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ABSTRACT

The Standard Model (SM) of particle physics is one of the biggest triumphs of modern physics.
The SM has been immensely successful in explaining the new elementary particles and how they
interact with each other. A plethora of experiments have been conducted to validate the SM predic-
tions, and so far the SM predictions and experimental observations are in good agreement, the most
recent evidence being the discovery of Higgs Boson at the LHC in 2012. However, SM alone is
insufficient to answer many open questions in modern physics, such as the presence of dark matter
(DM) and dark energy (DE) in our universe. Ordinary matter, observed so far by various exper-
iments, accounts for only about 5% of the energy density of the universe, while a large fraction
is in the form of DM (~27%) and DE (~68%). While the nature of DM is still unknown, one of
the leading hypotheses suggests that it consists of Weakly Interacting Massive Particles (WIMP).
All evidence point to the interaction between DM and SM to be very weak. DM searches are
being pursued in collider experiments alongside direct and indirect detection experiments. In this
thesis, a search for dark matter candidates produced in association with a Standard Model Higgs
boson decaying to two b-jets is presented. The search uses a dataset of pp collisions at /s = 13
TeV corresponding to an integrated luminosity of 139 fb~!, recorded by the ATLAS detector. The
results are interpreted in the context of the Two-Higgs Doublet Model (2HDM) with an additional
vector or pseudoscalar mediator. The 2ZHDM is connected to the so-called Higgs portal models,
in which DM particles interact with the SM particles only through their couplings with the Higgs
sector. The analysis did not discover any DM particles and constraints are put on the model param-
eters. Some parts of the benchmark DM model phase-space are excluded and improvements are
observed compared to previous results. Another limitation of the SM is its inability to explain the
accelerated expansion of the universe. One possible explanation in the context of a homogeneous
and isotropic universe is the mysterious DE, which is a repulsive force that counteracts the grav-
itational pull. This thesis describes the search for DE in the tt_+E%rliss final state with a dataset of

pp collisions at /s = 13 TeV corresponding to the integrated luminosity of 36.1 fb~! recorded by
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the ATLAS detector. The results are based on a reinterpretation of the search for supersymmetric
partners of top-quark to constrain conformal couplings of DE to SM matter. No DE particles were

discovered and exclusion constraints are put on the DE model parameters.
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PUBLIC ABSTRACT

From the discovery of the electron in 1897 by J.J Thomson to the Higgs boson in 2012 at the LHC,
a plethora of elementary particles have been detected by various experiments. The Standard Model
(SM) of particle physics has been enormously successful in describing all the observed elementary
particles and explaining the interactions between them at the most fundamental scientific level.
However, it is clear that SM alone is insufficient to answer many open questions in modern physics,
such as the presence dark matter (DM) and dark energy (DE) in our universe. Ordinary matter,
observed so far by various measurements, accounts for only about 5% of the energy density of the
universe, while a large fraction is in the form of DM (~27%) and DE (~68%). The SM alone is
insufficient to explain the existence of DM or DE, hence Beyond Standard Model (BSM) theories
are postulated to explain the dark sector. One such set of BSM models are the so-called Higgs
portal models, where the DM interacts with the SM particles through the Higgs sector. Various
types of experiments are conducted around the world to search for DM and DE, and one of them is
the Large Hadron Collider (LHC) in Geneva, Switzerland. The LHC is a particle accelerator that
collides high-energy protons and data from the pp collisions are recorded by four large detectors,
the largest being the ATLAS detector. This thesis describes the search for DM and DE with the pp
collision data recorded by the ATLAS detector and the results are interpreted in terms of certain
DM and DE models. No DM or DE particles were discovered, hence constraints are put on the

DM and DE model parameters.
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1. INTRODUCTION

Understanding our universe, its constituent parts, and the forces that govern the interactions have
always been a topic of interest to physicists. From the discovery of electrons in 1897 to the Higgs
boson in 2012, a plethora of elementary particles have been discovered. The Standard Model (SM)
of particle physics has been immensely successful in describing the newly discovered particles
and their interactions. However, SM alone is not sufficient to describe the universe. One of the
shortcomings of SM is its failure to explain the dark sector of the universe. It has been observed
that about 95% of the universe consists of Dark Matter (DM) and Dark Energy (DE). This thesis
presents searches for DM and DE with the ATLAS detector at the LHC.

The primary focus of the thesis is the DM search. Astrophysical observations suggest that
the DM does not interact through strong or electromagnetic force. Hence, DM particles would
interact very weakly with the detector and would escape undetected. This will induce a momentum
imbalance in the transverse plane of the plane where interactions are taking place, also known as the
missing transverse energy (E%niSS ). Since at the LHC the E%liss can only be evaluated in the presence
of visible SM particles, the DM searches are performed in association with SM particles that can
be detected at the LHC. The DM analysis described in this thesis searches for DM produced in
association with a SM Higgs boson, that decays to two b-jets. The final state consists of E%niss
coming from the undetected DM particles and two b-jets from the SM Higgs decay, known as the
mono-Higgs channel. The search uses the full Run 2 dataset of 139 fb~! recorded by the ATLAS
detector, and the results are interpreted in terms of the Two-Higgs Doublet Models (2HDM). The
2HDM models are related to the so-called Higgs portal models where the DM particles interact
only with the Higgs sector. A statistical analysis based on a binned profile-likelihood method is
performed to obtain the final results.

Similar to the DM searches, DE searches at the LHC are also model dependent and a signif-
icant amount of E%liss in the final state indicates the presence of DE. The second analysis described

is a DE-search in a tt_—i—E%‘iss final state. The analysis is a reinterpretation of a search for top super-



partners in the 77 + EITIliSS final state. The analysis is based on an Effective Field Theory (EFT) based
DE model in which the DE-SM interactions and kinematic properties of DE are characterized by
operators that preserve a specific symmetry. A profile-likelihood statistical analysis is performed
to obtain the final results. This is the first DE analysis [1] from collider experiments, albeit a
reinterpretation of a different search.

At the end of Run 2, the total dataset available for physics analysis is 139 fb~!, but there
are plans to upgrade the detector components and introduce new detectors to increase luminos-
ity. The High-Luminosity LHC (HL-LHC), scheduled to start in 2027, is expected to achieve a

25~ ! and an integrated luminosity of 4000 fb—!. To cope with the

peak luminosity of 7.5x10%*cm
high luminosity a High Granularity Timing Detector (HGTD) with 30-50 ps timing resolution is
proposed to be added to the ATLAS detector. Silicon Low Gain Avalanche Detector (LGAD) sen-
sors are to be used at the HGTD. The sensors are tested through beam tests at CERN and other
laboratories. A part of my ATLAS authorship qualification task was to develop software to com-

municate between the sensors and an oscilloscope, used in the beam tests. The second part of my

qualification task was to develop a database where the sensor test results are to be stored.



2. THEORETICAL FRAMEWORK

Richard Feynman once said “It doesn’t matter how beautiful your theory is, it doesn’t mat-
ter how smart you are. If it doesn’t agree with experiment, it’s wrong”. Therefore, theoretical
predictions are required to be verified with experimental observations. The foundation of parti-
cle physics was laid by the Greek philosopher Democritus in 400 BC when he postulated that all
particles have a constituent fundamental unit. He named this basic unit atomo, which means in-
divisible and is known as atom. According to his theory, the atoms are completely solid with no
internal structure and the atomic dimensions vary for different objects. Although the theory was
revolutionary at that time it was ultimately proven wrong when J.J Thompson discovered electrons
in 1898. In 1917 Ernest Rutherford with the famous gold foil experiment discovered nucleus with
positively charged particles protons; James Chadwick discovered the neutral particle neutron in
1932. The atomic model was completed in the quantum mechanics framework by Neils Bohr and
then Erwin Schrodinger in the early 20th century and has evolved over the years with experimental
observations providing pathways.

When highly energetic cosmic particles such as protons enter the Earth’s atmosphere, they
interact with the particles on Earth and create rich cosmic showers of particles, such as muons, pi-
ons, etc. With the advancement of experimental technologies, a plethora of particles were observed
from cosmic rays. To categorize these many newly discovered particles and understand their char-
acteristics a new theoretical model was required. In the 1960s and 1970s physicists came up with
a theory that could explain the characteristics and interaction properties of these particles. Differ-
ent parts of the model were developed by many physicists and the collection is now commonly
known as the Standard Model (SM) of particle physics. Although the SM has been very success-
ful, it is not complete. This chapter gives an overview of the SM, its triumphs, shortcomings, an

introduction to dark matter and dark energy, the subject matter of the thesis.



2.1 The Standard Model of particle physics

The SM [2, 3] of particle physics is a relativistic quantum field theory based on the gauge
symmetry group SU(3)cxSU(2),xU(1)y. It provides a field theoretical description of the three
fundamental forces in nature: strong, weak and electromagnetic force. The SU(3)c group repre-
sents the strong force which is described by Quantum Chromodynamics (QCD) where the color
charge (C) is conserved. The SU(2)rxU(1)y represents the unified weak and electromagnetic
(EM) force, the electroweak (EW) sector . Here L indicates that the weak force acts on left-handed
particles only, and Y represents the conserved weak hypercharge. In addition to this, there is a
SU(2) doublet corresponding to the single scalar Higgs field. The following points encapsulate the

critical aspects of the SM:

e The SM encompasses three of the four fundamental forces in nature: strong, weak, and EM

force.

e All matter is composed of fundamental particles called fermions which interact with each

other through the exchange of force carriers called bosons.

e The interaction force dynamics are described by a gauge theory with SU (3)¢cxSU(2), xU(1)y

symmetry.

e The fermions and gauge particles get their masses by interacting with the Higgs field, known

as the Higgs mechanism.

Besides explaining the phenomena observed in elementary particles, the SM transcends to larger
distances such as atomic and nuclear scales, forming the basis of chemical, biological and other

sciences.

2.1.1 Elementary particles and their interactions

All the observed elementary particles are classified into two groups: fermions and bosons.

Fermions have half-integral spin (s € [1/2,3/2,...]) and bosons have integral spin (s € [0, 1,2,...])
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quantum numbers. All the observed stable particles in the universe consist of fermions. The
fermions are further divided into two categories: leptons and quarks. Six leptons and six quarks
have been observed thus far which are grouped into three generations: first, second and third.
Properties of the fermions in each generation are similar but for the masses.

The quarks cannot stay in a free state due to color confinement and form composite particles
by combining with two or three quarks. These composite particles are known as hadrons. Depend-
ing on the number of quarks the hadrons are grouped into two categories: baryons and mesons.
The baryons have half-integer spin and consist of three quarks (or anti-quarks for anti-baryons),
such as proton (uud), neutron (udd) etc. The mesons have spin 1 or 0 and consist of a quark and
anti-quark pair, such as neutral pion (0 : ui), neutral kaon (k° : ds), charged pion (n* : ud) etc.

Each type of particle interaction involves a gauge boson exchange. The mediators in strong
interactions are gluons, which are massless and electrically neutral. The photon (7) is the gauge
boson for the EM interactions, while W+ and neutral Z bosons are the gauge bosons for weak
interaction. Table |I| summarizes different forces, their scales, and properties of the gauge bosons

associated with the interactions.

| Characteristics | Strong EM | Weak |
Strength 1 1/137 10~7
Range 1077 cm o0 10710 cm
Acts on color electric flavour
charge
Force carrier gluon (g) photon () W= and Z
Force carrier mass [GeV] 0 0 80.4 and 91.2

Charge 0 0 +1and 0

Spin number 1 1 1
Theory QCD QED EW

Table 1: Summary of the fundamental forces in SM interactions, the gauge bosons associated
with it and their properties [4]]. The QED represents Quantum Electrodynamics.

The masses of the force carriers and the interaction lengths are correlated. Since the photon
is massless, the EM interaction range goes up to infinity, but the interaction strength falls with

distance r as 1/r. Electrically charged particles can interact with each other through an exchange



. . . . 2
of a photon and the interaction strength is characterized by the fine structure o = 47;3% =1/137.

The strong interactions, on the other hand, are mediated by gluons, have a much stronger coupling
constant o ~ 1, and the interaction range is limited to inside the atomic nucleus. While the EM
force acts on an electric charge, the strong force interacts through color charge. Each quark (anti-
quark) can carry three possible colors (anti-colors): red (r), green (g) and blue (b) and each gluon
carries a color and an anti-color which can produce 3x3 = 9 gluon states. However, one color
combination gives a colorless gluon: \%(\rﬂ + |gg) + |bb)). Hence, there are eight orthogonal
gluon states which forms the color octet. For each strong interaction, the color is conserved at each
interaction vertex like the electric charge in EM interaction. The weak interaction is mediated by
either a neutral Z boson or one of the two charged W bosons. The weak interaction is extremely
short range because the W+ and Z bosons are massive. Figure [1] shows all the elementary particles

along with force carriers for the three fundamental forces described above.

Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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@ |- H
up charm top antiup anticharm antitop gluon higgs
=4.7 MeV/c2 =96 MeV/c2 =418 GeV/cz =4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 0
s s -1 % £ = ¥ - 0
L. D@ O @ |- @ |- O || @D
down strange bottom antidown | antistrange| | antibottom photon
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Figure 1: Standard Model elementary particles and the force carriers [5].

2.1.2 Symmetry and Gauge fields

The SM is based on a relativistic Quantum Field Theory (QFT). The quantum fields have
an underlying symmetry called gauge symmetry. In a field theory framework, the basis is formed
by a field, e.g., a complex scalar field ¢(x) and the particles are represented as excited states of

the field. The properties of the field are described by a Lorentz invariant Lagrangian, a function of
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the field and its derivative £ = £(¢,d, ¢). The space-time evolution of the field is described by S,

defined as: 4
S = /d XL 1)

Using the principle of least action one can write the Euler-Lagrange equation, which describes the

equation of motion for the field ¢:

8§ 8L , oL
§¢ 8¢ “I(duo)

=0 (2)
where 0S8 represents the variation of S for an arbitrary perturbation 8¢ of the field ¢. The essence
of equation [2|is that for any given field ¢, the 0S vanishes for an arbitrary perturbation 6¢ given
that ¢ satisfies the equation of motion. In a more physical language for a field transformation
o — ¢ + 8¢, for which L is Lorentz invariant, 6 £ = 0 implies that the Lagrangian is symmetric
under the transformation. According to Noether’s theorem, for every differentiable symmetry of
the action of any physical system there is a corresponding conservation law. In the SM each type

of fermionic interaction is associated with a gauge symmetry, which is invariant under local gauge

transformations, corresponding to a conserved quantity as listed in Table [2]

Interaction |  Symmetry | Conserved quantity |
EM U(l) electric charge
strong SU(3)c color
Weak SU(2)L weak isospin

Table 2: Global symmetries and the conserved quantities corresponding to different SM
fermionic interaction types. The weak isospin represents a quantum number related to weak in-
teractions and is denoted by 1.

2.1.3 Electromagnetic force and Quantum Electrodynamics

The theory of Quantum Electrodynamics (QED) describes the EM interaction between
fermions and is invariant under a local U (1) symmetry. The Dirac Lagrangian for a fermion of

mass m in a complex field y can be written as,

Lo = P(ir*ou—m)y 3)



where y* are the Dirac matrices, satisfying the anti-commutation relationship {y*,y"} =2g"", and
¥ = y'yY, with y' representing the Hermitian adjoint of the field y. The Lagrangian is invariant

under a global U (1) symmetry, where the field transforms as:

y(x) = e “Cy(x). )
Here Q is the electric charge and « is an arbitrary real number. However, Lp is not invariant
under a local gauge symmetry, i.e., when the transformation of o has a space-time dependency
o — a(x). To make Lp invariant under local gauge transformations a covariant derivative Dy, is

introduced:

In an attempt to make the Dirac Lagrangian invariant to local gauge transformations a new vector

field A, is introduced. This field is known as the gauge field and it transforms as:

Al = Ay + dpa(x). (6)

Replacing the partial derivative d, in Lp (equation [3) by the covariant derivative D, from equa-

tion 3 one can write

L=Lp— QW) ALw(x). (7)
With the inclusion of the covariant derivative, the Lagrangian becomes invariant but loses its free-
dom. The extra term QW (x)y*A, y(x) represents the interaction between a fermion and a photon.

The kinematic (Ly;,) and mass (Ly) terms for the photon can be written as:

1 1
Ekll’l - _ZFIJ\/F“V, E'y - Em,)z/A'uAIJ Where F/Jv - 8[.1AV - avA‘u. (8)

Here F,y is the field tensor, which is gauge invariant under the transformation of A;,. However, the

presence of the mass term breaks the local gauge invariance:
1 5 1 5 L)
EmyA'uA'“ — EmY(A# + dya(x))(A* +H a(x)) # EmyAuA“. )

Hence, the photon field is massless and the full QED Lagrangian can be written as:



1
Loep = Lp — QAW (x) Y y(x) — ZFqu“v- (10)

The term ¥ (x)y* y/(x) is also known as the Noether current J,, associated with the U (1) symmetry

and the conserved charge is represented by Q:

H=prve), 0= [d3 = [ @y 0 y(). (n

The interaction term between a photon and fermion, QW (x)y*A,y(x), can be visualized by the

Feynman diagram shown in Figure 2]

Figure 2: Feynman diagram of a QED vertex for an interaction between a photon and fermions.

2.1.4 Strong force and Quantum Chromodynamics

The strong interaction is described by Quantum Chromodynamics (QCD), which is a gauge
theory based on SU(3)¢ symmetry with the color being the conserved quantity. The same tech-

nique used to derive the QED Lagrangian can be applied to obtain the QCD Lagrangian:

(i) Find the global symmetry of a free Lagrangian and transform the global symmetry to a local

symmetry by replacing the dy, with the covariant derivative D, and introducing a vector field.

(i) Evaluate the kinematic terms of the newly added vector field.

The SU(3) group has 8 Hermitian generators (7%) which can be expressed in terms of Gell-Mann

matrices (A9) [6] and follow a commutation relationship as shown in the following equations:

T9=A%/2, whereac{l,...8} and [T% T’ =if%r* (12)
where %€ is known as the structure constant of the group. The gluons, which are the gauge bosons

for the strong interactions, are represented by eight distinct vector fields denoted as Gy (x), while

9



the QCD covariant derivative is given as:
A’a

Similar to the photon field in QED, using the gluon fields and covariant derivatives one can write

the kinetic term of the gluon vector fields as:

G, = [8MG3—8vGﬁ+ 2/ GhGs|. (14)

With all these ingredients one can write the QCD Lagrangian as:

. = lﬂ a 1 a a
Locp = Y. 4(i7" 9 —mg)q — & Y (37" 5 9) Gy — 1 Gy G (15)
q q

where the summation g runs over six quarks. The first term describes the mass and kinetic energy
of the quarks, the second term represents the interaction between quark and gluon and contains the
quark current Jf; M= _ggy* %q, analogous to Noether’s current in U (1) symmetry, and the third
term represents the gluon-gluon self-interactions. Unlike photons in EM interactions, the gluons

can have self-interactions, resulting in interaction vertices with 3 or 4-gluons, as shown in Figure[3]

Figure 3: Feynman diagrams of QCD interactions corresponding to, quark and gluon (left) inter-
action, 3-gluon self-interaction (middle) and 4-gluon self-interaction (right).

The distinct feature of the strong interaction is the asymptotic freedom. This property makes
the interaction strength between the quarks and gluons asymptotically weaker with increasing en-
ergy scales (%) and decreasing distances, i.e. 0, — 0 as Q% — oo. It becomes obvious by express-

ing the strong interaction coupling constant ¢ in terms of the QCD scale parameter A:

1
0 (Q?) o n(Q2/A%)’ (16)
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The interpretation of the scale parameter is that it acts as a boundary between quasi-free quarks
and gluons and hadrons in bound states. At high energy level, it is easier to have a quark anti-quark
pair-production than to pull apart two quarks. As a consequence the initial quarks form hadrons,

and this phenomenon is known as quark confinement.

2.1.5 Weak force and Electroweak unification

With the success of QED and QCD, it was tempting to come up with similar theories to
explain the weak interactions. However, with extensive studies from various physics processes
such as the B-decay (n — p+ e~ + V), muon decay (L~ — e~ + V. + V), it became obvious that
the weak interaction has many differences with QED. The weak interaction has two categories:
charged current and neutral current interactions. The electrically charged weak interaction has
unique features such as change of quark flavour (e.g., u — d), Charge-Parity (CP) violation, and
much heavier force carriers compared to EW interaction. Besides, the charged current interactions
involve left-handed (LH) fermions only, while neutral current interactions involve both LH and
right-handed (RH) fermions. The electroweak field has the SU(2) x SU(1)y symmetry, where L
indicates that the SU(2); gauge fields couple to LH fermions only and Y refers to weak hyper-
charge. The RH fermions are SU(2) singlets and do not undergo weak interactions. The weak
force and electromagnetic theories were combined into a unified theory, known as the electroweak
(EW) theory or GWS (Glashow-Weinberg-Salam) theory [7-9] for which Nobel prize was awarded
to Glashow, Weinberg, and Salam in 1979.

The cornerstone of EW theory [[10] is the fact that it is a chiral theory, i.e., it distinguishes

between LH and RH fermions and the corresponding fields are denoted by:

1 1
WLZE(l_'}’S)W and WR=§(1+?’5)W- (17)

These fields can also be categorized according to weak isospin number /, I3 (Z component of 1),
and weak hypercharge Y. The LH fermionic fields have I = 1/2, hence forms doublets with one
part having I = +1/2 and the other with / = —1/2. On the other hand, the RH fermionic fields

have I = 0 and form singlets. The doublets can have two types of pairs: (i) a charged lepton and its
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associated neutrino (i1) up-down quark pair. There are no RH neutrinos in SM, hence no neutrinos
in the singlets. The following are the doublet and singlet structures:
u C t Vg v‘u vT _ — _
) ) ) y ) y UR, dR; CR, SR, IR, bR7 €R, .uRv TR'
d s b e u- T
L L L L L L
The weak hypercharge Y is a conserved quantum number and can be expressed in terms of electric

charge O and isospin I3, which is known as the Gell-Mann-Nishijima scheme: Q = 5 + % [11}

12]. The free Lagrangian for fermionic fields can be written as:
3
= ii1(x) Y u(x) + id (x) Y Oud (x Z ()7 (). (18)
To have local gauge invariant U(1)y and SU(2),, groups, one requires an additional vector field By
associated with the U(1)y group, along with the field tensor By, and a triplet auxiliary gauge filed
W, associated with the SU (2),, group with the field tensor W,,,.
B”v — aqu — 8\/B'u

Wi, = 0uWi— oW} +gwe™W]W, wherea=1,2,3 (19)

where gy is the coupling constant of SU(2)z and €% is the SU(2) structure constant. The Wﬁv

has similar structure as the Gy in QCD (equation . The covariant derivatives are given as:

Y
Dy, = {%—igw Wl() igYEBu(x):|

7 H
LY
Dyr = {(9“—lgy53u(x)} (20)

where gy is the coupling constant of U(1)y and o; are the Pauli matrices. The free Lagrangian
in equation becomes invariant under local gauge transformation with the introduction of the

covariant derivative Dy;. The kinematic terms can be written as:

1 1
Liin = —ZBMVB HY ZWZLVW”V 1)

It is evident from Wﬁv that the Ly, has cubic and quadratic terms, which would result in self-

interactions among the gauge fields. The self-interactions of the gauge fields are analogous to the
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gluon self-interactions in QCD. The charged-current interaction between the LH fermions (f) and
the complex vector boson field W, comes from the SU(2); matrix term and the Lagrangian (Lcc)

is given as:

Loc = 2\/_{WT[fy”(1—y5) +h.c} where Wy ET(Wl:tiwz) 22)

Figure [ represents the charged-current interaction vertex. The neutral-current interaction compo-

Figure 4: Feynman diagram of an EW charged-current interaction vertex.

nents originate from the neutral gauge fields Wﬁ and By, and the force carriers associated with it

are the Z boson and y. The neutral-current interaction Lagrangian can be written as:
_ 03 . 03 .
Lync = Zl//j}/” {A” [gw7sm9w +8vy; cos@w} +Zy [gwicosew —8yyj smGw} } v (23)
J

where Z,, is the Z boson field, A, is the QED photon field and 6,, is the weak mixing angle, and y;
are hypercharges. Figure [5] shows the Feynman diagrams for neutral-current interaction vertices.
Analogous to the 3-gluon and 4-gluon interactions in QCD, the Lagrangian in equation|21|also has
self-interaction terms between 3 and 4-gauge bosons and the corresponding interaction vertices are
shown in Figure [6]

A critical aspect of these self-interaction vertices is the presence of charged W= boson pairs
in all the possible interactions. There are no neutral vertices with only photon and Z bosons. The
EW Lagrangian does not have any mass terms, meaning the gauge bosons would be massless.
While in reality, this is true for the photons, but the W* and Z bosons are heavy. The gauge bosons

acquire masses by the Spontaneous Electroweak Symmetry Breaking.
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Figure 5: Feynman diagrams of an EW neutral-current vertex with photon as the force carrier
(left) and Z boson as the force carrier (right).

w+ v/Z

W~ v/Z

Figure 6: Feynman diagrams of gauge boson self-interaction vertices.

2.1.6 Electroweak Symmetry Breaking and Higgs Mechanism

The EW Lagrangian with the SU(2); x U(1)y symmetry successfully describes the EW
interaction properties. However, the EW Lagrangian does not have any mass terms, making the
gauge bosons massless. If additional mass terms are included, the Lagrangian no longer remains
Lorentz-invariant, as seen for photons in equation @ To have non-zero W+ and Z boson masses
another ingredient is required, which would break the symmetry but still conserve the Lorentz-
invariance of the Lagrangian. This is where the Brout-Englet-Higgs mechanism [13-15]] comes
into play, which breaks the EW symmetry spontaneously and gives masses to W and Z, while the
photon remains massless. The SM Higgs sector is composed of a complex SU (2) doublet of scalar

fields ®:
n :
®— () _ 1 o1+ i o4
00 ) V2\ g5 +ipy
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Where the ¢;’s represent four real scalar fields, ¢+ has an electric charge of +1 and ¢° is neutral.

