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Abstract
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In July 2012, CERN announced the discovery of the Higgs boson, the last missing
piece of the Standard Model (SM). The Higgs boson has been observed coupling directly
to W and Z bosons and tau leptons, and indirectly to top quarks. In order to probe if
it is indeed the particle predicted by the SM, or by a theory beyond the SM, direct
couplings of the Higgs boson to quarks must also be measured and compared with the
SM prediction.

Observing the Higgs boson production in association with a pair of top quarks (¢t H)
would allow a direct measurement of the top quark Yukawa coupling and provides an
important test of the Higgs mechanism within the SM. This thesis presents a search
for the Higgs boson in the ttH(H — bb) channel using proton-proton collisions at
Vs = 13 TeV, collected with the ATLAS detector in 2015 and 2016. The Higgs boson de-
cays to two b quarks and top quark pair decays with one lepton, the ttH — (Ivb)(jjb)(bb)
single lepton channel, are considered.

This document details in particular the contributions made by the author in this
search: the full reconstruction of the ttH(H — bb) single lepton system and the fi-
nal discrimination between signal and the main background, t¢+jets. A new method
was developed to solve the large combinatorial background by fully reconstructing the
ttH(H — bb) final state using a multivariate technique to uniquely associate each recon-
structed jets to the initial quarks. A multivariate technique was also used to discriminate
between the signal and the main tt+jets background further increasing the sensitivity
of the search compared to the Run 1 analysis. Finally, the first result at /s = 13 TeV is
shown. The signal strength (the ratio between the measured and predicted cross sec-
tions) is found to be 1.6 + 1.1. No significant excess of events above the background
expectation is found and an observed (expected) limit of 3.6 (2.2) is set at 95% confi-
dence level.

The ttbb is one of the main backgrounds for the ttH (bb) search. Recent studies with
Monte Carlo events generators show that there is a large fraction of ttbb events with jets
containing two b-hadrons. Standard algorithms for the identification of jets originating
from bottom quarks (b-tagging) provide tools to differentiate single b-hadron jets from c-
and non-hadron jets but they are not efficient for the identification of jets containing two
b-hadrons. A new b-tagging algorithm has been developed to discriminate such jets from
single b-hadrons jets. The description of this new b-tagging tool and its performance is
presented in this thesis.



Resume

En juillet 2012, le CERN a annoncé la découverte du boson de Higgs qui est la derniere
particule manquante du Modele Standard. Le boson de Higgs observé montre un cou-
plage directe au bosons W, Z et au lepton tau et indirect au quark top. Afin de verifier
s’il s’agit bien du boson de Higgs du Modele Standard ou d'un modele alternatif, les cou-
plages directs du boson de Higgs au quarks doivent également étre mesurés et comparés
aux prédictions du Modele Standard.

La recherche du boson de Higgs produit en association avec une paire de quarks top
(ttH) est le seul moyen pour accéder directement au couplage de Yukawa du boson de
Higgs au quark top. Cette measure fournit un test important du mécanisme de Higgs
dans le Modele Standard. Cette these présente une recherche du boson de Higgs dans le
canal ttH (H — bb), en utilisant les données de collisions proton-proton a /s = 13 TeV,
collectées avec le détecteur ATLAS en 2015 et 2016. Le canal considéré est ttH(H —
(Ivb)(5jb)(bb), le boson de Higgs se désintégrant en deux quarks b et I'un des quarks top
se désintégrant avec en lepton.

Ce document détaille en particulier les contributions faites par 'auteur de cette re-
cherche : la reconstruction entiére du systeme t¢[/(H — bb) en un seul lepton et la
discrimination finale entre le signal et le bruit de fond principal ¢¢+jets. Une nouvelle
méthode a été développée pour résoudre le probleme de combinatoire en reconstruisant
entierement l'etat final ttH avec la technique multivariée afin d’associer a chaque jet
reconstruit un quark initial unique. Finalement, une technique multivariée a été utilisée
pour séparer le signal du bruit de fond principal ¢t+jets augmentant ainsi la sensibilité
de la recherche par rapport a ’'analyse Run 1.

Le ttbb est I'un des principaux bruit de fonds pour la recherche de ttH(H — bb)).
Des études récentes bases sur des événements générés par Monte Carlo montrent qu’il
y a une fraction importante d’événements t¢bb avec des jets contenant deux hadrons b.
Les algorithmes de b-tagging standard permettent de différencier les jets a un hadron
b des jets c et legers, mais ces algorithmes ne sont pas efficaces pour identifier des jets
a deux b-hadrons. Un nouvel algorithme de b-tagging a été développé pour séparer ces
jets des jets a un hadron b. Une description de ce nouvel outil de b-tagging et de ses
performances sont présentées dans cette theése.
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Introduction

The Standard Model (SM) of particle physics describes with great precision almost all
the observed particle properties and their interactions. The model, developed during the
second half of the twentieth century, has been extensively tested with no experimental
results that contradict its predictions. The discovery of the vector bosons (W* and Z)
with the expected properties increased our confidence in the model. The mass of the
particles are arbitrary parameters of the model and its origin is described via the Higgs
mechanism, an elegant solution responsible for electroweak symmetry breaking. The
mechanism generates the mass of all the particles of the model, and also creates an
associated particle, the Higgs boson. This key particle of the SM was discovered by the
ATLAS and CMS collaboration in July 2012, forty years after its prediction.

Following the discovery of the Higgs boson, further data will allow in-depth inves-
tigation of its properties. Due to its large mass, the top quark coupling to the Higgs
boson (or top Yukawa coupling) is the largest among the fermions in the SM. Probing
the top Yukawa coupling directly requires a process that results in both a Higgs boson
and top quarks. The associated production of a Higgs boson with a top quark pair (ttH
channel) would allow a direct measurement of the top Yukawa coupling at the LHC.
This thesis presents a search for the SM Higgs boson produced in association with top
quarks decaying to a b quark pair where one of the top quark pair decays to a lepton,
the ttH — (Ivb)(jjb)(bb) single lepton channel is considered.

The analysis is performed with 13.2 fb~! of data recorded with the ATLAS detector in
2015 and part of 2016 at a centre-of-mass energy of 13 TeV. A particular focus is placed
on the main contributions made by the author: the full event reconstruction of the
ttH(H — bb) single lepton system and the final discrimination between the signal and
the large tt+jets background using multivariate techniques. In the t/H (H — bb) search,
it is very challenging to distinguish the signal from the irreducible and huge background
arising from top quark pair production with additional b-quarks (t¢ + bb). Two steps
have been developed in order to increase the signal-to-background separation. In the
first part we find the best corresponding match between the observed jets and final-
states quarks from the ttH(H — bb) system using a multivariate analysis (called MVA
reconstruction). This allows variables related to the reconstructed top quarks or the
Higgs boson to be defined with a good discrimination power in a natural way (e.g. Higgs
mass). In the second step we combine these variables with additional global variables
(e.g. average AR for all b-tagged jet pairs) in a multivariate technique. Variables from
the MVA reconstruction improve the signal-to-background separation by about 16% in
the most sensitive region. The novel method to separate signal from background was

13



successfully implemented in the first ATLAS t¢H(H — bb) Run 2 result. The best-fit
signal strength (the ratio between the measured and predicted cross sections) is found
to be 1.6 + 1.1. No significant excess of events above the background expectation is
found and an observed (expected) limit of 3.6 (2.2) is set at 95% confidence level.

The ¢t + bb is one of the main backgrounds for the ttH (H — bb) search. Recent studies
with Monte Carlo events generators show that there is a large fraction of ¢ + bb events
with jets containing two b-hadrons. The most advanced ATLAS b-tagging algorithms do
not provide information on the number of b-hadrons within the jet. This thesis presents
a new tagger to identify jets containing two b-hadrons. We use a Multiple Secondary
Vertex (MSV) algorithm to reconstruct multiple vertices within jets. Then, a multivariate
analysis (Boosted Decision Tree) is used to increase the discrimination power between
jets with two b-hadrons and jets containing a single b, ¢ or no hadrons.

This thesis is organised as follows. Chapter 1 gives the basis of the SM of particle
physics and introduces the Higgs mechanism and Higgs boson physics. The ATLAS
detector is detailed in chapter 2. Chapter 3 presents the identification of jets containing
two b-hadrons. The search for the Higgs boson in the ¢t H(H — bb) single lepton channel
is described in chapter 4. Finally, chapter 5 summarises the studies in this thesis.

14



1. Theoretical introduction

In this chapter a short overview of the Standard Model (SM) is presented. After a brief
review of the elementary particles and fundamental interactions, we will focus on the
electroweak sector of the SM and particularly on the Brout-Englert-Higgs mechanism
of the symmetry breaking that generates the mass of particles. This mechanism implies
the existence of a new particle, the Higgs boson. The observation of the Higgs boson
particle by ATLAS [1] and CMS [2] collaborations in July 2012 experimentally proved
the existence of the Higgs field. This was the final missing piece of the Standard Model
to be experimentally verified, that had taken 48 years to be experimentally confirmed.
The Higgs boson production and decays at hadronic colliders are described in the last
section.

1.1. Introduction to Standard Model of particle physics

The Standard Model of particle physics is the theory that describes the elementary con-
stituents of matter and their interactions. With the exception of gravity, it describes the
three known fundamental interactions: weak, strong and electromagnetic. The elemen-
tary particles described in the SM can be classified into two types: fermions (leptons
and quarks) which constitute matter and bosons which act as the mediators of the fun-
damental forces. They are summarised in figure 1.1.

The Standard Model of electroweak and strong interactions is a quantum field theory
based on the gauge group:

SU@B)e x SU2), x U(1)y, (1.1)

where C refer to colour, L to the left-handed weak isospin and Y to hypercharge. The
first part of the gauge group SU(3)c is the non-Abelian symmetry group which describe
the strong interaction between quarks. The gluonic gauge fields are coupled to the
colour charge as formalised in quantum chromodynamics (QCD) [3,4]. The second
part of the gauge group SU(2);, x U(1)y represents the unified electroweak interactions
known as the Glashow-Salam-Weinberg theory [5-7], which is spontaneously broken
via the Brout-Englert-Higgs mechanism [8-11] .
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Figure 1.1.: The Standard Model elementary particles. The classification contains some
of their characteristics (mass, charge, spin) of the three families of quarks and
leptons, intermediate bosons and the Higgs boson.

1.1.1. Elementary particles and fundamental interactions

All the elementary particles of the Standard Model are represented as fundamental
fields and can be divided in two groups: matter fields, that is, the three generations of
quarks and leptons, carrying spin-1/2 and gauge fields corresponding to the spin-one
(or spin-zero for the Higgs) bosons that mediate the interactions.

Leptons and quarks are organised in families, with the left-handed fermions belong-
ing to weak isospin doublets while the right-handed components transform as weak
isospin singlets. Table 1.1 lists all leptons and quarks in the SM?.

The down-type quarks d’, ' and &’ denote the electroweak eigenstates consisting of
a mixture of mass eigenstates via the Cabibbo-Kobayashi-Maskawa (CKM) unitary ma-
trix [12,13].

d d
s | =Vexm | s |- (1.2)
v b

In the Standard Model the CKM matrix can be described by three angles and one com-
plex phase. Currently the experimental value of each element of the CKM matrix [14]
is:

@ Experiments have shown that neutrinos (v) are always left-handed. Since right-handed neutrinos do
not exist in the Standard Model, the theory predicts that neutrinos can never acquire mass.
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Name ‘

Quarks Qp, (Z;,)
L

qr UR CR lr

dr SR br

Ve vy v,
Leptons L, (e) (,u) (7_)
L L L

lr €R MR TR

Table 1.1.: SM fermions. The left-handed (denoted as L) quarks and leptons are in weak
isospin doublets and the right-handed (denoted as R) quarks and charged
leptons are in weak isospin singlets.

[Vaal - [Vaus| - [Vi 0.97427 £ 0.00015 0.22534 & 0.00065  0.003510:00015

Vaa|  [Ves| V| | = | 0.22520 +0.00065 0.97344 £ 0.00016  0.04127(:0008

Vil Vis|  [Visl 0.00867 9003 0.0404+33081 0.999146t8;3ggg§g( |
1.3

The Vikwm terms represent transitions between the different quark generations. For
example, the top quark decays almost 100% of the time into a b quark and W boson
Vi ~ 1).

The quarks have fractional electric charges: u, ¢ and ¢ quarks have +§e (units of ele-
mentary charge, ¢), while the d, s and b quarks have a fractional charge of —%e. Quarks
carry the charge associated with the strong interaction, referred as colour and can be
either red, green or blue. Similarly, the leptons are divided into electrically neutral neu-
trinos and charged leptons with charge -le. Leptons and quarks have corresponding
antiparticles with the same mass, but opposite quantum numbers. While leptons can
exist as free particles, quarks are always found in groups of two, three or more®,and
form particles called hadrons (colour-neutral state). There are two well know types of
hadrons: the baryons made of three quarks or three antiquarks and mesons composed
of a quark-antiquark pair.

The SM contains the gauge bosons corresponding to strong and electroweak interac-
tions, and the Higgs boson, responsible of the masses of the particles. The corresponding
gauge fields are shown in table 1.2.

The gauge fields are associated to different representations of the symmetry groups
of the SM. In the electroweak sector, the field B, corresponds to the generator Y of
the U(1)y group and the three fields W, correspond to the generators I of the SU(2),,
group. These generators are defined as:

b In April 2014 the LHCb collaboration published results of measurements which demonstrated that
the Z(4430)" particle is composed of four quarks (ccdu). And in July 2015 the first observation of
two pentaquark particles, i.e. hadrons composed of five quarks, was announced.
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Name ‘

Bosons | Hypercharge B,
Isospin = W i=1,2,3
Colour Gja=1,...,8
Higgs h

Table 1.2.: SM gauge fields.

I'= 0" (1.4)

where o' are the Pauli matrices. The commutation relation between the generators
are given by: o )
(I, ] =ie*I,  and  [Y,Y] =0, (1.5)

where €% is the antisymmetric tensor. The four fields are massless in order to conserve
the symmetry. However, the symmetry breaking induced by Higgs field changes them.
The charged weak bosons W+ appear as a linear combination of W' and W2, while the
photon () and the neutral weak boson Z are both given by mixture of 1W? and B,.

In the strong interaction sector, the spin 1 gluon fields G, are an octet associated to
the eight generator 7 of the SU(3)c group and which obey the following relations:

[T, T = if*T,  with  Tr[T*T" = ;5@, (1.6)
where the tensor % is the structure constant of the SU(3)s group.

The bosons are the force carriers that mediate the fundamental interaction. The
photon v mediates the electromagnetic force between electrically charged particles, the
W* and Z° bosons mediate the weak interaction between particles of different flavors
(quarks and lepton) and the gluons mediates the strong interaction between colour
charged particles (quarks). Table 1.3 presents a summary of the bosons with their
masses and electric charges.

Interaction Mediator Electric charge [e] Mass [GeV]
Strong 8 gluons (g) 0 0
Electromagnetic photon () 0 0
Weak charge weak (W¥) +1 80.385 £ 0.015
neutral weak (2) 0 91.1876 + 0.0021

Table 1.3.: Fundamental interactions in the SM. The mediators (bosons), their electric

charge and masses are listed as well [14]. The gravitation is not included in
the SM.
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1.1.2. The Standard Model and the Brout-Englert-Higgs
mechanism

In this section, a brief review of the SM formalism is presented. The derivation of the
formalism mainly follows the approach of ref [15, 16].

The SM Lagrangian summaries the laws of physics for the three basic interactions,
the electromagnetic, the weak and the strong interactions between the leptons and the
quarks. Moreover, the specific form of the Higgs interactions generates the mass of the
elementary particles. The SM Lagrangian has four contributions:

ESM = Lgauge + Lfermions + ['Higgs + EYukawa- (17)

The first contribution contains the kinematic and self-interactions terms of the various
gauge fields. It is formulated with the composition of the U(1)y gauge field B,, the three
SU(2). gauge fields T and the eight SU(3)¢ gauge fields G

1 a v 1 a v 1 v
Egauge — _ZG‘LWG';L — ZW!LVW;JJ — ZBPWB# s (18)

where the gauges field are defined as:

G, = 0,G% — 0,G + gs [ GGy, a€l,8], (1.9)
Wi, = 0.W, — O,W, + g2 WW? i e[L,3], (1.10
B, = 0,B, — 0,B,, (1.11)

where g, and g3 are the weak-isospin and the strong coupling constant of SU(2) and
SU(3), respectively.

The second term of the Lagrangian 1.7 describes the dynamics of the fermion-gauge
boson coupling:

*Cfermions = Z ¢i7/LDll¢7 (112)
YL, ¥R

with the sum running over the left- and right- handed field components of the leptons
and quarks. The matter fields 1) are coupled to the gauge fields through the covariant
derivative D,,. In case of quarks, the covariant derivative is defined as:

~ a P 4
Dty = (O = igsTuG, — i iV, — g1 By, (1.13)

where the weak-hypercharge coupling constant of U(1) is denoted by g;.
The electroweak part of the Lagrangian 1.8:

1

1
Loy = —— W WH —

B.,B", (1.14)
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can be reformulated by introduction of the transformations:

A, =sin GWWj’ + cosOw B, (1.15)
Z, = cos GWI/V;3 —sinfw By, (1.16)
1
£ _ 1 112
W= = E(WM F ZWH)’ (117)

where the free parameter 6y, is the Weinberg angle, defined by the ratio of the SU(2),
and U(1)y couplings:
tan Oy = g1/go. (1.18)

With these transformation the Lagrangian 1.14 changes into:

Low = — 3 Fu @) (@) — 5 Pl () B (2) — (P (), (119)
where F),, represent the electromagnetic tensor associated to the photon field A, Fy .,
and F,, are tensors related to the electroweak fields W+ and Z.

Up to this point, the gauge fields and the fermions fields have been kept massless.
The fields W* and Z can acquire a mass if one added the terms mj, W} (z)W*(x) +
sm%Z,(z)Z"(x) into 1.19. This incorporation of mass terms for the gauge bosons (and
for fermions) leads to a breakdown of the local SU(2) x U(1) gauge invariance.

Therefore, an essential ingredient of the SM is the scalar potential that is added to
the Lagrangian to generate the vector-boson (and fermions) masses without explicit
breaking of the SU(2) x U(1) gauge symmetry. It is made via the Brout-Englert-Higgs
mechanism of spontaneous symmetry breaking.

The Brout-Englert-Higgs mechanism

The Higgs field is introduced as a complex scalar doublet:

o= (%) (120
and the Higgs Lagrangian is written as:
Lttiggs = (D'$) (D) — V(679), (1.21)
with the scalar potential in the form:
V(lo) = 1¢'o + A\(¢'9)?, (1.22)

For ;2 > 0 the minimum occurs at ¢ = 0. That is, the vacuum is empty space and
SU(2) x U(1) gauge symmetry is unbroken at the minimum. For p? < 0 and A > 0,
one produces the shape of a “mexican hat”, as illustrated in figure 1.2. The potential
V(¢) has two critical points: a local maximum at ¢ = 0 and the nonzero minimum at

20



¢o = \/ =, which breaks the SU(2) x U(1) symmetry invariance.

22X °

Figure 1.2.: The Higgs potential V(¢) for > < 0 and X > 0.

The Higgs field can be expanded around this minimum to produce the expression:

o) = 5 ( b ) | (123

where v = @ is referred to as the vacuum expectation value and the field A(x)
describes small perturbations around the ground state. The lowest energy excitation of
the Higgs field above its ground state is known as the Higgs boson.

Then, the Higgs Lagrangian can be written in terms of the new field as:

: ;.Y v+h) [0\ [ v+ h)? v+ h)?
EHz‘ggs:|<au_ZQZIiWu_Zgl;BM>( \/§)<1>‘ —,u2< 5 ) —)\( 1 ) . (1.24)

The first term of 1.24 contains the vector bosons and can be expanded as:

(0= 5(@WEi+aB,) WL —iWD), 0
—2 Wy +iW3) O+ 5(92W) — 91 B,) v+ h

2

1 1 1
= 5 (Ouh)* + 2g2(v + D)W +iWEP + (v + )9 W) = i Byl

In terms of the physical fields A, (1.15), Z,, (1.16) and W+ (1.17), it becomes:
1 2 2 2
— S0uh0"h + %(v +RA(WEW 922;9142“). (1.25)
2

The bilinear terms in the fields W+, Z, and A are:

1 1
my WIW* + imQZZMZ“ - §m?4AMA".
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In regards of 1.25, the masses of the W and Z bosons can be written as:

1
mw = 5V, (1.26)

1
my = iv\/gﬁ + 91, (1.27)

while the photon remains massless, m4 = 0. Therefore, expressing the Higgs field in
terms of its ground state via the addition of the real scalar field 4 induces effective
masses for particles propagating through it.

The second term of 1.24 gives rise to terms involving exclusively the scalar field h,
namely:

1 1 4 1
——(=2p®)h* + —p2v? | —R* + =h* -1

where one can see that the Higgs boson mass term is:

my = \/ =242 = V2. (1.28)
\/7

The vacuum expectation value v can be determined via the relation v = (v/2Gp)"/? =
246 GeV. However, the )\ parameter is associated purely with the scalar field, and thus
cannot be know without knowledge of the scalar field itself. This means that the Higgs
mass cannot be predicted from the theory.

Finally, fermions acquire their masses using the same scalar field ¢. The general
SU(2) x U(1) invariant Yukawa Lagrangian can be introduced as:

LYulmwa = gfff¢ (129)

Replacing the Higgs field by its ground state value ¢ — v/ V2, it gives the mass term
gsv/v/2f f, where the first constant term is identified as the fermion mass:

v
mr=gr—=. 1.30

= 9gf \/5 ( )
Though the masses of the fermions can be introduced in a consistent way via the Higgs
mechanism, the SM does not predict their experimental values. The top quark Yukawa
coupling is considered particularly interesting since it is of the order of 1:

Grop = ﬂm;f”’ ~1. (1.31)

Table 1.4 summarises the intensity of the couplings of the Higgs bosons to fermions
(f), the vector gauge bosons (V' = W or Z) and to itself. The Higgs couplings are
proportional to the particles mass. Therefore, one can establish two general principles:
(i) the Higgs boson will be produced in association with heavy particles; (i) the Higgs
boson will decay into the heaviest particles that are accessible kinematically.
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Coupling Intensity

Hff my/v
HVV  2m3 /v
HHVV  2mi [v?
HHH  3m3 /v
HHHH 3m? /v?

Table 1.4.: The Higgs boson couplings to fermions (f), vector gauge bosons (V = W or
Z) and the Higgs self-coupling in the SM.

1.2. The Higgs boson

The properties of the SM Higgs boson have been computed by the LHC Higgs Cross
Section Working Group [17]. In this section, the most important scattering processes
in hadron colliders, particularly at the LHC, and decays of the Higgs boson will be
summarised briefly.

1.2.1. Higgs production in hadron colliders

In the SM, the Higgs boson couples preferentially to heavy particles, i.e. mainly to the
vector bosons W and Z, and to the top and bottom quarks. Thus, the Higgs boson
production at the LHC occurs mainly through the following processes:

e The dominant process is the gluon fusion (ggF): pp — g9 — H, shown in figu-
re 1.3a, where the loop is dominated by the top quark due to his large mass in
comparison to the other quarks.

e The second process in terms of cross section is the production by vector boson
fusion (VBF): pp — qqVV — qqH, shown in figure 1.3b, where the two virtual
vector bosons (W or Z) annihilate to create a Higgs boson.

(a) (b)

Figure 1.3.: Leading-order Feynman diagrams for Higgs boson production via the (a) ggF
and (b) VBF production processes.
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e The two next dominant production modes are the associated production with a
vector boson (VH): pp — q¢ — V H, as shown in figure 1.4a, or pp — g9 — ZH,
as shown in figures 1.4b and 1.4c.

t/b A Y

(a) (b) (c)

Figure 1.4.: Leading-order Feynman diagrams for Higgs boson production via the (a) qq
— VH and (b),(c) gg — ZH production processes.

¢ Finally we have the associated production with two heavy quarks, dominated by
a pair of top quark (ttH): qq, g9 — ttH, shown in figure 1.5. The ttH production
allows to measure the top Yukawa coupling. The cross section o(pp — ttH) is
directly proportional to the square of this fundamental coupling.

(a) (b) ()

Figure 1.5.: Leading-order Feynman diagrams of Higgs boson production via the qq/gg
— ttH and qq/gg — bbH processes.

e Other less important production processes are the production in association with
a single top quark (tH), show in figure 1.6. The tH process is expected to have
a negligible contribution in the SM but may become important in some Beyond
Standard Model (BSM) scenarios.

The production cross sections at the LHC are quite sizeable so that a large sample
of the SM Higgs particles can be produced. The production cross sections at /s = 13
TeV are summarised in table 1.5. Experimental difficulties arise from the huge number
of background events that come along with the Higgs signal events. This problem can
be tackled by triggering on leptonic decays of W, Z and top quarks in the associated
productions.
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~
S H

(a) (b) () (d)

Figure 1.6.: Leading-order Feynman diagrams of the Higgs boson production in associa-
tion with a single top quark (a),(b) gb — tHq and (c),(d) gb — tHW pro-
cesses.

Production Cross section [pb]

process Vs = 13 TeV
gegF 48.6
VBF 3.78
WH 1.37
ZH 0.884
ttH 0.507
tH 0.074

Table 1.5.: The Higgs boson production cross sections at the LHC for various production
mechanisms. SM predictions with the Higgs mass of 125 GeV [17].
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1.2.2. Higgs decays

In the SM, the possible decay modes of the Higgs boson are essentially determined by
the value of its mass. The Higgs decay width (I") is directly related to the coupling
factors. The decay widths into massive gauge bosons (V' = W, Z) or fermions are
proportional to the gyvy and gy, couplings respectively. Thus, the Higgs boson will
decay in most of cases to heavy particles such as pairs of electroweak gauge bosons
(W=, Z) and into pairs of quarks and lepton (b, 7, 1), as illustrated in figure 1.7.

bt ,pu

bty

(a) (b)
Figure 1.7.: The Higgs boson decays to W and Z bosons (a) and to fermions (b).

The Higgs boson does not couple to massless particles, therefore the decay modes
in two photons or two gluons are induced through heavy particle loops, as show in

figure 1.8.

(a)
Figure 1.8.: The H — 7 decay mediated by heavy quark loops (a) and W boson (b) ,(c).

