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Abstract

Modern experimental research in particle physics incorporates a broad range of scientific fields, from
the development of the experimental tools, experiment assembly and running - to the final analysis
of the data. My thesis covers both ends; a systematic study of physical processes in a novel particle-
detector for future particle-physics experiments and data analysis from the LHC-ATLAS experiment.
The thesis is made of three parts. The first part of the thesis is devoted to an advanced study of
charging up processes occurring in gas-avalanche detectors based on Thick Gas Electron Multipliers
(THGEM). The second part is devoted to detector performance studies - that of photon identification
efficiency in ATLAS. The third part is dedicated to ATLAS data analysis - in particular related to
the search for rare processes or hypothetical particles.
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Introduction

From the beginning of the recorded human history, the humankind strived to explain phenomena
occurring in nature. The pathway to unlock the secrets of the universe is concealed in the examination
of a broad range of its scales: from the basic research of the building blocks of all existing matter
on the sub-atomic scale to the research of the dynamics of stars and galaxies on the universal scale.
In my thesis work, I chose to dedicate my research to study the secrets of the universe from its
basis — videlicet, to study the physics of elementary particles. Particle physics deals with matter in
sub-atomic scales, covering the core of various fields in modern science.

Besides the ever-growing particle accelerators, of increasing energies and fluxes, the study of
fundamental particles requires parallel advances in particle detectors capable of coping with new
experimental needs. During my work, I was privileged to take part in research and development of
novel gas-avalanche particle detectors. Gas-avalanche particle detectors are deployed in many physics
experiments, collect and multiply particle-induced charges in an avalanche mode. The demand for
mass-produced large-area detection tools, performing in a stable regime, triggered the development
of a new family of MicroPatern Gaseous Detectors (MPGDs), replacing gradually current “wire
chambers”. During my research, I took part in investigations of the novel Thick-Gaseous Electron
Multiplier (THGEM) and detectors based on its concept. The main topic of my study has been
the phenomenological modeling of the physical processes occurring in this type of detectors, which
affect the detector’s stability [1]. The phenomenological model was verified in laboratory studies
conducted by me [2]. During my research period in the Radiation Detection Physics laboratory, I
also participated in the characterization of large-size THGEM-based detectors in a particle beam at
the CERN Super Proton Synchrotron (SPS) [3,4].

Detectors in large experiments, like the LHC-ATLAS, combine large assemblies of various detec-
tor kinds. Some of the characterizations of the ATLAS detector are performed “in-situ” during the
experiment. During my research project, I participated in the performance studies of the ATLAS
detector, in measuring the photon identification efficiency. The photon identification efficiency mea-
surement is essential for deriving the precise physics results of the experiment. I measured the photon
identification efficiency during 2012 data taking period [5]. In the same year, the Higgs Boson, the
last missing ingredient of the Standard Model (SM) of Electro-weak interactions was discovered -
with one of the discovery channels being the Higgs decay to a pair of photons. This was my first
contribution to the measurement of the newly discovered particle.

With the Higgs boson discovery, I was privileged to participate in several measurements of the
properties of the new particle. Predicted by the SM, the Higgs boson has the property of granting
masses to most of the SM particles. This is reflected in both its production and decay. I took part in
measuring the Higgs coupling to a pair of 7-leptons [6] via the gluon-gluon- and vector-boson-fusion
production modes, and in particular my main contribution was to the study of the Higgs boson
produced in association with a top-quark pair via its decay to a pair of 7-leptons [7]. Later, I took
part in probing the width of the new resonance [8].

The SM is not a complete theory. There are already few pieces of evidence of physics beyond the
Standard Model (BSM). For example, the elusive neutrinos change their flavor while propagating
through space in contradiction to the SM postulates. One of the ways to search for the BSM physics
is to search for a new particle, for example, a search for additional scalar fields (additional Higgs
bosons). This approach is motivated by the fact that any additional fundamental non-scalar particle
will lead to high dependence of the mass of the Higgs boson on quantum correction. The evidence
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of the existence of an extended family of scalar particles can be achieved through the discovery of
electrically-charged Higgs bosons. During my research study, I participate in a search for charged
Higgs bosons in the decay to a 7v final state. In this search I was one of the analysis’ leaders and
later became one of the analysis’ coordinators [9-11].

My contribution in the various aspects of experimental particle physics unveiled research in one of
the most curious and fascinating fields, and enriched my knowledge comprehensively. The following
thesis describes the main constituents of my work: part [ (chapter 1) describes a Detector Physics
project. My research efforts have been devoted to an advanced study of the processes occurring
in gas-avalanche charge multipliers containing dielectric materials in contact with the gas medium
where the multiplication occurs. Part I (chapters 2, 3) describes performance studies of the ATLAS
detector. Here I worked on a data-driven method of measuring the photon identification efficiency.
Part III (chapters 4-7) is a Data Analysis related to two front-edge topics: search for SM Higgs
boson production in association with a pair of top-quarks in the H — 77 decay mode, and a search
for BSM physics — Charged Higgs bosons in the H* — 7v decay mode. The conclusions of this
work are given in chapter 8.
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R&D of Particle detectors



CHAPTER

Study of charging up processes affecting
gain stability in THGEM gas-avalanche
particle detectors

This chapter is based on reference [1]: 7 Simulation of gain stability of THGEM gas-avalanche particle
detectors”, and on reference [2]: ” Measurements of charging-up processes in THGEM-based particle
detectors”.

My contribution: In the first paper, my contribution was in comprehensive phenomenological
study with a recently developed simulation code [12], of the charging-up phenomena in THGEM
detectors. The simulation package was developed in collaboration with P.P.M. Correia, at that
time a Ph.D. student in Aveiro University. The phenomenological work was followed by additional
extensive simulations and laboratory studies conducted by me, as described in the second paper.

1.1 Introduction

The time-evolution of the avalanche gain in Micro-Patterned Gaseous Detectors (MPGDs) has been
a topic of major interest in the last years. Gain variations with time have been reported and are
common in detectors containing dielectric materials in contact with the gas medium where multi-
plication occurs; the effects have been noticed particularly in detectors based on hole-type MPGDs
with insulating surfaces in contact with active gases, e.g. Gas Electron Multipliers (GEMs) [13-15],
Large Electron Multiplier (LEM) [16,17] and Thick Gaseous Electron Multiplier (THGEM) - based
detectors [18-23] and their recent derivative: the Resistive-Plate WELL (RPWELL) [24].

Gain variation over time in GEM and THGEM-based detectors can arise from different processes,
e.g. polarization of the insulator’s volume under applied voltage, and charging-up of the insulator’s
surfaces exposed to the free drifting charges (electrons and ions) in the gas volume (for example see



[18]). It has been also observed that detector’s environmental conditions, such as gas impurities and
moisture, can affect gain transients [20, 24].

In this work, we studied the effect of charging-up of the insulator surfaces. A quantitate study
about the mobility of the charges inside the dielectric material has not been performed yet; we
assume that these effects are negligible here. Previous studies suggest that the mobility of charges
on top of the insulator surface is the main factor responsible for the long-term evolution (from hours
to days) of the gain in THGEMs [23]. I suggest here that both long-term and short-term THGEM
gain evolutions are rather associated with the charging-up of the dielectric material.

A simulation program has been developed for phenomenological studies of charging-up effects in
GEM detectors[25,26]. The tool is based on the superposition principle according to which the field
inside the holes is the sum of the field prior to any charge accumulating on the insulating surface
and the field due to the charge accumulated on the insulators. This simulation tool predicted the
time dependence of the gain in the GEM detectors with double-conical holes.

In this work, the simulation tools were extended to charging-up studies in THGEM-based detec-
tors [1]. A typical scheme of the THGEM detector configuration and a simulated avalanche process
are shown in figure 1.1.1. The operation mechanism is the following: electrons originating from
radiation-induced gas ionization (primary cloud of electrons) are focused into the holes, where they
undergo avalanche multiplication under high electric field. The avalanche electrons are collected
either by the THGEMs bottom-electrode or by a readout anode located under the THGEM. The
moving charges of the avalanche (both electrons and ions) induce current on the conductive planes;
it can be measured, using a readout chain, on each of the electrodes.

X-rays
Cathode (aluminized Myler) / v,
114G
' Avalanche ions
mary could
Drift gap = 5mm of lelectrons
- a d
g top rim
— r — | | — — Vi
It THGEM
—— 5 e ¥ 2.
Inducti = h| bottom rim
nduction gap = <mm (/| Avalanche electrons v
3

Anode

Readout chain

Figure 1.1.1: Scheme of the THGEM detector irradiated by an external **Fe x-ray source (not to
scale); the aluminized-Mylar window, serving as a drift electrode (cathode); multiplied charges are
collected through the induction gap between the THGEM bottom-electrode and the readout anode.
The detector parameters are: t, thickness; d, hole diameter; a, hole pitch; h, rim size at the hole
circumference.

In this work, we explore the effect of charging-up of the detector’s dielectric material on its gain
stability, both phenomenologically and experimentally as summarized in [1,2].



1.2 The simulation toolkit for phenomenological studies

1.2.1 Electric field calculations

The total field Ey.; can be estimated using the superposition principle
Eioy = Euncharged + Echarges (121)

Here Euncharged is the electric field resulting from the voltage applied to the THGEM electrodes
prior to any charging-up, Echarges is the field due to the charges accumulating in the insulator sur-
faces (electrons and ions). While Euncharged remains constant, Echarges varies due to the continuous
accumulation of charges. Hence, the total field at equilibrium can be obtained in an iterative process,
where in each iteration Echarges is modified according to the cumulative surface charge.

During the first iteration, that corresponds to the simulation of the multiplication process in
a THGEM before irradiation, i.e., prior to charge accumulation on the insulator surfaces, a set of
primary avalanches is simulated. A fraction of the free charges (drifting electrons and ions) end up
accumulating on the insulator, as depicted in figures 1.2.1c and 1.2.1a in case of electrode with and
without hole-rims respectively. These charges will modify the electric field by some amount, resulting
in a new field map, Etot7 it can be obtained from the superposition of Euncharged and Echarges, as
depicted in figures 1.2.1d and 1.2.1b for electrode with and without hole-rims respectively.

1.2.2 Simulations steps

The finite-element method (FEM), as implemented in ANSYS®)', is used to calculate the electric
potential in the gas volume, which then is used to infer the electric field at a given point of all the
avalanche electrons’ path [27]. Avalanche-size calculations and transport properties of the charges
(electrons and ions) are calculated in Garfield++ [28] (which interfaces with Magboltz [29]), that
simulates collisions of electrons in a given gas mixture and detector geometry.

It is an iterative method in which the first iteration corresponds to the simulation of the multi-
plication process in a THGEM before irradiation, i.e., prior to charge accumulation on the insulator
surfaces. In the first iteration, Euncharged is calculated from the electric-field value derived from the
voltages applied to the detector’s electrodes. During the first iteration, a set of primary avalanches is
simulated. In the simulation, the free charges (drifting electrons and ions) may end up accumulating
on the insulator. These charges will modify the electric field by some amount — resulting in a new
field-map — Echarges. The Etot can be obtained from the superposition principle by adding the original
Euncharged to the Echarges, as represented in figures 1.2.1b and 1.2.1d.

The second iteration and subsequent ones take into consideration the updated Etot values of
the previous iterations. The different electric-field values during next iterations are changing the
avalanche process, which will influence the measured gain. Assuming a certain irradiation rate, a
time-evolution of the gain can be simulated. A flowchart of the superposition algorithm is depicted
in figure 1.2.2.

For a THGEM, the following procedure is applied for computing the field maps of interest:

e The THGEM insulator surface is divided into 20 slices as shown in left hand size of figure 1.2.3.
e The Euncharged is calculated from the voltages applied;

e For each slice, a field map, considering only the electric field due to an unitary charge distributed
uniformly over the exposed surface of the slice, is calculated - defined here as Ejgjces.

e For a THGEM electrode with hole rims, the insulator surface is devided into 20 slices and two
additional surfaces, as shown in right hand size of figure 1.2.3.

4
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Figure 1.2.1: Left: Schematic drawing of the charging-up process during an avalanche. Right
Charging-up superposition algorithm of the THGEM. The total electric field is a sum of Euncharged,
calculated when voltages are applied on the electrodes and the detector was not exposed to ionizing
radiation yet, superimposed with the electric field induced by accumulated charges on the insulator’s

surface of the detector Fcharges. The bottom and top figures show THGEM-electrode geometry with
and without hole-rims respectively.

Once these field maps are available, the Garfield++ simulation can start. To perform the sim-
ulation, Garfield4++ imports the coordinates of the nodes and the associated electric potential as
a list. In order to calculate Echarges, an avalanche is calculated, and the position of all the elec-
trons or ions deposited on an insulating surface is stored. The total number of accumulated charges
N = Neectrons — Nions (the number of accumulated electrons minus that of accumulated ions) is
assigned to the corresponding slice. Since the expected variation of the field from N charges on a
given slice for a single avalanche is very small, for fast algorithm convergence, the total number of
accumulated charges attached to a single slice is usually multiplied by a constant value s (step-size).
Therefore, in the case where N charges have stopped on the surface of a slice j (without other extra

1www.ansys.com
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Figure 1.2.2: Flowchart of the superposition method.
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Figure 1.2.3: The THGEM cell employed in the simulations. Left: THGEM holes with no rim;
the insulator surface is divided into 20 slices along the hole. Right: THGEM with hole rims; the
insulator surface is divided into 20 slices 4+ 2 rim surfaces.

charges accumulated in the remaining surfaces), we need to calculate, for each node i, the electric
potential V' for that node which is given by Equation 1.2.2:

V(charges,i) = V(uncharged,i) + N x s x V (j,1) (1.2.2)

where V'(j,1) is the electric potential on node i due to the presence of a unitary positive charge in
the surface of slice j, calculated from the Eslices described previously. Depending on the accumulated
charges, N can either be positive (more ions) or negative (more electrons).

Once Echarges is calculated, the next iteration is launched, where the total electric field is given
as a sum of Echarges and Euncharged (Equation 1.2.1). In the following iteration, a new Echarges is
calculated according to a new amount of accumulated charges; this procedure is repeated until the
total amount of accumulated charges N, after a given number of iterations, is equal to zero — Emt
remaining constant with the increasing number of iterations.

1.3 Application of the method to THGEMSs

1.3.1 Simulation setup

The THGEM-detector geometry simulated in this work has an electrode with an hexagonal pattern of
d = 0.5 mm diameter holes, a hole-pitch of @ = 1 mm and FR4 electrode substrate having thickness
of t = 0.4mm, 0.8mm and 1.2mm; hole geometries were selected without rims and with rims of
a width A = 0.1 mm. The different parameters were selected for evaluating their influence on the



I were set across the drift and

charging-up process. Respective electric fields of 0.2 and 0.5kV cm™
induction gaps respectively (figure 1.1.1).

Different potential values, AVryarwm, were applied across the THGEM electrode. Several gas
mixtures were used in the simulations; in most of the cases Ne and Ne/CH4(5%). To obtain sim-
ilar electron multiplication values aver a broad range of applied voltages, the simulation work was
extended to Ar-based gas mixtures: Ar, Ar/CH4(5%) and Ar/CO4(5,7%). Since some of these are
believed to be Penning-mixtures [30], Penning factors of 0.4 for Ne/CH4(5%), 0.18 for Ar/CHy (5%),
0.35 for Ar/CO2(5%) and 0.4 for Ar/CO9(7%) [31-33] were used.

Standard room-temperature conditions were considered (7=293K and P=1bar). A constant
irradiation rate of 10 Hzmm ™2, 8 keV x-rays, was assumed. In the simulations, a random location for
primary charges originated by the incoming x-rays is assumed and the charges are drifted towards
the THGEM holes from different positions.

At each iteration, the gain for a single-electron avalanche multiplication was calculated. Electron
multiplication is a stochastic process, and the gain is determined as the average number of electrons
generated during the electron avalanche process. At each iteration a given number of avalanches
between 100 and 1000 was simulated (denoted in the text as nay). In all simulations, the statistical
error on the mean gain of the detector was taken as

Gain

o(Gain) = (1.3.1)

nav
In each avalanche, the position of all the electrons or ions deposited on an insulating surface is
stored, and assigned to the corresponding slice. Electrons that do not end up on the insulator are
either collected on the THGEM bottom electrode, on the induction plane, while non-trapped ions

end up on the top THGEM electrode or on the drift plane. Some of the electrons are attached to
the gas molecules (CO5 or CHy) and are not taken into account in the gain calculation.

1.3.2 Physical interpretation

The number of simulated iterations (niy,;) can be translated to a physical irradiation time (t) as
follows: given the number of primary charges induced in the gas by the ionizing event® (n,), the
irradiation rate (R) and the step-size (s) can be related to a physical irradiation time:

5
np, X R [Hz|

A short-term gain evolution curve over time, in the simulation, was fitted using:

t[sec| = X Niter (1.3.2)

Gt)=Gp+AG-e V" (1.3.3)

where G(t) is the gain at a given instant, Gr = G(+00) is the final gain, 7 is the relaxation
time constant (or characteristic time), and AG is the gain variation. The initial gain, Gy, can be
calculated in terms of Gr and AG:

Go = Gr + AG (1.3.4)

In case when in the simulation, the gain-stabilization exhibits a long-term component (As it will
be discussed later is a result of charge accumulation on a detector’s “top rim”), then the fitted
function is extended to a double exponential curve:

G(t) = Gp+ AG-e™ — AGyp - e V0P (1.3.5)

28keV X-rays produce ~220 or ~310 primary electrons on average in Ne-based or Ar-based gas mixtures, respec-
tively [34].



where the AGyp is the long-term gain increase, and Typ is the characteristic time of the long-term
component.

An example of a simulation result of the gain evolution in a THGEM detector, in Ne/CH,(5%)
gas mixture with the parameters: t=0.8 mm, a=1mm, d=0.5mm, and h=0 (no-rim), is shown in fig-
ure 1.3.1. The quality of the fit to Equation 1.3.3 indicates upon a good agreement (x?/n.d.f. = 0.73)
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Figure 1.3.1: Simulated gain evolution in the THGEM as function of time (a) and the distribution of
the accumulated charges onto the insulating hole’s walls, along the hole’s z-axis (b), in Ne/CH4(5%).
The exponential fit in the left figure relies on Equation 1.3.3. The fitted parameters are shown in
the inner caption.

to the simulation (n.d.f., number of degrees of freedom, being the number of iterations). The exponen-
tial model is driven by the assumption that the amount of the accumulated charges is proportionally
decreasing with the amount of charges attached to the insulating surfaces. In figure 1.3.1, after about
~100 min, the gain reaches a plateau, indicating that the ongoing charge accumulation is no longer
capable of modifying the electric field in a way that could affect the gain because the electric fields
due to new incoming electrons and ions cancel each other.

Using the formalism above, one can define a characteristic charge, Qo - the total charge, which
pass through the THGEM holes during the relaxation period (7):

Qtot = Qe X Np X Rx/ G(t)dt = qe X np X R X T X (GO—%) (1.3.6)
0

where ¢, is the electron charge. Replacing the characteristic time by characteristic number of
iteration (Tier), using Equation 1.3.3; one can rewrite Equation 1.3.6 in terms of the step-size and

Titer-

AG
Qtot = (e X 8 X Titer X (GO - _) (137)

e

The choice of the step-size s is an important parameter for simulation convergence. An example of

simulation results of THGEM detector, in Ne/CH4(5%) gas mixture with the parameters: ¢=0.4 mm,

a=1mm, d=0.5 mm, and no-rim, with different step-size values (from 0.5 x 10° to 40 x 10°) is shown

in figure 1.3.2. The behaviour of the gain G(t) should remain unchanged, regardless the step-size. In

figures 1.3.2a and 1.3.2b the fitted 7 is similar, while in figures 1.3.2b and 1.3.2¢ clearly show that
higher step — size lead to different trends.



£ T T € T e £ prTTTTTTITTTT
8 150 THGEM; Ne/CH4(5%); pen=0.4 ] 8450; THGEM; Ne/CH4(5%); pen=0.4 8400; THGEM; Ne/CH4(5%); pen=0.4
L t=0.4;2=0.1;d=0.5;noRim ] C t=0.4;a2=0.1;d=0.5;n0Rim ] C t=0.4;2=0.1;d=0.5;noRim |
400F- Eomer =05 kVicm, E, =05 kviem ] 400 Epmer = 0.5 kViem, E, = 0.5 kviem 3s0F Eoner = 0.5 kViem, E, =05 kviem ]
E AV=500;n, =400 ] £ AV=500;n, =400 1 E AV=500;n, =400 ]
£ ] 3500 % E £ v ]
350 Ra!eZID[Hz];EVZS[keV] . r Rale:10[HZ]:Ey:8[keV] i 300~ Rale:m[HZ]:EV:S[keV] g
L G,"=211.44; G"=143.73 ] 300i G;'=203.40; G{"=114.21 E E G;'=62.65; G"=107.95 E
300~ Fit X2/n.d.f.<0.64 E E Fit X2/n.d.f.=1.45 ] 2501 Fit x2/n.d.f.=3.08 i
E 1=13.36+2.02[min] 3 250F 1=14.83+0.90[min] 4 E 1=165.49+25.01[min] B
250F step=500K E b step=2M ] 2000 step=4M E
o b 200 - r B
F E 3 150~ E
£ 1 150 = £ . ]
E E K ! n a0 90, ¢ [} ]
100:— E 1005 #9487 * E 100; 2 & % ) E
T O O I O O O N NN SR IS I I N BN BN N A N N IR e

0 20 40 60 80 100 120 140 160 180 0 100 200 300 400 500 600 700 0 200 400 600 800 1000 1200 1400

time [min] time [min] time [min]
(a) (b) (c)

Figure 1.3.2: Simulation results of gain stabilization for different step-size values. (a) Gradual
decrease of gain due to moderate step-size, (b) the electrode fully charges up after the first iteration,
(c) too large step-size.

1.3.3 Convergence rules

Since the step-size should not affect the gain over time, a plot of the gain stabilization over time,
simulated for different s-values from 0.1 x 10° to 0.5 x 10°, for the same detector geometry, is shown
in the figure 1.3.3a, only for those step-size values that do not vary the gain trend. According to
the results obtained in figure 1.3.2a, for a step size of 0.5 x 10° the gain stabilizes after about 3-4
iterations, therefore the step-size was reduces by a factor of five to inspect the gain stabilization over
50 simulated iterations. From these curves, the average fitted 7 is 13(2) min. The plot of 1 /7 as a
function of g, x s X (Go — %), depicted in the figure 1.3.3b, allows to calculate the value of Qi &~
58 pC.
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Figure 1.3.3: (a) Simulated gain stabilization in the THGEM detector, calculated in the time domain,
the solid blue lines are the fitted exponential curves (from Equation 1.3.3). (b) The linear relation
between the characteristic times in iteration domain vs the step-size s.



1.4 Simulation results

1.4.1 Effect of the hole-rim on gain stabilization

Previous studies showed that etching a small area around the holes (a rim; typically 0.05 — 0.1mm)
reduces the discharge probability [19]. Other works indicated that the presence of a rim affects
gain stability [23]. Rims were included in the simulations by introducing two additional slices “top
rim” and “bottom rim”, as shown in right hand side of figure 1.2.3. As discussed in section 1.2.1,
in THGEM detectors, charges originating from the avalanche that are attached to the hole’s wall,
reduce the electric field within the hole, resulting in a decrease of the gain over time. In contrary,
charges that are attached to the rim surface, expect increase the electric field in the detector holes
since they have opposite charge to the charges attached to the hole’s wall, resulting in an increase of
the detector gain. To test the effect of the charging up along the hole’s insulator surface, only a single
slice was allowed to charge up, while all others remained un-charged. After being fully charged (with
no more electrons or ions attached to the given slice), the final gain was estimated. figure 1.4.1 shows
the charge distribution on the insulating walls of a THGEM electrode geometry with a 0.1mm rim,
after gain stabilization. The black points show the simulated gain after stabilization, while the blue
lines show the total charge accumulated on the insulator surface. As it is seen in the simulation result,
the upper part of the hole is positively charged (due to drifting ions from the avalanche process),
and the lower half part of the hole is negatively charged (avalanche electrons). These electrons and
positive ions reduce the total gain, by creating an electric field in an opposite direction to that of the
initial one. This charge distribution is that within the hole’s walls of an electrode without a rim.
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Figure 1.4.1: Simulated effect on the gain, resulting from each slice (THGEM with hole-rims;
figure 1.2.3), and the distribution of accumulated charge along the detector hole. Shown are the
initial detector gain (green band), the gain per slice when only one slice is charged-up (black) and
the total charge accumulated on a single slice when detector gain reached stability (blue).

In the contrary to the effect of the attached charges inside detector’s holes, the charges that
accumulate on the detector rim have an opposite effect on the detector gain. The “bottom rim” is
charged positively; drifting ions created in an avalanche close to the bottom rim have a non-zero
probability to deviate from the field lines that are focusing them into the holes, and positively charge
the rim. The “top rim” is charged negatively due to primary charges that were not focused to the
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detector holes. The characteristic charging-up time of the top rim is therefore proportional to the
initial number of charges (number of primary electrons induced by incoming ionizing event), while the
characteristic charging-up time for the holes and the bottom rim is proportional to the final number
of charges created during the multiplication process. figure 1.4.2 shows the simulation results in pure
Ne, for a THGEM with a rim of 0.1mm, for three cases Left: charges are not allowed to accumulate
on the top and bottom rims, Middle: charges are not allowed to accumulate on the top rim, Right:
charges are accumulated on all slices. Since the effective time to charge up the bottom electrode, is
similar to that for charging up the detector hole walls, the result of adding a bottom rim is a smaller
gain drop. Charging up also the top rim results in a long-term gain variation, since the difference
between short-term and long-term variations are proportional to the total gain, and the electron
transfer efficiency (ETE).
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Figure 1.4.2: Simulated gain stability (in Ne) for an electrode with a rim of 0.1 mm, for three
different cases — Left: none of the rims was charged up. Middle: top rim was not charged up. Right:
all slices were charged up. The red lines are fit results of the simulation to an exponential function
(equation 1.3.3), for long-term component a double-exponential function is fitted (equation 1.3.5).

1.4.2 Voltage effect on gain stabilization

Simulations were performed at different THGEM operation voltages, in the range AVrygem = 500 -
1100V, aiming at investigating their influence on gain evolution. To compare the gain evolution for
a broader range of AVrggewm values, the simulation was performed for different gas mixtures (with
the highest operation voltages in Ar mixtures).

In figure 1.4.3, the calculated @y value (obtained from Equation 1.3.7) increases with voltage,
indicating that the higher the voltage, the higher the irradiation rate (or time) is needed to reach
gain stabilization.

1.4.3 Electrode-thickness effect on the gain stabilization

Gain stabilization was simulated for THGEM electrodes of different thickness, in Ne/CH4(5%) and
Ar/CO5(5%) (Ar-based mixtures have about two-fold higher operational voltages, and lower trans-
verse electron diffusion for electric fields below 10kV em™! [35]). The Qyy value calculated from the
charging-up of THGEM hole walls and the fraction of the avalanche charges attached to the THGEM
walls for an uncharged electrode are shown in Table 1.1.

An increase of the ;. is observed with the decrease of the electrode thickness; it is found to be
more pronounced than the dependence on the THGEM voltages or electron transport parameters,
e.g. for thicker structures, and higher applied voltages, a lower total-charge value would be needed
for modifying the gain. For thicker electrodes, the fraction of accumulated charges on the THGEM
holes is larger, due to a broader transverse expansion of the avalanche.
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Figure 1.4.3: Simulated Q. for different applied voltages across the THGEM. The @), is calculated
according to Equation 1.3.7. The error bars indicate the spread of calculated Q;; values among few
tens of simulations with varying step-size s.

Gas Thickness AVrggem Go Qo [PC]  Fraction [%]
Ne/CH,(5%) 04 450 80  48.11  23.4+:l8
Ne/CH,(5%) 0.4 500 220 5714 23.1+18
Ne/CHy(5%) 0.8 600 110  34.25  31.940.8
Ne/CH,(5%) 1.2 750 130 3043 38.0+0.7
Ar/COy(5%) 04 050 120 27775  18.3£0.3
Ar/CO(5%) 0.8 1300 130  130.61  22.9+14

Table 1.1: The simulated @, for different electrode thickness and operation voltages and the
fraction (in %) of the avalanche charge for uncharged THGEM electrode that accumulates on the
THGEM-hole walls.

1.5 Experimental studies

1.5.1 Introduction

The phenomenological model of the charging-up process in THGEM-like detectors reveals several
features related to short-term and long-term gain stability; it explains its dependence on detec-
tor geometry, and applied voltages. To verify this phenomenological model in various aspects, an
experimental study was carried out in different THGEM geometries and gases. The following sec-
tions describe the methodological approach for systematic studies of the charging-up process in
THGEM-based detectors; it examines the different consequences of detector’s operation parameters
and geometries on the charging up of the detector electrodes in various aspects. In section 1.5.2,
we introduce a systematic method of detector initialization, in section 1.5.3 we discuss the gain of
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the THGEM-based electrodes in various gas mixtures and geometries, section 1.5.4 describes the
measurements and characterization of the charging-up process. In section 1.5.5, we show gain stabi-
lization as function of gain and irradiation rates. In section 1.5.6, we discuss the effect of the hole-rim
on detector gain stabilization, under different operational conditions, such as induction- or drift-field

strength.