In terms of covariant derivatives, the scalar part of the corresponding Lagrangian is written as:
LHiges = (DF®)T(Dy®) —V(®) where V() = u*d'® 4+ A (0 ). (25)

To have ground states the potential must have lower bounds, hence A > 0. Depending on the u?
values there are two distinct cases: (i) u? > 0, and (ii) u? < 0. As shown in the left plot in Figure
for p? > 0 the potential has one minima at ¢ = 0 and describes scalar particles with mass u and
coupling A. For u? < 0 there is not a single vacuum at ¢ = 0, instead there is a continuous set of
degenerate vacuum states which satisfy the following condition:

2 V2

e _ =
d'd= TR (26)

Here Vv is the radius of the circle of minima of the potential V (¢ ). There are many possible solutions
for the ¢’s which will satisfy the minima, and a convenient choice is ¢; = ¢, = ¢4 = 0, which
preserves the charge conservation in U (1) symmetry. Hence, the scalar field ¢3 gives a non-zero
vacuum expectation value,
(@), = (0|®@|0) = ENE where — e v? (27)
vy 2
and it is observed that v ~ 246 GeV. The selection of a particular minima breaks the symmetry
of Lhiggs, Which is known as the spontaneous symmetry breaking and since it breaks the EW
symmetry it is commonly known as the Electroweak Symmetry Breaking (EWSB).
To understand the consequences of the EWSB, the Higgs field needs to be studied under a
small perturbation around its minima. In terms of unitary gauge the perturbed Higgs field can be

written as: 0

O(x) = — (28)
= v+ h(x)

where h(x) represents the excitation of the Higgs field which represents the physical Higgs boson
and has a mass of m;, = v/2 | u |= 125 GeV. The W* and Z boson gets their masses through the

interaction of By, and Wﬁv with & and the interaction terms are contained within (D ¢)" (D" ¢):

15



Vi¢)

v i
i

Figure 7: Left plot: Potential with > > 0 which has a stable minima at ¢ = 0. Right plot: Po-
tential with u? < 0 which does not have a stable equilibrium, instead there is a continuous set of
degenerate vacuum states. The Higgs attains a non-zero vacuum expectation value at +v which
breaks the SU(2); x U(1)y gauge symmetry.

g
4

2
(Dw)f(D“gb):%auha“h+(v+h)2( WiwH + 8w Zuzﬂ). (29)

8cos20,,

Equation[29]has no A, terms, meaning the photon remains massless, while there are mass terms for
the W+ and Z bosons. The physically observable states of W+, Z bosons, and the photon, masses

of the bosons, and the weak mixing angle are given as:

1
Zy = cosGWW3—sin9WBu with IWZZEV\/g[z)V_Fg)z/

1 . ) 1
Wﬁt = E(W‘J + ZWI%) with my+ = Eng
Ay = sinGWWi +cos6,B, with my =0
m, = V2u and cos6, =% "W (30)

ey t+er "M

The Lpjqes contains gauge boson-Higgs boson and Higgs boson self-interaction terms and the
corresponding Feynman diagrams for the vertices are shown in Figure

The SM Lagrangian needs one more component to be complete. The Higgs mechanism
gives masses to the gauge bosons, but the fermions are still massless. The fermionic masses come
from the Yukawa interactions between the fermionic fields and the Higgs field (®). The Yukawa

Lagrangian is given as:
Ly =CiLi¢lr+ CO10ug +CyQ1 ¢dg + h.c. 3D
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Figure 8: Feynman diagrams for gauge boson-Higgs boson and Higgs boson self-interaction ver-
tices.

where ¢¢ = ic,¢™ is the charge-conjugate of the Higgs field; /g, ug and dg represent the RH fields
for charged leptons, up-type quark and down-type quarks respectively; L; and Qr represent the
LH lepton and quark doublets while Cy, C,, and C; represent the coupling constants for leptons,
up-type and down-type quarks respectively. In the context of Spontaneous Symmetry Breaking

and using the unitary gauge, the fermionic masses are given as:

myg

= _cf% where f = £,u,d. (32)

Figure 9 represents the Higgs boson and fermion interaction vertex. The fermionic interaction term
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Figure 9: Feynman diagram for fermion-Higgs boson interaction vertex.

completes the SM Lagrangian and has the following form:

Lsy = Locp + Lew + LHiggs + Ly (33)

2.2 The success and limitations of Standard Model

Although the SM has succeeded in describing the elementary particles and their interac-
tions, there are many open questions that the SM does not answer. The following section describes
the successes and failures of the SM.

The success of Standard Model

Figure shows the cross section measurements of different SM processes and the the-
oretical predictions. The measurements and predictions are in excellent agreement over a range
of 12 orders of magnitude, showcasing the immense success of the SM. Another example where
the SM prediction is experimentally verified is the W= boson mass (1) measurement. Left plot
in Figure |11| shows the my measured from different experiments and the SM prediction, derived
from a global electroweak fit [[16]. Right plot in Figure[IT|shows the comparison between contours
for the my and m; prediction from the electroweak fit and ATLAS results. In both cases, the SM
prediction and experimental results are in good agreement.

Limitations of Standard Model

Despite being a massively successful and elegant theory, the SM is incomplete. It does
not fully describe the known universe. This section outlines the major open questions in particle

physics, which the SM does not answer.
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Figure 10: Summary of total cross-section measurements of various SM processes, compared
with the theoretical predictions, with Run 1 and Run 2 ATLAS data [17]].
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Figure 11: Left plot shows the comparisons between the my measurements from various experi-
ments and the SM prediction from the global EW fit. Right plot shows the comparisons between
the global EW fit and ATLAS measurements with the 2D contour plot of my and m; [18].

e Dark matter: The ordinary matter that has so far been observed through different experi-
ments constitutes only ~5% of the energy density of the universe, while ~27% is in the form
of DM. While the nature of the DM is still unknown, one of the leading hypotheses suggests
that DM candidates might be Weakly Interacting Massive Particles (WIMPs). The particle
nature of the DM candidates has not yet been experimentally verified, and the SM does not

predict any likely DM candidates.
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e Dark energy: Cosmological and Astrophysical observations have shown that the expansion
of the universe is accelerating. One possible explanation of the accelerating expansion is
that there is a flow of energy that counteracts the gravitational pull. This mysterious energy

is called DE and the SM has no explanation for the accelerating expansion of the universe.

e Neutrino mass: According to the SM, there are three massless neutrinos. However, neu-
trino oscillation experiments [19] have observed that the three neutrino flavours oscillate
among themselves. The neutrino oscillation is only possible for non-zero neutrino masses.
Including additional fields in the SM, to add neutrino mass terms, would introduce theoret-
ical complications because the neutrino masses are tiny. Moreover, some theories propose

the existence of sterile neutrinos as a possible explanation for DM, which is not in SM.

e Matter-antimatter asymmetry: The particle component of the universe is mostly matter.
According to SM, there should have been no preference between matter and antimatter in
the early days of the universe, which is not the case in the universe today. A small part of
the discrepancy could be explained by the CP violation via the CKM matrix, but there are

no SM mechanisms that can describe such a large matter-antimatter asymmetry.

e Gravity: The SM does not explain gravity. Every interaction in SM has bosons as mediators,
but the SM predicts no such particle for gravitational interactions. Some theories postulate
the existence of a Graviton. Although this has not yet been discovered, the SM also does not

postulate an alternative mechanism.

2.3 Dark matter and dark energy

In the previous section, the SM of particle physics was introduced along with its short-
comings such as the DM and DE problem. The following sections give an introduction to the

observational evidences of DM, experimental methods to detect DM, and introduces DE.
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2.3.1 Evidence of dark matter

The first evidence of DM came from Fritz Zwicky’s studies of the Coma cluster in 1933.
By applying the Virial theorem to the Coma cluster he showed that the luminous matter was not
enough to keep the cluster bound. He postulated the existence of DM, responsible for holding the
galaxy cluster together [20]]. The velocity dispersion curves of galaxies also indicate the existence
of DM. Studies by Vera Rubin and Kent Ford in the 1960s with the Andromeda galaxy showed that
the visible mass is not enough for the galaxy to be bound by Newtonian gravity. Velocities of stars
in spiral galaxies also show that the mass of the galaxy cannot be defined only by known objects
identified through telescopes, and a large mass density in the form of DM is necessary. Further
evidence came from the temperature anisotropies in the Cosmic Microwave Background (CMB),
measured by WMAP [21] and Planck satellite [22]. CMB [23]] is the remnant electromagnetic
radiation from the hot early stage of the universe. By studying the scale and height of the peaks in
the temperature fluctuations in the cosmic microwave background across different angular scales
on the sky, the amount of DM in the universe can be estimated. In 2006 observations made by the
Hubble Space Telescope and Chandra X-ray observatory on the bullet cluster mass spectra [24]]
gave another evidence of DM. The bullet cluster is formed by a high-speed collision between
two galaxy clusters. The after collision mass density of the cluster was measured by the X-ray
observatory (for the ordinary matter) and gravitational lensing. The discrepancy in identifying the
mass density locations by the two methods gave a direct indication of the existence of DM. The
mass distribution from the gravitational lensing was outside the luminous matter of the cluster,

which indicates that DM interacts very weakly with ordinary matter.

2.3.2 Dark matter candidates

Searches for DM are model dependent and the majority of these models are based on QFT
where the proposed DM particles can be characterized by their spin and mass. Depending on the
model hypothesis masses of the DM candidates can be of a wide range [25]]. A few of the probable

DM particles predicted by different models, listed in Table[3] are described in this section.
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e Weakly Interacting Massive Particles (WIMPs) : Many leading hypotheses suggest that

DM particles are WIMPs [26]]. The WIMPs are predicted to be stable, weakly interacting particles
and in the mass range of 1 - 10°> GeV. The WIMPs are assumed to be produced thermally in early
universe and were in equilibrium with the thermal plasma. As the universe expanded and cooled
down, the WIMPs started moving with non-relativistic velocities - making them a prime candi-
date for cold dark matter. Another interesting aspect is that the cross section necessary to observe
the current DM density is of weak interaction scale. Hence, a weakly interacting particle such as
WIMP is a theoretically well-motivated DM candidate.

e Axion : The Axion [27-29]], originally postulated to solve the strong-CP problem, is one
of the earliest suggestions for a probable DM candidate. The interaction between strong and weak
force results in an effective strong CP violating term ®. While ® could be between 0 and 27,
experimental observations suggest that the value of ® must be extremely small. This constitutes a
naturalness problem of SM. In 1977 Roberto Peccei and Helen Quinn proposed a solution, called
Peccei-Quinn mechanism [30], to this naturalness problem where © is promoted to a dynamical
field by adding a new global symmetry, which gets spontaneously broken and results in a new light
pseudoscalar boson — Axions.

o Sterile Neutrinos : Sterile Neutrinos [31]] are hypothetical DM candidates from the neu-

trino sector. The neutrinos are a natural fit for the DM problem. However, known neutrinos cannot
possibly comprise all the DM due to its interaction scales and mass which is constrained to be less
than 2 eV observed from the electron spectrum of B-decay [32]. The mass scale is much lower
compared to DM mass scales. As an alternate, a heavier sterile neutrino with weaker interactions
to SM is proposed. It is also theoretically well-motivated by the Seesaw Mechanism [33-36].

e Neutralino : The Neutralino [37] is a hypothetical Supersymmetric (SUSY) particle which
in the context of Minimal Supersymmetric Standard Model (MSSM) [38, |39]] has four states. The
lightest Neutralino is a prime candidate for the cold dark matter (type of DM that moves slowly
compared to light) [40] as it is stable and weakly interacting. SUSY predicts that the lightest Neu-

tralino is in the mass range of 10 GeV — 10 TeV and closely related to the supersymmetric partners
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of the EW force carriers: photon, W* and Z bosons, and two neutral CP-even Higgs bosons.

DM particle | Origin | Particle spin | Particle mass scale |  Interaction
Axion Strong CP 0 ueV —meV Weak
WIMP early universe 0 GeV Weak

Sterile Neutrino | neutrino sector 1/2 keV fermion mixing
Neutralino SUSY 172 10 GeV - 10 TeV Weak

Table 3: Probable DM candidates from different models and their characteristics.

2.3.3 Dark matter detection

The DM detection experiment types can be categorized into three categories: direct de-

tection [41-43), indirect detection [44], and collider experiments. The collider DM searches are

complementary to the other two procedures. Figure shows the schematic representation of

possible DM detection procedures.

e Direct detection: Direct detection experiments observe the nuclear recoil energy produced

when the particles collide with the detector’s target nuclei [45]]. This recoil energy can

be measured through different channels: ionization (charge), scintillation (light), and heat

(phonons). In the direct detection experiments, usually two different types of signal chan-

nels are observed to avoid common backgrounds such as gamma rays. A WIMP with a mass

between 10 — 1000 GeV can produce nuclear recoil energy between 1 — 100 keV. The ad-

vantage of using a nuclear recoil instead of an electron recoil is in background rejection, as

the electron recoil transforms all its kinetic energy in ionization.

e Indirect detection: Indirect DM detection experiments search for products originating from

self-annihilation or decays of DM particles in outer space. These experiments mostly target

detecting SM particles (e.g., gamma rays) produced through annihilation or decay of DM

particles that are already present in the cosmos. Since the amount of ambient DM is almost

five times higher than ordinary matter, indirect experiments are excellent methods to detect

DM. However, since the DM-SM interaction is very weak it is difficult to distinguish DM

products from astrophysical backgrounds.
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e Collider experiments: Collider experiments aim to infer the existence of DM particles by
producing them in highly energetic particle accelerators. Since the DM interacts weakly
with SM particles, the DM particles will escape the detectors undetected. However, the
existence of a DM particle can be inferred if a significant E%‘iss is observed. One major
advantage of collider experiments over the direct and indirect searches is the energy scale
of the collider experiments. Not only the WIMPs but other DM candidates postulated by
various theories can be tested at collider experiments. The ATLAS and CMS experiments at

the Large Hadron Collider are actively involved in DM searches.

Direct
detection
d — > X
Indirect
Collider detection
SM SM

Figure 12: Schematic of different types of DM detection experiments, y represents DM candi-
dates.

2.3.4 Accelerating universe and dark energy

In 1929 studies from Edwin Hubble showed that our universe is expanding. Although the
expansion rate or the evolution of the expansion was unknown scientists agreed that over time the
expansion would slow down due to the gravitational pull. In the 1990s observations from Perl-
mutter [46] and Riess [47] with the Hubble Space Telescope (HST) of distant supernovae showed
completely opposite results. Not only the expansion is not slowing down it is accelerating. Al-
though the reason for this accelerating expansion is unknown, it is postulated that some mysterious
energy density is counteracting the gravitational pull. This unknown energy density is called dark

energy. To explain DE, many theoretical models are proposed, such as the quintessence [48}, 49].
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The quintessence is a possible cosmic energy density that is a time-dependent scalar field in nature.
However, no such signature has been found yet. Another set of theoretical models are based on the
modified gravity models involving scalar fields with potential energy. One such class of models is
the Horndeski [50] theories, where a scalar field couples to gravity. The Horndeski models can be
studied experimentally over a wide range of energy scales, and the LHC could pioneer DE searches

and complement other cosmological experiments.

2.4 The Two Higgs Doublet Model (2HDM)

Since the SM does not explain DM, new theoretical models are developed to provide pos-
sible explanations of DM. The DM searches at the LHC are based on specific signal models.
Although, there are many models predicting DM candidates, not all are equally viable or experi-
mentaly feasible. The theoretical benchmark models help to optimize the analysis parameter space
and interpret the results. During the initial data taking period, the LHC probed the EFT based
DM models. Although since Run 2, the focus has shifted to simplified DM models [51]. Any
new DM model to be studied at the LHC, should preferably be theoretically consistent with the
simplified DM models used at the LHC, following the recommendations of the ATLAS/CMS DM
community [52]. A possible avenue for DM models is the extension of the scalar sector of the
SM. To construct a theory based on the extension of the SM scalar sector, one has to abide by the

theoretical and experimental constraints:
(i) Constraint on the p parameter (p = 1).
(i) No Flavor-Changing Neutral Current (FCNC).

The p parameter is the neutral to charged coupling constant ratio. In SU(2) x U(1) gauge theory,
with n number of scalar multiplets ¢;, at tree level the generic form of p can be written as,
?:1 [I,'(Ii + 1) — %le} Vi MI%V

P = n 1ly2 - 2 2
i—1 3 Y Vi M3cos=6,,

(34)
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where /; and Y; represent the weak isospin and weak hypercharge of the multiplets respectively and
v; represents the vacuum expectation value (VEV) of the neutral components. The SU(2) signlets

with Y = 1 and SU(2) doublet with Y = +1 satisfies

I(I1+1)= ZYZ (35)

which makes p = 1 and is consistent with the experimental value of p ~ 1 [4]. Condition (i) is
satisfied automatically for scalar multiplets, the FCNC criterion is satisfied by constraining the
couplings between the fermions and the multiplets. Hence, the simplest extension would be to
add an extra Higgs doublet. This extended model is known as the Two-Higgs-Doublet Model
(ZHDM) [53].

The scalar potential of the 2HDM model has SU(2);, x U(1)y gauge symmetry and 14
parameters built out of the two Higgs doublets: ¢; and ¢,. For two Higgs doublets, the most

general renormalizable potential can be written as:

+ + : A,y A, s +
Vit =m0 01+ m3y0; 02— miy (9] 62+ 03 01) + (0] 91 + 57 (93 62)% + 23(0{ 91) (6, 02)
(36)
+24(0192) (93 61) + | 57 (91 62)” + 691 61) (8] 02) + A7(93 62) (6] ¢2) + hc.

where m3,, m3,, A123.4 are real and m?,, As¢7 are complex. The 2HDM vacuum has a rich
phenomenology, e.g., unlike SM with only one possible type of minimum, it has three types of
vacua each corresponds to a physical state of the potential: (1) CP-conserving or Normal (N) vacua
where the VEVs are real, (ii) CP-violating vacua where the VEVs differ by a complex phase, and
(ii1) electric charge conservation breaking vacua where one VEV includes an electric charge. The
2HDM model discussed in the thesis has some simplifying assumptions. The model considers only

the Higgs sector with the CP conserving vacua:

0 0
(O1)y = . ()y = Nk (37)
V2 V2

An important parameter of the 2HDM model is tan 3 defined as,
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Vi

tanf§ = (38)

V2
and to have the W* and Z masses as in SM one requires v = /v% + v% ~ 246 GeV. The model also
assumes that there is no spontaneous CP violation. With these assumptions, the potential can be

written as,

A A
Vig = 10 01+ m3y0] 92 — (9] 62+ 03 61) + (9] 61)% + T (6]92)°

(39)
A
+ 25(001) (0 02)+ Aa(0]92)(0701) + 57 | (9 92) + (9701)?)]
and the associated eight real mass eigenstates are given as

o

0; = b where a=1, 2. (40)
Va+Pa+Na
V2

Out of the eight eigenstates, three provide masses for the massive W* and Z bosons, and the
remaining five corresponds to five different Higgs bosons: two neutral CP-even H and &, one
neutral CP-odd A, and two charged Higgs bosons H*. The rotation angle 8 diagonalizes the mass
matrices of H* and A. Another parameter of the 2HDM model is &, which diagonalizes the mass
matrices of H and h. Conventionally % is the lighter CP-even state, and H is the heavy CP-even

state, while the SM Higgs is a mixture of these two:
Hsy = hsin(o— ) — Hcos(o. — fB) (41)

In the 2HDM model, the FCNC can arise from the Yukawa couplings between the 2HDM scalars

and SM fermions, given as:

Ly =~ Y (QYiHug+ QYiHdg+LY;Hilg+h.c.) (42)
i=1,2

where Y ]5 are Yukawa matrices acting on fermions; Q, L are LH quarks and lepton doublets respec-
tively, ug, dg, and Iz are RH up-type, down-type quarks, and RH leptons respectively, and H; =
€H with € being the 2D asymmetric tensor. The FCNC induces a H — d5§ decay which will result
in a kaon-antikaon (K-K) oscillation at tree-level as shown in Figure As a consequence of the

oscillation, the neutral flavour changing mediator would require a mass of 10 TeV. According to
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Figure 13: FCNC leads to a Kaon-antikaon oscillation at tree-level.

the Paschos-Glasgow-Weinberg [54, 55| theorem, the FCNCs at tree-level can be avoided if the
all RH fermions of a given electric charge couple only to one of the Higgs doublets. This can be
achieved by invoking a Z, symmetry, i.e., ¢ — —@; and ¢, — ¢». Depending on the transforma-
tion of fermions under the Z, symmetry, there are four types of 2HDM model where there are no

FCNCs:

e Type-1 2HDM: all fermions couple to only one of the Higgs doublets, which is by convention

chosen to be ¢;. Type-1 2HDM is enforced with a ¢; — —¢; discrete symmetry.

e Type-II 2HDM: up-type RH quarks couple to ¢, while down-type RH quarks and charged

RH leptons couple to ¢;. Type-Il 2HDM is enforced with a ¢; — —¢y, d;e — —d]ie discrete

symmetry.

e Lepton specific 2HDM: all RH quarks couple to ¢» and charged RH leptons couple to ¢;.

e Flipped 2HDM: up-type RH quarks couple to ¢, down-type RH quarks couple to ¢; as in

Type-II, but the charged RH leptons couple to ¢».

The Type-II 2HDM is equivalent to MSSM with some constraints and the DM models discussed in
this thesis are based on Type-1I 2HDM. A prerequisite of any theoretical model is that perturbative
calculations must yield stable minima. In the case of 2HDM, this implies that the potential must

not diverge at minus infinity. This stability is achieved by constraining the A parameters [53]:

M, 220, B3>—VAi, LB+M4—|A|> -Vl (43)

However, these A parameters are not measurable experimentally and can be replaced by experi-
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mentally measurable parameters:

mi1,mpp,mp2 v,Mp, My ,Mp, M+
—

11,12,13,14,15 l‘anB,COS(ﬁ—(X),/Iy

(44)

In addition to the v ~ 246 GeV constraint, there are constraints on a and 3. As the top-quark
Yukawa coupling is required to be perturbative, tanf3 is constrained to have a lower bound of
0.3. Another constraint is in the tan 8 — cos(f8 — &) plane, where cos(ff — o) ~ 0 for arbitrary
values of tan 8. The cos(f8 — a) ~ 0 condition is also known as the alignment limit, which implies
that one of the CP-even mass eigenstates is SM-like if they are aligned with the direction of the
vacuum expectation value. Figure [14| shows the region in the cos(f8 — a) — tanf3 plane for the
Type-1I 2HDM model that is excluded at a 95% confidence level (CL). At the alignment limit the

coupling of 4 is the same as the SM Higgs, i.e., m;, = 125 GeV. Constraints on the charged Higgs

ATLAS Preliminary ---- SM

VS =13TeV, 24.5-139 fb™! ~7- Expected 95%CL
—— Observed 95%CL

my =125.09 GeV, |yn| <2.5 x  Best Fit Obs. :

2HDM Type-ll cos(B —a) =0.001,tanB = 25.4

tanp

10t \
1\\:\
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o—1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

cos(B— )
Figure 14: Exclusion limit [56] of the cos( — o) — tanf3 plane where the regions are excluded

(yellow) at a 95% CL. The red dashed line is the SM prediction and the cross represents the best
fit observed value.

boson masses (Mp+) come from B — X,y decay and B, — B, mixing measurements. Figure
shows the B — XYy decay where the B meson (bit) decays to a X; (containing an s quark) and
a photon. The underlying decay is b — sY, which proceeds through a loop diagram with a W~

boson. If H exists, the loop diagram would have contribution from H* in addition to the W~
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boson, inducing a deviation of the branching ratio (BR) (B — X;7) from SM predictions. From the

BR calculations [57]] at NNLO QCD the ranf3 independent lower bound on My is set at 295 GeV

ata 95% CL.
fy
W-
b —» > »— s,d
U, C, t

Figure 15: EM penguin diagram for the B — X,y decay in SM.

2.4.1 2HDM+a model

The gauge-invariant and renormalisable 2HDM+a [58] model is an extension of the Type-
IT 2HDM. Here an additional pseudoscalar singlet P is incorporated along with the two Higgs
doublets ¢; and ¢,. The pseudoscalar a is a superposition of the CP-odd components of ¢, ¢»,
and P which mediates the interactions between the Higgs sector and the invisible DM candidates
(x). The DM models with scalar mediators are constrained strongly from DM direct detection
experiments. Hence a pseudoscalar based model such as the 2HDM-+a is complementary to the
direct detection experiments. A Z; symmetry is imposed under which ¢; — @1, ¢» — —@», singlet
P is even P — P, and Dirac fermion DM ¥ is odd ¥ — —x. The Yukawa interaction between the
Higgs doublets and the fermions is represented by the Lagrangian in equation42] and the following

Lagrangian describes the coupling between x and P:

Ly = —igyPXY¥sX (45)
where gy is the dark-sector Yukawa coupling. A general scalar potential with two Higgs doublets

and a pseudoscalar singlet can be written as:

V(¢1,92,P) = Vorpu (91, 82) + Veouom(91,92,P) + Ve(P) (46)
2HDM;otentia1 interaction b\fctween Pand potential for P
Higgs doublets

The Vopm (91, 92) is given in equation 39| while
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Vearom (91,62, P) = P(ibpd, @2+ h.c) + P*(Ap1 0 01 + Ap20] 0) (47)

where b, is the trilinear portal coupling constant, and Ap;, Ap; are quartic interaction terms between

P and the two Higgs doublets. The potential for the singlet P is given by:

Vp(P) = %mgpz +}>@ (48)

where m,, is the mass term and Ap is the self-coupling quartic term. However, the P* term does not
have any effect on kinematic variables like E%niss . Hence, the term is excluded from the potential
in the context of this thesis. Similar to 2HDM, the parameter space of the 2HDM+a model can be

expressed in mass eigenbasis where the parameters are experimentally measurable:

m1]7m227m127bP7mP7m75 vaM]‘nMH)MA;MHi)Ma,mX
M, A2, A3, Ay, As, — tanf,cos(B-o), sinb, . (49)
gy Apt, Ap2 8y, A3, Ap1, Ap2

Here my is the mass of the DM candidate, M, is the mass of the pseudoscalar a, 6 is the mixing
angle between the two CP-odd mass eigenstates A and a.

Constraints on the parameters from the 2HDM model apply to the 2HDM+a model, where
the VEV v =~ 246 GeV, M), = 125 GeV, cos(f-&) ~ 0. The W= and Z masses are crucial in
calculating the p parameter, as shown in equation To satisfy the constraint on p, one needs to
minimize the corrections to the W and Z boson propagators, i.e., maintain custodial symmetry.
The custodial symmetry is satisfied if My = My+ or Mg = My+. To avoid invisible Higgs decays
like h — aa* — X}, where a* is the complex conjugate of a, M, is constrained to be M, >100
GeV [59]. The model also assumes that the pseudoscalar a decays only to ¥, i.e., BR (a — x %) =
100%, hence the DM-pseudoscalar coupling constant g, = 1. For on shell processes like a — x X,
the pseudoscalar mass is constrained to be M, > 2m,. The benchmark model considered in this
thesis has my = 10 GeV, to allow probing low M, regions. To avoid divergences at negative infinity,
the scalar potential is required to be bounded from below. To satisfy this criterion along with the

requirement that A3 has to be perturbative, the benchmark model sets A3 = Ap; = App = 3. Since
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sin @ = 0.35 [58] gives the highest sensitivity of the mono-Higgs signal to the 2HDM+a parameter
space, it is used as a benchmark value.

The 2HDM-+a model produces a h+ x ) final state, where A decays to a SM Higgs & and a
pseudoscalar a, followed by a subsequent decay of the pseudoscalar to DM particle y (@ — xX)-
There are two production mechanisms corresponding to the 4+ x ¥ final state: (i) bb initiated

process, and (ii) gluon-gluon fusion (ggF) process, as shown in Figure

(a) (b)

Figure 16: Feynman diagrams of bb-initiated (fig. [17b) and ggF (fig. [16b) production mecha-
nisms in 2HDM-+a model with 4+ x ¥ final state.

In the Type-II 2HDM+a model, the ggA coupling is proportional to 1/tanf3 for up-type
quarks and tanf3 for down-type quarks respectively. As a consequence, the cross sections for
the ggF and bb-induced models are dependent on the choice of tanf3. The ggF mechanism is
dominant for low tanf3, while the bb-induced mechanism is dominant for high tan 8 regions. For
the benchmark models considered in this thesis, tan8 = 1 (ggF dominant) and tan 3 = 10 (bb
dominant) are chosen. Both the processes have similar cross sections for tan § ~5 [38].

In the 2HDM+a model, the EITniss signatures are produced both resonantly and non res-
onantly. In the resonant channels such as the }H—E%“iSS (c.f. Figure , one has to satisfy the
kinematic criterion of My > M}, + M,. In addition to the diagrams shown in Figure 16| other
2HDM-+a processes can have h + x x final state and are shown in Figure One such example is
the non-resonant production a — Ah, where an off-shell a decays to 4 and A, with A — x ). Other
possible processes include Higgs-Strahlung where either A or a is produced and decays to x ¥ after
radiating a SM A.

