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Abstract

This dissertation considers the search for a charged Higgs boson (H) in proton-proton
collisions with centre-of-mass energies of 7 TeV and 8 TeV, using data collected by the
ATLAS experiment at the Large Hadron Collider at CERN. The discovery of such a
charged Higgs boson would be a clear indication for physics beyond the Standard Model.
The first data collected during the LHC Run-I is analysed, searching for a heavy charged
Higgs bosons (above the top quark mass). This study covers the gb — tH* — ttb where
one top-quark decays leptonically and the other decays hadronically.

A significant background originating from ¢t processes, in addition to others, may con-
ceal the charged Higgs decay in the data. Methods using boosted decision trees to con-
strain such backgrounds and provide signal to background discrimination are presented.

Upper limits on the production cross section times branching ratio of H* are derived

for the mass range of 200 GeV < mpy+ < 600 GeV for six MSSM benchmark scenarios.
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Chapter 1

Introduction

Nowadays, we know that the Standard Model (SM) is not a complete description of
particle physics, it is expected to be, at worst, incomplete rather than wrong, a subset of
the true theory of particle physics.

Physicists are searching extensively for a clue of new phenomena that could indicate
physics beyond the Standard Model (BSM). Rich and complex theories has, and still are,
being developed, all in order to explain various potential deviations which are not fully
consistent with the SM.

The discovery of a new neutral scalar particle at the Large Hadron Collider (LHC) in
2012 [1,2], with a measured mass of 125 GeV [3] raises the question of whether this new
particle is the Higgs boson of the SM, or one physical state of an extended Higgs sector
which may contain also an additional charged scalar particle. The observation of such
particle would clearly indicate new physics beyond the SM.

This thesis is based on the paper "Search for charged Higgs bosons in the H* — tb decay

channel in pp collisions at /s =8 TeV using the ATLAS detector" [135] written jointly



with the other members of the analysis team. It is organized as follows. In chapter 2, the
theoretical background is laid out. Chapter 3 draws an outline of the LHC accelerator
at the CERN laboratory, followed by description of the ATLAS detector (chapter 4).
Chapter 5 describes the search for charged Higgs via tb channel. Chapter 6 summarizes

and concludes the thesis.



Chapter 2

Theoretical background

2.1 The Standard Model of particle physics

2.1.1 Particles of the Standard Model

The Standard Model of elementary particles [5-7], which was developed in the 1960s
and 1970s, has stood for years as "the" theory of particle physics, passing numerous
stringent tests. The Standard Model is a theory describing the fundamental constituents,
the building blocks of matter and their interactions through electromagnetic, strong and
weak forces. The matter particles are elementary, meaning that they do not have an inner
structure. They are called fermions, have half integer spin, and can be further categorized
into leptons and quarks. The force carriers are bosons, particles with an integer spin. A
schematic illustration of the particle content of the SM is given in figure 2.1

The fermions are organized in three families or generations. The Large-Electron-

Positron (LEP) experiments at CERN, showed that there are no more than three families
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Figure 2.1: Standard Model particle content. Each square stands for an elementary
particle and states its characteristic - charge, color charge, mass and spin. The twelve
fermions are divided into six quarks and six leptons sorted in three generations with
increasing mass from left to right. The force mediator bosons shares a rectangle with the
fermions affected by the force they carry [4].

with light neutrinos in the SM [8]. Each family consists of two quarks and two leptons.
The quarks can be categorized into one up-type quark with an electric charge of -l—%e and
one down-type quark with an electric charge of —%e. The leptons consists of an electron
like lepton and a neutrino. The massive leptons (electron, muon and tau) have an electric
charge of —e. Neutrinos are electrically neutral and much lighter than the charged lep-
tons. All particles with an electric charge interact electromagnetically, while the neutrino
can only interact via the weak force.

Quarks, unlike leptons, also carry a color charge, the quanta of the strong interaction.
Quarks come in three colors, 4AIJredaAl, aAlJgreenaAl and aAlJblueaAl. Additionally,
they only exist in a confined state for which the sum of the color charges is white. A

Baryon is a three quarks bound state. A proton for example is a baryon consists of three



quarks, two up and one down. A Meson is a two quarks bound state which must have a
quark and anti-quark pair. Just recently, [9] a bound state of five quarks (not necessarily
all five in the same confinement volume), a penta-quark like structure, was observed at
the LHCb experiment at CERN as predicted in [10].

In the SM the forces are being carried out by the gauge bosons. The photon, v, is the
carrier of the electromagnetic force, the W and Z bosons are the carriers of the weak force
and the gluons, g, for the strong force.

Up until 2012, almost all of the SM particles have been observed and studied. All but
one missing piece, the Higgs boson. It was discovered in 2012 by the ATLAS and CMS
experiments at CERN, Geneva [1,2]|. Unlike the rest of the gauge bosons, the Higgs has
a different role in the Standard Model as explained further in the following chapters.

In order to claim a discovery, an experiment needs to demonstrate a deviation with 5o
significance level. This will establish that a new particle was discovered with 99.9999%
probability and < 0.0001% probability for just a background fluctuation. For the collab-
orations to get enough sensitivity to claim a discovery, they combined several channels
(H—~yy,H— ZZ H— WW,H — 77, H — bb). Figure 2.2 presents the distribution
of the four-lepton invariant mass my measured by ATLAS and the invariant mass of di-
photon candidates measured by CMS, as a selection of channels in which the Higgs boson
with a mass of around 125 GeV was discovered. In July of 2012, both ATLAS and CMS
presented results confirming the existence of the Higgs boson. Thereafter, in October of

2013, Peter Higgs and Francois Englert have been awarded the Nobel prize for physics.
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Figure 2.2: Four-lepton invariant mass, my;, for the selected candidates, measured in
ATLAS (left) and the invariant mass distribution of di-photon candidates in CMS (right)
as presented in the Higgs discovery papers |[1,2].

2.1.2 Gauge theory of weak interactions

The principle of gauge invariance is perhaps one the most significant of the concepts used
in modern particle theories, as it provides an explanation for the origin of the fundamental
forces themselves. The basic method of gauge theory is to ensure that the Lagrangian de-
scribing the interaction of particle wave-functions remains under certain symmetry trans-
formations which reflect the conservation laws observed in nature |19, 136].

The global phase symmetry 1(x,t) — e~ (x,t), where X is a constant, is a relatively
simple symmetry and does not place a very strong constraint on the form of the La-

grangian. It becomes more interesting if we demand that the theory would be invariant



under local phase transformation:

W(x,t) — e’)‘(x’t)zﬁ(x, t) (2.1)

G(x, 1) L(¢) = L7(¢7) (2.2)

For instance, a local gauge transformation corresponds to choosing a convention for defin-
ing the phase of an electron wavefunction. This electron wavefunction is different at
various space-time points. That is, the convention can be decided independently at every
point in space and at every moment in time. Yet, due to space-time dependence, the
Lagrangian representing the electron wavefunction is changed by local gauge transfor-
mation and the theory is not invariant anymore. However, by introducing another field,
which compensates for the local change in the electron wavefunction, we can obtain a
Lagrangian that indeed exhibits such symmetry.

This requirement must have infinite range, since there is no limit to the distances over
which the phase conventions must be reconciled. Hence, the quantum of the new field
must be massless. For the electromagnetic field, the one who is meeting this requirement
is of course, the photon.

In formulating a sensible theory of the weak interactions, one has to incorporate the
basic laws of leptonic physics. It is natural, therefore, to group the leptons wavefunction

into doublets of the same lepton-type:



Thus, one can define a 'weak isospin’ with analogous to the isospin of nucleons. While
doing so, to require that the weak interaction be invariant under rotations in this weak
isospin space. Denoted by SU(2)", the group of weak isospin rotations should transform
the Lagrangian invariantly:

su2)W * 7k 7
GO Ll 1, 1) — L3, 1,12).

Enforcing such symmetry requires the introduction of massless gauge particles, W, to
guarantee the invariance of the Lagrangian:

SU w * * * *
GO L1, L 1, W) = L2, 1 12, W),

Experiments showed [11-14]| that the gauge bosons, besides the photon and gluon,
have masses. Introducing explicit mass terms in the SM generates problems with gauge
invariance and renormalization, making it impossible to predict observables with good

accuracy. Hence, there has to be a different mechanism for the weak gauge bosons mass

in the SM. This can be achieved by introducing spontaneous symmetry breaking [15,16].

2.1.3 Spontaneous symmetry breaking and the Higgs mechanism

Asymmetric solution to a symmetric theory exists in many branches of physics and real
life. A simple mechanical example is the behavior of a ball inside the bottom of a wine
bottle. This kind of potential is referred to as a "Mexican-Hat" potential (see figure 2.3).
Obviously, the symmetric state is when the ball is at the center of hump, yet, it is not the

ground state of the system, a state with minimum energy. Any small perturbation will



send the ball tumbling down into the trough, where the system possess least energy, but
is also rotationally asymmetric. When the symmetry of a physical system is broken this
way by an asymmetric ground state, we say the system exhibits 'spontaneous symmetry

breaking’.

V()

e Im($)

Re(¢)

Figure 2.3: In other words, the marble simply wants to roll down to the valley, in a
random direction. It has to randomly choose the direction because they’re the same a
priori, and this choice is what "spontaneously breaks the symmetry".

One could consider a hypothetical spinless particle consisting of two components :

® = Pt ¢1=33(¢), 2 =R(9) (2.3)

ba(x, 1)
Suppose we chose a Mexican-Hat shaped potential to describe the interaction energy
such as figure 2.3. For this kind of interaction, the energy is not minimum for zero
values of the fields, but around the circle defined by ¢? + ¢3 = R Of course our
Lagrangian is still describing the same physics since it is merely a redefinition. However,
an interesting features now arouses. First, the vacuum is not invariant under the original

group G of rotations. Second, the Lagrangian now describes ¢, as a massive particle



(mass proportional to R), and ¢, as a massless particle. Unfortunately, the presence of the
massless spin-0 particle turns out to be a general consequence of this type of mechanism.
Whenever a global symmetry is spontaneously broken, a massless spin-0 particle results.
This particle is called a ’Goldstone boson’ [17]. In our current understanding, no such
massless, spinless particle had been observed.