1.5.2 Experimental setup and methodology

1.5.2.1 Experimental setup

Small (30 mm x 30 mm) 0.4 mm thick FR4 THGEM electrodes, copper clad on both sides, were used
in this work. The electrode holes of 0.5 mm diameter, were arranged in an hexagonal lattice with
a pitch of 1 mm. The operation with dual-face THGEM electrodes with holes having 0.1 mm wide
etched rims was compared with that of holes without rim. An induction gap of 2 mm was maintained
between the bottom THGEM electrode and the readout anode (figure 1.1.1). A drift gap of 5mm
was maintained between the top electrode and the cathode. The investigated detectors were placed
in a small aluminum vessel. They were flushed with gas at a constant flow of 20 sccem. The detector’s
design that was used in this study is shown in figure 1.5.1. Noble gases (Ar, Ne) were used in most

THGEM
electrode

ko
! > :
3
=
| ) %
AL &
Aluminized-Mylar v «-ﬂ)} ) o |

window AI . : — - I

Figure 1.5.1: A design of the detector: THGEM electrode and anode are placed in small aluminum
vessel. The gap between the aluminized-Mylar window and the THGEM electrode serves as a drift
gap, and the gap between the THGEM-electrode and the anode serves as an induction gap. The
%Fe source is placed on top of the window.

of the measurements, since they are not electro-negative; electro-negative gas mixtures can partially
attach charges accumulating on the THGEM insulating surfaces, introducing additional dependency
of the gain-stabilization process. The detectors were irradiated through a 20 pm thick aluminized
Mylar window, with 5.9 keV photons emitted from **Fe source. The detector electrodes (except the
grounded drift cathode) were positively biased through low-pass filters, using CAEN N471A power
supply units. The signals were recorded from the anode using an amplification chain comprising a
Canberra2006 charge-sensitive preamplifier, Ortecb72A linear amplifier and an Ampek 8000a Multi-
Channel Analyzer (MCA). The amplification chain was calibrated prior to each measurement using
a pulse generator through the preamplifier test input.
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1.5.2.2 Detector initialization

As described in [24], measurements of charging up effects are strongly affected by the charge history
of the electrode. Thus, the electrodes must undergo an initialization procedure prior to each mea-
surement. To clean up the electrode’s history (i.e. to remove all previously-accumulated charges from
the insulator), two approaches have been tested: rinsing with solvents, or flushing for ~1 minute with
a jet of ionized nitrogen. Solvent-based cleaning was done by immersing the electrode in the solvent
for ~1 minute and drying it at 100 °C for ~30 min. Ionized-nitrogen jet cleaning was performed with
an anti-static gun (Electrostatics Inc. model 190M). Results using these approaches are shown in
figure 1.5.2, compared with that of a new electrode with no previous history. In addition, the gain
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Figure 1.5.2: Measured relative gain variation in Ar due to charging up of a new THGEM electrode,
electrodes cleaned by different solvents or by ionized nitrogen; data are compared to an electrode
having previous history, 16 h after gain stabilization, with no irradiation but under applied voltage.
The gain in each experiment was normalized to its value after 10 minutes of irradiation.

stabilization was measured for an electrode that was irradiated until the gain was stabilized, followed
by switching off the source for 16 h while keeping the High-Voltage on; the gain was observed to
remain constant, indicating that the accumulated charge remained on the insulator surfaces even
under applied voltage. The measurements were performed in Ar, to ensure no charge losses from
detector’s insulator by electro-negative gas molecules, and to avoid possible neutralization of the
charged electrodes by the gas molecules.

It was found that by rinsing with solvents or flushing with ionized nitrogen, the electrode was fully
initialized, cleaned from all previously-attached charges. It should be noted though, that cleaning
the electrode with solvents leaves some residuals (mostly moisture), causing spontaneous discharges
during the first few hours of operation.

1.5.3 Gain measurements

Gain measurements were performed in a THGEM configuration of figure 1.1.1. The detectors were
operated at one bar, at room temperature, with a nominal flow of 20 sccm. They were irradiated, with
%Fe 5.9keV X-rays at a rate of 60 Hzmm™2, through a 5mm in diameter aperture. The gain curves
shown in figure 1.5.3 ended at voltage values where a discharge occurred within the first five minutes of
measurement. The detector was irradiated until reaching gain stabilization. At the highest achievable
gain, when a first discharge occurs after a few minutes of irradiation, highly conductive plasma within
the electrode hole absorbs some of the attached charges to the electrode-hole walls; such discharges,
causing gain increase, should be avoided. The different gases permitted investigating the detector
operation over a broad voltage range. It was observed, that above the highest achievable gain, an
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eventual discharge causes the gain to increase. This observation can be explained by neutralization
of accumulated charges by highly-conductive plasma within the electrode hole, that removes some
of the attached charges to the electrode-hole walls. The effect of the discharge on the measured
gain was not studied here. Therefore, to avoid potential discharge-induced effects, all measured
gain values were recorded below the discharge limit. The different gases permitted investigating the
detector operation over a broad voltage range. The lower gain for Ar, in figure 1.5.3, could result
from photon-feedback limits and from instabilities at the higher applied voltage. The presence of
the 0.1 mm rim permitted reaching slightly higher gain values in Ne/CH4(5%), as reported in [19];
however, the presence of the rim requires higher detector voltages for an equal gain, due to a different
field configuration within the hole. The presence of a quencher increased the maximum achievable
gain due to suppression of UV-photon induced secondary avalanches (photon feedback).

I =
© F 3
O E 7
L T g —
= o N A v 3
- A \ 4 -
- n s Y o
L4 v
3| . iy L9 ]
107 g™ P ° E
- e ® A .. 7]
- v o .
[}
10° e E
B : mgg ﬂ(r)nhc())fleorinr;m THGEM, t=04, a=0.1, d=05mm
’ . . Drift -5mm,E__=0.2kV/cm _]
10E" 4 Ne/CH,(5%), no hole-rim ind gzg_me o skviom 3
= v Ne/CH,(5%), rimof 0.1mm ' ind ,
T e Argon, rim of 0.1mm Fe source (5.9keV); Rate=60Hz/mm 7
Il I Il Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il I Il
%00 600 800 1000 1200 1400 1600
Voltage [V]

Figure 1.5.3: Measured gain curves in different gases, in the THGEM detector, with 5.9 keV X-rays,
at a rate of 60 Hzmm™2 over a 5mm in diameter spot size.

1.5.4 Characterization of the charging-up process

In all measurements, the detector electrode was initialized as described in section 1.5.2, using the
anti-static gun. The chamber was flushed for at least one hour with a flow of 20 sccm. The voltages
were set an hour preceding irradiation, to ensure insulator is fully polarization. The gain variation
over time was recorded with the MCA, in steps of 5 or 30 sec depending on the irradiation rates.
At each step, the measured pulse-height spectra were fitted to a Gaussian and the mean value was
recorded.

During the first minutes of irradiation, the detector gain dropped due to accumulation of charges
on the surface of the insulator walls. The characteristic stabilization time (7) is defined to be:

T =175/ log (2) (1.5.1)

where 795 is the time when the gain decreased to half of the total gain variation. Such definition is
made in order to relate the measured characteristic time to the one extracted from the simulation.

1.5.4.1 Empirical fit model

The exponential curve described in section 1.3.2 (equation 1.3.3) is a first approximation for the
selected parameters in the simulation (drift and induction field). The actual gain stabilization curve
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is affected by the rate of the charge accumulation on the detector’s walls, which might be different for
different points along the hole’s walls. As it will be shown later, drift and the induction fields affects
detector’s gain evolution. It was also observed that rates of accumulating charges on the surface of
the hole’s walls vary with the position of the charge accumulation (or slice in case of simulation),
and the gain evolution in some cases might not match a single exponential function. It was observed,
that in order to achieve a proper modeling of the short-term gain evolution the exponential curve
must be extended. The short-term evolution of the measured gain over time was fitted to empirical
fit function given by:

GSHORT (t) = GF + AGl exXp (—t/Tl) + AGQ exp (—t/Tg) (152)

where G is the final gain, AG; is a gain drop value for characteristic time of 7; (i = 1,2), and
the initial gain being Gy = G + AG; + AG5 (i.e. the gain at t = 0). This function was found to
better model the gain evolution than single exponential curve, or other empirical functions provided
elsewhere [16,17].

The long-term gain evolution as it discussed in section 1.4.1, is a result of charge accumulation
on a detector’s “top rim” (figure 1.2.1d), such process will typically have a single characteristic time,
and it is expected to be fitted to exponential curve. The long-term evolution of the measured gain
over time is fitted to an exponential function given by:

GLONG (t) = AGUP exXp (—t/TUp) (153)

Therefore, when the long-term component is present, the gain evolution curve is fitted to a linear
combination of short- and long-term components:

G(t) = Gsnorr + Grona (1.5.4)

In both simulation and measurements, gain stabilization is characterized in terms of the total
amount of charge (in units of ¢.) passing through the THGEM holes during relaxation period:

Qtot =(ge X np X R/G<t)dt (155)
0

1.5.5 Evolution of the gain stabilization over short-term periods
1.5.5.1 Comparison to simulation

A comparison of gain stabilization between the simulation outcome and the measured data was made
for Ne/CH4(5%). This mixture, of a known Penning transfer rate [31], permits good comparison
with the simulation results for a short-term gain stabilization time. figure 1.5.4 shows a comparison
between the simulated and measured gain evolution, over the first 8 minutes. In the measurements,
the applied voltages were chosen such that the initial gain from simulation (Gg) will match the
data within the 10%. The stabilization time in both, simulation (black squares) and the measured
data (blue circles) was found to be similar within the first 2 minutes. The “characteristic charge”
of the measured gain stabilization was calculated from the empirical fit and was found to be in a
good agreement with the simulation result. To first approximation, the shape of the measured gain
evolution with time was found to be consistent with simulations, and hence with the assumption
that charging up of the THGEM hole dominates the gain-stabilization processes over this time. The
difference in the shape between the data and the simulation results (different fit functions) could have
several origins. In the measured data, some systematic variations in the experimental conditions may
cause changes in the stabilization curve; different position of the x-ray spot over the area above the
detector electrode, inhomogeneity in the electrode’s geometry or small amounts of gas impurities can
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Figure 1.5.4: Gain evolution for an initial gain of ~1500 vs. time in a THGEM operated in
Ne/CH4(5%). Simulation results (black) and measurements (blue). The measurements were per-
formed for an electrode of clean history. The measured gain variation was fitted to an empirical
function (equation 1.5.2), while the simulated one was fitted to a single-exponential function (equa-
tion 1.3.3). The parameters are shown in the figure.
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also affect the gain stabilization. In the simulation, selected conditions as the number of slices or
position of the initial charge deposition can also be a source of systematic variations of the results.
In this work, we will examine qualitatively the charging up phenomena, pointing out at the major
sources affecting the detector’s stability.

1.5.5.2 Irradiation-rate effects

To validate the argument that the source of gain variations is due to charging up of the insulator,

measurements were carried out at different rates. figure 1.5.5 shows gain variation over time for
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Figure 1.5.5: Measured gain stabilization (in Ar) for two different rates. In the left plot, gain
stabilization is shown as a function of time, while in the right one, the time was scaled by the ratio

of rates to compare the trends (t — ¢ X %).
1ig

different rates, measured in Ar. In the left plot of figure 1.5.5 the gain stabilization is shown as
a function of time. Since the stabilization time is expected to be linear with the inverse of the
irradiation rate (see equation 1.3.2), when the rate increases by constant value X, the characteristic
time should decrease by a factor of X. To show this effect for the two curves in the left plot of
figure 1.5.5, the x-axis (time) for the low-rate gain stabilization measurement was scaled by the
ratio between the different rates, i.e. instead of Gloy.rate(t) We sShow Glowrate(t X g}i_(i)gh)’ and the two
stabilization curves are compared on the right plot of figure 1.5.5.

1.5.5.3 Charging up at different gains

The short-term stabilization time at different gas gains was simulated and compared to measurements.
The characteristic charge - the total number of charges that pass through the THGEM holes until the
gain stabilizes - is proportional to the detector’s gain, irradiation rate and the relaxation time (1.5.5).
At higher detector gain, the charge that flows through the THGEM holes is higher; thus, the gain
stabilization time is expected to occur faster. According to this model, the characteristic time is
proportional to the inverse function of detector’s gain. Evolution of the detector’s gain and the fitted
characteristic time (7) for different applied voltages across a t = 0.8 mm thick THGEM electrode, in
Ne/CH4(5%) gas mixture is shown in figure 1.5.6. From the fitted characteristic time and the initial
gain, using equation 1.3.6, one can obtain the (. figure 1.5.6 also shows linear relation between
the inverse of the characteristic time and the product of irradiation rate and the gain. The difference
in the applied voltages on the detector electrodes has negligible effect on the fitted Qo value.
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Figure 1.5.6: Left: Simulated gain stabilization for different initial voltages (initial gains) as a
function of time. The gain evolution is fitted by an exponential function; the fitted “characteristic
time” values are shown in the legend. Right: Linear dependence (linear fit) of the inverse of the

characteristic time as a function of the product of the gain and the irradiation rate.

The stabilization time at different gains was measured in pure Ar (due to its larger “characteristic
time” value than in Ne — see Table 1.1). The electrode was irradiated with 5.9keV X-rays at a rate
of 60 Hzmm™2. Gain stabilization over time, for different gains, is shown in figure 1.5.7. The
characteristic time shows linear dependence with the initial gain - as suggested by the simulations.
In both simulation and the measurement, the characteristic time is proportional to the inverse of the
detector’s gain. The “characteristic charge” estimated from the measured “characteristic time” vs
the detector’s gain, is also found consistent with that simulated for Ar-based mixtures (of order of
hundreds of pC, Table 1.1).

The linear dependence between the initial gain and the inverse of the characteristic time suggests
a safe extrapolation of the results between low and high gains.

1.5.6 Long-term time evolution of the gain - the effect of hole rims

As mentioned in section 1.4.1, the presence of hole-rims introduced long-term gain-stabilization
characteristic times, attributed to the long time scale of charging up the top rim with primary
electrons. The effect of the rim was investigated (in Ne) with a THGEM electrode; the result of gain
stabilization over time is shown in figure 1.5.8. The gain variation over time, in case of an electrode
with a hole-rim, was fitted to a triple-exponential curve (equation 1.5.4).

In the THGEM configuration without hole-rim, the gain monotonically decreases with time, until
it reaches a stable value after about few ten of minutes. In the THGEM configuration with a hole-rim,
we observe two characteristic timescales: a short one (minutes) and a long one (about few hours).
The short timescale is related to a decrease of the detector’s gain; the total gain drop measured for
an electrode with a hole-rim is considerably smaller than without a hole-rim, since an additional
charging-up of the bottom rim increases the gain. The rate of the charging-up of the bottom-rim and
the THGEM holes is proportional to detector’s gain. With an induction field of 0.5kV cm™!, the rate
of charging-up of the bottom rim is lower compared to the charge accumulation rate on the electrode’s
walls; therefore the sum of both components results in a decrease of a gain on the short timescale.
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Figure 1.5.7: Left: Measured gain stabilization (in Ar) over the first 5 min, for different gain values.
The characteristic time derived from the plots is defined to be the time where G(7) = (Go + Gr)/2.

Right: Linear fit of the inverse time with the product of the gain by the rate
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While charging-up of the inner surface of the holes, and that of the bottom rim, is responsible for the
short-term stabilization time, the top-rim charging up is associated with the long-term stabilization
time. The difference between long and short timescales found to be consistent with the difference
between long and short time-scales obtained in the simulations (figure 1.4.2). Further investigation
of the ratio between the short and the long timescales will be discussed next.

1.5.6.1 Charging-up of the top-rim

The drift field permits drifting and focusing the primary electron cloud into the THGEM holes. With
an increased drift field the electron transfer efficiency (ETE) of the primary electrons decreases. It is
a known fact that at higher fields a growing fraction of the electrons are collected on the top THGEM
electrode, rather than entering the holes [36]. The effective gain as a function of drift field is shown
in figure 1.5.9
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Figure 1.5.9: Measured effective THGEM (with hole rim) gain in Ne, as a function of a drift field.

The signals were measured form the anode, under an induction field of 0.5kV cm™?.

The maximum effective gain in Ne was achieved at drift fields of ~0.2kVem™!, under a drift
field of 0.35kV cm™!, the pulse-height being affected the strongly decreasing ETE, thus a fraction
of the primary charge that is not focused into THGEM holes is collected on the top electrode or
accumulated on the top-rim. figure 1.5.10 depicts the long-term gain stabilization at drift fields of
0.2kVem™ and 0.35kVem™. While the effective gain of the multiplier is a product of ETE and
the detector’s gain (Geg = G x (ETE)), the ratio of the long- to short-term stabilization time is

proportional to:
TUP G x ETE

ox (1 — ETE)
For higher drift-field values, two parameters are changing: the detector gain increases, and the
ETE decreases. The effective gain is usually a product of the detector’s gain and ETE, so the
decease of the effective gain between 0.2 and 0.35kV em ™' of 25% (figure 1.5.9) will result in higher
increase of the ratio between long-term and short-term characteristic time scales as it shown in
figure 1.5.10. However, the loss of primary electrons due to reduced ETE will affect the energy
resolution. According to the simulation results (figure 1.4.1) a few pC of charge are needed to charge
up completely the “top rim”, then the long-term stabilization time will be given by:

(1.5.6)

P xn, X g X R X Tup = Qtoprim (1.5.7)
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Figure 1.5.10: Measured gain stabilization over time in Ne, at an X-ray rate of 100 Hzmm™? for
FEprigr=0.35kVem™! (blue) and Ep,ir=0.2kV cm™! (black). The red lines are fit results of the mea-
surement to a triple-exponential function (1.5.4).

Where P is the probability of the primary electron to end up on the “top rim”, and the Qioprim 1S
the total charge accumulated on the top-rim (usually of few pC).

1.5.6.2 Charging-up of the bottom-rim

The charging-up rate of the “bottom rim” is similar to that of the THGEM holes; therefore, the
gain increase induced by the charged “bottom rim” is suppressed by its decrease due to charging
up of the THGEM-hole walls. The typical value of the induction field, 1kV cm™!, assures large
fraction of the induced signal to be recorded by the detector’s anode (up to 100%). A reverse or a
small induction field draws avalanche electrons to the bottom-THGEM face. At the vicinity of the
detector’s “bottom rim”, the electric field causes additional multiplication of the avalanche electrons;
therefore, a fraction of the generated avalanche ions is usually attached to the “bottom rim”.

The detector gain, derived from signals measured from the top electrode and the anode, for
varying induction-field values and the ratio between the signals are shown in figure 1.5.11. Ratio
values above one are a result of small charge multiplication in the induction field and the collection
of part of the ions on the bottom electrode.

Gain stabilization was measured for a reverse induction field, where all the avalanche electrons
are collected at the bottom-THGEM electrode, compared to one with Einp=1kV cm™!, where most
of the avalanche electrons are drawn towards the anode, as shown in figure 1.5.12.

With reversed induction field, avalanche electrons that undergo additional multiplication at the
vicinity of the “bottom rim” increase the rate of the bottom-rim charging up (compared to that of
THGEM holes). In this case, the timescale of charging up of the “bottom rim” is higher, which
result in an initial increase of the gain. The “bottom rim” is fully charged, while the detector’s walls
continue to charge up, and after initial increase of the gain, the gain drop in the timescale of several
minutes. As one can note the stable-gain value is higher for the induction field of 1kVem™! At
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high induction (or transfer) fields, the strength of the electric field just outside the hole is higher;
this results in an increase of the detector gain, due to additional small charge multiplication in the
induction gap [37].

1.6 Summary

The results of a systematic study that explored the effect of charging up in THGEM-based de-
tectors are presented. A simulation package has been adapted for modeling gain stabilization in
THGEM-based detectors, and a phenomenological study conducted to characterize this phenomenon
in various aspects. Simulations reveal that the hole-rim introduces an additional long-term gain
stabilization characteristic time compared to the relatively short one in the absence of the hole-rim
in the THGEM electrodes. The short-term gain stabilization typically occurs in few- to few-tens of
minutes depending on several parameters of the THGEM-electrodes. Higher voltages applied across
the THGEM-electrode require a larger amount of change to modify the electric field within detector
holes, resulting in longer gain-stabilization characteristic times. On the other hand, in thicker elec-
trodes, the avalanche is broader due to the expansion of the avalanche-electrons inside the holes, and
the charging-up of the electrode’s insulating surface occurs faster. Most of the simulation studies were
carried at relatively low voltages (low gains). It was observed that the rate of the charge accumula-
tion is somehow linear with the detector’s gain (up to small dependence on the operational voltages).
Therefore, the conclusions derived at low gains can be extended to a wider range of detector gains.

Gain stabilization processes of THGEM-based detectors where measured following the method-
ology developed in [24]. The measurement results were systematically compared to the simulated
ones, based on the model suggested in [1]. This model attributes the gain variations to the charging
up of the detector’s insulator substrate at the initial operation period.

While modeling the charging-up process using a single-exponential function could fit the simula-
tion results, the experimental data were better fitted to a double-exponential model (figure 1.5.4).
The difference in the shape of the respective graphs in figure 1.5.4 could have originated from ex-
perimental conditions, electrode’s inhomogeneity or small amounts of gas impurities — all capable of
affecting the gain stabilization [21,24]. It was found that charging-up processes can be quantitatively
modeled through basic parameters such as “characteristic time” — the time it takes the gain to reach
half of its total variation, or “characteristic charge” — the total amount of charge passing through
the THGEM holes during the relaxation period (1.5.5). The later could also indicate the rate of
stabilization.

We found a linear dependence between gain-stabilization time and irradiation rate, supporting
the argument that the main mechanism affecting THGEM-based detector’s gain evolution is the
charging-up of the insulator surfaces. We also show that detector stabilization time depends linearly
on the inverse of the detector’s gain.

The effect of the hole-rim on the detector’s gain stabilization was systematically investigated;
it was found that the “top rim” introduces a long-term gain-stabilization time, typically two-fold
different compared to the short one. Both simulation and experimental data indicate that the long-
term stabilization time can be order of magnitude larger than the short-term one. For detector’s
electrodes having hole-rims, a short-term stabilization time appears as an initial gain decrease, while
the long-term one is reflected by a slow increase in the detector’s gain. It has also been shown
that the rate of charging-up of the “top rim” depends on the focusing of the primary-electrons
cloud into the THGEM’s holes, and it can vary by an order of magnitude in time at a measured
rate of 100 Hzmm™2. The charging-up of the “bottom rim” reduces the total gain drop due to
an accumulation of avalanche-ions on the “bottom rim” surface. In figure 1.4.2, simulated results
show an exponential decrease in both cases: when the “bottom rim” is charged-up and when the
charges are not allowed to accumulate on the “bottom rim” surface. The simulations suggest that
the charging-up of the “bottom rim” increases the gain, as confirmed by the measurements with
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reversed induction field. Once reversed, the charging-up rate of the “bottom rim” became higher
than that of the hole’s walls, resulting in an initial gain increase (figure 1.5.12). The measurements
show that the charging-up transients relate only to initial detector’s operation period, and were not
observed during long-term operation.
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CHAPTER
The ATLAS detector

This chapter is a short description of the ATLAS detector. It does not contain original work, yet,
needed to supplement the original work described in chapters 3, 5 and 7.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [38] is the world’s highest energy accelerator, used for Particle
Physics research. LHC sits in a circular tunnel spanning 27 km at the CERN' near Geneva. The
tunnel is buried 50 to 175 m underground, and straddles the Swiss and French borders on the outskirts
of Geneva.

The concept of the LHC has been discussed since the beginning of the 1980s [39], yet only in
March 2010 did the LHC finally accelerate the protons to 3.5 TeV energy, initiating collisions at
Vs =T TeV.

To keep the proton beam in a circular trajectory, the beams are confined using strong supercon-
ducting magnets producing magnetic fields of 8.3 Tesla. The protons are extracted from hydrogen
gas and first accelerated up to 50MeV in a linear accelerator LINAC2. Protons are transferred to the
Proton Synchrotron Booster (PSB), where they are separated into bunches by the radio frequency
cavities which accelerate them to 1.4 GeV. The protons from the Booster enter into the Proton
Synchrotron (PS). Here they are accelerated to 25 GeV before passing into the Super Proton Syn-
chrotron (SPS), which accelerates the proton beams to up to 450 GeV. The final acceleration is done
by injecting them to the LHC ring, where they reach the energy up to 6.5 TeV per beam

LHC was designed to provide proton beams of 1.15x10' protons per bunch, with 2808 bunches
and bunch spacing of 25 ns producing instantaneous luminosity” of £ = 1 x 10**¢m=2s~! which is
25 times more than the maximal intensity delivered by the Tevatron. LHC run parameters during

!European Organization for Nuclear Research: www.cern.ch
dR

2 Luminosity: is proportionality factor which is relate the differential rate to differential cross section: o= E(%
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2011-2017 operation period are shown in Table 2.1. The work is based on the data recorded during

the 2012, and the 2015-2016 data taking periods.

Table 2.1: LHC proton running conditions for 2011-2017 operation period.

protons/bunch number of bunch spacing | peak luminosity | Delivered integrated
[x10"] bunches (max) [ns] [Hz/nb] luminosity [fb™]
2011 1.3 1380 50 3.5 5.5
2012 1.7 1380 50 7.7 22.8
2015 1.1 2244 25 5.1 4.2
2016 1.1 2220 25 15.3 41
2017 1.15 2556 25 20.6 50.4

The delivered data (or total integrated luminosity) is expressed in units of inverse cross section,
so the total number of events can be calculated from:

Nevents = 0 X L (2.1.1)

where o is the process cross section, .% is the integrated luminosity defined by . = [ Ldt. The
amount of data as a function of time is shown in figure 2.1.1. The LHC is designed with four separate
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Figure 2.1.1: LHC delivered Luminosity during stable beams for 2011-2017, for high energy p-p
collisions.

collision points for the four detectors built at these points. One of these detectors is A Toroidal LHC
ApparatuS, or ATLAS.

2.2 ATLAS detector

The ATLAS (A Toroidal LHC ApparatuS) detector [40] is a multi-purpose particle physics detector,
designed to detect particles and measure their properties. A sketch of the detector is shown in
Figure 2.2.1, where one can see its main parts.

The main parts of the detector are the Inner detector, which is designed to measure tracks
of charged particles; The Electromagnetic calorimeter (ECAL) which is responsible for measuring
the energy of electrons and photons whereas hadrons deposit most of their energy in the Hadronic
calorimeter (HCAL); and the Muon spectrometer (MS) which designed to measure the momenta of
muons with high precision.
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Figure 2.2.1: The ATLAS detector [40]. The dimensions of the detector are 25 m in height and 46
m in length. The overall weight of the detector is approximately 7000 tonnes.

2.2.1 The Inner detector

The cylindrical inner detector, which has a length of 7 m and a diameter of 2.3 m is the innermost
part of the ATLAS detector, covering pseudorapidity® up to || < 2.5. The entire tracker is contained
within a 2T solenoidal magnet. Since the magnetic field is directed along the beam axis, the paths
of charged particle bend according to their transverse momentum. It is able to reconstruct tracks of
above a pr threshold of 100 MeV. The Inner detector consist of three independent and complementary
subsystems. These are, from the innermost layer out:

B The pixel detector - a high granularity silicon detector. Initially, the pixel detector was con-
sisting of three layers in the barrel region and 5 disks in both end-cap regions. The detector
part closest to the interaction point was the B-layer at a radius of 5.5cm. In May 2014 the
fourth layer of pixel detector, the Insertable B-layer (IBL) was successfully installed at a radius
of ~ 3.5cm. Precise measurements of the tracks at this region allows for the measurement of
impact parameters, and therefore for the reconstruction of secondary vertices.

B The semiconductor tracker (SCT) - a precision silicon microstrip detector. Although the SCT
has the same underlying technology as the pixel detector, it is designed to be optimized to the
decreased track density at larger radii.

B Transition radiation tracker (TRT) - The TRT is a drift tube system was initially designed to
be filled with a Xenon-based gas mixture of 70% Xe, 27% COy and 3% O,. During 2012,

3Pseudorapidity is a spatial coordinate describing the angle of a particle relative to the beam axis. It is defined as
0
n=—ln[tan §].
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several leaks developed in the gas pipes. Due to a high cost of this gas mixture, straws
belonging to affected modules with massive gas leaks were filled with an Argon-based gas
mixture of 70% Ar, 27% CO, and 3% O,. Transition radiation photons that are produced when
ultra-relativistic charged particles cross a boundary between materials with different dielectric
constants are absorbed by the Xenon or Argon gas and yield a typically larger signal than a
charged particle. By supporting two different thresholds, the readout electronic can distinguish
between both signals. Therefore, it contributes to the track reconstruction as well as to the
electron identification. The TRT operation with either a xenon-based or an argon-based gas
mixture was found to have similar tracking performance.