The decay branching ratios of the SM Higgs boson are shown in table 1.6.
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Decay channel Branching ratio [%]

H — bb 58.2
H—-WW 21.4
H — gg 8.19
H — 71 6.27
H — cc 2.89
H—ZZ 2.62
H — vy 0.227
H — Z~ 0.153
H — pp 0.022

Table 1.6.: Branching ratios of the Higgs boson with a mass of 125 GeV [17].

1.3. Summary

The Standard Model of elementary particle physics is a very successful theory which
provides a successful description of the strong, weak, and electromagnetic interaction
between the known elementary particles. The last missing piece of the SM, the Higgs
boson, was directly observed by ATLAS and CMS experiments at the LHC in July 2012.
The SM Higgs boson was observed in different channels. However, the fermionic decay
modes (e.g. H — bb) are not yet confirmed as precisely as the bosonic decay modes.
Precise measurements of its properties (i.e. mass, spin / CP and couplings) are very
important to investigate for possible deviations from the SM. Due to its large mass the
top quark coupling to the Higgs boson is the largest among fermions in the SM. Indirect
constrains of the top Yukawa coupling were published in Run 1 [18] using a Higgs
gluon fusion production and H — ~v decay. The associated production of a Higgs
boson with a top quark pair (ttH channel) is the only way for a direct measurement of
the top Yukawa coupling at the LHC. Therefore the ttH observation and the top Yukawa
coupling measurement will be highlights of Run 2 and one of the main subjects of this
thesis.

27



2. The ATLAS experiment

The ATLAS experiment is a general purpose particle physics experiment at the Large
Hadron Collider (LHC) at CERN. It investigates a wide range of physics, from the search
for the Higgs boson to new physics in proton collisions at very high energy. The CMS
experiment, at the other side of the LHC ring has the same physics programme.

A brief presentation of CERN and its chain of accelerators and experiments are given
in section 2.1. An overview of the sub-detectors of the ATLAS detector will be presented
in section 2.2. The ATLAS trigger system and data processing are summarised in sec-
tion 2.3 and section 2.4 respectively. The object reconstruction and identification are
described in section 2.5.

2.1. The Large Hadron Collider

2.1.1. CERN

The European Organization for Nuclear Research (CERN) is located at the French-Swiss
border near Geneva. The name is derived from the french acronym Conseil Europeen
pour la Recherche Nucleaire and was founded in 1954 with 12 member states. There
are now 21 member states mainly from European countries. CERN employs around
2500 people, scientific and technical staff and 12000 visiting researchers from more
than 70 countries working with the CERN facilities. These scientists represent a large
community of 120 different nationalities and over 600 universities.

2.1.2. The LHC machine

The LHC [19] project was approved by the CERN Council in December 1994 to replace
the Large Electron—Positron (LEP) collider machine. The LHC is a hadron accelerator
and collider installed in the existing 27 km long tunnel previously constructed to host
the LEP ring. The tunnel lies between 45 m and 170 m below the surface on a plane
inclined at 1.4 % .

The aim of the LHC and its experiments is to test the Standard Model or reveal the
physics beyond the Standard Model. In order to achieve theses goals, it was decided
that the LHC machine would accelerate protons® to centre of mass collision energies of
14 TeV.

2 The LHC also collides lead-ions over one month per year as part of the diverse research programme.
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The number of events per second generated in the LHC collisions is given by:
Nevent - Laeventa

where oeent 1S the cross section of the process studied and L the luminosity which
depends only on the LHC machine parameters and on the configuration of the magnets
in the proximity of the experiments, mainly quadrupoles, which have to focus the beams
into the point where the collisions takes place. The luminosity can be written as:

I — Nl?”bfrev'yrF
dre, B*
where N, is the number of particles per bunch, n, is the number of bunches per beam,
frev is the revolution frequency, ~, is the relativistic gamma factor, ¢, is the normalised
transverse beam emittance, $* is the beta function at the collision point, and F' is the
geometry luminosity reduction factor due to the crossing angle at the interaction point
(IP):

0.0 o
F= (1+(2f‘*)2) 1/

0. is the full crossing angle at the IP, o, is the root mean square (RMS) of the bunch
length distribution, and o* is the RMS of the transverse beam size at the IP.

The design specifications of the LHC are shown in table 2.1. The LHC running condi-
tions for Run 1 and Run 2 period are summarised in table 2.2.

Beam particle Protons
Injected beam energy 0.45 TeV
Nominal beam energy 7 TeV
Number of dipole magnets 1232
Max dipole field 83T
Luminosity 103 cm 257!
Particles per bunch 1.1 x 10t
Number of bunches 2808
Bunch spacing 25 ns

Table 2.1.: Design parameters of the LHC.

2.1.2.1. Accelerator and Energy

The CERN accelerator complex is illustrated in Figure 2.1. The first stage in the accel-
eration is linear, LINAC II strips the electrons from hydrogen atoms to produce protons,
which are then linearly accelerated to approximately one third of the speed of light.
Then, the protons are injected into the Booster, a small synchrotron. The protons are
divided into 4 bunches and circularly accelerated via a pulsing electric field. The Booster
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Run 1 Run 2

Parameter 2012 2015 2016
Beam energy [TeV] 4 6.5 6.5
Bunch spacing [ns| 50 50 - 25 25
Max. number bunches 1380 2244 2064
Protons per bunch [10'] 1.6 1.15 ~1.2
Beta* [cm] 60 80 40
Peak luminosity [cm™2s™!] 8x 10 0.5 x 103 ~1x10%
Collisions per bunch crossing (mean) 21 15 ~25

Table 2.2.: The LHC running conditions during Run 1 and Run 2.

LHC

e Nor‘th Area

SPS

neutrinos
T2

ATLAS CNDS

Gran Sasso
AD
e S00STER
IEDLD&
; KE= ,EE?FA'???!
.‘\ I :
ﬁf— k /‘l 1959[Bm
neutrons Leir
i
) b ion » neutrons » f(antiproton) == n/antiproton conversion  » neutrinos  » electron
LHC Large Hadron Collider  SPS  Super Proton Synchrotron - PS Proton Synchrotron
AD Antiproton Decelerator  CTF3 Clic Test Faciity CNCS Cern Neutrinos to Gran Sasso
LER LowEnergylonRing LINAC LINear ACcelerator n-Tof Neutrons Time Of Flight ISOLDE Isotone Separator OnLine DEvice

Figure 2.1.: CERN accelerator complex (not to scale), showing the injection system and
the component’s date of construction.
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has 157 m in circumference. It accelerates the protons to 0.916¢ (¢ denotes the speed of
light in vacuum). The third stage of acceleration is the Proton Synchrotron, a circular
accelerator with a circumference of 628 m increases the protons to 0.999¢ in 1.2 seconds.
The final stage of acceleration before injection into the LHC is the Super Proton Syn-
chrotron with a circumference of 7 Km. At this step the proton beam is separated in
two parts to be injected in a counter-rotating configuration in the LHC. The energies
reached by the protons at the end of each accelerator are:

e Proton LINear ACcelerator (LINAC): Up to 50 MeV
e Proton Synchrotron Booster (PSB): 1.4 GeV

e Proton Synchrotron (PS): 26 GeV

e Super Proton Synchrotron (SPS): 450 GeV

e LHC: 7 TeV

The maximum beam energy that the LHC can deliver depends strongly of the mag-
netic field of the dipole magnets needed to keep the particle along the trajectory. The
use of superconducting dipoles, shown in Figure 2.2, must supply a magnetic field of
8.3 T which corresponds to a beam energy of 7 TeV. The magnets need to be cooled
down to a temperature of 1.9 K.

Almost the same chain of successively energetic accelerators is used to accelerate
heavy lead ions Pb®? to an energy of 574 TeV which corresponds to a centre of mass
energy of 2.76 TeV/nucleon in Pb-Pb collisions.

The accelerator tunnel comprises eight straight sections and eight arcs, as shown in Fi-
gure 2.3. The tunnel contains the two rings which produce two counter-rotating particle
beams colliding at Points 1, 2, 5 and 8. The four main detectors are built around these
points. The beam is accelerated using superconducting Radio-Frequency (RF) cavities,
located in the straight section at Point 4, which provide RF energy to the beams and
keep the bunches tightly bunched to ensure optimal condition at the collision point.
The Points 3 and 7 contain beam collimation systems which shape and clean the beam.
The straight section in Point 6 is used as the beam dump, where the beams are removed
from the LHC and “dumped” into a graphite target to dissipate the beam’s energy.

The arcs are built using a total of 1232 superconducting dipole magnets which keep
the beams in the (nearly) circular orbit. Additionally, there are 392 quadrapole magnets,
located in the straight sections, which serve to focus the beam.

2.1.2.2. The Experiments on the LHC

The experiments installed on the LHC ring are briefly described below:

ALICE (A Large lon Collider Ezperiment) [20]: designed with the intention of study-
ing the quark gluon plasma that results from the intense temperatures generated during
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Figure 2.2.: Cross-section of the LHC superconducting dipole.
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the heavy ion collisions. Design considerations of ALICE have been made with the abil-
ity to cover a large phase space and to detect hadrons, leptons and photons.

ATLAS (A Toroidal LHC Apparatus) [21]: the ATLAS detector is the largest detector
in operation at LHC. Its design philosophy was to create a detector with the ability to
detect the full range of masses allowed for the Higgs boson while retaining the ability
to detect the known SM particles such as heavy quarks and gauge bosons.

CMS (Compact Muon Solenoid) [22]: The CMS detector has the same research
prospect as the ATLAS experiment. CMS is built with a strong superconducting mag-
netic field of 4 T to collect the maximum energy from the particles. CMS has a very
compact design of 12500 tonnes of material.

LHCDb (Large Hadron Collider beauty) [23]: LHCD is a single-arm spectrometer with
a forward angular coverage from approximately +15 mrad to +300 mrad in the bend-
ing plane. In terms of pseudo-rapidity the acceptance is 1.9 < n < 4.9 . The LHCb
experiment has as main purpose study the CP violation and the physics of decay in the
B-meson system. The geometry is influenced by the fact that both b and b hadrons are
created in the same forward (or backward) cone. LHCb has excellent particle identifi-
cation and vertex resolution necessary for the study of rapidly oscillating B mesons.

LHCf (Large Hadron Collider forward experiment) [24]: It is the smallest of all the
LHC experiments. Its aim is to study the particles generated in the forward region of
collisions, to verify hadronic models at very high energy for the understanding of ultra-
high energetic cosmic rays. It consists of two small detectors, 140 m on either side of
the ATLAS intersection point.

TOTEM [25]: The TOTEM experiment measures the total pp cross-section and
study elastic scattering and diffractive dissociation at the LHC. TOTEM also aims to
measure the luminosity at the CMS interaction point where it is based. It covers the
very forward region in the pseudo-rapidity range.
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Figure 2.3.: Schematic of the LHC ring showing the four interaction points.
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2.2. The ATLAS Detector

The ATLAS detector is a general purpose particle physics experiment. It is designed to
achieve the maximum coverage in solid angle around the interaction point. This is re-
alised by several layers of active detector components around the beam axis (barrel) and
perpendicular to the beam axis in the forward regions (endcaps). The ATLAS detector
consists of four major components, the Inner Detector which measures the momentum
of the charged particles, the Calorimeter which measures the energies carried by the
particles, the Muon spectrometer which identifies muons and the Magnet system that
bends charged particles for momentum measurement. Figure 2.4 show an overview of
the ATLAS detector, including all subdetectors and the magnet systems (one solenoid
and three air-core toroids). Table 2.3 lists the design performance of the ATLAS detector.

25m

LAr hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet
Semiconductor tracker

Transition radiation tracker

Figure 2.4.: The ATLAS detector and its components.

The ATLAS Coordinate System

The ATLAS Coordinate System is a right-handed system with the z-axis pointing to the
centre of the LHC ring, the z-axis following the beam direction and the y-axis going
upwards. The azimuthal angle ¢ is defined with respect the beam axis in the z-y plane.
¢ is measured in the range [—7, w]. The polar angle 6 is measured from the positive =
axis. The pseudorapidity, 7, is defined by

1= —log(ian 3),
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Detector component  Resolution 7 coverage

measurement
Tracking o/pr = 0.05% pr & 1% In| <2.5
EM calorimetry o/E =10% VE @ 0.7% In| < 3.2
Hadronic calorimetry
- barrel and end-cap o/E = 50% VE @ 3% In| < 3.2
- forward o/E =100% vE ® 10% 3.1 < |n| <4.9
Muon spectrometer  o/pr = 10% at pr = 1 TeV In| < 2.7

Table 2.3.: Design performance and coverage of the ATLAS subdetectors [21].

and the distance of objects in the pseudorapidity-azimuthal angle space is defined as:
AR = /An? 4+ A¢?

2.2.1. The Inner Detector

The ATLAS Inner Detector (ID) provides charged particle tracking with high efficiency
over the pseudorapidity range of |n| < 2.5. The ID consists of three independent but
complementary sub-detectors. Figure 2.5 shows a cutaway view of the barrel ID. All the
sub-detectors allow precision measurement of charged particle trajectories in an envi-
ronment of numerous tracks: the Insertable B-Layer (IBL) and the Pixel detector mainly
contribute to the accurate measurement of vertices, the silicon microstrip (SCT) mea-
sures precisely the particle momentum, and the transition radiation tracker (TRT) en-
hances the pattern recognition and improve the momentum resolution, with an average
of 36 hits per track. The TRT contributes also to electron identification complementary
to the calorimeter over a wide range of energies. Figure 2.6 illustrates in more details
the sub-detector layers in the barrel and end-cap regions. The ID is immersed ina 2 T
axial magnetic field generated by the central solenoid, which extends over a length of
5.3 m with a diameter of 2.5 m.

2.2.1.1. The Pixel detector

The Pixel detector is the innermost part of the ID, originally it was a three layers system.
In 2014 a fourth innermost layer, the IBL described in the next section, was installed
for Run 2. A Pixel sensor or module is a 16.4 x 60.8 mm wafer of silicon with 46080
individual channels called pixels of 50 x 400 micros each. A Pixel module comprises
an un-packaged flip-chip assembly of 16 front-end electronics chips bump bonded to
a sensor substrate. There are 1744 modules in the pixel detector with a total of more
than 80 millions detection units. A cylinder of 1.4 m long and 0.5 m in diameter centred
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Figure 2.5.: The ATLAS Inner Detector for Run 2.
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Figure 2.6.: A quarter section of the ATLAS Inner Detector view in r-z plane. The lower
part shows a zoom of the pixel region.
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on the interaction point supports the active parts. The barrel part of the pixel detector
consist of the 3 cylindrical layers with radial positions of 50.5 mm, 88.5 mm and 122.5
mm respectively. There are 22, 38 and 52 staves in each of these layers respectively.
Each stave is composed of 13 pixel modules. The staves are mounted with a tilt angle
of 20° to form a layer, this geometry allows overlaps between the modules.

The two pixel end-caps each have three identical disks perpendicular to the beam
axis. Each of the disks consist of 8 sectors. Six pixel modules are directly mounted on
each sector. The modules are rotated with a tilt angle of 7.5° to ensure overlap between
modules.

The intrinsic measurement accuracies of the pixel detector in the barrel are 10 ym
(R-¢) and 115 pum (z) and in the disks are 10 ym (R-¢) and 115 um (R). The Pixel
detector is designed to measure 4 hits per track in the barrel region and 5 hits per track
in the endcaps. The initial Run 1 Pixel detector design allowed to measure only 3 hits
per track in the barrel region. The IBL adds an additional hit.

2.2.1.2. The Insertable B-Layer

The Insertable B-Layer (IBL) is the fourth layer added to the Pixel Detector between a
new beam pipe and the inner Pixel Detector (B-layer). It consists of 14 tilted staves
which are 64 cm long, 2 cm wide and tilted in ¢ by 14°, equipped with 32 front-end
chips per stave and sensors facing the beam pipe over the range of || < 2.5. The inner
radius of IBL is 31 mm with an outer radius of 38.2 mm while the sensor are present at
an average radius of 33.4 mm. The IBL sensors have 50 x 250 micron pixels adding an
additional 12 million pixels to the pixel system.

The performance of the IBL is critical to the full realisation of the physics capabil-
ities of the ATLAS experiment. The addition of the IBL provides improved precision
for vertexing and b-tagging (identification of jets originating from bottom quarks). The
improvement in the b-tagging performance due to the addition of the IBL and the algo-
rithmic updates can be found in ref. [26].

2.2.1.3. The SemiConductor Tracker (SCT)

The SCT consist of four cylindrical layers in the barrel region and 9 disks at each end
of the barrel (endcap). The barrel SCT consist of 2112 rectangular shape modules. A
module is constructed with four rectangular planar p-in-n silicon strip sensors which
have a thickness of 285 um and 768 effective strips with pitch of 80 ym. The four
sensors, two of each on the top and bottom side, are rotated with their hybrids by
+ 20 mrad around the geometrical centre of the sensors. They are glued on a 380 ym
thick thermal conductive mechanical support. A barrel module with its components
is shown in Figure 2.7. The two 768 strip sensors on each side form a 128 mm long
unit. The endcap SCT consist of 1976 trapezoidal shape modules placed on 18 endcaps
disks, using 4 types of modules which were placed in three rings named as outer, middle
and inner on disks. The endcaps modules were constructed in the same manner as the
barrel. The strip pitch is varied from 56.9 to 90.4 ym. The intrinsic accuracies per
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module in the barrel are 17 um (R-¢) and 580 um (z), while in the endcap region they
are 17 um (R-¢) and 580 um (z). The total number of readout channels in the SCT is
approximately 6.3 millions. The SCT detector is design to measure 8 hits per track in
the central region and 9 hits per track in the endcaps.

BeO facings (far side)

Hybrid assembly

Slotted washer

Baseboard TPG

Silicon sensors Datum washer Connector
BeO facings (cooling side)

Figure 2.7.: A SCT barrel module. The thermal pyrolytic graphite (TPG) provide a high
thermal conductivity path between the coolant and the sensors.

2.2.1.4. The Transition Radiation Tracker (TRT)

The Transition Radiation Tracker (TRT) itself is subdivided into two sections, the TRT
barrel (|| < 1.0) and the TRT end-caps (1.0 < |n| < 2.0). The TRT barrel has the sensor
layers running parallel to the beam axis, while the sensor layers of the end-cap TRT are
radially oriented.

The TRT is based on straws, which in case of the barrel are 144 cm long. They are
electrically separated into two halves at || = 0 and arranged in a total of 73 planes. The
end-cap straws are 37 cm long, radially arranged in wheels with a total of 160 planes.
The straws themselves are polyimide tubes with a diameter of 4 mm. Its wall is made
of two 35 um thick multi-layer films bonded back-to-back to forms the cathode. The
straw wall is held at a potential of -1530 V. The anodes are 31 ym diameter gold-plated
tungsten wires. They are directly connected to the front-end electronics and kept at
ground potential. The straws are operated with a gas mixture of Xe/CO,/0,(70:27:3).
To maintain straw straightness in the barrel, alignment planes made of polyimide with
a matrix of holes are positioned each 25 cm along the z-direction of the module.

The TRT operates as a drift chamber: when a charged particle traverses the straw, it
ionises the gas, creating about 5-6 primary ionisation clusters per mm of path length.
The electron drift towards the wire and they cascade in the strong electric field very
close to the wire, thus producing a detectable signal.

As mentioned above the TRT plays a central role for electron identification, cross-
checking and complementing the calorimeter. TRT provides substantial discriminating
power between electron and pions over the energy range between 1 and 200 GeV.
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Typically, the TRT provides 36 hits per track with a precision of about 140 um in the
bending direction.

2.2.2. The calorimeters

The ATLAS calorimeters cover the pseudorapidity range |n| < 4.9. The design has been
guided by the benchmark process of a Higgs boson decaying to two photons, H — ~~.
For such a physics search the calorimeter must have excellent photon resolution, with
uniform photon measurement and good ~/7 discrimination across the entire calorime-
ter. The overview of the ATLAS calorimeter system is illustrated in Figure 2.8. Different
technologies are used across different regions in 1. Surrounding the inner detector the
EM calorimeter is finely segmented for precision measurements of electrons and pho-
tons, while the rest of the calorimeter is segmented more coarsely, since it is mainly
aimed at reconstructing jets and measuring the missing transverse momentum.

The depth of the calorimeter is important to provide good containment for electro-
magnetic and hadronic showers and must also limit punch-through into the muon sys-
tem. The total thickness of the EM calorimeter is > 22 radiation lengths (X,) in the
barrel and > 24 X, in the endcaps. The approximately 10 interaction lengths () both
in the barrel and in the end-caps are adequate to provide good resolution for high en-
ergy jets. The total thickness, including the outer support, is 11 A at =0 and has been
shown by simulation and measurements to be sufficient to reduce punch-through into
the muon system well below the irreducible level of prompt or in-flight decays muons.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

Figure 2.8.: Schematic layout of the ATLAS calorimeters
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2.2.2.1. The electromagnetic calorimeter

The Electromagnetic Calorimeter is based on a highly granular liquid-argon technology
(LAr). LAr is also used in the end-caps of the Hadron Calorimeter. Both detector ele-
ments share the cryostat at the end-cap, which also accommodates a special LAr forward
calorimeter. The design is an novel arrangement of the absorber plates and electrodes
which are arranged with the “accordion” geometry, with a total of ~174000 readout
channels.

It comprises a barrel section, made of two identical half-barrels, together covering
the central pseudorapidity range, || < 1.475 and two endcaps, each covering a region
1.375 < |n| < 3.2. In addition, there is a forward combined electromagnetic/hadronic
liquid argon calorimeter at each end, covering the region 3.2 < |n| < 4.9.

In front of the barrel and part of the endcaps, for ||<1.8, there is a 10 mm thick
presampler to provide an estimation of energy lost in dead material in front of the
calorimeter. In the barrel region, the material budget in front of the detector, associated
with the solenoid and the tracker, varies from ~2X, at n=0 to 5-6X, for n from 1.5 to
1.8. In the endcaps the material budget is ~2.3.X,.

The liquid argon was chosen as an active medium because it offers an intrinsically
linear response which is stable over time and tolerant to high levels of radiation. The
accordion geometry provides high granularity and good hermeticity. The readout is
at the front and back of the calorimeter, rather than at the sides, which means that
adjacent modules can be tightly packed, with full ¢ coverage and no cracks between
modules. A section of the barrel calorimeter is shown in Figure 2.9(a).

The energy deposited in the calorimeter is reconstructed by summing the calibrated
cell energies in the three sampling layers: the strip layer, the middle and back layers,
together with the energy in the presampler for a cluster of cells built around the cell
with the largest energy deposit in the middle layer. The layout of the barrel is shown in
Figure 2.9(b). The relative energy resolution as a function of energy has been measured
for a set of barrel modules in a test beam, with electrons in the energy range 10-245
GeV. The resolution achievable is:

o(E) _ a o b
B E(GeV)

where a = 10 £ 0.1% is the stochastic term and b = 0.17 4+ 0.04% is the constant term.
Similar results have been obtained for the endcaps, which satisfy the calorimeter design
specification.

2.2.2.2. The Hadronic calorimeter

The ATLAS hadronic calorimeters are divided in: the tile hadronic calorimeter (Tile-
Cal), the liquid-argon hadronic end-cap calorimeter (HEC) and the liquid-argon forward
calorimeter (FCal), as shown in figure 2.8.

The TileCal is divided into three parts: a barrel, covering the region |n| < 1.0, and
two extended barrels on each side, covering the range 0.8 < |n| < 1.7. Radially, the
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Figure 2.9.: The barrel accordion calorimeter. (a) It is made of succession of lead ab-
sorbers and copper electrodes, with gaps of Liquid Argon (LAr) in between.
A close-up shows the consecutive layers of absorber. (b) A group of barrel
calorimeter cells grouped into readout towers. The fine granularity of the
strip towers in Layer 1 improves the ~/7° discrimination.

tile calorimeter extends from an inner radius of 2.28 m to an outer radius of 4.25 m.
The barrel (and extended barrels) are segmented into 64 azimuthal sections, referred
as modules, subtending A¢p=27/64 ~ 0.1.

It is a sampling calorimeter using steel as the absorber and scintillator tiles as the
active material. The scintillator plates are oriented perpendicularly to the colliding
beam axis, and are radially staggered in depth as schematically shown in Figure 2.10. By
the grouping of wavelength shifting fibers to specific photo-multipliers (PMTs), modules
are segmented in || and in radial depth. In the direction perpendicular to the beam
axis, it is segmented in three layers, approximately 1.5, 4.1 and 1.8 X for the barrel and
1.5, 2.6 and 3.3 ) for the extended barrels.

The TileCal comprises 4672 readout cells, each equipped with two PMTs that receive
light from opposite sides of every tile. The energy response to isolated charged pions

of the combined LAr and tile calorimeter tested with test beam is "%5) = \/E5?Z) 7 @ 3%,

close to design specifications.
The HEC, which covers the range 1.5<|n|<3.2, are based on LAr technology. Similar
to the EM calorimeter in the barrel region, but copper is used instead of lead as a passive

absorber material and with a flat-plate design. The energy resolution to isolated pions

ce 0(E) 71%
is © —\/E(Gev)@lﬁ%.

The FCal, which covers the range up to |n|=4.9, use copper as absorber material for
the first layer and tungsten for the second and third layer. As a result of test beam data
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U(E) 94%
the energy response to pions is = T ® 7.5%.

Photomultiplier

Wavelength-shifting fibre

Scinlillator Steel

Figure 2.10.: The ATLAS TileCal module. The plastic scintillator tiles are read out from
both sides with wavelength shifting fibers into separate PMTs. The stag-
gered absorber/scintillator and the radioactive source tubes are shown on
the right.

2.2.3. The muon spectrometer

The muon spectrometer is the outermost part of the ATLAS detector. It is designed to
measure muon momentum in the region |n| < 2.7 and provides trigger information for
In| < 2.4. The muon momentum is determined by measuring the track curvature in
the magnetic field. The magnetic field is provided by three superconducting air-core
toroids, one in the barrel (|n| < 1.1) and one for each endcap (1.1 < |5| < 2.7), with a
field integral between 2 and 8 T.m. The toroids have field lines around the beam axis,
which are immersed in the coils thus complicating the instrumentation. A large number
of coils is required to keep the field uniform. Each of the three toroids consists of eight
coils assembled radially and symmetrically around the beam axis. In Figure 2.11 a
schematic view of the ATLAS magnet system is shown.