The problem is solved by local gauge transformation. Demanding that, will result in
introducing a new gauge particle which will be denote by W. Rewriting the Lagrangian
in the same way we did before will result in something remarkable. The redefined ¢,
particle acquires, as before, a mass proportional to R, but the massless Goldstone boson
¢, disappears, one may say, got "eaten" by it’s massive partner. Moreover, the formally
massless gauge particle W now acquires a mass, again, proportional to R.

Deriving the Higgs mechanism follows the same principles of Quantum Field Theory
(QFT) [18]. As defined in equation 2.3, a complex Higgs SU(2) doublet is included in the
SM, with a SU(2) x U(1) invariant Lagrangian [19]:

L(x,t) = [D'd(x,1)]'][D,.®(x,t)] — V(®(x,1)) (2.4)

where ®F is the Hermitian conjugate of ® and V(®) is the Higgs potential of the form:

V(®(x,t) = (DT (x,1)P(x, 1)) + MO (x,1)D(x, 1)) (2.5)

With boundary conditions p? < 0 and A > 0, the potential takes the form of a Mexican-
hat. D, is the gauge covariant derivative, containing the interaction terms which lead to

the gauge bosons.



The Higgs potential has a continuum of minima. The electroweak symmetry can be bro-
ken by choosing one minimum using the freedom of a global SU(2) rotation. A convenient

choice for such a vacuum state is:

P (x,t) 1
b, = = — , U= - (26)
" e velL A

Expanding around the vacuum state gives:

By — 1 m(x,t) + ing(x,t) 2.7)

V2 |, + o(x,t) +ins(x,t)

where 7;(x,t) and o(x,t) are scalar fields.

Using this equation in the Lagrangian yields mass terms, by spontaneous symmetry
breaking, for the gauge bosons. After diagonalising, the W and Z bosons aquire masses,
while the photon 7 remains massless. The surviving field o, with a vacuum expectation
value of v = \/Z; = 246GeV [4], the average expected value in the vacuum, gives rise to
a massive, electrically neutral, spin-0 particle, called the Higgs boson.

It should be noted that the Higgs field can also generate masses for the fermions via
Yukawa couplings, this is important because it turns out that chiral gauge invariance
forbids explicit mass terms for the fermions as well. Generating fermion masses can be
done using the scalar field ®, with hypercharge Y = 1, and the isodoublet ® = i7®* with

a hypercharge Y = —1. 75 is the second Pauli matrix. For any fermion generation, the



SU(2)r, x U(1)y invariant Yukawa Lagrangian can be introduced [32]:

L= —/\ZLCDeR - Aqu)dR — Aqu)uR + h.c (28)

where L and () are the isodoublets of the left-handed fermions for leptons and quarks,
respectivly and eg, ur and dg are the isosinglets of the righthanded fermions for leptons,
up-type quarks and down-type quarks. After gauge transformation the Lagrangian can

be written in the form:

1

V2

The constant term in front of the fermion isosinglets fy, fr is the mass of the fermion:

L= N(v+0)frfr+ h.c (2.9)

(2.10)

2.2 Beyond the Standard Model (BSM) physics

The Standard Model is one of the great successes of 20th century physics. But even
without including gravity, we have good experimental and theoretical reasons to believe
that the SM is not the whole story. A deeper conceptual structure may be lurking behind
it. The Standard Model signals its own incompleteness in several ways. In the following

section a few general examples are laid out.



2.2.1 Phenomena not explained by the Standard Model

The hierarchy problem: One of the most important problems concerns the mass of the
Higgs boson. Like all particles, its intrinsic mass would be subject to quantum corrections.
By interacting with short lived virtual particles the Higgs should obtain a self-energy,
changing its effective mass. It turns out that these corrections are very large, supposedly
proportional to energy scales (such as the Grand Unification Energy) where new physics
effects could be expected to cancel this divergent behavior. The corrections are also
dependent on the masses of the other particles, and of the Higgs boson itself, and the
only way in the SM to preserve a low Higgs mass is if all these masses cancel each
other. Of these, the Higgs boson mass is the only unknown one. Since the corrections
are proportional to a very large energy scale, the Higgs boson mass must be chosen
very precisely to cancel with the other masses in order to keep the corrections small.
This necessary of the Higgs mass is called the hierarchy problem [20]. fine-tuning it, is
indeed considered a very undesirable and "unnatural" property of any theory to be overly
sensitive to small variations of a parameter like this.

Dark matter and dark energy: Observations of the cosmic microwave background
show that the SM can explain around 5% of the energy content in the universe. It is
believed that around 27% is dark matter and 68% is dark energy [21]. The existence
and properties of dark matter are studied from its gravitational effects on visible matter,
radiation and large-scale structures of the universe. Dark Energy is used to explain the
acceleration of the expansion of the universe. Many theories say the dark matter particles
would be light enough to be produced at the LHC. If they were created at the LHC,

they would escape through the detectors unnoticed. However, they would carry away



energy and momentum, so one could infer their existence from the amount of energy and
momentum aAIJmissingaAl after a collision.

Neutrino mass: In the SM neutrinos are massless and cannot change flavor. The
observed number of electron neutrinos arriving from the sun is much smaller than the
number predicted by the Standard Solar Model, this is called the solar neutrino problem.
To solve this problem neutrinos need to have mass, in order to oscillate between flavors
[22].

Matter anti-matter asymmetry: The universe is mainly made of matter, e.g. par-
ticles, not anti-particles. The SM predicts that matter and anti-matter were produced
in almost equal amounts in the Big Bang. Charge Parity (CP) Violation in the SM, the
effect that matter does not exactly behave in the same way as anti-matter under CP
transformation, can account for some but not the full SM matter in our universe. Hence
the reason for the matter anti-matter asymmetry must be phenomena not explained by
the SM [23].

Quantum gravity: Gravity is not included in the SM. Adding gravity to the SM
is not possible as it generates nonphysical effects like particle velocities higher than the
speed of light, and further modifications would be needed. The most successful theory
(General Relativity) is incompatible with the SM [24]. Gravity acts on a macroscopic

scale, therefore the SM predictions are not affected by it.

2.2.2 The charged Higgs boson

New theories have been proposed to replace or extend the SM in order to address these

problems. Perhaps most notably, supersymmetric (SUSY) [19] theories effectively double



the amount of predicted particles by introducing new symmetries - for each SM fermion
there should be a corresponding boson and vice versa. Since no such particles have been
observed, SUSY must - if it exists - be broken so that the supersymmetric partner particles
obtain higher masses than the ordinary particles. Still, SUSY is very attractive because it
offers elegant solutions to some of the problems described above. Quantum corrections to
the Higgs mass from supersymmetric particles would effectively cancel those from ordinary
particles, eliminating the hierarchy problem. Several Supersymmetric theories predict the
existence of a heavy neutral particle called neutralino which could possibly make up the
cold dark matter in the universe. SUSY models suggest a way to unify the strong, weak
and electromagnetic forces into a single force at high energies [25], in a so-called Grand

Unification Theory.

Strength

Electroweak TOE

Gravity

100 101 jo0 GeV

Energy

Figure 2.4: The relative strengths of the four basic forces vary with distance and, hence,
high energy is needed to probe small distances. At energies available at accelerators, the
weak and EM forces become identical, or unified. Unfortunately, the energies at which
the strong and electroweak forces become the same are unreachable even in principle at
any conceivable accelerator.

As explained in section 2.3, the Standard Model includes a complex doublet Higgs field.
Nothing prevents us, however, from adding a second such field to the theory, introducing

two more complex SU(2) doublet scalar fields with hypercharge Y = 1:



+ +
(I)l _ (bl (Xa t) 7 @2 _ ¢2 (Xa t) (211)

A(x,1) $3(x, 1)

This scenario is called the Two Higgs Doublet Model (2HDM) [19,28] and arises natu-
rally in e.g. the Minimal Supersymmetric Standard Model (MSSM) [19,28], the simplest
possible extension to the SM that realizes SUSY. The most general 2HDM Higgs potential

can be written [26]:

Vo= m2, (@]®,) + my(@5@s) — my(D]d, + @he,) + (2.12)

1
+ §A2(®£®2)2 + Ag(D] D) (PLD2) + Ag(P]D,)(D5Dy) +

where all the parameters are real. For a region of parameter space, the minimization of

this potential gives:
1
< (I)l >= —2 , < (I)Q >= — (213)

with 11,15 as the vacuum expectation values. With two complex scalar SU(2) doublets

there are eight fields:

_l’_
P, = % . a=1,2 (2.14)

(Va + pa + 11a)V2

From these eight degrees of freedom, three are getting "eaten" in order to give mass
for the W+ and Z° gauge bosons and the remaining five are the physical scalar Higgs

fields. There are two charged scalars (H*), two CP-even neutral scalars H° and h°, and



one CP-odd pseudoscalar A. With the above minimum, the mass terms for the charged

scalars are given by:

zo-1) [of
Lot mass = [m2 — (A — As)vamn) (67, 67) | 1+ (2.15)
_1 m N
1]

There is a zero eigenvalue corresponding to the charged Goldstone boson G* which gets

eaten by the W*. The mass-squared of the charged Higgs boson is:
2 .2 2 2
My = [miy/(ive) — A — As(vy + 13) (2.16)

At tree level the properties of these particles can be completely determined by two pa-
rameters, which can be chosen to be the charged Higgs boson mass my. and the ratio of

the two Higgs doublet vacuum expectation values tan(f):
tan(f) = d (2.17)

The angle 8 is the rotation angle which diagonalizes the mass-squared matrices of the
charged scalars and of the pseudoscalars. These two parameters, my+ and tan(f3), define

a phase-space for searches of such particle.



Chapter 3

The CERN laboratory

The world largest laboratory for particle physics CERN! (Conseil EuropAlen pour la
Recherche NuclAlaire), is located to the north-west of Geneva on the French-Swiss border.
It was founded on the 29th of September 1954. Today, CERN has twenty-one member
states and several hundred universities worldwide participating in the research conducted
there. At the beginning CERN was a laboratory for nuclear research but the energy
frontier quickly moved on to higher energies to study more fundamental particles. CERN
is the provider of the particle accelerators and other main infrastructure needed to the
high energy frontier. The experiments at the accelerators are constructed by international
collaborations. Although mostly associated with particle physics, CERN also contributes
to achievements in computing science and engineering science. For example, the World

Wide Web was invented at CERN.