2.2.2 The Calorimeters

The calorimeters are designed to provide an accurate energy measurement of electrons, photons and
jets (hadrons). There are two types of calorimeters:

B The Electromagnetic Calorimeter (ECAL) - an accordion-shaped sampling geometry with lead
as an absorber and liquid argon as a sensitive component that is used to detect electromag-
netically interacting particles with |n| < 3.2. It is divided into a barrel section, covering
the pseudorapidity region |n| < 1.475, and two end-cap sections, covering the pseudorapid-
ity regions 1.375 < |n| < 3.2. The transition region between the barrel and the end-caps,
1.37 < |n| < 1.52, has a significant amount of material upstream of the first active calorimeter
layer. The EM calorimeter is composed, for |n| < 2.5, of three sampling layers, longitudinal
in shower depth. The first layer has a thickness of about 4.4 radiation lengths (Xg). The
fine n granularity of the strips (0.003 x 0.0982 in An x A¢) is sufficient to provide reasonable
discrimination between single photon showers and two overlapping showers coming from the
decays of 7° and 7 mesons. The second layer has a thickness of about 17X, and granularity
of 0.025 x 0.0245 in An x A¢. It collects most of the energy deposited by electromagnetically
interacting particles. The third layer has a depth of about 2X,, and it is used to correct for
the leakage beyond the ECAL. A sketch of a barrel module of the electromagnetic calorimeter
is shown in Figure 2.2.2.

B The Hadronic calorimeter (HCAL) - detects high energy hadrons. The hadron calorimeter
absorbs energy from particles that pass through the EM calorimeter, but do interact via the
strong force. In the region n <1.7, which comprises the barrel and extended barrel components,
a sampling concept with steel as absorber and scintillating tiles as active medium is used. The
hadronic end-cap (HEC) and the forward calorimeter (FCAL), covering the range of 1.5<
n <3.2 and 3.1< n < 4.9 respectively, suffer from a much higher radiation flux. Therefore, the
intrinsically radiation hard liquid argon (LAr) technology is employed. An important aspect
in the design of the hadronic calorimetry is a sufficiently large thickness (10 interaction length
A) to minimize the punch-through of high energetic particles into the muon system.

2.2.3 The Muon spectrometer

Whereas electrons, photons and hadrons are absorbed by the calorimetry system, muons with a py >
3 GeV can penetrate the detector and reach the muon spectrometer. A large magnetic system is
used (with an average magnetic field strength of 0.6 Tesla) in order to measure the momentum of
the muons with high accuracy.
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Figure 2.2.2: Sketch of a barrel module (located at n=0) of the ATLAS electromagnetic calorimeter.
The different longitudinal layers are depicted. The granularity in n and ¢ of the cells of each layer
and the trigger towers is also shown. From Ref. [5]
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CHAPTER

Measurement of the identification

efficiency of isolated photons using the
matrix method with the ATLAS detector
in pp collisions at /s = 8 TeV

This chapter is based on reference [5]: “Measurement of the photon identification efficiencies with
the ATLAS detector using LHC Run-1 data”. My work is described in section 5.3 and the result is
presented in section 6 of the publication.

My contribution: In the present chapter, a data-driven measurement of prompt photon tight
identification efficiency using the “matrix method” with data collected by ATLAS detector in 2012
is presented. The method was first used with 2011 ATLAS data [41], but failed with the 2012 data,
mostly due to a high pileup environment. My work was to study and to modify the method, also
with the 2012 data.

3.1 Introduction

Photon identification (ID) efficiency is a necessary ingredient in measurements of various physical
processes involving prompt photons, like the inclusive prompt photon [42-44] and diphoton [45] cross
sections, measurements of properties of Higgs boson in the two photon decay [46-48] or when setting
limits on the production cross section of hypothetical processes involving isolated photons in the final
state, when the photons are required to pass identification criteria [49-51].

The photon identification in ATLAS is based on a set of rectangular cuts on several discriminating
variables (DV) computed from the lateral and longitudinal shower development in the electromagnetic
calorimeter and the shower leakage fraction in the hadronic calorimeter of the candidate photon.
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Photons can convert into an electron-positron pair in the inner detector (called converted photons
in the following), or arrive at the electromagnetic calorimeter without creating an electron-positron
pair (called unconverted photons in the following). Different selection criteria are used for converted
and unconverted photons; the selection also differs in different pseudorapidity intervals, to account
for different || - in front of the calorimeter.

Two sets of identification criteria are provided, with different photon efficiencies and jet rejections:
a loose and a tight one. The loose criteria are similar to those used at trigger level and are designed to
provide high efficiency with modest jet rejection; the tight criteria are those optimized for background
rejection and are typically applied in the off-line analysis. The description of the variables and the
selection criteria used in the two "menus” (tight and loose) is provided in Ref. [5].

The ATLAS photon identification efficiency is estimated from the simulation, after correcting
(“fudging”) the distributions of the calorimeter shower shape distributions in Monte Carlo (MC) by
the difference observed between data and Monte Carlo in some control samples. The corrections
(“fudge factors”) result in simple shifts of the simulated distributions by the difference of the means
of the distributions in data and Monte Carlo. The identification efficiency (ep) is validated using
three different independent data-driven methods. Radiative Z decays — relies on the use of a pure
photon sample selected from the radiative decays of the Z boson. The electron-extrapolation method
— electrons from Z boson decays are used to obtain a pure sample of electromagnetic showers from data
where the DVs measured for the electrons are mapped to those valid for photons. The matrix method
which uses the track isolation for signal and background candidates, as a discriminating variable to
extract the sample purity before and after the tight cuts are imposed. Each of these methods
can measure the photon identification efficiency in complementary but overlapping Er regions with
varying precision. While the Radiative Z decays and the electron-extrapolation methods exploit
Er region up to 80 GeV or 100 GeV respectively (due to limited pr spectra of the Z bosons), the
matrix-method is performed in the Et range between 20 GeV to 1500 GeV, where the upper limit
corresponds to the highest measured Er of the selected photons during the 2012 data taking period.

In this chapter, the measurement of the photon identification efficiency using the matrix method
during the 2012 data taking period is described, emphasizing the modifications concerning the 2011
approach.

3.2 Event selection and Monte Carlo samples

The measurement presented here is based on the full ATLAS dataset collected in 2012. The events
are required to pass any of the ATLAS inclusive photon triggers, passing standard data quality
requirements.

The identification efficiency is measured for isolated photons, which are defined as those having
the topological cluster based isolation variable lower than 4 GeV. This quantity is computed from
positive-energy three-dimensional topological clusters of calorimeter cells [52] within a cone of a

radius’ AR = \/ (An)® + (A¢)* = 0.4 around the cluster barycenter. The topological clusters
include cells from the EM and hadronic calorimeter. The energy from the core of the cone in the
electromagnetic calorimeter is subtracted. Only photons with transverse energy Er > 20 GeV in
the pseudorapidity regions within the calorimeter acceptance (|n| < 1.37 or 1.52 < || < 2.37) were
considered. Converted photon candidates reconstructed from tracks passing through dead modules
of the innermost pixel layer are rejected, strongly decreasing the misidentification of electrons as

LATLAS uses a right-handed coordinate system with its origin at the nominal iteration point (IP) in the center
of the detector, and the z-axis along the beam line. The x-axis points from the IP to the center of the LHC ring
and the y-axis points upwards. Cylindrical coordinators (r,¢) are used in the transverse plane, ¢ being the azimuthal
angle around the beam line. Observables labeled ”transverse” are projected into the x-y plane. The pseudorapidity is
defined in terms of the polar angle 6 as n = — log tan (6/2)
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converted photons.
For the measurements, and to estimate systematic uncertainties, signal and background processes
modeled with Pythia8 generator [53] and pass full ATLAS simulation.

3.3 Identification efficiency measurement with the matrix
method

3.3.1 Identification efficiency measurement technique

The efficiencies of the tight identification criteria are measured, for each pseudorapidity and transverse
momentum interval, in the following way. Suppose that, after the preselection, N%, photon candidates
~ consisting of N3, prompt photons and NJ, fake photons — are selected, of which N, photon
candidates — consisting of leass prompt photons and lews fake photons — pass the tight identification
criteria’.
The tight ID efficiency is
NS
tight—ID __ _ pass (3 3 1)
€ —. 3.
N
Introducing the signal purity in data, for photon candidates passing the tight cut:
NS
P = NPT’ (3.3.2)

pass

and for photon candidates in the inclusive sample:

S
_ Nall

A= , (3.3.3)
N
one can see with some algebra that the tight ID efficiency can be also rewritten as:
NT
ghight=ID £ Nyoss Np““. (3.3.4)
A * Na:];l

The matrix method, with the track isolation as the discriminating variable, was used to estimate
Nz, and N, (together with NZ, and N[ ), or equivalently the purities P and A. The track
isolation variable is defined as the number or sum of transverse momentum (pr) of the tracks, with
pr> 0.5 GeV, in the cone of AR < {0.2,0.3,0.4} around the direction of a photon candidate,
subtracting energy deposited within an inner cone of AR = 0.1. An impact parameter cuts which
constrain the tracks to come from the same vertex associated to the photon, make the track isolation
variable to be more pileup robust. The track isolation variables used in the matrix-method were sum
of pr of the tracks within a cone of AR = 0.3 to be lower than 1.2 GeV for unconverted photons,
and requirement of number of the tracks within a cone of AR = 0.4 to be equal to zero for converted
photons. The photon track isolation variables based on the impact parameter cuts were introduced
only during the 2012 data taking period.

By definition, we have:

NI - NS 1 NB

pass pass pass

Nl = Nj + NG

2These definitions differ from those used in the 2011 analysis, where only photons that fail tight selection are
chosen as a second sub-sample. By inverting the narrow strip variables, only 70% of the photons were considered,
while choosing the “fail” region as a control sample for the inclusive selection more than 85% of the photons were
considered, resulting in a lower systematic uncertainty for this kind of selection as will be explained in section 3.3.2.2
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Let us denote the number of isolated candidates with N5, (N/°) if they pass the tight identification
criteria (and for all photons). Let ¢ (e;) be the track isolation efficiency for prompt photons passing
the tight identification criteria (for all photons), and €} (£%) be the track isolation efficiency for fake

photons passing the tight identification criteria (all photons), respectively. We have therefore:

Iso _ s S b B
Npass - 8p * Npass + Ep * Npass
Iso __ s S b B
Noi” = €a* Nigy 4% Nigyy

If we know the four track isolation efficiencies €3, 7, 52 and €%, from equations 3.3.5-3.3.8 we can
get both N2 and N2, from the observed number of events N7, N NT ~and NI in data:

pass all » pass pass

Nilso — b s NI

Ny, = 22 g (3.3.9)
p =
NIso o €b * NT
NS' — all a all 3.3.10
all EZ . EZ ( )

From equations 3.3.9 and 3.3.10 we can therefore extract the signal purity in the data sample

after the tight cut:
b

Ep—E
p==—" (3.3.11)
€p ~ &p
Iso
where €, = x’;l is the fraction of tight photon candidates that pass the track isolation criteria.

pass

Similarly, the pﬁfity of the inclusive sample is:

b
Eq —E
A=2 b (3.3.12)
52 —&q
Iso
where ¢, = ]]\\lf# is the fraction of photon candidates in the inclusive data sample.

all
In conclusion the efficiency of the tight identification criteria can be obtained using equation 3.3.4:

517_52 .NT
tight—ID(NT  NT o8 g8 b ob ) = T (3.3.13)
€ pass) *Vally €ps €ar €pr€ar Epr€a) = €q—€2 NT ) e
es—eb Vall

3.3.2 Measurement of the photon track isolation efficiency

The prompt photon track isolation efficiencies are estimated from simulated samples of prompt
photons, and the fake photon track isolation efficiencies are estimated from a data sample enriched
with fake photons selected by reversing the tight identification criteria on some shower shape variables
for the “fake” photons that pass the tight identification criteria. The photons which fail tight
identification criteria chosen to estimate the track isolation efficiency for the “fake” photons in all
sample (according to MC simulations “fake” photons that fail the tight selection criteria are roughly
85% from the inclusive sample).

3.3.2.1 Track isolation efficiency for prompt photons

The prompt photon track isolation efficiencies (¢, and €) are estimated from prompt photon MC sim-
ulated samples. Events are reweighed as a function of the average number of interactions per bunch
crossing to take into account the differences between the pileup conditions in data and simulation.
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3.3.2.2 Track isolation efficiency for fake photons

The fake photon track isolation efficiencies (eg and €°) are estimated from a data which contains
almost fake photons, selected by reversing a few cuts on shower-shape variables or by choosing a
sub-sample with a low signal photon purity. In [54] it was shown that a fake photon control sample
could be obtained by reversing the variables based on the lateral energy deposition pattern in a
few strips near the hottest one in the first compartment of the LAr electromagnetic calorimeter:
Fide, wss, AE, Fraio. These variables are only weakly correlated (linear correlations of few %)
with the photon track isolation. This group of variables will be denoted as “narrow-strip” variables.
Clearly, no candidate passes the tight identification criteria but fails at the same time the subset
of cuts on the "narrow-strip” variables. Therefore for the fake photon track isolation efficiency
measurement relaxed tight criteria is used, based on the nine quantities Rnag, I, R, Wy, Fiides
Ws3, Wetor, AF, Fratio, by dropping the requirements on the narrow-strip variables. This selection
criterion is denoted as “relaxed-tight” selection. Because of the very small correlation between the
track isolation and the narrow-strip variables, fake photon track isolation efficiency is expected to be
similar to photon passing tight or relaxed-tight criteria. This hypothesis is tested with “fake” MC
samples; the differences are included in the systematic uncertainties. The impact of the systematic
uncertainty on the tight selection efficiency can be estimated from the purity calculation, assume the
correct efficiency varies by Aeg, from its true value, then the purity from equations 3.3.11-3.3.12, can
be expanded as a function of the error on the Ag, to obtain:

e — (ep + Acy)
P+ AP 3.3.14
es — (ep + Agy) ( )
TN i S B 17 (3.3.15)
Es — Ep €s — Ep)

While the error on the tight selection efficiency is proportional to the error on the estimated purity
- Aerp Jemp o< (AP/P 4+ AA/A), a higher fraction of the prompt photons in the selected region gives
lower systematic uncertainty on the tight efficiency.

An illustration of the photon candidate classification according to their identification criteria is
shown in figure 3.3.1:

e region 143 contains the photon candidates passing relaxed-tight criteria

e region 2+4 contains the photon candidates failing relaxed-tight criteria

e region 142 contains the candidates that pass the cuts on the narrow-strip variables
e region 3+4 contains the candidates that fail the cuts on the narrow-strip variables
e region 1 corresponds to photons that “pass” the tight selection

e region 2+3+4 corresponds to photons that “fail” the tight selection

Candidates in region 3 pass the relaxed-tight cuts but fail the criteria on the narrow-strip variables.
The candidates in this region are used to estimate the fake photon track isolation efficiency for fake
candidates that pass tight identification criteria (region 1). Candidates in region 2434, which fail
tight identification criteria, are used to estimate the track isolation efficiency of inclusive photons
sample (region 14-24-3+4). The signal contribution to the control regions 3 and 2+3+4 is significantly
suppressed, but residual contamination exists. It is estimated using prompt photon MC samples to
determine the fraction of the signal in regions 3 and 2+3+4 concerning the signal in region 1, and
subtracted from the data yields as described below.

Introduce a few definitions according to figure 3.3.1:
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i pass relaxed-tight cuts

T N R R N
g & 3 4 ~ — = pass all cuts on narrow-strip vari-
= v — = ables
° L B I . 1: pass tight cuts
§ é 1 2 2: pass narrow-strip variable cuts but
fail relaxed-tight cuts
pass fail 3: pass relaxed-tight but fail narrow-
relaxed-tight strip cuts

4: fail relaxed-tight and fail narrow-
strip cutsvariables
Figure 3.3.1: A graphical illustration of photon candidate classification in the data sample. Candi-

dates in region 3 and region 24344 on the graph are used to estimate the track isolation efficiencies
for background 55; and £b respectively after subtracting residual signal photons.

e 1?,: the fraction of the photon candidates in data in region 3.

R,: the fraction of photon candidates in data that fail tight criteria (region 2+3+4).

ep: the fraction of photon candidates that are isolated in the tracker after passing tight criteria
(region 1).

g, the fraction of photon candidates that are isolated in the tracker (region 1+2+3+4).

e, : the fraction of photon candidates in region 3 that are isolated in the tracker.

. the fraction of photon candidates in region 2+3-+4 that are isolated in the tracker.

a-
bt
p
bt
a

€
Remind the previous definitions of:
° Ng;ssz the total number of photon candidates that pass tight criteria (region 1).
e NZI,: the total number of photon candidates (region 1+2+3+4).

From the prompt photon MC sample one can extract the following quantities:

e f,: the fraction of prompt photons that leak in region 3.
fa: the fraction of prompt photons that leak in region 2+43-+4°.

g, the track isolation efficiency of prompt photons in region 1.

[ ]
e c7: the track isolation efficiency of prompt photons in region 14-2+3+4.
e =5 : the track isolation efficiency of prompt photons in region 3.

=

. €2+2 the track isolation efficiency of prompt photons in region 2+3+-4.

The fractions f, and f, are typically bellow 10% for unconverted photons and below 5% of converted
photons, and decrease with a photon Er.

The track isolation efficiency for fake photons in regions 3 and 2+3+4 are 52 and €%, respectively.
To obtain the number of background events in the control region one need to subtract the signal
events. Using the variables defined previously, the following equation can be written:

b T S T 5 T T
N3oysia = Naoizpa = Niorsa = Nyogara = Noy - o =Ny = Nay - A- fy (3.3.16)
Similarly, the equation for the isolated background events can be written as follows:
b,1S0 T bt s + AT bt T +
N3oisra = Niorgra-€p — Nioysia- 5; Nioysra €, — Nyy- A fp- 5; (3.3.17)

3Note that the definition of this fraction is related to the definition of the tight selection efficiency by e;p = 1 — f,.
Although signal contamination in the “all” control region is small and the MC uncertainties can be neglected, a future
iterative approach can decrease even more the systematic uncertainty by recalculating the “fake” track isolation
efficiency using the data-driven signal fraction f,.
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Using definitions above, one can write the background isolation efficiency 5;’, and €b as follows:

+ +
Ry-eb —A-f, ¢

b P
g = (3.3.18)
P R,—A-f,

Ry,-et" — A f, &'
b _ tla’ca @ “a 3.1
Fa R,—A-fa (3:3.19)

Equation 3.3.19 is a quadratic equation a - (52)2 —b-eb 4+ ¢ =0, with:

a = (3.3.20)
b = (5 + &b ) - <€a +e ) (3.3.21)
c = R, 5 &8 — fa- 5 €4 (3.3.22)

By obtaining the purity for the inclusive photon sample from equation 3.3.12, the background
isolation efficiency of background photons in the region 3 (52) can be calculated directly from equa-
tion 3.3.18.

3.3.2.3 Systematic uncertainties

The average differences between the track isolation efficiencies in data and Monte Carlo for electrons
collected in the data and simulation with a tag-and-probe technique in Z — ee selection are taken
as systematic uncertainties in €} and ¢;. The overall uncertainties in £} and ¢; are below 1%.

Another source of systematic uncertainty can rise from the distorted material. To estimate the
error on the prompt photon isolation efficiency from the distorted material, MC simulations with the
distorted material were used, and the track isolation efficiency between the nominal and distorted MC
samples were compared. The dominant systematic uncertainty is coming from a linear correlation
between the “narrow-strip” variables and the track isolation efficiency as mentioned before. The
possible bias of fake photon track isolation efficiency which is extracted in the background control
region after signal leakage correction was studied in di-jet 4+ 7-jet simulated samples, and is included
as a systematic uncertainty. The in-time pileup dependence of the photon identification efficiency
has also been evaluated. The (corrected) simulation seems to reproduce it reasonably well.

3.4 Tight photon identification efficiency results

In this study, since the inclusive photon triggers are used for the preselection of the sample, what
is measured with the preselected sample is the tight identification efficiency for photon candidates
passing the shower shape requirements applied by the trigger

Ntight,reco,trig

i A—— (3.4.1)

N;eco,trzg

while we are interested in the tight identification efficiency for all reconstructed isolated photons:
Ntight,reco

= TR 3.4.2
€ N,;‘eco ( )
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We can obtain the latter from the former by applying a multiplicative factor:
N’tyight,reco
AL
€ = gl N;ight’,yreco,trig (343)

trig
NTecos
~
trig
NTecos
~

reco
/ NW

tight,reco,trig
]V&
N’sight,'reco

= ¢ (3.4.4)

The correction factor, as seen from equation 3.4.3, is the ratio between the tight ID efficiency for
all reconstructed photons or only for photons matching the trigger object that triggers the event,
as obtained from simulated direct photon samples after correcting the shower shapes by the fudge
factors. The correction factor is close to 1 except in low Er range (typically below 50 GeV), where
the maximal correction factor is of the order of 1%.

The final tight identification efficiencies for reconstructed photons after the calorimeter isolation
requirement with a comparison to MC expectation are shown in figure 3.4.1 for unconverted and in
figure 3.4.2 for converted photons. We propagate the statistical and systematic uncertainties to the
final uncertainty of the tight ID efficiency using error propagation. In the high Er bins, due to the
statistical uncertainties on €, the uncertainties of the final identification efficiency are rather large.

3.5 Summary

The photon tight identification efficiency has been measured in the 2012 data using the matrix
method, based on the photon track isolation to discriminate between prompt and fake candidates.
The method is applied to photons with 20 < Er < 1500 GeV.

The main contribution to the total systematic uncertainty is the uncertainty on the track isolation
efficiency for “fake” photons. The systematic uncertainties on the signal track isolation efficiency
are negligible compared to the other ones. Because of the rapidly falling Etr spectrum of prompt
photons produced in proton collisions, the yield is rather low at high Er, and the statistic uncertainty
becomes not negligible for Er > 600 GeV.

The results are compared to those obtained from Monte Carlo, either uncorrected or after applying
corrections (“fudge factors”) to the simulated shower shapes. The photon identification efficiencies in
the simulation with a corrected shower-shape variables, are agree with the ones from data to within
2-3% in the Et range between 30-40GeV, and are typically below 1% for photons with E1 > 40 GeV.
For the low Et range, since this region is dominated by the “fake” photons, that contributing to higher
background systematic uncertainty, the poorer agreement between the data and the corrected MC
predictions is associated with relatively larger errors of the tight identification efficiency obtained with
the matrix method. For the last Er bin (Er > 600 GeV) the statistical uncertainty is dominated,
especially for photons with 1.52 < |n| < 1.81.

The in-time pileup dependence of the photon identification efficiency has also been evaluated.
The (corrected) simulation seems to reproduce it reasonably well.

The identification efficiency measurements for /s = 8 TeV are obtained using three different
data-driven techniques are shown in figures 3.5.1 and 3.5.2.

In the photon transverse momentum regions in which the different measurements overlap, the
results from each method are consistent with each other within the uncertainties.

The combined photon identification efficiency increases from 50-65% (45-55%) for unconverted
(converted) photons at Er ~ 10 GeV to 94-100% at Er 2 100 GeV, and is larger than about 90%
for Ex > 40 GeV. The absolute uncertainty in the measured efficiency is around 1% (1.5%) for
unconverted (converted) photons for Er < 30 GeV and around 0.4-0.5% for both types of photons
above 30 GeV for the most precise method in a given bin. These results were published in [5].
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Figure 3.4.1: Tight identification efficiencies for reconstructed unconverted photons after the
calorimeter isolation requirement, as measured in data with the matrix method (black dots), as
well as expected from nominal MC (blue open circles) and “Fudge Factor” MC (red open circles).
The difference between the tight identification efficiencies between “Fudge Factor” MC and the re-
sults obtained in data with the matrix method as shown below (black dots) where the error (both
systematic and statistical) of the matrix method are shown as yellow bands.
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Figure 3.4.2: Tight identification efficiencies for reconstructed converted photons after the calorimeter
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Figure 3.5.1: Comparison of the data-driven measurements of the identification efficiency for uncon-
verted photons as a function of Et in the region 10 GeV < Er < 1500 GeV, for the four pseudora-
pidity intervals (a) |n| < 0.6, (b) 0.6 < |n| < 1.37, (c) 1.52 < |n| < 1.81, and (d) 1.81 < |n| < 2.37.
The error bars represent the sum in quadrature of the statistical and systematic uncertainties esti-
mated in each method. My contribution to the photon identification efficiency measurement is with
the Matrix-method. This figure was published in Ref. [5].
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Figure 3.5.2: Comparison of the data-driven measurements of the identification efficiency for con-
verted photons as a function of Et in the region 10 GeV < Er < 1500 GeV, for the four pseudora-
pidity intervals (a) || < 0.6, (b) 0.6 < |n| < 1.37, (c) 1.52 < |n| < 1.81, and (d) 1.81 < |n| < 2.37.
The error bars represent the quadratic sum of the statistical and systematic uncertainties estimated
in each method. My contribution to the photon identification efficiency measurement is with the
Matrix-method. This figure was published in Ref. [5].
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CHAPTER
Standard model of particle physics

This chapter contains no original work. It describes the Standard Model of Electro-Weak interactions
which is a background material for chapters 5 and 7.

4.1 Overview

The Standard Model describes particle interactions as a result of local gauge symmetries [55]. It
incorporates three of the four known fundamental forces: the electromagnetic force, the strong force
and the weak force'. The Standard Model gauge theory is based on the symmetry group

G = SU3)e ® SU(2), @ U(1)y (4.1.1)

Gluons, the gauge bosons of quantum chromodynamics SU(3)., mediate the strong interactions
at the fundamental level. The SU(2), ® U(1)y part is called the ElectroWeak theory (EW), and is
spontaneously broken (we will review the EW theory below). Gauge bosons are outlined in table 4.1.

Table 4.1: Gauge bosons in the Standard Model [56]

boson mass [GeV] electric charge [e] symmetry group

g 0 0 SU(3).

~ 0 0 SU©2), @ U(1)y

Z 91.1876 0 SU©2), @ U(1)y
W 80.399 +1 SU(2), @ U(1)y

The particles in the Standard Model can be categorized according to their spin: There are
fermions with half-integer spin, and bosons with integer spin. Fermions are further divided into

1Gravity is too weak at the scales with which particle physics is concerned and is not incorporated in the Standard
Model.
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leptons which do not interact via the strong force and quarks which undergo strong interactions.
Furthermore, the fermions come in three different generations which behave identically under the
symmetry transformation explained below and differs only in the masses of the contained particles.

There are always two different pairs of leptons and quarks per generation which yields in total 12
fermions as shown in table 4.2.

Table 4.2: Fermionic particle content of the Standard Model [56]

; first generation second generation third generation
YPe favor mass flavor mass flavor mass
leptons Ve <2eV vy < 2eV vy <2eV
e 511 keV L 105.658 MeV T 1776.82 MeV
u 1.7-3.1 MeV c 1.29 GeV t 172.9 GeV
quarks g 4157 MeV s 100 MeV b 4.19 GeV

In the next sections the electroweak (EW) sector of the SM and the Higgs mechanism are discussed
in more detail.

4.2 Electroweak Gauge Theory

In Standard model the electroweak interactions is based on gauge group SU(2), x U(1)y, with gauge
bosons W, i =1,2,3, and B, for the SU(2); and U(1)y respectively, and the corresponding gauge
coupling constants g and ¢’. The EW Lagrangian is shown in equation 4.2.1.

Lpw = E@-i%’y“Duwi (4.2.1)

where the covariant derivative for this particular symmetry group is given as:
1 —
D, =0,+igYB,+ z’g§?L W, (4.2.2)

with 7 are the Pauli matrices - generators of the SU(2),, group and Y is the weak hypercharge - the
generator of the U(1)y group.

The particles within the EW theory are required to be massless. Unfortunately, this contradicts
the experimental observation that shows the fermions and gauge bosons posses a mass. Therefore, a
mechanism is needed to describe massive fields and introduce mass terms in a way that is compatible
with the requirement of local gauge invariance.

4.3 Higgs mechanism and the EW symmetry breaking

The “Higgs”? mechanism [57-62] postulates an additional isospin doublet @ of a complex scalar fields
with the potential:
V(®) = —2d® + ) (BT0)” where 4%, A > 0 (4.3.1)

Then the Lagrangian for the Higgs sector is given by:
Luiggs = (D"®)" (D, @) — V() (4.3.2)

which is invariant under SU(2);, x U(1)y transformations. Higgs doublet has the form:

P = ( ?; ) (4.3.3)
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For p? > 0, the potential V(@) has infinite degenerate minima corresponding to

2 2

il v
PP = - = — 4.3.4
2\ 2 (4:3.4)

One can choose a particular direction for the minimum of ®. Since no positive charged permanent
background field is observed, the ground state must take the form:

By = (0]D]0) = < Y > (4.3.5)

V2

The vacuum has zero eigenvalue for the electric charge operator QQ®y = 0 and is, therefore invariant
under the U(1) g
U(1) gy remains unbroken, and in this broken phase, we customarily choose ® to be represented

by :
0
b = v+h(z) (4.3.6)
V2

where h(x) is the massive spin 0 field which is called Higgs boson.
In equation 4.3.2 the covariant derivative for Higgs field in it ground state is given by:

2

1 ([ gWi+gBr  g(Wi —iWl) )( 0 )
Do) (D, ®) = |= 973,79 1 2 » 437
oo =3 ke S ) (2 43D
defining the new fields:
we LW )
tanfy, = d/g
Z+ B cosfBy  sinOy B# (4.3.8)
A+ N —sin by cos Oy Wi
equation 4.3.7 yields:
Do) (Do) = L0 [y 77 N4 Loy 1
. g 1+2) + 2 3.
oy 0,8) = T wiw, 4 | (142) wjemen s
from which one can identify the gauge boson masses
My, = et
M; = (¢ + 9 = 1 (4.3.10)
M= 0

Expanding the term for the Higgs potential, the mass of the Higgs boson at tree level is found to be
My = V2l (4.3.11)

After spontaneous symmetry breaking the Lagrangian for the fermion fields, ¢, is:

Lr = X (0w i),
— 3G V(=) THWE T W)Y, (4.3.12)
— € Zz QiqvbzfyuwiAH

o 2co§9w Zz EV“(Q%/ - 934’75)%ZM
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where e = g sin fy which is the positron electric charge. T and T~ are the weak isospin raising and
lowering operators. The vector and axial-vector couplings are

g = t3r.(i) — 2¢; sin” Oy (4.3.13)
g = tsr (i) (4.3.14)

where t37,(7) is the weak isospin of fermion ¢ (+1/2 for u; and v;; -1/2 for d; and e;) and ¢; is the
charge of 1; in units of e.
The vacuum expectation value (VEV) constrained to v = % = (vV2Gp)~Y? ~ 246 GeV, where

Gr = 1.167 x 107°GeV 2 is the fermi constant. The fact that the ground state does not exhibit the
full symmetry of the Lagrangian in equation 4.3.2 is called Spontaneous Symmetry Breaking (SSB).