The 2HDM-+a parameter space is also constrained from both direct detection and indirect
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Figure 17: Top panel: Feynman diagrams for 2HDM+a ggF mechanism; non-resonant (Fig-
ure and [I7b), Higgs-Strahlung (Figure[I7¢), single resonant (Figure[I7d). Bottom panel:
Feynman diagrams for 2HDM+a bb induced mechanism; non-resonant (Figure [I7¢|and [171),
Higgs-Strahlung (Figure [I7g). Figure[I7h|represents the 2HDM+a bb induced mechanism with
additional b-jets.

detection dark matter experiments. The 2HDM+a one-loop Feynman diagrams, as shown in Fig-
ure [I8] are dominant in the direct detection cross sections. Direct detection experiments provide
constraints to regions with M, < 2m,, while the mono-A4 search conducted in the thesis aims to

constrain M, > 2m,, regions.

Figure 18: Spin independent one loop 2HDM-+a processes that generate DM-nucleon scattering
cross sections in direct detection experiments.

Since the pseudoscalars A and a have strong coupling constants with SM, the 2HDM+a
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provides many possible signals. Figure [19|shows the diagrams sensitive to indirect detection ex-
periments where the DM particles annihilate and produce final states with SM fermions (f f) or
combinations of 2HDM parameters such as, Aa, AA, ha, hA, Ha, HA. The cross sections of these
different processes are highly dependent on m,. For example, processes such as yx¥ — ff are
resonantly enhanced for m, ~ M, /2. All other processes such as y ¥ — XY, where X, Y are spin-0
bosons are dominant for m, > (mx +my)/2. As the benchmark model considers a fixed m, = 10

GeV, it is complementary to indirect detection experiments as well.

X f X A a

Figure 19: Tree level diagrams where DM pairs annihilate to pair of SM fermions (f) or spin-0
states such as A,a, h, H. These processes are sensitive to ID dark matter experiments.

2.4.2 7-2HDM model

The Z'-2HDM model is an extension of the Type-II 2HDM model with a U(1)z symme-
try, where U (1) gauge symmetry gets broken spontaneously above the EW scale producing the
massive spin-1 mediator — the Z’ boson. An important specification of the model is that only the
RH up-type quarks (ug) are charged under U (1) symmetry. As a consequence, although Z' might
be produced at the LHC, since the leptons are neutral the model would avoid stringent constraints
from dilepton resonances (Z' — ¢¢). In addition to the 2HDM model parameters, the parameters

of the Z’-2HDM model are:

<M2/,MA7gz/7g%> (50)

where My is the mass of Z’, M, is mass of the neutral CP-odd A, g, is the the universal cou-
pling strength of Z’ and g, is the A-) coupling constant. The &+ xJ signature is produced via

pp — Z' — Ah, and a subsequent decay of A — x ) as shown in Figure Parameters listed
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Figure 20: Feynman diagram corresponding to the final state 4+ x ¥ in the Z’-2HDM model.

in equation [50] are free parameters of the model and can take any values within kinematic limits.
However, the thesis only considers m, and My as free parameters, while the rest of the variables
constrained. Variations of tanf3 and gz do not alter the kinematics of the signal process. To maxi-
mize the production cross section of pp — Z/, the BR (Z' — hA), and to be consistent with the dijet
searches, the chosen benchmark values for these two parameters are tanf3 = 1 and gz = 0.8. The
model assumes that BR (A — x %) = 100%, i.e., A decays exclusively to xX, hence, g, = 1. The
masses of the heavy Higgs bosons are chosen in accordance with the ATLAS and CMS agreement,
My = Mg+ or My = Mpy=. The choice of the DM mass m,, is dependent on two phenomena: (i)
on-shell production of A, and (i1) invisible Higgs decays (h — x ). For on-shell production of A,
M, > 2my condition has to be satisfied. Besides, to avoid invisible Higgs decays, one needs to
satisfy m, > M, /2. To comply with the above-mentioned criterion and to be able to probe low My
regions, the DM mass is set at my = 100 GeV. Similar to the 2HDM scenario where the H and h
are connected to the SM Higgs, in Z’-2HDM the heavy Z' is also connected to the SM Z boson.

The tree-level masses of Z and Z’ are given as:
2 0\2 _ o21/ng0 \2 02
Mz~ (Mz)" —€°[(My)” — (Mz)"]

M2 ~ (M2)? + €*[(MD2)* — (M2)?]. (51)

where ¢ is the mixing parameter and MY, Mg, are the masses of Z and Z’ without mixing.
The Z' can also decay as Z’' — Zh, where the Z subsequently decays to neutrinos Z — VV.

Similar to ¥, the neutrinos (v) will leave E%‘iss signature in the detector. Hence, A+ VvV and h+ x %
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signatures become indistinguishable from each other. Besides, the Z' — Zh and Z' — Ah signatures
are experimentally identical, having comparable production cross sections. For low tanf3, the cross
section of Z' — Ah scales as 1/tanf3? and since the benchmark model sets tanf8 = 1, both these
processes will contribute equally to the total cross section. Besides, the My — M, phase space is
highly constrained from dijet (Z' — ¢§) searches [60-62]. The dijet constraints can be avoided
by choosing a small gz. However, it will reduce the mono-Higgs signal strength by a factor of
(0.8/g2).

Despite these shortcomings, the Z’-2HDM model is still an important model to consider
for DM searches at the LHC. The model has a high sensitivity to boosted Higgs decays which are
not common in other existing models. Studying the Z’-2HDM model can give insights into new

theories targeting highly boosted Higgs phase space and serve as a benchmark model.
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3. LHC AND THE ATLAS DETECTOR

The number of particles reaching earth from astrophysical and cosmic sources are statisti-
cally limited to verify SM predictions and discover new particles. Thus increasingly high energy
colliders have been constructed to find massive and rare new particles. In a controlled collider
environment, the interesting events can be studied carefully. The Large Hadron Collider (LHC) at
CERN is the highest energy collider to date, colliding 6.5 TeV proton beams circulating in opposite
directions. As a result of these very high energetic collisions, many new particles are generated
in a very short time and the outcome can be studied under controlled environment. The particles
generated in the pp collisions are detected and specially reconstructed in detectors surrounding
the collision points. There are four such large particle detectors in four pp intersection points:
ATLAS, CMS, ALICE, and LHCb [63-66]. This chapter describes the design and operation of the

LHC in section[3.Tand gives an overview of the ATLAS detector in section[3.2]

3.1 The Large Hadron Collider

The LHC [67] is a two-ring superconducting hadron accelerator installed in a tunnel with
a radius of ~26.7 km and a depth in the range of 45-170 m. The geographical overview of the

LHC is shown in Figure 21} The LHC [69H71]] was built to search for the origin of EWSB, Higgs

Figure 21: Geographical representation of the LHC: the two big circles represent the LHC accel-
erator rings and the smaller circles represent the SPS rings. The figure also shows the locations
of the four large detectors: ATLAS, CMS, ALICE and LHCb. The whole system is underground
with only control rooms at ground level [68].
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boson, and Beyond Standard Model (BSM) physics. It accelerates proton beams using the ~26.7
km ring and the proton-proton collisions are recorded by the four large detectors located across
the ring. In a collider experiment new particles with high masses can be generated as the colliding
particles can have high energy levels. For the discovery of new particles a high level of statistical
power is necessary to minimise experimental fluctuations. The total number of events (Neyepr) can

be written as:
N, event = Oeyent X L (52)

where O,y 18 the event cross-section and L is the luminosity. Luminosity [72] quantifies how
many collisions a collider can produce per cm? per second. For a Gaussian like beam profile the

luminosity can be written as: Nznb Frev (53)
~ 4royo,

Here N is the number of particles (protons for LHC) per bunch, n; is the number of bunches in one
beam, f., is the revolution frequency, oy, are transverse beam widths in the Gaussian approxi-
mation, F is the geometric luminosity reduction factor due to the crossing angle at the Interaction
Points (IPs). Luminosity has a unit of cm™2s~! and the LHC delivered a peak luminosity of
2.1x10%* cm2s! [69].

The circulating protons are in bunches and each bunch contains ~ 10'! protons. When these
bunches collide, several proton interactions can take place in addition to hard collisions which are

of interest to us. These soft extra collisions are called pile-up events, denoted by < p > (number

of interactions per bunch crossing), and makes analyses challenging at the LHC.

3.1.1 Design of the LHC

The LHC accelerator ring has eight arcs and eight straight sections and as shown in Fig-
ure 22 the ATLAS and CMS detectors are located at diametrically opposite straight sections,
commonly known as Point 1 and Point 5 respectively, while LHCb and ALICE are located at Point
2 and Point 8, respectively. Two counter-rotating proton beams are accelerated through the rings
and the injection systems for Beam 1 and Beam 2 are located at Point 1 and Point 8 respectively.

When needed, the beams are dumped out from the ring at the straight section at Point 6. The
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acceleration of the charged particles at the LHC is done through Radio-Frequency (RF) cavities,
with EM fields. The LHC has 16 superconducting RF cavities with an oscillating frequency of
400 MHz across the acceleration ring, through which particles travel in a vacuum. Depending on
the time of arrival, the RFs accelerate or decelerate the protons, thus creating discrete bunches of
protons. A maximum of 2808 such bunches with a bunch spacing of 25 ns can be accommodated

at the LHC.

Low B (pp)

High Luminosity

-

Cleaning
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Figure 22: LHC ring schematic: two counter-rotating proton beams marked in blue and red
are accelerated in the ring before they collide in four IPs where the four large detectors are lo-
cated [[67].

3.1.2 Beam acceleration and injection

As shown in Figure [23] the protons are created and sent through a beam injection and pre-
acceleration chain before reaching the LHC ring and the RF cavities as: Linac 2 — Proton Syn-
chrotron Booster (PSB) — Proton Synchrotron (PS) — Super Proton Synchrotron (SPS). Starting
with a Hydrogen gas source in a magnetic field, the Hydrogen atoms are broken into their con-
stituent electrons and protons. The protons are accelerated to 50 MeV in the linear accelerator
Linac 2, which injects the protons to the PSB, consisting of four rings. Each PSB ring is filled with

one proton bunch, which is accelerated up to an energy of 1.4 GeV. The proton bunches are next

39



injected to the PS, which has many RF systems with different frequencies and create a bunch spac-
ing of 25 ns appropriate to the LHC bunch crossing time. The PS accelerates the proton beams to
an energy level of 26 GeV and splits them into 81 bunches. These proton bunches are next injected
to the SPS which accelerates the bunches to 450 GeV, the injection energy of the LHC. Finally
they are injected into the LHC ring, where while passing the RF cavities the bunches gain energy.
It reaches an energy level of 6.5 TeV from 450 GeV in ~20 minutes after passing the RF cavities
more than 10 million times.
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Figure 23: The LHC design layout with the beam injection components [[73]].

3.1.3 LHC magnet system

The LHC aims to operate at TeV energy scale. The relativistic total kinetic energy E of a
charged particle of mass m and charge g rotating in a magnetic field B with relativistic velocity v

can be written as: 2
B B
E= mczy: il where @ = ° 54)
0] ym

L__ and o is the synchrotron frequency. The LHC

2
Vit

requires a high magnetic field to bend the protons across the arcs in the ring and keep them colli-

where the relativistic Lorentz factor y =

mated. The LHC magnetic strength is 8.33 T and to generate such high magnetic fields, the LHC

uses NbTi superconducting magnets which are cooled down to 1.9 K using superfluid helium [74].
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To bend the particles across the arcs of the LHC tunnel, 1232 dipole magnets (Main Bends,
MBs) [69, 75] are used with 8.33 T magnetic field (~11600 A). To achieve maximum number of
proton-proton collisions, the proton bunches are focused using 392 Main Quadrupoles (MQ) which
can produce a maximum magnetic field of 7.5 T. The MQs are also known as the insertion magnets
as they are used in the insertion regions of the LHC. Since the magnets are very close to each other,
they are coupled both magnetically and mechanically, corrector magnets are used to correct for the
magnetic interference effects. The magnets are used to clean up beams after collisions to protect

the detector from stray particles near the IP.

3.2 The ATLAS Detector

The ATLAS (A Toroidal LHC ApparatuS) [76] detector is one of the two general-purpose
detectors hosted at the LHC with a design luminosity of 103 cm~2s~! to probe pp and heavy-ion
collisions. The ATLAS detector is located at Point 1 of the LHC and has a height of 25 m, length
of 44 m, and a weight of 7000 tonnes. The ATLAS detector uses a right-handed coordinate system
with its origin at the particle IP. The beam direction defines z-axis, the x-axis points towards the
center of the LHC ring, and the y-axis points upwards. It has a cylindrical coordinate (r, 0, ¢)
system: the azimuthal angle ¢ is about the z-axis and ¢ = 0 along positive x-axis; the spherical
polar angle O is defined with respect to the z-axis and 6 = 0 along the z-axis. A commonly
used variable to describe a particle’s location inside the detector is pseudorapidity, 1, defined as
1 = —In[tan(6/2)], where 0 represents the angle between the particle and z-axis. Figure isa
cutaway view of the ATLAS detector which shows the four main sub-detectors: Inner Detector,
Electromagnetic Calorimeter, Hadronic Calorimeter and Muon Spectrometer. The ATLAS data
taking started in November 2009 with a pp collision energy of 900 GeV. In 2010 high energy
collisions started with an energy of 7 TeV and was increased to 8 TeV in 2012. The data taking
period between 2009-2013 is known as LHC Run 1. The LHC had a long shutdown for two years,
for operations at higher energies. It restarted in 2015 with a pp collision Center of Mass (COM)

energy of /s = 13 TeV and ATLAS recorded a total of 139 fb~!of pp collision data between 2015-
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2018 (Run 2), which are used for this thesis. The following sections give an introduction to the
ATLAS detector and its different sub-detectors: Inner Detector in Section [3.2.1] Electromagnetic

and Hadronic calorimeters in sections [3.2.2] and [3.2.2.2] respectively, and Muon Spectrometer in

section[3.2.3] The ATLAS magnet system is described in section [3.2.4] and the Trigger and Data

Acquisition System (DAQ) are described in section [3.2.5]
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Figure 24: Cutaway view of the ATLAS detector with different sub-modules .

3.2.1 Inner Detector

The Inner Detector (ID) is the inner most first part of the ATLAS (|  |< 2.5) detector
which measures charge, momentum, direction of charged particles, and identifies primary and sec-
ondary vertices. The ID components record energy deposits (hits) from charged particles, which
with appropriate software reconstructs particle tracks. Due to close proximity to the 1P, the ID
endures a very high particle density, thus necessitating high granularity to achieve good resolution
in position, momentum, and vertex measurements. Semiconductor tracking devices, using pixel
technology and silicon strips, provide the desired performance goals. The ATLAS ID consists of
three modules: (i) Pixel Detector, (i) Semiconductor Tracker (SCT), and (iii) Transition Radi-
ation Tracker (TRT). The whole setup is immersed in a magnetic field of 2 T generated by the
superconducting solenoid magnet.

The silicon Pixel Detector, the innermost part of the ID, consists of three sections: a barrel,
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Figure 25: Cutaway view of ATLAS inner detector with its sub-modules [79].

and two end-caps. Its sensors are 250 pum thick detectors of pixels of reverse-biased n-type silicon
semiconductor of size 50x400 um?. The barrel section has four layers and each end-cap consists
of three pixel disks. For Run 2 an additional layer, the Insertable B-Layer (IBL), was installed
between the beam pipe and the B-layer of the Pixel detector to enhance vertexing, improve b-jet
identification performance and robustness against high luminosity, radiation dose, and hardware
lifetime. The pixels are individually connected to 16 Front-End (FE) [80] chips and the chips are
read out by a Module Control Chip (MCC) [81]]. Each module is connected to the off-detector
Read-out Drivers (RODs) through optical-fibre links to read out events.

The Semiconductor Tracker (SCT) also uses silicon semiconductor and helps provide
momentum measurement, vertex position, and impact parameter information in the radii region of
30-56 cm. It has a strip-like geometry and the modules are arranged into four coaxial cylindrical
tile layers in the barrel region, and nine disk layers in each of the two end-caps. The barrels cover
| 1 |< 1.4, while the disks cover | n |< 2.5. Figure shows a charged particle (red) passing four
layers of the SCT. The SCT readout system is based on 12 ABCD3TA [82] chips, an Application
Specific Integrated Circuit (ASIC), that amplifies, shapes, and converts the strip signals into an
output signal. The ABCD3TAs are connected to optical links [83|] which sends data to the off-
detector electronics.

The Transition Radiation Tracker (TRT) detector is the outermost part of the ID, covering

| n |< 2.0, and is composed of drift tubes (straws) of 4 mm diameter. The straws, filled with a gas
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Figure 26: Figure shows the three ID modules: the Pixel, SCT and TRT. The red line represents a
charged particle of pr = 10 GeV passing through the modules [79].

mixture of 70% Xe, 20% CO, and 3% O, act as proportional counters. While interacting with
charged particles, the gas medium gets ionised and the resulting ions drift to the inner walls of
the straws, producing the track hits. The TRT consists of a barrel part (| n |<1) and two end-caps
(1<] 1 |<2). A charged particle with pt > 0.5 GeV and | n |<2.0 will pass through at least 36
straws through most of the TRT regions. Instead of being stacked directly on top of each other,
the intermediate space between two straws is filled with polymer fibre and coils in the barrel and
end-cap regions respectively, creating a Transition Radiation (TR) (when charged particles interact
with the transition region between the straws), which provides additional particle identification
in addition to track position information. The TRT FE readout system consists of analog and
digital components. The analog readout is based on Amplifier Shaper Discriminator Baseline
Restorer (ASDBLR), which amplifies and shapes outputs from the straws and generates low and
high threshold signals. These signals are then read by a Digital Time Measurement ReadOut Chip
(DTMROC). The DTMROC performs the signal timing measurements and sends digitised signals

to the off-detector electronics.
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3.2.2 ATLAS Calorimetry

In nuclear and particle physics, calorimeters typically measure the energies and some prop-
erties of the traversing particles via the type of their interactions in the calorimeter materials. A
calorimeter typically contains two types of materials, active and passive/absorber. When parti-
cles interact with the absorber, they create showers of secondary particles which later on are de-
tected by the active medium. As shown in Figure the particle showers are classified into two
categories: (i) Electromagnetic shower developed through the EM interaction, and (i1) Hadronic

shower developed via the strong and EM interaction. The EM shower is developed by successive
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Figure 27: Left plot [84]: schematic of a Hadronic shower development which has a Hadronic
component and an Electromagnetic component. Right plot [85]: schematic of an Electromagnetic
shower development.

pair-production and Bremsstrahlung and it continues until the photon energy is insufficient for pair
production or the lepton energy goes below a critical energy threshold (E.: energy below which
ionization dominates) necessary for Bremsstrahlung. An important parameter for EM shower de-
velopment is the radiation length (Xp), which depends on the characteristics of the calorimeter

material [[86]: X0~ 716 A
° Z(Z+ 1)In(287/VZ

= cm ™2, (55)

where A and Z are atomic weight and numbers of the material respectively. For liquid Ar Xy ~ 14
cm and it represents the average distance an electron needs to travel to reduce its energy (E) to
1/e" of its initial energy (Eo): E = Ey e~%/%0_ Similarly a photon looses 1 /e of its intensity (1)

after traveling a distance of 97ﬁ: I=1 exp(—g%). The hadronic shower is more complex than
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the EM shower and the shower development is determined by the interaction length A, which is
characterized as: A &~ 35 A'/3 g cm~2, where A is the atomic weight of the material; for liquid Ar
A ~ 83.7 cm . The hadronic shower formation takes place when the incoming hadron interacts with
a nucleus and produces secondaries in the nuclear interaction. This includes unobserved energies,
such as neutrinos produced in the interaction, neutrons which may or may not produce further
interactions, and very importantly, the loss in binding energy to break up the nucleus, which varies
depending on the specific nuclear interactions taking place.

This section describes the two dedicated ATLAS calorimeter systems (i) Electromagnetic,
which detects e* and neutral particles such as photon (y and 79, and (ii) Hadronic calorimeter
which detects 7%, K*, p* and neutral particles such as n, Kg, while muons (u™) escape the

calorimeters undetected.

Tile barrel Tile extended barrel

LAr electromagnetic S
barrel N
LAr forward (FCal)

Figure 28: The ATLAS calorimeter system with different sub-systems ||

3.2.2.1 Electromagnetic Calorimeter

As shown in Figure 29] ATLAS electromagnetic calorimeter (EM calorimeter) has an ac-
cordion geometry and provides complete coverage in ¢ without azimuthal cracks, fast signal ex-
traction and uniform resolution. It uses lead (2 mm thick plates) as the absorber material and liquid
Argon (LAr) (2.1 mm thick and an operating temperature of -183°C) as the active medium.
The EM calorimeter is divided into three components: a barrel part with | 1 |< 1.475, and two

end-caps with 1.375 <| 1 |< 3.2. The end-caps are further divided into two coaxial wheels: outer
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Figure 29: Barrel module of the ATLAS EM calorimeter system with different layers and granu-
larity in ¢ and 1 for each layer [88§]].

wheel spanning 1.375 <| 1 |< 2.5 and inner wheel covering 2.5 <| 1 |< 3.2. There are three LAr
layers in the region of 0 <| n |< 2.5 which is also known as precision measurement region, and
two LAr layers in the high-n region (2.5 <| 11 |< 3.2) and in the transition region between the
barrel and EM end-caps. To rectify the energy loss from electrons and photons upstream of the
EM calorimeter, a presampler detector is used in the region of | 1 |< 1.8. The presampler consists

of a LAr layer of thickness 1.1 cm in the barrel and 0.5 cm in end-cap regions respectively.

3.2.2.2 Hadronic Calorimeter

The ATLAS Hadronic Calorimeter (HCal) has three main components: (i) Tile calorimeter,
(i1) LAr Hadronic end-cap Calorimeter, and (ii1) LAr forward Calorimeter, as shown in Figure

The Tile calorimeter [90] is a sampling calorimeter which uses steel as the absorber and
scintillating plastic tiles as the active material. It covers the region of | 7 |< 1.7 and is installed
directly outside of the LAr EM calorimeter. The Tile calorimeter is divided intro three components:
a central barrel covering | 1 |< 1.0 region and two extended barrels in the region of 0.8 <| 1 |< 1.7.
Both the central and extended barrels, azimuthally divided into 64 modules, have layers of active
region and absorbers. For complete coverage in ¢ plane, the scintillator tiles are arranged radially
and normal to the beam line. A key element of the Tile calorimeter are the Photomultiplier tubes

(PMTs), which converts the ultraviolet light produced in scintillating tiles into electric currents.
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Figure [30] shows the ATLAS Tile calorimeter design layout.

Figure 30: Schematic of the Tile calorimeter, the wavelength shifting fibre cables are kept at the
edge of the tiles for complete azimuthal coverage and the readout fibres are grouped together into
the PMTs [91].

The Hadronic End-cap Calorimeter (HEC) is also a sampling calorimeter like the Tile
calorimeter and it uses LAr and copper as the active medium and the absorber respectively. The
HEC consists of two independent wheels in each end-cap, a front-wheel (HEC1) and a rear wheel
(HEC2), and is installed behind the end-cap EM calorimeter in the region of 1.5 <| n |< 3.2. To
avoid a drop in material density, the 1) range of the HEC is chosen such that it overlaps with the
region between end-cap and forward calorimeter at | 1) |= 3.1 and with the Tile calorimeter in the
region of | n |= 1.7. The HEC uses the same cryostats as the electromagnetic end-cap (EMEC)

and forward calorimeters (FCal). Figure 31| shows the ATLAS HEC design layout.
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Figure 31: Schematic of the ATLAS HEC in the R-¢(left) and R-Z (right) plane, the dashed lines
represent the readout cables [92].
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The third component of the HCal is the Forward calorimeters (FCal) which covers the
region of 3.1 <|  |< 4.9 and shares the cryostats with the end-cap calorimeters. It uses LAr as
the active medium and copper and tungsten as the absorber. The positioning of the FCal detector
makes the coverage uniform and minimizes losses due to calorimeter cracks and works as a shield
for the Muon Spectrometer from backgrounds. The FCal design has smaller LAr gaps (<2 mm)
compared to Tile and HEC. Each FCal is composed of three components: one EM module FCal 1,

and two hadronic modules FCal 2 and FCal 3. Figure [32] shows the ATLAS FCal design layout.

Figure 32: The ATLAS FCal detector schematic, the black sections represent the cryostats and
additional support structures [93].

The readout system for the LAr calorimeters (both EM and hadronic) is based on Front
End Boards (FEB) [94] installed on the detector. When charged particles ionize the LAr, the
ionization current signal gets pre-amplified, shaped, buffered, and digitized by the FEBs. The
digitized signals are sent to the RODs via optical links and after calculating the energy deposits,
the RODs send the data to off-detector electronics via S-links. The Tile calorimeter readout is
segmented into multiple cells (longitudinally and transversely) are organized into 4 partitions: two
long barrels called LBA and LBC, an two extended barrels called EBA and EBC. Signal from
each cell is read out by two PMTs via wavelength shifting fibers. The PMT signals are shaped,

amplified and are sent to the off-detector electronics.

3.2.3 Muon Spectrometer

High energy prompt leptons can be signatures of many interesting physics processes. Hence,

it is critical to detect muons and measure muons from the IP (for e.g. to study the Higgs decay).
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The Muon Spectrometer (MS) is the outermost part of the ATLAS detector, designed to measure
high-pt muons independently of the ID and to provide an independent muon trigger (c.f. sec-
tion[3.2.5). The MS is surrounded by superconducting air-core toroid magnets (c.f. section [3.2.4)),
which deflects the muon tracks and allows the momentum measurements. The ATLAS MS con-
sists of four types of chambers and has the largest surface area among all other modules of the

ATLAS detector.

Thin-gap chambers (T&C)

] Cathode strip chambers (CSC)
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Figure 33: Cutaway view of the ATLAS MS [95].

Depending on 1, different types of chambers are used for tracking and triggering system.
For majority of the 17 coverage the Monitored Drift Tubes (MDT’s) provide precise measurement
of the track coordinates in the principal bending direction of the magnetic field. In the regions
of 2.0 <| 1 |< 2.7 (close to the beam line), Cathode Strip Chambers (CSC’s) are used instead of
the MDT’s since the CSC’s have much higher granularity to withstand the high particle flux. The
trigger system is installed in | i) |< 2.4 region and it consists of two types of chambers: Resistive
Plate Chambers (RPC’s) in the barrel region and Thin Gap Chambers (TGC'’s) in the end-caps. In
addition to providing the momentum dependent muon trigger, these trigger chambers also identify
bunch crossing and measure the second coordinate along the tube in MDT chambers. Table {4

summarises the different MS chambers and their functionality.
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Chamber Functionality Location Coverage
type
MDT Tracking barrel+end-cap In|<2.7
CSC Tracking end-cap layer 1 20<|n <27
RPC Trigger barrel |n|< 1.05
TGC Trigger end-cap 1.05<|n|<2.7

Table 4: Different types of chambers used in the MS with their locations and functionality.