!The European Organization for Nuclear Research

24



3.1 The accelerator infrastructure

CERN is the provider of the acceleration and de-acceleration infrastructure, producing
particles at different energies for the experiments. The interplay between the different
accelerator stages at CERN is shown in figure 3.1. The various accelerators in the LHC

complex are listed and described in the following:

3.1.1 Linear accelerators

For the LHC to accelerate particles, several linear accelerators (LINAC) are stationed

within the complex:

e LINAC-2 [33| accelerates protons after the ionization of hydrogen to an energy of
50 MeV with a pulse length of 1 Hz and a current of 175 mA. Its main purpose is

to be a pre-accelerator for the Proton Synchrotron Booster (PSB).

e LINAC-3 [34] is a second linear accelerator at CERN, for heavy ions instead of
protons. After striping off all electrons, it accelerates ions to an energy of 4.2

MeV /nucleon. Subsequently, the ions are injected into the Low Energy Ion Ring
(LEIR).

e LINAC-4 [35] is a future linear proton accelerator, that will replace Linac-2 in
2017/2018. Its construction was approved in 2007 and it is needed in order to provide
enough protons to be able to reach the design luminosity of the LHC. Protons will

be accelerated to an energy of 160MeV .
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Figure 3.1: CERN accelerator complex [36].



3.1.2 Proton Synchrotron Booster (PSB)

The Proton Synchrotron Booster [37] is one of the pre-accelerators at CERN. It receives
the protons from Linac-2 and accelerates them to an energy of 1.4 GeV. The protons are
subsequently injected into the Proton Synchrotron or delivered to Isolde [38] to produce

radioactive ion beams.

3.1.3 Proton Synchrotron (PS)

The Proton Synchrotron [39] is a key accelerator at CERN. It gets protons from the
PSB or ions from the LEIR and accelerates them to higher energies. Protons can reach
energies up to 28 GeV and ions up to 72 MeV /nucleon. The Proton Synchrotron acts
as a pre-accelerator for the Super Proton Synchrotron. Its protons can also be used for
anti-proton production for the Anti-proton Deaccelerator (AD), production of neutrons

and beam delivery to the East Area of CERN.

3.1.4 Super Proton Synchrotron (SPS)

The Super Proton Synchrotron is the second largest accelerator at CERN. It is 6.9 km
in circumference and can accelerate protons to energies up to 450 GeV. Before the LHC
era, it was used as the proton-anti-proton collider for the UA1 and UA2 experiments.
Today it acts as a pre-accelerator for the LHC, but it also has delivered protons for the
neutrino beam to Gran Sasso (CNGS) and it provides a proton beam for the fixed target
experiments in the North Area of CERN. There are plans to further upgrade the SPS to

a Super-SPS in order to reach the design luminosity in LHC.



3.2 The Large Hadron Collider (LHC)

The Large Hadron Collider [40] provides the highest collision energy in the world, required
for precision studies of the Standard Model and to probe new physics beyond it. The LHC
is built in the former Large Electron Positron collider (LEP) tunnel with a circumference of
27 km, which allows operation at a centre-of-mass energy of up to 14 TeV for proton-proton

2571, In addition to proton-proton collisions, the

collisions and a luminosity of 1034 cm™
LHC provides heavy ion collisions for studies of quark-gluon plasma. More than 10,000
scientists and engineers from hundreds of universities are using the beams of the LHC for
their research. This work is done by four collaborations ALICE, ATLAS, CMS, LHCb,
each with an experimental facility at four points along the LHC ring, the locations are
shown in figure 3.2

The start-up of the LHC was on the 10th of September 2008, but was stopped after a
short time due to a major accident with the magnet system. On the 20th of November
2009, the LHC restarted and successfully collided protons after a few days. The first
collisions were at an energy per beam of 450 GeV, the injection energy of the SPS. The
beam energy was increased in steps and after the winter shut-down in 2009/2010, the
energy per beam reached 3.5 TeV, half of the design energy of the LHC. In 2012 a further
increase to 4 TeV per beam was achieved. More than 5 fb~! of integrated luminosity were
recorded at a centre-of-mass energy of 7 TeV and more than 21 fb~! of data with a centre-
of-mass energy of 8 TeV. At the end of 2012, the LHC was shut down for maintenance

and upgrades for two complete years. In march 2015, the LHC started accelerating once

more, this time delivering collisions at energy of 13 TeV.
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Figure 3.2: Schematic of the LHC ring, with the positions of the experiments [40,41]

3.3 LHC experiments

ALICE (A Large Ion Collider Experiment) [42] is a heavy ion experiment designed to
study the conditions of the universe directly after the Big Bang. Heavy ion runs are used
to produce temperatures 100 times higher than inside the sun to produce quark-gluon
plasma.

CMS (Compact Muon Solenoid) [43] is in size the second biggest experiment at the
LHC. It is a general purpose detector, designed for searching the Higgs boson, for su-
persymmetry, dark matter and for precision measurements of the Standard Model. The
detector is built inside a big 4 T solenoid magnet. CMS was the only detector at the LHC

built over ground and installed in 15 slices in the CMS cavern. The detector system has



a length of 21 m, a width of 15 m and a height of 15 m. It weighs 12500 t.

LHCD (Large Hadron Collider beauty) [44] is a detector system designed to study the
B-mesons in detail. The focus is the study of the matter-antimatter symmetry and rare
decays of B-mesons, which are sensitive to new physics beyond the Standard Model. It is
the smallest detector at the LHC build as a single arm spectrometer detecting particles
propagating in the forward direction. The experiment does not use the full luminosity of
the LHC to avoid pile-up? events.

ATLAS (A Toroidal LHC ApperatuS) [27] is the largest detector at the LHC. It is
like CMS, a general purpose detector with the same physics goals. More details about
the ATLAS detector system, which was used to collect the data used in this thesis, are

described in the next chapter.

2pile-up: In high-luminosity colliders, there is a non-negligible probability that one single bunch
crossing may produce several separate events, so-called pile-up events. [45]



Chapter 4

The ATLAS detector system

This chapter provides a basic introduction to the ATLAS detector. Focus is given to the
detectors used in the work presented in this thesis. More information about the design,

construction and operation of the ATLAS detector can be found in References [27,46-48].

4.1 Overview

The ATLAS detector is centered on one of the LHC collision points. Shown in figure 4.1,
ATLAS is over 24 meters high and almost 45 meters long. It weighs approximately 7000
tons. ATLAS is built around the LHC beam pipe, 100 meters underground. The beam
pipe is centred on the cylindrical axis of symmetry of the detector. ATLAS offers a rich
set of opportunities for new physics and a possibility to study strongly interacting matter
at high energy densities.

Particles produced in the collisions emerge from the center of the detector in all di-

rections. ATLAS has been designed to record the paths and energies of the particles

31



Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 4.1: Cut-away view of the ATLAS detector.



emerging from the collisions. ATLAS is composed of a series of concentric sub-systems,
each sensitive to different types of particles produced in the collisions. The Inner Detector
(ID) [49,50] is closest to the interaction point and measures the trajectories of charged
particles. The ID is composed of the Pixel Detector [51,52|, the Semiconductor Tracker
(SCT) [53-55], and the Transition Radiation Tracker (TRT) [56-58]. The ID operates in
a 2 Tesla magnetic field provided by the solenoid magnet [59]. Surrounding the ID is the
calorimeter system [60]. The calorimeter system is composed of the liquid argon electro-
magnetic calorimeters [61], the tile calorimeters [62], the liquid argon hadronic end-cap
calorimeters, and the forward calorimeters. These are each indicated in figure 4.1. The
calorimeters are designed to measure the energy of electrons, photons, and hadrons.

The Muon Spectrometer (MS) [63] surrounds the calorimeters. All particles except
muons and neutrinos are stopped by the calorimeter system. The MS is designed to
measure the trajectories of muons leaving the calorimeter. The MS is composed of muon

chambers operating in a magnetic field, provided by the toroid magnetics [64,65].

4.2 Conventions

A common coordinate system is used throughout ATLAS. The interaction point is defined
as the origin of the coordinate system. The z-axis runs along the beam line. The z — y
plane is perpendicular to the beam line and is referred to as the transverse plane. Particle
momenta measured in the transverse plane is referred to as the transverse momenta, pr.
The positive xz-axis points from the interaction point to the center of the LHC ring; the
positive y-axis points upward to the surface of the earth. The detector half at positive

z-values is referred to as the AAIJA-sideaAl, the other half the AAIJC-sideAAI. The



transverse plane is often described in terms of r — ¢ coordinates. The azimuthal angle
¢ is measured from the z-axis, around the beam. The radial dimension, r, measures the
distance from the beam line. The polar angle 6 is defined as the angle from the positive
z-axis. The polar angle is often reported in terms of pseudorapidity, defined as n = —In
tan(0/2). The distance AR is defined in n — ¢ space as AR = y/An? + A¢?. Transverse
quantities like transverse momentum pr, transverse energy FEp and missing transverse
energy E7'*% are defined in the  — y plane. The 4-momentum vector P = (E, p,, py, p-)
can be expressed in terms of E,n, ¢ and pr by P= [E, prcos(¢), prsin(¢), prsinh(n)] for

massless particles

4.3 Inner detector

The ID measures the position of charged particles as they traverse the detector. In order
to cope with the high particle densities produced by the LHC, the ID has been designed
to make high-precision measurements with fine detector granularity. The ID operates in
a 2 Tesla magnetic field provided by the solenoid magnet. This allows the ID to serve as
a spectrometer in which the curved trajectories of charged particles can be reconstructed.
Charged particles with transverse momentum above 500 MeV are reconstructed in the
ID. Below 500 MeV, charged particles do not cross the full ID.

The ID consists of three sub-detectors built using two technologies: silicon sensors
and straw drift tubes. When charged particles cross the silicon sensors, they generate
electron-hole pairs that can be collected with an applied electric field. This charge is
recorded locally in the sensor, identifying the position of the particle. A similar process

occurs in the straw drift tubes. Charged particles traversing the drift tubes ionize gas



contained within the straw. The liberated electrons are drifted, with an applied electron
field, to the wire at the center of the straw, where they are recorded. Unlike the silicon
sensors, in drift tubes, the primary ionization is multiplied before detection.