4.4 miyn) mass terms

The fermion mass terms cannot be added by hand in the Standard Model Lagrangian. These mass
terms would not be local gauge invariant. However, by using the Higgs field that we introduced
before, we can construct a Yukawa interaction term that does remain gauge invariant under local

SU(2);, x U(1)y transformations. The corresponding part for the i*" fermion generation is’:

Ly ukawa = Ae, LUk 4+ Xg, QW% + N, Q10 U, + h.c. (4.4.1)

The fermion masses are given by My = A f% and the coupling to Higgs field is proportional to
fermion masses:

m

4.5 Higgs production

The Higgs boson was observed in 2012 with a measured mass of my = 125.09 + 0.24GeV [63-65].
At the LHC, the Higgs boson is mainly produced through the following four main mechanisms:
gluon fusion through a heavy quark triangular loop (ggH), vector boson fusion (VBF), associated
production with vector bosons W or Z (VH), and production in association with a top-quark pair.
The production diagrams are shown in figure 4.5.1, and the production cross section are shown in
figure 4.5.2. The production mode with a highest rate is the gluon-gluon fusion (ggF'). The VBF
production mode is one order below, followed by the associated production with a vector boson
(Higgs-Strahlung). The Higgs boson production in association with a top-quark is suppressed at low
center-of-mass energies, due to a large mass of the top quark, yet this process makes a challenge
which we face as part of this thesis (see next chapter). Higgs production cross-sections for different
production mechanisms are shown in figure 4.5.2 and table 4.3.

4.6 Decay Modes of the Higgs Boson

Due to its short lifetime (75 = % ~ 1.6 x 107%2sec., with T’y = 4.07TMeV), Higgs boson cannot be
observed directly, but only via its decay products. The branching ratios of SM Higgs decay modes
and their total uncertainties are listed in table 4.4.

3\:[/0 _ i02\I/*
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Figure 4.5.1: Higgs production at hadron colliders: (a) Gluon fusion through a heavy quark triangular
loop, (b) Vector boson fusion, (c¢) Associative production with W, (d) Production in association with
a top-quark pair. The cross-section decreases from (a) to (d).
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Figure 4.5.2: Production cross-sections of the Higgs boson as a function of the center-of-mass energies
[66]

Table 4.3: Higgs production cross-section from Ref. [66]

production cross-section [pb]
mode 7TTeV ~ 8TeV 13TeV 13.5TeV  14TeV
ggF 15.11 19.24  43.92 46.67 49.47
VBF 1.222 1.579  3.748 3.986 4.233
WH 0.577 0.7027  1.380 1.452 1.522
ZH 0.3341 0.4142 0.9753 1.034 1.0933
bbH 0.1555 0.2030 0.5116  0.5460  0.5805
ttH 0.08611 0.1290 0.5085 0.5608  0.6113

Table 4.4: Standard Model Higgs branching ratios and their total uncertainties (expressed in per-
centage) from Ref. [66]

Process | bb WW gg 77 cc 77 Yy Zry i
BR 54.7 21.5 857 6.3 291 2.64 0.228 0.154 0.02
unc.(%) | 3.3 43 10.1 57 122 4.3 5 8.9 6
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CHAPTER

Search for the Standard Model Higgs
boson production in association with a
pair of top quarks in the H— 77 decay
mode

This chapter is based on reference [7]: “Search for the associated production of the Higgs boson with
a top quark pair in multilepton final states with the ATLAS detector”. My work is described in
sections 6.5 and 7.5, and the result is presented in section 9 of the publication.

My contribution to the search is with the 1/27,,q4 channel, which is highly sensitive to the
H — 77 decay mode. In this chapter, I will describe in detail the analysis performed with this
channel.

5.1 Introduction

The discovery of a new particle with a mass of about 125 GeV in searches for the Standard Model
Higgs boson at the LHC was reported by the ATLAS [63] and CMS [64] Collaborations in July 2012.
Using the data, collected by the ATLAS and CMS collaborations, during 2011 and 2012 data taking
periods; the new particle has been observed in the decays H — v [46,67], H — ZZ — 4/ [68,69]
and H — WW — (vlv [70,71], and evidence has been reported for H — 77 [6,72], consistent with
the rates expected for the SM Higgs boson.

The observation of the process in which the Higgs boson is produced in association with a pair of
top quarks (¢t¢H) would permit a direct measurement of the top quark Higgs boson Yukawa coupling
in a process that is tree-level at the lowest order, which is otherwise accessible primarily through loop
effects. A search for this process, has been performed using £ = 20.3fb~! of proton-proton collision
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data recorded by the ATLAS experiment at /s = 8 TeV during 2012.

The analysis targeted ttH production mode in multilepton final states. Five final states were
considered according to the number of light leptons (e, 1) and to the number of hadronically decaying
7 leptons. The exact definition of these channels is given in table 5.1. The analyses are expected to
be sensitive to all of the three Higgs decay modes are shown in table 5.2

Table 5.1: Definition and name of the channels based on the number of leptons and their charge in
the ttH — multilepton analysis.

Channel Name | e,u requirements | Th,q requirement
Same-sign =2 Q(U)=+2 =0

17 =2 Q)==2 =1

3 leptons =3 QUl)==x1 =0
102704 =1 =2

4 leptons =4Q(40)=0 ignored

Our contribution to this search was with the 1/27,,4 channel. This chapter has the following
structure: Section 5.2 describes the event and object selection. The optimization of the 7,,q selection
is described in section 5.3. Section 5.4 covers the background estimation method. The results
obtained with the 1¢27,,q channel are summarized in section 5.5 while the combination with the all

-

other channels of the search are presented in section 5.6

5.2 Object and event selection

5.2.1 Object definitions

The objects used in the analysis are described below:

5.2.1.1 Jet definitions and b-tagging

Jets are reconstructed in the calorimeter using the anti-k; [73] algorithm with a distance parameter of
0.4 using locally calibrated topologically clusters as input (LC Jets). Events with any LooserBad jet
are vetoed. Jets are required to have transverse momentum (pr) greater than 25 GeV and |n| < 2.5.
Soft jets with pr< 50 GeV, are required to be associated with the primary vertex, the “jet vertex
fraction” (or JVF), which is the fraction of track pr associated with the jet that comes from the
primary vertex [74], must exceed 0.5 (or there must be no track associated with the jet).

B-jets are tagged using a Multi-Variate Analysis (MVA) method called MV1 [75], and relying on
information of the impact parameter and the reconstruction of the displaced vertex of the hadron

Table 5.2: Fraction of expected ttH signal arising from different Higgs boson decay modes in each
analysis category. The six £¢0m,,q categories are combined together, as are the two 4/ categories.

The numbers may not add to 100% due to rounding.

Category\H decay mode WW 17 ZZ other

000Thaq (Same-Sign) 80% 15% 3% 2%
2017haq (1 7) 35% 62% 2% 1%
3¢ (3 leptons) 4% 15% % 4%
1027Tq (278) 4%  93% 0% 3%
40 (4 leptons) 69% 14% 14% 4%
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decay inside the jet. The output of the tagger is corresponds to a 70% b-jet efficiency Working Point
(WP).

5.2.1.2 Electron definitions

The electrons are reconstructed by a standard algorithm of the experiment [76] and the electron
cluster is required to be with |nguster| < 2.47. Electrons in the transition region, 1.37 < |Dauster| <
1.52, are vetoed. Electrons passing the VeryTight Likelihood algorithm are selected. On top of
the standard identification, additional relative calorimeter and tracking isolation as well as track
impact parameter cuts are applied. The tracking isolation variable (PtCone20/Pr) used is common
among all analyses: All tracks within a cone size of AR = 0.2 around the electron candidate with
momentum greater than 400 MeV contribute to the isolation energy. The impact parameter cuts used
the longitudinal projection along the beam line (z0sin#) and the transverse projection divided by
the parameter error (d0 significance). These cuts are used in particular to suppress the heavy-flavor
and conversion backgrounds.

5.2.1.3 Muon definitions

The “tight” identification working point is used, which effectively requires the muon tracks to be a
combined fit of inner detector hits and muon spectrometer segments. Muons are further required to
pass standard inner detector track hit requirements [77].

Relative Tracking and calorimeter isolation as well as track impact parameter cuts are also applied.
The tracking isolation variable used is similar to the one used by the electrons and discussed above.
In addition a cell-based EtCone20/Pr relative isolation variable was also used. A pile-up energy
subtraction based on the number of reconstructed vertices in the event is applied. As for electrons,
impact parameter, d0 significance, and z0sin 6 cuts are also applied.

5.2.1.4 Hadronic tau definitions

Hadronically decaying 7 candidates (denoted as “hadronic 77 or 7,,q) are reconstructed using clusters
in the electromagnetic and the hadronic calorimeters [78]. Hadronic tau candidates are seeded with
the anti-k; algorithm described in the jet section. They are required to have prgreater than 25GeV
and a pseudo-rapidity |n| <2.47. Hadronic taus are identified using the medium a working point of
a Boosted Decision Tree (BDT) method.

Hadronic tau candidates are further asked to have a charge 1 and to have either one or three
prongs. Electron veto, with loose BDT working point, is applied to reject electrons.

5.2.1.5 Overlap Removal

Overlap removal is applied to all fully identified objects, based on overlapping cones in AR. The order
and the AR cut is given in table 5.3. p-jet overlap removal cut is tuned to AR < 0.04 + kr/p}., where
ply is the muon transverse momentum and kr is an empirical scale parameter (here by = 10 GeV
is used) optimised for multijet background rejection. This due to the decreasing angular distance
between the charged lepton and the b-quark as the top quark Lorentz boost increases.

5.2.2 Event selection

All events considered in this analysis are required to pass single-lepton trigger. Selected events are
required to include exactly one light lepton with pr>25GeV, and exactly two hadronic 7 candidates
(Thaa), With pr > 25GeV. The 7,9 candidates must have opposite charge. In order to suppress the
tt+jets and tt + V backgrounds, events must include at least three reconstructed jets. To suppress
diboson and single-boson backgrounds, at least one of the jets must be b-tagged. This final state
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Table 5.3: Object Overlap Removal Cuts

Static Object | Removed Object AR Cut
Muon Electron 0.1
Electron Jet 0.3
Jet Muon 0.04 + mpG—TeV
Electron Tau 0.2
Muon Tau 0.2
Tau Jet 0.3

is primarily sensitive to H — 777~ decays, allowing use of the invariant mass of the visible decay
products of the TyhaqThaa System (my;s) as a signal discriminant. Signal events are required to satisfy
60 < Mmyis < 120 GeV.

5.3 Optimisation of the 7,4 selection

In the 1427,,q4 channel, we found that the optimal selection is: 7,.q candidates that pass Loose
electron veto and medium tau ID, with a symmetric py cut of 25 GeV. This optimization study is
described in details below.

The significance and expected signal event yields were checked for different configurations of
the tau pr, tau ID quality, and the lepton vetoes, and separately for loose, medium and tight tau
ID. Also, the effect when including tau triggers was checked. The optimization study was done by
requiring the 1/27,,4 channel preselection cuts — at least four jets where one of the jets is a b-jet and
with at least one lepton matched to one of the applied triggers. The significance is checked for either
assuming no systematic uncertainties or assuming 30% on ttbar and 20% on ttV backgrounds.

Figure 5.3.1 shows the results when omitting or applying different electron vetoes (electron veto
BDT). While no veto gives the largest yield and larger sensitivity, yet a Loose electron veto is essential
for rejecting electrons faking hadronic 7s. Thus a loose electron veto is kept for the m,.q selection.
This study was done using a tau py cut of 15 GeV.
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Figure 5.3.1: Significance (left) and event yields (right) for different electron vetoes and taulD
qualities. Loose electron veto and medium taus gives the best performance.

Figure 5.3.2 shows the results when varying the pr cut on the tau objects. This is done either
by applying the same cut on both objects or by varying the cuts independently. The lowest possible
pr cut is 15 GeV, as recommended form the tau performance group, so the cut can only be tightened.
A symmetric cut of 25 GeV was chosen as the best result.
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Figure 5.3.2: Significance (left) and event yields (right) when varying the pr cut on the 7,4 objects.
A good performance is achieved for symmetric cuts of 25 GeV for both 7y,4.

Figure 5.3.3 shows the results when including next 7,,4-triggers’ For lepton-tau triggers, leptons
pr were reduced to 20 and 17 GeV for electrons and muons respectively, and for di-tau trigger, the
leading tau was selected with a pyr > 30 GeV. It has been studied for different minimum transverse
momentum cuts. In the nominal analysis, only single lepton triggers are considered. It is found that
though the tau triggers increase the event yield, and improve the sensitivity about ~20%. Still, the
advantage of the 7,,q4-triggers might be not significant due to the uncertainty of the 7,,q-triggers.
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Figure 5.3.3: The significance (left) and event yields (right) when including also tau triggers in
addition to single letpon triggers (SLT). At this point while ~20% improvement of sensitivity is
achieved by adding 7 triggers.

In conclusion, the cuts that found to be optimal are: Loose electron veto, medium tau ID, 7 pr
cut of 25 GeV. Tau trigger was not used in the analysis due to uncovered systematic uncertainty.

1EF,tau2OTiJnediu.m1,e18vthedium1, EF_tau20T_mediuml mul5i, EF_tau29Ti_mediuml_tau20Ti_mediuml.

54



5.4 Background modelling

5.4.1 Strategy to estimate fake 7’s

The 1/27,,q channel targets the signal process ttH — 777, where the pair of top quarks decays
semi-leptonically. To select this process, we require two reconstructed hadronic 7s, one isolated
lepton and at least three jets of which at least one needs to be b-tagged. The inclusive signal region
is defined as follows:

e Exactly two Medium ID 7,,q with opposite sign.

e Exactly one isolated electron or muon that is matched to the single lepton trigger.
e At least three jets and at least one of them is b-tagged.

e 60 GeV <m]T < 120 GeV.

V1S
The reconstruction of 7,4 is based on several discriminating variables which are combined into a
MVA [78]. A data-driven estimation of the 7,4 fake rates is essential for reducing potential systematic

uncertainties. In this chapter, we describe the data-driven method for the estimation of the fake 7.4
contribution to the signal region, which is derived using the matrix-method approach.

5.4.1.1 Estimation of the fakes

The estimation of the backgrounds with at least one fake reconstructed m,.q is derived from the
matrix-method (MM) approach. Under several assumptions, the MM formalism can be simplified to
the ABCD method, which is described in detail in Appendix A.

In the analysis we select two reconstructed 7y,,q objects, that pass Medium ID selection criteria.
The pair of reconstructed 7,.qs is required to have opposite charges. Therefore, each one of the
Thaa Will have either same or opposite charge with respect to the reconstructed lepton. Denote by
SCS-T1 - reconstructed 1,,q with same charge charge sign to the reconstructed lepton, and by OCS-7
- reconstructed 7,,q which has an opposite charge sign to the reconstructed lepton.

The ABCD approach relies on relaxing the m,,4 ID selection criteria from Medium to Loose, and
defines 4 orthogonal regions:

e region A - both OCS and SCS 7y,.q pass Medium tau ID - which is the SR

e region B - both OCS and SCS 7,,q4 pass Loose tau ID, but only the OCS 7,,4 passes Medium
tau ID.

e region C - both OCS and SCS m,.q4 pass Loose tau ID, but only the SCS 7.4 passes Medium
tau ID.

e region C - both OCS and SCS 7y,,q pass Loose tau ID, but fail Medium tau identification cut.

As it will be shown here, the SCS-7y,,4 is always a non-prompt 7,4 for backgrounds where at least
one fake 7j,,q is involved. This is because the dominant fake contribution arises from ¢t decay, where
only the 1,,q with the opposite sign to the reconstructed lepton can be a prompt 7. Therefore, the
efficiency to pass Medium tau ID is independent of nature and reconstruction efficiency of the OCS-7
or in other words Ny/Np = Ng/Np. In the ABCD method, the contribution of the irreducible
backgrounds (with a prompt lepton and a pair of prompt 7,,q candidates) is subtracted from the
data.

Hence, the contamination of the fake 7,4 backgrounds in the SR can be estimated from:

Ni* =0 x (Ng — NMG) (5.4.1)

irred
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where § = Ng/Np is the fake-factor, that transforms the fake background kinematics from region B
into the SR. Np is the number of data events in region B. NM& is the contamination of region B
with irreducible processes containing two prompt 7,4 candidates, such as VV, ttV or ttH, which are
estimated from the MC. The irreducible backgrounds scaled with the fake rates are subtracted from
the region B. To keep the same jet multiplicities between the region AB and CD, events with exactly
two Loose Thaq are considered, and in the derivation of the fake estimation, the jets that overlap with

the Loose my.q are rejected.

5.4.1.2 Fake 7,4 sources

The dominant background in the 1¢27,,4 channel is the ¢ production, where one or two 7,,q are fakes
from various sources: b-jets, hadronic W boson decays, or jets from a parton shower not originating
from ¢t decay. The selected lepton is in 98% a prompt lepton (real lepton coming from the ¢t decay).
The two selected T,,q candidates (which must have opposite sign to each other) are categorized with
respect to the lepton charge as defined above (OCS and SCS). Using ¢t MC, we study the origin of
the m,,q candidates for these two categories, which is displayed in figure 5.4.1.
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Figure 5.4.1: Sources of 7,4, calculated from ¢¢ MC truth information, for events passing all selection
cuts. The plots show the expected number of 7,,4 candidates that pass Loose (solid line) or Medium
(dashed line) identification criteria. The plots also show the contribution from the fully-leptonic ¢t
decay mode (blue line) with respect to the semi-leptonic and fully-leptonic ¢t decays modes. Left:
The m,.q charge is opposite to the lepton charge; Right: The 7,,q charge is the same as the lepton
charge. “other” stands for a fake 7,4 that is not originating from the hard process.

The same information is also shown in table 5.4, where the fraction of the various origins of our
tau candidates is listed for the two categories with respect to the lepton charge. One should note,
that the m,,q with the same charge as the reconstructed lepton is almost always a “fake” one.

5.4.1.3 Fake rate estimation

The fake rates (also called fake factors), 0, are estimated from regions C and D. The fake factor is
defined as the ratio of events in C over D, i.e., # = N¢/NP. Since the statistics in these regions C
and D are very limited, we relax our selection criteria by dropping njes > 3 and ny_jer > 1 cuts. This
dedicated “fake-enriched” control region (which will also be called fake CR in the text) is defined as
follows:

e Exactly two Loose ID and opposite sign Tyaq

e FExactly one isolated electron or muon that has been matched to a single lepton trigger.
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Table 5.4: The fraction of various sources for 7.4, obtained from the truth information of the ttbar
MC sample. In our channel, we select two OS taus and one lepton. Therefore, one of the taus always
has the same charge as the lepton (Q, = @;), and the other one has opposite charge to the lepton
(Q- # Q). As can be seen from this table, the origin of the taus is different for these two charge
correlations. In particular, in the case of ), = @)y, the taus are almost entirely fake. “Other” labels
those taus which are not originating from the hard process, these are for example jets from the parton
shower which fake taus.

Q(Thad) = Q(f) Q(Thad) 7é Q(E)
Loose | Medium || Loose | Medium
real Thaq | 0.38% 0.69% 23.75% | 33.70%
Wjets | 16.23% | 15.16% || 51.59% | 45.03%

b-jets | 28.94% | 28.83% 4.27% 3.64%
“other” | 54.44% | 55.30% || 19.24% | 16.75%

Source

The fake-factors are then calculated using only those hadronic 7s that are same signed to the
selected lepton. We will show later on a closure test to prove the validity of the method even in the
presence of non-uniformities (i.e., different numbers of jets) between the SR and this fake CR, see
section 5.4.1.4. The fake CR contains ~97% of fake 7,,q. The composition of this region is shown
in figure 5.4.2. The small contamination of this region with real 7,4 of 3% introduces a negligible
systematic uncertainty compared to the statistical uncertainties of the regions used.
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Figure 5.4.2: A number of real 7,4 for various processes. The left figure shows those tau candidates
that have same sign with the lepton. This is the region which is used to extract the fake factors.
The right figure shows the same breakdown, but for those hadronic 7s which have an opposite sign
to the lepton, this region is not used in the fake estimation.

The fake factors were then obtained from the data in two bins of pr and two bins of 7 of the
Thad, and also separately for one- and three-prong 7,.q candidates. In addition to that, the fake
factors were also derived separately for two bins of the MV1 (b-tagging) weight. The usage of the
MV1 weight for this estimation is motivated as follows: B-jets that are misidentified as hadronic
7s have a different reconstruction efficiency as compared to light jets. Hadronic 7s (mainly 3 track
candidates) can have displaced secondary vertices (similar to B-hadrons), resulting in high b-tag
weights. Therefore, the 1,4 MV1 weight of the associated jet is used to distinguish between these
different types of jets. The two MV1 bins (light flavor and heavy flavor) are defined by a cut of
0.7892, which corresponds to a 70% working point. Recall, that no cut on the 7,4 candidate MV1
weight is used in the actual event selection, only for the estimation of the fake factors. Using these
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parametrized fake-factors, the expected number of fake tau events in the signal region can then be
obtained by:

N pes = Sregions (001, 1, Nerk, MV1)) X Siegions (N (01, 7, N, MV1) — Ny G) (5.4.2)

irred

Count the events of region B that fall into the categories used for the parametrization, multiply
this number by the corresponding #, and sum it up. This number is then corrected for the amount
of irreducible, prompt-7,,q processes (VV, ttV, ttH) which is estimated from MC, and amounts to
NMC = (.73 events.

The parameterized fake factors for different 7,4 selections and their fraction in the fake control region
are shown in figure 5.4.3 in bins of the py and in figure 5.4.4 in bins of 7 of the tau.
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Figure 5.4.3: Fake 7,4 efficiency to pass MediumlID selection criteria (Nygiumin/Niooseln )» Calculated
as a function of 7,4 transverse momentum for different tau selection (right) and the fraction of the
selected Tyaq in the control region (left). LF denotes 7 candidates that has MV1 weight < 0.7892
(light flavor), and HF denotes the 7 with MV1 weight > 0.7892 (heavy flavor).

5.4.1.4 Closure tests

The fake factors can have a systematic uncertainty due to the different jet composition between the
dedicated fake CR and the signal region (SR) or from small contamination of prompt 7j,,q in the
dedicated fake CR. To assess these systematic effects, the following closure tests are performed:

e MC-to-MC: We compare the fake efficiency which is estimated from MC using the fake factor
method (0/(1 + 0)) to that efficiency which is directly estimated from MC from the regions
ABCD (A/(A+ B)). In the top plots and the bottom left plot of Fig. 5.4.5, the red lines show
6/(1 + 6), and the black lines show A/(A + B). For the red lines, the fake factors are not
extracted from data, but from MC, using our dedicated fake CR.

e MC-to-Data: We compare the fake efficiency from the fake factor method (6/(1 + 6)) between
data (black) and MC (red). This is shown in the bottom right plot of Fig. 5.4.5.

28



[N
o
o
=

’\-o\ a :I T IS T g JFEI\I/ I LI |2Icl) I2|flblll I TTT I TTT I TTT I TTT I TTT I TTT I :I
S c k'S [ et ]
g 90 g 0.9:_ _:
= = [ data)2012; fake CR ]
S 80 £ 08f -
Q o °F E
L — ho} - :
W 70 20.7F -
(= r u

60 2L o6 3

© E ]

— - -

50 0.5 [ E— —

40 0.4F —_— —

30 0.3 3

£ [JJLF; 1-track 3

20 0.2F JILF; 3-track 3

E WHF; 1-track ]

10 0.1= @HF; 3-track =

0 0 :I 11 I 111 I 111 I 111 I 111 I 111 I 111 I 111 I 111 I 111 I 111 I 111 I:I

0 020406 08 1 121416 18 2 22 24 0 02040608 1 121416 18 2 22 24

™n ™n

Figure 5.4.4: Fake 7,54 efficiency to pass MediumID selection criteria (N{jqiumin/Noosen)s Calculated
as a function of n for different 7,,q selection (right) and the fraction of the selected 7,4 in the control
region (left).

figure 5.4.5 shows these closure tests with different sets of cuts. Good closure of the method is
observed for any tested selection within the statistical uncertainties.

No systematic error was applied from the closure tests since the statistical errors are much larger
than the systematic non-closures.

5.4.2 Systematic uncertainties and result

The systematic uncertainty of the fake background estimation has two uncorrelated contributions:
e Statistical uncertainty of region B (26%)
e Statistical uncertainty of the fake CR (12.8%)

The uncertainties are considered to be uncorrelated, therefore the total systematic uncertainty is the
quadratic sum of these two components. The dominant uncertainty of the method is the statistical
uncertainty of region B, which is taken as the square-root of the number of observed events in B
times 6.

The observed number of events in the data in regions BCD, and the number of events estimated
from MC in regions ABCD (for both full and fast simulation) are shown in figure 5.4.6.

The deficit of events in the region B has been studied with data-MC comparisons, and these
comparisons were repeated in regions C and D. Figure 5.4.7 shows the distribution of events in the
data compared to the MC expectation for region B and C+B, as a function of lepton type and jet
multiplicity. Figure 5.4.8 shows the same distributions in a region with more statistics, after dropping
the nje > 3 cut, but keeping the n,_;, > 1 cut, in order to enhance the tt background. In addition
we compare the distribution of the 7 types in region B between data and MC in table 5.5.

One notable observation is the discrepancy of observed and expected events for the lepton charge:
In MC one can expect about the same size of positive and negative charged leptons, but in data in
region B only 4 events have negative charged leptons.

The resulting expected number of fake-m,,4 events and the systematic uncertainty in the SR is
18.53 + 4.8statg + 2.37statrecr = 18.53 +5.35 events. We arrive at 18.53 events by multiplying the
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Figure 5.4.5: Fake 7.4 efficiencies for various selections. The top plots and bottom left plot compare
in red the efficiency estimated from MC from the fake factor method (6/(146)), and in black the direct
MC estimate (A/(A + B)). Top left shows Powheg full sim, top right Powheg fast sim, and bottom
left MCQNLO+herwig ttbar. In the bottom right plot, we compare the fake efficiency estimated
from the fake factor method (6/(1+ 6)) between data (black) and MC (red). These comparisons are
done for various selections. A suitable closure is observed within the statistical uncertainties.
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events are observed, while 21 events are expected from full MC.

Table 5.5: Distribution of SS 7y, types of the data events in region B averaged over pr and n bins, as
a function of MV1 weight (LF - 7,,q with MV'1 < 0.7892, HF = 7,,q with MV1 > 0.7872) and as a
function of number of tracks, compared to the MC predictions. The fake factors estimated from the
fake CR in data (DD) or MC and their systematic uncertainty are also shown. The contamination of
the region B with irreducible prompt-7,,q background (VV, ttV, ttH) amounts to 0.74 events, which

was estimated from MC, and this is subtracted from the fake estimation.

Thad Parametrization | data events Opp MC weighted events | 0/¢
LF and 1 track 9 1.15+0.09 13.29 1.07
HF and 1 track 1 0.83 £0.23 2.12 0.89
LF and 3 track 5 1.25+0.15 5.25 1.30
HF and 3 track 1 1.71+0.31 3.19 1.57
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compared to MC predictions. In the DATA/MC ratio plots the green and yellow bands represent
statistical uncertainties for 1o and 20, respectively.
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observed number of events in B (16 events) with the fake factor # which is parameterized in various
bins (equation 5.4.2). The deficit in region B drives this overall result of the fake estimation in the
signal region. The estimated number of fakes is notably smaller than the number of events expected
from ttbar MC (29.3 events).

5.4.2.1 Control plots

The results of estimating the fake background using the fake scale factors are shown in this section.
Figure 5.4.9 show various kinematical variables obtained at the preselection, while figure 5.4.10
shows several kinematical variables obtained at the preselection + at least 2 jet events. The shapes
of the data-driven fake estimations are taken from the data from region B.
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Figure 5.4.9: Distribution of several kinematical variables in the fake CR, where the fake 7,4 con-
tribution is estimated from the data. In the DATA /MC ratio plot green and yellow bands represent
statistical uncertainty for 1o and 20 respectively.

A reasonable agreement between data and the estimated backgrounds is achieved with the data-
driven fake estimation method.