The layout of the muon spectrometer is shown in Figure 2.12. The muon chambers
are categorised into two sets: one for dedicated precision measurement of muon tracks
and the second set dedicated for defining a muon trigger. The precision measurements
are performed by two different chamber technologies: Monitored Drift Tube chambers
(MDTs), covering all the range |n| < 2.7, except for the innermost layer of the endcap
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Figure 2.11.: Schematic view of the ATLAS solenoidal (inner cylinder) and toroidal mag-
nets (outer coils).

regions (2.0 < |n| < 2.7) where Cathode Strip Chambers (CSCs) are installed due to
their capability to cope with higher background rates.

The MDT chambers are composed of two multi-layers made of three or four layers of
tubes. Each tube is 30 mm in diameter and has a tungsten anode wire of 50 ym diame-
ter. The gas mixture used is 93% Ar and 7% CO,, the drift velocity is not saturated and
the total drift time is about 700 ns. The space resolution of one of the 350k tubes of the
MDT is about 80 um, measured in a test beam. The CSC chambers are multiwire pro-
portional chambers with cathode planes segmented into strips in orthogonal direction.
Typical resolution obtained with this scheme is about 50 ym in the R direction and a
resolution of 10 mm in the ¢ direction.

The trigger system for muon events is based on the Resistive Plate Chambers (RPC)
instrument in the barrel region while Thin Gap Chambers (TGC) are used in the higher
background environment of the endcap region. These allow very good timing resolu-
tion, 1.5 ns for RCP’s and 4 ns for TGC’s, appropriate for triggering.

The main parameters of the muon chambers are listed in table 2.4

Muon chamber Coverage N¢ of chambers Function
Drift tubes (MDTs) In| < 2.0 1170 precision measurement
Cathode Strip Chambers 2.0 < |n| < 2.7 32 precision measurement
Resistive Plate Chambers In| < 1.05 1112 Triggering
Thin gap Chambers 1.05 < |n| < 2.4 1578 Triggering

Table 2.4.: Coverage and parameters for the ATLAS muon detectors.
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Figure 2.12.: The ATLAS Muon Spectrometer

2.3. The trigger system

The ATLAS trigger system operated very successfully during the Run 1 period [27]. The
LHC running conditions for the Run 2 period are challenging for the trigger system. The
increase of the beam energy, instantaneous luminosity, and collision frequency implies
background rates higher than the Run 1 trigger was designed for. During the Long
Shutdown 1 (LS1), there were many important changes and additions to the existing
trigger and Data Acquisition (TDAQ) system [28].

The trigger system in Run 2 consists of a hardware Level-1 (L1) and a single software-
based High-level trigger (HLT). This new two-stage system reduces the event rate from
the bunch-crossing rate of 40 MHz to 100 kHz at L1 and to an average recording rate
of 1 kHz at the HLT [29]. Figure 2.13 shows a schematic overview of the ATLAS TDAQ
system for Run 2.

The trigger system is configured to use a large set of selection criteria for each event.
Each criterion consists of sequential selections in different levels. An event has to satisfy
at least one of the triggers in order to be recorded. A proposal of the trigger menu
strategy for Run 2 is described in ref. [30].

Level-1

The Level-1 system performs the initial event selection based on information from
calorimeters and muon detectors. In Run 2, the Level-1 system consists of the L1
calorimeter trigger system (L.1Calo), the L1 muon trigger system (L1Muon), a new L1
topological trigger module (L.1Topo) [31] and the Central Trigger Processors (CTP) [32].
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Figure 2.13.: Schematic overview of the Run 2 configuration of the Trigger and DAQ
system [29].
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The L1Topo system uses detailed information from L1Calo and L1Muon, processed to
calculate topological information of the event, such as angles between trigger objects
(i.e. electrons, photons, muons, jets, and taus) or the invariant mass of two or more
trigger objects. The L1Topo allows a trigger decision to be made using more than just pr
or Er whose thresholds would be impossible to maintain in Run 2 conditions. The final
Level-1 accept decision is made in the CTP and distributes it together with the timing
information to the subdetectors via a dedicated network.

Level-1 reduces the 40 MHz bunch-crossing rate to a rate of up to 100 kHz and find
regions of interest (RoI) within a latency of 2.5 us.

High-level trigger

During Run 1 the Level-2 trigger used Level-1 candidates and looked at more detailed
physics properties to achieve a further reduction in rate to 2-3 kHz. A third level (event
filter) used the full event information, and decided upon storage of the event for offline
analysis with a final rate of 300-400 Hz. In Run 2, Level-2 and event filter farms are
merged into a unique HLT farm for simplification and dynamic resource sharing. With
merged HLT processing nodes, data needs to be requested only once from the read-
out system PCs (ROS) hence saving network bandwidth and decreasing the ROS data
request rate.

Significant improvements in the algorithms were implemented during the LS1. An
initial fast reconstruction helps to reduce the event rate. The final online precision
reconstruction is improved and uses offline-like algorithms as much as possible. To
improve the performance, multivariate analysis techniques were introduced at the HLT.
In particular the upgraded electron and photon trigger system and its performance is
described in ref. [33].

Using the information from all subdetectors in a Rol or the full event information the
HLT reduces the rate to 600 Hz to 1.5 kHz at peak luminosity within a processing time
of 0.2 s on average.

2.4. Data processing

Data from the ATLAS detector selected with the trigger systems are converted into
physics objects used in physics analyses through a process called reconstruction. The
same reconstruction algorithms are run on both real and simulated data. LS1 has pro-
vided an opportunity to re-examine ATLAS reconstruction code. In particular, the object
orientation of the Event Data Model (EDM) and the vector algebra library (CLHEP) were
identified as a source of heavy CPU consumption that needed to be addressed. Eigen (a
computer programming library for matrix and linear algebra operations) was selected
as a replacement for CLHEP. About 1000 packages were updated during the EDM migra-
tion, not only leading to a significant speedup, but also allowing a significant reduction
in the complexity of the code itself.
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Processing data taken by the detector requires substantial offline computing which
is supplied by Tier-0, Tier-1, and Tier-2 computing centres. The ATLAS prompt data
reconstruction is performed at Tier-0. Tier-O then distributes the data to Tier-1 centres
around the world for further processing and analysis using the Event Summary Data
(ESD) and Analysis Object Data (AOD) data formats. The large number of Tier-2 centres
work in parallel to execute both data analysis and Monte Carlo event generation.

In Run 1, ATLAS followed a “frozen Tier-0” policy to ensure stability and reproducibil-
ity. This meant that the AOD files in TO did not reflect the best available understanding
of the running period, so each physics or performance group would first apply all the lat-
est fixes to create a large private dataset for further analysis. In addition, the AODs were
not ROOT-readable and a majority of groups created their own large ROOT-readable
datasets to use.

In Run 2, the new environment is centred on a new AOD format known as XxAOD. The
new AOD has a completely redesigned EDM readable by both ROOT and the ATLAS soft-
ware framework (Athena) [34] allowing full access to all objects. ATLAS Run 2 employs
the “staged-Tier-0” policy that allows update of the TO reconstruction software. The
AOD to AOD reprocessing is done to apply improved calibrations and combined recon-
struction techniques to the data already reconstructed. The reprocessing is performed
using offline software tools, referred to as derivation framework. A standardised deriva-
tion framework is run for each analysis group needing a reduced dataset. The physics
analysis groups can apply a group-specific reconstruction, skimming (selecting events),
slimming (selecting objects), and thinning (dropping information) into their derivation
framework. The derivation framework take full advantage of the advanced features of
the new xAOD data format. Figure 2.14 show a schematic view of the data analysis
model for ATLAS Run 2.

Derivation
framework ~TB

Athena-based analysis

Skimmed/slimmed

common analysis

ROOT-based analysis

~PB

Athena-based analysis
cp]

ROOT-based analysis

~GB

Athena

Implementation of Combined
TierQ Performance Group
i Recommendations
Reconstruction

Figure 2.14.: ATLAS Run 2 analysis data flow [35].
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As mentioned, the ATLAS reconstruction software was updated to the new EDM re-
quired for Run 2. In particular the author participated in the migration of the ATLAS
b-tagging software to the new format, mainly the migration of the b-tagging EDM related
to secondary vertices. This technical work included:

e Development of a new xAOD class (xAOD::BTagVertex) to be able to store JetFitter
vertex information.

e Development of helper functions for easy access to xAOD vertex information which
are needed for many taggers.

e Fully redesigned b-tagging interface to secondary vertex algorithms, including the
functionalities to store xAOD vertices.

This work was done in several iterations and therefore with some validation work re-
lated to the b-tagging code migration to XAOD.

ATLAS reconstruction data flow

The ATLAS online cluster, involving High Level Trigger, produce event data in byte-
stream format (RAW data). The RAW data are processed in two steps within one job,
producing first the ESD and then the derived AOD and Derived Event Summary Data
(DESD) in the second step. The RAW data and the reconstruction outputs are exported
to ATLAS Grid storage. There is also a small set of monitoring data in specialised file
formats (ROOT files) which are produced in data (re)processing for specialised studies
(e.g. data quality assessment) [35]. The data re-processing from RAW is performed at
Tier-1. Figure 2.15 shows a schematic view of the reconstruction data flow.

Reconstruction Reconstruction

[ a0 |
—{[DESD |

- Persistent

[ Transient (limited lifetime)

Figure 2.15.: ATLAS reconstruction data flow [35].

ATLAS Monte Carlo simulation flow

In order to simulate the physics processes with the experimental conditions, event gen-
erators are used to create a finite number of events. The event generator is carried out
step by step through the hard process, parton shower and the hadronisation. Firstly in
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the hard process, the main interaction between partons is considered. The cross section
of the partonic process is computed explicitly at fixed order in perturbation theory, re-
ferred to as the matrix element calculation. Secondly in the parton shower process, the
successive emission of photons, quarks and gluons from the partons in the final (or ini-
tial) state are generated using QED and QCD. Finally in hadronisation, bunches of par-
ticles are generated according to phenomenological models based on general features
of QCD. The event generatorsb used in this thesis are PYTHIA 8 [36], ALPGEN [37],
POWHEG [38], MadGraph5 aMC@NLO [39] and SHERPA [40]. The first two use
leading-order (LO) matrix element while the last three use next-to-leading-order (NLO)
matrix element.

The Monte Carlo generator programs produce EVNT files. The EVNT files are then
processed to include the detector simulation, producing HITS files. In ATLAS, two ap-
proaches of detector simulation are developed: full simulation based on GEANT4 [41],
computes the interaction between final state particles and the detector materials, and a
less refined simulation, known as Atlfast-II (or AF2) [42].

The modelling of pileup is added in the next processing stage and the detector re-
sponse (digitisation) is simulated at the same time, producing RDO files. As a separate
step, the trigger response simulation is performed again producing RDO files with the
simulated trigger information added. The rest of the reconstruction chain is the same as
the prompt data reconstruction, producing the physical objects such as tracks, vertices,
jets, etc. A schematic view of the Monte Carlo simulation flow is shown in Figure 2.16.

Pile-up
Overlay and Detector MC Event
Digitization Simulation Generation

Trigger simulation
(RDO2RDOtrig)

Reconstruction Reconstruction

- Transient (limited lifetime)

Figure 2.16.: ATLAS Monte Carlo simulation flow [35].

b Usually event generators are used in association with parton shower generators. e.g. the simulation
of ttH is based on next-to-leading order calculations with MadGraph5_aMC@NLO interfaced with
Pythia 8 for the modelling of the parton shower.
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2.5. Event reconstruction

Physics events that pass the online trigger selection are processed to reconstruct basic
quantities like vertices, tracks, and clusters. These quantities are combined to recon-
struct and identify the final physical objects used in the analysis, such as electrons,
muons, jets, b-jets and missing transverse energy. This section provides a summary of
the reconstruction algorithms of the main physics objects used in this thesis.

2.5.1. Charged particle tracks and primary vertex

Charged particle tracks, commonly referred to just as tracks, and vertex finding are
a very complex task and indispensable for any physics analysis. The ID track recon-
struction consists of several sequences with different strategies. The main sequence is
referred to a inside-out track finding. The main steps of the tracking algorithm are the
following:

e First, in a pre-processing stage the raw data from the pixel and SCT detectors are
converted into clusters, while the TRT raw timing information is calibrated into
drift circular curves.

e Then the track finder starts with space points from the pixel layers and the first
SCT layer to form track seeds. These are extended throughout the SCT to form
track candidates. In this step outliers and fake tracks are rejected by applying
quality cuts.

e Finally, the track candidates are extended into the TRT and left-right ambiguities
in the association of the tracks to drift circles are solved. A final track fitting is
performed with the full information to determine the track parameters.

The inside-out tracking sequence relies on a track seed found in the silicon detector.
In the track reconstruction process, some of these initial track seeds may not be found
or do even not exist : tracks coming from secondary decay vertices further inside the ID
volume (e.g. long-lived particle decays, photon conversions). The sequence outside-in
track reconstruction starts with a dedicated segment finding algorithm in the TRT and
successive back tracking of the segments into the silicon detector.

To describe the track of a charge particle in a magnetic field, five helix parameters are
needed as shown in figure 2.17. Parameters in x — y plane are:

e ()/pr: the electric charge over the transverse momentum, the relation Q/pr is
determined by the equation : Q/pr = (0.3BR.y,) ", where R,,,, is the curvature
radius of the track and B is the magnetic field.

e dy: signed transverse impact parameter, distance from the beam axis to the point
of the closest approach along the track in the transverse plane.

e ¢: azimuthal angle at the point of the closest approach, defined in [—, 7.
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Parameters in » — z plane:

e 2. longitudinal impact parameter, defined as the z position of the track at the
point of closest approach.

e 0: polar angle at the point of closest approach, defined in [0, 7.

track

Figure 2.17.: Illustration of helix parameters of a charged track [43].

Track reconstruction performance of the ATLAS inner detector with /s = 13 TeV data,
including the IBL detector are detailed in ref. [44] and [45].

Primary vertex

Primary vertex reconstruction is performed in two different stages [46]: vertex finding
and vertex fitting. The vertex finding algorithms associates tracks into multiple vertex
candidates. The vertex fitting algorithms, instead, get the best estimate of the vertex
position refitting the associated tracks. A rough outline of the procedure is as follows:

e Vertex seeds are found by looking at the local maximum in the distribution of the
2o of the tracks. An iterative method is used to find the most likely value.

e Tracks compatible with the seed are grouped together for fitting.

e Vertex fitting is performed by the adaptive fitting algorithm [47] to estimate the
position and uncertainty of the vertex.

e Tracks that are not associated to a vertex are down-weighted rather than rejected
and then used to repeat the process. Tracks which are incompatible with the vertex
by more than 70 are used to seed a new vertex.
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e Finally, the list of vertices are ordered by the sum of the squared pr of the tracks
associated to the corresponding vertex ( >N+ p7.). The vertex with the highest

S Nenk p7, is assumed to be the main vertex of the event corresponding to the hard-
est proton-proton interaction. The others primary vertices are recognised as pileup
vertices.

2.5.2. Jet reconstruction

Jets of particles are produced by the hadronisation of quarks and gluons. Hadrons form
a spray of collimated particles that carry the momentum of the original parton. They
are key ingredients for many physics measurements and searches for new phenomena

Jets considered in this thesis are reconstructed using the anti-k; algorithm [48] with a
radius parameter of R = 0.4. The input constituents to the jet algorithm are topological
calorimeter clusters (topo-clusters) [49].

Topological clusters are groups of calorimeter cells that are designed to follow the
shower development of a single particle interacting with the calorimeter. The topo-
cluster formation algorithm starts from a seed cell , whose signal-to-noise (S/N) ratio
is above a threshold of S/N = 4. Neighboring cells in the three dimensions of the seed
(or the cluster being formed) that have a signal-to-noise ratio of at least S/N = 2 are
included iteratively. Finally, all calorimeter cells with S/N > 0 in the perimeter to the
formed topo-cluster are added. The topo-cluster algorithm effectively suppresses the
calorimeter noise.

After the jet is reconstructed based on calibrated clusters, sequences of corrections are
applied [50]: pile-up corrections which subtract the pile-up energy from the jet energy,
changes of the jet direction due to the primary vertex which could be displaced from the
origin of the reference frame, calibration of the jet energy using MC simulation (JES)
and the data-to-MC differences are assessed using in-situ calibration.

Reconstruction and calibration of jets from the calorimeter are sensitive to pileup
effects. Additional jets from softer QCD interactions contributes to the total energy
recorded in the calorimeter. In Run 1 pileup jets were effectively removed by a minimal
jet vertex fraction (JVF) requirement [51]. The JVF variable is defined as:

Z pgack

tracksejetnNPVy

Z p‘%ack )

tracks€jet

JVF =

(2.1)

where the denominator is the scalar sum of p7 of all tracks associated to the jet, and
the numerator is the scalar sum of pr of tracks that are associated with the jet and
originate from the hard-scatter vertex.

In Run 2 a multivariate combination of track-based variables called the jet vertex
tagger (JVT) was developed [52]. Figure 2.18 (left) shows simulated JVT distributions
for jets from hard-scatter vertices and pileup vertices. JVT was developed in such a way
that the resulting hard-scatter jet efficiency is stable as a function of number of primary
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vertices (N,,) as is shown in figure 2.18 (right).
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Figure 2.18.: The JVT distribution for pileup and hard-scatter jets with 20 < pr < 30
GeV (left). Pileup jet fake rate as a function of N, imposing cuts on JVT
and JVF for a fixed hard-scatter jet efficiency of 90%(right). [52]

Jets originating from bottom quarks are called b-jets. The procedure to identify such
jets is called b-tagging, which is very important for the study of Higgs boson decays to
b-quark pairs (H — bb) or in the selection of the top quark (¢ — bW) for instance.
Details about the b-tagging performance in ATLAS will be described in section 3.2.

2.5.3. Muon reconstruction

Muons are reconstructed using the information from the muon spectrometer, inner de-
tector and the calorimeter. There are four muons categories, which are:

e Standalone muons: the muon trajectory is reconstructed by only the Muon Spec-
trometer (MS). The standalone muons starts from building track segments in each
of the three muon stations. Then these segments are linked together and the track
is extrapolated to the beam line. Standalone muons are mainly used to extend the
ID acceptance coverage to the range 2.5 < |n| < 2.7.

e Combined muons: a fit combines a standalone muon and an ID track. This cat-
egory has the highest rejection power for fake muons and the best momentum
resolution.

e Segment-tagged muons: if an ID track is matched to a segment of a track in the
MS, then it is called a segment-tagged muon. Segment-tagged muons can be used
to increase the acceptance in cases where the muon crossed only one layer of a MS
chamber.
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e Calorimeter-tagged muons: the muon is reconstructed by a combination of the
track in the ID and a specific energy deposit in the calorimeter. This type has the
lowest purity but recovers acceptance in the uninstrumented regions of the MS.

Overlap between different muon types are resolved before producing a unique collection
of muons used in analysis. When two muon types share the same ID tracks, preference
is given to combined muons, then to segment-tagged muons and finally to calorimeter-
tagged muons. The overlap with standalone muons is resolved by analysing the track
hit content and selecting the track with better fit quality and larger number of hits [53].

2.5.4. Electron identification

Electrons are reconstructed using information from the Inner Detector and the electro-
magnetic calorimeter [54]. The electron reconstruction has two steps: cluster recon-
struction and the electron identification. In cluster reconstruction, a candidate electron
object is created from clusters in the electromagnetic calorimeter that are matched to
a reconstructed track from the ID. The clustering is performed using the sliding win-
dow [49] algorithm. The algorithm sum cells within a fixed-size rectangular window of
3 x 5 (in units of the tower size 0.025 x 0.025 in 7 x ¢ space) adjusting the position of
the window in such a way that the total energy deposited is a local maximum.

The electron identification in Run 2 uses a likelihood method to determine whether
the reconstructed electron candidates are signal-like objects or background-like objects
such as hadronic jets or converted photons [55]. This multivariate technique uses
quantities related to the electron cluster and track measurements including calorimeter
shower shapes, information from the transition radiation tracker, track-cluster match-
ing related quantities, track properties, and variables measuring bremsstrahlung effects
for distinguishing signal from background. The likelihood method use signal and back-
ground probability functions (PDFs) of the discriminating variables. Based on these
PDFs, a likelihood is created for each hypothesis:

where 7 is the vector of variable values and P ;(z;) is the value of the signal probabil-
ity density function of the i*" variable evaluated at z;. Then a discriminant (dragr) is
constructed with the signal and background probabilities:

Ly

dr = =5
T L. L

(2.3)
Three operating points with different levels of purity are typically provided: loose,
medium and tight. Each operating point uses the same variables to define the LH dis-
criminant, but the cut value on this discriminant is different for each operating point.
The samples selected by these operating points are chosen to be subsets of one another.
Electron efficiency measurements using the 2015 data can be found in reference [56].
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2.5.5. Missing transverse energy

The missing energy in the ATLAS detector comes from non-interacting particles such as
neutrinos and mismeasured particles. The direction and energy of those particles can
be indirectly detected and measured using the momentum conservation in the trans-
verse plane to the beam axis (the initial partons have negligible transverse momenta in
comparison to those along the beam axis). This quantity is called missing transverse
energy (Emiss),

Emss is calculated from the combination of all reconstructed and fully calibrated
physics objects and from detector signal objects not associated with those objects. The
calorimeter cells are associated with reconstructed physics objects in the following or-
der: electrons (¢), photons (), hadronically decaying tau-leptons (7), jets and finally
muons ().

After the corrections and calibrations, the z(y) component of E* is calculated by:

miss __ miss,e miss,y miss, T miss,jets miss, miss,soft
Ba) = Fay)” +Eo) HEey) T Eay” T Eay)” + Eay) (2.4)

where the soft term (E™ss=°%t) is reconstructed from the transverse momentum de-
posited in the detector but not associated with any reconstructed object mentioned
above. In Run 2, the soft term is measured by track-based methods to minimise the
impact of pileup interactions [57].

Further details of reconstruction and performance of EZ¥**¢ in ATLAS can be found in
ref. [58].
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3. ldentification of double b-hadron
jets

The ability to identify jets containing two b-hadrons from gluon splitting (g — bb) is
important to reduce the heavy flavour QCD background to H — bb searches and many
new physics searches. This is further exacerbated by the absence of precise theoretical
estimates of gluon splitting. A novel approach to identify jets containing two b-hadrons
(called bb-jets in the rest of the thesis) has therefore been developed.

This chapter is organised as follows. Section 3.1 presents the motivation for the studi-
es. In section 3.2, the identification of jets originating from b-quarks (b-jets) in ATLAS is
summarised. Section 3.3 describes briefly the Multi Secondary Vertex Finder algorithm
(MSVF). The simulated samples used for the studies are described in section 3.4. Sec-
tion 3.5 details the performance of MSVF in b- and bb-jets. The new tagger (MultiSVbb)
to identify jets containing two b-hadrons is presented in section 3.6 and section 3.7.
Finally, a summary of the results is given in section 3.8.

3.1. Introduction

Bottom quarks are abundantly produced via QCD interactions in pp collisions at the
LHC. The leading order (LO) QCD calculation of bb production includes a process know
as flavour creation (FCR) while at next-to-leading order (NLO), the main mechanism
of bb production are known as gluon splitting (GSP) and flavour excitation (FEX). FCR
includes bb production through ¢g annihilation and gluon fusion, plus higher-order cor-
rections of theses processes. In GSP, a gluon splits into a bb with a small opening angle
between them. In FEX, a bb pair from the quark sea of the proton is produced, only one
of the these quarks participates in the hard scattering. Examples of Feynman diagrams
for the LO and NLO bb production are shown in figure 3.1. Most of the Monte Carlo
event generators are only capable of describing FCR exactly, NLO effects are included
approximately through the parton shower mechanism.

Angular correlations between pairs of b-hadrons have been studied with the CMS de-
tector at a centre-of-mass energy of /s = 7 TeV [59]. Such studies allow for a sensitive
test of perturbative QCD (pQCD) cross sections at new energy regimes as well as better
knowledge of the heavy quark content of the proton. Measurements of the full range
of the angular separation between the two h-hadrons demands good angular resolution
and requires the ability to resolve small opening angles when the two b-hadrons are
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inside a single reconstructed jet. Thus, having an efficient tagging of bb-jets could lead
to a better understanding of the modelling and reduce theoretical uncertainties of such

processes.
g b g b
W ‘m b
g b & g

Flavour creation Gluon splitting
g b
b
g g

Flavour excitation

Figure 3.1.: Feynman diagrams that contribute to QCD b-quark production.

In the context of the ttH(H — bb) analysis, both the signal and the dominant back-
ground processes are computed at next-to-leading order in QCD [60]. In order to be
applicable to the experimental analyses these calculations need to be matched to parton
showers. Modern fixed-order calculations have successfully been embedded in hadron-
level simulation based on the MC@NLO [61] method, for the signal ttH(H — bB) [62]
and the dominant irreducible background ttbb [63]. Moreover, matching massive b-
quarks from NLO matrix elements to the parton shower gives access to novel tt+b-jet
production mechanics [64], where b-jets arise from hard gluons via collinear ¢ — bb
splittings. In particular, one can describe tt+2 bb-jet events where both bb-jets origi-
nate from g — bb splittings, as shown in figure 3.2a. This kind of processes turns out
to be a significant background contribution in the t¢H(H — bb) analysis as shown in
figure 3.2b. The contribution from double collinear configurations is very relevant in
the Higgs region (m;; ~125 GeV). The cross section ratio, MC@NLO/NLO, tends to in-
crease up to 30% in the Higgs-signal region. Thus, a tool for identification of bb-jets is
important to control the dominant background for the ttH (H — bb) analysis.

Different strategies are being considered in ATLAS to identify jets containing two b-
hadrons. One of them, described in ref. [65] relies on the jet substructure techniques. It
exploits jet substructure differences between single and merged b-jets combining them
in a multivariate analysis. In this thesis, a method that relies on the direct reconstruction
of all secondary vertices inside the jet is developed for the first time. The strategy to
identify double b-hadrons in jets uses the MSVF algorithm for the direct reconstruction
of the two b hadron decays (secondary vertices) and then uses a multivariate technique
to increase the discrimination power between jet with two b-hadrons from single b-, c-
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Figure 3.2.: (a) ttbb production via double collinear g — bb splitting. (b) Invariant mass
of the first two b-jets. The MC@QNLO bands display the matching corrections
The MC@QNLO2b curve is obtained by switching off ¢ — bb splittings in
the parton shower. The MCQNLO/NLO ratio grows with my, and reaches
25-30% in the Higgs-signal region [64].

and light jets.