The ID is composed of modular collections of sensors. It is built around the beam
pipe with a cylindrical geometry. The ID consists of central barrel layers, centred on the
interaction point, and end-cap wheels or disks at either end of the barrel. Figure 4.2 shows
a cutaway of the ID barrel, and figure 4.3 shows a cutaway of one of the ID end-caps.

The Pixel detector is the closest sub-detector to the interaction point and provides the
finest granularity. Comprised of over 80 million channels, the Pixel detector provides on
average three measurements per charged particle and has a position resolution of 10 um
in the » — ¢ plane and 115 pm along z. The Pixel detector provides uniform coverage in
¢, up to |n| = 2.5.

The SCT surrounds the Pixel detectors. Each SCT layer is composed of a double layer
of silicon strips, whose axes are tilted by 40 mrad with respect to one another. The pair
of measurements at each SCT layer locates charged particles in r — ¢, with an accuracy
of 17 pum, and along z, with an accuracy of 580 pum. The SCT provides between four
and nine measurements per particle, with coverage up to |n| = 2.5. In total, the SCT is
comprised of about 6 million channels.

The TRT is the largest of the sub-detectors in the ID. The TRT is composed of about
300,000 straw drift tubes that provide position measurements with an accuracy of 130
pum in ¢. A large number of hits, around 35 per particle, is provided, with coverage up
to |n| = 2.0.

In addition to being a tracking detector, the TRT also provides particle identification
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Figure 4.2: Drawing showing the detector elements crossed by a charged particle with 10
GeV pr in the barrel of the Inner Detector. The particle emerges from the interaction
point and traverses the beam-pipe, three pixel layers, four double layers of SCT sensors,
and around 35 TRT straws

through the detection of transition radiation. Charged particles emit transition radiation
(TR) photons when traversing the TRT. The probability of emitting a TR photon is a
function of the Lorentz factor-y. At a fixed momentum, electrons will emit more transition

radiation photons than charged hadrons. The number of TR photons detected in the TRT

provides separation between electrons and charged hadrons.
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Figure 4.3: Drawing showing the detector elements crossed by two charged particles of 10
GeV pr in the end-cap of the Inner Detector. A particle at |n| = 1.4 traverses the beam-
pipe, three pixel layers, four SCT disks with double layers of sensors, and approximately
40 straws in the TRT end-cap. A particle at |n| = 2.2 traverses the beam-pipe, only the
first layer of the pixel detector, two end-cap pixel disks and the last four disks of the SCT
end-cap. The coverage of the end-cap TRT does not extend beyond || = 2.

4.4 Calorimeters

The calorimeter system measures the energy of hadrons, electrons and photons®. It pro-
vides coverage up to |n| = 4.9, using several different technologies. An overview of the
calorimeter system is shown in figure 4.4. The calorimeter system provides containment
for both electromagnetic and hadronic showers, stopping particles before they reach the
muon system

The ATLAS calorimeters are a type known as "sampling" calorimeters. Incident parti-

'Muons leave small fraction of energy in the calorimeters as well. But, their energy cannot be said to
be measured by the calorimeters, it is the combined measurement alongside the spectrometer’s data that
provides the full muon energy.



cles produce showers of energy in the calorimeter. Only a fraction of the energy produced
by the particle is measured by active detector sensors. The energy of the full shower can
be inferred from the observed energy.

The energies of electrons and photons are measured by the liquid-argon (LAr) elec-
tromagnetic (EM) barrel and end-cap calorimeters. The EM calorimeter is a lead-LAr
detector with a specialized geometry that provides complete and uniform ¢ coverage and
fast readout. These detectors provide high granularity measurements, critical for particle
identification in the range |n| < 2.5. The EM calorimeter is segmented into three radial
sections with different n — ¢ granularities. Figure 4.5 shows a cutaway of the different
layers in the EM barrel calorimeter. The first layer, referred to as the aAlJstripsaAl,
provides very fine segmentation in 7. The strips can separate between showers initiated
by electrons or photons and showers initiated by neutral pions. The second sampling
provides most of the energy measurement and has fine segmentation in both n and ¢.
The third sampling is coarser and adds additional depth to the calorimeter. The EM
calorimeters cover the pseudorapidity range |n| < 3.2 .

The Tile calorimeters and the LAr hadronic end-cap calorimeter are designed to mea-
sure the energy of hadrons. The range |n| < 1.7 is covered by the Tile calorimeter. The
scintillator-tile calorimeter is separated into a barrel and two extended barrel cylinders.
In the end-caps, 1.5 < |n| < 3.2, LAr technology is used for the hadronic calorimeters.
The LAr forward calorimeters provide both electromagnetic and hadronic energy mea-

surements and extend the pseudorapidity coverage to |n| = 4.9.
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Figure 4.4: Cut-away view of the ATLAS calorimeter system.

4.5 Muon spectrometer

In the ATLAS muon system, the momentum of muons is determined in a large supercon-
ducting air-core toroid magnet system. It contains detector technologies for fast triggers
and high precision tracking with 60 pm intrinsic resolution. Emphasis is put on reli-
able, high resolution, stand alone performance over a pr range from 5 GeV to 1000 GeV.
Good momentum resolution is needed, above large backgrounds, for the detection of de-
cays involving muons. The resolution can be further improved by combining the stand
alone results of the muon spectrometer with these of the inner detector. An example are

light charged Higgs boson searches, where the decay product has one or two leptons. A
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Figure 4.5: Sketch of section of the LAr EM barrel where the different layers are clearly
visible. The granularity in 1 and ¢ of the cells of each of the three layers is shown.

schematic view of the muon system is shown in figure 4.6.

A large central toroid magnet bends the muons in the region || < 1.4.In the high-
n regions (1.6 < |n| < 2.7), two smaller toroidal superconducting magnets are inserted.
Each of the three magnets is made from eight coils which are placed symmetrically around
the beam axis. A magnetic bending power of 1.4 to 5.5 Tm is provided by the barrel toroid
in the range |n| < 1.4. In the end cap region, a bending power of 1 to 7.5 Tm is provided
by the end-cap magnets. The region 1.4 < |n| < 1.6 is called the transition region, where

the magnetic fields overlap. Muon chambers arranged in three cylindrical layers around



the beam pipe are used in the barrel region to measure muon tracks. The transition and
end-cap regions are covered by three layers of muon chambers arranged along ¢, meaning

the center point of the tubes are oriented tangential to the circle around the beam axis.

Thin-gap chambers (TGC)
' Cathode strip chambers (CSC)

Monitored drift tubes (MDT)

Figure 4.6: Overview of the ATLAS muon system

The region with |n| < 2.7 is covered by Monitored Drift Tubes (MDT). In the high-n
region the rates and background conditions are expected to be up to 30 kHz per tube at
full LHC luminosity. The MDTs, which are filled with Ar/CO, gas, have a diameter of
29.97 mm providing an average resolution of 60-80 Iijm. The maximal count rate of the
MDT is 150 Hz/cm?.

Cathode Strip Chambers (CSC) are used in the region 2 < |n| < 2.7 where the

particle flux and the density of tracks are highest. The CSC can handle counting rates up



to 1000 Hz/cm?. The CSC system is made of two disks of eight chambers, which enable
the measurement of 7 and ¢ coordinates. The CSC is filled with an Ar/C'O, mixture, the
resolution reached is 60 um.

Trigger chambers provide fast information to the Level 1 trigger logic about muon
transverse momentum and bunch-crossing identification. The trigger chambers measure
the ¢ coordinate to give a full space trajectory in combination with the 7 coordinate of
the MDTs. The region |n| < 2.4 is covered using two different types of technologies. In
the barrel region |n| < 1.05, Resistive Plate Chambers (RPC) are used and, in the

region 1.05 < |n| < 2.4, Thin Gap Chambers (TGC) are used.

4.6 Trigger system

The ATLAS detector has a three-level trigger system: Level 1 (L1), Level 2 (L2) and
event filter (EF) level. The levels are staged, meaning that the next level refines the event
selection from the previous level by applying more precise or additional requirements.
The Level 1 trigger uses high transverse momentum muons, electrons, photons, jets, iD-
leptons, large missing and total transverse energies for triggering. Only reduced detector
information is used in order to make a decision with a latency shorter than 2.5 us. The
rate is reduced from the Beam Cross Over (BCO) frequency of 40 MHz to 75 kHz (to
be increased to 100 kHz in Run 2). The L1 trigger defines Regions Of Interest (ROI)
that seed the L2 trigger. At L2, the full precision of all detector data in the ROI is used.
The L2 trigger is configured to reduce the data rate to approximately 3.5 kHz with a
latency less than 40 ms per event. At the EF level the data rate is further reduced to

about 200 Hz for storage and offline analysis. The EF uses advanced near offline quality



algorithms for processing and requires around 4 seconds per event. The stored data size
is approximately 1.3 Mbyte per event [102]. A schematic layout of the trigger system is

shown in figure 4.7.
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Figure 4.7: Schematics layout of the trigger system



Chapter 5

Charged Higgs boson search in ATLAS

5.1 Production and decay of charged Higgs boson

As discussed in previous chapters, the production mechanisms 28] and decay modes of
a charged Higgs boson depend partly on its mass mpy4 . For light charged Higgs bosons
(mps < Mgy, Where my,, is the top-quark mass), the primary production mechanism is
through the decay of a top quark, t — bH* . For my4 > my,,, the leading H* production
modes at the LHC are expected to be gb — tH* (in a five-flavor scheme, or 5FS) and
gg — tbH* (in a four flavor scheme, or 4FS), i.e. in association with a top quark. In
the 4FS, b quarks are dynamically produced, whereas in the 5FS, the b quark is also
considered as an active flavor inside the proton. Diagrams illustrating the leading-order
production mechanisms of interest for the current energy scale of the LHC are shown in
figure 5.1.