3.2.4 ATLAS magnet system

As shown in Figure [34] the ATLAS magnet system [96] consists of four superconducting
magnets: one Barrel Toroid (BT), two End-Cap Toroids (ECT), and one Central Solenoid (CS). The
primary reason for using superconducting magnets is that the center of the superconducting magnet
is empty, while regular resistive non-superconducting magnets have iron core. Hence, the particles
generated from the pp collisions have minimum interactions with the magnet system, resulting in

improved particle identification and measurements. The central solenoid [98] is aligned along the

Central Solew
Barrel Toroid

Endcap Toroid

Figure 34: Graphical representation of the ATLAS superconducting magnet system [97].

beam axis and is designed to provide a magnetic field of 2 T to the ID. Each of the Barrel and
End-Cap Toroids [99, 100] has an air-core design and consist of 8 coils assembled symmetrically
and radially around the beam axis. To cover the transition gap between the barrel and the end-caps,
the End-Cap toroids are placed at an angle of 22.5° with respect to the Barrel toroid. The Barrel

and End-Cap Toroids provide a magnetic field of strength ~4 T each to the MS.
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3.2.5 Trigger and Data Acquisition System

At the peak luminosity of 2.1x 103 cm™2s~!, there are ~1 billion (1 GHz) collisions taking
place per second within the ATLAS detector. As all SM processes take place in each interaction,
to store all the event data, ~ 1 PB (10') of space is required per second, which is not technically
feasible nor sensible. However, events of current physics interest are rare, e.g., the Higgs boson
production rate is ~ 33/minute. Hence, a trigger system is used, which is a mechanism designed
to target events with specific objects that are of current physics interest, to decide in real time if an
event is not of interest or background of many possible types, and then decide whether to record an
event from a given collision. The trigger and data collection process follows the following steps:
Event identification (Trigger) — Event recording (data acquisition) — Data-processing (comput-
ing). The ATLAS trigger system is essentially a serial device with multiple parallel paths, divided
into different levels, each level selecting the data as input to the next level. The rest of the events get
rejected. This section describes the ATLAS Trigger and Data Acquisition System (DAQ), together
known as the TDAQ.

The ATLAS trigger system [[101]] consists of two distinct levels: a hardware-based first-level
trigger (L1), and a software-based high-level trigger (HLT). Figure [35] shows the trigger system
diagram, which operates in a sequence where the successful output of L1 is the input to the HLT.

The L1 trigger receives inputs from the L1 calorimeter (L1Calo) and L1 muon (L1Muon)
trigger systems. The L1Calo trigger receives inputs from the calorimeter cells and the analog sig-
nals are digitized and calibrated before sending to the Cluster Processor (CP) and Jet/Energy-sum
Processor (JEP). The CP identifies electrons, t-leptons, and photons, while the JEP identifies jet
candidates and calculates global sums of total and missing transverse energy. L.1Muon trigger
uses the hits from the RPCs (in barrels) and TGCs (in end-caps) as inputs. The final L1 trig-
ger decision is processed by the Central Trigger Processor (CTP), which takes inputs from the
L1Calo, L1Muon (through Muon Central Trigger Processor Interface (MUCTPI)), L1 topological
trigger (L1Topo) [[102]] and other detector subsystems such as Minimum Bias Trigger Scintillators

(MBTS) [103]], LUCID Cherenkov counter [[104], and Zero Degree Calorimeter (ZDC) [105]. The
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L1 accept decisions are distributed to the Front-End (FE) detector electronics by the TTC (Tim-
ing, Trigger and Control) [106-108] system. The data are sent to the ReadOut Drivers (RODs)
first for processing and formatting and then are sent to the ReadOut System (ROS) to buffer the
data to the HLT. The CTP also applies the dead times, which restricts the L1 acceptance rate to
be within the detector read-out latency. There are two types of preventive dead-times: (i) simple
dead-time, applied to constrain the minimum time between the two L1 accepts to avoid overlap-
ping read-out windows, and (ii) complex dead-time, applied to restrict the number of L1 accepts
in a given number of bunch-crossings to avoid overflowing of FE buffers. At the end of Run 2 the
simple dead-time was 100 ns, while the complex dead-time was configured with different algo-
rithms depending on the read-out limitations of various sub-detectors. The L1 trigger reduces the
event rate from 40 MHz to the maximum detector read-out rate of 100 kHz within a latency of 2.5
us. The L1 trigger also identifies Regions-of-Interest (ROI) in 1 and ¢ within the detector that are
investigated in HLT.

The software based HLT uses dedicated algorithms to process the ROIs. It starts by using
dedicated fast trigger algorithms for early rejection of events and then uses more precise and CPU
consuming algorithms to take a final decision. The HLT algorithms run on a dedicated computing
facility, called the Processing Units (PU) and the PUs take trigger decisions within few hundred
milliseconds. Once the events are accepted by the HLT, they are transferred to the local storage
before moving them to permanent storage centers at CERN. The HLT physics output rate is on
average 1.2 kHz which on takes ~1.2 GB/s disk space.

The total RAW data size of ATLAS Run 2 dataset is ~34 PB. To make this massive amount
of data accessible to users, a pyramid-structured global computing model is designed, called
Worldwide LHC Computing Grid (WLCG) [109]. The WLCG consists of four layers: Tier-0,
Tier-1, Tier-2, and Tier-3. The Tier-0 is located at CERN and processes the raw data emerging
from the DAQ systems. The processed data from Tier-0 is sent to Tier-1, which consists of 13 na-
tional computer centers located around the world with the capacity to store large fraction of data.

The Tier-1 centres make the data available to the Tier-2 centers, which consist of several collab-
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Figure 35: Schematic adapted from [[101]] shows the ATLAS TDAQ System with event rates at
different stages of the process. In Run 2 the FTK was under commissioning and was not used by
the HLT for trigger purposes.

orating computing facilities. The Tier-2 centers have sufficient storage and computing power to
perform tasks like MC simulation. The final part of the WLCG is Tier-3 which consists of local

clusters in universities. The analysers mostly use Tier-3 facilities to perform physics analyses.

3.3 ATLAS Upgrade projects

The LHC was designed to collide protons at a center-of-mass energy of /s = 14 TeV and
deliver an instantaneous luminosity of 1x103* ¢cm? s~!. The LHC has already exceeded the peak
luminosity target by delivering 2.1x10**cm? s~! in 2016 with /s = 13 TeV. However, for preci-
sion measurements of EWSB, BSM Higgs etc. higher luminosity is needed to increase the statis-
tical prowess. As higher energy requires much more drastic changes, upgrades in the detector and
the readouts, DAQ etc. are required and this section gives an overview. During 2013-2014 (Long
Shutdown 1: LS1), the first upgrade project, phase-0, was performed and it included the addition
of the new IBL inside in the Pixel detector, trigger updates including the new CTP, installation
of Forward Proton Taggers Detectors (AFP) [110]. The second ATLAS upgrade project is called

phase-I and was originally scheduled to be completed during L.S2 (2019-2020). The phase-I up-
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grade project includes the addition of New Small Wheel (NSW) detector [[111]], new LAr calorime-
ter FE electronics [[112], and the TDAQ system [113]]. The LHC will increase its luminosity to a
maximum instantaneous luminosity of 7.5x10%*cm? s~! for the high luminosity (Hi-Lumi) up-
grade, and thus detector upgrades were also needed to commensurate with the luminosity upgrade.
The next ATLAS upgrade project, phase-I1, is scheduled to be performed during L.S3 (2024-2026).
The phase-II upgrades are designed to cope with the requirements of the High-Luminosity LHC
(HL-LHC) [114]. The HL-LHC is scheduled to start data taking in 2027 and is expected to obtain
a total integrated luminosity of 4000 fb~!. From a detector’s perspective, the main challenges in
the HL-LHC would be to maintain or improve the performance in an environment with increased
pile-up events, high radiation doses and high trigger rates. The upgrades include: a new fully sil-
icon Inner Tracking (ITK) detector with better 1 coverage, upgraded TDAQ [117], a
new High Granularity Timing Detector [118]], and an upgraded forward muon system [119].
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Figure 36: The HL-LHC upgrade timeline; the red line shows the collision energy and green line
shows the integrated luminosity targets at different upgrade stages [[120].

A major challenge of the HL-LHC would be the handling of the high pile-up interactions
which could go up to < p > =200. A possible solution is to use the time spread of the pp collisions
in each bunch crossing to distinguish the tracks originating from collisions in close spatial space
but well-separated in time. To obtain the timing information, a new component to the ATLAS
detector is proposed, the High-Granularity Timing Detector (HGTD). The HGTD has an expected

time resolution of 30-50 ps for minimum ionizing particles and will reduce the pile-up by a factor
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of ~6. Apart from pile-up reduction, the ATLAS HGTD would also improve the performance
of other important items such as b-tagging, lepton isolation efficiency, identification of long-lived
particles, luminosity measurement etc. The HGTD is proposed to be built in front of the two end-
cap calorimeter cryostats with the active layers between | z |= 3.5 m and will cover the forward
region of 2.4 <| n |< 4. The HGTD detector will be based on a Low Gain Avalanche Detector
(LGAD) [[121] which is a silicon sensor that provides a timing resolution between 30-50 ps/hit.
At CERN beam tests are conducted to test different LGAD sensors and study their char-
acteristics. The signal shapes from different sensors are monitored by the oscilloscope. One of
my ATLAS authorship qualification tasks was to develop a software to communicate between the
oscilloscope and the sensors being tested. Apart from beam tests at CERN many institutes across
the ATLAS HGTD community perform sensor bench tests such as I-V, C-V characteristics. I also
developed a fully functional MySQL database with a web interface using html and php, hosted at
CERN. Using the web interface an user can insert sensor test results to the database and retrieve

the results using different search criterion such as sensor names, institutions etc.
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4. GENERAL PHYSICS ANALYSIS STRATEGY

All the physics analyses at the LHC, whether SM measurements or BSM studies have few
essential items in common. One such item is the identification of physics objects in an event
produced by the pp collision which are mostly important characteristics to define an event, like
measuring critical information needed to perform a complete analysis such as transverse momen-
tum (pt ), energy, charge etc. Section [4.1] describes the physics objects relevant to the thesis such
as vertices, jets, leptons, E%ﬁss etc. The observed data recorded by the detector is compared with
the predictions from simulated events generated from scratch using SM cross sections, and in cases
of searches, from following the specific BSM models. These generated event four-vectors are then
further developed according to specific hadronisation and fragmentation. Monte Carlo (MC) de-
scriptions are commonly accepted and used in the field and passed through the simulated detector
and readout chains as in real events. Section gives an overview of the MC event generation.
An ATLAS physics analysis targets a specific final state, e.g., the mono-i(bb) analysis described
in the thesis targets final state containing E‘TniSS + h(— bb) events. However, other physics pro-
cesses can produce the same final state and are known as background processes to the analysis. To
observe the targeted final state as efficiently as possible, the analysis phase space is divided into
multiple regions. The philosophy of analysis region classification is similar in all ATLAS analyses
and is described in section #.3] Once the analysis regions are defined, a statistical analysis is per-
formed where a hypothesis is tested to check the compatibility between the observed data and MC

simulated events. Section 4.4| describes the relevant statistical concepts and techniques.

4.1 Physics object reconstruction

The quality of a physics analysis depends on the precision of physics object reconstruction.
Physics objects such as leptons, jets, jet flavour tagging, E%‘iss , etc. and their qualities are explained
here. Section {.1.T]describes the reconstruction of charged particle tracks and identification of the

pp interaction vertices, section describes identification of leptons: electrons and muons.
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The most dominant physics process at the LHC is QCD and the fundamental characteristic of
a QCD process is color confinement. Quarks and gluons produced in a QCD process carry a
color charge and due to color confinement, which allows only colorless states, the quarks and
gluons cannot stay isolated for a physically observable time. Instead, they follow a process called
hadronization, where they radiate additional quarks and gluons and eventually produce collimated
color-neutral hadrons. This collimated spray of hadrons is known as jet and section[4.1.3|describes
jet reconstruction procedure. The jets are classified into different flavour categories depending
on the parent hadrons: e.g. b-jets containing b-hadrons, c-jets containing c-hadrons, and /ight-
jets containing neither b-hadrons nor c-hadrons. Distinguishing different jet flavours is critical for
analyses which involve specific decay channels, such as & — bb. Section describes the b-jet
identification procedure used to identify jets originating from b-quark (hadronized as B) decays.
Another important variable in the context of BSM searches is E%‘iss which is defined as the negative
pt sum of all the physics objects in an event. The E%‘iss can originate from misidentification of
leptons, jets, and from particles which escape the detector undetected such as neutrinos and exotic
particles such as DM and DE. By the momentum conservation law, in the transverse plane of the
beam axis, the sum of the pt of all the particles produced in a pp collision should be zero. Any
significant deviation from zero would indicate the existence of neutrinos or exotic particles. Hence

reconstruction of E%‘iss is crucial in the context of this thesis and is described in section m

4.1.1 Charged particle tracks and vertices

The primary vertex is defined as the point at which a pp interaction occurred. The particles
produced in the collision traverse through the detector medium and depending on the particle
properties go through further decay processes. Decays of long-lived particles produce secondary
and tertiary vertices and charged particles produce tracks inside the detector. To identify charged
particles and fully reconstruct their decay chain, the tracks and vertices must be identified. This
task is performed by the ATLAS ID.

The process of track reconstruction [[122,|123] starts with a conversion of the Pixel and SCT
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hits to 3D measurements, known as space-point, representing the points in the active material of the
ID through which charged particles passed. After space-point formation, a seed is constructed from
it, combining different ID sub-detectors. The seeds are then used to build track candidates using a
combinatorial Kalman filter [124]. Finally, a track refit is performed to improve the track momen-
tum resolution. This track reconstruction procedure is known as the inside-out pattern recognition
procedure. Although majority of the tracks in ATLAS are reconstructed with the inside-out ap-
proach, a complementary outside-in approach is also used, where the process starts from the TRT
hits and moves inward. This is used for reconstructing tracks, for which enough space-points were
not available from the Pixel detector.

The current ATLAS primary vertex reconstruction method follows the Adaptive Multi Ver-
tex Finder (AMVF) [125, |126] procedure. The primary vertex reconstruction algorithm uses the
ID tracks as inputs and have two components: (i) primary vertex finding algorithm which asso-
ciates the reconstructed tracks to vertex candidates, and (ii) the vertex fitting algorithm, which
reconstructs the vertex position and its corresponding error matrix. The vertex fitting stage is an
iterative process and in each iteration less compatible tracks are down-weighted. Once a vertex
position is determined, the tracks which are incompatible with that vertex are removed and are

used to reconstruct other vertices.
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Figure 37: Diagram showing different vertex topologies from a pp collision [127].
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4.1.2 Leptons

Leptons, being charged particles, leave tracks when traversing through the ID. The electrons
deposit their energy in the EM calorimeter and the muons travel up to the MS. The ATLAS lepton
identification and reconstruction procedure use ID tracking information, energy deposits in the EM
calorimeter, and MS. Once the leptons are identified, they go through an isolation procedure, where
prompt leptons (originating from hard-scattering vertex, decay of heavy resonances such as W+ /Z
and Higgs bosons) are separated from non-prompt leptons (originating from misidentification of
particles, photon conversions, semi-leptonic decays of heavy quarks etc.). The isolation process

uses both the tracking and calorimeter information.

4.1.2.1 Electrons

The ATLAS electron identification is a two step process:(i) electron reconstruction, and (ii)
electron identification.

(i) Electron reconstruction

The electron reconstruction [128]] is based on three fundamental characteristics of an elec-
tron signature: (i) localised clusters of energy deposit conforming to EM shower shape found
within the EM calorimeter, (i1) charged-particle tracks identified in the ID, and (iii) close matching

in N x ¢ space of the tracks that form final electron candidate.
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Figure 38: A graphical representation of the trajectory of an electron passing through the ATLAS
detector. The solid red line represents the electron trajectory and the red dashed line represents
the trajectory of a photon, produced through the electron-detector interaction [128]].
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The reconstruction of the energy deposits in the EM calorimeter starts with dividing the
N x ¢ space of the EM calorimeter into a grid or towers. Energy deposits in each of the EM
calorimeter layers are summed over to compute the total energy in each tower. A sliding window
algorithm [129] is used to find the EM energy cluster candidates and form a set of towers (3x5)
where the localised energy deposits are greater than 2.5 GeV. Once a cluster is found, it is used as
a seed to match the track reconstructed in the ID. A Gaussian-Sum-Fitter (GSF) is used to refit the
reconstructed tracks which accounts for the energy loss of the electrons due to Bremsstrahlung.
The GSF track candidates are then matched to the calorimeter seed cluster candidates. If there is a
good matching the cluster is reconstructed as an electron, otherwise it is reconstructed as a photon.

(ii) Electron identification

The electron identification procedure separates prompt electrons from non-prompt elec-
trons. Identification of prompt electrons in the central region of the ATLAS detector (| 7 |< 2.47)
is based on a likelihood (LH) identification, which is constructed with inputs from the ID tracks
and EM calorimeter. The recommended ATLAS electron identification LH discriminant has three
values, which correspond to three working points (WP): Loose, Medium and Tight. These WPs
correspond to identifying a prompt electron with Et = 40 GeV at 93%, 88%, and 80% efficiency

for Loose, Medium and Tight WPs respectively [128].

4.1.2.2 Muons

The ATLAS muon reconstruction [130] procedure is a two steps process: (i) muon recon-
struction, and (ii) muon identification.

(i) Muon reconstruction

Muons are reconstructed independently in the ID and MS and the final muon candidate is
reconstructed by combining information from both. Muon reconstruction in the ID follows the
same procedure as any other charged particle (c.f. section d.1.T)). The reconstruction procedure
in the MS starts by forming segments in each muon chamber utilizing the hit patters. The MDT

hits correspond to the bending plane alignment, while the RPC and TGC hits provide information
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about the coordinate orthogonal to the bending plane. These segments are used as seeds in a fitting
procedure which starts from the middle layers of the MS and successively moves to the inner and
outer layer segments. A segment is selected if it satisfies the benchmark selection criterion such
as fit quality, hit multiplicity etc. To build a track, at least two matching segments are necessary
in each 1 region of the MS, except for the transition region between the barrel and end-cap where
only one high-quality segment is sufficient. Due to the proximity of many tracks multiple track
candidates can share the same segments. An overlap removal procedure is applied to assign the
best segment to a single track or share a segment between two tracks. A global x? fit is performed
on the hits associated with each track candidate and a candidate is selected if the 2 value satisfies

the selection criterion. The reconstructed muons are classified into four types:

e Combined (CB) muon: Initially tracks are reconstructed independently in the ID and MS
and later on a global fit is performed using the ID and MS information to reconstruct a
combined track. For most muons, the fitting procedure uses an outside-in pattern recognition
approach, where the muons reconstructed in the MS are extrapolated inward and are matched
with the ID track. An inside-out muon reconstruction is also performed as a complementary

approach.

e Segment-tagged (ST) muon: The ST muons are reconstructed using the ID tracks and parts
of the MS. An ID track is extrapolated to the MS and if the track is associated with at least
one local track segment in the MDT or CSC chambers, the ID track is classified as a muon.
This procedure is useful for muons which cross only one MS layer either due to low pt or

falling in the low MS acceptance regions.

e Calorimeter-tagged (CT) muon: The CT muons have the lowest purity, but particularly
important as it provides coverage where the MS is not fully functional. The CT muon recon-
struction procedure utilises the Minimum Ionizing Particle (MIP) characteristic of muons.
An ID track is accepted as a muon if the track is matched to an energy deposit in the calorime-

ter which is compatible with a MIP. The CT muons are optimised for the region of | n |< 0.1
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and 15 < pr < 100 GeV.

o Extrapolated (ME) muon: The ME muons are reconstructed using the MS track only, with
an additional loose requirement on the compatibility between the track candidate and impact
parameter. The ME muons are required to traverse two layers of MS chamber and three
layers in the forward region. These muons provide coverage in the region of 2.5 <| n |< 2.7

where the ID has no acceptance.

(ii) Muon identification

The reconstructed muon candidates go through an identification process where additional
quality criteria are applied to suppress background sources that mimic muon signatures (e.g. pion
and kaon decays) and ensure high efficiency of prompt-muon acceptance. In ATLAS experiment,
four muon identification selections are available: Medium, Loose, Tight, and High-p .

The Medium type is the default muon selection in ATLAS. It only uses the CB and ME
tracks and has the lowest systematic uncertainty associated with muon reconstruction and momen-
tum calibration. The Loose identification criterion uses all muon types and provides good-quality
tracks while maximising the reconstruction efficiency. The Tight identification criterion identifies
muons by maximising the purity of muons at the expense of reconstruction efficiency. It uses only
CB muons with hits in at least two MS stations and satisfying the Medium selection criterion. The
High-pt muons, which are used in new high-mass resonance searches, are optimised to maximize
the momentum resolution for tracks with pt > 100 GeV. It uses CB muons with at least three hits
in the MS and satisfying the Medium selection criterion.

The lepton reconstruction and identification procedure described above is efficient in dis-
criminating prompt leptons from other particles. However, the non-prompt leptons are surrounded
by additional tracks and are generally embedded in jets. Hence, to distinguish between the prompt
and non-prompt leptons, a lepton isolation [[130, |131] procedure is applied. In this process isola-
tion variables are calculated to quantify the amount of detector activity around a lepton candidate.
There are two types of isolations: (i) calorimeter based where the variables are calculated by us-

ing the transverse energies of the topological clusters (both EM and hadronic) E}S’OAIR:O'Z in a fixed
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cone of AR = 0.2, (ii) track based where the variables (piTsovlarAR) are defined as the scalar sum of
the pt of tracks with pt > 1 GeV in a variable cone (pt dependent) around the lepton, excluding
the lepton track itself. The track-isolation variable values are: pi;,(meax:O.Z and pl;OAlRmax—O 5 for

maximum cone sizes of ARmax = 0.2 and 0.3 respectively. Table[5]summarizes the different lepton

1solation WPs relevant to the thesis.

Object ‘ WP Calorimeter isolation Track isolation

FCLoose Effg_galpr <02 PrR,—02/PT < 0.15
FCHighPtCaloOnly E!rsﬁoAlRZO'zlpT <3.5GeV -

Electron

isol

Muon FCLoose EiTSf’AlR:O'z/pT <0.3 PrT Rmax*O s/pT < 0.15
FCTightTrackOnly - p%‘}{max,o s/pT < 0.06

Table 5: Summary of lepton isolation WPs relevant for the thesis, FC: Fixed Cut [132,|133].

4.1.3 Jets

Jets are physically observable in the detectors and carry the characteristics of the initial
quarks and gluons. This section describes the ATLAS jet reconstruction, calibration procedure,

and specific types of jets used in the thesis.
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Figure 39: Jet evolution schematic inside the ATLAS detector: starts from a pp collision
followed by partons and hadrons grouped together and eventually depositing energy in the
HCal [134] .
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4.1.3.1 Jet reconstruction

Topo-cluster formation

The ATLAS jet reconstruction procedure starts with the topological cluster (fopo-cluster)
formation [129, [135]], where 3D clusters of the hadronic calorimeter cells are reconstructed. The
cluster formation begins by identifying seed cells with a certain cell signal (S) to expected noise
(N) ratio. A cell is considered as a seed if it satisfies | S/N |[> 4. Once a seed cell is selected,
neighbouring cells with | S/N |> 2 are added to the 3D cluster. Finally, the topo-cluster formation
is completed by adding cells with | /N |> 0 to account for the shower tails. Figure @represents
a schematic of the cluster formation. The next step is the calibration of the topo-clusters, which
has two choices: (i) calibrate to EM scale (EM topo-cluster) or (ii) hadronic scale with local
calibration weighting (LCW [135]] topo-cluster). The LCW calibration starts by dividing the LCW
topo-clusters into EM or hadronic types, followed by a reweighting procedure to correct for the

different electron-pion responses in calorimeter cells.

u [
[
A 1 [ El/c(noise)>4

0 B El/c(noise)>2
— . Perimeter cells
n

Figure 40: Figure shows the topo-cluster formation with different S/N criteria across the three
HCal layers in the barrel: seed cell (red), neighbour cell (blue) and perimeter cells (green) [[136].

Jet-finding

Once the topo-clusters are formed a jet-finding algorithm associates the appropriate calorime-
ter topo-clusters with each other to form the final jet object. In ATLAS, the anti-k7 algorithm [137]
is the default jet-finding algorithm, which is a sequential combination algorithm. A k7 algorithm

computes the following variables:
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AR%.

The name ‘anti’ is an artifact of setting the power p = —1 in the algorithm. Here R is the parameter
that controls the radius of the jet, ARZZJ. = (n; —1n;)*+ (¢ — 9,)?, kr; is the transverse momentum
of the i’ constituent of the jet, the distance parameters d; ;j and d;p represent the distance between
the jet constituents i and j, and between the jet constituent i and the beam respectively. The d;p
parameter separates the jet constituents originating from hard-scatter interactions from the proton
residuum. The anti-k7 algorithm begins by identifying the smallest distances among d;; and d;p. If
the smallest distance turns out to be d;;, the algorithm combines the i"" and j'" jet constituents and
treats them as one constituent for the next iteration. If the smallest distance is d;p, the algorithm
identifies the i’ constituent as a jet and removes it from the list of jet constituents. The distance
calculation and constituent combination process continues until no constituents are available. The
anti-k7 algorithm uses the EM and LCW topo-clusters as inputs and provides jets with different

cone radius such as small-R jets (R = 0.4), large-R jets (R = 1.0).

4.1.3.2 Jet calibration

After reconstruction, a jet candidate passes through a calibration process to correctly assign
the energy and momentum scales, known as Jet Energy Scale (JES), of the underlying particles
from which jets are produced after QCD fragmentation and hadronization. Although the jet cali-
bration procedure is different between large-R and small-R jets, as shown in Figure 1] the overall
workflow is similar. The ATLAS jet calibration process [[138]] has three principal steps: pile-up
corrections, followed by calibration to MC truth scale and finally account for the differences with
the data.

Jet origin correction

The first step in a jet calibration chain for small-R jets is the jet origin correction. The EM-
scale jet reconstruction process assumes that the origin of the small-R jets is the geometric center

of the detector. Although in reality the center is the primary hard-scatter interaction vertex. This
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Figure 41: Jet calibration chain used in ATLAS for small-R and large-R jets [139].

correction rectifies the four-momentum vector of the jets and points the jet’s origin to the primary
vertex. It improves the angular resolution of the jets without changing jet energy.

Pile-up correction

After the jet origin correction, the jets go through a pile-up correction procedure. Due to
the large catchment area [140] of the jets, they are susceptible to pile-up effects, which reduces
the accuracy of jet energy estimation. The pile-up correction for small-R jets has two components:
(i) area-based correction, and (ii) residual dependence on the number of primary vertices and in-
teractions. The final jet pr is obtained by subtracting the resulting pt of the two above mentioned
corrections from the total reconstructed jet pt . The area based pile-up correction is effective in
| 1 |< 2.0regions, while in | 7 |> 2.0 regions residual corrections are required. In these corrections
the reconstructed jet pr is corrected by subtracting the pt corrections from the above mentioned
two pile-up correction components.

Jet grooming

The large-R jets are vulnerable to pile-up effects since they have large jet area. It obscures
the angular structure of the jet and as a consequence the hadronic particle decays contained inside
the jet cone are not fully reconstructed. The pile-up correction procedure for large-R jets is per-
formed through jet grooming, where the grooming algorithm selects a jet following some specific
criteria. The ATLAS jet grooming algorithm uses a trimming procedure for anti-k7 jets.
The algorithm re-clusters the jet constituents with a distance parameter Ry,;, = 0.2, and trims any

constituents in a k7 sub-jet which has pt < 5% (f.) of the large-R jet pt . The trimming process
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vastly improves the mass resolution of large-R jets which is important in reconstruction of massive
objects such as Higgs bosons. The jet grooming process is used for the large-R jets used in the
mono-h(bb) analysis (c.f. section 5.1)).

Jet energy calibration

The jet energy calibration is purely MC-based correction which corrects the reconstructed
jet energy to the MC particle-level jets. It accounts for detector effects such as the hadronic decays
not being fully reconstructed as showers might end up in inactive detector regions as well as energy
deposits of particles which did not go in the reconstructed jet cluster. These energies are a part of
the original jet particles, therefore must be recovered to measure the JES accurately. The recon-
structed jet energy (E™°) is matched to the particle-level jet energy (E’") and the correction
factor E/™h /"< is applied to the reconstructed jets to account for the lost energy.