5.4.2.2 Final background estimate in the tight SR

In order to not get biased by the deficit observed in region B, the fake estimate in the tight SR was
not used. Instead, the central value of the ttbar background is estimated from fast-sim MC, and
the difference to the fake estimate is assigned as a systematic uncertainty. The difference between
the MC estimation and the data-driven fake estimation is calculated in the inclusive SR. The sum
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of the MC estimate (which contains the processes ttbar, VV, 4tops, and V+jets) is 29.04 events.
The fake estimate is 18.53 events. The difference is 10.5 events. The relative uncertainty on the MC
estimate is therefore 36%. Hence, in the tight SR, we predict 15.1 & 5.4(total) ttbar events, which is
our most-dominant background. Other MC processes sum up to 1.3 £ 0.3(stat) events.

5.5 Results of the 1/27,,q channel

The observed yields, and a comparison with the expected backgrounds and ttH signal, in 1/27j,.q
channel, are shown in Table 5.6.

Table 5.6: Expected and observed yields in 127,49 channel. Uncertainties shown are the sum in
quadrature of systematic uncertainties and Monte Carlo simulation statistical uncertainties. “Non-
prompt” includes the misidentified 7,,q4 background. Rare processes are not shown as a separate
column but are included in the total expected background estimate.

Observed
10

tz
0.37 £ 0.09

ttH (un=1)
0.68 £ 0.13

Diboson
0.41 £ 0.42

W
0.17 £ 0.06

Expected bkg.
16 £ 5

Non-prompt
15+ 5

Category
10274

The jet and electron multiplicities in the events passing the 1/27,,4 signal region selection are
shown in figure 5.5.1.
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Figure 5.5.1: Jet and electrons multiplicities in the signal region of 1£27,,4 category. The number of
jets is 10x the number of b-tagged jets plus the total number of jets. The hatched bands show the
total uncertainty on the background prediction in each bin. The non-prompt spectra are taken from
simulation of ¢, single top, Z+jets , and other small backgrounds. The overlaid red line shows the
ttH signal from the Standard Model. For visibility, the t¢H signal is multiplied by a factor of 2.4 in
the plots. These plots were published in Ref. [7].

In figure 5.5.2, the unblinded m7. spectrum is displayed. For the sensitivity estimate, only tight

SR is considered.
An ATLAS event display for an event that pass all event selection of the 1/27,,4 channel is shown

in Figure 5.5.3.
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Model. For visibility, the ttH signal is multiplied by a factor of 2.4. This plot was published in
Ref. [7].
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Figure 5.5.3: Event display for a candidate event in the 1/27,,q4 category. The TyaqThaq System has
m]T. = 66 GeV. This plot was published in Ref. [7].
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5.6 Final results of all channels in {tH —multilepton search

The final expected limits with their 1 and 2 ¢ errors and with or without signal injection are give in
table 5.7 and illustrated in figure 5.6.1.

Channels | Obs Median Median | 68% CL Range | 95% CL Range CMS
Signal Injected

200r | 6.7 5.0 3.9 2.8:5.7] 2.1;8.4] (9.1/3.6/3.4)
3l 6.8 5.1 3.8 2.7:5.7] 2.0;8.5] (6.7/4.7/3.8)
2017 | 75 10.0 8.4 [6.1;13] [4.5;21] (6.7/4.7/3.8)
Al 18 17 15 [11;23] [8:39] (6.8/11.9/8.8)
10210 | 13 19 18 [13:26] [10;40] (13.2/-/14.2)

Combined | 4.7 3.7 2.4 [1.8:3.6] [1.3:5.3] (6.6/-/2.4)

Table 5.7:  Expected limits with their 68% and 95% CL errors, expected limits with signal in-
jected, and observed limits. Comparison with available CMS limits (observed/median signal in-
jected/median). My contribution is the 1/27,,4 channel, which is marked in red.

The best-fit value of the signal strength p = ¢/t /ot is determined using a maximum likelihood
fit to the data yields of the different analysis categories, which are treated as independent Poisson
terms in the likelihood. The p = 1 hypothesis assumes Standard Model Higgs boson production and
decay with my = 125 GeV; for all other values of p only the ¢t H production cross section is scaled
(the Higgs boson branching fractions are fixed to their SM values). The results of the fit are shown
in figure 5.6.2. Combined over all categories, the value of 4 is found to be 2.1773. In the presence of
a signal of SM strength, the combined fit is expected to return = 1.071%. The p = 0 hypothesis has
an observed (expected) p-value of 0.037 (0.18), corresponding to 1.80 (0.90). The u = 1 hypothesis
(the SM) has an observed p-value of 0.18, corresponding to 0.90. The observed (expected) upper
limit, combining all channels, is p < 4.7 (2.4).

A full extraction of limits on the top quark Yukawa coupling including the relevant modifications
of single top plus Higgs boson production was reported in Ref. [79].

The results are sensitive to the assumed cross sections for ¢tW and ttZ production and use
theoretical predictions for these values as experimental measurements do not yet have sufficient

precision. The best-fit © value as a function of these cross sections is

p(tiH ) =2.1—1.4 (Uzgz/b) - 1) ~13 (;g?fg - 1> (5.6.1)
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Figure 5.6.1: 95% CL upper limits on p, determined via the CLs method, for various categories and
the combined result. My contribution is the 1/27,,4 channel.
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Figure 5.6.2: Best fit values of the signal strength parameter u = oy /053 For the 41 Z-depleted
category, ;1 <-0.17 results in a negative expected total yield and so the lower uncertainty is truncated
at this point. My contribution is the 1/27,,4 channel. This plot was published in Ref. [7].

69



CHAPTER
Two Higgs doublet models (2HDM)

This chapter contains no original work. It describes the Two Higgs doublet model (2HDM) which is
background material for chapter 7.

6.1 Introduction

The Higgs sector of the SM can be easily extended by introducing a second complex doublet of the
Higgs field. Then, from the eight degrees of freedom introduced by the two complex doublets, three
become longitudinal states of the Z and W bosons after electroweak symmetry breaking, and five
physical Higgs boson remains: two charged (H",H™,) two neutral CP-even scalars (H,h) and one
CP-odd neutral pseudoscalar (A).

There are four types of 2HDM commonly discussed. In type-I, all fermions couple to one of the
Higgs doublets. In type-1I, up-type quarks couple to a different Higgs doublet than down-type quarks
(and charged leptons). In the lepton-specific type, all leptons couple to one of the Higgs doublets,
and the quarks to the other. In the flipped-model, up-type quarks and charged leptons couple to the
same doublet.

6.2 Production and decays of the Charged Higgs boson in
2HDM

In a type-11 2HDM, which corresponds to the Higgs sector of the Minimal Supersymmetric Standard
Model (MSSM) [80-84], the production and decay of the charged Higgs bosons' are partly depend
on its mass mpy+. For HT masses below the top-quark (mpy+ < myep, Where my,, is the top-quark

'In the following, charged Higgs bosons are denoted HT with the charge-conjugate H~ always implied. Generic
symbols are also used for particles produced in association with charged Higgs bosons and in their decays.
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mass), the primary production mechanism is through the decay of a top quark, ¢ — bH*. The
leading source of top quarks at the LHC is via tt production. For HT masses above the top-quark
mass (mpg+ > Myep), the leading HT production mode at the LHC is in association with a top quark
which can be described as either in the four-flavor (4FS) or the five-flavor scheme (5FS). In the former,
the bottom quark mass is considered to be on the same order of magnitude as the other hard scales
involved in the process, then the bottom quark is not endowed with a parton distribution function
(PDF) and emerges from an additional gluon splitting (gg — tHb). Instead, in five-flavor scheme,
the bottom quark mass is treated as a massless parton, thus the tree-level diagram is initiated by a
bottom-quark (gb — tH). For H" masses close to the mass of the top quark (mpy+ ~ myep) finite
top-width effects as well as the interplay between top-quark resonant and non-resonant diagrams
cannot be neglected. Therefore, the full process pp — HTWTbb (with massive bottom quarks)
including non-resonant, single-resonant and double-resonant contributions, has to be considered (see
figure 6.2.1).

The production and decays of the charged Higgs boson are also controlled by the parameter tan 3,
defined as the ratio of the vacuum expectation values of the two Higgs doublets. Figure 6.2.2 shows
typical production cross sections for heavy charged Higgs bosons in a type-II 2HDM at /s = 13 TeV.
An overview of the cross-section estimation in the intermediate-mass region is given in reference [85],
where several production modes and their interference are taken into account. Figure 6.2.3 shows
a two-dimentional plot of production cross section as a function of tan S and mg+ for 4FS in the
2DHM.

(a) (b) (c)

Figure 6.2.1: Sample LO diagrams for the full pp — H*WTbb process: (a) non-resonant top-quark
contribution; (b) single-resonant top-quark contribution; (c) double-resonant top-quark contribution.
This figure is taken from Ref. [85].

In the MSSM, some benchmark scenarios have been defined, which keep a low number of free
parameters in the theoretical model. In some scenarios, such as m}?OdJr [89], the top-squark mixing
parameter is chosen such that the mass of the lightest CP-even Higgs boson, my,, is close to the
measured mass of the Higgs boson that was discovered at the LHC. A different approach is employed
in the hMSSM [90] scenario, in which the measured value of my, can be used, and the non-observation
of superparticles at the LHC is taken into account by setting the SUSY-breaking scale to Mg > 1 TeV.
The branching fractions for H* decays into SM particles are displayed in figure 6.2.4, as a function of
mg+, for tan f = 10 and tan § = 50, in the m],”;OdJr scenario. For tan § > 3, light charged Higgs bosons
decay mainly via HT — 7v [91]. Above the top-quark mass, the branching fraction BR(H™ — 7v)

can still be substantial (at least 10%), depending on the value of tan 3.
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Figure 6.2.2: Production cross section for the heavy charged Higgs boson (i.e. resulting from the
associated production with a top quark), as a function of mpy+, in a type-Il 2HDM with tan
=30 [86]. The predictions are shown for the four-flavor and five-flavor schemes , as well as for their
combination, computed according to the Santander-matching rule [87].
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Figure 6.2.3: Two-dimensional plot of the charged Higgs boson production cross section (left) and
average relative uncertainty (right) as a function of tan 5 and mpy+ values in the 4FS of the 2HDM.
This plot is from Ref. [88].
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of 10 (left) and 50 (right), in the m}**** scenario of the MSSM. This plot is from Ref. [92].
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CHAPTER
Search for charged Higgs bosons

This chapter is based on reference [9]: ” Search for the charged Higgs bosons produced in association
with a top quark and decaying via H* — Tv using pp collision data recorded at \/s = 13TeV by
the ATLAS detector”, and on reference [11]: " Search for charged Higgs bosons in the T+jets and
7+lepton final states with 36.1 fb=1 of pp collision data recorded at \/s = 13TeV with the ATLAS
experiment” .

My contribution: I was one of the primary authors of the first paper, and I was involved
in various aspects of this publication (Development of cross-check analysis, background estimation,
control region studies, derivation production, signal sample validation, theoretical interpretation of
the results). I was also the analysis coordinator of the second paper, and I was once again involved in
various aspects of this analysis. In the following chapter more details are given on my own analysis.

7.1 Introduction

The discovery of a new scalar particle opens the question of whether this new particle is the Higgs
boson of the Standard Model (SM), or one physical state of an extended scalar sector.

The combined LEP lower limit at the 95% confidence level (CL) for the charged Higgs boson
mass is about 80 GeV for a type-II 2HDM [93]. The Tevatron experiments placed upper limits in the
15-20% range on BR(t — bH™) for my+ in the range 80-150 GeV [94,95]. The D0 experiment at
the Tevatron also searched for a heavy charged Higgs boson with a mass in the range 180-300 GeV
using the H* — tb decay channel and interpreted their result in various types of 2HDM [96]. Light
charged Higgs bosons have been searched for at the LHC by both CMS [97] (2 fb™!, /s = 7 TeV)
and ATLAS [98,99] (4.7 fb™!, \/s = 7 TeV) in the 7v final state. Neither experiment found evidence
for a low-mass charged Higgs boson within the limits of their data samples.

ATLAS and CMS also searched for both light and heavy charged Higgs bosons in proton-proton
collisions at /s = 8 TeV using the 7+jets final state [100,101]. Upper limits at the 95% CL were
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placed on the product BR(t — bH™) x BR(HT™ — 7v) at the level of 0.23-1.3% by ATLAS, and 0.16—
1.2% by CMS, for 80 GeV < mpy+ < 160 GeV. Upper limits on the production cross section times
branching fraction o(pp — tH™ + X) x BR(H' — 7v) were placed between 0.76 pb and 4.5 fb by
ATLAS, in the charged Higgs boson mass range 200 GeV < mpy+ < 1000 GeV, and between 0.38 pb
and 25 fb by CMS, for 200 GeV < mpg+ < 600 GeV. In addition, using the 8 TeV data, H™ — WZ
was searched for in the vector-boson-fusion production mode by the ATLAS collaboration [102]. The
CMS collaboration has searched for charged Higgs bosons, using 12.9fb™! of 13 TeV data for the
H* — 7v decay mode [103] and using 15.2fb™" of 13 TeV data for the vector-boson-fusion production
of H* decaying into a WZ pair [104]. No evidence for charged Higgs bosons was found in any of
these searches.

In this chapter we will describe a search for charged Higgs bosons, with the Ht — 7 decay mode,
using the 13 TeV ATLAS data, in the mass range of 90-2000 GeV (including the intermediate-mass
region). The top-quark produced in association with HT may decay either hadronically (¢t — bW —
bqq yielding a Ta.q+jets final state) or leptonically (¢ — bW — bly, yielding a 7,,q+lepton final
state where ¢ is an electron, muon, or leptonically decaying 7). The data used for this analysis are
from proton-proton collisions at /s = 13 TeV, collected with the ATLAS experiment at the LHC in
2015 and 2016 and corresponding to an integrated luminosity of 3.2fb~" and 32.9 fb™'respectively.
In Section 7.2, the data, and simulated samples are summarised. In Section 7.3, the reconstruction
of physics objects in ATLAS is described. The analysis strategy and event selection are discussed
in section 7.4. Section 7.5 deals with data-driven estimations of backgrounds with fake 7 objects.
Systematic uncertainties are discussed in Section 7.6. Exclusion limits on the production of a charged
Higgs boson decaying via H™ — 7v, at the 95% CL, are presented in section 7.7. Finally, a summary
is given in Section 7.8.

7.2 Data and simulated samples

7.2.1 Monte Carlo simulations

Monte Carlo (MC) simulated samples are used to develop and validate the analysis method, to cal-
culate the signal selection efficiency and some background contributions, as well as for the evaluation
of systematic uncertainties. The MC samples are based on the ATLAS full GEANT4 simulation [105]
and are reconstructed using the same analysis chain as the data.

For the generation of ¢f and single top-quarks, the POWHEG-Box v2 [106,107] generator, with
the CT10 PDF [108, 109] sets in the matrix element calculations, is used. The top-quark mass
is set to 172.5 GeV for all relevant signal and background samples. Events containing a W or Z
boson with associated jets are simulated using SHERPA v2.2.1 [110] together with the NNPDF3.0
NNLO [111] PDF set. Diboson processes (WW, W Z and ZZ) are simulated using the POWHEG-BOX
v2 generator, interfaced to the PYTHIA v8.186 parton shower model. All SM background samples
are scaled by k-factors such that the total number of events corresponds to the recent theoretical
predictions on the cross sections at NNLO or NLO. The simulated events are then weighted to the
same number of collisions per bunch crossing as the data.

Simulated events of H' signal are generated in three distinct mass regions. In the mass range
below the top-quark mass (90 < mpy+ < 160 GeV), tt events with one top-quark decaying into a
charged Higgs boson and a b-quark are generated at the leading order (LO) with MADGRAPH5 [112]
(diagram (c) in figure 6.2.1). Both tf events with two ¢ — bH* decays and single-top-quark events
with a subsequent decay ¢ — bH™ have a negligible contribution and are not simulated. In the
mass range above the top-quark mass (200 < mpg+ < 2000 GeV), simulated events of H' pro-
duction in association with a top-quark are generated in the 4FS at next-to-leading order (NLO)
with MADGRAPH5+AMCQNLO (diagram (b) in figure 6.2.1). In the intermediate-mass region
(160 < mpg+ < 200 GeV), the full process pp — HTWbb is generated at LO with MADGRAPH5
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(all diagrams of figure 6.2.1). The Dynamical QCD scales pgr, pr = Hr/2 = 1/2 Y. \/m? + p%,
are considered for charged Higgs boson masses in the range 90-160 GeV, whereas static QCD
scales ug, ip = mp+/3 are chosen for the other mass hypotheses. For all H' signal samples, the
2HDMtypelIl setting [113] is used when generating events'. The acceptance reduction ranges from
22% for mp+ = 200 GeV to <2.5% above 1000 GeV. Since the mass resolution is dominated by
experimental effects, the H™ narrow-width approximation is used, which also allows to quote model-
independent results. In order to profit from high statistics, the signal samples are based on the
ATLAS fast simulation (AtlFast-1I) [115].

Signal samples generated at NLO have ~40% of events with negative weights. This large fraction
of negative event weights affects the modelling in the signal region, due to limited statistics after
subtracting the events with negative weights. It found that the shape of our final discriminant is con-
sistent within the statistical precision between events with negative and positive weights. Therefore,
the unweighted signal samples normalised to the number of expected events obtained using generator
weights are used throughout the analysis. A comparison between the weighted and unweighted for
the mr shapes” is shown in figure 7.2.1 for two selected H* mass hypotheses.
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Figure 7.2.1: Comparison between weighted (black) and unweighted (magenta) distributions of the
final discriminant (M7), shown after full event selection for my+ = 200 GeV (left) and mpy+ =
350 GeV (right).

In order to check potential discrepancies between ATLAS fast and full simulation, distributions
of key variables used in the analysis selection were compared on the ¢t sample generated using the
POWHEG + PYTHIA as described above. The overlaid distributions obtained from the fast and the
full simulations are shown in figure 7.2.2. The two simulations show very good agreement in nearly
all distributions with a slight indication for bias towards lower jet multiplicity in the fast simulation.
However, the signal acceptance remains in agreement for the two simulations within less than 2%.

IDifferences with respect to the latest recommendations of the LHC Higgs Cross-Section Working Group [85, 114]
were found to have a negligible impact.

mr — was the discriminating variable used in the publication with the 2015 data [9]. See section 7.4.1 for more
details.
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Figure 7.2.2: Comparison of the key kinematical distributions used for selection in the MCl15c¢ tt
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simulated with the fast (AF2) and the full ATLAS simulation.
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7.2.2 Data sample

Only events recorded with all ATLAS sub-systems fully operational are used for this analysis. To-
gether with the requirement of having 13 TeV pp collisions with stable beams, this results in a data
sample of 36.1 & 0.76fb™! recorded during 2015 and 2016 data-taking periods. Data-quality criteria
are applied, so that events in which jets are consistent with noise in the calorimeter or non-collision
backgrounds are removed.

7.3 Physics object reconstruction

In the ATLAS experiment, hadronic jets are reconstructed from energy deposits in the calorimeters,
using the anti-k; algorithm [73] with a radius parameter R = 0.4. Jets are calibrated using simulation-
based corrections and in-situ measurements [116]. In the following, jets are required to have a
transverse momentum pr > 25 GeV and |n| < 2.5. A multi-variate technique (Jet Vertex Tagger)
relying on jet energy and tracking variables to determine the likelihood that a given jet originates
from pile-up [74] is applied to jets with pr < 60 GeV and |n| < 2.4. Jets arising from b-hadron decays
are identified by using an algorithm that combines impact parameter information with the explicit
identification of secondary and tertiary vertices within the jet into a b-tagging score [75,117]. The
minimal requirement imposed on the b-tagging score in this analysis corresponds to a 70% efficiency
to tag a b-quark-initiated jet in ¢ events, with rejection rates of 381 for light-quark-initiated jets and
12 for c-quark-initiated jets, enhanced with respect to Run 1 by the use of the IBL and an improved
algorithm.

Candidates for identification as hadronically decaying 7 leptons (7,,q) arise from jets that have
pr > 10 GeV and for which one or three charged-particle tracks are found within a cone of size
AR = 0.2 around the axis of the 7,,q candidate [78,118]. These objects are further required to have
a visible transverse momentum (p7.) of at least 30 GeV and to be within |n| < 2.3 (the transition
region between the barrel and end-cap calorimeters, 1.37 < |n| < 1.52, is excluded). The output of
boosted decision tree (BDT) algorithms is used in order to distinguish 7,4 candidates from jets not
initiated by hadronically decaying 7-leptons. This is done separately for decays with one or three
charged-particle tracks, and for varying values of the identification efficiency [118]. In this analysis,
a working point corresponding to a 55% (40%) efficiency for the identification of 1-prong (3-prong)
Thaa Objects is used, with rejection rates of O(10?) for jets. A looser selection of T,q candidates is
also used in the analysis, obtained using the BDT working point with an efficiency of about 70%
and a jet rejection factor about 2-5 times smaller than for the nominal working point. The 7.q
candidates that fulfil this alternative selection are referred to as loose.

Electron candidates are reconstructed from energy deposits (clusters) in the electromagnetic
calorimeter, associated with a reconstructed track in the inner detector [76,119]. The pseudora-
pidity range for the electromagnetic clusters 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).
Quality requirements on the electromagnetic clusters and the tracks, as well as isolation requirements
in a cone around the electron candidate based on its transverse energy and the tracking information,
are then applied in order to reduce contamination from jets. Muon candidates are reconstructed
from track segments in the muon spectrometer, and matched with tracks found in the inner detector
within |n| < 2.5. They must fulfil quality requirements including a py-dependent track-based isola-
tion requirement in a cone of variable size around the muon, which has good performance under high
pile-up conditions and/or when a muon is close to a jet [77].

When several objects overlap geometrically, the following procedure is applied. A 7,4 object is
removed if found within AR < 0.2 of a selected electron or a muon with loose identification criteria
and pr > 7 GeV. Any calorimeter-tagged muon sharing an inner-detector track with an electron is
removed and electrons sharing an inner-detector track with a remaining muon are then discarded.
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Next, electrons and muons are removed if found within AR < 0.4 of a b-tagged jet. Finally, jets
are discarded if they are within AR < 0.2 of the highest-pr 7.4 candidate or remaining muons and
electrons.

The magnitude ET of the missing transverse momentum [120] is reconstructed from the negative
vector sum of transverse momenta of reconstructed and fully calibrated objects (collected in the hard
term), as well as from reconstructed tracks associated with the hard-scatter vertex which are not in
the hard term (collected in the soft term).

7.4 Analysis strategy

The charged Higgs boson decays into 7,4 and neutrinos, while the top-quark may decay either
hadronically or leptonically. Hence, two orthogonal channels are defined, depending on the top-quark
decay: Thag+jets (for hadronically decaying top quark) or m,.q+lepton (for leptonically decaying top
quark). The 7,4 candidate could potentially come from the top-quark via a W boson decaying into
Thaa and neutrinos. In that case, H' may either give rise to an electron or muon via a leptonic 7
decay or fail detection. The largest fraction of selected signal events where the 7,,q candidate does
not come from H™* is about 20%, for a mass of 100 GeV, in the 7y,q+jets channel.

7.4.1 Event selection in the 7,4+jets channel

The analysis of the T+jets channel is based on events accepted by an EXS trigger with a threshold
at 70, 90 or 110 GeV, depending on the data-taking period (EX* > 70 GeV for the 2015 data,
EXiss > 90 GeV for periods A-D3 and ET > 110 GeV for periods D4-L of the 2016 data). The
efficiency of such triggers is measured in data and used to reweight simulated events as described in
Ref. [9]. At least one vertex with two or more associated tracks is required.

For the selected events, the transverse mass My of the T,.q and EXS is defined as:

MT = \/QP%E%HSSG — COS AQ%’,miss)) (741)

where A, miss is the azimuthal angle between the 7,4 and the direction of the missing transverse
momentum.

The following requirements are then applied:

e at least one 7,,q candidate with p7. > 40 GeV;

e 10 lepton (electron or muon) with Er or pr above 20 GeV, respectively;
e at least three jets with pr > 25 GeV, of which at least one is b-tagged;
o Eiss > 150 GeV;

o My > 50 GeV.

A minimal requirement is placed on My at 50 GeV to reject events with mismeasured FERss,
where 7j,,q is nearly aligned with the direction of the missing transverse momentum.

The expected numbers of background events and the results from data, together with an ex-
pectation from the signal contribution at my+ = 200 GeV, are shown in table 7.1. Figure 7.4.1
show comparisons between predicted and measured distributions, for events after full selection. The
j — 7 background includes all processes in which the selected 7,4 candidate is from a quark- or
gluon-initiated jet, the [ — 7 background includes all processes in which a lepton (electron or muon)
is reconstructed and identified as the m,,q object, and all other backgrounds correspond to events
where the 7,,q object matches a hadronic 7 decay at the generator level. The latter two backgrounds
are derived from simulation, while the former is estimated from data using the Fake Factor (FF)
method (see Section 7.5.2).
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Figure 7.4.1: Comparison of the data with the predicted electroweak, top and multi-jet backgrounds,
along with a few simulated signal samples (with my+ = 90,200 GeV), after full event selection in
Thad+jets channel. Shown are (top left) the 7y,,4 candidate pr, (top right) the E&is (middle left) the
reconstructed transverse mass of the 7,,q and EX (middle right) the number of b-jets, (bottom
left) the 7h,q number of charged tracks and (bottom right) the angle between the m,q candidate
and the EMs5. The background is stacked, while the signal is overlaid. When plotting transverse
momenta, the last bin contains overflow. The 7 — 7 background is estimated using the FF method.
The uncertainty band in the ratio plots is statistical systematic uncertainty. The signal distributions
are all scaled to the integral of the total background.

7.4.2 Event selection in the 7,,q+lep channel

This second channel is based on events firing single-lepton triggers. Triggers with low pr thresholds
(24-26 GeV depending on the data-taking period, for both electrons and muons) and isolation re-
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quirements are combined in a logical OR with triggers having higher pr thresholds (60-140 GeV for
electrons, 50 GeV for muons) and looser isolation or identification requirements to maximise the effi-
ciency. Following the same data-quality requirements as in the 7,,q+jets channel, events are selected
with the requirements listed below:

e exactly one lepton (electron or muon) matched to the single-lepton trigger object, with Et or
pr above 30 GeV, respectively;

e exactly one 7,4 candidate with pT. > 30 GeV and an opposite electric charge with respect to
the lepton;

e at least one jet with pr > 25 GeV, of which at least one is b-tagged;
o Emiss > 50 GeV.

The expected numbers of events in the signal region coming from different backgrounds, together
with an expectation for signal at my+ = 200 GeV and 1 TeV, as well as the number of events in
data, are shown in Tables 7.2-7.3. Figure 7.4.2 show comparisons between predicted and measured
distributions, for events after full selection.
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7.4.3 Multi-variate discriminant

In the published results based on the proton-proton collision data recorded by the ATLAS experiment
in 2015 [9], the analysis used the transverse mass (mr) defined in equation 7.4.1 as a final discrimi-
nating variable. During the 2016 data taking period, a new discriminating variable was introduced,
based on the Multi-Variable Analysis (MVA) approach — the Boosted Decision Tree (BDT') method.
The output score of the BDT is used to separate the H* signal from the SM background processes
and served as a discriminating variable. The MVA part of the analysis was done by others and is
brought here for completeness.

The training of the BDTs is performed using the FastBDT [121] library via the TMVA toolkit [122].
Using the whole available set (or sample) in the training of the classifier (the BDT algorithm) leads
to overfitting/overtraining as the classifier learns fluctuation in the dataset and performs worse on
the actual “unseen” data. Usually, the sample is divided into two subsets — the training set and
validation (or test) set. The classifier is trained against the training subset, and then the accuracy
of the model is evaluated by validating the predicted results against the validation (test) subset. In
this case, only a part of the available set (or sample) is used for the training, resulting in a weaker
learning process. To overcome this limitation a k-fold cross validation method is used. In the k-fold
approach, the events are divided into k subsets (each subset is called a fold). For each fold, the
classifier is trained against the other & — 1 subsets and validated (tested) with the remaining fold.
This procedure is repeated k£ times when each one of the events in the whole sample is used exactly
once in the validation sample, and the whole set (sample) is ultimately used in the training of the
classifier. The k results from the folds can then be averaged to produce a single estimation. The
advantage of this approach is of using the whole dataset for testing and training, which reduces the
overfitting/overtraining of the classifier. In the analysis k = 5 is used.

The signal samples are divided into five mass bins, in which the kinematic distributions of the
input variables and the event topology are found to be similar enough to ensure that the higher
statistics from inclusive training improves performance. The H™ mass bins used in both chan-
nels are 90-120 GeV, 130-160 GeV (using the low-mass 160 GeV sample), 160-180 GeV (using the
intermediate-mass 160 GeV sample), 200-400 GeV and 500-2000 GeV. All available H* signal sam-
ples corresponding to a given mass bin are combined into one inclusive signal sample. The BDTs
are trained separately for events where the leading 7,4 candidate has one or three associated tracks.
The variables entering the BDT training differ for the two channels considered in this search, and
they are summarised in Table 7.4. Among the 7,4 candidates and b-tagged jets, the object that has
the largest pr is considered in the BDT input variables.