3.2. ldentification of b-jets in ATLAS

As introduced in section 2.5.2, the procedure to identify jets originating from b-quarks
is called b-tagging. The aim of b-tagging in ATLAS [66] is to identify b-jets with high effi-
ciency, while rejecting most of the background from jets originating from fragmentation
of light quarks, c-quarks and gluons.

In the hadronisation process, the b-quark forms a b-hadron with B*, B® and B, being
the most likely. b-hadrons are “heavy” particles with masses in the 5-10 GeV range
and “long” lived particles typically having a mean lifetime 7 ~ 107'%2s and a mean
decay length ¢t ~ 0.45 mm (a significant flight path length < | >= fycr ~ 1 mm
for a b-hadron momentum of around 10 GeV). Therefore, the identification of b-jets
is based on the relatively long decay length of b-hadrons which leads to properties
such as a displaced decay secondary vertex and large impact parameter tracks. As
depicted in figure 3.3, tracks from b-jets tend to have larger impact parameter than the
tracks coming from the primary vertex and the b-hadron decay generate a secondary
vertex. The semi-leptonic decay of the b- and c-hadron also supplies useful information
to identify b-jets. The presence of leptons is a good signature of the presence of b-
hadrons in a jet. However, the small branching ratio (about 20% for each lepton flavour
(e,;1)) make it statistically limited.
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Figure 3.3.: A sketch of the b-jet decay products: displaced tracks and secondary vertex.
Large impact parameter (dp) tracks and a significant flight path length (L)
of the b-hadron are shown.

3.2.1. b-tagging ingredients

The determination of the position of the primary vertex in each event is important
for b-tagging, since it defines the reference point to compute the impact parameters of
tracks or for the measurement of displaced vertices. The primary vertex is reconstructed
by using the adaptive multi-vertex finding algorithm, as described in section 2.5.1.

3.2.1.1. Association of tracks to jets

The jet flavour identification is performed with tracks in the event that are associated
with the jet. Tracks are associated to each jet with a spatial matching based on the
AR distance between the jet and tracks. Jets at high pr are more collimated compared
to jets at low pr. This allows the track’s distance from the jet axis depending on the
jet pr. Therefore, it is advantageous to have a smaller cone for jets at high p7, as this
reduces the number of events which are not from the b-hadron decay. The cut value in
the distance AR depends on the jet pr as expressed by the equation:

AR(pr) = ag + e o2Pr (3.1)

where ag = 0.239, a; = —1.22 and a» = —1.64 - 10~° [MeV~!]. The value of the coeffi-
cients are optimised in order to collect on average 95% of the b-hadron decay products
in the associated jet [67]. For a jet p; of 20 GeV, the AR cut is 0.45 while for a jet with
a pr around 150 GeV the pr cut is 0.26.

All b-tagging algorithms share the same track association except for the Multi Sec-
ondary Vertex Finder algorithm (MSVF), described in section 3.3. In order to identify
separated secondary vertices in the jet, the AR cone size for MSVF is bigger than usual
b-tagging algorithms: AR(py) = 0.315 4 ¢~ 0367-156.107"»7  The AR cut is about 0.8 for
jet pr of 20 GeV and about 0.38 for a jet with a pr around 150 GeV.
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3.2.1.2. Track selection

Tracks associated with a jet are subject to specific requirements designed to select well-
measured tracks, and to reject poorly reconstructed tracks, tracks from long-lived parti-
cles (K3, A), material interaction (photon conversions or hadronic interaction) or tracks
from pileup interactions. The track selection depends on each specific b-tagging algo-
rithm. For the impact parameter based algorithm, a tight selection is applied. It includes
a requirement that the tracks pr is above 1 GeV, the transverse and longitudinal impact
parameters are limited to |dy| < 1 mm and |z x sinf|<1.5 mm, and that there are at
least two hits in the pixel detector. For the secondary vertex based algorithms a looser
selection is used, relying on the secondary vertex reconstruction to provide additional
purity. It requires the pr of the track to be above 500 or 700 MeV depending on the
tagger. Table 3.1 shows the basic quality cuts for the three main b-tagging algorithms
used in ATLAS.

Criteria I[P SSVF/MSVF JetFitter

pr [GeV] >1.0 >0.7 >0.5

|do| [mm] <1.0 <5.0 <7.0

|20 X sin @] [mm)] <15 <25 <10
number of B-Layer hits | >1 >0 >0
number of Pixel hits >2 >1 >1
number of SCT hits >0 >4 >4
number of silicon hits >7 >7 >7
number of shared hits <1 —

Table 3.1.: Basic track quality selection for three main b-tagging algorithms: Impact Pa-
rameter (IP), single secondary vertex finder (SSVF) and JetFitter algorithm.
Those algorithms are described in section 3.2.2. The multi secondary vertex
finder (MSVF) algorithm uses the same track quality selection as SSVF. It
will described in section 3.3.

3.2.2. b-tagging algorithms

Basic b-tagging algorithms based on tracks, secondary vertex and a decay chain fit are
described in sections 3.2.2.1-3.2.2.3. They provide the input information for the final
multivariate taggers which are described in section 3.2.2.4.

3.2.2.1. Impact parameter based algorithms (IP)

Two algorithms make use of the signed impact parameter significance of the tracks:

e IP2D tagger: a likelihood-based tagger using the transverse impact parametetr, d.
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e IP3D tagger: a likelihood-based tagger based on the 2D correlation between d,
and z.

The sign of the impact parameter is defined as:

sign(do) = sign(do - J y) (3.2)

where Eg is a vector from the primary vertex to the point which defines d, on the track,
and 7$y is a vector of the jet axis on the transverse plane. It is positive if the track
intersects the jet axis in front of the primary vertex, and negative if the intersection lies
behind the primary vertex.

The likelihood probability for b-, c- and light jet hypotheses are constructed with the
track impact parameter significance S(dy) = do/04,, Where o4, is the uncertainty on the
reconstructed dy. The track likelihood probability of being a track in the b-jet (p{**¥), is
given by:

Py(do/oay)
Py(do/oay) + Pe(do/oay) + Puldo/04,)

where P,, P., and P, are the probability density functions (PDFs) of the tracks in b-,
c- and light jets. The PDFs are determined using simulated ¢t samples for the different
flavour jets.

The individual track probabilities p{ak, pirack and pi*ak are then combined in a single
log likelihood ratio discriminant per jet (LLR).

track(do/ado) (33)

track

LLR (po/pu) = > log track (3.4)

track

The method allows for the use of different PDFs sets for different track categories.
In Run-2, the categorisation of tracks has been significantly refined with a total of 14
categories in order to take advantage of the IBL insertion. The track categories are
defined using the quality of the tracks which is based upon the hits from the Inner
Detector used in the track reconstruction.

Figure 3.4 shows the LLR; distributions for the IP3D tagger.

3.2.2.2. Single Secondary Vertex Finding Algorithm

The Single Secondary Vertex Finder (SSVF) algorithm reconstructs only one secondary
vertex per jet. Therefore, for a b-jet containing both b- and c-hadron decay vertices, the
SSVF merge these vertices into a common single vertex if they are close in space, or it
reconstructs the vertex with the largest track multiplicity.

The SSVF algorithm starts from all tracks that are significantly displaced from the pri-
mary vertex and form two-track vertex candidates with vertex fit x> < 4.5. The vertices
compatible with long-lived particles (V,,: K, or A), photon conversions or hadronic
interactions with the detector material are rejected. All tracks from the remaining two-
track vertices are combined into a single inclusive vertex. Tracks with the largest con-
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Figure 3.4.: The log likelihood ratio of the IP3D tagger in simulated t¢ events [26].

tribution to the y? of the vertex fit are removed iteratively until a threshold vertex y?
(Prob(x?) > 0.001) and a vertex invariant mass < 6 GeV are obtained. Figure 3.5 (left)
shows the secondary vertex reconstruction efficiency as function of jet pr for b-, c- and
light-flavour jets.

Two algorithms based on the secondary vertex properties, called SVO and SV1 [68],
were developed for ATLAS Run 1. The SVO tagger is a simple algorithm which takes
the decay length significance as its discriminant. The SV1 tagger is a likelihood tagger
based on the secondary vertex properties: the number of two-tracks pairs that can form
a vertex, the invariant mass of the tracks associated to the secondary vertex, the fraction
of the track momentum sum at the secondary vertex to the track momentum sum of the
jet and the AR distance between the secondary vertex and the jet axis.

3.2.2.3. JetFitter

A different algorithm, JetFitter [69], exploits the topological structure of b- and c-
hadron decays inside the jet. It assumes that the b- and c-hadron decay vertices lie
on the same line, approximately the b-hadron flight path. A Kalman filter [70] is used
to find the common line on which the primary vertex and the bottom and charm vertices
lie.

This approach has several advantages, such as increasing the chance to separate b-
and c-hadron vertices, even when a single track stemming from the b/c-hadron decay(s)
is reconstructed. A single-track vertex can be formed from a track along the H-hadron
flight axis which is compatible with the rest of the decay chain. Figure 3.5 (right) shows
the efficiency to reconstruct a vertex with at least one or two tracks as function of jet
pr. The efficiency to have at least a single-track vertex is significantly higher than the
efficiency to have a vertex with at least two tracks.

The first attempt to combine basic taggers was the JetFitterCombNN tagger. It com-

63



bined IP3D tagger output with JetFitter variables in a neural network.
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Figure 3.5.: Secondary vertex reconstruction efficiency for SSVF (left) and JetFitter
(right) as function of jet py [26]

3.2.2.4. Multivariate taggers

Information from the three basic algorithms (IP, SSVF and JetFitter) are combined using
multivariate analysis (MVA). The MVA taggers provide the best separation between b-
and other flavour jets.

The MV1 tagger was used widely in Run 1 physics analysis. It uses a neural net-
work technique to combine information from intermediate taggers based on likelihood
(IP3D, SVO0, SV1) and MVA methods (JetFitterCombNN), thus it was not a simple MVA
combination.

In Run 2, a new multivariate tagger (MV2) was developed using boosted decision
trees (BDT). It combines kinematic information from the jet (py, 1), the IP2D/IP3D
likelihood discriminant, the decay topology and properties of the vertices reconstructed
by JetFitter as well as properties of the secondary vertex reconstructed by SSVF. The
MV2 taggers used 24 input variables in total. Three variations of the MV2 taggers are
provided: MV2c00, MV2c10 and MV2c20, where MV2c00 denotes the MV2 algorithm
where no c-jet contribution was present in the training. MV2c¢10 (MV2c20) denote the
MV2 outputs where a 7% (15%) c-jet fractions was present in the background sample
(2016 b-tagging configuration) [71].

The MV2c10 output distribution is shown in figure 3.6 (left). A cut value on the MV2
output distribution defines a working point and it is chosen to provide a specific b-jet
efficiency on a ¢t sample. Figure 3.6 (right) shows the c-jet rejection as a function of
the b-jet efficiency for the different variations of the MV2 tagger. Table 3.2 shows the
rejection for c- and light-jet at several b-tagging efficiency for the MV2c10 tagger.
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Cut value b-jet efficiency [%]

c-jet rejection

light-jet rejection

0.9349 60
0.8244 70
0.6459 77
0.1758 85

34
12
6
3

Table 3.2.: Working points for the MV2c10 tagger, including efficiency and rejections rates

on a tt sample [71].
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3.3. Multi Secondary Vertex Finder algorithm

The Multi Secondary Vertex Finder (MSVF) algorithm finds all the possible vertices in-
side a jet using tracks associated to the jet. The track association used by the algorithm
was described in section 3.2.1.1. The MSVF algorithm uses the same track quality selec-
tion and the same procedure to find the list of two-track vertices candidates as the one
for the Single Secondary Vertex Finder (SSVF) algorithm described in section 3.2.2.2.

After rejecting 2-track vertices coming from V;,, photon conversion and hadronic in-
teraction with the detector material, the cleaned 2-track vertex set is converted into
a graph. Every node in the graph represents a track and an edge connecting the two
nodes represents the good 2-track vertex. Then a special graph algorithm, implemented
in the BOOST GRAPH library [72], provides all complete subgroups of the original
graph (cliques) where all nodes are connected to each other. Thus, the obtained set of
cliques is a set of all possible vertices for a given set of tracks. However, the solution is
ambiguous, one node (track) can be present in some cliques (vertex candidates). The
algorithm requires a final iterative cleaning to arrive to a physical (not mathematical)
set of vertices.

The cleaning procedure is [73]:

e If a vertex candidate has a very large y?, the track with the largest x? contribu-
tion is detached from the given vertex. This track is then combined with another
track from the vertex (they are all pair-wise compatible) into a 2-track vertex with
minimal 2, which is added to the vertex candidate set.

e If two vertices in the vertex set are far from each other but have a common track,
this track is detached from the vertex with the largest y? and the vertex position is
refitted.

e If two vertices become close to each other — they are merged.

This iterative procedure results in a set of separated physical vertices not having com-
mon tracks. Vertices with only one track are allowed. After a good vertex is found
its momentum (so the direction) is calculated and used as a pseudo-track to look for
crossing with an additional real track. Additional tight quality cuts are applied to the
pseudo-track+real track vertex to minimise fake vertices.

Figure 3.7 shows a schematic view of the MSVF algorithm. At the end, the MSVF
algorithm provides all the possible vertices inside a jet using tracks associated to the jet.
However additional tracks not originating from b- or c-hadron decays can lead to fake
vertices inside jets. In addition, instrumental resolution can lead to merged vertices
containing tracks from different origins or to split vertices where two or more vertices
are reconstructed from tracks belonging to the same spatial point.

Several studies to understand vertexing performance and ambiguous cases (e.g. B/C
separation, fakes vertices) in the MSVF algorithm are described in section 3.5.
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Figure 3.7.: Schematic view of the reconstruction of the secondary vertices by the MSVF
algorithm. The MSVF algorithm finds all the possible vertices inside a jet
using tracks associated to the jet.
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3.4. Simulated samples

Two different samples are used for the performance studies of the MSVF algorithm. A
sample of ¢t events is used to study single-b jets. It contains b-jets with high purity since
the top quark decays most of the time, to a b-quark and a 1/ boson. The I + bb sample
is chosen to study the performance of the MSVF algorithm in bb-jets. The relevance of
bb-jets in events with a W+ two (or more) jets with at least one b-quark is supported by
NLO calculations [74], which indicate that the cross section for W+ (bb)j (exactly two
jets, one of which contains two b-quarks) is almost a factor of two higher than W + bb
(exactly two jets, both of which contain a b-quark). Figure 3.8 shows two leading order
processes that produce W bosons with at least one b-jet.

b

:
h

w

Figure 3.8.: Examples of Feynman diagrams for W production in association with b
quarks. In the first process (left), b quarks are produced at small angles
by gluon splitting and can be reconstructed as a jet containing two b-quarks.

The samples from proton-proton collision at a centre-of-mass energy of /s = 8 TeV
were generated with POWHEG [38] plus PYTHIA 6.423 [75] for tt events and ALP-
GEN [37] plus PYTHIA 6.423 for W + bb events. The GEANT4 [41] software within
the ATLAS simulation framework [34] propagates the generated particles through the
ATLAS detector and simulates their interactions with the detector material. The simu-
lated data sample used for the analysis gives an accurate description of the pile-up and
detector conditions for the 2012 data-taking period.

The jet algorithm selected for the analysis was the ATLAS default anti-k, algorithm [48],
with a distance parameter R = 0.4, using calorimeter topological clusters [49] as input.
Jets are required to have a minimum p7 of 25 GeV and also required to be in a region
with full tracking coverage, || < 2.5.

In order to cover a jet pr range up to 500 GeV, two Monte Carlo samples: W + bb and
multijet samples, are used for the development of the double b-hadron tagger (called
MultiSVbb). QCD multijet Monte Carlo samples were generated with Pythia8 [36] in-
terfaced with EvtGen [76]. The AU2 CT10 tune [77] was used. The samples are divided
up into slices depending on the generated jet p; range. Slices JZ2W (leading truth jet pr
spectrum: 80-200 GeV) and JZ3W (leading truth jet pr spectrum: 200-500 GeV) have
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been used to cover a pr range of 25-500 GeV. The MultiSVbb tagger will be described
in section 3.6.

Using information in the simulation, jets were labelled as bb-jet (b-jet) if they contain
two (one) final state b-hadrons with pr > 5 GeV within AR(b-hadron,jet) < 0.4. In
the same way, jets are labelled as cc-jets (c-jets) if they contain two (one) final state
c-hadrons with pr > 5 GeV and AR(c-hadron,jet) < 0.4. The remaining jets are labelled
as light jets. This label definition is used for the following studies, unless otherwise
specified.

3.5. Performance of the Multi Secondary Vertex Finder
algorithm

In this section we focus on the understanding of the performance of the MSVF algorithm
by investigating the purity of the reconstructed vertices in jets containing single and
double b-hadrons.

3.5.1. Vertex Purity Fraction in single-b jets

The MSVF algorithm was tested on the # simulation sample in order to study its per-
formance in single-b jets. This section uses the ATLAS b-tagging Run 1 label definition?;
jets are labelled as a b-jet if a b-quark with pr > 5 GeV is found in a cone of AR = 0.3
around the jet direction. Only b-jets are kept for the next studies.

Figure 3.9 shows the number of reconstructed vertices and the number of tracks in
the reconstructed vertex found by the MSVF algorithm in b-jets. About 68% of the b-jets
have at least one reconstructed vertex. The fraction of b-jets with two reconstructed
vertices (~20%) is less than the fraction of b-jets with only one reconstructed vertex
(~42%) which indicates that truth vertices from b- and ¢- hadron decays, in many cases,
are merged in one reconstructed vertex. About 41% of the reconstructed vertices have
two tracks and around 14% of the reconstructed vertices have only one track, as ex-
plained in section 3.3 vertices with only one track are allowed. In order to make studies
with truth vertices, a reconstructed vertex is considered only if it has at least two or
more associated tracks.

To estimate the performance of the reconstructed vertices the truth B (C) vertex of b-
hadron (c-hadron) are defined as points in space where the cascade of charged particles
begins, as shown in figure 3.10.

Then a matching procedure is defined as follow:

e A weighted matching probability P,,.. is defined using the ratio of the number of
hits which are common to a given track and the corresponding truth particle and

2 In Run 2, hadrons are used instead of quarks. Thus, jets are labelled as a b-jet (c-jet) if a b-hadron
(c-hadron) with pr > 5GeV is found in a cone of AR = 0.3 around the jet direction.
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Figure 3.9.: Number of reconstructed vertices (left) and number of tracks in all vertices
reconstructed (right) by the MSVF algorithm in b-jets.

Primary
Vertex

Figure 3.10.: Schematic view of the B and C truth vertices defined as points in space
where the cascade of charged particles begins. Only final-state b and c-
hadrons are considered (“excited” states can decay into their final state, e.g.
BY — Dt — yD7¥). Only final state hadrons have a large lifetime and can
create a secondary vertex.
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the number of hits which form the track:

common common common
10 x Nggmmon 4 5 » Ngemmon 4 Ncom
track track track
10 x NGack 45 x Nirack 4 Nirack

Pmatch - (35)

where Np;,, Ngor and Nrrr are the number of hits in the pixel, SCT and TRT
detector, respectively. A reconstructed track is considered as matching a given
truth particle if P, > 0.8 [78].

e An association is performed between reconstructed tracks and charged particles
from a truth B or C vertex inside the jet. For tracks corresponding to charged
particles, which are not originated from a truth B or C vertex, we define the type
X “vertex”. These tracks can be generated by charged particles produced in the
interaction with the detector material, by vertices VOs (K, ,A ) reconstructed inside
the jet or by charged particles from truth vertices B or C outside the jet cone.

e A Vertex Purity Fraction (VPF) is defined with respect to B or C or X vertices per
reconstructed vertex as:

Number of reconstructed tracks matching particles from B or C or X
Total number of reconstructed tracks in the vertex (3.6)

Figure 3.11 shows the Vertex Purity Fraction with respect to B, C and X vertices for
all the reconstructed vertices in single-b jets. A 2D plot of the VPF(B) versus the VPF(C)
vertex is shown as well. Around 65% (80%) of the reconstructed vertices have at least
one track from B (C) vertices. Around 10% (15%) of the reconstructed vertices are
correctly reconstructed with only tracks from B (C) vertices, VPF=1. Around 15% of
the reconstructed vertices have at least one track from X vertices. From the 2D plot,
around 13% of the reconstructed vertices have VPF(B)=VPF(C)=0.5, they are merged
vertices.

The reconstructed vertices are divided according to the value of VPF in 3 inclusive
categories: VPF(B)= 1, VPF(B)>0.5 and VPF(B)>0.1, similar categorisation is done for
VPF(C). And a vertex efficiency per jet is defined as:

VPF(B/C/X) =

Eff(B/C) — jets with at least one reco vertex with VPF(B/C)(=1,> 0.5,> 0.1) (3.7)
B jets with at least one true B/C vertex within AR<0.3 '

The efficiency slightly increases with the jet pr for category VPF=1 and slightly de-
crease for VPF>0.1, as shown in Figures 3.12a, 3.12b. Similar behaviour is observed
as a function of the b-hadron pr, as shown in figure 3.12c. As expected the efficiency
increases with the number of charged particles from b-hadron, as shown in figure 3.12d.
Figures 3.12e and 3.12f show the efficiency as a function of the transverse distance be-
tween B and C vertex. When the distance between B and C vertices is small it is hard
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Figure 3.11.: Vertex Purity Fraction in single-b jets
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to reconstruct two vertices and hence the efficiency for vertices correctly reconstructed,
VPF=1, increases with the distance.

In order to study further the reconstructed vertices one can look at single-b jets with
only 2 reconstructed vertices. Figure 3.13 shows Vertex Purity Fraction in single-b jets
with exactly 2 reconstructed vertices. Around 63% (63%) of the reconstructed ver-
tices have at least one track from B (C) vertex. For this case, it is more probable to
have vertices correctly reconstructed with only B or C tracks. Around 16% (17%) of
the vertices are correctly reconstructed, VPF=1. Around 6% of the reconstructed ver-
tices have at least one track from X vertex and 12% of the reconstructed vertices have
VPF(C)=VPF(B)=0.5; the merge effect remains.

Figure 3.14 shows the fraction of b-jets with exactly 2 reconstructed vertices for
different categories in VPF of the vertices as a function of jet pr and as a function
of the transverse distance between the truth B and C vertices. Three categories are
shown: VPF(B)=1 and VPF(C)=1, VPF(B)>0.5 and VPF(C)>0.5 and VPF(B)>0.1 and
VPF(C)>0.1. As expected, the fraction of b-jets for the different categories increases
with the jet p; and the transverse distance between the B and C vertices. However, one
can see that the fraction of b-jets with two correctly reconstructed vertices,VPF(B) =1
and VPF(C) =1, is about 3% only.

Fugure 3.15 shows three properties of the reconstructed vertices: the invariant mass
of the tracks associated to the secondary vertex (mass), the fraction of the energy of
the tracks attached to the vertex to the sum of energies of all tracks associated to the
jet (energy fraction) and the number of track in the vertex. Figure 3.15 (left) shows
the properties of the reconstructed vertices in jets with one or more vertices while fig-
ure 3.15 (right) shows the same properties for jet with exactly 2 reconstructed vertices.
Correctly reconstructed vertices (VPF(B)=1) and vertices with VPF(B)>0.5 tend to have
higher mass. This effect is less pronounced in cases with exactly 2 reconstructed vertices
since we have a second reconstructed vertex. At VPF(B)=1 or VPF(B)>0.5, there is low
energy fraction (fraction of the vertex energy with respect to the jet energy) for exactly
2 reconstructed vertices in jet. More tracks in reconstructed vertex are observed for the
case of one or more reconstructed vertices in the jet.

To be able to study the efficiency of the vertexing reconstruction, different track and
vertex categories are defined:

e “B (C) reconstructed tracks”: reconstructed tracks coming from b-hadron (c-hadron)
inside the jet with P,,.., > 0.8 and pr > 700 MeV. About 58% of the B and C recon-
structed tracks are included in the reconstructed vertices by the MSVF algorithm.

e “Missing B(C) reconstructed tracks”: truth charged particles from b-hadron (c-
hadron) with p; > 700 MeV not associated with a reconstructed track. About 8% of
the charged particles from - and c-hadron are not associated with a reconstructed
track.

e “Reconstructable B (C) vertex”: truth B (C) vertex with at least two B (C) recon-
structed tracks. Figure 3.16 (left) shows the number of truth B vertices versus
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Figure 3.14.: Fraction of single-b jets with exactly two reconstructed vertices in different
vertex categories as a function of jet py (left) and the transverse distance
between the truth B and C vertices (right).
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number of truth C vertices and figure 3.16 (right) shows the number of recon-
structable B vertices versus the number of reconstructable C vertices in single-b
jets. Even when most of the b-jets have one truth B and one truth C vertices (~
79%), the number of b-jets having one reconstructable B and one reconstructable
C vertices represent about 28% only.
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Figure 3.16.: (left) Number of truth B vertex versus number of truth C vertex in single-b
jets. (right) Number of reconstructable B vertex versus number of recon-
structable C vertex in single-b jets.

Another good criterion to estimate the performance of the MSVF algorithm is to look
at the fraction of B and C reconstructed tracks in the reconstructed vertices with respect
to the tracks in the vertices (purity) or with respect to the total of B and C reconstructed
tracks in jet (efficiency).

B and C reconstructed tracks in all vertices in jet
Total tracks in all vertices in jet

B/C track purity =

B and C reconstructed tracks in all vertices in jet

B/C track effici =
/C track efficiency Total B and C reconstructed tracks in jet

Figure 3.17 shows the general MSVF purity and efficiency per jet. The efficiency to
use B and C tracks in the vertices is found to be 44% and the purity of B and C tracks in
the vertices is about 62%.

Finally, figure 3.18 shows the probabilities to have one, at least two and exactly two
reconstructed vertices in a single-b jet when this jet has two reconstructable vertices
(one B and one C vertex) as a function of the transverse distance between the B and C
vertices. As expected, the fraction of single-b jets having two or more vertices increases
with the distance between the reconstructable vertices and the fraction with exactly one
reconstructed vertex decreases with the distance.

The goal of these studies was estimate the performance of the MSVF algorithm in
single-b jets and eventually obtain information sensitive to the presence of multiple
secondary vertices in a single-b jets in order to improve the identification of b-jets in
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ATLAS. As was showed, the MSVF algorithm can not resolve B and C decay vertices
efficiently; the fraction of b-jets with two correctly reconstructed B and C vertices is
about 3% only. Thus, it is not very suitable for single-b jets. However, the MSVF
algorithm can resolve better reconstructable vertices, as shown in figure 3.18. This
feature can be exploit in jets containing two b-hadrons (bb-jets). In the next section,
studies to characterise the performance of the MSVF algorithm in bb-jets are presented.