The MC based jet correction is applied for both small-R and large-R jets, although each has
some differences. Typically the large-R jets are used to reconstruct massive particles which decay
hadronically. Hence, to identify the parent particle, the large-R jet needs to have a well-defined
mass corresponding to the parent particle. This is achieved by matching the reconstructed jets to
the particle-level jets with the mass response rather than energy. This is known as Jet Mass Scale
(JMYS) calibration.

Global sequential calibration

After the jet energy calibration, the JES is further refined for small-R jets through a Global
Sequential Calibration (GSC) [142]. Depending on whether the jet-initiating particles are quarks
or gluons, the jet composition and shower shapes vary. The quark initiated jets, having higher
pr than gluon initiated jets, provoke a higher calorimeter response compared to gluon initiated
jets. In general the particle showers generated inside the calorimeters deposit their energy in the
calorimeter cells. However, shower shapes (for incident particles with high energy) can also tra-
verse through the calorimeter to the MS; these types of jets are called punch-through jets. The
GSC improves the calorimeter response, energy distribution inside the jet cone, and punch-through

effects. The punch-through correction changes the central value of JES, however other GSC cor-
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rections are designed to improve the Jet Energy Resolution (JER) only.

In-situ calibration

The final step in jet calibration is the in-situ calibration where the JES and JMS calibrated
jets are compared with the data. A deviation from data indicates possible biases in the jet energy
or mass calibration. For small-R jets, the in-situ calibration is done in two steps. The first one is
the dijet i) calibration [[143], where well-understood central jets (| n) |< 0.8) are used as references
to calibrate the forward jets (0.8 <| 1 |< 4.5). The second in-situ correction step is a series of pr
balance method where well-understood reference objects are used to correct for the JES between
data and MC for central jets.

For the large-R jets the in-situ calibration [[144] uses the R;,; [[144]] parameter, defined as:

(Xcal() ) /Xtmck)data
(Xcalo) /Xtrack>MC

where X represents the calorimeter observable. The R;,; parameter estimates the differences be-

R = (57)

tween the calorimeter and tracker jet representations, hence one can assign uncertainties on X.
To constrain the JMS for both data and MC, the forward-folding [[145]] procedure is followed. The

complete large-R jet in-situ calibration uses a combination of the forward-folding and R;,; method.

4.1.3.3 Particle Flow jets

During Run 1, the reconstruction process of hadronic jets in ATLAS used either the calorime-
ter or ID information. The jet reconstruction procedure started from the calorimeter topo-cluster
formation, followed by calibrations to match the reconstructed jet energy scale to that of particle-
level jets. Towards the end of Run 1, the Particle Flow (PFlow) [[146] algorithm was introduced
which uses the combination of tracking and calorimeter information to reconstruct a jet. This
method mimics the individual particle reconstruction procedure, such as leptons and vertices. The

usage of PFlow jets improves the JER and has the following advantages:

e Resolution: The calorimeter energy resolution for a single charged pion at the center of the

ATLAS detector is [147]]:
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while the inverse pr resolution for the tracker is:

1
o (p—) p1 = 0.036%.p1 @ 1.3%. (59)
T

Hence, for charged particles with low-energy the pt resolution of the tracker is better than
the energy resolution of the calorimeter. On the other hand, the calorimeter performs better

for high-energy charged particles.

e Increased acceptance: Particles with low energies cannot pass the | S/N | criterion to be
included in a topo-cluster. The use of tracker extends the acceptance for low-energy particles,

as charged particle tracks can be reconstructed for pt > 400 MeV.

e Pile-up reduction: Using the tracks one can identify the vertices associated to the tracks,
hence multiple in-time pile-up interactions can be eliminated by rejecting jets originating

from pile-up vertices.

e Low-pr sensitivity: Charged particles with low-pt inside a hadronic jet are swept out of the
jet cone by the high magnetic field before they reach the calorimeters. By using the tracker

these low-pr particles can be reintegrated as jet constituents.

In the PFlow method, the tracker and calorimeter information complement each other. Charged
particles with low-pT have a higher resolution with the tracker, while for neutral, high-pr particles
and for regions outside the acceptance of the ID (2.5 <| 1 |< 4.5) only the calorimeter information
is used. An overlap removal procedure is applied to remove the overlaps between the momentum
and energy measurements performed in the ID and calorimeters to avoid double counting. The
ATLAS PFlow algorithm chain, shown in Figure 42} starts with a set of tracks and topo-clusters.
Each well-measured track is matched with a single topo-cluster and the expected energy deposit of
the particle corresponding to the track is calculated. A particle can deposit energy in multiple topo-

clusters. The algorithm computes such probabilities and adds additional topo-clusters if necessary

70



to measure the full shower energy. Once the topo-cluster(s) corresponding to a track is identified,
the energy deposits are removed cell by cell. Once the energy of the remaining topo-cluster is
consistent with the expected shower energy the topo-cluster remnants are removed. The PFlow
algorithm starts with tracks which are sorted in descending pt order and are matched to only one

topo-cluster, followed by tracks associated with multiple topo-clusters.
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H I Modified
Clusters
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Figure 42: ATLAS PFlow jet reconstruction chain [146].

4.1.3.4 Variable radius track jets

The jet reconstruction procedure discussed in the previous sections reconstructs hadronic

jets with a fixed radii AR = \/(An)2+ (A¢)? on the (n- ¢) plane. An alternative approach to the
fixed radius track-based jets is the variable radius (VR) [[148] jets, where instead of a fixed radii the
jet algorithm reconstructs jets with a variable radii AR using ID tracks and anti-k7 algorithm. The
VR jet algorithm captures the jet structure more accurately, which can be explained by a resonance
decaying to two partons in the lab rest frame. Regardless of the decay orientation relative to the
beam axis, the hadrons from the parton decay will be inside a circular cone of fixed angular size.
But a fixed cone size (AR) corresponds to a variable angular size in the decay frame, hence a
fixed AR jet does not depict the decay properties properly. The VR jet algorithm introduces a pr

dependency for the radius parameter:

AR — ARyx(pr) = p%’ (60)
where the ARy is the variable radii and p is the parameter that determines the shrinking rate of
the radii. From equation [60] it is evident that the jet can become too large for low-pt and shrink
beyond the detector resolution for high-pt . To avoid such scenarios the VR jet algorithm has

two more additional parameters, R,,;, and R,,,, which represent the lower and upper cut-offs on

the track-jet radius respectively [149]]. The VR jet algorithm is used to reconstruct track jets from
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Figure 43: Figure shows jet structure reconstruction using VR track jets [149].

boosted decays of heavy bosons such as 4 — bb where the b-quarks form jets which are very close

to each other are reconstructed as large-R jets.

4.1.4 Jet flavour tagging

The jet flavour tagging is a critical aspect of the mono-h(bb) analysis described in this
thesis, where the SM Higgs boson is reconstructed using b-jets. Besides, due to high BR (r — Wb)
~ 100%, b-jet identification, known as b-tagging, is important for physics analyses involving top-
quark. It utilises the relatively long lifetime of B-hadrons. A B-hadron has a lifetime ~ 1.6 ps
(cT =~ 450 um) and can travel macroscopic distances inside the detector before decaying. As a
consequence, there will be at least one displaced secondary vertex where the heavy-flavour hadron
decays, with respect to the primary hard-scatter vertex. Figure 44|shows a B-hadron traversing a

decay length and producing a secondary vertex before forming a jet. The ATLAS b-tagging [150]

©
L

.~

Track

Secondary Vertex
) B-hadron
Primary Vertex decay length

Figure 44: Schematic of a b-jet topology where a B-hadron produced at a primary-vertex (red)
traverses a microscopic length and forms a displaced secondary-vertex (green) from which addi-
tional decay products are produced and forms a b-jet.
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process has two steps: (i) low-level algorithms to reconstruct the b-jets using the B-hadron decay
properties, and (ii) combining the output of low-level algorithms with a high-level algorithm to
maximize the b-tagging performance.

Low level taggers

The ATLAS b-tagging process starts with the low-level taggers which reconstruct the char-
acteristics of a b-jet in two complementary approaches based on: (i) the impact parameter infor-
mation of the tracks associated to the jets, and (ii) the secondary vertex information which are

reconstructed using the tracks.

e Impact parameter based algorithms (IP2D and IP3D): The IP2D and IP3D [150} 151]
are impact parameter (IP) based algorithms which are complementary to each other. To
construct a discriminating variable, the IP2D algorithm uses the track signed transverse IP
significance and IP3D uses track signed transverse and longitudinal IP significance. The
Probability Density Functions (PDFs) are formed from MC simulations corresponding to
the jet flavours (b, ¢ and light-jets). The PDFs are used to form the Log-likelihood ratio
(LLR) discriminant for each jet-flavour hypothesis and all three LLLRs are used as inputs to

high-level taggers.

e Secondary vertex finding algorithm (SV1): The SV1 [152] algorithm reconstructs a single
displaced secondary vertex inside a jet cone. The algorithm takes all the tracks associated
with a jet as inputs and identifies all the two-track vertices. It rejects vertices which are
compatible with the decay of long-lived particles such as Ky, A, photon conversion and
vertices due to hadronic interactions with detector material. The SV1 is an iterative algorithm
where in each iteration the track with the largest 2 value is removed until a secondary vertex
is found with an acceptable y2. The secondary vertex reconstructed from a SV1 algorithm

is common to both B and C-hadron decay products.

e Multi-vertex finding algorithm (JetFitter): The JetFitter [153} 154] algorithm is designed

to reconstruct the full B-hadron decay chain inside a jet cone. It uses a modified Kalman
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filter [124] to find a single line on which the primary, b, and c vertices lie by approximating
the B-hadron flight path and the position of the vertices. Unlike SV1 the JetFitter algorithm

is able to distinguish between B and C-hadron vertices.

High level tagger

The low-level tagger outputs are the inputs to the high-level tagger, such as the DL1 tagger.

e DL1: The DL1 [151] b-tagging algorithm is based on a deep feed-forward neural network
(NN) and is trained using KERAS with THEANO [155]] backend and the ADAM [156] op-
timizer. The inputs to the DL1 tagger are the outputs of IP2D/IP3D, SV1, JetFitter, and
JetFitter c-tagger. The outputs of the DL1 NN are multidimensional corresponding to the
probabilities of a jet being b, c, or light-flavoured. Since all jet flavours are treated equally

during the training, the NN can be used for both b and c-jets.

b-tagging calibration

Depending on the selection criterion on the tagger discriminant distribution, there are mul-
tiple single-cut operating points (OP) of the b-tagging algorithm. The DL1 tagger has four OPs,
each corresponding to different b-tagging efficiencies such as 60%, 70%, 77%, or 85%. The b-
tagging algorithm performance is characterized by the probability of identifying a b-jet (b-tagging
efficiency €,) and the probability of mis-tagging a c or light-flavoured jet as a b-jet, denoted as &,
and g respectively. The mis-tag rates are more commonly expressed in terms of c-jet or light-jet
rejection rates, denoted as 1/€. and 1/¢ respectively. Figure shows g, as a function of jet pt
across different b-taggers at 77% OP. The b-tagging efficiencies at each OP are MC based and are
calibrated to match the efficiencies observed in data. The calibration rectifies the mis-modelings
in the input variables of the tagger. The efficiencies are measured in data (€,,,) using samples
enriched with b, ¢, and light-jets and are compared to the efficiencies obtained from MC (&yc).
The efficiencies are used to calculate the b-tagging scale factors SF = €;,,,/€yc and are applied as
event weight corrections to the MC events. Figure 45b] shows the SF comparisons between data

and MC for DL1 b-tagger as a function of the OPs.
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Figure 45: Figure shows the b-tagging efficiency as a function of jet pt for different ATLAS
b-taggers studied with 1 MC samples. Figure |45b|shows the b-tagging SF comparisons between
data and #f MC samples for different DL1 b-tagger OPs [150, 157].

4.1.5 Missing transverse energy

The challenge in E%liss reconstruction [158, [159] is that it involves all the detector subsys-
tems and requires precise information about the hard and soft interactions from the calorimeters
and ID. The objects used in E%‘iss reconstruction are categorized as: (i) hard-term, and (i1) soft-
term. Hard objects such as electrons, muons, photons, 7-leptons, and jets. The soft-term compo-
nents are reconstructed from charged-particle tracks and momentum deposits in the calorimeters
which are associated with the hard-scatter but not associated with the hard objects. In terms of
the components p,, of the pr of the hard and soft term contributions, the E%’iss components are

expressed as:

miss __ .
EXy = )V REVEND VR NUR (61)
he{hard objects} s€ {soft term}
- _ e Ho Y _ Thad __ jet track
- L Py~ L Pym Lo Piym X P L Y PG
electrons  fmuons  photons t—leptons jets unused tracks
miss,e s, i r;gw m;gf . m‘is’s.jet miss,soft
v x0) E) Expy ™ Egs) x()
L L 1
hard terms soft terms

The final E%‘iss is calculated using the following equation:
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E%liSS — \/(E)rcniss)2_|_ (E;niss)Z. (62)
In the ATLAS experiment there are three E%“iss reconstruction algorithms: (i) Calorimeter Soft

Term (CST) EXSS (i) Track EMS | and (iii) Track Soft Term (TST) EMiss .

o CST E%ﬁss : The CST E‘TniSS algorithm reconstructs E%liss based on the energy deposits in the
ATLAS calorimeter cells. This includes the calorimeter soft terms, originating from energy
deposits which are not associated with hard objects. This method does not include any
track information, hence it is vulnerable to pile-up interactions and the total E%liss includes
additional contribution from these pile-up interactions. Although this method was used in

Run 1 analyses, it is not suitable for Run 2.

e Track E%ﬁss : The track based method uses the ID tracks and vertices, hence it is a more
robust approach for Run 2 conditions which has high pile-up density. This method however
is insensitive to neutral particles, as they do not leave any tracks in the ID. Besides, the ID

can only provide tracking for a limited region of | n |< 2.5.

o TST E%“iss : This method combines the track based soft term and calorimeter based measure-
ments for hard objects. Only the tracks associated with hard scatter vertex are considered in
this algorithm. The calorimeter information provides a much larger ) coverage (| 1 |< 4.9).

The TST is the primary ATLAS E‘Tniss reconstruction algorithm for Run 2 analyses.

4.2 Monte Carlo Simulation

Understanding the physics processes generated in the pp collisions is a cornerstone of any
physics analysis at the LHC. The LHC produces particles with momenta ranging over multiple
orders of magnitude. To make theoretical predictions about these collisions, one needs to calculate
the relevant matrix elements with higher order accuracy in QCD and take into account the con-
finement problem for QCD processes. For this purpose, computer simulated events are generated
using MC methods. The MC simulation helps predict these collisions correctly, calibrate the detec-

tor components, and optimize physics analyses. In a physics analysis MC events are used to model
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the physics process of interest as well as the expected SM processes, in this case, as backgrounds.

Figure [46] shows the different steps in a MC event generation process which are described below:

Figure 46: Figure illustrates the different steps of a MC sample generation procedure: hard pro-
cess (dark red blob), parton shower (red lines), hadronisation (light green ellipses), hadron decays
(dark green blob), underlying events (purple blob), unstable particle decay (green lines). The yel-
low lines represent photon radiation which can happen at any stage [[160].

Hard process: The MC event generation starts with the hard process (dark red blobs) which
is the process with the highest momentum transfer in an event. The simulation and matrix

element calculations of hard processes are performed at a fixed order perturbation theory.

Parton shower: The parton shower (red lines) step models the QCD evolution of incoming
and outgoing partons (quarks and gluons) involved in the hard scatter process. The parton
shower models the QCD Bremsstrahlung at perturbative scales starting from the hard process

to low momentum scales up to a point where perturbation theory becomes invalid.

Hadronization: Once the parton shower is complete, the colored partons go through hadro-
nisation (light green ellipses) and are transformed into primary colorless hadrons. The pri-
mary hadrons further decay to stable particles which are visible in the detector. The dark

green blobs represents the hadrons.

Underlying event: The underlying event (UE) (purple blob) is the particle production pro-

cess which is not associated with the leading hard process. It arises mostly from soft QCD
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interactions between proton remnants. They follow the steps described for hard interaction
(e.g., parton shower shown in purple lines) and produce particles in addition to the parti-
cles produced in hard interactions. The UE are beyond QCD factorization theorem and are

modelled by phenomenological models and are calibrated with data.

e Unstable particle decays: The final component of an event generation is the unstable par-

ticle decays (green lines) where unstable hadrons decay and produce other particles.

4.3 Analysis regions

In a physics analysis, the events which are analysed are classified into different analysis
regions according to their kinematics. This section gives an overview of different types of analysis
regions which will be relevant later. In BSM searches such as dark matter, the events can be
categorized into two categories: (i) events predicted by the SM, and (ii) events with the potential
for new physics that are not explained by the SM. Events in the first category are referred to as SM
backgrounds, and the ones in the second category are referred to as the possible signal. The BSM
analyses in LHC are conducted to separate the signal like events (s) from the SM background events
(b) with highest possible purity (i.e., maximizing s/ /b) with full consideration of the uncertainties
involved in categorization of the two types of events. The event classification is performed using
different physics objects or variables (c.f. section , such as E‘TniSS that is supposed to be higher
in BSM events compared to SM background events. These variables are called discriminating
variables, and an event is selected by applying cuts on a set of chosen discriminating variables
— this process is commonly known as event selection. A Signal Region (SR) is constructed to
maximize the presence of signal events while suppressing the backgrounds. For each physics
analysis, the event selections are optimized by extensive studies with different MC samples for
each background process. Multiple physics analyses might have a common final state, i.e., the SR
targets similar types of events. In that case, the SR gets contaminated and does not truly reflect
the actual phase space of the search. For example, the signature of mono-h(hb) DM analysis

is bb (h—bb) + E%liss and this signature can be also produced by other processes such as Z(—
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VV)+jets, semileptonically decaying #f events where the leptons are misidentified etc. Estimating
backgrounds in the SR is a critical aspect of any physics analysis. For this purpose, Control Regions
(CR) are defined, which are enriched with backgrounds and contain negligible signal events. The
main criterion in designing a CR is to make the phase space as close as possible to SR, yet disjoint
from it. Since the MC generators are based on theoretical assumptions, the background predictions
have limited accuracy. Hence, these predictions are required to be validated with the pp collision

data. In an analysis all the SR and CRs are a part of the statistical model.

4.4 Statistical analysis and Hypothesis testing

In experimental particle physics, searches are often performed to discover new physics
which has been predicted by theories but not yet proven, like for BSM searches. The analysis
results, i.e. compatibility between the observed data and the proposed theory, are interpreted in the
context of a frequentist statistical analysis [161]]. This section describes the statistical concepts and
methods used for the interpretation of the analysis results described in chapter[5]

e Hypothesis formation

The statistical analysis starts with the formulation of the hypothesis under investigation.
There are two types of hypotheses in statistical analysis. First is the null hypothesis, denoted by
Hp, which represents the known physics. It is also known as the background-only (B) hypothesis.
The second one is the alternate hypothesis, denoted by H;, which represents the combination of the
known physics and the new signal hypothesis. The alternate hypothesis is also known as the signal-
plus-background (S + B) hypothesis. For the DM analysis described here, the null hypothesis is the
SM, while the alternate hypothesis is the SM along with the DM signals. In a hypothesis testing
one evaluates whether the observed data is compatible with Hy or H;.

o Test statistic and p-values

To quantify the level of compatibility between the observed data and the hypothesis a test
statistic t(x) is defined, which is a function of a measured quantity (x) in an analysis. The con-

clusion of a hypothesis testing depends on which side of a predefined critical region the observed
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test statistic value falls. A critical region is defined by a predefined cut value on the test statistic
distribution, as shown in Figure[d7] In a simple hypothesis test, i.e. Hy : x = xo and H; : x = xy, the
outcome could be either reject Hy and accept H; or accept Hy and reject H. However, in composite

hypothesis testing, i.e. Hy : x = xo and H; : x # x|, there are other possible outcomes, such as:
1. Reject Hy and accept H; when H) is true, known as type-I error.
2. Accept Hy and reject H; when H is true, known as type-II error.

The rates of the type-I and type-II errors are given by & and f respectively, which are defined as:

oo

a= [ f(|H)di and B= [: " F(e|Hydr. 63)

Teut

The quantity f(¢|Ho) and f(¢|H}) represent the probability density function for the test statistic
under the null and alternate hypothesis respectively. The quantity 1 — 8 is known as the power
of the test and the goal is to maximize the power for a fixed o to increase the accuracy of the

hypothesis test.

Sf(t| Hp)
J@ 5
Critical region
S| Hy)
. -
Leut t

Figure 47: Schematic demonstrating test statistic distributions for the Hy and H; hypotheses and
the critical region, where the 7., represents the predefined cut value of the observed test statistic.
The parameters o and f3 represent the type-I and type-II errors rates.

Once the hypothesis is formed and a test statistic is defined, the next step in a hypothesis
test is to define a parameter that will quantify the level of agreement between the observed data
and the given hypothesis. This parameter is known as the p-value representing the probability,
under the assumption of a hypothesis, of finding data of equal or greater incompatibility with the

predictions of the hypothesis. A general mathematical form of the p-value, applicable to both H
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and H| is given as: oo

Pu = tﬂ’Obsf(tu‘.u)dtu- (64)
Here the parameter u is known as the signal strength and it can have a value of O or 1. The u =0
represents Hy and (1 = 1 represents Hj, t obs Tepresents the observed test statistic, and f(#[u) is
the probability density function of 7, under the assumed Hy,. To give an example, p( represents
the probability of finding the observed test statistic (£ obs) under the assumption of Hy if Hy is true.
As the p-value gets smaller, the greater the evidence against Hy and a hypothesis is rejected if the
observed p-value is below a certain predefined threshold.

However, in particle physics an alternate variable, known as the significance (Z), is used to

interpret the outcome of an analysis. The significance is defined as:
Z=a'(1-p), (65)

where @ ! is the inverse of the cumulative distribution of the standard Gaussian, known as the
quantile function. In a more physical language, if a Gaussian distributed variable is found Z stan-
dard deviations above its mean, it has an upper-tail probability of p. For low p,, values, it becomes
more likely to reject the assumed hypothesis (u). In particle physics a null hypothesis (¢ = 0) is
rejected, i.e. a discovery is made, if the significance level is at least Z = 50 which corresponds
to pop = 2.87 x 10~7. On the other hand, the exclusion of a signal hypothesis has much less strict
criterion. It requires a significance level of at least Z = 1.640 which corresponds to pg = 0.05 or
95% confidence level (known as CLy).

e CL; construction

When a signal hypothesis or a part of its parameter space gets excluded at the LHC, it is
most likely that the signal model will not be studied further. Hence such conclusions are of extreme
importance for new physics searches. The above mentioned p-value and CL,, criterion is not robust
enough to exclude a signal hypothesis. For e.g., in an analysis where the expected signal is very
low, the probability distribution functions of Hy and H; would be almost indistinguishable. When
the number of observed data events fluctuates far below the expected backgrounds, neither of Hy

and H; are favoured. Yet due to low pi-values, the H; hypothesis could be excluded. In simple
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terms, an analysis which is insensitive to the signal model, exclusion of the H; based on p-value
might not be accurate. To avoid this, the CL [161]] value is used as the metric to exclude a signal

hypothesis. The CL; is defined as: L D1
S =
1—po

(66)

where pg and p; represent the usual background only and signal + background hypothesis respec-
tively. With this metric a downward fluctuation of data will lead to higher values of pg, hence
larger CL;. On the other hand for larger values of p;, pg would be small, hence CL; ~ p; and
CLs; =~ CLy. As a result a signal hypothesis would not be excluded due to data fluctuation or the
analysis being insensitive to the model. A signal hypothesis (u = 1) is excluded if CL; < o, where
o represents a predefined significance level and at the LHC, it is set at CLg < 0.05, known as the
95% CL;.

e Upper limits

Often a signal hypothesis contains one or more parameters of interest (POI) whose values
are not specified, e.g., production cross-section of a BSM process. For those cases, upper limits
are put on the values of the POIs with a certain predefined CL of &¢. An upper limit at a 95% CL on
a POI of a given signal hypothesis, with a certain u, represents the maximum value of u satisfying
CL; > 0.05. In case of a BSM signal, the upper limit represents the largest value of the production
cross-section, satisfying CL; > 0.05, which cannot be excluded. This also means that the smaller
production cross sections, corresponding to smaller p values, are compatible with the observed
data and cannot be excluded.

e Likelihood function

The BSM signal shapes are likely to be different than the SM background shapes. Hence
to accurately distinguish between Hy and H|, the hypothesis test is based on a binned likelihood
function. For a counting experiment, measuring a variable x, a histogram can be formed with
the measured values n = (ny,ny,n3,..,ny), where N is the total number of histogram bins. The

expected number of events (E€*P) in a particular bin i is given as:

E(u,0) = us;™(68) +b7"(6) (67)

i i
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Figure 48: Schematic [[162] demonstrating the exclusion regions associated with a signal hypoth-
esis with a signal strength ut, determined by the CL; values. The blue line represents the CL; val-
ues as a function of u and the pt value which crosses the CL; curve at CL; = 0.05 is the upper
limit on u, uY-. Signal points with . < pU" are compatible with the observed data and cannot
be excluded, while the points with u > pUm are excluded.

where (1 is the signal strength, 6 represents the set of nuisance parameters (NP) associated with
the signal and background systematics (c.f. section [5.1.10), and 57", b;"" represent the mean
number of expected signal and background events in the /" bin respectively. Similarly in a
control region a histogram can be constructed with M bins and a set of values represented by

m = (my,my,m3,..,myy). The expected number of events in a particular bin i can be written as:

E(0) =u;""(0). (68)

1

Since a counting experiment follows a Poisson distribution, the likelihood function for an analysis

with one signal region and one control region can be written as:

L(i,0) = I]-VI (Nsi:‘bi)”ie_(usi-i-bi) ﬁ :lankYe_uk' (69)

i=1 i j=1"%"

Here n; and my, represent the number of observed events in the i and k" bin respectively. The
NPs represent the systematic uncertainties for both signal and background processes and these
NPs can alter the overall normalisation or shape or both of an observable. These NPs are initially
determined by specific object reconstruction groups in ATLAS and are included in the fit, but the
final values of these NPs are determined by a global fit to the observed data which includes all the

regions of a given analysis. The NPs are typically parameterized in such as way that the nominal

value is at 6; = 0 and 6; = *1 corresponds to the +10 variation. These are implemented in the fit
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as a Gaussian distribution centered at zero and with a width of o = 1:
1 o7 70)
exp 2 7
V27 P

In a fit, the 6 parameters vary between +10 and the probability distribution functions of any

G(6;) =

combination of @’s are constructed by the HISTFACTORY toolkit [[163]]. With the 8 parameters the

full likelihood function is written as:

L(u79)_H(:u“sl+b ,LLS,+b H k —MkHG (71)

|
i=1 ni:

According to the Neyman-Pearson lemma [|164], the accuracy of a hypothesis is maximized if the

test-statistic is based on a likelihood ratio:

M) = (72)
The é is the value of 0 that maximizes L for a specific u, i.e., the conditional maximum-likelihood
(ML) estimator of 0; L(f1,0) represents the likelihood which is maximized unconditionally, and
i, 0 are the parameters that maximize the likelihood. By definition 0 < A () < 1 and a value
close to 1 represents a good agreement between the signal hypothesis and the observed data. The
associated test statistic is given as:

tu = —2InA(u). (73)
Hence, higher values of the test statistic correspond to greater incompatibility between the observed
data and the signal hypothesis.