As previously mentioned, tanf and the charged Higgs mass mpy. are the key parameters

which govern the decay properties. By constraining one, the branching ratio (BR) varies
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Figure 5.1: Example of leading-order Feynman diagrams for the production of a charged
Higgs boson with a mass mpyy > My, , in 4FS (left and centre) and 5FS (right).

according to the other. In this manner the most significant decay channel can be found.
By looking at figure 5.2, the top two decays are noticed immediately. For masses lower
than 200GeV, the search for a charged Higgs should focus on the decay to 7v. This ratio
alters quickly as the mass increases above the top mass, allowing the creation of tb pairs.
Thus, when searching for a "light" H®, one would target the 7v channel, while for a

"heavy" H*, the channel of tb should become a prime choice.
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Figure 5.2: Branching ratios of the charged Higgs boson decay with tan/3 = 3 as a function
of the particle mass [30]



5.2 Data and simulation samples

5.2.1 Data samples

Only events recorded with all ATLAS sub-systems fully operational are used for this
analysis. Together with the requirement of having 8 TeV pp collisions with stable beams,
this results in a 2012 data sample of 20.3 & 0.6 fb~!. The uncertainty on the integrated
luminosity of 2.8 % is derived following the same methodology as that detailed in [70],
from a preliminary calibration of the luminosity scale derived from beam-separation scans
performed in November 2012.

Following basic data quality checks, further event cleaning is performed by demanding
that no jet is consistent with having originated from instrumental effects, such as large
noise signals in one or several channels of the hadronic end-cap calorimeter, coherent noise
in the electromagnetic calorimeter, or non- collision backgrounds. In addition, events are
discarded if the primary vertex (i.e. the vertex with the largest sum of track pz ) has
fewer than five associated tracks with transverse momenta py > 400 MeV.

In this analysis, events are triggered using unprescaled single-lepton (electron or muon)
triggers with the lowest available py threshold. By adding an OR condition with a second
trigger that has a higher py threshold, one recovers some efficiency otherwise lost due to

the isolation cuts in the triggers with lower thresholds.



5.2.2 Monte Carlo simulations

Monte Carlo (MC) simulated samples are used to develop and validate the analysis method
in an unbiased way by not looking at the data up to the last stages of the analysis. By
doing so the MC is used to calculate the signal selection efficiency and some background
contributions (¢¢ and single top-quark production, as well as W + jets, Z/~* + jets and
diboson events) and for the evaluation of systematic uncertainties. The MC samples used
in this analysis are obtained with the ATLAS full GEANT4 simulation [69] and are re-

constructed using the same analysis chain as the data.

The modelling of ¢ events is performed with POWHEG-BOX v2.0 [71, 72|, using the
CT10 [73,74] parton distribution function (PDF) set. It is interfaced to PYTHIA v6.425
[75], with the Perugia P2011C [83] set of tuned parameters (tune) for the underlying
event. The tt cross section at 8 TeV is oy = 2531“%? pb for a top-quark mass of 172.5 GeV.
It is calculated at next-to-next-to-leading order (NNLO) in QCD including resummation

of next-to-next-to-leading logarithmic (NNLL) soft gluon terms with Top+-+ v2.0 [76-82].

Samples of ttV(V = W, Z) are generated with the MADGRAPH v5 LO generator, with
the CTEQG6L1 [84] PDF set. Parton shower and fragmentation are modeled with PYTHIA

6.425.

The single top-quark production is simulated using POWHEG (with the CT10 PDF set)
interfaced to PYTHIA (with the CTEQ61L PDF set and the Perugia2011C underlying

event tune). The cross sections are normalised to the approximate NNLO theoretical



predictions of [85-87|. Interference between SM tt and Wt processes is avoided using the

diagram removal scheme [88].

For the simulation of W /Z+jets backgrounds, ALPGEN v2.14 [89], interfaced to PYTHIA,
is used for the matrix-element calculation and the parton-shower evolution, with the
CTEQG6L1 PDF set. To avoid double-counting of partonic configurations generated by
both the matrix-element calculation and the parton-shower evolution, a parton-jet match-
ing scheme (MLM matching) is employed. The MLM matching is applied inclusively
for the production of W/Z + five partons and exclusively for the lower multiplicity sub-
samples. The vector boson production with additional heavy-flavor partons (W -+c, W/Z+
ce, W/Z+bb) is simulated separately with ALPGEN. The inclusive W and Z/~* production
samples are formed by adding the corresponding parton multiplicity sub-samples includ-
ing both the "light-quark-with-jets" and the "heavy-quarks-with-jets" processes with the
relevant cross sections. The Heavy-Flavor Overlap Removal (HFOR) tool [90] is used to
avoid double counting in the heavy-quark generation. The samples are normalised to the
inclusive NNLO theoretical cross section [91]. These are also reweighted to account for

the difference of the W/Z pr spectrum between data and simulation [92].

Finally, diboson events (WW, WZ and ZZ) are produced using ALPGEN v2.14, inter-
faced to HERWIG v6.520 93], for the matrix-element calculation and the parton-shower
evolution, with the CTEQG6L1 PDF set. The samples are generated with up to three ad-
ditional partons and are normalised to their NLO theoretical cross sections [94]. In order
to cover also the (rqq final state of the W Z production, additional SHERPA samples were

used for both the matrix-element calculation and the parton-shower evolution, with the



CT10 PDF set. The samples are also generated with up to three additional partons and

the cut pr >25 GeV is imposed on the lepton.

In addition to the MC samples described above, events with a Higgs boson are also
considered as a background in this analysis. Due to the high number of jets and b jets
in the analysis, the most relevant background consists of events with a Higgs boson pro-
duced in association with top quarks. The dominant decay of the Higgs boson (at my
= 125 GeV) is H — bb. The ttH process is modeled using matrix elements obtained
from the HELAC-ONELOOP package [95] that corresponds to the NLO QCD accuracy.
POWHEG-BOX [96,97] is the interface to the parton shower. The samples created using
this approach are referred to as PowHel samples. The top-quark mass is set to 172.5 GeV.
The cross section for ttH and the Higgs boson decay branching ratios are taken from the

NLO theoretical calculations of Ref. [98].

All SM background samples derived from simulations are scaled such that the total
number of events corresponds to the recent theoretical predictions on the cross sections
at NLO or NNLO [99] in compliance with [24]. Where applicable, Tauola [100] is used
for the 7 decays and Photos [101] is employed for photon radiation from charged leptons.
The event generators are tuned in order to describe the ATLAS data. The Perugia tune
P2011C [102] is used for events for which the hadronization is simulated with Pythia (ex-
cept for the AcerMC ¢t datasets, where the tune AUET2B [103] is used), while the tune
AUET?2 [104] is used for Herwig. Finally, all MC events are overlaid with additional mini-
mum bias events generated with Pythia to simulate the effect of multiple pp collisions per

bunch crossing (pile-up), at a variable rate. The simulated events are then weighted [116]



to the same number of collisions per bunch crossing as the data.

For the signal samples, with a charged Higgs boson mass between 200 and 600 GeV,
simulated events of top-quark associated H* production are produced with POWHEG,
using the CT10 NLO PDF set, interfaced with PYTHIA 8. For the H* — tb decay, PYTHIA
8 was used and a one-lepton filter (with no pr cut at the truth level) was subsequently
applied for the W-boson decays, in order to eventually select lepton+jets events only.
Since the experimental resolution is much larger than the natural width of the charged
Higgs boson and in order to study model-independent H* production, the width in all

signal samples was set to 0 for the production.

5.3 Event Selection

In the events selected for this analysis, the top quarks both decay via t — Wb, where
one W boson decays hadronically and the other decays into an electron or a muon, either
directly or through a 7-lepton decay, and the corresponding neutrino(s). The signal event
signature is therefore characterized by the presence of exactly one high py charged lepton
(electron or muon) and five or more jets, at least three of them being b-tagged as displayed
at figure 5.3.

Events collected using either an isolated or non-isolated single-lepton trigger are con-
sidered. Isolated triggers have a threshold of 24 GeV on pr for muons and on Er for
electrons, while non-isolated triggers have higher thresholds at 36 GeV (muons) and 60
GeV (electrons). The isolated triggers have a loss of efficiency at high py or Ep, which

is recovered by the triggers with higher thresholds. For reasons of region categorization



Figure 5.3: Feynman diagram of H* decaying into tb pair, resulting in six jets, of which
four are b-jets with the remaining jets originating from the hadronic decay of one W boson
while the other decays leptonically.

Events accepted by the trigger are then required to have exactly one identified electron
or muon, and at least four jets, of which at least two must be identified as b-tagged jets.
The selected lepton is required to match, with AR < 0.15, a lepton reconstructed by the

trigger.

5.3.1 Objects reconstruction

5.3.1.1 Electrons

Electrons are reconstructed by matching clustered energy deposits in the electromagnetic
calorimeter to tracks reconstructed in the inner detector [105]. Candidates are required to
meet quality requirements based on the shower shape [106]. The transverse energy Erp =
E s/ cosh(Nirack), computed using the calorimeter cluster energy F.,s and the direction
of the electron track 7.qck, 18 required to be larger than 25 GeV. The pseudorapidity

range for the electromagnetic cluster covers the fiducial volume of the detector, |n| < 2.47



(the transition region between the barrel and end-cap calorimeters, 1.37 < |n| < 1.52,
is excluded). Same as the Muons, zy must be smaller than 2 mm. In addition, Er and
n-dependent calorimeter (tracking) isolation requirements are imposed in a cone with a
radius AR = 0.2 around the electron position, with an efficiency of about 90% for true
isolated electrons [107,108]. The efficiencies of the electron trigger, reconstruction and
identification are measured using Z — ee and W — ev events, in both data and MC
samples. Simulations are generally found to model the data well, with a few exceptions,
mainly regarding the lateral development of showers and the TRT in the end-caps. Scale
factors are derived to parametrise efficiency differences between data and simulations.

Control plots for p; and 7 of the electrons are shown in figure 5.4.

5.3.1.2 Muons

Muon candidates are required to contain matching inner detector and muon spectrometer
tracks [66,67] as well as to have pr > 25GeV and |n| < 2.5. Combined and tight muons,
with zo (the longitudinal impact parameter zg of the electron track relative to the primary
vertex) smaller than 2 mm, as well as a good track quality [68], are selected. Only isolated
muons are accepted by requiring that the scalar sum of the track pr in a cone of a variable
radius, defined by AR < 10GeV/pl. around the muon (while excluding the muon track
itself) be less than 5% of the muon transverse momentum p4.. Control plots for pr and 7

of the muons are shown in figure 5.5.