At low H™ masses (i.e., between the W-boson and top-quark masses, typically), the kinematics
of the t — bH™ and t — bW decay products can be very similar. In that case, the polarisation of
the 7-lepton can serve as a discriminating variable: in all SM background processes, the 1,,4 object
originates from a vector-boson decay, whereas it is generated in the decay of a scalar particle in
the case of H* signal [123]. The 7-lepton decay mode with the highest branching fraction is via an
intermediate p resonance (about half of all hadronic 1-prong 7-lepton decays). The polarization of
the Thaq candidates in this decay mode can be measured by the asymmetry of energies carried by
the charged and neutral pions from the 7-lepton decay, measured in the laboratory frame. For this
purpose, the variable Y is introduced [124]:

+ 0 _
s T T—track
_ Bt — Ef _ oPr

BT+ BT pp

~1 (7.4.2)

It is defined for 7,,q candidates with only one associated track, with a transverse momentum p}’tmk.

In the absence of neutral 7-lepton decay products (i.e., when the 7,,4 object corresponds to a single
charged meson), T is equal to unity and does not contribute to the BDT learning process. Hence
the benefit is greater when Y is used inclusively for all 1-prong 7,.q candidates instead of splitting
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Figure 7.4.2: Predicted total background distributions including electroweak, top and multi-jet back-
grounds, along with a few simulated signal samples (with m g+ = 90,200 GeV), after full 7j,,q-+e event
selection. Shown are (top left) the 7,,q candidate pr, (top right) the FX  (middle left) the recon-
structed transverse mass of the 7,4 and E& (middle right) the number of b-jets, (bottom left) the
Thada numMber of charged tracks and (bottom right) the angle between the 71,,q candidate and the ERS.
The background is stacked, while the signal is overlaid. When plotting transverse momenta, the last
bin contains overflow. The j — 7 background is estimated using the FF method. The uncertainty
band in the ratio plots is statistical systematic uncertainty. The signal distributions are all scaled to
the integral of the total background.
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Figure 7.4.3: Predicted total background distributions including electroweak, top and multi-jet back-
grounds, along with a few simulated signal samples (with m g+ = 90,200, 1000 GeV), after full 7,9+
event selection. Shown are (top left) the 7,4 candidate pr, (top right) the B (middle left) the
reconstructed transverse mass of the 7,4 and EX (middle right) the number of b-jets, (bottom
left) the 7,,q number of charged tracks and (bottom right) the angle between the 7,4 candidate
and the EM5. The background is stacked, while the signal is overlaid. When plotting transverse
momenta, the last bin contains overflow. The 7 — 7 background is estimated using the FF method.
The uncertainty band in the ratio plots is statistical systematic uncertainty. The signal distributions
are all scaled to the integral of the total background.
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events according to decay modes with different reconstructed charged and neutral components. For
H™* masses in the range 90-400 GeV, the BDT training is performed separately for events with a
selected 1- or 3-prong m,,q object, and Y is included in the final BDT discriminant for events where
Thaa has only one associated track. The importance of other kinematic variables in the BDT training
becomes much greater at large H' masses, in which case the BDT discriminant is inclusive in the
number of tracks associated to the m,,q candidate and does not contain the variable Y.

BDT input variable ‘ Thaa+jets ‘ Thaa-+lepton

miss
ET

s
S
SN NN

SN NN N NENEN

>
&
Bl
\

T=22__ 1 v v

Table 7.4: List of kinematic variables used as input to the BDT in the 7j,,q+jets and/or T,.q+lepton
channels. Here, ¢ refers to the selected lepton (electron or muon). Agx miss denotes the difference in
azimuthal angle between a detector object X and the direction of the missing transverse momentum.
Note that T is only defined for 1-prong m,,q candidates. Hence, for H* masses in the range 90—
400 GeV, where the variable T is used, the BDT training is performed separately for events with a
selected 1- or 3-prong m,,q candidate. In the mass range 500-2000 GeV, T is not used.
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7.5 Background modelling

The background processes in the search for HT — 7v are tt, single-top-quark, W+jets, Z/v*+jets,
diboson and multi-jet (MJ) events. The individual contributions from several of these backgrounds
can be determined from the data.

Backgrounds are categorised based on the object that is selected as the reconstructed and identi-
fied Thaq: a true hadronically decaying 7 lepton, a light lepton (e/u), or a quark/gluon jet. This section
describes the modelling of those background components. The estimation of the latter background
is performed using a data-driven technique called the Fake Factor (FF) method (see Section 7.5.2).

7.5.1 Electron faking 7,,q candidates

Electrons faking m,.q candidates are not guaranteed to be well modelled in simulation. In order to
study this background component, a dedicated control region enriched in Z — ee events is defined,
using the following event selection:

e single-electron trigger, the same as used in the 7,,q+lepton signal region;
e exactly one tight electron with Er > 30 GeV matched to the trigger;

e exactly one medium T,.q candidate with p}. > 40 GeV and an electric charge opposite to that
of the selected electron;

e no b-tagged jets or muons;
e at least one jet with pr > 25 GeV.

The topology of the selected events has a prompt electron that is reconstructed and identified as
a medium Thaq candidate, but not as an electron. The distribution of the e-7,,q4 visible mass, as well
as the transverse mass of the 7,49 + ErTniSS system and other kinematic variables, as obtained with the
event selection described above, are shown in figure 7.5.1. The modelling of electrons faking a 7,.q
candidate is found to be satisfactory in the SHERPA Z — ee samples. Therefore, no additional scale
factors are applied, beyond the recommended e — 7,,q scale factors.

7.5.2 Fake-factor method (jet— m,,q background)

Events that contain quark- or gluon-initiated jets can enter the signal region when one of these jets
is reconstructed and identified as a 7,4 candidate. These backgrounds are poorly modelled due to
statistical limitations in the sample of simulated events (e.g. multi-jet processes) and due to the
absence of a good understanding of systematic uncertainties related to those objects. Therefore, a
data-driven approach is used to estimate this background.

7.5.2.1 Basics of the method

The fake-factor (FF) method relies on the measured rate of fake 7,,q objects (quark- or gluon-initiated
jets that reconstructed as T,,q candidates) passing the 7,4 identification criteria. The identification
criteria is based on the BDT output (see section 7.4) of a 7,9 candidate, where the BDT output
is used to distinguish 7,4 candidates from jets not initiated by hadronically decaying 7 leptons. In
this method, weights are applied to a specific subset of the 7,,q candidates that fail the identification
criteria in the signal region.

First, an “anti-7” control region is defined as a subset of 7,.,q candidates that fail the loosest
identification criteria. This control region is required to be populated with only fake objects and it
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Figure 7.5.1: Distribution of the e-7y,,q visible mass and transverse mass of the 7.9 + E%‘iss system,
as well as pr, nand track multiplicity of the 7,4 candidate in the Z — ee control region. The
recommended e — 7,4 scale factors are applied. Jets misidentified as 7.4 are estimated from data
using the FF method. The uncertainty band in the ratio plots includes the total statistical and
systematic uncertainty of the simulated events.

needs to have an event topology similar to the jets faking m,,q objects in the signal region. Addi-
tionally, a lower cut on the non-loose 7,,q BDTJetSigTrans® score at 0.02 is applied in order to keep
the event topology similar to the signal region. The anti-7 selection criteria are thus: non-LooselD
Thad (7 candidates that fail the “Loose” identification criteria) with BDTJetSigTrans score greater
than 0.02. Then, corresponding weights, also known as fake factors, are defined as the ratio of the
number of fake 7,4 candidates passing the nominal identification criteria to the number of fake 7.4

3BDTJetSigTrans is flattened 7 BDT score in pr and n
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candidates satisfying the “anti-7” control region criteria. The FF and the number of events with
misidentified 7,,q objects in the SR are:

NT—id
FF = ——, 7.5.1
Nantifﬂ-fid ( )
Nfies = Nivies " % FF, (7.5.2)

where Npyes refers to the number of misidentified objects in the signal or in control (anti-7)
regions, and FF is the fake factor defined above. In the previous equations, Niit "7 is corrected
for T,.q candidates not fulfilling the identification criteria but matching a true hadronic 7 decay at

generator level.

7.5.2.2 Regions for fake-factor measurements

The jet — Thaq background in the signal region comes mainly from ¢f and multi-jet processes. In
tt processes, the dominant fake 7,4 sources are quark-initiated jets, whereas in multi-jet events
both quark- and gluon-initiated jets contribute. A low 7,,q BDTJetSigTrans score is associated with
gluon-initiated jets, while quark-initiated jets (both light and heavy quarks) typically have a higher
BDTJetSigTrans score.

Two control regions with different jet compositions are used to estimate the rates of the fake 7,.q
objects. The first one is the multi-jet CR, which is defined by keeping events that pass all 7+jets
selection cuts except that one has a b-veto and ER < 80 GeV. The second control region is the
W+jets CR, in which the fake 7,,q composition is dominated by light-quark jets. The W+jets CR
has the following requirements, in addition to the basic event cleaning cuts:

e cxactly one electron that fires the single-lepton trigger (similarly to the trigger requirement of
the T.q+lepton channel);

e zero b-tagged jets;
e at least one reconstructed 7,,4 candidate;

o 60 GV < Myp({, B®) < 160 GeV.

T+jets SR | 7+lepton SR | multi-jet CR | W (¢v)+jets CR

T anti-7 T anti-7 T anti-7 T anti-7
electron 2.9 2.1 2.4 0.9 — — 2.7 —
light-quark 6.7 43.6 |12.6 49.3 |56.3 50.7 | 54.5 61.0
c-quark 2.0 13.4 3.7 154 7.3 9.7 11.1 13.1
b-quark 1.5 17.3 2.7 20.2 1.4 1.2 2.2 4.1
gluon 0.4 3.6 0.5 4.1 229 326 7.9 14.0
other 0.2 0.7 0.3 1.0 6.2 5.6 8.6 7.4
fraction of fakes | 13.7 &80.7 [ 22.2 909 |944 99.8 | 87.0 99.6

Table 7.5: Fraction (ordered by sources and total in the last row) of fake m,q objects (in %) for
various event selections. The row “other” represents jets that are not matched to any of the sources
above. For the signal regions, a sample of ¢f events with at least one leptonically decaying top quark
is used. For the multi-jet and W-jets control regions, the corresponding simulated samples (di-jet
and W — (v) are used to identify the sources of fake 7,,q objects.

In the multi-jet CR, the contamination arising from correctly reconstructed and identified 7,4 is
small (5%), and in the W+jets CR, this contamination is about 10%. During the computation of
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the Fake-factors, contamination of the truth 7,4 is subtracted using MC prediction. Table 7.5 shows
the fraction of different sources faking 7,4 objects in 7 and anti-7 regions, as well as the fraction
of fake 7,4 candidates in the Signal-Regions. The table also provides the fraction of different fake
Thad sources estimated from the corresponding MC samples for W+jets and multi-jet control regions.
Transverse mass distributions in the two control regions described above are shown in figure 7.5.2.
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Figure 7.5.2: Transverse mass distributions in the multi-jet CR (left) and the W+jets CR (right).

The fake factors computed from these two control regions are shown in the left-hand side of
Figure 7.5.3. FFs were estimated separately for 1-prong and 3-prong 7.4 objects. The py binning of
the FFs was optimized to follow the fake rate variation as a function of the 7,4 transverse momentum,
and to have a minimal statistical uncertainty for a single bin (the impact of the statistical uncertainty
is discussed in Section 7.6.1.1).

7.5.2.3 Estimation of the combined fake factors

The multi-jet CR contains similar fractions of quark- and gluon-initiated jets, while the W +jets CR
is dominated by quark-initiated jets. The SR is expected to have contributions from both types, but
with different fractions. A template-fit method is used, to estimate the fraction of gluon-initiated
jets in the signal region. The method is based on discriminating variables that are sensitive to the
source of the jet. Later, these fractions are used to estimate combined fake factors, which are linear
combinations of the fake factors measured in the multi-jet and W+jets CRs.

Method: Consider two populations of jets with different fake factors such that the total fake
factor in the multi-jet CR (FFy;) or the Wjets CR (FFyy4ets) can be expressed as:

FFyy = )" x FFy + (1 — f)V) x FF, (7.5.3)

FFw ets = fy 7% x FF, 4 (1 — f}7H°) x FF,, (7.5.4)

where f)'7 and f}+°% are the fractions of gluon-initiated jets in the multi-jet and W-+jets CRs,
respectively, and FF, and FF, are the fake factors of these two populations (denoted by g for gluon-
initiated jets and ¢ for quark-initiated jets). Similarly, the fake factors in the signal region can be

expressed by:
FFsp = f2% x FF, + (1= f2%) x FF,, (7.5.5)

where fgSR is the fraction of gluon-initiated jets in the signal region. One can define

SR _ rWH+jets
Jo_ = Js (7.5.6)

oy = T o Wiiets
i = fiT
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Figure 7.5.3: Fake factors (FF) parametrized as a function of p}. and the number of charged 7 decay
products (two categories: 1-prong and 3-prong). The FFs are obtained in the multi-jet and W +jets
CRs (left), as well as after reweighting by ayyy in the m,,q+jets and m,.q+lepton channels (right). See
section 7.5.2.3 for details about the computation of fake factors in the different control and signal
regions. The errors shown come from the statistical uncertainty in a given p7. bin (left) and with
additional systematical uncertainties obtained from the combination in a given p7. bin (right).

Then, Eq. (7.5.5) can be rearranged as a function of ay; and the fake factors extracted from the
multi-jet and W+jets CRs:

FFSR = apg X FFMJ + (1 — OéMJ) X FFW+jets- (757)

Note that apy can get negative values when the signal region has a larger fraction of quark-
initiated jets than in the W+jets CR ( fgSR < f;V Hets) “and values greater than one when the signal
region has a larger fraction of gluon-initiated jets than the multi-jet CR ( fgSR > f;\“ ). Also note that
f;vu > fgW—f—jets'

Estimation of ayy;: The parameter ayy is estimated by using a template-fit approach (described
below) based on the distribution of the variables that are sensitive to the fraction of gluon-initiated
jets in the selected regions. It is parametrized as a function of the pr of the fake 7,,4 object and the
number of associated tracks. The variables that are chosen for the templates are the TAU_JETBDT
output score for 3-prong 7,4 candidates, while for 1-prong 7,4 candidates, the m,,q width is used,
defined as:

> [P X AR (Thad, track)]

Z pgack

(7.5.8)

Wy =

for tracks satisfying AR (Thaq, track) < 0.4.

The templates, i.e. the normalised distributions of TAU_JETBDT output score or the 7,,q width,
for anti-7,,q candidates are obtained in the multi-jet and W+jets CRs, for different bins of prand
number of associated tracks of the fake Tyaq (P (2) and P!/ (). The weighted combination
of the two shapes is:

PN (1) = apgy X PN (1) (1 — angy) X PYS(2). (7.5.9)

It is fitted to the shape measured for anti-m,,q candidates in the region of interest PR (x), e.g. the
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signal region, by minimising the y? as a function of any:

K+1 o ROI 2
P .MJ ) — P by T
X]?)in (aMJ) — § : ( bin ( ) b ( ))

2
o= (ot (@) + (0B (@)’

where oy, () is the statistical uncertainty and K + 1 is the number of bins in the TAU_JETBDT
output score or the 7,,q4 width in the template distribution (later denoted as number of degrees of
freedom, or ndf). The distribution of xZ, can be described by a y*-function with K degrees of
freedom, which has a mean and a variance of K and 2K, respectively.

The template shapes obtained in the fake-factor control regions, P () and P 7°%(z), the
template shape in the region of interest PEOY(z) together with the fitted shape PSM () that minimises
x? (anyg), and the distribution of x2/ndf as a function of the varying parameter ay are all shown in
Figs. 7.5.4-7.5.7 for the m,.q+jets signal region and in Figs. 7.5.8-7.5.11 for the m,,q+lepton signal
regions. An uncertainty on the fit is considered by taking a band within /2/ndf from Y2, /ndf (the
smallest value of the y*-function). For ayy values where the combined template has an unphysical
shape (negative bins), the value of ayy corresponding to the maximal x? value (x?2,,,, i-e., the worse
physical fit) is used instead.

: (7.5.10)
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Figure 7.5.4: Estimation of ayy in the m,,q+jets signal region for pr < 50 GeV 1-prong 7y.q candi-
dates. Left: templates of discriminating variables for different 7,,q4 pr and n-prong slices. Middle:
shape of the discriminating variable obtained in the signal region and fitted shape using the templates
measured in the control regions. Right: x?/ndf of the fit as a function of ayg, the error on aygy is

defined by the band at xZ,, /ndf + /2.
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Figure 7.5.5: Estimation of ayy in the m,,q+jets signal region for pr > 50 GeV 1-prong 7y.q candi-
dates. Left: templates of discriminating variables for different 7,,q4 pr and n-prong slices. Middle:
shape of the discriminating variable obtained in the signal region and fitted shape using the templates
measured in the control regions. Right: x?/ndf of the fit as a function of ayg, the error on aygy is

defined by the band at xZ,, /ndf + /2.
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Figure 7.5.6: Estimation of ayy in the m,,q+jets signal region for pr < 50 GeV 3-prong 7y.q candi-
dates. Left: templates of discriminating variables for different 7,,q4 pr and n-prong slices. Middle:
shape of the discriminating variable obtained in the signal region and fitted shape using the templates
measured in the control regions. Right: x?/ndf of the fit as a function of ayg, the error on aygy is

defined by the band at xZ,, /ndf + /2.
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Figure 7.5.7: Estimation of ayy in the m,,q+jets signal region for pr > 50 GeV 3-prong 7y.q candi-
dates. Left: templates of discriminating variables for different 7,,q4 pr and n-prong slices. Middle:
shape of the discriminating variable obtained in the signal region and fitted shape using the templates
measured in the control regions. Right: x?/ndf of the fit as a function of ayg, the error on aygy is

defined by the band at xZ,, /ndf + /2.
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Figure 7.5.8: Estimation of apry in the m.q+lepton signal region for pr < 50 GeV 1-prong Ta.q
candidates. Left: templates of discriminating variables for different 7,4 pr and n-prong slices.
Middle: shape of the discriminating variable obtained in the signal region and fitted shape using the
templates measured in the control regions. Right: x?/ndf of the fit as a function of ayy, the error

on vy is defined by the band at X2, /ndf + /2.
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Figure 7.5.11: Estimation of ayry in the m.q+lepton signal region for pr > 50 GeV 3-prong Tha.q
candidates. Left: templates of discriminating variables for different 7,4 pr and n-prong slices.
Middle: shape of the discriminating variable obtained in the signal region and fitted shape using the
templates measured in the control regions. Right: x?/ndf of the fit as a function of ayy, the error

on vy is defined by the band at X2, /ndf + /2.

102



The anti-7,,q region used to obtain the template fits is defined with non-loose candidates, while
the anti-m,.q region to obtain the fake factors is defined with non-loose candidates that also have a
lower cut on the BDTJetSigTrans score. Therefore, the parameter oy measured using the template
fits gives the gluon-initiated jet fraction for a looser selection. This looser selection was chosen to
have a better separation between gluon- and quark-initiated jets and the error on the fit is minimized.
To correct for the gluon- and quark-initiated jet fractions of the actual anti-7,,q region used for the
fake-factor estimation, a corrected ayy is used, defined as:

Corr CMJ X QMg
o _ , 7.5.11
MI (G X g + Cwpjers X (1 — ang)) ( )

where (vy and (v pjets are fractions of events in the non-loose multi-jet and W +jets control regions,
respectively, that pass the lower cut on the BDTJetSigTrans score.

To validate the estimation of the differences in fractions between gluon- and quark-initiated
jets, two additional validation regions are used: a T,,q+jets signal-like region with b-veto cut and a
Thaa+lepton signal-like region with same-sign charges. The oy values used for the combined fake
factors for the m,.q+jets b-veto control and signal regions, as well as for the 7,,q+lepton same-sign
control and signal regions are shown in figure 7.5.12. The validation plots obtained in the two
additional regions described above are shown in figure 7.5.13, where a good modelling of the fake
Thad Objects is observed.

2 51— . 2 5¢ : .
3 | ATLAS Internal — t+ets b-veto 3 ]
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Figure 7.5.12: Corrected aypy values for the m.q+jets b-veto, ma.q+jets signal region, m,.q+lepton
signal region with same-sign control region and the 7y,,q+lepton signal region.

7.5.2.4 7,4 fake factors from heavy flavor jets

Fake factors are usually strongly dependent on the type of jets. During the computation of the
combined fake-factors, described in section 7.5.2.3, the ayy is extracted from the fit of fake-7,.q
templates in the signal region. Fake factors are computed in the regions where gluon- or light-
quark-initiated jets are misidentified as 7,,q. These regions may, however, have a small fraction of
heavy-quark-initiated jets. Therefore, this might lead to an additional uncertainty on the evaluation
of the fake factors in the signal regions. The signal region typically has about 30-40% of heavy-flavor
jets, as shown in table 7.5. The impact of heavy-flavor jet contamination on the fake-factor method
is studied here.

The dependence of the fake-factors on the type of jet faking the m,.q object was studied using
tt MC sample, where the highest energy parton matched to reconstructed jet is used to identify from
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Figure 7.5.14: Fake-Factors of j — m,.q background for different selection of 7 initiated jet. The
association between the jet and the initial quark was calculated using PartonTruthLabellD variable
of jet container. In the plots Fake-Factors shown for 1-track (left) and 3-track (right) j — Thaa
separately.

which quark the jet is coming from. The result of this study is illustrated by figure 7.5.14, separately
for 1-prong and 3-prong 7.4 objects. Note that, for 3-prong 7.4 vis candidates, c-jets have a high
probability to mimick 7j,.q_vis Objects, due to the proximity of the D-meson lifetime to that of the
T-lepton.

The impact of the heavy-flavor jets in the signal regions on the j — 7,4 background was tested
using the following method: The fake factors are calculated separately for different types of jets
misidentified as a 7,,q candidate in the control regions. Three (four) orthogonal control regions for
I-track (3-track) m.q objects are selected, based on the weight of the associated heavy-flavor jet-
tagger for the 7,4 object — MV2c20 which is the b-jet weight or MV2cl100 which is the c-jet weight
(both weight are the outcome of the MVA-based discriminant trained to separate jets initiated by b-
or c-quarks from jet initiated by light-quarks):

1 b-tag region: MV2c20 > 0.8
2 c-tag region: MV2c20 < 0.8 && MV 21100 > 0.8
3+4 light quark region: MV2c20 < 0.8 && MV 2100 < 0.8

The last region is further divided into MV 2c20 < —0.95 or MV 2c20 > —0.95 for 1-track m,,q candi-
dates in order to best cover the pure light-flavor region, which has a large fake factor. The composition
of the selected control regions and the corresponding “extended” fake factors, i.e. FF(pr, trk, flavor),
are shown in figures 7.5.15 and 7.5.16, respectively.

The prediction using the nominal fake factors or the “extended” fake factors (which cover differ-
ences in the composition of the j — m,,q background) are compared in figure 7.5.17. The differences
in the predicted yields are 2% and 5% for the m,,q+jets and m,,q+lepton channels, respectively, and
the most substantial deviation (set as a systematic uncertainty) is about 5% for both final states.
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products (two categories: 1-prong and 3-prong), as obtained in the multi-jet (left) and W+jets CRs

(right).

106

.gluon-.I .LF quark - T
.c-quark T .b-quark T

T
ATLAS Simulation
Vs= 13 TeV, MC15c tt

Signal region; 3-track T

b-tag c-tag

light-tag

"ATLAS Internal
£ W- v control region

[ Vs=13TeV, 36.1 fb*

T T T T TTT T
—e— 1-track b-tag

!

--@-- 3-track b-tag

—m— l-track c-tag

--m-- 3-track c-tag

—— 1-track light-tag
--4-- 3-track light-tag
—— 1-track pure light-tag

Lol

B —
ko - "'—A—:,—_ 1 =
".**H— A
S E
Em—:::z:: . 3
L et PR
S
C 1 1 1 llll 1 1 1 1 llll :1 la
40 10? 2x10? 10° 2x10°
p, [GeV]



x10° x10°

%) L R L I R RIS S RN RIS MR %) L R R I R RS IS IR RS MR
= LATLAS Internal (s=13Tev, 3617 | € FATLAS Internal Js= 13 TeV, 36.1 fb!
> 4 T+ets SR - 3 4 T+lep SR —
r —e— T2"ixFF(pt,nTrack) b i —e— T"xFF(pt,nTrack) |

L —e— T"ixFF(pt,nTrack,wb,wc) 4 L —e— T"xFF(pt,nTrack,wb,wc) E
2y~ + 7 2r == 7

0 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09 1
BDT score, 130 to 160 GeV BDT score, 130 to 160 GeV
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7.5.2.5 7T correction of fake-7,,q4 candidates

Hadronic 7 decays are identified using a BDT, which is based on several input variables [118], where
one of them, the leading-track momentum fraction, is strongly correlated with the T. As a result,
the distribution of the YT variable significantly differs between 7y,,q4 and anti-7,.,q candidates. Since
the T variable is used as an input to the final BDT discriminant of the analysis, its shape should
be appropriately modeled for the 7,4 candidates in the signal region. The T wvariable shows no
correlation with any of the other variables that are used as input to the final BDT. Hence, its shape
is corrected using a Smirnov transformation [125]. The Smirnov transformation works as follows:
shapes of the T variable are obtained for 7y,,q and anti-7,,q in the control region, then a cumulative
distribution function (CDF) is calculated from these shapes (F(T)). Using an inverse transformation
of I, the corrected value is obtained:

Teorr = ;1 (Fantier (X)) , (7.5.12)

T

where F~'(x) is the inverse of the cumulative distribution function of 7,,q candidates and Fju;_, ()
is the cumulative distribution function of anti-7,,q candidates.

Figure 7.5.18 shows the distribution and the CDF of the T variable in the W+jets control region
for 1-prong objects (Y is not used in the training of the final BDT discriminant for 3-prong 7yaq
candidates).

The distributions of T before and after Smirnov transformation in the 7,,q+jets b-veto and
Thaa+lepton same-sign control regions are shown in figure 7.5.19.

The systematic uncertainty on the Smirnov transformation is taken as the difference between the
resulting Y., obtained in the multi-jet and W +jets control regions.

7.5.3 Validation of the background modelling

The background modelling is validated in signal-depleted regions, as illustrated here for the 7,,q+lepton
channel. A validation region enriched in tf events is defined with the same event selection as the signal
region, but with the requirement of having an ey pair (with Et or pr above 30 GeV for the electron
or muon, respectively) instead of the e/u + Thaq pair. Another validation region of the 7,,q+lepton
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Figure 7.5.18: Left: Distribution of the T variable for m,,q (black) and anti-m,.q4 (red) candidates in
the W+jets control region. Right: CDF of T for m.q (black) and anti-m,,q (red) candidates in the
W +jets control region.

channel is defined with the same selection criteria as the signal region, but with a veto on b-tagged
jets, thereby ensuring that the dominant background consists of processes with a jet misidentified
as the selected m,,q candidate. Comparisons of predicted and measured BDT score distributions for
the two validation regions discussed above are shown in figures 7.5.20 and 7.5.21

7.6 Systematic uncertainties

Several sources of systematic uncertainty, affecting the normalisation of signal and SM background
processes or the shape of their distributions, are considered. The individual sources of systematic
uncertainty are assumed to be uncorrelated. However, when applicable, correlations of a given sys-
tematic uncertainty are maintained across all processes. All systematic uncertainties are symmetrised
with respect to the nominal value.

7.6.1 Experimental uncertainties

To assess the impact of most detector-related systematic sources, the selection cuts are re-applied
after shifting a particular parameter to its +1 standard deviation value. The luminosity uncertainties
of 2.1% serve directly as a scale factor on the event yield of all simulated samples. In general, the
dominant instrumental systematic uncertainties arise from the jet reconstruction, the jet/7,,q energy
scale and 7,,q misidentification probability. The effect of the main sources of uncertainties on the
event yield for the tf and an example H™ sample (myg+ = 200 GeV) can be found in table 7.6 for
Thaa-+jets channel and in tables 7.7-7.8 for m,,q+1lep channel (only sources with an effect of more than
1% are quoted).

7.6.1.1 Fake Factor uncertainties

In the estimation of backgrounds with jets misidentified as 7,4, discussed in section 7.5.2; the
dominant systematic uncertainties are the statistical uncertainty due to the control sample size
(figure 7.5.3) and the uncertainty due to the selection of the lower BDT cut in the “anti-7” control
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Figure 7.5.20: BDT score distribution for the predicted backgrounds and data in the validation
region of the 7,,q+lepton channel with an ey pair instead of the e/u + m,.q pair (see text for details).
The five H* mass range trainings are shown. The uncertainty bands in the lower plots include all
statistical and systematic uncertainties.
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Figure 7.5.21: BDT score distribution for the predicted backgrounds and data in the validation
region of the T.q+lepton channel (7.q-+electron and 7,q+muon combined) with exactly zero b-
tagged jet (see text for details). The five H* mass range trainings are shown. The uncertainty bands
in the lower plots include both statistical and systematic uncertainties of simulated events.

111



Source Impact on the event yield (%)
tt H* 200 GeV
Thaa Teconstruction efficiency +2.8 +2.8
Thada-1d uncertainty +5.9 +5.8
Thad €NErgy scale +5.1 +4.9
jet energy scale +11.3 +9.7
b-jet tag efficiency +2.1 +2.7
Emiss soft term scale/resolution | 42.6 +1.1

Table 7.6: Effect of the main systematic uncertainties on the event yield for ¢ and signal events
(my+ = 200 GeV) passing the nominal event selection of the 7,,q+jets channel. The three compo-
nents of the 7,4 energy scale uncertainty are shown in the table.