The definition of the test statistic changes depending on whether there is any excess ob-
served in data compared to the predicted backgrounds. If an excess is observed, Hy is compared
with H; and the goal is to reject Hy in favor of H; at a certain significance level. If there is a signal,
the total number of events (yields) in the signal region would be higher compared to the predicted

backgrounds. Hence, the test statistic is chosen as:

= (74)
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With this choice of the test statistic Hy would not be rejected for a downward fluctuation of data.
On the other hand if there is a good agreement between the observed data and the background
prediction, the signal hypothesis can be excluded and upper limits can be put on the POI (e.g.,
signal strength ). To set upper limits, the roles of Hy and H; are reversed, i.e., the goal is to
exclude the signal + background hypothesis in favor of the background only hypothesis. For upper

limits the test statistic is chosen as:

= (75)

Here as well the choice of g, = 0 for I > p ensures that an excess in observed data compared
to the signal + background prediction would not indicate a greater incompatibility and reject the
signal + background hypothesis.

¢ Smoothing and pruning

The NPs corresponding to the shape uncertainties are histograms which serve as alternate
templates of the discriminating variables compared to the nominal one. Often these shape system-
atic histograms have statistical fluctuations and can make the fit unstable. To avoid such scenarios
a smoothing mechanism is implemented. There are many smoothing algorithms, and the one used
in the analysis described in section 5.1 uses an iterative rebinning of the systematic histogram un-
til two local extremas are attained. The smoothing procedure is applied to the shape systematics
only and in the mono-h(bb) analysis its applied to the Higgs candidate mass and muon-charge
distribution shapes, which are the discriminating variables used in the statistical analysis.

Among the various systematic uncertainties some might have a negligible impact on the
discriminating variables of the fit. Also if a systematic has limited statistics, it can induce insta-
bilities in the fit. To reduce these types of systematics and to speed up the fit procedure a pruning
mechanism is implemented which removes such systematics depending on analysis specific cri-
teria. Unlike the smoothing, pruning is applied to both the shape and normalisation systematics

separately.
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S. DARK MATTER AND DARK ENERGY ANALYSES

5.1 mono-h(bb) dark matter analysis

DM search is conducted in association with a visible SM particle. These types of final states
with exactly one visible SM particle along with DM candidates are known as mono-X signatures,
where X is the visible SM particle. There are many possible mono-X signatures, where the X
could be a jet, photon, W= /Z-bosons, a SM Higgs boson (h) etc. The phenomenology of the
mono-/ signature is different than the other mono-X signatures. Generally DM-X coupling is
much weaker than the couplings between X and SM fermions. Hence in general, for the majority
of the mono-X signatures, the visible particle X is generated through Initial State Radiation (ISR).
On the contrary, since couplings between the SM Higgs boson and SM fermions are Yukawa
suppressed, the Higgs boson gets produced either through Final State Radiation (FSR) or DM
production mechanisms. For this characteristic of Higgs boson production, a mono-/ signature can
probe the SM-DM coupling directly [165]. A DM search with a mono-#A signature is performed
and the following sections describing the analysis are organized as:

Section [5.1.1} Brief description of the analysis.

Section [5.1.2} Description of the characteristics of the theoretical models.
Section[5.1.3} Description of the relevant SM backgrounds.

Section [5.1.4; MC simulation of signal and SM background events.
Section [5.1.5} Triggers used to select the events used in the analysis.
Section : Physics object definitions such as jets, leptons, EITIliSS etc.
Section[3.1.7 Event selections.

Section [5.1.8; SM background compositions across different analysis regions.
Section [5.1.9; Treatment of V+ jets in the analysis.

Section[5.1.10; Analysis uncertainties.

Section[5.1.11} Statistical model used to interpret the observations.
Section Results.
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5.1.1 Analysis in a nutshell

The DM search described in this thesis analyzes two benchmark models, 2HDM+a, and Z'-
2HDM (c.f., section [2.4), which predict the production of DM particles in association with a SM
Higgs boson. Since the DM particles escape the detector undetected, it leaves a EITniSS signature.
The SM Higgs boson decays to two b-quarks and the final state contains 2 (— bl;)—l—E‘T“isS signature.
Depending on the decay mode of the SM Higgs boson, there can be other possible final states.
However, as shown in Figure 49| the BR (7 — bb) ~ 58% and is much higher than other decay
modes. Hence, the mono-k(bb) final state has much greater statistical power for potential DM

events than other mono-# final states.
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Figure 49: Higgs boson decay BRs and their related uncertainties as a function of the Higgs bo-
son mass [[166]. The black vertical line represents the SM Higgs boson mass of my;, = 125 GeV.

The SM Higgs boson is reconstructed from the b-tagged jets, and the reconstruction pro-
cedure depends on the SM Higgs boson pt . From momentum conservation, the angle between
the two b-jets from the Higgs decay is inversely proportional to the Higgs pt . For low pt Higgs,
the two b-jets can be identified separately, and the Higgs candidate is reconstructed with two cen-
tral (| n |< 2.5) small-R b-tagged jets. However, for highly boosted Higgs bosons, the b-jets get
collimated and it becomes difficult to distinguish the two b-jets separately. In these scenarios, the
Higgs candidate is reconstructed with a large-R jet with two associated b-tagged variable radius
track jets. For this reason, the analysis phase space is divided into two topologies: Resolved and

Merged. Since the Higgs pr is correlated to the E‘Tniss , the E}“iss is used as the discriminating
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variable to define the Resolved and Merged topologies, Resolved: 150 < E‘TIliSS < 500 GeV and
Merged: E%‘iss > 500 GeV. Figure [50|shows the schematic of the Resolved and Merged topologies

of the mono-h(bb) analysis phase space.

Resolved topology: EI"** < 500 GeV Merged topology: ™ > 500 Gev

R o\
2 b-tagged , h / 1 Iargg-Rjet
E{."iss - _}E ool small-R jets EXss | e 4 with

\w V2Rbt-rtaacgkg jee(:s
7) R=04 ()

(a) b)

Figure 50: Figures show the Resolved (left) and Merged (right) topologies of the mono-

h(bb) analysis phase space. The Higgs candidate is reconstructed with 2 b-tagged central small-R
jets in the Resolved topology, while in Merged topology a large-R jet with 2 b-tagged VR track
jets is used. The DM candidates, represented by ), produce the E%niss .

The signal region of the mono-h(bb) DM analysis phase space contains a Higgs boson
which decays to two b-quarks (4 — bb) and DM candidates that produce a significant EJFniSS . The
SR does not contain any leptons and is also referred to as the O-lepton region. BSM signal events
would be rare, the backgrounds in these types of searches are mainly from SM. In the mono-
h(bb) analysis the major backgrounds are: top-pair production (¢7), and W /Z bosons produced
in association with jets. The #7 events can enter the SR where the #f decays semi-leptonically
(tf — bW bW~ — bl v bqq) and the lepton is misidentified due to detector limitations. Similarly,
the W=+ jets events can end up in the SR where the leptons coming from the W= boson decay
get misidentified. A 1-lepton CR containing exactly one muon (1 /u ™) is defined to estimate the
tf and W*+ jets backgrounds. On the other hand, the Z(— vVv)+ jets events can have exactly
the same signature as E'Tniss + bb; these types of backgrounds are called irreducible backgrounds.
The kinematics of Z-boson does not depend on its decay products, hence the Z(— vV)+ jets
backgrounds in the SR are estimated with Z(— ££)+ jets events. For this purpose, two 2-lepton

CRs with exactly two leptons that can be either two opposite flavor electrons (e*e™~) or muons

(u* ™) are constructed. Hence, depending on the number of leptons the mono-/(bb) phase space
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is classified as : (1) O-lepton SR, (ii) 1-lepton CR, and (iii) 2-lepton CR.

The analysis phase space is also categorized according to the number of b-jets. As shown in
Figure the 2HDM+a bb-induced mechanism contains extra b-quarks (apart from 1 — bb) in
the final state from gluon splitting. On the other hand, the sensitivity for Z’-2HDM and 2HDM+a
ggF models come from the 2 b-tag regions. Hence, to gain sensitivity to all the benchmark models,
the analysis phase space is divided into different b-tag categories such as: (i) 2 b-tag category with
exactly two b-jets, and (ii) >3 b-tag category with at least three b-jets. For the Resolved topology,
the 2 and >3 b-tag categories are defined to have exactly 2 and >3 b-tagged small-R jets. For
the Merged topology the 2 b-tag category is defined to have exactly two b-tagged VR-track jets
associated to the large-R jet and no b-tagged VR-track jets outside the large-R jet, while the >3 b-
jets category is defined to have exactly two b-tagged VR-track jets associated to the large-R jet and
> 1 b-tagged VR-track jets outside the large-R jet. Figure summarises the mono-h(bb) analysis

phase space classifications.

mono-h(bb)
|

[ T |
O-lepton SR 1-lepton (1x) CR 2-lepton (ee/uu) CR

Resolved Merged Resolved Merged  Resolved Merged

e e

2b >3b 20 >3b 2b >3b 20 >3b 2b >3b 2b >3b

Figure 51: Classifications of different analysis regions in the mono-4(bb) phase space. The 2 b
and > 3 b represent the 2 and > 3 b-tag categories respectively.

The statistical interpretation of the observed data, in the context of a possible mono-h(bB) DM
signal, is performed with a profile likelihood (PL) fit where the SR and CRs are fitted simultane-
ously. The fit discriminant used in the SR is the Higgs candidate mass distribution. It is labeled
as m;; in Resolved topology where “jj ” represents two b-tagged small-R jets, and m; in Merged
topology where “J ” represents a large-R jet with two associated b-tagged VR track jets; the Higgs
candidate mass is generically labeled as my,. The results are interpreted in the context of the two

benchmark models.
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The precision of a physics analysis searching for a specific signal depends on accurate
background separation from the potential signals. Hence, the choice of binning for the discriminant
variable histogram is important. For the signal process, the my, distribution will have a peak around
my, = 125 GeV, while for SM backgrounds, the peak and shape would be different from the signal.
Figure shows the my, distribution for a few Z’-2HDM signal points and SM backgrounds (¢7
and Z+ jets) in the SR for the Resolved 2 b-tagged category. As seen from the plot, by dividing the
my, distribution into multiple bins and using the shape differences, the signals can be distinguished
from the backgrounds. The binning choice is such that the shape differences are distinguishable,
and each bin has enough statistics for accurate background estimation.

As shown in Figure the shape of the E%’iss spectra is correlated with the mass param-
eters, such as (mz,my) in the Z’-2HDM model (c.f. Figure . For high my, E{Piss goes higher
and the peak position of the E%liss spectra changes with my. To increase sensitivity for different
signal points with different E%“SS peaks, the phase space is also binned in E‘TniSS . For both 2 and >3
b-tag categories the Resolved topology is divided into three E%niss bins: E%ﬂss = [150-200, 200-350,
350-500] GeV. Due to lower data statistics, the Merged topology has wider E%‘iss bins: E%‘iss =

[500-750, >750] GeV and E‘TniSS >500 GeV for 2 b and > 3 b-tagged regions respectively.
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Figure 52: The plots show the my, (fig. D and E%‘iss (fig. i distributions in 0-lepton Resolved
2 b-tag region for different 7/-2HDM points and few SM backgrounds. The black dashed lines
represent different E3"** boundaries for the Resolved regions.
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5.1.2 Characteristics of 2HDM+a and Z/-2HDM models

e 2HDM+a

The cross sections for the two 2HDM-+a processes (c.f. Figure[I7) depend on the choices of
the model parameters. Figure[53a|shows the fractional contribution of the bb-induced process to the
inclusive 2HDM-+a (bb + ggF) cross section as a function of tan 3 for a fixed sin 6 = 0.35, m4 = 600
GeV, and m, = 200 GeV. The bb-induced process has negligible contribution for tan § = 1 and the
ggF process contributes ~10% of the total cross section for tan = 10. Figure shows the
cross section comparisons between the two processes as a function of sin 6 for a fixed tan 8 = 1,
my = 600 GeV, and m, = 200 GeV. Figures and show the cross section as a function of
tan 3 for the bb-induced and ggF mechanism respectively. The bb-induced and ggF processes are
dominant in high tan 8 and low tan 8 regions respectively due to the coupling characteristics of
the Type-II 2HDM+a model (c.f. section [2.4.1). Figures[55] [56] and [57] show the cross section
comparisons as a function of sin8, my, and m, respectively. For both the processes the cross

section scales as 1/my4 and 1/m,, hence the cross section drops with increasing my or m,.
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Figure 53: Fractional contribution of the bb-induced process to the inclusive 2HDM+a (bb +
ggF) cross section as a function of ranf3 (left) and sin® (right).
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Figure 54: Cross section as a function of ranf3 for bb-induced (left) and ggF mechanism (right).
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Figure 55: Cross section as a function of sin@ for bb-induced (left) and ggF mechanism (right).
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Figure 56: Cross section as a function of my for bb-induced (left) and ggF mechanism (right).
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Figure 57: Cross section as a function of m, for bb-induced (left) and ggF mechanism (right).

Depending on the choices of my4 and m,, different 2HDM+a processes (c.f. Figure
become dominant and is demonstrated by the invariant mass distribution of the Higgs boson and
the DM pair denoted as myy;,. The variable m, 3 1s computed at particle level without any event
selections. Figures [58a) and [58b| show the contributions from different production mechanisms

for the ggF process and the my 4, distribution respectively, for various mass points. The light
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Figure 58: Figures show the different production mechanisms (left plot) and m, 5, distributions
(right plot) for the 2HDM-+a ggF process for various (my4, m,) points. The plots are produced
with particle level MC samples. Plot credits to Dr. Andrea Matic.

green plot in Figure shows that A — ah is the dominant process (c.f. Figure [16b)) for the (4,
mg) = (300, 150) GeV point. This characteristic translates to the m,y, distribution that peaks at
myzn = 300 GeV. For the (mys, m,) = (800, 500) GeV point (red plot in Figure , A — ahis

the dominant process, while there are contributions from the off-shell a — Ah (Figure and
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t-channel (Figure [17b)) processes. Although the off-shell process has no characteristic feature in
my zh, there are two peaks at my z;, = 800 GeV and my 7, = 500 GeV representing the A — ah and
t-channel processes respectively. The dominant production mode for the (my4, m,) = (1300, 500)
GeV point (blue plot) is A — ah, hence the m, 3, peaks at 1300 GeV. The (ma, m,) = (1600, 350)
GeV point (cyan plot) has similar contributions from the off-shell a — Ak and ¢-channel processes.
The off-shell a — Ah process is manifested by the peak at myz, = 350 GeV, and the 7-channel
process produces the shape at myy, = 500 GeV. The (ma, m,) = (1800, 500) GeV point (pink plot)
has most of the events coming from the 7-channel process and results in soft m, 7 spectra.

As shown by the blue plots in Figure [S9] the bb-induced process has similar characteris-
tics to the ggF process. The (my4, m,) = (1300, 500) GeV point has three dominant production
modes for the bb-induced process: the A — ah, off-shell @ — Ah, and ¢-channel. The A — ah
and z-channel processes are represented by the peaks at my 7, = 1300 GeV and my 7, = 500 GeV
respectively, while the broad m;, 3, = distribution between 600-1000 GeV represents the off-shell

a — Ah process.
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Figure 59: Figures show the fractional contribution of different production mechanisms for
2HDM+a ggF and bb-induced processes (left plor) and the associated my z;, distributions (right
plot) for (my, my) = (1300, 500) GeV point. The plots are produced with particle level MC sam-
ples. Plot credits to Dr. Andrea Matic.

Figure [60] represents the above-mentioned characteristics at reconstruction level (i.e., with

full ATLAS detector simulation) using the E%“SS spectrum for the two 2HDM-+a production modes.
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Figure 60: E‘Tniss distributions for various mass points of 2HDM-+a ggF (left) and bb-induced
(right) mechanisms. The Res (Mer) labels indicate that the corresponding point has Resolved
(Merged) selections applied. For the Resolved and Merged selections, E%‘iss < 500 GeV and
ET miss > 500 GeV cuts are removed respectively to obtain the full EIniSS spectra, and a >2 b-jets
cut is applied. The black dashed vertical line represents the ErnlSS 500 GeV point.

The E%‘iss spectra moves to higher values with increasing my4 and with greater A(my — m,). How-
ever, at (my,m,) = (1800, 100) GeV the E%niss spectrum moves to the left again due to reasons
explained above. For most of the 2HDM-+a signal mass points, the majority of the events are in
the Resolved topology, represented by the black dotted line.

e 7'-2HDM

The Z'-2HDM model has much simpler characteristics compared to the 2HDM+a model.
Figure |61| shows the E%‘iss distribution at reconstruction level for different (my/, my) points of the
7Z'-2HDM model. As my increases the energies of its decay products, i.e., the SM Higgs boson
and the neutral CP-odd Higgs A, also increase. Hence, the E%‘iss spectra has higher values at high
my points. The EmiSS is also correlated to A(myz —my), the Emiss spectra has higher values for
higher A(mz — my). For e.g., the Eml“ peak for (myz, my) = (3200, 1100) GeV (pink plot) is at
E‘TniSS = 1200 GeV, while for (mz, my) = (3200, 300) GeV (green plot) the E%“SS peaks at E%“SS =
1500 GeV. A distinct feature of the Z’-2HDM model is the events from low m points mostly fall

in the Resolved topology, while the high m points dominate the Merged topology.
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Figure 61: E?iss distribution for the Z’-2HDM model for various mass points. The Res (Mer)
label indicates that the corresponding point has Resolved (Merged) selections applied. For the
Resolved and Merged selections the E%‘iss < 500 GeV and E%‘iss > 500 GeV cuts are removed
respectively to obtain the full E%niss spectra. A requirement of >2 b-jets is applied in both selec-
tions. The black dashed vertical line represents the E%liss =500 GeV point.

5.1.3 SM backgrounds

This section describes the SM processes that can have E%‘iss + bb final state and are back-
grounds to the mono-h(bb) analysis. The leading SM backgrounds in the analysis are t7, Z+ jets,
and W+ jets. To estimate these backgrounds CRs are formed: (i) 1-lepton CR for #7 and W*+
jets, (ii) 2-lepton CR for Z+ jets. Other important background processes are Diboson, Single-top,
SM V h(bb) productions. Another source of SM background is the ¢7 production in association with
a SM Higgs boson (¢f + h), or W= /Z bosons (tf + V). Due to small cross sections, these processes
have very little contributions to the total backgrounds.

e Top-pair production (:7)

The top-pair production (¢7) is one of the major SM backgrounds in the mono-4(bb) analysis
in both Resolved and Merged topologies. The t7 process (c.f. Figure has three possible
decay modes: (i) all-hadronic where ¢ decays fully hadronically (tf — bW bW~ — bqq' bqq)),
(ii) non-all hadronic where ¢7 decays semi-leptonically (tf — bW bW~ — blt v, bgq'), and (iii)

non-all hadronic where 7 decays leptonically (tf — bW bW~ — blTv, bl~Vy). Since the all-
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hadronic #f processes have low E%liss , these events do not pass the mono-%(bb) selection criterion
of E%‘iss > 150 GeV and is not a part of the analysis. Events from non-all hadronic processes
can produce E%ﬂss + bb final state, where the top-quark decays to a b-quark and a W* boson,
and E%‘iss comes from the misidentification of the lepton produced from the W — ¢v, decay.
In principle with fully efficient object reconstruction and analysis techniques the #7 events can be
completely removed from the analysis, hence these types of backgrounds are known as reducible
backgrounds. However, this is not the case in an actual analysis and a dedicated 1-lepton CR is
designed to estimate the ¢ background. Figure shows the semi-leptonic ¢f decay process.

The Z+jets are also one of the dominant SM backgrounds, and as shown in Figure [62b] it
can produce E%liss + bb final state where b-quarks are produced from gluon splittings, and the EITniSS
comes from the Z-boson decaying to neutrinos Z — vV. This type of background is also known
as the irreducible background. There are other Z+ jets events where the jets could be ¢ or light-
flavored. The jet flavors can also be misidentified, i.e., a c or light-flavored jet can get misidentified
as b-jet. Since the Higgs boson in this analysis is reconstructed from the leading two b-jets, the
c or light-flavored jets can also be a part of the Higgs reconstruction due to misidentification.
Depending on the jet flavors, the Z+ jets events are categorized as: Z—f—HFEI where the flavors
of the leading two jets are: bb, bc, bl, or cc, and Z+LFD where the flavors of the leading two
jets are: ¢/ or /l. Since the Z-boson kinematics does not depend on its decay products, the Z+ jets
backgrounds are estimated with Z — ¢/ jets events. For this reason, two 2-lepton CRs are formed
where the leptons are either two electrons or two muons of opposite flavors (eTe™ or utu™).

As shown in Figure the W*+ jets have similar production mechanisms as the Z+ jets.
It can produce the E%‘iss + bb final state where the b-quarks are produced via gluon splitting, and
the E%liss comes from the misidentified leptons from the W*-boson decay. Similar to the Z+ jets,

the W*+ jets also contribute to the Higgs reconstruction due to the jet flavor misidentification.

I'HF: heavy flavor, LF: light flavor
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The W*+ jets are also split into W+ HF and W+ LF components. However, due to the E%liss
>150 GeV cut, the contributions from W+ jets backgrounds are much less than the 7 or Z+ jets

backgrounds. The W+ jets backgrounds are estimated using the 1-lepton CR similar to f7.

(a) Semi-leptonic 7 decay (b) Z+ jets (c) W+ jets

Figure 62: Representative Feynman diagrams of the leading SM background processes for mono-
h(bb) analysis. Figure shows the semi-leptonic ¢f decay, while Figures and show the
Z+jets and W +jets processes respectively.

e Single top

The single-top process is a part of the sub-leading SM backgrounds in the analysis with
three possible production modes: (i) #-channel, (i1) s-channel, and (iii) W¢-channel. Among the
three modes, the Wr-channel has the highest contribution to the total backgrounds. The single-
top events can produce E%‘iss + bb signature where the leptons from ¢ — Wb — v/b decay get
misidentified . Figure[63a)shows the production and decay of single-top W¢-channel.

e Diboson

The diboson process has three production modes: (1) WW, (i1) WZ, and (ii1) ZZ and is one
of the sub-leading SM backgrounds in the analysis. Figure [63b| shows the production and decay
of the ZZ process. One of the Z-bosons can decay to two neutrinos (Z — vV), while the other can
decay hadronically to two b-quarks (Z — bb) and produce the EITniss + bb final state.

o SM Vh(bb)

Figure represents the Feynman diagram of a SM Higgs boson production along with a
Z-boson. The SM Higgs boson decays to two b-quarks and the Z-boson decays to two neutrinos,

producing a final state of E%niss + bb. This process is known as the SM Vh(bb) process and is one
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of the SM backgrounds in the analysis.

(a) Single-top Wz-channel (b) Diboson (c) SM Vh(bb)

Figure 63: Representative Feynman diagrams of the sub-leading SM background processes for
mono-h(bb) analysis. Figure shows the single-top W¢-channel diagram, Figures and
show the Diboson and SM Vh(bb) processes respectively.

o1it+W/Z/h

Another set of SM background to the analysis is the top-pair production along with a SM
Higgs boson or with W= /Z-boson. Figure [64] shows the Feynman diagram of the ¢7 + h process.
The SM Higgs boson can decay to two b-quarks and from the semi-leptonic top decay one can get
additional b-jets and leptons. Similar to ¢f process, these leptons can be misidentified and produce a
final state of E%liss + bb. Since these processes have at least four b-quarks, they are more dominant

in the > 3 b-tag regions.

g —

g t b

Figure 64: Representative Feynman diagram of the top-pair production along with a SM Higgs
boson decaying to two b-quarks.

e Multijet
At the LHC, when proton bunches collide, quarks and gluons produce multiple QCD jets.
This is known as multijet process and can be a source of background to the analysis, e.g., t —

bW™ — bv/ ™. Typically the multijet backgrounds have lower E%‘iss and are mostly eliminated by
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the high E%‘iss > 150 GeV selection applied in the analysis. To further suppress the multijet back-
grounds a selection on the object-based E%‘iss significance S > 12, and angular separation between
jet and E‘TniSS minje(1 2319 ( jet, EMis$) > 20° is applied (c.f. section . After these selections
the multijet backgrounds in the SR were found to be significantly smaller than the expected signal
uncertainty of the data. Hence, the impact of the multijet backgrounds is not a part of the final

background estimation.

5.1.4 Monte Carlo simulation

e 2HDM+a signal

The MC simulation events for the 2HDM+a signal model corresponding to the physics pro-
cess pp —hA/a(xX) (c.f. Figure[17) are produced with MADGRAPH5_AMC @NLO v2.6.7 [167],
based on the UFO model [58] at leading-order (LO) accuracy using NNPDF3.0NLO PDF set with
o, = 0.118 [[168]]. The parton shower and hadronization are performed with PYTHIAS.244 [[169]
with NNPDF2.3LO PDF [170] set, and the tuned parameters are chosen from the A14 (ATLAS
2014) set [171]]. The decay of Higgs boson to bb is modelled with PYTHIA8.230, where the BR
(h — bb) is fixed at SM prediction. The bb-induced samples are generated using a five-flavor
scheme, while the ggF samples are generated with a four-flavor scheme (the bottom quarks are
included in the loop diagrams). In the event generation a filter of E%‘iss > 100 GeV 1s applied at
particle level to increase the acceptance of the samples. The 2HDM-+a samples are generated for

different values of m4 and m, with the following parameter set [58]](details in section [2.4.1)):
My =Mpy+ or Mg =My=, M,=125GeV, my;=10GeV, gy, =1, cos(B—a)=0

sinf =0.35, tanf =1 (ggF) and 10 (bb), Az =Ap; = Apy =3.

e 7/-2HDM signal

The MC simulation events for the Z’-2HDM model corresponding to the physics process
pp —Z' — hA(xJ) (c.f. Figure are produced in a five-flavor scheme at LO accuracy with
MADGRAPHS _AMC@NLO v2.6.5 [167]] using NNPDF3.0NLO PDF set with oz = 0.118. The
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parton shower and hadronization is performed with PYTHIA8.240 [[172] and NNPDF2.3LO PDF
set, using the A14 tuned parameter set. The h — bb decay is modelled with PYTHIAS.230, where
the BR (h — bb) is fixed at SM prediction. In the event generation a filter of E%liss > 100 GeV is
applied at particle level to increase the acceptance of the samples. Samples with different values
of my and my are produced with the following parameter set (details in section [2.4.2)):

My =My or My = My+, M, =125GeV, my, =100 GeV

cos(B—o)=0, tanf=1, gy =08, g,=1

e Top-pair production (t7)

The tf events are generated with POWHEGBOX v2 generator [173-176]], which calculates
the matrix elements at next-to-leading order (NLO) accuracy, using the NNPDF3.0NLO PDF
set. The parton showering and hadronization are performed with PYTHIA8.230 [169], using the
NNPDF2.3LO [168] PDF set, and the tuned parameters are from the A14 set. The bottom and
charm hadron decays are modelled by the EVTGEN v1.6.0 generator [177]]. The theoretical correc-
tions of the inclusive NLO t7 production cross section are performed at QCD next-to-next-leading
order (NNLO) accuracy and include the resummation of next-to-next-leading logarithmic (NNLL)
soft-gluon terms calculated by Top++2.0 [178-184]]. The cross section uncertainties due to choices
of PDF set and o are calculated using the PDFALHC [[185] prescription with these PDF sets:
MSTW2008 68% CL NNLO [186,187]], CT10 NNLO [188,189]], and NNPDF2.3 5f FFN [190].
Uncertainties from different PDF sets are added in quadrature to the o, uncertainty to obtain the
final cross section uncertainty. Figure[65]shows the LO QCD Feynman diagrams corresponding to
the 77 event production in hadron colliders. The top quark mass (1, is set as my,p, = 172.5 GeV
in all the simulation processes. In the analysis only the non-all hadronic ¢7 samples are used which

has two types:
1. E%liss inclusive ¢f samples.