5.3.1.3 Jets

Jets are reconstructed from topological clusters in the calorimeters using the anti-kt al-

gorithm [109, 110] with a size parameter value of R = 0.4. A local calibration is ap-
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Figure 5.4: Comparison between the data and the simulated SM processes for the electron
pr (left) and »n (right) in events with four jets and two b jets. The data are shown as
points with error bars and compared to the sum of all expected contributions taken from
simulations (t+LF, tt+HF, tt + W/Z, W +jets and others as Z+jets, single top, di-boson
and ttH(— bb))). The red shaded region corresponds to the systematic error due to
uncertainties on the cross sections. Presented below is the ratio plot between the data
and monte-carlo events as a measure to deviations.

plied [111,112], which reduces fluctuations due to the non-compensating nature of the
calorimeters, dead material and out-of-cluster leakage. Calorimeter clusters are classified
as either electromagnetic or hadronic by considering properties such as the energy density
of the cluster, isolation and shower depth in the calorimeters. Corrections, derived from
simulations and based on jet areas [113], are then applied in order to reduce the effects of
pile-up on the jet calibration [114]. Only jets with a transverse momentum pr > 25GeV
and a direction within |n| < 2.5 are considered in the following. A method that allows
for the identification and selection of jets originating from the hard-scatter interaction

through the use of tracking and vertexing information is used [114]|. This is referred to
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Figure 5.5: Comparison between the data and the simulated SM processes for the muon
pr (left) and 5 (right) in events with at least four jets and at least two b jets. The data are
shown as points with error bars and compared to the sum of all expected contributions
taken from simulations (t+LF, tt+HF, tt + W/Z, W-+jets and others as Z-+jets, single
top, di-boson and ttH(— bb))). The red shaded region corresponds to the systematic
error due to uncertainties on the cross sections. Presented below is the ratio plot between
the data and monte-carlo events as a measure to deviations.

as the "Jet Vertex Fraction" (JVF), defined as the fraction of the total momentum of
the charged particle tracks associated to the jet which belongs to tracks that are also

compatible with the primary vertex (pv):

> pr(trkl™ )
> S pr(trk]® vta,)

The jet selection based on this discriminant is shown to be insensitive to pile-up. If no

JVE(jet;,pv) = (5.1)

tracks are matched to a jet, a JVF value of -1 is assigned. In this analysis, |JV F| > 0.5
is required for jets with pr < 50 GeV and |n| < 2.4 since pile-up jets are expected to be

soft. In order to identify the jets initiated by b quarks, the MV1 algorithm is used, which



combines impact-parameter information with the explicit determination of an inclusive
secondary vertex [115]. MV1 is a neural network-based algorithm using the output weights
of the various b-tagging algorithms. A working point is chosen that corresponds to an
average efficiency of 70% for b-jets in ¢t events (corresponding to a weight wysy1 > 0.7892).
Tagging and mis-tagging efficiency scale factors relate efficiencies as determined in various
data samples to their counterparts in simulation. They are used in all simulated events,
after having applied the b-tagging algorithm to the jets. Note that the b-tagged jets are
required to pass the same pr, 7 and JV F selection as all other jets. An example of control

plots for py and n of the leading jet is shown in figure 5.6.
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Figure 5.6: Comparison between the data and the simulated SM processes for the jet
multiplicity (left and the b-jet multiplicity (right) for all events with at least 4 jets and at
least 2 b-tags. The data are shown as points with error bars and compared to the sum of
all expected contributions taken from simulations (¢t+LF, t¢t+HF, tt + W/Z, W +jets and
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error due to uncertainties on the cross sections. Presented below is the ratio plot between
the data and monte-carlo events as a measure to deviations.



5.3.2 Charged Higgs boson selection

Since this analysis relies on reconstructing two top-quark candidates in the final state, the
event sample is obtained by following the standard single-lepton ¢t selection cuts, which
are described in [118]. In order to account for the high jet multiplicity in signal events,
two additional cuts on the jet and b-jet multiplicities have been applied at the end of the
selection chain. In the following, we refer to the sample with > 5 jets and > 3 b jets as
the signal region. The regions with 4 jets and > 2 b jets, as well as the regions with 5 or
6 jets with exactly 2-b jets, are considered as the control regions. The remaining regions

with < 2 b jets are not considered in the analysis. The selection is as follows:

e The appropriate single-electron or single-muon trigger has fired.
e The event contains at least one primary vertex with more than four good tracks.

e The event contains exactly one reconstructed lepton (e/p) with pr > 25 GeV that
has been matched to the corresponding high-level trigger object (within AR < 0.15).

Double counting of the two trigger streams is taken care of.
e Additionally, no lepton of the other flavour must be found.

e The event is required to have at least four jets with pr > 25 GeV, |n| < 2.5 and a
jet vertex fraction (JVF) with respect to the primary vertex of |[JVF| > 0.5 for jets
with pr < 50 GeV and |n| < 2.4.

e At least one of the selected jets needs to be tagged by the MV1 algorithm (wyryy >

0.7892 corresponding to an average b-tagging efficiency of €, = 70 %).



e In addition to the ¢t selection described above, additional cuts are applied in the

signal region:

— at least five jets with pr > 25 GeV;,

— at least three of them have to be b-tagged jets.

5.3.2.1 Categorization
The categories used in the analysis, according to jet(j) and b-jet(b) multiplicity:
e Control region 452b (CR42)
e Control region 552b (CR52)
e Control region 6;2b (CR62)
e Control region 4j >3b (CR43)
e Signal region >5;5 >3b (SR)

The event yields for data and all individual Monte Carlo simulations are presented in
table 5.1 using the direct b-tagging. The event yields are normalized to an integrated
luminosity of 20.3 fb~!. A good agreement between data and simulation is found in the

control regions.



Process CR42 CR52 CR62 CR43 SR
ttbb 1718.3+9343 1549.7+5288  1386.51522%  664.8 +372.4 2259.8111373
ttee 5201.7729186  4460.3720092  3833.6723201  735.6+£410.5  1828.979203
ttLJ | 80299.2796982  38707.8%73856  19290.413%3 7  6262.9710104  5647.273238
ttH 33.7+£4.2 44,6758 68.975:2 15.5+2.4 87175
ttV 127.9440.1  150.9+46.6 18884592  17.6+57 8524257
stop 5014617759 1966.874171 8753 +270.5 364.8+£83.6  327.4F188
wiets | 34024 +£1714.5 1269.54+717.1 638 +395.5  188.2+£99.8  173.1+93
ziets | 133074671  397.3+224.2  1525+952 53+ 30.7 48.8 +26.2
vV 231.7+£69.4  107.5+41.3  51.9+253 10.74+3.7 13.74+4.7
qed | 2156.9 £865.5 666 +264.2  334.6+1524 157.9+67.5  153.44 57.3
total | 99930.67112694  49658.6752900  27069.9765628  8660.7113183  11122.5715757
Data | 102462 +320.1 51421 +226.8 26948 4+ 164.2 9102+ 954 11945 + 109.3
Table 5.1: Prefit event yields of MC and data in the five categories used in the anal-

ysis. The numbers for the expected backgrounds do include all uncertainties, and the

uncertainties on the data are simply the sqrt.

5.4 Backgrounds

5.4.1

tt heavy flavour classification

The production of tf together with heavy flavours (such as pairs of b or ¢ quarks) is con-

nected to large uncertainties. An example Feynman diagram for this sort of background

is depicted in figure 5.7. The ¢t sample is classified into tt+light, tt+bb and tt+cc sub

samples, based on the truth record. This so-called heavy flavour classification is following




exactly the same prescription defined by t¢tH, H — bb [92]: All particle jets with py > 15
GeV and |n| < 2.5 which are matched using a AR < 0.4 to a b-hadron not originating
from a top quark with pr > 5 GeV are labelled as b. If the event has one or two matches
to such a particle jet, or if the event has one such particle jet which is matched to two
b-hadrons, then the event is classified as tt+bb. The same procedure is repeated for ¢
jets if no b-hadron not-from-top match is found. All other events are labelled as tt+light

events.

[ ]

Figure 5.7: Example diagram for the tfbb process.

5.4.2 Background composition

A good description of the physics background is crucial for this analysis. One has to
understand the background accurately in order to claim or dismiss an excess of events in
the signal regions. Studying the background composition helps finding control regions for
the various contributions and to better constrain them using data.

Preselected events are categorised according to the number of jets with pr > 25 GeV
and the number of b-tags. The separation of the event samples with a higher signal-

to-background ratio from the ones dominated by particular backgrounds allows use of



the data to constrain the related systematic uncertainties in the control (signal-free)
regions. Using MC simulations at /s = 8 TeV normalised to 20.3fb™!, the background
composition is shown in figure 5.8. The most problematic background is the tfbb , because
it has the most and also the largest uncertainties. Unfortunately, the amount of ¢tbb in
the four control region is rather small, so it is not possible to effectively constrain it. Only
the signal region itself can be used to get a handle on that background. This is achieved

by training a BDT against only this ¢tbb background, which is described in detail in

Section 5.5.
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Figure 5.8: Background composition for the five categories. The dominant background is
tt +light jets. In the SR significant contributions of ttbb and ttcc are expected.



5.5 Signal and background separation using Boosted
Decision Trees

The classification of events is one of the main challenges that HEP analysis is facing. To
claim a discovery, one needs to reject the null-hypothesis, which in this case consists of
a SM background. Lacking a perfect discriminating variable, each cut may discard both
signal and background. This is a classic classification problem. The field of Machine-
Learning (ML) deals with these cases and provides promising solutions and approaches
with the purpose of minimising the loss of signal. Given a set of training cases/objects and
their attribute values, the goal is to determine the target class value of new examples. In
HEP terms, this is a search of a generic way to distinguish data from background according
to event’s properties, both raw (measured by the detector) and derived (calculated by

physicists).

5.5.1 Decision trees and boosting

Decision Trees are considered to be one of the most popular approaches for representing
classifiers. A decision tree is a binary tree structured classifier. A single decision tree
is trained on a Monte Carlo simulation sample of known composition and tested on an
independent known sample. All provided variables are scanned at each step to find the
single cut which best separates signal from background according to a chosen metric. The
sample is divided by the chosen cut and the algorithm is applied again on each resulting
sub-sample. This sample splitting continues until a stopping condition is reached, usually

the minimum number of events allowed in a sub-sample (minimum leaf size). Hence, a



single decision tree makes a series of cuts, but does not discard events: an event which
fails a given cut continues to be considered by the algorithm. The algorithm divides up
the space into signal-like and background-like regions and it assigns a score to each event
depending on which region it falls into.