3.5.2. Vertex Purity Fraction in bb-jets

As mentioned in section 3.4, a W + bb sample is used to characterise the MSVF perfor-
mance in bb-jets.

As expected, bb-jets have a higher number of reconstructed vertices in a jet than
single b-jets, as shown in figure 3.19 (left). Around 48% of the bb-jets have at least 2
reconstructed vertices. Also many bb-jets have 3 and 4 reconstructed vertices inside the
jet which could be produced by the separation of b- and c-hadron vertices. Figure 3.19
(right) shows the number of tracks per reconstructed vertex in bb-jets. Around 43% of
the vertices have 2 tracks and 17% have 1-track vertices. Single-track vertices are left
out for the following studies.
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Figure 3.19.: Number of reconstructed vertices (left) and number of tracks per recon-
structed vertex (right) by the MSVF algorithm in bb-jets.

In order to quantify the performance of the reconstructed vertices in bb-jets, we define
the Truth Secondary Vertex (TSV) position corresponding to the truth B and C vertices,
as sketched in figure 3.20. Truth B and C vertices are merged in a unique space point
that correspond to the truth B vertex. bb-jet is expected to have two decay cascades of
b-hadrons, hence two TSV (called TSV1 and TSV2).

Similar to the VPF definition for single b-jets, a matching procedure is defined as:

e It is required that the bb-jet has at least two reconstructed vertices.

e A reconstructed track is considered as matching a given truth particle if P, >
0.8. (see equation 3.5).
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Figure 3.20.: Schematic view of the Truth Secondary Vertex (TSV). Truth B and C ver-
tices are merged in a unique TSV which correspond to the truth B vertex.

e MC truth matching is performed between reconstructed tracks and charged parti-
cles to decide if a track comes from a B, C or X vertex.

e A Vertex Purity Fraction (VPF) is defined with respect to the Truth Secondary Ver-
tex per reconstructed vertex as:

Number of B/C reconstructed tracks € TSV (1/2)
Total number of tracks in the vertex

VPF_TSV(1/2) = (3.8)

Figure 3.21 shows the Vertex Purity Fraction with respect to the TSV1 and TSV2. Also
a 2D plot of the VPF(TSV1) versus VPF(TSV2) is show. Around 27% of the reconstructed
vertices are correctly reconstructed with only tracks from TSV1 or TSV2 (VPF=1). From
the 2D plot around 10% of the reconstructed vertices have VPF_TSV1=VPF TSV2=0.5,
the truth secondary vertices cannot be distinguished.

Figure 3.22 shows VPF_TSV1 versus VPF_TSV2 for different transverse distances be-
tween the truth secondary vertices. As expected when this distance is small we have
more merged vertices. However, the merging effect still exists at large transverse dis-
tance between the truth secondary vertices (distxy(TSV1,TSV2)>5 mm).

Figure 3.23 (left) shows the fraction of bb-jets with exactly one reconstructed vertex,
exactly 2 reconstructed vertices and at least 2 reconstructed vertices as a function of the
transverse distance of the truth secondary vertices. As expected, the fraction of bb-jets
with at least 2 reconstructed vertices increases with the transverse distance of the truth
secondary vertices and this effect is opposite for bb-jets with only one reconstructed
vertex. Figure 3.23 (right) shows the fraction of bb-jets with at least 2 reconstructed
vertices as a function of the transverse distance of the truth secondary vertices divided
with respect to the bb-jet pr in three categories: 20 < pr < 60, 60 < pr < 110 and
110 < pr < 200 GeV. From this figure one can see that the fraction of bb-jets with at
least two reconstructed vertices increases with the p; of the bb-jet.

The MSVF algorithm has a good performance in bb-jets. About 48% of the bb-jets
have at least two reconstructed vertices. About 27% of the reconstructed vertices are
correctly reconstructed with only tracks from TSV. More secondary vertices were found
in bb-jets compared to b-jets. Thus, the MSVF algorithm provides good information for
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bb-jet identification and could potentially improve the rejection against other jets.

3.6. Development of MultiSVbb taggers

The MSVF algorithm was found suitable for the reconstruction of secondary vertices in
bb-jets. In this section, a multivariate analysis is developed to increase the discrimination
power between jets with two b hadrons and single-b jets, c-jets and light jets.

The MSVF algorithm is used to reconstruct multiple vertices inside a jet. To further
improve the efficiency of tagging bb-jets, a new tagger (MultiSVbb) has been developed.
This tagger exploits the properties of the two highest mass reconstructed vertices found
by MSVF and defines two sets of variables that use kinematic properties of these vertices
and topological variables as listed in table 3.3. To define these variables, jets with at
least two reconstructed vertices with two or more tracks in the vertices are required.
This cut serves as a first rejection against other jet flavours.

Two versions of the tagger were developed:

e MultiSVbb1: only vertex properties are used as input variables. There are 12 input
variables with the complete list outlined in table 3.3.

e MultiSVbb2: includes in addition to the vertex properties, topological variables
like the AR between the vertices. This version of the tagger has a higher b-jet
rejection as shown in the next section. There are 14 input variables as listed in
table 3.3.

Boosted decision trees are chosen to maximise the separation between bb-jets and
other jets. The Toolkit for Multivariate Data Analysis (TMVA) [79] package is used.
Before describing the MultiSVbb tagger, boosted decision trees are briefly explained
below.

3.6.1. Boosted decision trees

Boosted decision trees (BDT) are a set of binary structured decision trees using the
“boosting” technique. BDT are among the most popular learning techniques used in
high energy physics.

3.6.1.1. Decision trees

Decision trees (DT) were developed and formalised by Breiman [80] in the context of
data mining and pattern recognition. They consist of extending a simple cut-based anal-
ysis into a multivariate technique by continuing to analyse events that fail a particular
criterion until they satisfy a terminating condition. A decision tree does not immediately
reject events that fail a criterion but instead tries to find others features which may help
to classify these events properly [81].
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A DT classifies events between signal and background with a sequence of binary splits
of the data, as show in figure 3.24. Starting from the root node, the algorithm splits
recursively events into two branches using cuts on some discriminating variables x;,
until a stopping condition is satisfied. In each split the best separation variable is used.

Figure 3.24.: Schematic view of a decision tree. Starting from the root node, a sequence of
binary splits using the discriminating variable z; is applied to the sample [79].

The goal during the training is to find the best split, S*, between signal and back-
ground. It is done after scanning all sets of variables for the events at each node. The
S* is chosen from all splits, as the one that maximises the decrease of impurity:

Ai(S™) = Jnax Ai(S), (3.9)
where Ai(S) is defined as :
Ai(S) = i — min[ppip, prir], (3.10)

where pp (pr) is the fraction of events passing (failing) the split S. The most popular
impurity definition in decision trees is: i = 2p - (1 — p), called the Gini-index, where p is
the signal purity defined as s/(s + b), in which s (b) is the weighted number of signal
(background) events.

The output of the decision tree is defined as the end-node’s signal purity. The events
with signal-like signature will give values close to 1, while the events with background-
like signature will give values close to 0.

The number of parameters of a decision tree is relatively limited. When optimising a
cut value on a variable over its full range, the number of intervals to evaluate the cuts
is called nCuts. Decision trees have a maximal tree depth as condition to satisfy, a tree
cannot have more than a certain number of layers. Finally a minimum number of events
in each node after splitting is required to ensure statistical significance of the purity.
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3.6.1.2. Boosting

Boosting combines many decision trees to form a single strong classifier. Different
“boosting” algorithms are available for decision trees. In this thesis the Adaptive Boost
(AdaBoost) [82] algorithm is used.

Starting with the original event weights when training the first decision tree (7}),
the subsequent tree is trained using a modified event sample where the weights of
previously misclassified events are multiplied by a common boost weight «;, given by

1_€k

a=p-1n (3.11)

€k
where f is a free boosting parameter to adjust boosting strength (1 in the original
algorithm), and ¢, is the mis-classification (error) rate defined by

o = S wy - is lec 2881 edg(7) (3.12)
21w

where isMisclassifiedy(7) returns 1 when y; - (T;(7) — 0.5) < 0, and O otherwise. y; is a
class label equal +1 for signal, -1 for background and T}(7) is the ith event associated
with a weight w;.

The weights of the entire event sample are renormalised such that the sum of weights

remains constant.
The boosted event classification y3%, (x) is then given by

1 Ntree
Ada _
yBoost(X) - m : Xl: Q- pi(x)v (313)

where p;(x) is the output of the ith decision tree with x being the set of input variables.

3.6.2. Multivariate analysis
3.6.2.1. Input variables

The input variables used for training the BDT were chosen in order to maximise the
separation between bb-jets and other jets, while avoiding the use of variables not im-
proving the performance significantly. Different kinematic and topological variables
from the reconstructed vertices were investigated. The chosen input variables are listed
in table 3.3.

The differences between b-jets and bb-jets are expected to arise from the presence of
two b-hadrons in bb-jets leading to a higher number of reconstructed displaced vertices.
Three groups of variables were defined as follows:

e Properties of vertex with maximum and second maximum mass:

- Mass of the vertex: invariant mass of the charged particle tracks in the recon-
structed vertex, assuming the pion mass for the individual particles.
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- Energy Fraction: the energy of the charged particle tracks attached to the vertex
divided by the sum of the energies of all charged particle tracks associated to the
jet.

- Significance of the decay length of the vertex: the vertex position divided by its

error, Uid).

e Topological information from the vertices with maximum mass and second maxi-
mum mass:
- Transverse distance between vertices.
- AR = /A$? + An? between vertices.
- AR between the vertex and the jet axis.
- Angle between the flight direction from the primary vertex of the two vertices.

e Properties per jet:
- Transverse momentum of the jet (jet pr).
- Total number of reconstructed vertices inside the jet.
- Sum of the mass of the reconstructed vertices.
- Total number of tracks in all the reconstructed vertices inside the jet.

- Difference of number of tracks between the total of number of tracks in all ver-
tices reconstructed by the MSVF algorithm and the total number of tracks in the
reconstructed vertex by the SSVF algorithm.

- Significance of the decay length, the weighted average vertex position divided by
its error.

Figures 3.25 to 3.28 show the input variables distributions comparing bb-, b-, cc-, c-
and light jets.

3.6.2.2. Training the BDT

An MVA discriminator between bb-jets and different jet flavors was built by training a
BDT. The sample of simulated jets is split in two parts: a training and a test sample,
with exactly the same kinematic properties. The MVA discriminator is then applied on
two independent samples to test for “overtraining”. Overtraining occurs when there
are too few data events to properly fit the model parameters. If over-trained, the MVA
discriminator performance in the training sample and on an independent test sample
will differ considerably.

A one-dimensional scan of each of the training parameters was performed to optimise
the parameters. The main BDT parameters are:

e Number of trees in the BDT (NTrees) which is set to 250.
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Variable Description MultiSVbbl  MultiSVbb2
Properties per jet:

Jet pr Transverse momentum of the jet v v
Nvtx Total number of reco vertices inside the jet v v
Total Mass Sum of the mass of the vertices v v
Ntrks Total number of tracks in reco vertices v v
Diff ntrk SSVF  Ntrks - total number of track in reco vertex from SSVF. v v
NormDist Significance of the decay length averaged over all vertices v v
MaxEfrc Maximum vertex energy fraction - v
Properties of vertex with maximum (vtx1) and

second maximum (vtx2) mass:

Mass_ vtx1 Mass of the vertex with maximum mass v -
Mass  vtx2 Mass of the vertex with second maximum mass v -
Efrc_ vtx1 Energy fraction of the vtx1 v -
Efrc_ vtx2 Energy fraction of the vtx2 v v
DIs_ vtx1 Significance of the decay length of the vtx1 v v
Dls_ vtx2 Significance of the decay length of the vtx2 v -
Topological information from the vertices:

Distxy(vtx1,vtx2) Transverse distance between vertices - v
AR(vtx1,vtx2) AR between vertices - v
AR(vtx1, jet) AR between vtx1l and the jet axis - v
AR(vtx2, jet) AR between vtx2 and the jet axis - v
Angle(vtx1,vtx2)  Angle between the flight direction from - v

the primary vertex of the two vertices

Table 3.3.: List of input variables used in MultiSVbb taggers.
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Figure 3.26.: MultiSVbb input variables distributions
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Figure 3.27.: MultiSVbb input variables distributions
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e Maximum tree depth (MaxDepth) which is set to 4. This value is a compromise
between a proper use of the available information from the input variables while
maintaining short trees in order to avoid overtraining.

e Number of cuts which are tested per variable and per node (nCuts). A value of
100 is chosen.

e Minimum number of events in a node (MinNodeSize) which is set to 4% of the
total number of events (around 93K (400K) signal (background) events were used
in the training ).

bb-jets are used as signal and a mixture of jet flavors (b-, c-, light- and cc-jets) for
the background. Different background configurations were tested in order to optimise
the b-jets rejection while keeping light jets rejection at a good rate. The background
composition chosen was 37% b-, 9% c-, 16% cc- and 38% light-jets.

Since the BDT learns that the bb-jet populate in relatively high jet pr compared to
b-jets, a flattening weight was applied to minimise the jet py correlation of the BDT
output. The jet pr spectra of all flavors are flattened individually in all the flavors.
The jet pr profiles per flavour of the training sample before flattening are shown in
figure 3.28.
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Figure 3.28.: Jet pr distribution per flavor (normalised to the same area).
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3.7. Performance of the MultiSVbb1 and MultiSVbb2
taggers

Figure 3.29 shows the MultiSVbb1 and MultiSVbb2 BDT output for the signal and back-
ground components. The MultiSVbb taggers provide better separation between bb-jets
and other flavour jets than any individual discriminating variable.
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Figure 3.29.: MultiSVbb1 (left) and MultiSVbb2 (right) BDT output for bb-, b-, cc-, c-
and light jets.

Figure 3.30 shows the rejection of different jet flavours versus the bb-jet efficiency for
the MultiSVbb1 and MultiSVbb2 taggers. The rejection against cc-jets is significantly
lower compared to c- or light jets because of the two c-hadrons have a real lifetime
and thus similar topology as bb-jets. Figure 3.31 shows the MultiSVbb2 performance
with respect to MultiSVbb1. MultiSVbb2 has higher rejection than MultiSVbb1 since it
includes topological variables in the training.

A typical working point for the standard b-tagging is 70% b-jet efficiency. The bb-jet
efficiency of the MultiSVbb taggers is limited by the vertexing efficiency which is around
50% after requiring at least two reconstructed vertices. This corresponds roughly to the
efficiency of tagging two b-jets.

Table 3.4 shows the rejection factor at 35% bb-tagging efficiency for the two taggers,
comparing the numbers with the MV1 tagger (default b-tagging algorithm in ATLAS
Run 1). The b-jet rejection is about 18 (23) at 35% bb-jet efficiency for the MultiSVbb1
(MultiSVbb2) tagger. The MultiSVbb2 tagger performs 7 times better, in terms of b-jet
rejection at the same bb-jet tagging efficiency, compared to MV1 which is not tuned to
separate b- and bb-jets.

The dependence of the performance on the jet kinematics is of particular importance.
Figure 3.32 shows bb-jet efficiency and b-jet rejection as a function of jet pr using a
global cut at 35% efficiency. The efficiency increases with jet py; at high jet pr we
have a relatively better track reconstruction and consequently better secondary vertex
reconstruction. The b-jet rejection factor at global 35% bb-jet efficiency goes down as jet
pr increases, the effect is opposite at fixed efficiency as shown in figure 3.33.
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Figure 3.31.: MultiSVbb2 performance with ratio to MultiSVbb1

Rejection MV1 MultiSVbbl MultiSVbb2

b-jets 3 18 23
c-jets 40 200 250
[-jets 10000 2400 3200
cc-jets 40 35 38

Table 3.4.: Rejection at 35% of bb-jet efficiency.
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Figure 3.33.: b-jet rejection as function of pr at fixed 35% bb-jet efficiency.
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3.8. Summary

A new b-tagging tool (MultiSVbb) was developed to identify jets containing two b-
hadrons (bb-jets). The method exploits the secondary vertices property differences bet-
ween bb-jets and b-jets, combining the best discriminant variables with boosted decision
trees (BDT). Several variables were investigated and different configurations of BDT
were studied. Two configurations are retained (MultiSVbb1 and MultiSVbb2) with the
best one (MultiSVbb2) performing 7 times better than the default b-tagging algorithm
in ATLAS Run 1 (MV1) which does not separate b-jets from bb-jets. This b-tagging tool
can be used to measure the t{+bb-jets component in the t¢+b-jets processes.
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4. Search for the Higgs boson in the
single lepton ttH(H — bb) channel

This chapter describes the search for the associated production of a Higgs boson with
a top quark-antiquark pair in the single lepton channel where the Higgs decays into a
bottom quark-antiquark pair, using pp collisions data collected by the ATLAS experiment
at centre-of-mass energy of 13 TeV.

A brief overview of the ATLAS+CMS Run 1 analysis in this channel is described in
section 4.1. The data and simulated samples used for this analysis are explained in
section 4.2. Section 4.3 describes the object selection. Section 4.4 describes the event
selection and the splitting into several categories in order to increase the sensitivity of
the search. The analysis strategy to separate signal and background events is described
in section 4.5. The background estimation methods are introduced in section 4.6. The
systematic uncertainties and their impact on the final fit results are discussed in sec-
tions 4.7-4.9, followed by conclusions in section 4.10.

4.1. Status of the ttH(H — bb) analysis

Events in the ttH(H — bb) analysis are split into three different channel based on
the decay of the top quark pair: the single lepton® channel (ttH — (Ivb)(qq'b)(bb)),
the dilepton channel (##H — (I~vb)(I*i7b)(bb)) and the full hadronic channel (t#tH —
(@) (aqD)B). )

Searches for the ttH(H — bb) in the different channels using Run 1 data at centre-of-
mass energy (y/s) of 7 TeV and 8 TeV were published by the CMS and ATLAS collabora-
tion:

e A search for the associated production of the Higgs boson with a top quark pair
using several Higgs decay modes (including H — bb) carried out by the CMS colla-
boration at /s of 7 TeV and 8 TeV can be found in ref. [83]. For the ttH (H — bb)
analysis, the single and dilepton channels were considered and boosted decision
trees were used to further improve signal sensitivity.

e A search for ttH(H — bb) using the matrix element method (MEM) by the CMS
collaboration at /s of 8 TeV is described in ref. [84]. Events with one or two

2In this chapter, the term “lepton” refers to electron and/or muon. Also taus which decay leptonically.
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opposite charged leptons are selected. In order to separate the signal from the
larger tt+jets background, this analysis uses the MEM to assigns a probability
density value to each event under the signal or background hypotheses. The results
shows an improvement of about 15% in the expected limit compared to those
obtained using the same data set and final state as the previous analysis [83].

e A search for ttH(H — bb) by the ATLAS collaboration at /s of 8 TeV is described
in ref. [85], the search uses events containing one or two electrons or muons. A
neural network is used to discriminate between signal and background events. In
the single lepton channel, variables calculated using the matrix element method
are included as inputs to the neural network to improve the discrimination of the
irreducible ¢t + bb background.

e Finally, a search for the full hadronic t/H(H — bb) channel by the ATLAS colla-
boration at /s of 8 TeV was recently published [86]. For this analysis, a data-
driven method is used to estimate the dominant multijet background and boosted
decision trees are used to discriminate the signal from the background.

The observed signal strengths ;1 = o /05y, the ratio of the observed ttH production
cross section relative to the value expected for a SM Higgs boson, for the individual
ttH(H — bb) channels and for their combination are summarised in figure 4.1. A
combined signal strengths . of 1.4 + 1.0 is observed by the ATLAS experiment while the
CMS experiment has a signal strengths y of 1.27]:5.
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Figure 4.1.: Measurements of the signal strength = o /ogys for ttH(H — bb) production
for the individual channels and for their combination by the ATLAS [86] (left)
and CMS [84] (right) experiments.

The observed limits, and those expected with and without assuming SM Higgs boson
with my = 125 GeV, for each channel and their combination are shown in figure 4.2.
The best observed (expected) upper limit on t#H(H — bb) was obtained by the ATLAS
collaboration: 1 < 3.4 (2.2) at 95% confidence level (CL).
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The ATLAS and CMS Run 1 results have been combined, resulting in evidence for
the t¢H production with a measurement (expected) significance of 4.40 (2.00) and a
combined signal strengths x of 2.37)7 [87].

T
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Hadronic — f B CMS ----- Expected + 16
sL- . 0 Expected + 26
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Dilepton |- — -l Observed
I ttH (H—> bb)
=8 TeV, 20.3 fb” DL i
Lepton+jets (— — :
I Expected + 1o . i
O Expected + 26 :
Combination _ —— Observed B i :
inatl I Injected signal (u=1) Combined — !
L I I BN R :
0 2 4 6 8 10 12 o '

. 1 10
95% CL limit on u for m =125 GeV 95% CL limit onp = o/c_ at m,, = 125 GeV

Figure 4.2.: Upper limits on the signal strength p for the individual t£H(H — bb) chan-
nels as well as for their combination, at 95% CL. The observed limits (solid
lines) are compared to the expected (median) limits under the background-
only hypothesis (black dashed lines) and under the signal-plus-background
hypothesis assuming the SM prediction for o,y (red dotted lines). The sur-
rounding green and yellow bands correspond to the 4+1 standard deviation
(s.d.) and £2 s.d. ranges, respectively, around the expected limits under the
background-only hypothesis

The observation of ¢t H production is one of the major goals of the Higgs boson physics
programme for the LHC Run 2. Increasing the centre-of-mass energy to 13 TeV results
in a ttH production cross section 3.9 times larger than at 8 TeV, while the cross section
for the dominant background, ¢t production, is increased by a factor of 3.3 [17].

A search for ttH(H — bb) with 2.7 fb~! of data recorded with the CMS detector in
2015 at /s = 13 TeV has recently been published [88]. This analysis combines the
matrix element method with boosted decision trees to separate signal from background
events. For the first time, methods for tagging hadronically decaying boosted particles
are incorporated in this analysis. The signal strength © = o/og), obtained is y =
—2.2 + 1.8, compatible with the SM expectation. An observed (expected) upper limit of
1< 2.6 (3.6) at the 95% CL was set.

4.2. Data and simulation samples

4.2.1. Data

The analysis is performed on pp collisions data recorded at /s = 13 TeV with the ATLAS
experiment in 2015 and between April and July 2016. The corresponding integrated
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luminosities are 3212.96 pb~! and 9994.73 pb~! respectively. Only the periods in which
all the sub-detectors were operational are considered.

Triggers

The triggers used for this analysis are single electron triggers and single muon trig-
gers [89]. Table 4.1 summarises the triggers used in the analysis for the 2015 and
2016 data taking periods. The triggers with the lower-p; threshold include isolation
requirements on the candidate lepton, while the triggers with the higher-p; threshold
no lepton isolation is required.

Event filter menu Online object  pr threshold [GeV]
2015

e24 1lhmedium_ L1EM20VH electron 24
€60_lhmedium electron 60
e€120_1hloose electron 120
mu20_iloose_L1MU15 muon 20
mu50 muon 20
2016

e24 1lhtight nodO_ivarloose electron 24
€60_lhmedium nodO electron 60
€140 _lhloose_nod0 electron 140
mu24 ivarloose L1MU15 muon 24
mu40 muon 40

Table 4.1.: Single electron and muon triggers used for the analysis.

4.2.2. Simulated samples

Monte-Carlo events have been generated through the ATLAS simulation software chain
as explained in section 2.4. The event generators used for the signal and background
samples are listed in table 4.2.

4.2.2.1. Signal samples

The ttH signal process is modelled using MadGraph5 aMC@NLO [90] (referred to in
the following as MG5_aMC ) with a NLO matrix element. They are inclusive in Higgs
boson decays and are produced with the NNPDF3.NLO [91] parton distribution function
(PDF) set using factorisation (ur) and renormalisation (ug) scales set to up = pur =
Hr/2, where Hr is defined as the scalar sum of the transverse masses ,/p% + m? of all
final state particles. The Higgs mass is set to 125 GeV. Generated events are interfaced
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Process Generator Shower PDF Tune

Signal
ttH MG5_aMC Pythia 8.210 NNPDF3.NLO Al4
Top-quark
tt Powheg-Box Pythia 6.428 CT10 Perugia2012
t-channel single top Powheg-Box Pythia 6.428 CT10f4 Perugia2012
s-channel single top Powheg-Box Pythia 6.428 CT10 Perugia2012
Wt-channel single top Powheg-Box Pythia 6.428 CT10 Perugia2012
V' + jets
W + jets Sherpa Sherpa 2.1.1 CT10 Sherpa
Z + jets Sherpa Sherpa 2.1.1 CT10 Sherpa
A%
tV MG5 aMC Pythia 8.210 NNPDF3.NLO Al14d
Diboson + jets
WW + jets Sherpa Sherpa 2.1.1 CT10 Sherpa
WZ + jets Sherpa Sherpa 2.1.1 CT10 Sherpa
Z 7 + jets Sherpa Sherpa 2.1.1 CT10 Sherpa

Table 4.2.: Processes considered in the analysis and the event generators used for the MC
simulation.
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with Pythia 8.210 [36] for the parton shower model using the A14 [77] tune for the
underlying event (UE tune). The t¢H cross section and the Higgs boson decay branching
fractions are taken from (N)NLO theoretical calculations, collected in ref. [17].

4.2.2.2. tt+jets background

The tt+jets sample is generated using the Powheg-Box v2 NLO generator [92-94] with
the CT10 PDF set [95]. Parton shower and hadronisation are modelled by Pythia
6.428 [75] with the CTEQ6L1 PDF set [96] and the Perugia2012 (P2012) [97] UE tune.
The EvtGen v1.2.0 [76] program is used to simulate the bottom and charm hadron
decays. The sample is normalised to the Top++2.0 [98] theoretical cross section of
832f§? pb, calculated at next-to-next-to-leading order (NNLO) in QCD [99-103].

Alternative tt samples are used to derive systematic uncertainties and to reweight the
nominal Powheg-Box+Pythia 6 sample. They are described in section 4.7.2.