2. E%liss filtered 7 samples.
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In the previous iteration of the analysis, only the E%‘iss inclusive t7 samples were used, while in this
iteration the E%‘iss filtered 77 samples are also used. The inclusion of the E%‘iss filtered 77 samples
reduces the MC statistical uncertainty in high—E‘TniSS regions. Appendix |A|describes the procedure

used to combine these two types of samples.

mﬁ(f]m—;— g —?—
A %\%u
WW+ g —
t t

Figure 65: Leading-order QCD Feynman diagrams [[191]] corresponding to ¢ production at
hadron colliders.

e Single top

The single-top ¢-channel events are produced with POWHEGBOX v2 generator [192]], and
the matrix elements are calculated using the NNPDF3.0NLOnf4 PDF set, at NLO accuracy in the
four-flavor scheme. The top-quark decays are modelled at LO using MADSPIN [193] [194]. The
inclusive production cross sections are corrected at QCD NLO accuracy using HATHOR v2.1 [195,
196].

The single-top s-channel events are produced with POWHEGBOX v2 generator [[197]], and
the matrix elements are calculated using the NNPDF3.0NLO PDF set at NLO accuracy in the five-
flavor scheme. The inclusive production cross sections are corrected at QCD NLO accuracy using
HATHOR v2.1.

The single-top Wt-channel events are produced with POWHEGBOX v2 generator, and the
matrix elements are calculated using the NNPDF3.0NLO PDF set at NLO accuracy in the five-
flavor scheme. The diagram removal scheme [198]] is used in the Wt events to remove the
interference with the #f events [[199]]. The theoretical corrections of the inclusive NLO W¢-channel
production cross sections are performed at QCD NNLO accuracy and include the resummation of

NNLL soft-gluon terms.

2 The NLO Wt diagrams are removed that are doubly-resonant (¢7) to handle the interference between ¢f and
single-top Wt production.
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For all three processes the parton showering and hadronization are performed with PYTHIA
8.230, using the NNPDF2.3LO PDF set, and the tuned parameters are from the A14 series. The
bottom and charm hadron decays are modelled by the EVTGEN v1.6.0 generator for all three pro-
cesses. The cross section uncertainties due to choices of PDF set and o are calculated using the
PDF4LHC prescription. The PDF sets used for the PDF uncertainty calculations are: MSTW2008
68% CL NNLO, CT10 NNLO, and NNPDF2.3 NLO [190] PDF set for s and #-channel, and
MSTW2008 68% CL NNLO PDF set for Wt-channel. The PDF uncertainties are added in quadra-
ture to the o, uncertainty to obtain the final cross section uncertainty. The top quark mass is set at

Myop = 172.5 GeV in all the simulation processes. Figure [66] shows the single-top process.

Figure 66: Leading-order QCD Feynman diagrams [[191] corresponding to single top production
at hadron colliders: #-channel as flavor excitation (left) and W-gluon fusion (middle), s-channel
(third) and Wt-channel (right) production, the  represents off-shell particles.

The QCD V+ jets (V : W*/Z) samples are produced with SHERPA v2.2.1 [200] and the
matrix elements are calculated for up to two jets at NLO accuracy and up to four jets at LO accu-
racy with the COMIX [201]] and OPENLOOP [202, 203]] libraries. The samples are matched with the
SHERPA parton shower [204] using the MEPS @ NLO prescription [205-208]]. The NNPDF3.0NNLO
set and the tuned parameters from SHERPA are used to generate the samples. Figure [67|shows the
LO QCD Feynman diagrams corresponding to the V+ jets production in hadron colliders. The V+

jets samples are classified according to the jet flavors requirements in the MC production stage:
1. BFilter: sample contains a B hadron with pr > 5 GeV and | n |<2.9.

2. CFilterBVeto: sample contains a C hadron with pt > 4 GeV and | n |<3.
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3. CVetoBVeto: sample contains events orthogonal to the above two.
Depending on the types of filters used in the MC production, the samples are further classified as:
1. PTV: uses the V boson pt produced by SHERPA (pt (V)).
2. MAX (HT, PTV): uses the max pt (V), Hr where Hy = ):t pr for jets with pr > 20 GeV.
jets
In the previous iteration of the analysis only MAX (HT, PTV) samples were used, while in this

iteration both MAX (HT, PTV) and PTV filtered Z(— vV )+jets samples are used. These two types

of samples are merged together and the procedure is described in appendix

g W*/Z

Figure 67: LO QCD Feynman diagrams corresponding to V+jets production at hadron colliders.

¢ Diboson

There are two types of diboson samples used in the analysis: (i) gg-initiated that are simu-
lated with SHERPA v2.2.1, and (i1) gg-initiated that are simulated with SHERPA v2.2.2 [200]. The
matrix element calculations also vary for the two types: (i) for gg-initiated process, matrix ele-
ments for up to 3 additional jets at LO and up to 1 additional jet at NLO in QCD are used, and
for (ii) gg-initiated processes, matrix elements for up to 1 additional jet at LO QCD are used. The
merging and matching of matrix elements with the SHERPA parton shower [204] are performed
using the MEPS @NLO prescription [205H208]. The virtual NLO QCD corrections for matrix ele-
ments are obtained from the OPENLOOPS library [202, 203]]. The NNPDF3.0NNLO set [168] and
tuned parameters from SHERPA are used to generate the samples. Figure [68|shows the LO QCD

Feynman diagrams for the production of diboson events in hadron colliders.
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Diboson samples generated with B-filters (Z — bb) are also used in the analysis and are

combined with the inclusive diboson samples (Z — gg), as described in appendix [A]

q Vi q Va
—>— —>_
Y . {>1<
q q Vi

Figure 68: Leading-order QCD Feynman diagrams [209] corresponding to diboson production at
hadron colliders, here V; = W*, Z or y. The blue dot represents the Triple Gauge boson Coupling
(TGCO) vertex.

o SM Vh(bb)

As shown in Figure the SM Vh(bb) process has two production mechanisms: (i) gg-
induced, and (ii) gg loop-induced. The g4 process is modelled using POWHEGBOX v2 generator,
using the MINLO [210, 211]] procedure with NNPDF3.0NLO PDF set, and the gg process is mod-
elled with POWHEGBOX v2 generator with NNPDF3.0NLO PDF set. For both the processes, the
hadronization and parton showering are performed with PYTHIAS.212 [169], using AZNLO [212]
tune, and CTEQG6LI1 [213] PDF set. The cross sections for ¢gG and gg are calculated at NNLO

(QCD) + NLO (EW) [214-4220] and NLO + NLL (QCD) [221+223]] accuracy respectively.

Figure 69: Leading-order QCD Feynman diagrams corresponding to SM Vi (bb) production at
hadron colliders, here V.= W= or Z and V* = W** or Z*, the % represents off-shell particles.

oti+W/Z/h
The ¢7V events are generated with MADGRAPH_AMC@NLO v2.3.3 [167] generator, and
the matrix elements are calculated at NLO accuracy using NNPDF3.0NLO PDF set. The parton

showering and hadronization are performed with PYTHIA8.210 [169] using the NNPDF2.3LO
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PDF set and the A14 tune parameter set. The top quark decays are modelled by MADSPIN at LO,
and the bottom and charm hadron decays are modelled by the EVTGEN v1.2.0 generator [177]].
The tth events are generated with POWHEGBOX generator, and the matrix elements are cal-
culated at NLO accuracy with NNPDF3.0NLO PDF set. The parton showering and hadronization
are performed with PYTHIA8.230, using the NNPDF2.3L.O PDF set, and A14 tuned parameters.
For all three samples, the cross sections are calculated with MADGRAPH5_AMC@NLO at

NLO (QCD) + NLO (EW) accuracy [224, 225]], and the top quark mass is set as m;,, = 172.5 GeV.

Figure [/0| shows the LO Feynman diagrams corresponding to the #7V and #fh production.

tA

9

Figure 70: LO Feynman diagrams corresponding to tth (left and second), ttW (third) and ttZ
(right) production at hadron colliders.

Table [6] summarises the MC simulations of SM processes used in the analysis.

MC sample Generator Matrix element order Parton Showering UE tune Cross section order PDF sets used

1t POWHEGBOX v2 NLO PYTHIA8.230 Al4 NNLO+NNLL NNPDF2.3LO
MSTW2008 NNLO

CT10 NNLO
NNPDF2.3 5f FEN

Single-top ¢ POWHEGBOX v2 NLO PYTHIAR.230 Al4 NLO NNPDF2.3LO
MSTW2008 NNLO

CT10 NNLO

NNPDF2.3 NLO

Single-top s POWHEGBOX v2 NLO PYTHIAS.230 Al4 NLO NNPDF2.3LO
MSTW2008 NNLO

CT10 NNLO

NNPDF2.3 NLO

Single-top Wt POWHEGBOX v2 NLO PYTHIA8.230 Al4 NNLO + NNLL NNPDF2.3LO
MSTW2008 NNLO
V+jets SHERPA v2.2.1 NLO (<2 jets), LO (<4 jets) SHERPA SHERPA default NLO NNPDF3.0NNLO
Diboson qq: SHERPA v2.2.1 qq: LO (<3 jets), NLO (<1 jets) SHERPA SHERPA default NLO NNPDF3.0NNLO
g9: SHERPA v2.2.2 gg: LO (<1 jets), NLO (<1 jets) SHERPA SHERPA default NLO NNPDF3.0NNLO

SM Vh(bb) qg: POWHEGBOX v2 4q: NLO PYTHIAS.212 AZNLO NNLO (QCD) + NLO (EW) CTEQ6LI
gg: POWHEGBOX v2 g¢: NLO PYTHIA8.212 AZNLO NLO + NLL (QCD) CTEQ6LI

1+Z MADGRAPH.AMC@NLO v2.3.3 NLO PYTHIAS.210 Al4 NLO (QCD) + NLO (EW) NNPDF2.3LO

ti+W MADGRAPH_.AMC@NLO v2.3.3 NLO PYTHIA8.210 Al4 NLO (QCD) + NLO (EW) NNPDF2.3LO

ti+h POWEHEGBOX v2.3.3 NLO PYTHIAS.230 Al4 NLO (QCD) + NLO (EW) NNPDF2.3LO

Table 6: Summary of the MC simulations for the SM processes used in the analysis. Abbrevia-
tions used: UE: underlying events, LO: Leading-order, NLO: next-to-leading order, NNLO: next-

to-next-to leading order, NNLL: next-to-next-to-leading logarithmic.
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5.1.5 Triggers

In the mono-i(bb) analysis there are two types of triggers used to select the events: (i)
unprescaled E%liss trigger [226] in the O and 1-lepton channels, and (ii) unprescaled single-lepton
triggers, 1.e., at least one electron [[132] or muon [227], in the 2-lepton channels.

e Unprescaled E%‘iss triggers

In the O-lepton SR, unprescaled E‘TniSS trigger is used to select events with a considerable
amount of E%‘iss . Unprescaled triggers record all the events passing a specific pt or E%liss threshold,
as opposed to prescaled triggers which record a certain fraction of events to reduce the event
recording rate. Since BSM events are likely to be rare, unprescaled triggers are used in this search.
The ATLAS E%‘iss triggers are based on the calorimeter information only, and since muons are
MIPs, they act as invisible particles in E%‘iss trigger calculations. Hence, these E%liss triggers can
also select events containing muons, such as muons in the final states of t7 and W*+ jets decays.
Hence, these are also used to select the events in the 1-u CR. Table [/|summarises the unprescaled

E%liss triggers used in the O-lepton SR and 1-u CR for different data-taking periods.

Unprescaled E‘TniSS triggers in 0 and 1-lepton

Period Integrated luminosity Trigger
2015 3.2 fb! HLT_XE70_MHT_L1XE50
2016 (A-D3) 6.1 fb~! HLT_xE90_MHT_L1XES50
2016 (D4-) 26.9 tb~! HLT_xE110_MHT_L1XE50
2017 (B-D5) 12.8 fb~! HLT_xE110_PURIT_L1XE5S5
2017 (D6-) 31.6fb~! HLT_xE110_PUFRIT_L1XES50
2018 58.5 fb~! HLT_XE110_PUFIT_70_L1XES55

Table 7: Unprescaled E%liss triggers used in the analysis corresponding to different data taking
periods (sub-periods) and integrated luminosity.

The ATLAS E%‘iss trigger menu evolves with different data-taking periods to cope with
the increasing luminosity and pile-up effects. The different E%’iss trigger algorithms, and L1,

HLT thresholds are included in the trigger names. For e.g., HLT XE70_ MHT_L1XES5O0, here
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HLT_XE70 represents a HLT E%‘iss (XE) threshold of 70 GeV, MHT represents the HLT trigger
algorithm, and L1XES50 represents the L1 E%“iss threshold of 50 GeV. The triggers used in 2017
also had an additional requirement of cell E‘TniSS > 50 GeV, which is not specified in the name. The
E%liss triggers used in the analysis are based on three different algorithms briefly described below,
more detailed descriptions can be found in [228].

e Calorimeter cell algorithm (cell): This algorithm uses the measured energies in each
LAr and Tile calorimeter cell which passes the required quality criterion. The final E%“iss is calcu-
lated from the vector sum of the pr deposited in the cells, EMSS = | pmiss |,

¢ Jet based algorithm (mht): This algorithm calculates the E‘Tniss from the negative vector
sum of the pt of all the jets in an event. The jets are reconstructed using the calorimeter topo-
clusters, and using the anti-K7 algorithm with a radius parameter of R = 0.4 and R = 1.0. These jet
energies are also corrected for the pile-up effects. The name mht comes from Missing Hr, where
the Hr represents the scalar sum of all the jet pr in an event.

e Pile-up fit algorithm (pufit): In the pufit algorithm, the E%‘iss is calculated by taking the
negative vector sum of the pt of all the calorimeter topological clusters corrected for pile-up. The
clusters are grouped into fowers and a tower is marked as pile-up if the ET, calculated from that
tower, falls below a certain pile-up dependent threshold. A fit to the below-threshold towers is
performed to estimate the E1 contribution from the pile-up. The pile-up contribution is subtracted
from the Et to obtain the corrected E1, which is used to calculate the final E%‘iss values.

e Unprescaled single-electron triggers

The unprescaled single-electron triggers, listed in Table (8 are used to select Z — eTe™
events in the 2-lepton CR (e*e™). The single-electron triggers select at least one electron with
a certain pt threshold, hence, these triggers can be used to select di-electron events. The single-
electron triggers have a nominal Et threshold which differs between different data-taking periods,
e.g., Er > 20 GeV in 2015 and E1 > 22 GeV for 2016-2018. These Et thresholds are 1-dependent
and can have variations between -2 to +3 GeV relative to the nominal value. The naming conven-

tion of the single-electron triggers is: [Trigger level]_[object multiplicity]_[object type] [minimum
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Et value in GeV] followed by other strings to address specific characteristics. As an example, the
trigger HLT_E26_LHTIGHT_NODO_IVARLOOSE requires the electron to pass the HLT threshold of
Et > 26 GeV and the tight LH (likelihood) identification criterion. Further, nod0 represents that
there are no requirements on the transverse impact parameter (d0), and ivarloose represents that
the electron has to pass a loose isolation criterion. There are some triggers with high Et thresholds
such as HLT _E140_LHLOOSE_NODO where EtT > 140 GeV. These triggers are used to select highly

energetic electrons. More details about these triggers can be found in [132].

Period Single-electron triggers Single-muon triggers
2015 HLT_E24_ LHMEDIUM_L1EM20VH HLT _MU20_1LOOSE_L1MU15
OR HLT_E60_LHMEDIUM OR HLT_MU50
OR HLT_E120_LHLOOSE
2016 (A) HLT_E60_LHMEDIUM_NODO HLT _mMu40
OR HLT_E140_LHLOOSE_NODO OR HLT_MU50
2016 (B-D3) HLT_E60_LHMEDIUM_NODO HLT_MU24_1VARMEDIUM
OR HLT_E140_LHLOOSE_NODO OR HLT_MU50

2016 (D4-) HLT_E26_LHTIGHT_NODO_IVARLOOSE HLT_MU26_IVARMEDIUM
OR HLT_E60_LHMEDIUM_NODO OR HLT_MUS50
HLT_E140_LHLOOSE_NODO

2017 (B-D5) HLT_E26_LHTIGHT_NODO_IVARLOOSE HLT_MU26_IVARMEDIUM
OR HLT_E60_LHMEDIUM_NODQ OR HLT_MU50
OR HLT_E140_LHLOOSE_NODO

2017 (D6-) HLT_E26_LHTIGHT_NODO_IVARLOOSE HLT_MU26_IVARMEDIUM
OR HLT_E60_LHMEDIUM_NODQ OR HLT_MU50
OR HLT_E140_LHLOOSE_NODO

2018 HLT_E26_LHTIGHT_NODO_IVARLOOSE HLT_MU26_IVARMEDIUM
OR HLT_E60_LHMEDIUM_NODQ OR HLT_MU50
OR HLT_E140_LHLOOSE_NODQ

Table 8: Unprescaled single-lepton triggers used in the analysis across different data-taking peri-
ods. The OR indicates that an event passing any of those specified triggers are recorded.

e Unprescaled single-muon triggers

The unprescaled single-muon triggers, listed in Table are used to select Z — u™ U~ events
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in the 2-lepton CR (™). The single-muon triggers select at least one muon with a certain pr
threshold, hence, these triggers are able to select di-muon events. The muon triggers used in the
analysis have a L1 pt threshold of >20 GeV across different data-taking periods, which are not
specified in the trigger names. The exception to this is the 2015 data taking period where the
L1 pr threshold is > 15 GeV and is represented by LIMU15. The naming convention is similar
to the single-electron triggers, e.g., the trigger HLT_MU26_IVARMEDIUM requires the muon to
pass a HLT threshold of ET > 26 GeV, and a medium isolation criterion. More details about the

single-muon triggers can be found in [227].

5.1.6 Physics object definitions

An important part of any physics analysis at the LHC is physics object reconstruction (c.f.
section4.1]) and those relevant to the analysis are described in this section.

e Small-R jets

The small-R jets have a radius parameter of R = 0.4 and are reconstructed using the anti-
kr algorithm [137]]. The algorithm uses the Particle-Flow (PFlow) jets as input which are recon-
structed using the ID and calorimeter information (c.f. section|4.1.3.3)). Depending on 77, the small-
R jets are categorized as: (i) central jets with | 1 |< 2.5, and (ii) forward jets with 2.5 <| n |< 4.5.
To remove the impacts of pile-up jets, the central jets have to pass the jet-vertex-tagger (JVT)
algorithm at a Medium working point. In the Resolved region only the central small-R jets are
used to reconstruct the two jet candidates originating from the 4 — bb decay, and its reconstruction

criterion are summarized in Table

Element ‘ Criterion
Algorithm Anti-k7
Radius parameter 0.4
Jet input constituent PFlow
PT > 20 GeV (central jets), > 30 GeV (forward jets)
In| | n|< 2.5 (central jets), 2.5 <| n |< 3.5 (forward jets)
JVT Applied to central jets with > 20 GeV at Medium working point

Table 9: Summary of small-R jet reconstruction criteria used in the analysis.
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e Large-R jets

The large-R jets are reconstructed using the anti-k7 algorithm with a radius parameter
R =1.0. The inputs to the algorithm are the calorimeter topo-clusters, that are calibrated to the
hadronic scale with the LCW scheme [135]. To remove the pile-up jets, a jet grooming proce-
dure (c.f. section 4.1.3.2) is applied using the trimming [[141]] algorithm. It removes the large-R
jet constituents with ptr < 5% (fq4) of the total large-R jet pr , and within the distance parame-
ter R;im = 0.2. The large-R jets are used to reconstruct the & — bb decay in the Merged region
and Table [I0] summarises its reconstruction criterion used in the analysis. The large-R jet flavor

contents are identified by the VR track jets and are described below.

Element ‘ Criterion
Algorithm Anti-k7
Radius parameter 1.0
Jet input constituent LCTopo
Jet grooming algorithm | Trimming with subjet pr fraction f,,; = 5% and Ry, = 0.2
PT > 200 GeV
[ | In|<2

Table 10: Summary of large-R jet reconstruction criteria used in the analysis.

e Variable-radius track jets

The VR track jets (c.f. section i.1.3.4)) are reconstructed with the anti-k7 algorithm, using
the ID tracks as inputs. To reduce the pile-up effects, the track inputs have to pass pt > 0.5 GeV,
and zpsin6 < 3 mm selections [149]. Unlike the small-R and large-R jets, the VR track jets do not

have a fixed radius, instead the jet radius has a pt dependency,
30 GeV
rr

The two additional radius parameters, R,,; = 0.02 and R, = 0.4, represent a lower and upper

Ryr(pr) =

cut on the effective track jet radius respectively [[149]. The usage of VR track jets increases the
efficiency of reconstructing 4 — bb decays compared to the fixed radius jets. Hence, the analysis
becomes more sensitive to i1 — bb signal models as shown in reference [229]. To identify the

large-R jet flavors, the VR track jets are matched to the initial un-groomed large-R jets via ghost-
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association [ 140, 230ﬂ Table |1 1| summarises the VR track jet reconstruction criteria used in the

analysis.
Element Criterion
Algorithm anti-kr
Radius parameter | pt dependent radius with R,,;,, = 0.02 and R,,,, = 0.4
Track quality prt > 0.5 GeV and zpsin6 < 3 mm

Table 11: Summary of VR track jet reconstruction criteria used in the analysis.

e b-tagging

In the mono-h(bE) analysis a neural-network based algorithm, DL1, is used to identify b-
jets for both central small-R jets and VR track jets. The inputs to the algorithm are the PFlow
small-R jets for the Resolved region, and VR track jets for the Merged region. The working point
of the DL1 algorithm is set at a point that tags jets containing B-hadrons at 77% efficiency (c.f.
Figure [151]. Depending on the number of B-hadrons associated with a jet, a jet is labeled as

0, 1, or 2 b-tagged jet. Table [I2] summarises the b-tagging criterion used in the analysis.

Element ‘ Criterion
Algorithm DL1
Jet collection AnitiKt4EMPFlow (small-R jets), AntiKtVR30Rmax4Rmin02 (VR-track jets)
Operating point b-tagging efficiency 77% , c-rejection 4.9, light-rejection 130

Table 12: Summary of b-tagging criteria used in the analysis.

e Electrons

The mono-h(bb) analysis uses the electrons reconstructed in the central region, i.e., |  |<
2.47, with a FCLooseAndBLayer [128] working point (WPﬂ The electron isolation WPs used in
the analysis are FCLoose and FCHighPtCaloOnly [128]]. To ensure the compatibility between the
electrons and the primary vertices, the electron track candidates are required to pass the track to

vertex association criteria listed in Table [13|along with the electron reconstruction criteria.

3 For large-R jets, the jet reconstruction process treats the track-jets as ‘ghosts’: 4-vectors with infinitesimal pr
to keep the properties of the calorimeter-based jets unchanged. A track is associated with a jet if the ghost is con-
tained within the jet after re-clustering.

4 The FCLooseAndBLayer WP has an identification efficiency of 93% for a prompt electron with Et = 40 GeV.
It also requires at least two hits in the pixel detector and a total of seven hits in the pixel and silicon strip detectors
(SCT) combined, and at least one of these seven hits must be in the innermost pixel later.
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Element baseline electron signal electron

Identification LooseAndBLayer LooseAndBLayer
Isolation FCLoose FCLoose for pt < 200 GeV
FCHighPtCaloOnly for pt > 200 GeV
1| |n|<2.47 |n|<2.47
DT pr > 7 GeV pr > 27 GeV
BL BL
Track to vertex association | do~(0) <5 | do~(0) <5

| AzBEsin® |< 0.5 mm | AzBLsin6 |< 0.5 mm

Table 13: Summary of electron reconstruction criteria used in the analysis. The dy and zg are the
transverse and longitudinal impact parameters respectively, dy(0) represents the significance of
the transverse impact parameter and 0 is the polar angle of the track momentum at reference.

e Muons

In the mono-i(bb) analysis two muon identification WPs are used: Loose for baseline
muons and Medium for signal muons. The muon isolation WPs used in the analysis are FCLoose,
and FCTightTrackOnly for baseline and signal muons respectively. Similar to the electrons, the
muons also have to pass some track to vertex association criteria to check the track-vertex compat-

ibility. Table [I4] summarises the muon reconstruction criteria used in the analysis.

Element ‘ baseline sub-leading signal muon leading signal muon
Selection working point Loose Medium Medium
Isolation working point FCLoose FCTightTrackOnly FCTightTrackOnly

PT >7 GeV >7 GeV >25 GeV
I | In|<25 In|<25 In]<25
dp significance cut do/o(d)0) <3 dp/o(d)0) <3 do/o(d)0) <3
Z0 cut | zosin® |<0.5 mm | zosin€ |<0.5 mm | zosin€ |<0.5 mm

Table 14: Summary of muon reconstruction criteria used in the analysis.

e T-leptons

The 7-leptons decay hadronically with a BR of ~65% and form jets. These jets are recon-
structed using the ID and calorimeter information [231] with the anti-k7 algorithm and a radius
parameter R = 0.4. The hadronic T decays can produce either one (t — ©* + 7%+ v) or three
charged pions (T — 37% 4 7% + v). Hence, the 7-jet identification criteria require either one or

three tracks with AR < 0.2. In this analysis, the tau identification procedure uses a Recurrent
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Neural Network (RNN) [232] classifier that uses the clusters and tracks associated with the taus
as inputs. The RNN classifier has a VeryLoose working point and the taus are required to have
| 7 |< 2.5, pr < 20 GeV. A tau veto is applied to all the signal and control regions of the analysis,

and Table |1 5|summarises the tau reconstruction criteria used in the analysis.

Element | Criterion
pT > 20 GeV
KR In|<25
Number of tracks lor3
Charge |o|=1
Tau energy scale MVA TES
Jet rejection RNN-based (VeryLoose)
Electron rejection BDT-based
Muon rejection | through overlap removal in AR < 0.2 and pt > 2GeV for non Calo-tagged muons

Table 15: Summary of tau reconstruction criteria used in the analysis.

e Missing transverse momentum E1"*

The EITniSS reconstruction in this analysis includes baseline muons, electrons while photons
and 7-leptons are excluded. All jets passing JVT selection are also included, while jets outside the
tracking acceptance, i.e., in | 7 |> 2.5 region, are required to have pt > 30 GeV. This jet n and pr

criteria are known as the 7ight E%liss working point.

Element ‘ Criterion
Algorithm Calorimeter-based
Soft term Track-based (TST)
ET" operating point Tight

Table 16: Summary of EITrliss reconstruction criteria used in the analysis.

e Object-based E%‘iss significance S

Theoretically a genuine source of EJ" in a pp collision event could be exotic particles
such as DM or neutrinos. However, an event can have E7"** , from inefficiencies and resolution
effects in different object reconstructions and measurements. The object-based ET"** significance

S parameter assess whether the measured Ef"** is genuine and is defined as:
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miss
ET™

a of (1 —PgT)

2

5 (76)

where prr is the correlation factor of the longitudinal (L) and transverse measurements (7)) [233],

—
and GLZ is the longitudinal variance of E{"* which is calculated using the resolutions of the indi-

vidual objects used in E%‘iss calculation.

e Overlap removal

As discussed previously in section . 1], the reconstruction of many physics objects involves

common parts of the ATLAS detector. An overlap removal procedure is implemented for all

physics objects used in the analysis and is summarized in Table

Exclude | Against

Criterion

Electron | Electron shared track with pr 1 < pr2
Electron Muon shared ID track
Electron Jet AR < min (0.4,0.04 + 10 GeV/pt (e))
Muon Electron if its Calo-muon and shared ID track
Muon Jet AR < min (0.4,0.04 + 10 GeV/pr (1))
Tau Electron AR < 0.2
Tau Muon AR < 0.2
Jet Electron AR < 0.2
Jet Muon  NumTrack <3 and (ghost-associated or AR < 0.2)
Jet Tau AR < 0.2
Fat-jet | Electron AR < 1.0

Table 17: Summary of overlap removal criteria for different physics objects used in the analysis.