Source Impact on the event yield (%)
tt H™ 200 GeV

Thad Teconstruction efficiency | +3.4 +3.3

Thaq-1d uncertainty +5.8 +5.8

Thaq €NErgy scale +4.1 +3.6

jet energy scale +2.6 +2.2

b-jet tag efficiency +2.1 +3.4

Table 7.7: Effect of the main systematic uncertainties on the event yield for ¢t and signal events
(mpy+ = 200 GeV) passing the nominal event selection of the 7j,,q+¢ channel. The three components
of the 7,4 energy scale uncertainty are shown in the table.

sample. For different choices of the lower BDT cut, different fraction of gluon- and quark-initiated
jets populate the “anti-7” control region. In order to assess the systematic uncertainty related to
this choice, the lower cut on non-loose 7,,q BDT weight was varied between 0.01 and 0.03, and the
variation of the shape was selected as a shape uncertainty on the final BDT distribution. To account
for an additional uncertainty from a possible bias resulting from different contaminations of heavy-
flavor jets between control and signal regions, a 5% uncertainty on the normalisation of the fake-7
background is applied. An additional (conservative) uncertainty of 50% is applied on the amount of
Thaa candidates from a true hadronic 7 decay that must be subtracted when computing N7

NET = NPT (data) — (0.5, 1.5] x NEW-T(MO). (7.6.1)

A summary is given in table 7.9.

7.6.1.2 Uncertainties on the ¢t background

The dominant background with a 7,4 candidate matched to a true 7,4 object at the generator level
is the production of ¢ pairs and single-top-quark events. No cross-section uncertainty is included
as the normalization of this background is computed in a simultaneous fit, in which the validation
region of the Ty.q+lepton channel with an ey pair and at least two b-jets is included. Other ¢t
modelling uncertainties are considered though. Systematic uncertainties due to the choice of parton
shower and hadronisation models are derived by comparing tf events generated with POWHEG-B0OX
interfaced to either PYTHIA v6.428 or HERWIGH+ Vv2.7.1 [126]. The systematic uncertainties
arising from initial- and final-state parton radiation, which modifies the jet production rate, are
computed with the same packages as for the baseline ¢f event generation, by setting the corresponding
parameters in PYTHIA to a range of values not excluded by the experimental data. The uncertainty
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Source Impact on the event yield (%)
tt H™* 200 GeV
Thaa Teconstruction efficiency | +3.4 +3.2
Thada-1d uncertainty +5.8 +5.8
Thad €NErgy scale +4.0 +3.8
pu-id uncertainty +1.2 +1.2
jet energy scale +2.1 +2.4
b-jet tag efficiency +2.2 +3.1
trigger +1.1 +1.1

Table 7.8: Effect of the main systematic uncertainties on the event yield for ¢f and signal events
(my+ = 200 GeV) passing the nominal event selection of the 7,9+ channel. The three components
of the 7,4 energy scale uncertainty are shown in the table.

Thad—visTJ€ts Thad—visT-lepton

Source of uncertainty Effect on yield \ Shape || Effect on yield \ Shape
Fake factors: jet composition 1.6% v 0.6% v
Fake factors: statistical uncertainties 1.6% 1.7%

Fake factors: prompt Thaq_vis in the anti-7 CR —i_85 '36(% X __|_74 '28;? X
Fake factors: ayy uncertainty % X 6.2% X
Fake factors: Smirnov transform. 0% v 0% v
Fake factors: heavy flavor jet fraction. 5% v 5% v

Table 7.9: Effect on the shape variation and the yields of systematic uncertainties associated with
the data-driven fake factor method, used to estimate the j — 7 background in the 7,4 _vis+jets and
Thad—vist1epton channel.

due to the choice of a matrix-element generator is evaluated by comparing ¢t samples generated with
MADGRAPH5_AMC@NLO or POWHEG-BOX. The impacts of the three systematic uncertainties
listed above on the event yield of the t¢ background are, respectively, 12%, 3%, 13% in them,.q+jets
channel and 13%, 8%, 9% in the 7y.q-+lepton channel.

7.6.2 Smoothing procedure for MC-MC shape uncertainties

Several systematic uncertainties are estimated by comparing different MC samples, for example, the ¢t
theory uncertainties described above. Uncertainties derived from MC-to-MC comparison (comparison
between two statistically independent samples), can lead to an unpredicted bias of the shape variation
when one of the samples is statistically limited, or when MC shape estimation is strongly affected
by negative weights. To overcome this limitation, a dedicated smoothing procedure is applied to the
derived shape variations. The smoothing procedure integrates the information about the statistical
uncertainty of the sample and reduces possible bias due to a lack of MC statistics. In the standard
approach, a bin-by-bin variation between the alternative and the nominal samples is taken as the
systematic uncertainty for that specific background. In the case when some bins are statistically
limited, the shape variation in that bins is mostly formed by statistical fluctuation rather than by
the real difference in the modelling. Next smoothing is applied — the input histograms are rebinned
in such way that the relative statistical uncertainty of each bin range is smaller than a given value
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of § for both input histograms (the nominal and the alternative). The ¢ given by:
0 = Ogtat(bin) /N (bin) (7.6.2)

where 0. (bin) is the statistical uncertainty and N (bin) is the expected number of events in a given
bin respectively. Then the shape variation is obtained as a function of the BDT score — A (bdt).
This shape variations is depend on the rebinning procedure, and it is different for different thresholds
d (denoted as Ag (bdt)). Next, a new threshold ¢’ is chosen, and a new shape variation Ag (bdt) is
extracted again from the input histograms. Such procedure is repeated for different thresholds in
the range between 10% to 25% (§ € [0.1,0.25]). Finally, the shape variation for a given BDT-bin is
chosen to be the weighted average variation defined by:

S, Ag (bdt) x 1/8

A (bdt) = S5

(7.6.3)

7.6.2.1 Toy model study

The robustness of the method was tested using MC toys. A nominal and alternative sample were
generated from an analytical distribution function (Landau convoluted with a Gaussian). The an-
alytical shapes used in the toy model are shown on the right-hand side of figure 7.6.1. From the
analytical function, two histograms were randomly generated with 10? events each (right-hand side
of figure 7.6.1).

The smoothing procedure is then applied, and the weighted shape variations are obtained. Fig-
ure 7.6.2 show comparison between the nominal and the alternative samples, with (right) and without
(left) the smoothing procedure.
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Figure 7.6.1: Left: Analytical function used in the toy MC study for nominal and the alternative

shape model, the red curve in the bottom plot shows the actual systematic shift. Right: Distribu-

tion from 10000 generated events from the analytical function for the nominal and the alternative

shape model. the black dashed band in the ratio plot is the statistical uncertainty of the nominal

background.

One can note, that on the left-hand side of figure 7.6.2, the high BDT bins, are statistically
limited, resulting in substantial shape variations. Such large shape variations can potentially bias
the obtained results in the signal region.

The results are shown in figures 7.6.1-7.6.2 are obtained for a single toy MC. To validate the
robustness of the method, a large set of toys were simulated, and the differences between estimated
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Figure 7.6.2: Distribution using the final binning of the m,,q+jet channel, for the nominal and the
alternative background shape obtained from the toy model. The left plot shows the alternative
model obtained from the toy MC, while the right plot shows the smoothed alternative shape. Both
distributions are shown — the shape distribution according to the analytical function, obtained by
integrating in a given bin range the analytical function that is depicted in left-hand side of figure 7.6.1
(dashed line, labelled as truth), and the distribution obtained from randomly generated events using
a toy MC, obtained by integrating in a given bin range the generated shapes that are depicted in
right-hand side of figure 7.6.1 (solid line). The bottom ratio plot shows the actual shape variations
(red) and the estimated shape variations from a given toy MC (blue).

shift (blue line in ratio plot of figure 7.6.2) and the real systematic shift (red line in the ratio plot of
figure 7.6.2) for each one of the last 4 bins was calculated and are depicted in figure 7.6.3.

The results show that with the smoothing procedure, the obtained shape variations, are less sen-
sitive to statistical fluctuations. Therefore this approach is used for the shape systematic uncertainty
when it was derived in MC-MC comparison.
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four bins of the BDT distribution, obtained using toy MC for the standard approach (red) or the
smoothing procedure (blue). The mean and the RMS of each distribution are shown in the legend.
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7.7 Results

The expected number of events for all SM processes and the measured event yields in the three
signal regions are shown in Tables 7.10 and 7.11, together with the contribution expected from a
hypothetical charged Higgs boson with a mass of 200 or 1000 GeV, and with o(pp — [bJtH™) X
Br(H* — 7v) set to the prediction from the hMSSM scenario for tan 5 = 40, as computed using
Refs. [86,92, 114,127, 128] for the production cross-section and HDECAY [129] for the branching
fractions. The signal acceptances, as evaluated with respect to a sample of simulated events where
both the 7-lepton and the top-quark decay inclusively, are 1.2%, 0.6% and 0.6% (11.6%, 0.9% and
1.3%) in the signal regions of the 7,,q+jets, Thaq+electron and 7,,q9+muon channels, respectively, for a
charged Higgs boson mass of 200 (1000) GeV. The event yields observed in 36.1fb™" of data collected
at 13 TeV are found to be consistent with the expectation for the background-only hypothesis.

Sample Event yields Thaq_vistjets
True Thad
tt & single-top-quark 7700 + 60 41800
W — v 1050 £ 30 =+ 180
J =TT 84 £+ 42 4+ 28
Diboson (WW,WZ,ZZ) 63 £ 5 £ 7
Misidentified e, pt — Thad_vis 266 + 12 £+ 35
Misidentified jet — Thad_vis 2370 £ 20 £+ 260
All backgrounds 11500 4+ 80 4 1800
H* (200 GeV), hMSSM tan = 40 710 £ 6 + 94
H* (1000 GeV), hMSSM tan § = 40 96+ 0.1+ 0.7
Data 11021

Table 7.10: Expected event yields for the backgrounds and a hypothetical H' signal after all
Thad—vis+jets selection criteria, and comparison with 36.1fb~! of data. All yields are evaluated prior
to using the multi-variate discriminant and applying the statistical fitting procedure. The values
shown for the signal assume a charged Higgs boson mass of 200 or 1000 GeV, with a cross-section
times branching fraction o(pp — [B]tH') x BR(HT — 7v) corresponding to tan 8 = 40 in the
hMSSM benchmark scenario. Statistical and systematic uncertainties are quoted, respectively.

Having described in detail the event selection used in the search for Charged Higgs bosons in
the H® — 7v decay mode and having discussed the background and signal models, with their
uncertainties, a statistical analysis is performed in order to test the compatibility of the data with
the background-only and signal+background hypotheses.

For the statistical analysis described here, a profile likelihood ratio [130] is used, with BDT as the
discriminant. The one-sided profile likelihood ratio, g,, is used as the test statistic. The compatibility
of the data with the background-only hypothesis is measured by po-values, which correspond to the
test statistic qp. The ¢q test statistic assesses the compatibility with the background-only hypothesis,
while the g, test statistic assesses the compatibility with background plus signal. All systematic
uncertainties from theoretical or experimental sources are implemented as nuisance parameters. The
parameter of interest (or signal strength) p is o(pp — [bJtH®) x BR(H* — 7v). Expected limits are
derived using the asymptotic approximation [131].

Three signal regions and one validation region enriched in tf events are considered in the simul-
taneous fit:

e A binned likelihood function is used for the BDT score in the three signal regions of the
Thad+jets, Thagtelectron and 7,,q+muon channels, respectively (different BDT distributions
are used depending on the H' mass hypothesis).
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Sample Event yields m.q_vistelectron | Event yields 7.q_vis+muon
True Thad

tt & single-top-quark 17300 £ 90 £ 2500 15900 £ 80 42500

J =TT 433 £ 27 £ &0 352 £ 48 £+ 43

Diboson (WW, W Z, ZZ) 39+ 2 + 5 32 + 2 + 4
Misidentified e, 1 — Thad—vis 626 £ 27 £ 59 454 £+ 16 £+ 27
Misidentified jet — Thad—vis 5640 £+ 40 £+ 450 5460 £+ 40 + 410
All backgrounds 24000 +100 &£ 2600 22200 +100 =+ 2500
H* (200 GeV), hMSSM tan 3 = 40 337 + 5 £ 27 339 + 4 £ 28
H* (1000 GeV), hMSSM tan § = 40 0.76 = 0.02+ 0.06 097+ 0.02+ 0.08
Data 22645 21419

Table 7.11: Expected event yields for the backgrounds and a hypothetical H' signal after all
Thad—visTlepton selection criteria, and comparison with 36.1 b=t of data. All yields are evaluated
prior to using the multi-variate discriminant and applying the statistical fitting procedure. The
values shown for the signal assume a charged Higgs boson mass of 200 or 1000 GeV, with a cross-
section times branching fraction o(pp — [bjtH') x BR(HT — 7v) corresponding to tan f = 40 in
the hMSSM benchmark scenario. Statistical and systematic uncertainties are quoted, respectively.

e A one-bin likelihood is used in the validation region of the 7,,q+lepton channel enriched in ¢t
events, defined with the same event selection as the signal region, but with the requirement of
an ey pair instead of the e/ + T.q pair.

The data are found to be consistent with the expected SM predictions, hence the exclusion
limits are computed on BR(t — bH™) x BR(Ht — 7v) for low H* mass range and on o(pp —
[bJtH") x Br(H* — 7v) for full mass range investigated at the 95% confidence level using the CL;
procedure [132,133].

7.7.1 Post-fit distributions and final limits

The BDT score distributions in the five charged Higgs boson mass ranges considered in the analysis
are shown in figure 7.7.1 for the signal region of the 7,4 vistjets channel, as well as in figures 7.7.2
and 7.7.3 for the m.q_vistelectron and 7,,4_vis+muon channels, respectively. All plots are obtained
after the statistical fitting procedure with the background-only hypothesis. The binning shown in
the figures is also used in the statistical analysis.

Figure 7.7.4 shows the observed and the expected limits as a function of the H™ mass hypothesis.
All SM backgrounds are considered, along with the multi-jet estimate with the fake factor method
(Section 7.5.2). There is no significant deviation from the expected limits. The solid line in the figure
is used to denote the observed 95% confidence levels, while the dashed line represents the expected
exclusion limits. The outer edges of the green and yellow shaded regions are used to show the 1o
and 20 error bands.

Figure 7.7.5 shows the 95% CL exclusion limits on tan 8 as a function of the charged Higgs boson
mass in the context of the hMSSM and in the m™% scenario of the MSSM. For hMSSM scenario,
the values of tan 3 in the range 14-60 are excluded for my+ = 200 GeV. At tan 8 = 60, above which
no reliable theoretical calculations exist, the charged Higgs boson mass range from 200 to 1100 GeV
is excluded, hence significantly improving the results based on the dataset collected in 2015 and
corresponding to an integrated luminosity of 3.2 fb~'[9].
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Figure 7.7.1: BDT score distributions in the signal region of the 7,,q_vis+jets channel, in the five
mass ranges used for the BDT trainings, after a fit to the data with the background-only hypothesis.
The uncertainty bands in the ratio plots include both the statistical and systematic uncertainties.
The normalisation of the signal (shown for illustration) corresponds to the integral of the background.

119



10vvvv+vvvvivvvvvvvvvvvv[vvvv[vvvv[vvvv[vvvv[vvv

vvvv vvvvivvvv L L L B

S' ATLAS Internal e Data [Jtt&single-top S 8? LAS Internal e Data [t & single-top é

L _ 1 ----H+90GeV [ W+ets 1 7E _ 1 ----H+ 130 GeV [JW-+ets 3
‘2 8' \(g_‘!STeV’ 3_6'1 fo H+120GeV @@ MisiDe/p >t o ‘2 Gé \(E—TSTGV, 3'6'1 fbr H+ 150 GeV @ MisID e/p — 1 j
o [ T+e signal region [COMisiDj—t [ Z+jets ] o E t+e signal region [COMisiDj—t [ Z+jets E
o 6r [ Diboson b w  5F [ Diboson E

i ] 4F 3

N3 E = | e i

2; A 2? ____________

F ] 1= - Lo
2123uyywyywlyuyIuuwyywHuwuwuuwuwuu E12guyywuy”uywyyywyywuuwuwuywuwuu
' RP) Uncertainty ] I RP [ Uncertainty l 1
Fy == ——t4 N mass:
&)-88' &.88' ——

0-75HulHHMHMHHMHMHHHHHHXHHHH 0.75HulHHMHMHHMHMHHHHMHMHHMAA

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

BDT score, 90 to 120 GeV BDT score, 130 to 160 GeV
10°

- - 14' 7Li ARRRRERARREaSs Rassaans naan e
e 9 ATLAS Internal [t & single-top e 1oF memal e Data [t &singletop 1
8F _ -1 ---- H+ 160 GeV [ W+jets £ _ 1 ----H+200GeV [JW+ets ]
2 s_1.3TeV, 36'1 fo H+ 180 GeV EEMisID e/p — T 2 100 @—1_31-6\/' 3_6'1 for H+ 400 GeV EEMisiD e/p -1 ]
¢ b T+esignal region [COMisiDj -t [ Z+ets © b t+e signal region [COMisDj—c @ Z+ets ]
w 5; [ Diboson w8 [ Diboson -
af 6 E

| e [ ar

oE T T L e £

fli— R 2_|—|

128vvvv[vvvv[vvvv[vvvv‘vvvv[vvvv[vvvv[vvvv[vvvv‘vvvv 12gvvvv[vvvv[vvvv[vvvv[vvvv[vvvv[vvvv[vvvv[vvvv[vvvv
(%1 t [ Uncertainty + ] ?)1 t [ Uncertainty he
Z _J__-+- -~ N ;s ¢|
g 1 * =1 g 1 * + * —+—T_+_|
&p.ss} 1L .88} T 1
0'75HHlHHMHxluuluHMHMHHMHMHHMA 0.75,
0 01 0 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

BDT score, 200 to 400 GeV

ATLAS Internal o Data [t & single-top

_ 1 ----H+500 GeV [ W+jets
Vs =13TeV, 36.1 fb H+ 2000 GeV [ MisID e/y — 1

T+e signal region [CIMisiDj—»t [ Z+ets
@ Diboson

I RP) [ Uncertainty
; 1 * + i T l -0-1.
) v —*——f— .

88} ——

P T S S I R T B B
0'750 0.1 02 0.3 0 05 06 0.7 0.8 09 1

BDT score, 500 to 2000 GeV

Figure 7.7.2: BDT score distributions in the signal region of the 7,4_viste€lectron channel, in the five
mass ranges used for the BDT trainings, after a fit to the data with the background-only hypothesis.
The uncertainty bands in the ratio plots include both the statistical and systematic uncertainties.
The normalisation of the signal (shown for illustration) corresponds to the integral of the background.
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Figure 7.7.3: BDT score distributions in the signal region of the 7j,,4_vis+muon channel, in the five
mass ranges used for the BDT trainings, after a fit to the data with the background-only hypothesis.
The uncertainty bands in the ratio plots include both the statistical and systematic uncertainties.
The normalisation of the signal (shown for illustration) corresponds to the integral of the background.
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Figure 7.7.5: 95% CL exclusion limits on tan 8 as a function of my+, shown in the context of the
hMSSM, for the regions in which reliable theoretical predictions exist (tan < 60). As a comparison,
the red curves show the observed and expected exclusion limits based on the dataset collected in
2015 at /s = 13 TeV [9].
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7.8 Summary

A search for charged Higgs bosons produced either in top-quark decays or in association with a top-
quark, subsequently decaying via H™ — 7v is performed, based on 7,.q+jets and 7,,q+lepton final
states. The dataset used for this analysis contains 36.1fb™" of pp collisions at /s = 13 TeV, recorded
in 2015 and 2016 by the ATLAS detector at the LHC. The data are found to be in agreement with the
background-only hypothesis. Upper limits are set on the production cross-section times branching
fraction o(pp — [b]tH") x BR(H™ — 7v) between 4.2 pb and 2.5 fb for a charged Higgs boson mass
range of 90-2000 GeV, corresponding to upper limits between 0.25% and 0.031% for the branching
fraction BR(t — bH*) x BR(H* — 7v) in the mass range 90-160 GeV. In the context of the hMSSM
scenario, all tan 8 values are excluded for the H™ mass hypothesis below 160 GeV. The Ht mass
range up to 1100 GeV is excluded at tan 5 = 60.
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8 Conclusions

The thesis comprises of three independent parts: R&D on particle detectors, ATLAS detector-
performance studies and Data analysis part. In this chapter we conclude separately on each of
them.

Part I: R&D of particle detectors — study of charging-up
processes affecting gain stability in THGEM gas-avalanche
particle detectors

Detectors, incorporating insulating surfaces usually exhibit some gain variations, caused by electrical-
charge attachment to the insulating surfaces. The charging-up phenomenon is usually associated with
detector’s gain instabilities occurring during its initial operation period. In this work, the charging
up phenomenon in Thick Gas Electron Multiplier (THGEM) -based detectors was studied using a
phenomenological model, followed by an experimental set of measurements. It has been shown by the
experimental studies, that the phenomenological model qualitatively describes the gain stabilization
phenomenon. Furthermore, the model guided us to address several detector features related to its
structure, e.g. the presence of hole-rims; it precisely predicts the detector’s gain evolution. Differently
to Gas Electron Multiplier (GEM) detectors with single-conical or double-conical hole geometry,
where the gain stabilization exhibits an increase over time, THGEM electrodes with cylindrical holes
exhibit a decrease of the detector gain due to a different charge distribution along the hole’s surface.
It was found that charging-up processes can be quantitatively modeled through basic parameters
such as “characteristic time” — the time it takes the gain to reach half of its total variation, or
“characteristic charge” — the total amount of charge passing through the THGEM holes during
the relaxation period. The latter could also indicate the rate of gain stabilization. The effect of
geometrical parameters of the THGEM electrode on detector’s gain stabilization was studied and
resulted in several observations. Thicker electrodes are usually undergoing faster stabilization, due
to a broader diffusion of the electron-avalanche within the holes. The “characteristic charge” of
the stabilization phenomenon is proportional to THGEM operational voltages: longer stabilization
time observed in gas mixtures under higher operating voltages. A typical characteristic charging-up
time in THGEM electrodes is found to be equivalent to a total irradiated charge of hundreds of pC,
similarly to the values reported for GEM electrodes with double-conical geometry.

The effect of the etched hole-rims was systematically investigated. This effect is reflected by
an increase in the detector’s gain. It was found that the “top-rim” is manifested with a long-term
stabilization time of a detector. In the case of a detector with etched hole-rims, a short-term decrease
of the gain is followed by a slow increase — typically two-fold longer compared than the short-term
one.

This study suggests that the charging-up transients relate only to the initial detector’s operation
period, and should not affect the detector’s long-term operation.

The measurements were performed in noble gas mixtures, therefore after an initial gain stabiliza-
tion, the performance of the detector is expected to be stable. In gas mixtures with electro-negative
compounds, a charge evacuation from the insulating surfaces may occur; it can result in gain recovery
after a long interruption of detector irradiation, or in detector’s gain dependence on the irradiation
rate (when the rate of charge accumulation on the insulating surfaces is comparative to the rate of
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charge evacuation from these surfaces). Further studies in compound gas mixtures are required to
address such effects. It was also observed that under detector operation at high gains (close to the
maximal stable value); occasional discharges are usually assisting in the evacuation of accumulated
charges; their evacuation leads to an increase of the detector’s gain. In THGEM-based detectors in-
corporating discharge-quenching substrates (such as resistive anodes), operating in a micro-discharge
mode (with occasional discharges being quenched), a rapid increase of the gain may be followed by
additional discharges — since the detector’s gain rises above it maximal stable value. This limitation
can be resolved by either suppressing the high initial gain variation — e.g. by introducing hole-rims,
or by reducing detector’s effective capacitance reducing the discharge duration. The observations
made here could be valuable for a deeper understanding of gain instabilities in other gas-avalanche
detectors incorporating insulating materials; they are relevant for the conception of stable detectors
for future particle-physics experiments.

Part II: Performance studies — photon identification efficiency
measurement

Photon identification efficiency, of the cut-based identification algorithms used in the ATLAS exper-
iment, was measured during the 2012 data taking period, with 20.3fb=! of pp collision data recorded
at /s = 8 TeV. The identification efficiency was measured using the matrix-method, and applied to
photons with 20 < Er < 1500 GeV. The measured efficiencies in the data, are compared to those
obtained from Monte Carlo predictions and are found to agree within 2-4% in a Er range between
30-40 GeV, and typically below 1% for Er >40. For the low E7 range, since this region is dominated
by the non-prompt photons that are contributing to higher background systematic uncertainty, the
poor agreement between the data and the simulation is associated with relatively large errors of the
tight identification efficiency obtained with the matrix method. These results were combined with
two other data-driven methods, and compared to the MC simulation. The simulation describes well
in the entire F7 and 7 range accessible by the data-driven methods. The residual difference between
the efficiencies in data and MC are taken into account by computing data-to-MC efficiency scale
factors. It is to be noted that the obtained scale-factors were used in the 2012 Higgs boson discovery
with the H — ~~ channel.

Part III: Data analysis — searches for SM and BSM Higgs
bosons

The analysis consists of two different searches: a search for H — 77 via the associated production of
the Standard Model Higgs boson with a pair of top-quarks (¢tH ) at /s = 8 TeV pp collision data
recorded by the ATLAS experiment in 2012, and a search for Beyond the Standard Model charged
Higgs bosons via the HT — 7v decay mode at /s = 13 TeV pp collision data recorded by the ATLAS
experiment during the 2015-2016 data taking periods.

The observed upper limit of (o(ttH ) x BR(H — 77)) / (0sm(ttH ) x BRsm(H — 77)) < 13 was
derived in the 1/27,,q channel. The upper limit combined with all other channels in the multi-lepton
search, was found to be 4.7. Assuming a SM BR(H — 77), this measurement result in an observed
upper limit on the signal strength value p = o% /ol <4.7, the MLE of p is found to be y = 2.1773.
It is important to mention that with the 2015-2016 data recorded by the ATLAS experiment, at
Vs = 13 TeV, evidence for the associated production of the SM Higgs boson with a top quark pair
was provided.

Charged Higgs bosons produced in association with a single top quark and decaying via H* — v
were searched for with the ATLAS experiment at the LHC, using proton-proton collision data at
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Vs = 13 TeV with an integrated luminosity of 14.7 fb~*. A 95% confidence-level upper limits on
the production cross section times branching fraction o(pp — [b]tHT) x BR(H* — 7v) of 1.9 pb to
15 fb, were obtained for charged Higgs boson masses ranging from 200 to 2000 GeV. The analysis
with the full 2015-2016 dataset corresponding to an integrated luminosity of 36.1 fb™!, explored
the intermediate-mass region (160-200 GeV) for the first time. It was also the first time that the
low-mass region (90-160 GeV) was probed using the pp collision data at /s = 13 TeV. The data
are found to agree with the background-only hypothesis. An upper limit on the production cross-
section times the branching fraction, o(pp — [b]tHT) x BR(H* — 7v), at 95% confidence-level was
obtained between 4.2 pb and 2.5 fb for charged Higgs boson masses ranging from 90 to 2000 GeV.
For low-mass range (90-160 GeV) a 95% confidence-level upper limits on the product of branching
ratios B(t — bH*) x B(H* — 7v), between 0.03% and 0.25% for charged Higgs boson masses in
the range 90-160 GeV were obtained.

Although no excess in this search is observed, further studies should be carried out with new
data. Furthermore, new analysis techniques, such as probing the lepton universality can provide a
better probing for this rare hypothetical process.
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Simulated effect on the gain, resulting from each slice (THGEM with hole-rims; fig-
ure 1.2.3), and the distribution of accumulated charge along the detector hole. Shown
are the initial detector gain (green band), the gain per slice when only one slice is charged-
up (black) and the total charge accumulated on a single slice when detector gain reached
stability (blue). . . . . . ..
Simulated gain stability (in Ne) for an electrode with a rim of 0.1 mm, for three different
cases — Left: none of the rims was charged up. Middle: top rim was not charged up.
Right: all slices were charged up. The red lines are fit results of the simulation to
an exponential function (equation 1.3.3), for long-term component a double-exponential
function is fitted (equation 1.3.5). . . . . . ... Lo
Simulated @y, for different applied voltages across the THGEM. The @) is calculated
according to Equation 1.3.7. The error bars indicate the spread of calculated Qs values
among few tens of simulations with varying step-size s. . . . . . . .. . ... ... ...
A design of the detector: THGEM electrode and anode are placed in small aluminum
vessel. The gap between the aluminized-Mylar window and the THGEM electrode serves
as a drift gap, and the gap between the THGEM-electrode and the anode serves as an
induction gap. The ®°Fe source is placed on top of the window. . . . . . ... ... ...
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1.5.4

1.5.5

1.5.6

1.5.7

1.5.8

1.5.9

1.5.10

1.5.11

1.5.12

2.1.1
2.2.2

3.3.1

Measured relative gain variation in Ar due to charging up of a new THGEM electrode,
electrodes cleaned by different solvents or by ionized nitrogen; data are compared to an
electrode having previous history, 16 h after gain stabilization, with no irradiation but
under applied voltage. The gain in each experiment was normalized to its value after 10
minutes of irradiation. . . . . . . ... L
Measured gain curves in different gases, in the THGEM detector, with 5.9keV X-rays,
at a rate of 60 Hzmm™2 over a 5mm in diameter spot size. . . . . ... ... ... ...
Gain evolution for an initial gain of ~1500 vs. time in a THGEM operated in Ne/CH4(5%).
Simulation results (black) and measurements (blue). The measurements were performed
for an electrode of clean history. The measured gain variation was fitted to an empiri-
cal function (equation 1.5.2), while the simulated one was fitted to a single-exponential
function (equation 1.3.3). The parameters are shown in the figure. . . . . . ... .. ..
Measured gain stabilization (in Ar) for two different rates. In the left plot, gain stabi-
lization is shown as a function of time, while in the right one, the time was scaled by the
ratio of rates to compare the trends (¢ — ¢ x g}i—g). ....................
Left: Simulated gain stabilization for different initial voltages (initial gains) as a function
of time. The gain evolution is fitted by an exponential function; the fitted “characteristic
time” values are shown in the legend. Right: Linear dependence (linear fit) of the inverse

of the characteristic time as a function of the product of the gain and the irradiation rate.