4.2.2.3. Other backgrounds

Samples of W/Z+jets events, and diboson production in association with jets, are
generated using Sherpa 2.1.1. In the W/Z+jets samples, matrix elements are calcu-
lated for up to two partons at NLO and four partons at leading order (LO) using the
Comix [104] and OpenLoops matrix element generators and merged with the Sherpa
parton shower [105] using the ME+PS@NLO prescription [106]. The CT10 PDF set is
used. The W/Z + jets events are normalised to the NNLO cross sections [107]. The
diboson+jets samples are generated following the same approach but with up to one
additional parton at NLO and up to three additional partons at LO. They are normalised
to their respective NLO cross sections calculated by the generator.

Samples of Wt and s-channel single top quark backgrounds are generated with Powheg-
Box 2.0 using the CT10 PDF set. Overlaps between the ¢t and Wt final states are re-
moved [108]. Electroweak t-channel single top-quark events are generated using the
Powheg-Box v1 generator which uses the four-flavour scheme for the NLO matrix ele-
ments calculations together with the fixed four-flavour PDF set CT10f4. All single top
quark samples are interfaced to Pythia 6.428 with the Perugia 2012 underlying-event
tune. The EvtGen v1.2.0 program is used to model properties of the bottom and charm
hadron decays. The single top quark ¢- and s-channel samples are normalised to the
approximate NNLO theoretical cross sections [109-111].

Samples of ¢tV events are generated using MG5_aMC with up to two additional par-
tons and interfaced to Pythia 8.210 with NNPDF3.0NLO PDF set and the A14 UE tune.

4.3. Object selection

The main physics objects considered in this analysis are electrons, muons, jets and b-
jets. The reconstruction of these objects is described in section 2.5. Below the different
requirements of the physics objects are discussed.
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Electrons

Electrons must pass a tight likelihood identification criterion (TightLH) [54] and fur-
ther selections on the transverse and longitudinal impact parameters: |08‘Z)0)| < 5 and
|20sinf| < 0.5 mm. Electron must have pr > 25 GeV and || < 2.5. To reduce the
background from non-prompt electrons (e.g. from decays of hadrons produced in jets),

electron candidates are also required to be isolated [112].

Muons

Muons must satisfy “medium” quality [53] and “Gradient” isolation requirements [113].
The absolute value of a muon’s d, significance must be less than 3, and the value of
|z sin @] must be less than 0.5 mm. Muon must have pp > 25 GeV and |n| < 2.5.

Jets

The reconstructed jets are calibrated to the particle level by the application of a jet
energy scale (JES) derived from simulation and in situ corrections based on 13 TeV
data [114, 115]. After energy calibration jets are required to have pr > 25 GeV and
In| < 2.5. Quality criteria (also called jet cleaning) are imposed to identify jets arising
from non-collision sources or detector noise (using the LooseBad operating points) and
any event containing at least one such jet is removed [116]. To avoid selecting jets from
additional collisions within the same bunch crossing, an additional requirement on the
tracks associated to the jet [52] is made for low pt (pr < 60 GeV) jets in the central
(|n] < 2.4) region of the detector: such jets must have JVT > 0.59.

b-jets

Jets are identified as originating from the hadronisation of a b quark (b-tagged) via the
MV2c10 tagger using the 70% working point. This corresponds to a 70% efficiency to
tag a b-jet, with a light-jet rejection factor of 381 and a charm jet rejection factor of 12,
as determined for b-tagged jets with pr > 20 GeV and |n| < 2.5 in simulated ¢t events.
Tagging efficiencies in simulation are corrected to match the results of the calibration
performed in data [66, 71].

Overlap removal

To avoid double counting of a single detector response, an overlap removal procedure
is used. During jet reconstruction, no distinction is made between identified electrons
and jet energy deposits. Therefore, if any of the jets lie within AR of 0.2 of a selected
electron, the single closest jet is discarded in order to avoid double-counting of electrons
as jets. After this, electrons which are within AR of 0.4 of a remaining jet are removed.
Muons are required to be isolated and be separated by AR > 0.4 from the nearest
selected jet. However, if this jet has fewer than three associated tracks, the muon is
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kept and the jet is removed instead to avoid an inefficiency for high-energy muons
undergoing significant energy loss in the calorimeter.

4.4. Event selection and categorisation

The event selection is designed to select a sample enriched in t¢ events. Events are
required to contain exactly one lepton with a pr above 25 GeV and at least 4 jets. At
least two of the jets must be b-tagged. Selected events are then classified based on the
number of jets and the number of b-tagged jets.

The regions with a large signal-to-background ratio S/B and S/v/B are referred to as
“signal-rich” regions, as they provide most of the sensitivity to the signal. The remain-
ing regions are referred to as “signal-depleted” or “control” regions. They are very pure
background-only regions and are used to constrain systematic uncertainties, thus im-
proving the background prediction in the signal-rich regions. The regions are analysed
separately and combined statistically to maximise the overall sensitivity. In the most
sensitive region (>6 jets, >4 b-tags), H — bb decays are expected to constitute about
90% of the signal contribution, with the other Higgs boson decay modes also treated as
signal.

As a baseline and following the Run 1 analysis, a total of nine independent regions
are considered: six signal-depleted regions, (4 jets, 2 b-tags), (4 jets, 3 b-tags), (4 jets,
4 b-tags), (5 jets, 2 b-tags), (5 jets, 3 b-tags), (>6 jets, 2 b-tags), and three signal-rich
regions, (5 jets, >4 b-tags), (>6 jets, 3 b-tags) and (>6 jets, >4 b-tags). Figure 4.3
shows the S/+/B and S/ B ratios for the different regions under consideration based on
the simulations described in section 4.2. A clear separation between “signal-rich” and
“signal-depleted” regions can be noted, though even the regions with the most signal
still have a relatively small S/ B ratio.

The expected proportions of different backgrounds in each region are shown in fig-
ure. 4.4. The tt background is divided in different categories, as described in sec-
tion 4.6.1. The main background contribution in the signal regions corresponds to
the tt 4+ >1b category.
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Figure 4.3.: The S/B and S/+/B ratio for each of the regions assuming SM cross sections
and branching fractions, and my = 125 GeV. Each row shows the plots for a
specific jet multiplicity (4, 5, >6), and the columns show the b-jet multiplicity
(2,3, >4). Signal-rich regions are shaded in dark red, while the rest are shown
in light blue [117].
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Figure 4.4.: The fractional contributions of the various backgrounds to the total back-
ground prediction in each considered region. Each row shows the plots for a
specific jet multiplicity (4, 5, >6), and the columns show the b-jet multiplicity
(2, 3, >4) [117].
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4.5. Multivariate analysis

The small signal-to-background ratio after the event selection and categorisation mean
it is essential to use multivariate techniques (MVA) to further discriminate the signal
process from the background.

The Kinematic Likelihood Fitter (KLFitter) algorithm [118] was used in an early ana-
lysis performed with the 2011 dataset to reconstructed the entire final state of the
ttH(H — bb) system [119]. Jets were assigned to the final state partons of the tt
decay and the remaining b-tagged jets not assigned to the ¢t hypothesis were consid-
ered as candidate jets for the Higgs boson decay, with their invariant mass used as the
final discriminant in the analysis. The reconstructed Higgs matching efficiency, defined
as the subset of events where the two b-tagged jets considered as candidate jets for the
Higgs decay are matched to the b-quarks from the Higgs decay, was around 20% and
the subset of events where all jets considered in the kinematics fit match the partons
from the decays of the top quarks and the Higgs boson was 7.5%. The low matching
efficiency is a result of the large jet combinatorics as well as the fact that all products
from the ttH(H — bb) system might not be present in the selected event because of the
requirement on the jet pr or the n acceptance.

Due to the low efficiency, the kinematic reconstruction of the t#H(H — bb) system
was not included for the final Run 1 t¢H (H — bb) analysis instead a multivariate appro-
ach was used in the signal-regions. Using several variables as inputs, the MVA produces
one output discriminant that exploits the correlations among the input variables. The
distribution of the MVA output was used as the final discriminant in the signal-regions
in the profile likelihood fit.

One of the main contribution of the work done during this thesis was the develop-
ment of a new MVA technique to reconstruct the ¢¢H system for the Run 2 analysis.
These studies make use of boosted decision trees (BDT), as implemented in the TMVA
package [79]. In order to increase the signal-to-background separation, it is important
to build a correspondence between the reconstructed jets and the final-state quarks of
the hard-scattering process. The reconstruction MVA method was optimised to find the
best match between the observed jets and the final-state partons from the t¢H (H — bb)
system. In the following these MVAs are referred as "reconstruction BDTs" while the
name “classification BDT” is reserved for the final discriminant between the ¢tH signal
and the background processes.

Both reconstruction and classification BDTs are separately trained in the three signal-
rich regions: (5 jets, >4 b-tags), (>6 jets, 3 b-tags) and (>6 jets, >4 b-tags).

4.5.1. MVA-based event reconstruction

In each of the signal regions, a full event reconstruction is performed using BDT. For
this purpose only the tt H(H — bb) simulation sample is used.
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4.5.1.1. Truth Matching

For these studies performed, it is necessary to identify jets with the corresponding
quarks from the hard scattering process using MC truth matching. This identifica-
tion is done by requiring a geometric matching based on the spatial distance AR =
VANZ + Ag?. A jet is matched to a parton if the AR between the jet and the final state
parton is less than 0.3. The lepton match is not considered since the lepton is correctly
selected in most of the cases.

The fraction of selected events satisfying the different matching requirements are
shown in figure 4.5. The bins in the figure are defined as:

e “all”: all matched, the six selected jets in the event are matched to the six partons
in the final state of the t¢H(H — bb) process.

e “b+1W”: four selected jets are matched to the four b-quarks from the top and
Higgs decay and one selected jet matches to one quark from the 1 decay.

e “all b”: four selected jets are matched to the four b-quarks from the top and Higgs
decay.

e “Higgs”: two selected jets are matched to the two b-quarks from Higgs decays.

e “btop”: two selected jets are matched to the two b-quarks from ¢t decay.

e “W”: two selected jets are matched to the two quarks from hadronic W decay.

e “Hb1”: one jet is matched to the leading, in p7, b-quark from Higgs decay.

e “Hb2”: one jet is matched to the sub-leading, in pr, b-quark from Higgs decay.

e “blt”: one jet is matched to the b-quark from leptonic Top decay.

e “bht”: one jet is matched to the b-quark from hadronic Top decay.

e “wjl”: one jet is matched to the leading, in pr, quark from hadronic W decay.

e “wj2”: one jet is matched to the sub-leading, in pr, quark from hadronic W decay.

Only 42% of the selected events have all the products from the ttH(H — bb) decay
matching to the reconstructed jets in the most sensitive region (> 6jets, > 4b-tags). The
low fraction can be explained by the fact that not all products from the ttH(H — bb)
decay are present in the event, due to the acceptance of the detector and to the different
requirements in the physics objects.

The fraction of events matching the sub-leading quark from W is about 56% in the
region with at least 6 selected jets because the sub-leading quark from the hadronic W
have a low pr and hence a large fraction of the jets originated by this quark are removed
by requiring jet pr > 25 GeV. This effect is much larger in the region with 5 selected
jets. As expected, in the region with > 6jets, 3b-tags, the fraction of events matching
the b-quarks from the ttH(H — bb) decay decreases.
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Figure 4.5.: Fraction of selected events satisfying the different matching requirements (see
text). These values correspond to the maximum achievable matching effi-
ciency for the reconstruction method assuming perfect identification.

4.5.1.2. Reconstruction algorithm

In each of the three signal-rich categories, the reconstructed jets, the missing transverse
energy and one lepton are used to reconstruct the different objects of the t¢H (H — bb)
system. Jets are assigned to the quarks from t{H(H — bb) decay and combinations
containing jets and b-tagged jets are used to reconstruct the objects (e.g. the hadronic
Top, the Higgs boson, etc.). All jets are considered in the combinations.

Reconstruction of the lepton W boson.

To reconstruct the leptonic W boson, the neutrino momentum is needed. The neutrino
transverse momentum can be measured using the imbalance of the transverse energy
in the event (missing transverse energy). However, the longitudinal component of the
neutrino momentum (p,,) is not measurable given that the sum of the p. of the two
partons in the hard scattering is not known.

The sum of the lepton and neutrino four momentum is equal to the W four momen-
tum. Hence, constraining the mass of the neutrino-lepton system by the true ¥ boson
mass (My, = 80.385 GeV [14]) one can compute the p.,. It leads to a quadratic equation
with two possible solutions:

+ lpzlﬁi\/z

pzz/_ ) 41
2 EZQ_pgl (4.1)
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where:
6 = MI%V - ]\4l2 + 2puipar + 2pylpyu; (42)

A = E}B*+ (2papry)’ — (2Epr.)?), (4.3)

when there is no real solution (around 20% for the t¢tH sample used), the discriminant
of the quadratic equation is set to zero (A=0). Different approximation were studied
in ref. [120] showing that the best p., resolution is obtained with the approximation
A=0.

With the calculated p,,, it is possible to reconstruct the leptonic W boson and in cases
of two solutions, two different leptonic W bosons are considered.

Reconstruction of the hadronic W boson.

The hadronic W is reconstructed using all combinations of 2 jets that are not considered
as b-tagged jets in the selection. If the event contains less than two non-b-tagged jets,
a b-tagged jet is then allowed to be used for reconstructing of the hadronic W boson.
This happens in a very small fraction of events (less than 1%).

The hadronic W boson is not reconstructed in the region with 5 selected jets since in
most of the cases we do not have a jet originating from the sub-leading quark from the
W, as shown in figure 4.5.

Reconstruction of the Top quarks and the Higgs boson

The Top quarks are reconstructed by association of one W boson and one b-tagged
jet. The remaining b-tagged jets are used to reconstruct the Higgs boson. If an event
contains less than 4 b-tagged jets (in the >6 jets, 3 b-tags region) one and only one
non-b-tagged jet is allowed to be used for the reconstruction of one of the Top quarks or
the Higgs boson.

In the region with 5 selected jets, the hadronic Top is reconstructed using one b-tagged
jet and one non-b-tagged jet. This reconstructed object is referred to as the incomplete
hadronic Top.

4.5.1.3. BDT technique for combinatorial solving

The procedure described in section 4.5.1.2 considers all possible permutations of b-
tagged and non-b-tagged jets to assign them to the quarks from the t#H (H — bb) decay.
If all jets in a combination are matched to the appropriate quarks, the combination is
considered correct.

Boosted Decision Trees (BDT) are used to find the correct combination. Thus, for
training the BDT, the correct combination represents the signal. However, due to the
small fraction of event with all jets matching the six quarks of the ttH (H — bb) system,
as shown in figure 4.5, combinations with only one of the jets used for the hadronic
W reconstruction is not correctly assigned are considered as signal as well. All other
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different jets combinations represent the background. These requirements increases the
number of entries in the signal category and improves the overall performance.

Natural discriminating variables between the t¢H(H — bb) signal and the dominant
tt + bb background can be defined using the b-quark pair not originating from the top
quarks (e.g. the reconstructed Higgs invariant mass). However, the chosen jet combina-
tion from the BDT which includes information related to the Higgs boson in the training
(recoBDT withHiggs) biases the distribution of the candidate Higgs mass variable in the
tt+ bb background to be closer to the signal, reducing its discriminant power. Therefore,
two versions of the reconstruction BDT are used in each signal-enriched regions.

e Reconstruction BDT (recoBDT), targeted to match jets to the four quarks
from the decay products of the ¢t system, variables depending only on the top-
quark pair system are used in the training of recoBDT.

e Reconstruction BDT with Higgs related variables (recoBDT__withHiggs),
it attempts to match the reconstructed jets that correspond to the six quarks of the
ttH(H — bb) system. In addition to variables used in recoBDT it includes variables
correlated with the Higgs boson in the training (like the Higgs boson candidate
mass).

BDT training

The input variables used for the BDT training are listed in Table 4.3. The variables have
been chosen to reveal particular kinematic characteristics of the correct and wrong jet
combinations. Figures 4.6 to 4.11 show all input variables for the signal and background
both normalised to the same integral.

The total available events are divided into two samples (sample A and sample B) for
training and evaluation based on the event number. Cross training is used to profit from
the full available statistics in the evaluation step: evaluate events in sample B with the
BDT trained on sample A and the opposite. Figure 4.12 show the corresponding receiver
operating characteristic (ROC) curves for the the evaluation on sample A, sample B
and the combination A+B. This acts as a validation test to see if there is any bias in
the response from statistical fluctuations at the moment to split the sample. No large
differences have been seen between the two sets in the BDT responses.

The BDT parameters are optimised to get the best possible reconstruction efficiency.
An optimal set of parameters for the different reconstruction BDTs is given in Table 4.4.
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Variable Region
>6 jets, >4 b-tags >6 jets, 3 b-tags b jets, >4 b-tags

Topological information from ¢t :

Leptonic Top mass

Hadronic Top mass
Incomplete hadronic Top mass
Hadronic W mass

Mass of hadW and blepTop
Mass of ghadW and blepTop
Mass of lepW and bhadTop
AR(hadW, bhadTop)
AR(qhadW, bhadTop)
AR(hadW, blepTop)
AR(qhadW, blepTop)
AR(lep, blepTop)
AR(
AR(
AR(
AR(

ANEN
ANEN

NENEEENN
SNENEEENEN
ANENEENEEN

N
N

lep, bhadTop)

blepTop, bhadTop)

qlhadW, q2hadW)

bhadTop, qlhadW)
AR(bhadTop, q2hadW)
AR™"(bhadTop, q;hadW)
AR™®(bhadTop, q;hadW) -

AR(lep, blepTop)
AR(bhadTop, ghadW) - - - v

AR(lep, blepTop)

NN

AN NN NN
SN N N N NN
I

Topological information from Higgs :

Higgs mass

AR(b1Higgs, b2Higgs)
AR(b1Higgs, lep)

Mass of Higgs and qlhadW
AR(b1Higgs, bleptop)
AR(b1Higgs, bhadtop) -

ESENENEN

ANENENENENEN
SNENENENENEN

Table 4.3.: List of the input variables for the reconstruction BDT in the three signal re-
gions. In the descriptions, hadTop stand for the hadonic Top object, bhadTop
correspond to the b-quark from the hadronic Top object, b1Higgs stand for
the leading (in pr) b-quark from the Higgs object and b2Higgs represent the
sub-leading (in pr) b-quark from the Higgs object. The leptonic Top and the
hadronic W objects are described using a similar terminology.
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Figure 4.6.: Distributions of the kinematic variables used as inputs for the recoBDT in the
>6 jets, >4 b-tags region. Solid blue lines correspond to the correct combina-
tion (signal) while the dashed red lines show the combinatorial background.

112



= R e B e N B
[} | |
N0.35¢ ATLAS Simulation
E o03f work in progress
S £ s=13TeV B
c ttH(bb) I+jets -
0 25; 26 jets, 3 b-tags 7:
0.2 E
0.15F —Signal
01 ~Bkg 3
0.05[ E
G:: Ll b | L

100 200 300 400 500 600 700
Higgs Mass [MeV]

-0.06 LA I e
g ]
5 r ATLAS Simulation -
£0.05~ work in progress
g e :
E ttH +jets b
0.04— ... 26 jets, 3 b-tags ]
0.03 =
L —Signal 1
0.02- - Bkg -
0.0 E

4 5
AR(lep, b1Higgs)

x10°

Normalized
o
o

0.04
003 — Signal
0.02 --- Bkg
0.0
P R R I
0 1 2 3 4 5
AR(b1Higgs, b2Higgs)
-030_22;‘ T
= 0.2 ATLAS Simulation <
Eo.1 work in progress 3
o [5=13TeV E
Z0.1 E ttH(bb) I+jets =
0.14; 26 jets, 3 b-tags 7;
0.12; 7;
0.1 . 3
0.08 —Slkgnal E
0,06;7 - B g 7;
0.041 3
0.02} =
= P N B B, OO L ! I |
0 200 400 600 800 1000 1200 1400 1600 1800

Vi ——
ATLAS Simulation
work in progress

(s=13TeV
ttH(bb) I+jets
26 jets, 3 b-tags

I NN NS NN FET N P

T I T [ TP T[T T[T T[T T

Mass(Higgs+gqlhadW) [MeV]

x10

3

Figure 4.7.: Distributions of Higgs related variables used as inputs for the re-
coBDT _withHiggs in the >6 jets, >4 b-tags region. Solid blue lines cor-
respond to the correct combination (signal) while the dashed red lines show
the combinatorial background.

TMVA Setting

>6 jets, >4 b-tags

>6 jets, 3 b-tags

5 jets, >4 b-tags

BoostType
AdaBoostBeta
NTrees
MaxDepth
nCuts
MinNodeSize

AdaBoost

0.15
400
)
80
4%

AdaBoost AdaBoost
0.15 0.15
400 250

5 4
80 100
4% 5%

Table 4.4.: Details of the reconstruction BDT settings in the three signal regions. The
parameters are the same in the regions with 6 selected jets. Fewer trees results
in an improved stability in the region with less statistics: 5 jets, >4 b-tags.
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4.5.1.4. Reconstructed Top and Higgs Masses

To perform the jet assignment in an event, all possible jet combinations are constructed,

the trained BDT is evaluated for each jet combination, and the jet combination with

the largest BDT output is selected. Since two different reconstruction BDTs are trained,

there are two choices for the jet assignment under either the recoBDT or the recoBDT withHiggs
response. Figures 4.13 to 4.15 show the distribution of the invariant mass of the recon-
structed Top and the Higgs boson for recoBDT and the recoBDT withHiggs.

4.5.1.5. Performance

The performance of the MVA-based event reconstruction is quantified with the recon-
struction efficiency, defined as the fraction of events for which the chosen combination
is the correct one. It is calculated separately for all objects or subset of objects. For
instance, the reconstruction efficiency of the Higgs boson is defined as the fraction of
events for which the two corresponding jets have been identified correctly (4"* column
in figure 4.16). A reconstruction Higgs matching efficiency of up to 48% is obtained in
the (>6 jets, >4 b-tags) region, compared to the maximum achievable matching effi-
ciency of about 89% (as show in figure 4.5), giving a relative Higgs matching efficiency
of about 50%. An efficiency of up to 16% to correctly match all jets is achieved in the
(>6 jets, >4 b-tags) region using Higgs-related variables in the training. The corre-
sponding maximum achievable matching efficiency is about 42%, hence a relative all
partons matching efficiency of about 38% is found. The reconstruction efficiencies for
the different objects in the three signal regions are shown in figure 4.16.

Appendix A.1 shows the ratio of the reconstruction efficiency to the maximum achiev-
able matching efficiency. The comparison of data and MC prediction for the distribu-
tions of the highest reconstruction BDT output per event can be found in appendix A.2

All reconstruction efficiencies obtained with recoBDT are smaller compared to those
obtained with recoBDT withHiggs. This is expected as the latter make use of more
information of the Higgs decay topology. In particular, the recoBDT approach does not
use information about the b-quarks from the Higgs resulting in a large misidentification
rate for the jets assigned to the b-quarks from the Higgs. However, as shown on the
bottom of the figures 4.13 to 4.15, recoBDT withHiggs bias the reconstructed Higgs
mass distribution and this effect is similar when it is applied to the ¢tbb background,
reducing thus its discriminant power.
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Figure 4.15.: Reconstructed Top and Higgs masses in the 5 jets, >4 b-tags region. The left
(right) distributions show the masses using the jet assignment from recoBDT
(recoBDT withHiggs). Also overlaid are the distributions for the subset of
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4.5.2. Discrimination between signal and background

The two reconstruction BDTs are both executed for each selected event in the signal
region, leading to jet combinations from recoBDT and recoBDT withHiggs. This allows
to construct two sets of variables. In addition, a third group of variables that require
no jet assignment are defined. Then, the three sets of variables are used as inputs to a
classification BDT that provides the final discrimination between the t¢H signal and the
tt+jets background as illustrated in the scheme in figure 4.17.

Analysis Chain
Signal-rich region
reconstruction step recoBDT recoBDT_withHiggs
choose the best
combination for each
Global
vars vars vars
classification step ttH vs tt+jets (classifBDT)

Figure 4.17.: For each signal-rich region, information from the reconstruction BDTs is
combined with global kinematic variables in a classification BDT that is
used to separate ttH from the dominant tt+jets background.

4.5.2.1. Discriminating variables for the classification BDT

Following as baseline the ttH(H — bb) Run 1 analysis, several classes of variables were
used in the training of the classification BDTs:

e Object kinematic: the transverse momentum of the fifth leading jet (/5*°).

e Event kinematic variables: the scalar sum of the transverse momentum of all jets
(Hh21) and the number of jets with p; > 40 GeV (VJ5),

e Event shape variables: the scalar sum of the p; divided by the sum of the energy
for all jets and the lepton (Centrality), the second Fox-Wolfram moment [121]
computing using all jets and the lepton (H1) and 1.5\, , where )\, is the second
eigenvalue of the momentum tensor [122] built with all jets (Aplan).

avg

e Object pair properties: the average AR for all b-tagged jet pairs (AR}["), the maxi-
mum A7 between any two jets (An;™* A7) the mass of the combination of the two
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b-tagged jets with the smallest AR (m&i® A7), the mass of the combination of a b-
tagged jet and any jet with the largest vector sum of pr (my,;" *"), AR between the
two b-tagged jets the largest vector sum of pr (AR, ""), AR between the lepton
and the combination of the two b-tagged jets with the smallest AR (AR 3F),
the number of b-tagged jet pairs with invariant mass within 30 GeV of the Higgs
boson mass (N?Oiggs), and the mass of the combination of any two jets with the
smallest AR (mf™ 25).

In addition to the global variables, variables using the information of the MVA-based
event reconstruction are used:

e Reconstruction variables using the jets combination from recoBDT: the Higgs bo-
son candidate mass (Higgs mass), AR between b jets from the Higgs boson can-
didate (AR(b1Higgs, b2Higgs)), the mass of the Higgs boson candidate and the
b-jet from the leptonic Top candidate (mass(Higgs+blepTop)) and AR between
the Higgs boson candidate and the leptonic Top candidate (A R(Higgs, lepTop)).

e Reconstruction variables using the jets combination from recoBDT withHiggs: the
highest BDT score in the event (highest BDT score), AR between the Higgs boson
candidate and the ¢t system candidate(AR(Higgs, tt) and AR between the Higgs
boson candidate and the b-jet from the hadronic Top candidate (A R(Higgs, bhad-
top)).

An interactive process is used to find an optimal set of variables in each signal-rich
region. First the input variables are ranked by their signal-to-background separation
power (TMVA separation) defined as:

bins S B\2
Ly B (1.4

i % + Nz‘
where NP and NP are the entries in each bin of the normalised signal and background
histograms, respectively. Then about 30 variables are selected for the starting point due
to their discrimination power. One-by-one, variables with no significant improvement
of discrimination between signal and background are removed. In the end, only the
best 15 variables are selected in each signal region. No significant improvement of
discrimination is achieved by selecting more variables. The complete list of variables
used in the classification BDTs can be found in table 4.5.