"Boosting” is a common method to improve the performance and stability of decision
trees. After the first tree is trained, events are weighted such that those mis-classified
by the first tree have their weights increased. A second tree is then trained on this re-
weighted sample and naturally focuses on the events which were problematic in the first
tree. This is a single “boost”. The number of boosts is a parameter to be optimised. At
the end of the boosting cycle, a score is assigned to each event using a weighted average
of the score calculated in each tree. The weight used is derived from the mis-classification
rate of each tree.

The training parameters of the BDT must be optimised to yield the best performance
on unseen events in a withheld test set. It is easy to achieve any level of performance (even
perfect classification) on the training set, but this certainly does not imply good perfor-
mance on an independent test set where the performance can degrade (this is referred to
as over-training). The training parameters must therefore be optimised according to the
performance on an independent test set.

A BDT makes use of a set of discriminating variables. The chosen variables should
be well-modelled by the training samples (Monte Carlo simulations) and provide some
signal discrimination against the background. Furthermore, the input variables should be
as uncorrelated as possible. A large number of variables were considered. From those,
a short list was chosen, based upon their discrimination power and BDT performance.

The variables were selected using an iterative method. The list of variables was divided



into several subsets and the best variables from these subsets were further evaluated
to trim down the list. Since there are large differences in kinematics between the H=
200 GeV mass point and the 600 GeV mass point, best variables at these two end points
were selected and merged into a single list. The variables selected from this combination

procedure are used across the entire mass range.

5.5.2 Input variables

The variables used for the BDT training, along with a short description, are shown in

Table 5.2.
’ Value \ Definition ‘
ave _dRb Average AR(b,b) between two b-jets in the event
W2 Second Fox-Wolfram moment _; ; %Pg(coseij)
H}Had Scalar sum of pr in the event
minR_Mbb | Invariant mass of the two b-jets that are closest in AR
jetlpt Leading jet pr

Table 5.2: Variables entering the BDT training.

Figures 5.9 - 5.11 display the control region validation of the input variables.
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Figure 5.10: Prefit data to MC comparison for the HH4P in the four control regions, as
The red shaded bands indicate the cross section uncertainties.
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5.5.3 Heavy Flavour BDT

A crucial point in MVA training (sometime neglected) is the selection of background
composition. If a particle such as H* exist, a deviation of the data from the entire
background composition is expected. With that in mind, an obvious choice is taking all
of the analysis backgrounds to train against (as described in section 5.4.2). Seeing that
not all backgrounds in this analysis have the same properties, care must be taken in this
step.

Heavy Flavour (HF) BDT was designed in an attempt to reduce the strong anti-
correlation between ttbb (the background with the most uncertainties, including the
largest ones) and H*. This BDT was validated thoroughly, cross checked against an in-
clusive (all backgrounds) BDT, and found to be more sensitive to signal events. The code
framework used was Tool for Multi Variate Analysis (TMVA) 4.2.0 [117]. The samples
were divided into two, half for the training and second half for the the testing of the HF

BDT according to their MC event number.

The discrimination from background and signal by the input variables entering the HF
BDT is presented for a mass hypothesis of 250 GeV in figure 5.12 and for a mass of 500
GeV in figure 5.13. By comparing the BDT output using the events in the training sample
to those in the test sample one can check for potential overtraining effects. This test is

displayed for all mass hypotheses in figure 5.14. No overtraining is observed.

An important step in training a MVA is validating the control regions. Since the BDT

trained for "finding” signal events at the signal region, it should provide a fine compliance
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Figure 5.13: The input variables used for the HF BDT training, here for the signal of 500
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Figure 5.14: BDT output and overtraining check for the HF BDT trained for all 11 signal
hypotheses, as indicated in the x-axis label.

between MC and data at the control regions. In figures 5.15-5.17 the validation of the

HF BDT in the control regions is shown for three mass points: 250 GeV, 300 GeV and

450 GeV. A good agreement is observed for all mass points and all categories.
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5.6 Systematic uncertainties

5.6.1 Uncertainties on Physics Objects

Luminosity

The uncertainty on the measured integrated luminosity is 2.8 % [119]. This systematic

uncertainty is applied to all contributions determined from MC simulations.

Leptons

The uncertainties for the lepton selection are connected to trigger, reconstruction, identi-
fication, isolation and lepton momentum scale and resolution. In total 5 (6) components
of uncertainties are considered for electrons (muons).

The reconstruction as well as the identification and trigger efficiencies are slightly dif-
ferent in data and simulations. To correct accordingly, scale factors are derived by using
tag-and-probe methods based on Z — ¢/ (¢ = e/u) data and simulation samples. The to-
tal uncertainties on the event yields from the lepton reconstruction are 1.3 % for the single
lepton selection channel. The lepton momentum scale and resolution are tested using the
reconstructed distributions of the Z — ¢¢ and J/W¥ — ¢¢ masses. Small discrepancies are

observed between data and simulations and corrections are applied in the latter.



Jet Energy Scale

The jet energy scale (JES) and the corresponding uncertainties are derived from test-
beam data, LHC collision data and simulations [120-124]. The JES uncertainty is split
up into 22 uncorrelated sources with different dependencies on pr and n and are treated

as uncorrelated in this analysis.

Jet Vertex Fraction

The efficiency of the jet vertex fraction (JVF) requirement is measured per jet in data
and simulation using Z — ¢{+1-jet events. The corresponding uncertainty is evaluated

and propagated to the analysis by varying the nominal JVF cut value.

Jet Energy Resolution

The jet energy resolution (JER) is measured separately for data and simulation [120] and
the systematic uncertainty is defined as the difference in quadrature. To quantify the
corresponding systematic uncertainty in the analysis, the energy of the jet in simulation
is smeared by this residual difference and the changes in the normalisation ans shape of

the final discriminant are compared to the default prediction.

Jet Reconstruction

The jet reconstruction efficiency is found to be ~ 0.2 % lower in the simulation than in
data for jets with pr < 30 GeV and consistent with data for jets with pr above. The
jet-pr cut for this analysis is at 25 GeV, accordingly 0.2 % of the jets with pr < 30 GeV

are randomly removed and all jet-related variables are recomputed.



Flavour Tagging

The uncertainties of flavour tagging is evaluated for each jet flavour using control samples
in data and compared to simulations. Corresponding scale factors and their uncertainties
are derived to correct the per-jet tagging rates in simulations as a function of py. For
the b-jets, the scale factors have been derived from a ¢t sample [125], whereas for c-jets
events with identified D* are used [126]. In the case of light jet flavours, the scale factors
and their uncertainties are derived from di-jet events and are parameterized additionally
in n [127]. An additional extrapolation uncertainty is applied on the b-tagging efficiency
of high pr jets.

A total of seven (four) independent sources of uncertainties affecting the b- (c-) tagging
efficiencies are considered. Each of these uncertainties correspond to an eigenvector re-
sulting from diagonalizing the matrix containing the information of total uncertainty per
pr bin and the bin-to-bin correlation. Twelve uncertainties are considered for the light
jet tagging depending on the jet pr and n. All flavour tagging systematics are taken as

uncorrelated between b-, c-and light-flavour jets.

5.6.2 Uncertainties on Background Modeling

ttbar

e Inclusive cross section: The uncertainty is +5 %/ — 6 %, this one is described by one

NP and it acts on ¢t +light, ticé and ttbb .

e tt reweighting: The nine largest uncertainties associated with the experimental mea-

surement of top quark tf system pr are considered as separate uncertainty sources



in the reweighing applied to the MC simulations. Given that the measurement is
performed for the inclusive ttbar sample and the size of the uncertainties applicable
to the tt+cc component is not known two additional uncertainties are assigned to
tt+cc events corresponding to the ttbar pT and top quark pT corrections being

turned off.

tt +HF: A large conservative uncertainty of 50% is assumed for each the tt+bb and
tt+cc cross section. The 50% on the ttbb rate is the leading uncertainty in the
analysis. The largest rate variations observed by Sherpa NLO parameter variations
were 30%. Therefore, a cross check will be performed repeating the final results

with a prior of 30%.

Systematic uncertainty on the ttcc contribution due to the choice of the MC gen-
erator is evaluated by comparing the Powheg+Pythia and Madgraph+Pythia sim-
ulations: These uncertainties come from the factorisation and renormalisation scale
variations, matching threshold and c-quark mass variations in the Madgraph+Pythia

ttbar simulation.

Parton shower: To assess the uncertainties coming from the parton shower and
the hadronisation model, the ttbar+light, tt4+cc and tt+bb shapes and rates are
estimated from Powheg+Herwig instead of Powheg+Pythia. This uncertainty is

then implemented with three uncorrelated components, one per ttbar sub-sample.

QCD

Systematic uncertainties on the multijet background estimate via the Matrix Method

receive contributions from the limited data statistics, particularly at high jet and



b-tag multiplicities, as well as from the uncertainty on the fake rates, estimated
in different control regions. A combined conservative uncertainty of 50% due to all
these effects is assigned, which is taken as correlated across jet and b-tag multiplicity

bins, but uncorrelated between electron and muon channels.

A shape uncertainty is assigned to the fake multijets by varying the fake efficiencies
up and down. Another shape uncertainty comes from shifting up and down by 10%

the overall yield of all the MC samples subtracted from fake CR.

V+jets

The W/Z+jet contributions are obtained from the simulation and normalized to the
inclusive NNLO cross section. A reweighing is applied to improve the modeling of
the W Z boson pr spectrum. The full difference between applying and not applying

this reweighting is taken as a systematical uncertainty.

The V-jets cross section uncertainty in the 4jet bin is 48%, and another 24% are
assigned for each the 5 jet and 6 jet events (ie. 3 nuisance parameters (NPs) for

each the W+-jets and Z-+jets cross section).

ttH

The ttH cross section uncertainties are provided by the LHCXSWG [134]: +8.9%, —12.2%,

which includes the contributions from uncertainties on «y,, PDF, and QCD scales.



ttVvV

The cross section uncertainty is 30%. A shape uncertainty is assigned coming from

a variation of the ISR, which is detailed in the ttH note [92].

\'AY%

Uncertainty on the diboson backgrounds rate includes the uncertainty on the in-
clusive diboson NNLO cross section of 5% added in quadrature to the uncertainty
of 24% for extrapolating to each 4, 5 and 6 jet events, ie. for 6 jet events the

uncertainty has 3 NPs with priors of 24.5%, 24%, 24%.

single top

The cross section uncertainty is +5%, —4%, corresponding to the weighted average

of the theoretical uncertainties on s-, t- and Wt-channel production.