Left: Measured gain stabilization (in Ar) over the first 5min, for different gain values.
The characteristic time derived from the plots is defined to be the time where G(7) =
(Go + GFr)/2. Right: Linear fit of the inverse time with the product of the gain by the

Measured gain stabilization over time in Ne, at an X-ray rate of 100 Hzmm™? for an
electrode with hole-rim (black) and without rim (blue). The red lines are fit results of
the measurement to a triple-exponential function (equation 1.5.4) or double-exponential
function (equation (1.5.2)) respectively. . . . . . . .. ... Lo
Measured effective THGEM (with hole rim) gain in Ne, as a function of a drift field. The
signals were measured form the anode, under an induction field of 0.5kVem=t. . . . . .
Measured gain stabilization over time in Ne, at an X-ray rate of 100 Hzmm™2 for
Fpi=0.35kVem™ (blue) and Ep=0.2kVem™! (black). The red lines are fit results
of the measurement to a triple-exponential function (1.5.4). . . . . .. ... ... .. ..
Detector gain, resulting of signal measured from the top THGEM-electrode and from the
anode, vs induction-field values. The bottom plot is the ratio between measured anode
gain to the measured top gain. . . . . . . . ... L
Measured THGEM gain stabilization over time in Ne, at an X-ray rate of 100 Hz mm >
for Finp=1kVem™! (black) and reverse induction field Ennp=—0.5kVem™ (blue). . . .

LHC delivered Luminosity during stable beams for 2011-2017, for high energy p-p collisions.

Sketch of a barrel module (located at n=0) of the ATLAS electromagnetic calorimeter.
The different longitudinal layers are depicted. The granularity in n and ¢ of the cells of
each layer and the trigger towers is also shown. From Ref. [5] . . . . ... ... ... ..

A graphical illustration of photon candidate classification in the data sample. Candidates
in region 3 and region 24344 on the graph are used to estimate the track isolation

efficiencies for background &Tg and £° respectively after subtracting residual signal photons.
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3.4.1

3.4.2

3.5.1

3.5.2

4.5.1
4.5.2

5.3.1

5.3.2

5.3.3

5.4.1

5.4.2

Tight identification efficiencies for reconstructed unconverted photons after the calorime-
ter isolation requirement, as measured in data with the matrix method (black dots), as
well as expected from nominal MC (blue open circles) and “Fudge Factor” MC (red
open circles). The difference between the tight identification efficiencies between “Fudge
Factor” MC and the results obtained in data with the matrix method as shown below
(black dots) where the error (both systematic and statistical) of the matrix method are
shown as yellow bands. . . . . . . . . ...
Tight identification efficiencies for reconstructed converted photons after the calorimeter
isolation requirement, as measured in data with the matrix method (black dots), as
well as expected from nominal MC (blue open circles) and “Fudge Factor” MC (red
open circles). The difference between the tight identification efficiencies between “Fudge
Factor” MC and the results obtained in data with the matrix method as shown below
(black dots) where the error (both systematic and statistical) of the matrix method are
shown as yellow bands. . . . . . . . . .. ..
Comparison of the data-driven measurements of the identification efficiency for uncon-
verted photons as a function of Er in the region 10 GeV < Er < 1500 GeV, for the
four pseudorapidity intervals (a) |n| < 0.6, (b) 0.6 < |n| < 1.37, (c¢) 1.52 < |n| < 1.81,
and (d) 1.81 < |n| < 2.37. The error bars represent the sum in quadrature of the sta-
tistical and systematic uncertainties estimated in each method. My contribution to the
photon identification efficiency measurement is with the Matrix-method. This figure was
published in Ref. [5]. . . . . . . L
Comparison of the data-driven measurements of the identification efficiency for converted
photons as a function of Et in the region 10 GeV < Er < 1500 GeV, for the four pseu-
dorapidity intervals (a) |n| < 0.6, (b) 0.6 < 5| < 1.37, (¢) 1.52 < [n| < 1.81, and (d)
1.81 < |n| < 2.37. The error bars represent the quadratic sum of the statistical and
systematic uncertainties estimated in each method. My contribution to the photon iden-
tification efficiency measurement is with the Matrix-method. This figure was published
in Ref. [B]. . . o o o

Higgs production mechanism at the LHC . . . . . . ... ... ... ... ... ...,
Higgs production cross-section . . . . . . . . . . . . .

Significance (left) and event yields (right) for different electron vetoes and taulD qualities.
Loose electron veto and medium taus gives the best performance. . . . . . . . . . .. ..
Significance (left) and event yields (right) when varying the pr cut on the 7,4 objects.
A good performance is achieved for symmetric cuts of 25 GeV for both 74q. . . . . . . .
The significance (left) and event yields (right) when including also tau triggers in addition
to single letpon triggers (SLT). At this point while ~20% improvement of sensitivity is
achieved by adding 7 triggers. . . . . . . . . .
Sources of 7.4, calculated from ¢t MC truth information, for events passing all selection
cuts. The plots show the expected number of 7,4 candidates that pass Loose (solid line)
or Medium (dashed line) identification criteria. The plots also show the contribution
from the fully-leptonic ¢t decay mode (blue line) with respect to the semi-leptonic and
fully-leptonic ¢t decays modes. Left: The 7.4 charge is opposite to the lepton charge;
Right: The 7,.q charge is the same as the lepton charge. “other” stands for a fake 7.4
that is not originating from the hard process. . . . . . . . . .. ... ... ...
A number of real 7,,q for various processes. The left figure shows those tau candidates
that have same sign with the lepton. This is the region which is used to extract the fake
factors. The right figure shows the same breakdown, but for those hadronic 7s which
have an opposite sign to the lepton, this region is not used in the fake estimation. . . . .
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5.4.3

0.4.4

2.4.5

0.4.6

0.4.7

5.4.8

2.4.9

5.4.10

5.5.1

5.5.2

2.5.3

2.6.1

Fake maq efficiency to pass MediumID selection criteria (N qiumid /N oosern )s Calculated
as a function of 7,4 transverse momentum for different tau selection (right) and the
fraction of the selected 7,4 in the control region (left). LF denotes 7 candidates that has
MV1 weight < 0.7892 (light flavor), and HF denotes the 7 with MV1 weight > 0.7892
(heavy flavor). . . . . . .
Fake maq efficiency to pass MediumlID selection criteria ( N{i.qiumid /N oosern )s Calculated
as a function of 7 for different 7,4 selection (right) and the fraction of the selected Tyaq
in the control region (left). . . . . . . . ...
Fake m,.q efficiencies for various selections. The top plots and bottom left plot compare
in red the efficiency estimated from MC from the fake factor method (6/(1 + )), and
in black the direct MC estimate (A/(A + B)). Top left shows Powheg full sim, top
right Powheg fast sim, and bottom left MC@QNLO+herwig ttbar. In the bottom right
plot, we compare the fake efficiency estimated from the fake factor method (6/(1 + 0))
between data (black) and MC (red). These comparisons are done for various selections.
A suitable closure is observed within the statistical uncertainties. . . . . . . . . . .. ..
Event distribution for regions ABCD for data (left), full ¢ simulation (middle) and Fast
tt simulation (right). The uncertainties are statistical only. In these plots the upper
right corner is region A, the upper left one is B, the bottom right is C, and the bottom
left is D. In region B 16 events are observed, while 21 events are expected from full MC.
Distribution of jet multiplicity and lepton PID in the B and C+D control regions, com-
pared to MC predictions. In the DATA/MC ratio plots the green and yellow bands
represent statistical uncertainties for 1o and 20, respectively. . . . . . . . ... .. ...
Distribution of jet multiplicity and lepton PID in the “loose” B and C+D control regions
- w/o jet cut, compared to MC predictions. In the DATA /MC ratio plots the green and
yellow bands represent statistical uncertainties for 1o and 20, respectively. . . . . . . . .
Distribution of several kinematical variables in the fake CR, where the fake 7,.4 contri-
bution is estimated from the data. In the DATA /MC ratio plot green and yellow bands
represent statistical uncertainty for 1o and 20 respectively. . . . . .. .. .. ... ...
Distribution of several kinematical variables after preselection level, where the fake 7.4
contribution is estimated from the data. In the DATA/MC ratio plot green and yellow
bands represent statistical uncertainty for 1o and 20 respectively. . . . . . . ... .. ..
Jet and electrons multiplicities in the signal region of 1/27,,4 category. The number of
jets is 10x the number of b-tagged jets plus the total number of jets. The hatched bands
show the total uncertainty on the background prediction in each bin. The non-prompt
spectra are taken from simulation of ¢, single top, Z+jets , and other small backgrounds.
The overlaid red line shows the ttH signal from the Standard Model. For visibility, the
ttH signal is multiplied by a factor of 2.4 in the plots. These plots were published in
Ref. [7]. . . o o
Fully unblinded the Tj,qThag invariant mass m;7.. The background is modelled with MC.
The hatched region shows the total uncertainty on the background prediction in each
bin and is centred on the total background prediction. The red line shows the ttH signal
from the Standard Model. For visibility, the ttH signal is multiplied by a factor of 2.4.
This plot was published in Ref. [7].. . . . . .. ... o oo
Event display for a candidate event in the 10274 category. The T,aqThad system has m]T,
= 66 GeV. This plot was published in Ref. [7]. . . ... ... ... ... ... ......
95% CL upper limits on u, determined via the CLs method, for various categories and
the combined result. My contribution is the 1/27,,4 channel. . . . . . .. ... ..
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5.6.2

6.2.1

6.2.2

6.2.3

6.2.4

7.2.1

7.2.2

7.4.1

7.4.2

Best fit values of the signal strength parameter u = oyg /o5 For the 41 Z-depleted
category, u <-0.17 results in a negative expected total yield and so the lower uncertainty
is truncated at this point. My contribution is the 1/27,,4 channel. This plot was
published in Ref. [7]. . . . . . .

Sample LO diagrams for the full pp — H*WTbb process: (a) non-resonant top-quark
contribution; (b) single-resonant top-quark contribution; (c¢) double-resonant top-quark
contribution. This figure is taken from Ref. [85]. . . . . . ... ... ... ... .. ...
Production cross section for the heavy charged Higgs boson (i.e. resulting from the as-
sociated production with a top quark), as a function of myg+, in a type-II 2HDM with
tan § =30 [86]. The predictions are shown for the four-flavor and five-flavor schemes , as
well as for their combination, computed according to the Santander-matching rule [87].
Two-dimensional plot of the charged Higgs boson production cross section (left) and
average relative uncertainty (right) as a function of tan § and my+ values in the 4FS of
the 2HDM. This plot is from Ref. [88]. . . . . . . ... .. ... o 0oL
Branching fractions of the charged Higgs boson as a function of my+, for tan g values of
10 (left) and 50 (right), in the m}™** scenario of the MSSM. This plot is from Ref. [92].

Comparison between weighted (black) and unweighted (magenta) distributions of the
final discriminant (Mr), shown after full event selection for my+ = 200 GeV (left) and
mg+ =350 GeV (right). . . . . . . ..
Comparison of the key kinematical distributions used for selection in the MC15c¢ ¢t events
simulated with the fast (AF2) and the full ATLAS simulation. . . ... ... ... ...
Comparison of the data with the predicted electroweak, top and multi-jet backgrounds,
along with a few simulated signal samples (with my+ = 90,200 GeV), after full event
selection in Tyaq+jets channel. Shown are (top left) the m,q candidate pr, (top right)
the £ (middle left) the reconstructed transverse mass of the 7,9 and EX (middle
right) the number of b-jets, (bottom left) the 7,4 number of charged tracks and (bottom
right) the angle between the 7,4 candidate and the EX*. The background is stacked,
while the signal is overlaid. When plotting transverse momenta, the last bin contains
overflow. The 7 — 7 background is estimated using the FF method. The uncertainty
band in the ratio plots is statistical systematic uncertainty. The signal distributions are
all scaled to the integral of the total background. . . . . .. ... ... ... ... ...
Predicted total background distributions including electroweak, top and multi-jet back-
grounds, along with a few simulated signal samples (with my+ = 90,200 GeV), after full
Thaa+e€ event selection. Shown are (top left) the 7y,,q candidate pr, (top right) the EXiss,
(middle left) the reconstructed transverse mass of the 7,,q and E& (middle right) the
number of b-jets, (bottom left) the 7, number of charged tracks and (bottom right)
the angle between the 7,,q candidate and the EX5. The background is stacked, while
the signal is overlaid. When plotting transverse momenta, the last bin contains overflow.
The 5 — 7 background is estimated using the FF method. The uncertainty band in the
ratio plots is statistical systematic uncertainty. The signal distributions are all scaled to
the integral of the total background. . . . . . . . ... ... ... ... ... ... ...
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7.4.3

7.5.1

7.5.2
7.5.3

7.5.4

7.5.5

7.5.6

7.5.7

7.5.8

Predicted total background distributions including electroweak, top and multi-jet back-
grounds, along with a few simulated signal samples (with my+ = 90,200, 1000 GeV),
after full m,,4 + p event selection. Shown are (top left) the 7,4 candidate pr, (top right)
the EMss (middle left) the reconstructed transverse mass of the 7,9 and EX (middle
right) the number of b-jets, (bottom left) the 7,4 number of charged tracks and (bottom
right) the angle between the 7,4 candidate and the EX*. The background is stacked,
while the signal is overlaid. When plotting transverse momenta, the last bin contains
overflow. The 7 — 7 background is estimated using the FF method. The uncertainty
band in the ratio plots is statistical systematic uncertainty. The signal distributions are
all scaled to the integral of the total background. . . . . .. ... ... ... ... ...
Distribution of the e-7y,,q visible mass and transverse mass of the 7j,,q + EX system, as
well as pr, nand track multiplicity of the 7,,q candidate in the Z — ee control region. The
recommended e — 7y,,4 scale factors are applied. Jets misidentified as 7,,q4 are estimated
from data using the FF method. The uncertainty band in the ratio plots includes the
total statistical and systematic uncertainty of the simulated events. . . . . ... .. ..
Transverse mass distributions in the multi-jet CR (left) and the W+jets CR (right).
Fake factors (FF) parametrized as a function of pZ. and the number of charged 7 decay
products (two categories: 1-prong and 3-prong). The FFs are obtained in the multi-
jet and W+jets CRs (left), as well as after reweighting by ayy in the 7,q+jets and
Thad+lepton channels (right). See section 7.5.2.3 for details about the computation of
fake factors in the different control and signal regions. The errors shown come from the
statistical uncertainty in a given p7. bin (left) and with additional systematical uncer-
tainties obtained from the combination in a given p7. bin (right). . . . .. ... ... ..
Estimation of aypgy in the m,q+jets signal region for pr < 50 GeV 1-prong 7,.q candi-
dates. Left: templates of discriminating variables for different 7,4 pr and n-prong slices.
Middle: shape of the discriminating variable obtained in the signal region and fitted
shape using the templates measured in the control regions. Right: x?/ndf of the fit as a

2
=T oo

Estimation of aygy in the m,.q+jets signal region for pr > 50 GeV 1-prong m,.q candi-
dates. Left: templates of discriminating variables for different 7,.q pr and n-prong slices.
Middle: shape of the discriminating variable obtained in the signal region and fitted
shape using the templates measured in the control regions. Right: x?/ndf of the fit as a

2
T ZERPPPEP

Estimation of aygy in the m.q+jets signal region for pr < 50 GeV 3-prong Ty.q candi-
dates. Left: templates of discriminating variables for different 7,.q pr and n-prong slices.
Middle: shape of the discriminating variable obtained in the signal region and fitted
shape using the templates measured in the control regions. Right: y?/ndf of the fit as a

2
S e e e

Estimation of aygy in the m.q+jets signal region for pr > 50 GeV 3-prong m.q candi-
dates. Left: templates of discriminating variables for different 7,,q pr and n-prong slices.
Middle: shape of the discriminating variable obtained in the signal region and fitted
shape using the templates measured in the control regions. Right: x?/ndf of the fit as a

function of any, the error on anyy is defined by the band at X2, /ndf + /2. . . .. ..

Estimation of ayy in the 7m.q+lepton signal region for pr < 50 GeV 1-prong Ty.q can-
didates. Left: templates of discriminating variables for different 7,,.q pr and n-prong
slices. Middle: shape of the discriminating variable obtained in the signal region and
fitted shape using the templates measured in the control regions. Right: x?/ndf of the

fit as a function of aygy, the error on ayy is defined by the band at 2. /ndf + /-2

function of any, the error on ayyy is defined by the band at x2, /ndf +

function of ayy, the error on ayg is defined by the band at x2, /ndf +

function of aygy, the error on aygg is defined by the band at 2, /ndf +

odfs -
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7.5.9

7.5.10

7.5.11

7.5.12

7.5.13

7.5.14

7.5.15

7.5.16

7.50.17

7.5.18

7.5.19

7.5.20

7.5.21

Estimation of ayy in the 7,q+lepton signal region for pr > 50 GeV 1-prong 7y.q can-
didates. Left: templates of discriminating variables for different 7,,q pr and n-prong
slices. Middle: shape of the discriminating variable obtained in the signal region and
fitted shape using the templates measured in the control regions. Right: x?/ndf of the

fit as a function of ayy, the error on ayyy is defined by the band at xZ;,/ndf + /2. . .

Estimation of aygy in the m,.q+lepton signal region for pr < 50 GeV 3-prong T.q can-
didates. Left: templates of discriminating variables for different 7,,q pr and n-prong
slices. Middle: shape of the discriminating variable obtained in the signal region and
fitted shape using the templates measured in the control regions. Right: x?/ndf of the

fit as a function of ayyy, the error on ayyy is defined by the band at x2, /ndf + %. o

Estimation of ayy in the m,,q+lepton signal region for pr > 50 GeV 3-prong 7.4 can-
didates. Left: templates of discriminating variables for different 7,,q4 pr and n-prong
slices. Middle: shape of the discriminating variable obtained in the signal region and
fitted shape using the templates measured in the control regions. Right: x?/ndf of the

fit as a function of ayy, the error on ayy is defined by the band at xZ,, /ndf + /2. . .

Corrected aypy values for the m,.q9+jets b-veto, m.q+jets signal region, m,.4-+lepton signal
region with same-sign control region and the 7,,q+lepton signal region. . . . . . . . ..
J — Thaa background validation plots: m,.q+jets signal-like region with a b-jet veto (top)
and same-sign T,,q+lepton signal-like region (bottom). . . . .. ... ..o
Fake-Factors of j — m,.q background for different selection of 7 initiated jet. The asso-
ciation between the jet and the initial quark was calculated using PartonTruthLabellD
variable of jet container. In the plots Fake-Factors shown for 1-track (left) and 3-track
(right) j — Thaa separately. . . . . ..o oL
Composition of j — m,.q background for different selection based on the flavor tagger
weights. Selection shown for 74jets signal region selection for 1-track (left) and 3-track
(right) j — Thaa Separately. . . . . .o
Fake factors parameterised as a function of p}. and the number of charged 7 decay
products (two categories: 1-prong and 3-prong), as obtained in the multi-jet (left) and
Wjets CRs (right). . . . . ..o o
Composition of j — Thaq background modelling in 7+jets (left) and 7+lep (right) signal
region using nominal and “extended” Fake-Factors. . . . ... .. ... ... .. ....
Left: Distribution of the T variable for 7,4 (black) and anti-7,,q (red) candidates in the
W +jets control region. Right: CDF of T for 7,,q (black) and anti-7,,q (red) candidates
in the W+jets control region. . . . . . . . ..o
Distribution of T variable before (left) and after (right) Smirnov transformation in the
Thad+jets signal-like region with a b-jet veto (top) and in the same-sign 7,,q+lepton
signal-like region (bottom). . . . . ... L
BDT score distribution for the predicted backgrounds and data in the validation region
of the mhaq+lepton channel with an ey pair instead of the e/p + Thaq pair (see text for
details). The five H* mass range trainings are shown. The uncertainty bands in the
lower plots include all statistical and systematic uncertainties. . . . . . . . . . .. .. ..
BDT score distribution for the predicted backgrounds and data in the validation region
of the Tyaq+lepton channel (7,q9+electron and 7,,4+muon combined) with exactly zero
b-tagged jet (see text for details). The five H*¥ mass range trainings are shown. The
uncertainty bands in the lower plots include both statistical and systematic uncertainties
of simulated events. . . . . . . . ...
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7.6.1

7.6.2

7.6.3

7.7.1

7.7.2

7.7.3

7.7.4

7.7.5

Left: Analytical function used in the toy MC study for nominal and the alternative
shape model, the red curve in the bottom plot shows the actual systematic shift. Right:
Distribution from 10000 generated events from the analytical function for the nominal
and the alternative shape model. the black dashed band in the ratio plot is the statistical
uncertainty of the nominal background. . . . . . . . .. .. ... ... ... ...
Distribution using the final binning of the 7,,q+jet channel, for the nominal and the
alternative background shape obtained from the toy model. The left plot shows the
alternative model obtained from the toy MC, while the right plot shows the smoothed
alternative shape. Both distributions are shown — the shape distribution according to the
analytical function, obtained by integrating in a given bin range the analytical function
that is depicted in left-hand side of figure 7.6.1 (dashed line, labelled as truth), and
the distribution obtained from randomly generated events using a toy MC, obtained by
integrating in a given bin range the generated shapes that are depicted in right-hand
side of figure 7.6.1 (solid line). The bottom ratio plot shows the actual shape variations
(red) and the estimated shape variations from a given toy MC (blue). . . . .. ... ..
The residuals between the estimated shift to the actual shape variation, for the last four
bins of the BDT distribution, obtained using toy MC for the standard approach (red) or
the smoothing procedure (blue). The mean and the RMS of each distribution are shown
inthe legend. . . . . . . ..
BDT score distributions in the signal region of the 7y.q_vistjets channel, in the five
mass ranges used for the BDT trainings, after a fit to the data with the background-
only hypothesis. The uncertainty bands in the ratio plots include both the statistical
and systematic uncertainties. The normalisation of the signal (shown for illustration)
corresponds to the integral of the background. . . . . . .. .. ... ...
BDT score distributions in the signal region of the 7,4 _vistelectron channel, in the five
mass ranges used for the BDT trainings, after a fit to the data with the background-
only hypothesis. The uncertainty bands in the ratio plots include both the statistical
and systematic uncertainties. The normalisation of the signal (shown for illustration)
corresponds to the integral of the background. . . . . ... .. ... ... L.
BDT score distributions in the signal region of the 7,,q_is+muon channel, in the five
mass ranges used for the BDT trainings, after a fit to the data with the background-
only hypothesis. The uncertainty bands in the ratio plots include both the statistical
and systematic uncertainties. The normalisation of the signal (shown for illustration)
corresponds to the integral of the background. . . . . ... .. ... ...
Observed and expected 95% CL exclusion combined limits on BR(t — bH") x BR(HT —
Tv) (left) and o(pp — [b]tHT) x BR(H* — 7v) (right) for charged Higgs boson produc-
tion as a function of my. in 36.1 fb~! of pp collision data at /s = 13 TeV. The limits
are compared with previous public results [10,100]. . . . . . .. .. ... ... ..
95% CL exclusion limits on tan 3 as a function of mg+, shown in the context of the
hMSSM, for the regions in which reliable theoretical predictions exist (tan 5 < 60). As
a comparison, the red curves show the observed and expected exclusion limits based on
the dataset collected in 2015 at /s =13 TeV [9]. . . . . . . . . . ... ... ... ....
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A Matrix-Method based fake estimation in 1 lepton and 2
Thad channel

The general purpose of the Matrix-Method (MM) is to estimate the contamination of fake objects
in a signal region. The method is based on the measured efficiencies for both real and fake objects,
which are in the 1 lepton and 27s is the hadronicaly reconstructed 7s (Thaq), here we describe the
evolution of the matrix-method into a simplified approach similar to the ABCD method.

In this appendix, first we consider the case of one fake 7,4, and then the case of two hadronic
7s. We simplifify the general MM to the ABCD method for the case that one of the taus is always a
fake. Denote by N* the number of reconstructed Medium Th.q and by N! the number of reconstructed
Loose Th.q. First, we consider the simple case of events with one reconstructed hadronic m,.,q. We
can express the number of reconstructed Medium and Loose T,.qs in the following way:

t T
N - Npass + prass (Al)
N' = N"+ N/, (A.2)

where N" (NI ) and N"(N7) are real (fake) reconstructed .4 that pass Medium and Loose

pass pass
selection ID, respectively.

-
pass

f
Denoting r = —2=* to be the efficiency of real 7 to pass Medium selection and f = % to be the
efficiency of a fake 7 to pass the Medium selection, we can express the number of reconstructed events
that pass Loose or Medium 7 ID using the efficiency matrix:

()= ) () 43

By inverting the efficiency matrix, the number of fakes passing our Medium selection can be
expressed as follows:

f (rN'— N*) = f (rN7 — (1 —7)NY), (A.4)

r—f r—f

where N7 = N! — N* is the number of reconstructed Loose Ty.q that fail the Medium selection
criteria. In case of no real 7 contamination in this control region (“anti-” control region - N7) from
the selection or by subtraction, i.e. if r =1 or N” = 0, then Equation A.4 reduces to a simpler form:

th”akes - fo -

Nt = FF x N7, (A.5)

1
method, which is based only on the estimation of the fake 7,4 efficiencies.

In case of two 7 candidates, we define four orthogonal regions with hadronic s that pass (¢) or fail
() Medium 1D selection. In addition (as it will be shown latter in the text) since both hadronic 7s in
the our selection have an opposite charge to each other, then we can separate them according to their
charge sign with respect to reconstructed lepton: one that have an opposite charge to reconstructed
lepton, and one that have a same sign to the reconstructed lepton. Then one can use a 4 x 4 efficiency
matrix to obtain the number of reconstructed events:

where F'F = %f is called the fake factor. This approach is commonly called the “fake-factor”

Ntt' 172 r1.f2 Jira fife N'™

Ntlj _ ri(l—r2) ri(l— f2) fi(1 =) fill = f2) N'/

NIt (I —r1)re (I—=r1)f2 (1= fi)rs (L= fi)f NI

N7 (I=r)1=r)) QA=r)(I-f2) A=fi)d—r2) 1= f)1-f2) fo( |
A6
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where the first (second) index refers to a m,,q with OS (SS) to the reconstructed lepton. Again,
by inverting the efficiency matrix, one can express the number of entries originating from events with
at least one non-prompt 7,4 in the following way:

Nt (1 QL @2 Y ey N ppNt L PR Y2 N o N AT
fakes ( FF FF R R o 102V (A7)

where «; = :Tf Equation is the general expression for the expected number of events that contains
at least one fake 7. One can avoid estimation of the efficiency of a real 7,4 in the same way as it have
been shown for 1D case - by subtracting the contribution of the backgrounds with pair of prompt
Ts, i.e. N =0, then a = FF, and Equation A.7 reduces to a simple form:

Ny = FFy x N+ FFy x NV — FFy x FFy x N (A.8)

Now, once we have show that the estimation of the real efficiencies can be avoided from subtracting
the contribution from the backgrounds with a pair of prompt hadronic 7s, we will show that even a
simpler form of the fake estimation can be also obtained from the MM formalism.

In our channel, the main background that contributes to the fakes, is the ¢t background. For the
tt process, the reconstructed lepton arises from leptonic top decay. Then, the reconstructed 7 can be
either from W — 7 decay or faked from jets. In this case, the prompt 7,4 will have always opposite
sign to the reconstructed lepton in case of charge of lepton/7,,q is reconstructed correctly. Then the
Thad With the same sign as the selected lepton will always be a fake 7,q (originating from a jet). In
this case N/" = 0, and then by dividing the rows of Equation A.7 - (1)/(2) and (3)/(4) we obtain:

(ri- for N™T+ fi - faNIT)

NUNY = = f) NT+ h- (L= fo) - NTT)
= L/ f) (A.9)
gt aTid (L=r)-f=2-NY 4+ (1= f1)- oN'7)
NN = ) A=) N T (=) (- fa) - N79)
= fo/(1 = f2). (A.10)
which results in
N]t‘fzkes =0 x tha (All)

with § = N7'/NJJ and this approach is commonly called the “ABCD” method. This is the
simplified case of the MM formalism that we finally use to estimate the amount of fakes in our signal
region for the 1/27,,4 channel.
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