Distributions of signal and background events for the input variables using recon-
structed objects are shown in figures 4.18 to 4.20. For each variable the TMVA separa-
tion is show as well.

The highest BDT score in the event from recoBDT withHiggs is one of the most im-
portant variable in all the signal-rich regions. Since this reconstruction BDT was trained
with the full information of the t/H (H — bb) system the highest BDT score in the event
can be interpreted as the probability of the event to be signal. In the most sensitive
region (>6 jets, >4 b-tags) the three most important variables are: the average AR for
all b-tagged jet pairs, the highest BDT score from recoBDT withHiggs and centrality.
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The comparison between data and simulation for the input variables show a good
agreement, as shown in appendix B.1.

Variable Region
>6 jets, >4 b-tags >6 jets, 3 b-tags 5 jets, >4 b-tags

Global variables:

Centrality

max An
A

H1

jetb
T
a
ARE
Aplan
Higgs
N 30
mglﬁn AR
mg}‘rmx prT
AR Pt
min AR _
A_}%tlep—bb
je
N. 40
H%ad

min AR
i

AN N NS NENEN
NN NN
NN N N NEN

NN
N N N \

Variables from recoBDT:

Higgs mass
AR(b1Higgs, b2Higgs)
Mass(Higgs+blepTop)
AR(Higgs, lepTop)

SSENENEN
NN
«\

Variables from recoBDT__withHiggs:
Highest BDT score v v

v
AR(Higgs, tt) v v v
AR(Higgs, bhadtop) - v v

Table 4.5.: List of the input variables for the classification BDT. Variables using the infor-
mation of the MVA-based event reconstruction are defined with the candidate
objects from the best jets combination.
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Figure 4.18.: Discriminating variables using reconstructed objects from recoBDT and re-
coBDT _withHiggs in the region with >6 jets, >4 b-tags. Each plot shows
the normalised distribution for ttH signal (solid blue) and the t{+jets back-
ground (dashed red). The TMVA separation (Sep), as defined in equa-
tion 4.4, is also shown.
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Figure 4.19.: Discriminating variables using reconstructed objects from recoBDT and re-
coBDT _withHiggs in the region with>6j, 3b-tags. Each plot shows the nor-
malised distribution for ttH signal (solid blue) and the tt+jets background
(dashed red). The TMVA separation (Sep), as defined in equation 4.4, is
also shown.
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4.5.2.2. BDT: setup and training

The classification BDTs are trained with a mixture of the single lepton, dilepton and full
hadronic ttH samples as the signal. The samples include all Higgs decay modes. For
the background ¢t + jets processes are used. Minor backgrounds are not considered for
training because of their small impact.

An optimal set of the BDT parameters has been obtained after performing multiple
trainings. Table 4.6 lists the chosen BDT parameters for each signal region.

TMVA setting >6 jets, >4 b-tags >6 jets, 3 b-tags 5 jets, >4 b-tags

BoostType AdaBoost AdaBoost AdaBoost
AdaBoostBeta 0.15 0.15 0.15
NTrees 400 400 250
MaxDepth 5t ) 4
nCuts 80 80 80
MinNodeSize 4% 4% 5%

Table 4.6.: Details of the classification BDT settings in the three signal regions. The
parameters are the same in the regions with 6 selected jets. Fewer trees get
better stability in the region with less statistics, 5 selected jets.

Cross training is used to profit from the full available statistics in the evaluation step:
evaluate events in sample B with BDT trained on sample A and the opposite. Figure 4.21
shows the cross training validation plots. No large differences have been seen between
the two sets.

4.5.2.3. Performance

The performance of the classification BDTs is measured using the TMVA separation
defined in eq. 4.4. Table 4.7 shows the separation values for the classification BDTs with
and without variables using the information from the MVA-based event reconstruction.

In all regions, the classification BDTs with reconstruction variables have better sepa-
ration than the classification BDTs with purely global kinematic variables. In particular,
the largest improvement with help of the reconstruction is found in the most sensitive
region (>6 jets, >4 b-tags), an increase of 16.7% in separation is observed.

Figure 4.22 shows the distribution of the classification BDT with reconstruction out-
put for the ttH signal and the tt + jets background in the signal regions. Also the ROC
curves for the classification BDTs with and without reconstruction variables is showed.
It can be seen that the ROC curves of the classification BDTs with reconstruction over-
shoot the ROC curves of the classification BDTs without the inclusion of the additional
variables from the reconstruction BDTs.

Figures 4.23 shows the comparison of data and MC prediction for the distributions of
the classification BDTs with reconstruction in each of the analysis regions considered.
No significant shape disagreement is visible. The discrepancy observed is due to an
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Figure 4.21.: ROC curves for the classification BDTs in the signal-rich regions. Results
are shown for the evaluation in sample A, sample B and total (A+B).

TMVA separation (%) classificationBDT classificationBDT  Gain
without Reco with Reco

>6 jets, >4 b-tags 15.68 18.30 16.7%

5 jets, >4 b-tags 18.10 19.88 9.8%

>6 jets, 3 b-tags 12.99 13.94 7.3%

Table 4.7.:

TMVA separation for the classification BDT with and without variables using
reconstructed objects in the training.
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underestimation of the ¢t + > 1b and ¢t + > 1c prediction. It will discussed more in
section 4.7.2.1. The normalisation uncertainty for these processes are left free floating
in the fit to data.

Since classification BDTs with reconstruction show the best separation it is used as
the final discriminants in the fit to data. In the following, classification BDT will refer
to classification BDT with reconstruction variables, unless otherwise specified.

4.6. Background modelling

This section describes the modelling of the main background components in this analy-
sis.

4.6.1. tt + jets background

The tt+jets sample is generated inclusively, but events are divided into sub-samples
based on the flavour of the particle jets that do not originate from the decay of the
tt system. Particle jets are reconstructed from stable truth particles using the anti-k,
algorithm with parameter R=0.4, in the acceptance region: pr > 15 GeV ,|n| < 2.5.
Events are labelled as tt +>1b if at least one particle jet is matched within AR < 0.4 to
a b-hadron with pr > 5 GeV not originating from the decay of a top quark. Similarly, if
at least one particle jet is matched to a c-hadron with pr > 5 GeV, not originating from
W boson the event is labelled as ¢+ >1c if it is not already ¢t + >1b. Events labelled
as either tt + >1b or tt + >1c are referred to as tt+HF (“heavy flavour”) events. The
remaining events are labelled as t¢+light events, including those with no additional jets.

The tt+HF events are further categorised using a finer classification in order to com-
pare different event generators and for the application of systematic uncertainties re-
lated to the modelling of t¢+HEF. If there are two particle jets matched to an extra b-
or c-hadron, the event is referred to as tt + bb or tt + c¢, if there is a single particle jet
matched to a single b-hadron or c-hadron, the event is referred referred to as ¢t + b or
tt + c if there is a single particle jet matched to a b-hadron or c-hadron pair, the event is
referred to as tt + B or tt + C and if there are at least 3 particle jets matched to at least
one b-hadron or c-hadron each, the events is referred to as tt +>3b or tt + >3c.

4.6.1.1. tt+light and tt + >1c modelling

From Run 1 ¢t measurements [123], it is known that MC prediction for most gen-
erators, particularly Powheg + Pythia6, overpredicts the data at high top quark pr
and tt system pr. Therefore, in order to correct for this effect, tt+light and tt + > 1c
events are reweighted to match the NNLO calculation for the differential cross-section
at 13 TeV [124,125]. A two-step sequential reweighting is applied in a similar way
as the Run 1 ttH(H — bb) analysis. First, a reweighting to the NNLO top quark py is
applied, then the t¢ system pr is reweighted.
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Figure 4.22.: On the left, distributions of the classification BDT with reconstruction out-
put for the ttH signal and the tt + jets background in the signal regions.
On the right, the ROC curves for the classification BDTs with and without
reconstruction variables.
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Figure 4.23.: Distributions of the output of the classification BDTs with reconstruction
in data and MC for the three signal regions. The uncertainty band contains
both statistical uncertainty and systematic uncertainties. Distributions are
shown before the fit procedure, uncertainties on the normalisation of t£ +>1b

or tt +>1c [117] are not included.
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4.6.1.2. tt +>1b modelling

The tf 4+ >1b background is reweighted to the NLO prediction based on a tf 4 bb sam-
ple generated with Sherpa+OpenLoops [126,127]. This reweighting is performed for
different topologies of tf + >1b in such a way that the relative normalisation of each of
the sub-categories (tt + bb, tt + b, tt + B, tt + >3b) and the relevant kinematic distribu-
tions are at NLO accuracy. In each sub-category, a first reweighting is based on the top
quark pr and ¢t system pp. This is followed in the ¢t + b and ¢t + B sub-categories by a
reweighting on the p; and 7 of the b-jet; in the tf 4 bb and ¢t + >3b sub-categories the
reweighting is based on the AR and pr of the di-b-jet system not coming from the top
quark decay.

Figure 4.24 shows the cross section of the different ¢t + >1b event categories for the
Powheg+Pythia6, Sherpa+OpenLoops samples and MG5_aMC samples.
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Figure 4.24.: Cross-sections for the different categories of tt+ > 1b events. The in-
clusive Powheg+Pythia6 sample is compared to Sherpa+OpenLoops and
MG5_aMC with different parton showers [117].

4.6.2. Misidentified lepton background

Misidentified leptons produced together with additional jets contribute to the back-
ground in the analysis. Although these events have small acceptance rates, production
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rates are significantly larger than the processes of interest, resulting in a non-negligible
background. The misidentified lepton background contributes via the misidentification
of a jet or a photon as an electron (“fake” electron) or the presence of a non-prompt
electron (e.g. electrons from heavy-hadron decays) in the electron channel, while in the
muon channel the contribution is predominantly due to a non-prompt muon, such as
those from b- or c-hadron decays. A data-driven method known as the “matrix method”
is used to estimate the expected number of misidentified lepton background in the se-
lected sample [128].

Events are divided into two samples: events with one tight lepton and events with
one loose lepton. The former being a subset of the latter. The tight selection applies
the same requirements as used in the analysis, as defined in section 4.3. For the loose
selection, electrons are those satisfying the medium likelihood-based selection with no
requirements on the isolation and muons are those satisfying the tight selection require-
ments with no requirements on the isolation. The number of events in each sample can
then be expressed as a linear combination of the number of events with a real or fake
leptons:

Nloose — njloose + N}Zfeea (45)

real
Ntight _ Nloose Nloose 4 6
= €realdVyeql + €fake fake> ( . )

where €, (€sqke) is the fraction of real leptons (fake leptons) in the loose selection that
also passes the tight selection.

The relative efficiencies ¢,.,; and €y.;. depend on the lepton kinematics and the char-
acteristics of the events such as number of jets and b-jets. An event weight is computed
from the efficiencies, which are parameterized as a function of several kinematics (e.g.
the lepton n and pr, the AR between the lepton and its nearest jet, A¢(l, E75#)) [129]:

€
w; = ¢<€real - 51)7 (47)
€real — €fake

where §; is equal to 1 if the loose event i passes the tight event selection and 0 otherwise.

The real efficiency ¢, is derived using the tag-and-probe method from the Z — ee
and Z — pp data. The fake efficiency €y, is measured in data samples dominated by
non-prompt and fake leptons. Thus, a control region is defined by requiring: E7s +
mr(lepton, Es%)® < 60 GeV and mr(lepton, E¢) < 20 GeV. Then, €4, is determined
as the ratio between the number of tight and loose events in this region.

4.6.3. Other backgrounds

The W/Z + jets, ttV, single top (s-channel, ¢{-channel and Wt-channel) and diboson
backgrounds are estimated from MC simulations as outlined in section 4.2.2.3.

b The transverse mass mr is defined as mp = \/ZplTE$iSS(1 — cos(@l — pmiss))
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4.7. Systematic uncertainties

The sources of systematics are from experimental and modelling uncertainties. System-
atic uncertainties can affect the normalisation of the signal and background and/or the
shape of the final discriminant distribution. The uncertainties are taken into account via
nuisance parameters in the fit procedure, which is described in section 4.8. The sources
of systematic uncertainties considered in the analysis are summarised in table 4.8.

4.7.1. Experimental uncertainties

These uncertainties arise from the measurement used to correct the modelling of the
physics objects.

4.7.1.1. Luminosity

The uncertainties on the combined 201542016 integrated luminosity is 2.9%. The
method to derive this uncertainty is similar to the one detailed in ref [130]. This
systematic uncertainty affect the overall normalisation of all contributions determined
from MC simulations.

In order to correct differences in the pileup distributions between MC simulation and
data a pile-up reweighing is applied. An uncertainty is considered on the reweighting
of the pileup distribution.

4.7.1.2. Leptons

Uncertainties considered for leptons arises from trigger, reconstruction, identification,
isolation, and lepton momentum scale and resolution. These uncertainties generally
have a very small impact on the result.

4.7.1.3. Jets

Uncertainties associated to the jet selection arises from the jet energy scale (JES), jet
vertex tagger (JVT) and jet energy resolution (JER). The JES uncertainties considered
originate from several sources: in-situ calibration techniques (statistical, detector, mod-
elling), pileup dependent corrections and the flavour composition of the jets. In total
there are 18 uncertainties associated to the JES. A JER uncertainty has been assessed
using the Run 1 uncertainty with an extrapolation from Run 1 to Run 2 conditions [131].

4.7.1.4. Missing transverse momentum

The EZss reconstruction is affected by uncertainties associated with leptons and jet
energy scales and resolutions which are propagated to E7**¢. Additional uncertainties
quantify the resolution and scale of the soft terms. Since EZ** is not used in selection
but only in event reconstruction, its uncertainties typically have a small effect on the
analysis

137



Systematic uncertainty Type Components

Luminosity N 1
Pileup reweighting SN 1

Reconstructed Objects

Electron trigger+reco+ID+isolation SN 4
Electron energy scale+resolution SN 2
Muon trigger+reco+ID-+isolation SN 6
Muon momentum scale+resolution SN 3
Jet vertex Tagger SN 1
Jet energy scale SN 18
Jet energy resolution SN 1
Missing transverse momentum SN 3
b-tagging efficiency SN 5
c-tagging efficiency SN 4
Light-jet tagging efficiency SN 14
High-pr tagging SN 2
Background Model

tt cross section N 1
tt+bb: NLO Shape SN 10
tt+cc: NLO Shape SN 1
tt +>1b modelling: (residual) Radiation SN 1
tt +>1b modelling: (residual) NLO generator SN 1
tt +>1b modelling: (residual) parton shower+hadronisation ~ SN 1
tt+light, tt +>1c modelling: Radiation SN 2
tt+light, t£ + >1c modelling: NLO generator SN 2
tt+light, ¢t +>1c modelling: parton shower-+hadronisation SN 2
tt+light, tt +>1c NNLO reweighting SN 4
W +jets normalisation N 6
Z+jets normalisation N 1
Single top cross section N 2
Wt modelling SN 3
Diboson normalisation N 1
ttV cross section N 4
Fakes normalisation N 6
Signal Model

ttH cross section N 2
ttH branching ratios N 3
ttH model SN 2

Table 4.8.: The list of systematic uncertainties considered in the analysis. An “N” means
that the uncertainty is taken as normalisation-only for all processes and chan-
nels affected, whereas “SN” means that the uncertainty is taken on both shape
and normalisation. Some of the systematic uncertainties are split into several
components for a more accurate treatment.

138



4.7.1.5. Jet flavour tagging

The MV2c10 algorithm is used to distinguish b-jet against the c- and light-jets. The b-
tagging related uncertainties are a mixture of statistical, experimental and modelling
uncertainties. The b-jet tagging efficiency corrections are derived using ¢t events [132].
The uncertainties depends on p; and the operating point (and 7 for light jets [133])
of the b-tagging algorithm. The uncertainties are decomposed to uncorrelated com-
ponents; five significant uncertainties for b-jets, 4 for c-jets and 14 for light-jets. An
additional uncertainty is included for the extrapolation to jets outside the kinematic
range of the measurements.

4.7.2. Uncertainties on the background modelling
4.7.2.1. tt + jets production

Since tt+jets represent the largest background in the analysis, a large number of uncer-
tainties have been considered. These include the uncertainty on the theoretical predic-
tion for the inclusive cross section, uncertainties affecting the modelling of ¢t +>1b and
tt +>1c production, uncertainties associated with the choice of matrix element genera-
tor, the modelling of extra radiation, and the choice of parton shower and hadronisation
model. The MC generators used for all #¢ inclusive samples and its setting are listed in
table 4.9.

An uncertainty of +6% is assumed for the inclusive ¢¢ production cross-section. It in-
cludes uncertainties from the PDF, «, choices and top quark mass. An uncertainty asso-
ciated with the choice of NLO generator is derived by comparing two alternative predic-
tions, Powheg-Box and MG5_aMC, each of which is showered with Herwig++. Prop-
agating the difference to the default Powheg+Pythia6 prediction (nominal #¢ sample).
An uncertainty due to the choice of parton shower and hadronisation model is derived
by comparing events produced by Powheg-Box interfaced with Pythia6 or Herwig+ +.
In addition, uncertainties associated with the modelling of initial and final state radi-
ation (ISR/FSR) [134] are obtained by comparing two alternative radiation variation
samples of Powheg+Pythia6. All these uncertainties, except the inclusive cross-section,
are treated as uncorrelated for the ¢t +>1b , tt +>1c and tt+light backgrounds.

All samples are reweighted to NNLO top quark pr and ¢t pr prediction before they are
used to derive systematic uncertainties for ¢¢+light and ¢¢ + >1c. An uncertainty on the
top quark pr and ¢t system pr is derived as the largest difference between the default
NNLO prediction and the uncorrected prediction from any of the alternative samples.

Uncertainties associated with the modelling of ¢t + > 1b production include those
associated with the NLO prediction from Sherpa+OpenLoops. Uncertainties on the
NLO prediction are evaluated by varying the renormalisation, factorisation and re-
summation scales. Also two alternative PDF sets are considered: MTSW [135] and
NNPDF [136]. Additional systematic uncertainties are associated to the t¢ +>1b produc-
tion: an uncertainty on the choice of the generator derived by comparing the prediction
from Sherpa+OpenLoops and MG5 aMC+Pythia8 and an uncertainty from the parton
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inclusive tt PDF tune

Powheg-Box + Pythia 6.428 CT10 P2012
Powheg-Box + Herwig++2.7.1 CT10 UE-EE5
MG5_aMC + Herwig++2.7.1 CT10 UE-EE5
Powheg-Box + Pythia 6.428 CT10 P2012 radHi
Powheg-Box 4 Pythia 6.428 CT10 P2012 radlLo

Table 4.9.: Summary of the inclusive ¢f samples used to derived systematic uncertainties.

shower and hadronisation model taken from the difference between MG5 aMC show-
ered with Pythia8 or Herwig+ +. The MC generators used for the ¢t +bb samples and its
setting are listed in table 4.10. Separate uncertainties are applied to the ¢t + >1b con-
tribution from multi-parton-interactions (MPI) and FSR, which are not included in the
Sherpa+OpenLoops prediction; a 50% uncertainty is applied to MPI, while an uncer-
tainty on FSR is estimated from the alternative radiation variation samples. Alternative
samples are reweighted to the ¢£+bb NLO Sherpa-+OpenLoops prior to the evaluation of
the uncertainties for ¢£ + >1b. The remaining differences for ¢t + >1b events are referred
to as “residual” uncertainties.

An uncertainty on the ¢t + >1c modelling is obtained from the comparison with a ded-
icated NLO ¢t + cc sample generated with MG5 aMC+Herwig+ + [137]. The difference
between this sample and an inclusive t¢ sample produced with the same generator is
taken as the uncertainty.

The analysis is very sensitive to the ¢¢+HF modelling. The excess of data observed in
the pre-fit plots is compatible with the large uncertainties associated to ¢tt+HF produc-
tion. Thus, the normalisation of ¢ +>1b and tt + >1c are allowed to float freely in the
fit. No prior normalisation uncertainty is applied.

tt + bb PDF tune

Sherpa + OpenLoops CT10 4F sherpa
MG5_aMC + Pythia 8.210 NNPDF3.0 4F Al14
MG5_ aMC + Herwig+-+2.7.1 NNPDF3.0 4F UE-EE5

Table 4.10.: Summary of the ¢ + bb samples used to derived systematic uncertainties.

4.7.2.2. Misidentification lepton background modelling

Uncertainties on the data-driven muitijet background arise from the limited sample size
in data, particularly at high jet and b-tag multiplicity, as well as from the uncertainty
associated with the lepton misidentification rate measurements in different control re-
gions. A combined normalisation uncertainty of 50% is assumed. This uncertainty is
taken as uncorrelated across jet and b-tag multiplicity and also uncorrelated between
electron and muon channels.
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4.7.2.3. Other simulated backgrounds

A conservative normalisation of 30% had been adopted for W +jets events. An ad-
ditional uncertainty of 30% is applied for events with W +HF jets. A normalisation
uncertainty of 45% is applied for Z+jets events. These uncertainties are derived from
variations of scales and matching parameters in Sherpa MC sample.

An uncertainty on the cross-sections of the single-top processes of +5%/-4% is used.
It is a weighted average of the theoretical uncertainties on ¢-, Wt- and s-channel pro-
duction [109-111]. Uncertainties associated with the Wt modelling of initial and final
state radiation, parton shower and hadronisation are evaluated in the same manner as
for tt. Additional uncertainties on the interference between W+t and t¢ production at
NLO [108] is derived from an alternative sample generated using diagram subtraction
technique, as opposed to the nominal diagram removal scheme.

An uncertainties of 50% on the normalisation or diboson production is used, which
includes uncertainties on the inclusive cross-section and additional jet production [138].

The theoretical uncertainty on the ¢tV NLO cross-section is 15% [139]. An additional
uncertainty associated with the choice of the generator is derived by comparing to the
alternative Madgraph+Pythia6 sample.

4.7.3. Uncertainties on the signal modelling

Systematic uncertainties on the modelling of the ¢t H process are estimated from varying
the settings or the simulation of showering and hadronisation. A theoretical uncertainty
of T19% is applied on the cross-section of the t¢H signal [140-144]. The effect of the QCD
scale and PDF set are considered uncorrelated. An additional uncertainty due to the
QCD scale choice is estimated by varying the renormalisation and factorisation scales.
The uncertainty associated to the showering and hadronisation model is derived by
comparing the MG5_aMC samples interfaced to either Pythia8 or Herwig++. Finally,
uncertainties on the Higgs boson branching ratios to bb (*12%), WW (*1%) and other

final states (*5%) are considered [145].

4.8. Statistical analysis

The statistical analysis is based on a binned maximum likelihood function £(y,#). The
likelihood function depends on the signal strength parameter, i = o/og\, and 6, the set
of nuisance parameters (NP). The likelihood function is constructed as demonstrated
in the following equation, as the product of Poisson-probability terms over the bins of
the input distributions including the number of data events and expected signal and
background yields, taking into account the effects of the systematic uncertainties:

i Ni(35)
i (115i ‘i(i)(' 7)) o Hsi(3)=bi( Hfunc 0]0,1), (4.8)

J i=bin
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where N;(j) is the number of observed events in the ** bin in the j** signal region, and
si(j) and b;(j) are the expected number of signal and background events, respectively.
Since the normalisation factors for ¢¢ + >1b and tt + >1c are allowed to float freely in
the fit, s;(j) and b;(j) are also a function of the normalisation factors. The impact of
systematic uncertainties on the signal and background expectations is described by the
NP. The NP are characterised by a Gaussian or log-normal probability density functions:
func(6|0, 1), by convention, the value # = 0 corresponds to the nominal central value of
the prediction, while values of +1 represent the +1 standard deviation of that particular
systematic uncertainty. The best estimate for y is obtained by maximising the likelihood.
The test statistic, g, is defined as the profile likelihood ratio,

G = —2In(L(u, 6,)/L£(71,6)), (4.9)

where 7 and 0 are the parameters that maximise the likelihood (with the constraint 0 <

i < u), and HAM are the values of the nuisance parameters that maximise the likelihood
function for a given value of .

This test statistic is used to measure the compatibility of the observed data with the
background-only hypothesis (i.e. for 1 = 0), and to make statistical inferences about y,
such as upper limits using the CL; method [146, 147].

Figure 4.25 shows the ingredients of the CLs method. For a given value of the test
statistic on data (q,,,), the distributions of the test statistic for the two hypothesis are
shown; the right distribution under the background only hypotheses (f(¢,|b)) and on
the left the signal plus background hypothesis (f(q,|s + b)).

Then, the compatibility between the observed data and a given hypothesis is mea-
sured by a p-value:

pu = P(qu > ¢ | signal + background) = / ) f(quls +b)dg, (4.10)
qa°®
L—py= P(g, > ¢ | background — only) = | @i, (4.11)
Using these two variables, the C'L, variable is defined as :
CLy(p) = 22— (4.12)
L —po

To quote the 95% Confidence Level upper limit on i (denoted as p**%*“L), the value
of 1 is adjusted to reach CL,=0.05. Thus, a value of ;. is considered to be excluded at
95% confidence level if ji > p%?Ck,

4.9. Results

The signal strength modifier ;1 = o /o5y, for the ttH production cross section is deter-
mined in a simultaneous binned maximum-likelihood fit to data in all the regions. In
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Figure 4.25.: Example of the distribution of the test statistics for background-only
(f(gulb)) and signal+background hypothesis (f(gu|s + b)), qobs is the value
of the test statistic on data [147].

order to improve the sensitivity of the analysis, classification BDTs are used in the tem-
plate fit for the signal regions. In the other regions, the scalar sum of the jet py (H2%9) is
used. Table 4.11 summarises the regions and the corresponding variable used in the fit.

Region 2 b-tags 3 b-tags 4 b-tags
4 jets Hhad Hhad Hhad
o jets Hhad Hhad BDT

> 6 jets  HAd BDT BDT

Table 4.11.: Summary of regions and final discriminants used in the fit to data.

The best-fit value of = o /o) is:
p=1.6702(stat.) "o (syst.) = 1.6771 (4.13)

No significant excess of events above the background expectation is found for the SM
Higgs boson with mass of 125 GeV. The expected and observed 95% CL upper limits
for the SM Higgs boson production cross-section are shown in table 4.12. A signal 2.2
times larger than the SM Higgs boson is expected to be excluded in the case of no SM
Higgs boson. A signal strength larger than 3.6 can be excluded at 95% CL.