An uncertainty on the single top background shape is assessed by comparing Wt-
channel MC samples generated using different schemes to take into account Wt and

tt diagrams interference.



5.7 Statistical method

Hypothesis testing is performed using a modified frequentest method as implemented in
ROOSTATS [132]. It is based on the profile likelihood method, which implements the
systematic uncertainties as nuisance parameters and fits (profiles) them to the data. This
procedure minimizes the impact of systematic uncertainties on the search sensitivity by
taking advantage of the high-statistics background-dominated control regions. The dis-
tributions of the final discriminants from each of the regions considered are combined into
a statistical analysis to test for the presence of a signal at each value of the hypothesized
Higgs boson mass, my+ = 200, 225, 250, 275, 300, 350, 400, 450, 500, 550 and 600 GeV.

Gaussian constraint terms are used. The fitted errors, A«, represent the posterior
uncertainty in units of o,. Therefore, a value of A« close to 1 indicates that the data
does not yield any particular sensitivity to the systematic uncertainty and the uncertainty
is constrained by its prior term. Conversely, a value of Aa much smaller than 1 indicates
sufficient sensitivity in the data to constrain the nuisance parameter more strongly than
the prior uncertainty.

The signal event rate is controlled by the parameter of interest p, where 4 = 1 corre-
sponds to the observed signal strength being equal to the theory expectation. In order to
be model independent, the signal is normalized to a cross section of 1 pb. The simulated
distribution is described using a probability density function f;. Let n be the number of
observed events and let m be the number of expected events. Thus, the expected and

observed number of events in each bin ¢ is m; = mf; and n;, respectively. Introducing the



nuisance parameters @ and k control regions, the resulting likelihood is given by:

L(p) = H H Poisson(ny, |my, ) H Poisson(n;|m;) Hp(éjwj), (5.2)

kg %

where the indices, i (signal region) and [; (control region k), indicate the bin of the BDT
distribution. Nuisance parameters, 6, are used to describe the effect of the systematic
uncertainties while p(éj\ej) are the Gaussian constraints relating each parameter to its
nominal estimate éj. We perform a profile likelihood statistical analysis with p as the
parameter of interest and v as additional nuisance parameters that are constrained by
data in the control and signal regions. Note that m is a function of all the parameters,

hence m = m(u, v, @). The test statistic is given by [133]:
, 0< <y, (5.3)

where éu and Iiu are the maximum likelihood estimators (MLE) of the nuisance parame-
ters for a fixed u, while 0, » and i1 are the global MLEs of @, v and u, respectively. The
limit itself is derived using the CLs criterion [129] and asymptotic approximations [133].
For the calculation of the expected limits and the error bands, the Asimov data set [133]

is employed.

5.7.1 Histogram Treatment

To reduce the impact of limited statistics on the fit results, the raw inputs undergo a
certain procedure. This is the same procedure as used in the t#H — tbb analysis [92], in

particular the same smoothing algorithm has been used.



o [ variable is binned non-uniformly, such that in each bin there is enough data
statistics. This binning depends on the category. The BDT output variable is also
binned non uniformly, with a wide bin at each the beginning and the end of the
spectrum, to catch enough data statistics. The binning of the BDT histograms is
mass-dependent. Typically the final histograms have 15-20 bins. The non-uniformly
binned input histograms are refilled into histograms with equidistant binning in

order to be used inside ROOT HistFactory.

e Systematic uncertainties which are not derived by applying a weight, are smoothed.
The smoothing algorithm is applied only to the systematic variations, not the nomi-
nal histograms. The idea hereby is that bin-by-bin fluctuations result from statistical
fluctuations. Therefore, the algorithm first iteratively rebins the effect of the sys-
tematic variation with a given threshold (start threshold chosen to be 8 %, which is
halved per rebinning step), as long as the number of counted slope changes becomes
less than a certain number (chosen to equal 3). However, the rebinned histogram
is not returned, instead the bin contents are transferred to the histogram of the
original binning (15 non-uniform bins). Then, this histogram is smoothed using the

ROOT histogram Smooth() routine.

e Finally, the very small uncertainties are pruned, for a given process and a given
category: If the change of the total rate is less than 0.5%, then this uncertainty
does not act anymore on the rate. And if there is not a single bin where the rate

changes by more than 0.5%, then this uncertainty acts no longer on the shape.



5.8 Results

The HF BDT output is used as final discriminant in the signal region, and in the four
control regions HY#4 is the discriminant. The control regions are always fit simultaneously
with the signal region. The electron and muon channels are summed up to gain statistics,
and in tests it was shown that a separation doesn’t improve the limits significantly. The
only asymmetry between electron and muon channel is expected in the QCD background,
all other processes are symmetric with respect to the lepton flavour.

A binned maximum likelihood fit to the data is performed simultaneously in the five
event categories, and each mass hypothesis is tested separately. The inputs to the simulta-
neous fit are the distributions of H¥24 in the four CR, and the BDT output histograms in
the SR. The procedures for quantifying how well the data agree with the background-only
hypothesis and for determining exclusion limits are based on the profile likelihood ratio
test [128]. The parameter of interest is the production cross section o(gb — tH™) multi-
plied by the branching fraction BR(H™ — tb), also referred to as the signal strength. All
systematic uncertainties, either from theoretical or experimental sources, are implemented
as nuisance parameters with log-normal constraint terms. The largest uncertainties for
any tested mass point are those arising from the modelling of the ¢t processes. For
my+ < 350 GeV, the uncertainty on the ¢£-+bb cross section has the largest impact on the
result. For higher-mass hypotheses, the uncertainties on the shape of the distributions
for ¢t+bb from the reweighting to the NLO prediction are dominant. The uncertainties
decrease for higher-mass hypotheses because of the larger signal acceptance and the im-
proved separation between signal and background of the BDT. The pulls of the nuisance

parameters after profiling to the data are almost all within +10 and never exceed +1.50



for all tested mass hypotheses. The pulls that are larger than +1c in at least one of
the tested mass hypotheses are those associated with uncertainties on the t¢+HF cross
sections, on the parton shower modelling of the tf-+cé process, and on the t£+bb NLO

modelling, derived from variations of the functional form of the renormalisation scale.
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Figure 5.18: Distributions of the BDT output in the signal-rich region after the fit to the
data under the background-only hypothesis. The BDT was trained for two signal mass
hypotheses: (a) 300 GeV and (b) 500 GeV. Each background is normalised according to its
post-fit cross section. The solid red line shows the total background after an unconditional
fit under the background-plus-signal hypothesis with a signal mass of (a) 300 GeV and
(b) 500 GeV. The signal shape is shown as a superimposed dashed blue line normalised
to the data. The hatched bands show the post-fit uncertainties taking into account the
constraints and correlations of the nuisance parameters. The lower panels display the
ratio of the data to the total predicted background.

The modified frequentist method (CLs) [129] and asymptotic formulae [130] are used
to calculate upper limits on o(gb — tH") x BR(H" — tb). The 95% confidence level

(CL) upper limits are presented in figure 5.19. The mass hypotheses are tested in 25 GeV



steps between 200 and 300 GeV, and in 50 GeV steps up to 600 GeV. At 250 GeV, the
local po-value for the observation to be in agreement with the background-only hypothesis
reaches its smallest value of 0.9% (corresponding to 2.4 standard deviations). At mpy+
values of 300 and 450 GeV, the excess of the data with respect to the background-only
hypothesis corresponds to 2.3 standard deviations.

The expected upper limit is computed with a signal injected at my+ = 300 GeV, with a
production cross section times branching fraction of 1.65 pb, corresponding to the best-fit
value of the signal strength at this mass point. This results in an excess that is more
localised at the injected mass value, i.e. extends less to lower and higher masses than the
trend seen in the observed upper limit, as shown in figure 5.19. The H* signal is generated
with a zero width. The experimental mass resolution is approximately 50 GeV for the
mass hypothesis of 300 GeV. A systematic background mismodelling is considerably more
likely to give rise to the observed excess than a hypothesised signal at a specific mass.
The cross sections of the t£+HF backgrounds and the shape of the t£+bb component have
large uncertainties which are correlated with the signal normalisation. Together with the
pre-fit excess of data compared to the SM prediction, this can result in a post-fit excess
over a wide H* mass range. The fits were repeated using two alternative, less sensitive,
discriminants in the SR: (a) a BDT trained against the sum of all backgrounds or (b) the

variable HH24, Similar excesses were observed with these two alternative methods.
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Figure 5.19: Expected and observed limits for the production of H* — tb in association
with a top quark, as well as bands for 68% (in green) and 95% (in yellow) confidence
intervals. The red dash-dotted line shows the expected limit obtained in the case where
a simulated signal is injected at my+ = 300 GeV, with a production cross section times
branching fraction of 1.65 pb (corresponding to the best-fit signal strength at that mass
hypothesis), yielding a deviation from the expectation that extends less to higher and
lower mass values than the observed upper limit.



Chapter 6

Conclusion

“What we observe is not nature itself, but nature exposed to our method of questioning”

— Werner Heisenberg

There are great deal of unanswered questions in particle physics, which can not be
explained by the Standard Model and that require extensions to it. Among these are
questions regarding gravity, unification of fundamental forces and the origin of dark matter
and energy. One possible extension for BSM physics is SUSY. Introducing this would at
least double the particle spectrum and would lead to five Higgs bosons, of which three
are neutral and two are charged.

Although there is still no confirmation for BSM phenomena, the search is on full throttle.
A glance at figure 6.1 shows the extent of such searches preformed solely in the ATLAS
collaboration. One must not look at these results as failures of discovery, but rather as
steps toward a much clearer understanding of the universe. It is this curiosity driven

approach, that should always guide our scientific path.
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EXPERIMENT

Figure 6.2: Event display of one event from the signal-rich region in the search for gb —
tH* with H* — tb. The run number is 214544, and the event number is 187929801. This
event has five jets (displayed as yellow and blue cones) including three b-tagged jets (blue
cones) and an electron (green line). The red line displays the direction of the missing
transverse momentum. The two-dimensional histogram displays the energy deposits of
the objects as a function of n and ¢ as calculated from the calorimeter cells.
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