framework. All measurements are found to be in agreement with
the Standard Model predictions and are used to search for possible deviations,
using an effective field theory approach, based on anomalous couplings of the Higgs
boson. An effective Lagrangian, sensitive to dimension-six operators that could
potentially modify the Higgs boson couplings to the electroweak gauge bosons, has
been constrained. The effective field theory interpretation of the V H(H — bb) cross
sections represents a preparatory ground work for further implementations towards
the first global EFT fit which is being prepared by the ATLAS Collaboration. The
global fit will include measurements from other Higgs boson decay channels and
electroweak processes.

Following the release of the results contained in this thesis, the analysis team
updated the VH(H — bb) measurements with the full dataset collected in Run-2,
corresponding to an integrated luminosity of 139 fb~!. The new analysis, which
has not been released yet, profits from an increased statistics as well as from an

improved analysis strategy.

The successful data collection of Run-2 allowed the experiments at the LHC
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to improve the methodologies to study the properties of the Higgs boson. Many
projections on the HL-LHC scenario predict very high precision for Higgs measure-
ments, which will be dominated by theoretical uncertainties. The couplings of the
Higgs to the vector bosons and to the third generation fermions will be measured
to the percent level. In particular, the studies performed by extrapolating the
V H(H — bb) measurements of Run-2 to the HL-LHC scenario predict a precision
of ~ 5% for the coupling of the Higgs boson to b-quarks [186, 187].

The HL-LHC will also enable the measurement of the tri-linear coupling of the
Higgs boson to itself, with a precision of 50%. This is an important parameter of the
electroweak sector, directly related to the shape of the Higgs potential, that could
show sizeable deviations from the SM prediction. The direct way to measure Higgs
self-interaction is through the production of Higgs pairs via gluon-gluon fusion.
Due to the small cross sections (about three orders of magnitude smaller than the
single Higgs production), the search for these processes is very challenging. The
most sensitive channels are provided by decays with b-quarks in the final state, like
bbbb, bbyy and bbrT. The bbbb final state has the advantage of a large BR (~ 33%),
but the overwhelming QCD multi-jet background makes the search of Higgs pairs
particularly challenging in this final state. As shown in the phenomenological
studies documented in Ref. |1, 2], the application of classification algorithms based
on machine learning can help to discriminate the Higgs pair signal from the QCD
background, and a regression technique can also be exploited as an additional
tool for the improvement of the classification. The di-Higgs measurements will
greatly benefit from the strategies and studies adopted in previous analyses, like
the VH(H — bb) analysis presented in this work [186].

A vast physics program is expected at the ATLAS experiment in the next

decades. As the LHC luminosity will increase, the computing resources will not
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cope with the increasing simulation demand. Advanced techniques will be vital to
provide fast and accurate simulations. This thesis presents a novel method, based
on similarity search techniques, for the fast simulation of the forward calorimeter
response in ATLAS. The new approach provides optimal results in terms of detector
resolution response and a gain of about 70% in computational time, if compared

with a standard full simulation.
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