The figure 4.26 shows the yields before and after the fit in all regions. The post-fit
yields for each process are shown in tables 4.13 to 4.15. The ¢t + > 1b contribution
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Channel Expected Expected (p = 0) Observed
(n=1) =20 —lo median +lo +20

ttH single lepton 2.9 1.2 1.6 2.2 3.2 4.7 3.6

Table 4.12.: The expected and observed 95% CL upper limits normalised to the SM Higgs
boson production for ttH(H — bb) single lepton search at my = 125 GeV
using 13.2 fb~! at 13 TeV data.

is scaled to 1.2473% times the pre-fit value and the ¢t + >1c¢ contribution is scaled by
1.3719-%0  consistent with ATLAS Run 1 results [85].
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Figure 4.26.: Pre-fit [117] (left) and post-fit (right) yields for each of the nine analysis
regions. The pre-fit yields do not include an uncertainty on the normalisation
of tt +>1b or tt + >1c.

The distribution of H!*¢ before and after the fit to data and the classification BDTs
after the fit are shown in figures 4.27 to 4.29. A good agreement between data and
MC simulation is observed. The distributions of all input variables for the classification
BDTs pre-fit and post-fit can be found in appendix B.1.
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4 jets, 2 b-tags 4 jets, 3 b-tags 4 jets, 4 D-tags

tt+light 1600007030 6580735 35.6£17.0
tt+>1c 1600046560 1620£516 27.3£9.2
tt+>1b 5230£1240 17404424 88.7£15.5
tt+V 216124 20.4+3.6 1.73+0.35
Single top 1025011236 469+79 13.14£3.5
W/Z+jets 7900£2346 417£161 2.9+£1.3
Diboson 472£230 21.9£12.5 4.6+3.4
fakes 7670£1560 7394239 25.2+25.8
ttH 98+49 39125 2.5£3.5
Total 2080002030 11700£364 205+£29
Data 208239 11686 218

Table 4.13.: Yields after the fit in the exclusive four jet region.

5 jets, 2 b-tags 5 jets, 3 b-tags 5 jets, >4 b-tags

tt+light 9200046560 4710£720 A7.1+£22.2
tt+>1c 163005890 2170577 69.4+16.1
tt+>1b 54701060 2680499 272+£36.5
tt+V 184430 40.1£6.0 5.46+1.46
Single top 4730£718 340169 16.1£4.3
W/Z+jets 28724876 335.4+£146.1 3.5+2.8
Diboson 247+124 20.3£11.1 0.48%+0.30
fakes 2750693 286+£113 17.3£16.2
ttH 151471 80£50 20+12
Total 12500041770 10700£386 451+31
Data 124688 10755 418

Table 4.14.: Yields after the fit in the exclusive five jet region.
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Figure 4.27.: Pre-fit [117] and post-fit plots for the H%*d variable in the four exclusive
jet region. The pre-fit distributions do not include an uncertainty on the
normalisation of t£ +>1b or tt + >lc.
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Figure 4.28.: Pre-fit [117] and post-fit plots for the HI*d variable in the five exclusive
jet region. The pre-fit distributions do not include an uncertainty on the
normalisation of t£ +>1b or tt + >lc.
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Figure 4.29.: Post-fit plots for the BDT discriminating variable in the signal enriched
regions.
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>6 jets, 2 b-tags

>6 jets, 3 b-tags

>6 jets, >4 b-tags

tt+light 2800045520 3650684 73.24£36.9
tt+>1c 135006500 2210777 121+£47.9
tt+>1b 69901060 4640£554 935+£82.7
tt+V 504+52 101£11 21.4£3.7
Single top 2460457 292472 30.9+11.5
W/Z+jets 15671481 153460 12.1+6.2
Diboson 200£99.6 18.4£9.6 2.6x1.5
fakes 1030+£315 260+£119 1.2+12.3
ttH 320£136 201+£117 79.3+£47.1
Total 8470041220 11500£282 1280455.7
Data 84556 11561 1285

Table 4.15.: Yields after the fit in the inclusive six jet region.

4.9.1. Combination with the dilepton analysis

A search for the ttH(H — bb) in the dilepton channel has also been performed by the
ATLAS collaboration [117]. It applies a similar analysis strategy; classification of the
events according to the number of jets and b-tagged jets and the use of MVA techniques
in the signal-rich regions. The MVA procedure is similar to described in this thesis;
a MVA-based event reconstruction is implemented, then for the discrimination of the
signal and background a BDT is trained using variables from the reconstruction and
global kinematic variables. The event selection of the two analysis are designed to be
orthogonal hence the combination of both analyses can be performed.
The fitted signal strength for the combined analysis is:

po= 21703 (stat.) 2 (syst.) = 2.1759, (4.14)

which corresponds to an observed significance of 2.40 where 1.20 would be expected in
the absence of SM ttH (H — bb) [148].

The results for the single lepton, dilepton and their combination are shown in fig-
ure 4.30. A signal 1.9 times larger than the SM prediction is expected to be excluded in
absence of the SM ttH (H — bb). The combination with the dilepton analysis improves
the expected limit by 15%. A signal strength larger than 4.0 is excluded by data at 95%
CL.

The systematic uncertainties ranked by the post-fit impact on ; are summarised in
table 4.16. The source of uncertainties have been grouped into categories. The nor-
malisation factors t£+ > 1b and tt+ > lc are included in the statistical component.
The sources of systematic uncertainties with the largest impact are those related to the
normalisation and modelling of the ¢t +>1b, and the jet flavour tagging.
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Figure 4.30.: The fitted value of signal strength (left) and the upper limits at 95% CL
on cross-section relative to the SM prediction, ¢/ogy, for the individual
channels and their combination (right) [117].

Uncertainty Source Ap

tt+ > 1b modelling +0.53 —0.53
Jet flavour tagging +0.26 —0.26
ttH modelling +0.32  —0.20
Background model statistics +0.25 —0.25
tt4+ > 1c modelling +0.24 —0.23
Jet energy scale and resolution +0.19 —-0.19
tt-+light modelling +0.19 —0.18
Other background modelling +0.18 —0.18
Jet-vertex association, pileup modelling +0.12 —0.12
Luminosity +0.12 —-0.12
ttZ modelling 4+0.06 —0.06
Light lepton (e, u) ID, isolation, trigger +0.05 —0.05
Total systematic uncertainty +0.90 —0.75
tt+ > 1b normalisation +0.34  —0.34
tt4+ > 1lc normalisation +0.14 —0.14
Total statistical uncertainty +0.49 —0.49
Total uncertainty +1.02 —0.89

Table 4.16.: Summary of the effect of different sets of systematic uncertainties on the
signal strength p. Since correlations exist between of the different sources
of uncertainties, the total systematic uncertainty can be different from the
simply combined in quadrature of the individual sources [117].
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4.10. Summary

A search for the associated production of the Higgs boson with a top quark pair with
the Higgs boson decaying into bottom quarks (t/H(H — bb)) has been performed and
presented. The dataset used for this analysis corresponds to an integrated luminosity of
13.2 fb~! from proton-proton collisions at a centre-of-mass energy of 13 TeV, recorded
by the ATLAS experiment during 2015 and part of the 2016 data taking period.

The analysis has been carried out in event categories based on the number of jets and
b-tagged jets: six signal-depleted regions and three signal-rich regions. In the signal-
rich regions a method to reconstruct the ttH(H — bb) system was implemented. Such
a system was not used in the previous Run 1 analysis due to it’s complexity and large
number of possible combinations of jets. Using a multivariate analysis (Boosted Deci-
sion Tree) a good reconstruction efficiency was obtained, with an efficiency of up to
48% to correctly reconstruct the Higgs boson. For the discrimination between the ttH
signal and the large ¢t +jets background, a multivariate analysis (Boosted Decision Tree)
was also implemented with variables calculated using the chosen combination from the
MVA reconstruction and global kinematic variables. Variables from the MVA reconstruc-
tion improve the signal-to-background separation by about 16% in the most sensitive
region (>6 jets, >4 b-tags).

By performing a fit under the signal-plus-background hypothesis, the best-fit value of
e is found to be 1.6+1.1. The value obtained for ;. is compatible with the SM expectation
and with background only hypotheses. An observed (expected) 95% confidence level
upper limit of 3.6 (2.2) times the SM cross section is obtained.
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5. Conclusion

This thesis presented two major studies: the development of a new tagger for the iden-
tification of jets containing two b-hadrons (bb-jets) and the search for the Higgs boson
in the ttH (H — bb) single lepton channel.

The ability to identify bb-jets is important to reduce the heavy flavour QCD back-
ground in Standard Model (SM) analyses and in new physics searches due to gluon
splitting. A method to identify bb- jets based on the reconstruction of secondary vertices
inside jets was developed. Properties of the reconstructed vertices, for jets containing at
least two reconstructed vertices, are combined in a multivariate analysis (Boosted Deci-
sion Tree) to discriminate bb-jets from other jets especially b-jets. The proposed method
provides an increase of about 7 times in the separation power between bb-jet and b-jet
compared to the default b-tagging algorithm in ATLAS Run 1.

The associated production of a Higgs boson with a top quark pair (ttH channel) is
the only way for a direct measurement of the top Yukawa coupling at the LHC. In
this thesis a search for the SM Higgs boson produced in association with top quarks,
ttH — (lvb)(qq'b)(bb) single lepton channel has been presented using 13.2 fb~' of
proton-proton collisions at a centre-of-mass energy of 13 TeV recorded by the ATLAS
experiment during 2015 and part of the 2016 data taking period.

The full event reconstruction of the ttH(H — bb) single lepton system is necessary
to increase the signal-to-background separation. A MVA-based event reconstruction
method was implement in order to find the best corresponding match between the ob-
served jets and the quarks from the decay products of the ttH(H — bb) system. A
MVA approach has also been developed to optimise the separation between the t¢tH sig-
nal and the dominant ¢¢+jets background. This MVA is built using variables from the
event reconstruction and global kinematic variables. The signal-to-background separa-
tion was improved by about 16% in the most sensitive region (>6 jets, >4 b-tags) with
help of the MVA reconstruction.

The best-fit value of  obtained is 1631&8?%33&58&33 The observed (expected)
upper limit on the cross section at 95% confidence level was found to be 3.6 (2.2) times
the SM prediction at my = 125 GeV. The results were found to be consistent either the
background-only hypothesis or with the SM prediction.
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A. Auxiliary materials for the
reconstruction BDT

A.1. Relative reconstruction efficiency

The ratio of the reconstruction efficiency to the maximum achievable matching effi-
ciency is shown in figure A.1.
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Figure A.1.: Relative reconstruction efficiency for different objects in the signal regions
for recoBDT (top) and recoBDT _withHiggs (bottom)
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A.2. Pre-fit and post-fit distributions of the
reconstruction BDT output

This section shows the distributions of the highest reconstruction BDT output per event
before and after the fit to data. The pre-fit plots do not include normalisation factor
to tt + >1b or tt + >1c. The post-fit plots correspond to the single lepton only fit to
data. A good agreement between data and MC simulation is found in the region with
more statistics, >6 jets, 3 b-tags. In 5 jets, >4 b-tags and >6 jets, >4 b-tags statistical
fluctuation can be observed.

A.2.1. Region: 5 jets, >4 i-tags
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Figure A.2.: Distributions of the highest reconstruction BDT score before and after the
fitting procedure in the 5 jets, >4 b-tags region. The uncertainty band con-
tains the statistical and systematic contribution. The pre-fit distributions do
not include an uncertainty on the normalisation of tt +>1b or tt + >1c.
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A.2.2. Region: >6 jets, 3 i-tags
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Figure A.3.: Distributions of the highest reconstruction BDT score before and after the
fitting procedure in the >6 jets, 3 b-tags region. The uncertainty band con-
tains the statistical and systematic contribution. The pre-fit distributions do
not include an uncertainty on the normalisation of tt +>1b or tt +>1c.
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A.2.3. Region: >6 jets, >4 b-tags

o LI L I O L L N R I N N N R N 0 ETTT T T T[T I T[T T T[T T T [ TT T [TTT [ TTT[TTT[TTT]
§ 400 ATLAS #Daa MW 3§ b ATLAS 4Daia WA E
i T Workinprogress LI +light [+ 21c 1 4 © Workinprogress  Jfi+lignt [t +21c ]
350 (5=13TeV, 13.2fp" MT+=1b [Et+V - 400F- 5=13TeV, 1327 MU+210 [@+V E

E single Lepton [INon-tt 7+ Uncertainty 3 F Single Lepton [CINon-it 77 Uncertainty 3

300 >6),>4b — 30 >6j,>4b 3

F Pre-Fit E E Post-Fit 3

2501 3 300; =

r ] 2501 =

200~ = C 7]

E B 200 =

1501 = E E

C | 150 -

100 4 F 1

00 R 1001 3

80 E 50 =

E b byl ] E 1

B '2503% ‘ 4% ( ! I 125Oi 3
' A =
§ 075 // é / //%/ /é § 0.75 :—/ / —z
% A N N a7 . = E . . . =

0% 17208 06 04 02 0 02 04 06 08 1 9597208 06 -04 02 0 02 04 06 08 1
Highest recoBDT score Highest recoBDT score

0 L I I B 0 L I I B I O O b
& 400 ATLAS #Daa W 4§ 4s0— ATLAS #Daa MU =
il E Work in progress Ot +light [t +>1c 1 a E Work in progress Ot +light [+ >1c ]
3505 5= 13Tev, 13217 EE+=1b [H+V e 4001 (5= 13Tev, 18.21p" M+ 210 4V E

F Single Lepton [INontt 77 Uncertainty 4 350i Single Lepton [INon-tt 77 Uncertainty E

300C >6j,24b B E 26j,24b E

C Pre-Fit | £ Post-Fit -

2500 i,{‘ E 300E E

F 3 250F =

E ; E 2001~ -

150 - E E

C 1 150 =

|- “ o |- -

100:— _: 100 =
s0F E 501 =

R S ] E e J
T sk / . / / A B oamsE & P 3
a ?/ 7 // A a - E 2 / ) /:
= S W@?‘ Z /////é
T 075 B T A s /é T 075 | A
s JE 44 0 DTN . T R = R - - .
~1 08 06 04 02 0 02 04 08 08 1 “1 08 06 04 02 0 02 04 06 08 1
Highest recoBDT_withHiggs score Highest recoBDT_withHiggs score

Figure A 4.:

Distributions of the highest reconstruction BDT score before and after the
fitting procedure in the >6 jets, >4 b-tags region. The uncertainty band
contains the statistical and systematic contribution. The pre-fit distributions
do not include an uncertainty on the normalisation of ¢t +>1b or tt + >1c.
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B. Auxiliary materials for the
classification BDT

B.1. Pre-fit and post-fit distributions of the input

variables for the classification BDT

This section shows the distributions of the input variables before and after the fit to
data. The pre-fit plots do not include normalisation factor to ¢t + >1b or tt + >1c. The
post-fit plots correspond to the single lepton only fit to data. A good agreement between
data and MC simulation is found in the region with more statistics, >6 jets, 3 b-tags. In
5 jets, >4 b-tags and >6 jets, >4 b-tags statistical fluctuation can be observed.

B.1.1. Region: 5 jets, >4 b-tags
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cedure in the 5 jets, >4 b-tags region. The uncertainty band contains the
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clude an uncertainty on the normalisation of tt +>1b or tt + >lc.

172



Events

Data / Pred.

Events

Data / Pred.

Events

Data / Pred.

Figure B.4.:

T
sof ATLAS 4 Data . 3
[ Workinprogress ~ [Jt+light [If+21c ]
C fs=13Tev, 132" WT+21b E+v ]
60— Single Lepton [INon-tt 77 Uncertainty —
F5i>4p .
50 Pre-Fit =
40l =
30k -
20F % =
101 =
0; b &
125 ?/ //' } /
1 , Z
/ o
050" 05 1 15 2 25 3 35 4 45 5
5 RES
T e
350; ATLAS -+ Data WH B
I Work in progress Lltt+night  [tt+>1¢ ]
300 f5=13Tev, 13.2fp"' M+>10 [i+V =
[ Single Lepton [INont 77 Uncertainty
250 5j,24b -
- Pre-Fit q
200} =
150 =
100 =
50 3
oF
1.25 F
1 ;/
0.75 F & 7
%00 300 400 500 600 700 800 800 1000
H™ [GeV]
0 e e e
F ATLAS #Data  [HtH 3
1800 work in progress L1 +light [Jf+>1e
160F 5=13Tev, 1321 W+ 210 RV 3
F single Lepton [INon-t ¥ Uncertainty -
140 5j,>4b =
C Pre-Fit 7
120~ -
1001 =
8o =
60— =
40[ =
20 =
T | 4
7 E
.
N
034 50 100 150 200 250 300
mLﬂ\ﬂAR

Events

Data / Pred.

Events

Data / Pred.

Events

Data / Pred.

80 FFT T T T T T
C ATLAS -4 Data i

70F- Work in progress Clitetight [t + xtc
F 5=13TeV, 1321 MT+1b [V

80 Single Lepton [INon-ff 77 Uncertainty
F5024b

5o Post-Fit

1.25

B N R R R R RN R AR RAR RN

0.75
0.5

o
o
3]

4

4.5
ARTnAF
E T T T T T T T T
4000 Arras 4Data  [HtH E
asgr. Work in progress Lt +light  [tt+>10 ]
E 5=13TeV, 13.21p" MT+21b [T+V ]
L Single Lepton [INon-it 77 Uncertainty -
300 55 > 41 E
L Post-Fit 7
250~ -
200577 3
ET ]
150~ % 3
100 3

50 -

oF
1.26 &

TE e s
ARG
%00 300 400 500 600 700 800 900 1000

H™ [GeV]

LI B e RS B
220 ATLAS 4Data  [MtH =
E_Work in progress Ot +light [T+ >1c E
2001~ fi+21b TV =
C fs=13Tev, 13.2fp" MT+>10 [T+ E
180 Single Lepton [INon-tt 77 Uncertainty —
160 5j,24b E
£ Post-Fit B
140~ =
1201~ =
1001 =

80— =

601~ =

40 =

20 =

300
mhﬂm AR

Distributions of the discriminating variables before and after the fitting pro-
cedure in the 5 jets, >4 b-tags region. The uncertainty band contains the
statistical and systematic contribution. The pre-fit distributions do not in-
clude an uncertainty on the normalisation of tt +>1b or tt + >lc.
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Variables using information from the MVA reconstruction
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Figure B.5.: Distributions of the discriminating variables before and after the fitting pro-
cedure in the 5 jets, >4 b-tags region. The uncertainty band contains the
statistical and systematic contribution. The pre-fit distributions do not in-
clude an uncertainty on the normalisation of ¢t +>1b or tt + >lc.
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Distributions of the discriminating variables before and after the fitting pro-
cedure in the 5 jets, >4 b-tags region. The uncertainty band contains the
statistical and systematic contribution. The pre-fit distributions do not in-
clude an uncertainty on the normalisation of tt +>1b or tt + >lc.
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B.1.2. Region: >6 jets, 3 v-tags
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Distributions of the discriminating variables before and after the fitting pro-
cedure in the >6 jets, 3 b-tags region. The uncertainty band contains the
statistical and systematic contribution. The pre-fit distributions do not in-
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Figure B.8.:

Distributions of the discriminating variables before and after the fitting pro-
cedure in the >6 jets, 3 b-tags region. The uncertainty band contains the
statistical and systematic contribution. The pre-fit distributions do not in-
clude an uncertainty on the normalisation of ¢t +>1b or tt + >lec.
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Figure B.9.: Distributions of the discriminating variables before and after the fitting pro-
cedure in the >6 jets, 3 b-tags region. The uncertainty band contains the
statistical and systematic contribution. The pre-fit distributions do not in-
clude an uncertainty on the normalisation of ¢t +>1b or tt + >lec.
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Figure B.10.: Distributions of the discriminating variables before and after the fitting
procedure in the >6 jets, 3 b-tags region. The uncertainty band contains
the statistical and systematic contribution. The pre-fit distributions do not
include an uncertainty on the normalisation of ¢t +>1b or tt 4+ >1c.
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Figure B.11.: Distributions of the discriminating variables before and after the fitting
procedure in the >6 jets, 3 b-tags region. The uncertainty band contains
the statistical and systematic contribution. The pre-fit distributions do not
include an uncertainty on the normalisation of ¢t +>1b or tt + >1c.
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Figure B.12.: Distributions of the discriminating variables before and after the fitting
procedure in the >6 jets, 3 b-tags region. The uncertainty band contains
the statistical and systematic contribution. The pre-fit distributions do not
include an uncertainty on the normalisation of tt +>1b or tt + >1c.
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B.1.3. Region: >6 jets, >4 b-tags
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Figure B.13.: Distributions of the discriminating variables before and after the fitting
procedure in the >6 jets, >4 b-tags region. The uncertainty band contains
the statistical and systematic contribution. The pre-fit distributions do not
include an uncertainty on the normalisation of tt +>1b or tt + >1c.
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Figure B.14.: Distributions of the discriminating variables before and after the fitting
procedure in the >6 jets, >4 b-tags region. The uncertainty band contains
the statistical and systematic contribution. The pre-fit distributions do not
include an uncertainty on the normalisation of ¢t +>1b or tt 4+ >1c.
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Figure B.15.: Distributions of the discriminating variables before and after the fitting
procedure in the >6 jets, >4 b-tags region. The uncertainty band contains
the statistical and systematic contribution. The pre-fit distributions do not
include an uncertainty on the normalisation of ¢t +>1b or tt 4+ >1c.
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Figure B.16.: Distributions of the discriminating variables before and after the fitting
procedure in the >6 jets, >4 b-tags region. The uncertainty band contains
the statistical and systematic contribution. The pre-fit distributions do not
include an uncertainty on the normalisation of tt +>1b or tt + >1c.
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Figure B.17.: Distributions of the discriminating variables before and after the fitting
procedure in the >6 jets, >4 b-tags region. The uncertainty band contains
the statistical and systematic contribution. The pre-fit distributions do not
include an uncertainty on the normalisation of ¢t +>1b or tt 4+ >1c.

(recoBDT) A R(b1Higgs,b2Higgs)

186

(recoBDT) A R(b1H\ggs,b2Higgs)



‘LB :\\\\‘I\\\I\\\\ \I\\I\\\\‘\I\\II\\\‘\\1\‘II\\I\\\\: ‘Cg 4507II\\|\\\\‘\II\ I\\\‘\\I\‘I\\\‘\\I\‘\Il\‘\\\l‘\llL
o C ATLAS -+ Data 1 8 E ATLAS # Data 3
o 400; Work in progress I:‘tE+ light Dt! +z1c - 4 400F Work in progress Dt! + light Dtﬁ+ =1c 3
E fs=13Tev, 132" WT+21b E+v E E f5=13Tev, 1321y WT+21b E+V ]
350¢ Single Lepton [INen-t 272 Uncertainty ™ 3501 Single Lepton [ONont 7 Uncertainty 3
F 26j,24b 3 F 26j,24b e
300
C Pre-Fit ] 300:_ Post-Fit 3
250F - = 3
F ; ; . 250F .
2001 W = 2000 =
E E : ]
150 = 150 3
C ) ] C |
1001~ 3 100 -
501~ E - el =
= & - hlisy
5 07;/% o 5 ; T T | FT TP F e
O 125 . ﬁ ? e y 7 o 125 &
o / / / o / . &
o PR e e
T 075 __ 7 W/ 7 % B 075 £ _¢_ +
O s B 309 b
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
(recoBDT) mHiggiDlep o [GeV] (recoBDT) mH‘ggs_b epiop [GeV]
‘CB FroorT ‘ TTTT I TT 1T TT 1T ‘ TTTT ‘ TTTT I,‘ TTT I TT 119 4‘2 FrooT ‘ LU ‘ TT 1T TTTT ‘ L I TT 1T LI TTT ‘ TT T 1
& [ ATLAS +0ata  HH 1§ [ ATLAS 4Data  [HtH ]
@ 500 Workinprogress ~ Jtt+light Cdt+>tc = & 500 workinprogress ~ _Jti+light it+>1c  —
F 5=13TeV, 13.21p" W+=1b M+V 1 F 5=13TeV, 13.21p" MT+21b [T+V 1
[ Single Lepton [Nent 77 Uncertainty 7 [ Single Lepton [INon-f 7/ Uncertainty |
400 >6j,24b 3 400 >6j,24b -
- Pre-Fit B - Post-Fit B
300 P - 300 -
200 7 . 200 -
100 . 100 -
5 it m" E R E
© 125 ¥ o 125 .
; Al S
§ 075 / 72z ////% %g § 0.7 /%:
0.5 L 1 1 L L 1 I E| 0.5 L L L L 1 L | 3
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
(recoBDT_withHiggs) A R(tf,Higgs) (recoBDT_withHiggs) A R(tf,Higgs)
2 L ‘ T T 17 ‘ T 17T ‘ T T 17 ‘ T 17T ‘ L ‘fa FroroT ‘ T T T T ‘ T T T T ‘ T T 1T ‘ T T T T ‘ T T T4
5 20T atLas #0ata  HAH 1§ o0l ATLAS #0Dxa  HH .
> - - S _ _
m [ Work in progress [t +iignt [t +>1e 1 & [ Work in progress [Jti+light [tf+>10 ]
L 5=13TeV, 13.21p" ET+=1b [t+V ] L 5=13TeV, 13.21p" MT+=1b [At+V ]
ggoj Single Lepton [INon-tt 77 Uncertainty - 200; Single Lepton [INon-tt 77 Uncertainty N
L >6j,24b - r>6j,24b b
[ Pre-Fit ] [ Post-Fit ]
150 7 150 .
100~ . 100 ]
S0 7 501 .
T s & B iz ]
0 i € 7 E bt yeSmaman
= 3 LT Gl
% 0.75 4 / /// /// /,//% 2 % 0.75 £ ﬁf)éf Y'? %ﬁlﬁ /é
a a AN 4
05 ‘ ‘ ‘ ‘ ‘ 05 ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 0 1 2 3 4 5 6
(recoBDT) A R(Higgs,leptonic top) (recoBDT) A R(Higgs,leptonic top)

Figure B.18.: Distributions of the discriminating variables before and after the fitting
procedure in the >6 jets, >4 b-tags region. The uncertainty band contains
the statistical and systematic contribution. The pre-fit distributions do not
include an uncertainty on the normalisation of tt +>1b or tt + >1c.
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