5.1.7 Event selections

Multiple discriminating variables are used to select events with EN'SS + bb final state for the

SR and to construct CRs to constrain SM backgrounds. While some discriminating variables are

common to both Resolved and Merged topology, some variables differ between the two topologies.

This section describes the discriminating variables and event selections used in the analysis and

are summarized in Table
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(1)

(ii)

(iii)

(iv)

v)

5.1.7.1 0-lepton signal region

e Common selections:

EITniSS trigger: Events in the SR are selected with a lowest unprescaled E%‘iss trigger.

E%‘iss > 150 GeV: Since events with DM particles will have high E‘TniSS values, the events in

the SR are required to pass E‘TniSS >150 GeV selection.

Lepton and tau veto: The mono-4(bb) analysis targets events with E%‘iss and b-jets, hence

all the baseline electrons, muons, and taus are vetoed from the SR.

Extended tau veto: Since T decays hadronically and produces jets, the 7-veto is not suf-

ficient to veto all the 7-leptons. For this an additional variable, called the extended 7-
veto, is calculated using the small-R jets and large-R jets in Resolved and Merged topolo-
gies respectively. This variable reduces the 7, single-top, and W*+ jets backgrounds by
eliminating 7-leptons from decays such as t -+ Wb — tvb. To be compatible with the -
lepton decay properties (one prong and three prong), the extended 7-veto includes a selec-
tion criterion of 1 < Nppacks < 4, where Nrpacks represents the track multiplicity in the jet
cone. A further selection is applied on the angular separation between the jet and E%ni“
, AQ( jet,E%liSS) < 22.5°, to ensure alignment between the 7-lepton and the neutrino from

W — t7v decay.

Angular separation between jet and E%‘iss : Even with the E%‘iss >150 GeV selection, a

significant number of multijet backgrounds are still present. The E%‘iss sources for the
multijet events are the incorrect jet energy measurements and semi-leptonic hadron decays.
Hence, the E%“iss from a multijet event is aligned to the direction of the jet. To reduce the
multijet backgrounds, the variable min jc (2 33A9( jet,EITniSS) is computed. The variable is
calculated for three leading jets (both central and forward), and a cut on the minimum angle

is applied, minje{hm}Aq)(jet,E%‘iSS) > 20°.
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After applying the above-mentioned common selections in both Resolved and Merged

topologies, the following region specific selections are applied as well.

@)

(i)

(111)

(iv)

v)

e Resolved selections:

E%liss : The events in the Resolved topology have 150 < E%liss <500 GeV and to increase

sensitivity to different signal points the Resolved topology is binned in E%‘iss 1 150 < Efrniss

<200 GeV, 200 < EMiss <350 GeV, and 350 < EFsS <500 GeV.

Jet multiplicity: The benchmark DM signal models analyzed in this thesis contain different

number of b-jets in the final state, e.g., 2 b-jets for the Z’-2HDM model and >3 b-jets for
2HDM-+a bb-induced process. On the other hand, from the semi-leptonic ¢ decays there
are > 4 jets (2 from top decay and 2 from hadronic W+ decay). Hence, an upper limit on
the number of central small-R jets reduces the #f backgrounds and increases the analysis

sensitivity. For the 2 b-tag regions a cut of 2 < NSCI;I;‘IIER jets < 4 is applied, however to ensure

Ncentral

enough statistics a loose cut of 2 < No—i®' o jets

< 5 is used for the > 3 b-tag regions.

b-jet multiplicity: In the 2 b-tag category the number of b-jets are set at Nj,_ j,s = 2 and for

> 3 b-tag category Nj_jes > 3. This reduces the 77 backgrounds.

Higgs candidate pt : Since the E%‘iss is correlated with the Higgs-pt , the signal events

would have higher Higgs-pt than SM backgrounds. The Higgs candidate pt (j1, j2), where
Jj1 and jj are the two leading central b-tagged small-R jets, is calculated by the sum of the pr
vectors of j; and j,. For 150 < E%‘iss <350 GeV, a cut of pt (j1, j2) > 100 GeV is applied,

and for E‘TniSS > 350 GeV a more strict cut of pt (j1, j2) > 200 GeV is applied.

Top-mass proxy: Events from the semi-leptonic ¢f decay are the most dominant SM back-

grounds in the Resolved topology. To reduce this background a selection is applied to the

top mass proxy variable, defined depending on the angular separation between the Er

and the b-jet from the top decay as:

miss

mrl?min/max _ \/2pr,min/maxE1rpiss(1 — cosAQ (ﬁTb’min/maX7ET ), am
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(vi)

(vii)

(1)

(i)

(iii)

(iv)

b,min b,max

here pr and pt are the prt of the b-jet which are closest to (min) or furthest from

b,min/max

(max) the Er respectively. For ¢7 events the m variable would have a sharp drop

near the mass of ¢f system, while for DM signals the values would be much higher. Hence, a

b,min

cutof my™" > 170 GeV and mrl}’max > 200 GeV is applied across all Resolved E%‘iss regions.

E%liss significance S: To distinguish the genuine E%ﬁss (from exotic particles and neutrinos)

from the E%‘iss from resolution effects of different object reconstructions, and to suppress the

multijet backgrounds, the events in the SR have to pass a selection of S > 12.

Higgs candidate mass: The Higgs candidate mass distribution is the discriminating variable

used in the SR for the statistical interpretation. Although the signal points have peaks around
mj;j =125 GeV, a broader range of 50 < m;; < 280 GeV is used. The 50 GeV lower bound
is chosen since it is the lowest calibrated large-R jet mass. The higher bound of 280 GeV is
chosen to be significantly higher than m, and the precise value is motivated by the my, binning

choices in the fit. The m; sidebands are used in the fit to estimate the SM backgrounds.

e Merged selections:

E%‘iss : Events in the Merged topology have to pass a selection of E%’iss > 500 GeV.

Jet multiplicity: The Higgs candidate is reconstructed with the central leading large-R jet

and a cut of Nfa‘;ggileets > 1 is applied.

b-jet multiplicity: In 2 b-tag regions, two associated b-tagged VR track jets, and for the > 3

b-tag regions, along with the associated b-tagged VR track-jets, additional non-associated

b-tagged VR track jets are necessary to reconstruct the Higgs boson. The complete b-jet

e g . . . b—tagged o b—tagged .
multlp hClty requirement s, N, associated track—jets ~ 2and N, non—associated track—jets 0 for the 2 b-
. . b—tagged - b—tagged
tag region and for the > 3 b_tag region N, associated track—jets 2and N, non—associated track—jets > 1.

VR track jet overlap: Since the two leading b-tagged VR track jets (VR; and VR;) are

used to reconstruct the Higgs candidate it is important to have transparency in the b-tagging.
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For this reason an overlap removal is used where the VR track jets are required to have
AR(VR, /2 VR;) > Rpin i, Which ensures that VR and VR; are not concentric to other track
jets. Here, VR, represents any track jet, other than VR and VR;,which is associated to the

large-R jet, and R, ; represents the minimum radius between VR or VR, and VR;.

(v) Higgs candidate mass: Similar to the Resolved topology, a broader range of 50 < m; < 270

GeV is chosen to use the m; sidebands in the fit for SM background estimation. A 50 GeV
lower bound is selected as it is the lowest calibrated large-R jet mass. The higher bound of
270 GeV is chosen to be significantly higher than m;, and the precise value is motivated by
the my, binning choices in the fit. The difference in the upper bound of m;, between Resolved

and Merged topologies is purely due to the choice of my, binning in the fit model.

e Muon-in-jet correction:

The B hadrons inside a jet cone can decay as b — ¢W*~ — cuVv and the ATLAS jet recon-
struction procedure does not consider the contributions of the muons and neutrinos to the jet pt
and energy. Consequently, my, includes these additional muon contributions, which reduces the m;,
resolution. Therefore, the jet four-momentum has to be corrected for the additional muon energies,
and the correction is commonly known as the muon-in-jet correction. The muons chosen for this
correction have to satisfy the quality criteria listed in Table [I§] The correction procedure differs

between the Resolved and Merged topologies:

Criterion Selection
Selection working point Loose
Isolation working point non-isolated

DT >5 GeV
[n| [n[<27

AR in resolved (merged) | AR < 0.4 (0.1)

Table 18: Summary of muon reconstruction criteria used in the muon-in-jet correction.

e Resolved: The correction is applied to the two central small-R b-tagged jets. If a muon is

within AR < 0.4 of the jet axis, the jet is corrected by adding the muon four-momentum to
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the jet four-momentum. If multiple muons are present, the correction uses the closest muon.

Although, correcting with all the muons, or muons with highest pt produces similar results.

e Merged: Correction is applied to the leading central large-R jet with the two closest muons.

Figure[/1|shows the comparison between m;, with (red) and without (blue) the muon-in-jet correc-

tions for a representative Z’'-2HDM signal point. The correction improves the expected exclusion

limits by up to 7%.
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Figure 71: The my, distributions with (red) and without (blue) the muon-in-jet corrections for a
representative Z'-2HDM signal point in the O-lepton EF"* inclusive Resolved 2 b-tag region.

Figures[72a] and [72b|show a candidate data event in the Resolved and Merged regions respectively.

(a) Resolved (

b) Merged

Figure 72: Figures showing a candidate data event in the SR for Resolved (fig. and Merged
(fig. topologies. The Resolved event contains two b-tagged small-R jets, represented by the
white cone and the cyan lines represent the ID tracks. The Merged event contains a large-R jet
(large white cone) with 2 b-tagged VR track jets inside (cyan lines). In both figures the red line

represents the E%“iss .
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5.1.7.2 1-lepton control region

To estimate the t7 and W*+jets backgrounds in the SR, a 1-lepton CR with exactly one
muon (U /u™) is defined. In principle, the lepton could also be an electron, but using muons
has some advantages. To begin with the E%’iss triggers used in the SR can be used to target 1-u
events. Besides, the CR phase-space must be as close as possible to the SR, yet disjoint from it.
By using the E%‘iss trigger for both SR and 1-lepton CR, the E%‘iss spectra from 7 and W*+jets
events become similar in both regions. The discriminating variables and selections used in the 1-u
CR are mostly similar to the SR, but for some selections which make the two regions disjoint.
Events in the 1-u CR are required to have exactly one signal muon with pt > 25 GeV, no other
baseline leptons, and the muons have to pass the quality criteria listed in Table [[4] To mimic the
E%“iss in the SR, the muons are considered invisible when calculating the E%liss and is identified
as E{“rﬁcsa;invis.' Similarly, when calculating the object-based E%‘iss significance S, the muons are

considered invisible, and the variable is identified as Siep.invis.. The EITn}Z;invis. is also used as

inputs in the top-mass proxy (mrb}’mm/ "%%) and object based E%“iss significance S calculations.

5.1.7.3 2-lepton control region

To constrain the Z(— vV)+jets backgrounds in the SR, two 2-lepton CRs with exactly
two opposite sign electrons (e*) or muons (u¥) are constructed. Similar to the 1-u CR, most
of the selections in the 2-lepton CRs are similar to the SR with some exceptions. The events
are selected with unprescaled single-electron or single-muon triggers, as listed in Table [§] The
events are also required to have exactly two opposite sign electrons or muons, satisfying the quality
criterion listed in Tables[I3]and [I4]respectively. One of the two electrons (muons) must be a signal
electron (muon), and the signal electron (muon) must have pt > 27 GeV (pt > 25 GeV). A veto
is applied on any further baseline leptons and 7-leptons. The 2-lepton CRs can also have events
from leptonically decaying 7 events (tf — bW bW~ — (b{Tv)(b{~V)). To reduce these ¢ events

a selection of | mz —my, |< 10 GeV is applied, where the mz and my, are the masses of the Z-boson
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and the dilepton system respectively. Similar to the 1-p CR, to make the E%liss distribution similar
to SR, the leptons are considered invisible when calculating the E%‘iss and it is labeled as EisS

T,lep.invis.*
The E%ﬂi;invis. is also used as inputs to the top-mass proxy, and the object based E‘TniSS significance
S calculations. Apart from the Sjep invis. > 12 cut, which reduces the multijet backgrounds, another
E%‘iss significance selection is applied to the 2-lepton CRs to reduce the ## backgrounds. For tf
events EF® arises from the neutrinos (r — bW — (b¢Tv)¢™)), while for Z(— £7) + jets events

the E%‘iss mostly comes from lepton misidentification and resolution effects. Hence, a cut of S < 5

is applied, where S is calculated with leptons treated as visible objects, similar to the SR.

Selection Resolved Merged
Trigger 0 and 1-lepton: lowest unprescaled E%liss triggers
2-lepton: lowest unprescaled single-lepton triggers
O-lepton: veto on baseline electrons and muons
Lepton multiplicity 1-lepton: exactly 1 signal muon with pr > 25 GeV, veto on other baseline leptons
2-lepton: exactly 2 signal ¢ ( pt > 25 GeV) or e ( pt > 27 GeV), veto on other baseline leptons
T-lepton veto Veto on 7-leptons and extended 7-lepton veto
minjc(y 2.3A0 (jet, EMmiss) > 20°
Emiss 150< EMiss < 500 GeV EMiss > 500 GeV
Jet multiplicity 2= N:gltlrld_lR jes = for strg;ﬁgggim =2 Mﬁ‘i‘;‘e’i'lz jets = 1
2 < N R s <5 008 Ny i, > 3
Nb—tagged —»
b-tag multiplicity Nttt >2 e T

non—associated track—jets —

pr (1, j2) > 100 GeV for 150 < EMiss < 350 GeV

Higgs candidate pt i —
p1 (j1,j2) > 300 GeV for Ef"* > 350 GeV

Top-mass proxy mi™™ > 170 GeV and m5™ > 200 GeV —
EMss significance S S>12 —
O-lepton: S > 12 _
EMiss significance S 1-lepton: Syep.invis. > 12 —
2-lepton: Sjep imis, > 12and S < 5 —

Higgs candidate mass 50 <mj; <280 GeV 50 <my <270 GeV

Table 19: Summary of the selection criteria used in the mono-h(bb) analysis [234]. Data-MC
comparisons for these variables are shown in Appendix
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5.1.8 Background compositions

This section shows the compositions of various SM backgrounds in different regions of the
mono-h(bb) analysis phase space. The numbers represent the fractional contribution of a particular
process to the total SM background. Processes with a contribution of < 3% are merged together
and are shown in the “other” category. In the following pie charts the Resolved 2 b and > 3 b-tag
categories are represented as ‘“2b” and “3pb” respectively, while the Merged 2 b and > 3 b-tag
categories are represented as “2w0b” and “2w1pb” respectively.

e (-lepton SR:

Figures (73| and show the SM background compositions in the O-lepton SR for the 2
b-tagged and > 3 b-tagged regions respectively, across different E%“iss regions. In both 2 b-tagged
and > 3 b-tagged regions, the major backgrounds are the 7 and Z/W*+ jets events. In the 2 b-
tagged region the Z+HF events are the most dominant backgrounds, while in > 3 b-tagged region
the most dominant background is the ¢¢. Since the Z+HF events are a part of the irreducible Z+

jets backgrounds, Z+HF has a significant contribution to the total background in the SR.
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Figure 73: SM Background compositions in different E%‘iss bins in the O-lepton SR for the 2 b-
tagged regions.
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Figure 74: SM Background compositions in different E%‘iss bins in the O-lepton SR for the >3
b-tagged regions.
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e 1-u CR:

Figures [75|and [76 show the SM background compositions in the 1-u CR for the 2 b-tagged
and > 3 b-tagged regions respectively across different E%ﬂss regions. All the regions in the 1-u CR
are mostly pure in ¢7 and W4 jets events, hence these backgrounds are estimated with the 1-u
CR. In the > 3 b-tagged regions the contribution from W*+ jets events are negligible compared

to 7.
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Figure 75: SM Background compositions in different E%‘iss bins in the 1-u CR for the 2 b-tagged
regions.

126



1L_Resolved_150 200 3pb

1L_Resolved_200 350 3pb

/\°\°\

N
>
N
S

®

A\l
&
3
bg

1L_Resolved_350_500_3pb

1L_Merged_2wlpb
2} <Q
CA & S &
5 o*s o:s

woar G4

=
S
>

G

o

(%
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b-tagged regions.
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e 2-lepton CR:

Figures [77] and [78] show the SM background compositions in the combined 2-lepton CR

(ete +utu™) for the 2 b-tagged and > 3 b-tagged regions respectively, across different E%niss

regions. The Z+ jets events are most dominant as expected in the 2-lepton CR.
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Figure 77: SM Background compositions in different E‘TniSS bins in the combined 2 lepton CR for
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5.1.9 Treatment of V +jets in the analysis

The V+jets backgrounds and their shapes play a significant role in the fit and the way they
are treated in the analysis could impact the fit results. In the mono-4(bb) analysis, the V+jets events
are classified on the basis of the flavors of the two leading small-R jets in the Resolved regions and
two leading VR track jets associated with the leading large-R jet in the Merged regions. Hence,
the V+jets events are decomposed into the following components: Vbb, Vbc, Vb, Ve, Vel, VII. In
the previous iteration of the mono-i(bb) analysis [235]], no dedicated studies were performed to
optimize the handling of the V+jets flavors, a strategy was adopted from the VHbb analysis [236]:
(1) HF: Vbb+Vbc+Vbl+Vcce, (ii) Vel, and (ii1) VII. The HF (heavy flavor) refers to the V+jets
flavors with at least one b or two c-jets.

Due to limited MC statistics and systematic fluctuations, the V+jets flavors can affect the fit.
For example, systematics with statistical fluctuations can have multiple minima and maxima, which
can lead to unphysical NP pulls and can cause convergence issues in the fit: affecting smoothing.
On the other hand, if a V+jets flavor has a small systematic variation compared to the nominal, it
can be removed from the fit: pruning. The following study describes if the V+jets flavors handling
strategy is optimal or needs to be optimized for the analysis. The study has been performed using
the Z(— vv)+jets samples.

A motivation for merging different V+jets flavor comes from the fact that the compositions
of different V+jets backgrounds vary across the regions. For example in the O-lepton Resolved 2
b-tagged category for 150 < E%‘iss <200 GeV, Vbb is the most dominant background (~40%), and
other V+jets has much less statistics (c.f. Figure [79). As a consequence, the systematic estimation
of Vbb background has higher precision than other V+jet flavors. Hence, merging different V+jets
flavors is necessary since it increases the precision of the systematic estimation.

As shown in Figure 80} the V+jets flavor fraction does not change with the my,, or with
the E%‘iss . Hence, the optimization studies are performed using the my, distribution in the E%niss
inclusive (150 < E%‘iss < 500 GeV) 0-lepton Resolved 2 b-tagged region. The merging of different

V +jets flavors are well motivated:
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Figure 79: SM Background composition of all the backgrounds (leff) and only V+jets (right) in
the O-lepton Resolved 2 b-tagged 150 < Ef"** < 200 GeV region. Backgrounds contributing <
3% to the total are combined in other category.
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Figure 80: The upper and bottom panel plots represent the Zj;s/ Y. Z ess as a function of E%‘iss ,
and my, respectively in the O-lepton Resolved region for different b-tagged categories. The nature
of the flavor decomposition does not change with Ef"** , or my,.

1. Theory driven:

e Merge V+jets flavors originating from similar processes (e.g., bb, cc from gluon split-

ting).
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e Keep HF template separate from the /ight-flavors, since light-flavor is well modelled,

and the HF is not.

2. Shape driven:

e Maximize shape differences between the merged V +jets flavors .
The aim of optimising V+jets flavor merging is to:

e Check if any prior knowledge can be injected on what flavors to merge, based on the V+jets

flavors shape.
e Find a well motivated and theoretically interpretable V+jets flavors merging strategy.
The V+jets flavor merging optimization is performed following the strategy described below:
1. Perform a liner (polynomial order 1) fit on the ratio of flavor1/flavor2 as a function of my,.

2. Calculate the slope and error on the slope from the fit and merge the two flavors with the
smallest slope and slope/error. E.g., in the O-lepton Resolved 2 b-tag category, Zcl and Zcc

are merged together since their ratio has the smallest slope and slope/error (Table [20).

3. Compare the merged flavor in step 2 with other flavors (e.g., Zcl+Zcc vs Zbb) and depending

on the slope and slope/error decide whether to merge them or not.
4. The iteration continues until a template is found where the V+jets flavor shapes are distinct.

5. The deciding factor in whether to merge flavors or not is the slope and slope/error, while x>

and Kolmogorov-Smirnov (KS) tests have been performed to cross-check the results.

Following the procedure described in step 1 and 2, the Zcl and Zcc are found to be the most
compatible flavors in the O-lepton Resolved 2 b-tagged region (lowest slope/error in Table [20)
and are merged together as shown in Figure [8Ia] As described in the strategy, the combined

Zcl+Zcc shape is compared with other Z+jets flavors and combinations of other merged flavors.
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’ Flavor H Slope Error \ Slope/Error
Zbb_Zbc 0.000298 0.000057 5.23
Zbb_7Zbl 0.000702 0.000057 12.32
Zbb_Zcc 0.001602 0.000057 28.11
Zbb_Zcl 0.002581 0.000057 45.28
Zbb_7ZI11 0.003228 0.000057 55.26
Zbl_7Zbc 0.000858 0.000212 4.05
Zbl Zcl 0.000858 0.000212 8.20
Zbl Zcc 0.000858 0.000212 4.34
Zbl_ 711 0.000858 0.000212 9.60
Zcl_Zbc 0.002309 0.00068 3.40
Zcl Zcc 0.000446 0.00068 0.66
Zcl 7l 0.00185 0.000669 2.77
Zbc_Zcc 0.00118 0.000214 5.22
Zcc 711 0.003846 0.000506 7.60

Table 20: Table showing the fit results from the comparison of different Z+jets shapes in step 1 of
Z+jets shape comparison procedure.
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,E_SR_Resolved_2b KS =0.945208 LE_ SR_Resolved_2b KS =0.428273
:ﬁ: slope =-0.000446+ 0.000680 slope =0.000942+ 0.000056
o — etbusbess
:1:’ zﬂ:l 02 T | —— Vacevacl
—— V+ce — ——
:I:’ ’:f:‘ o : fr——
=+ e SR S
= e
=3 1 ——
“““““““““ i e SR T S S S e —
o o
LA NN —
i s »—I—.—P++ ; " -
osl— H+t L
00 150 200 2 100 50 200 250
v 3 o 3
s o 2k }
7 - 3 1 )/./\
R B SN et ¢ o AK./
5 -1 R | N
s 30 s 30
€ -3 100 200 300 400 500 13 3 50 100 150 200 250 30t
g
z m, [GeV] z m; [GeV]
(a) Zcl vs Zcc (b) Shape-driven template

Figure 81: Left plot: compatibility between Zcc and Zcl shapes, the second panel represents the
ration between the two flavors, the solid red line represents the linear fit and the third panel (bot-
tom most) represents the normalized residuals from the KS test. Right plot: Z+jets merging tem-
plate with the most distinct shape: Zbb + bc 4 bl , Zcc + ¢l , ZI1. The second and third canvas
represents the ratio between Zbb + bc + bl and Zcc + cl, and the normalized residuals from KS
test respectively.

The merging template with maximum shape difference is found to be: Zbb+Zbc+7Zbl , Zcl+Zcc
ZIl and is shown in Figure 81b]
As shown in Figure the results are compared with the templates used in the previous

mono—h(bl_a) iteration, and the VHbb Resonance [236]. There are no significant differences ob-
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served, hence no strong preference for any of the templates. For the mono-/(bb) analysis described

in this thesis, the V+jets template used is: HF: Vbb+Vbc+V bl+V cc, (ii) Vcl, and (iii) VII.

“E” ATLAS Internal Vs =13 TeV E
E ——}—— Z+[bb, be, cc] (1tag resolved mBBcr) [£ w, = 8.99e+03]

Chi2 Prob =0.003304 H Chi2 Prob =0.073914
*E- SR_Resolved_2b KS =0.004278 5 s SR_Resolved_2b KS 20270050

-+ slope =0.001838+ 0.000053 LI i:' slopel =0.002341+ 0.000062
slope2 =0.001839+ 0.000065
—— Vabbvebevsbivace
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(a) Shape driven template (b) Template in previous mono-i(bb)  (c) VHbb resonance template[236]]

Figure 82: Comparisons between shape driven, previous mono-4(bb) analysis, and VHbb Res-
onance merging template. The pink line in Figure [§2b|represents the linear fit from the shape
driven scheme in the Figure [82a No scheme has a clear preference as shown in Figures [82b)]

and

5.1.10 Systematic uncertainties

The sources of uncertainties in a physics analysis at the LHC are categorized as: statisti-
cal and systematic. The outcome of any measurement is based on a finite set of measurements,
and each measurement has some random fluctuations. The source of statistical uncertainties is
the random fluctuations in a finite set of measurements. The systematic uncertainties are all other
uncertainties which are not directly due to the data statistics. The sources of systematic uncertain-
ties are physics object reconstruction and identification uncertainties (detector systematics), and
the MC simulation uncertainties of both the SM backgrounds, signals, and other theoretical ones
(theoretical uncertainties). These uncertainties can affect the total yield of a background in specific
analysis regions, and the shape of the variables that are relevant for the simultaneous fit, such as
my,. The detector and theoretical uncertainties together are known as the systematic uncertainties,
and this section describes the systematic uncertainties associated with the mono-4(bb) analysis.

e Detector systematics

Luminosity uncertainty: In the analysis, the MC simulated events are normalized to the
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integrated luminosity. The integrated luminosity uncertainty for the full Run 2 ATLAS dataset is
measured to be 1.7% [237].

Pile-up reweighting uncertainty: A pile-up reweighting factor is applied to rectify the
differences between the observed pile-up distribution in data and the predicted pile-up distribution
during MC simulation. The uncertainty corresponding to the pile-up reweighting factor is consid-
ered to be 4% in this analysis. The integrated luminosity and pile-up reweighting uncertainties are
common to all events and affect the overall normalization of the physics processes.

Jet uncertainties: The dominant source of detector systematics in the analysis is the jet
reconstruction and calibration uncertainties. The uncertainties that affect the small-R jet uncer-
tainties (both JES and JER) [238]], arise from detector acceptance, pile-up corrections, modelling
effects, 11 and pt dependent effects, jet-flavor compositions, data-MC resolution effects, etc. The
JER and JES uncertainties are divided into multiple components, and each acts as a NP in the si-
multaneous fit. The set of JES and JER systematic uncertainties used in the analysis has 29 and 8
NPs respectively. For large-R jets, the uncertainties on the jet mass scale and resolution [144, 239]
are considered in the analysis in addition to JES.

Flavor tagging uncertainties: The jet flavor tagging uncertainties include uncertainties
from the b-tagging efficiency and the mistagging efficiency of the ¢ and light-flavored jets [150,
240, 241]]. These uncertainties arise from detector efficiencies, modelling uncertainties that affect
the flavor tagging calibrations, etc. The flavor tagging systematics are divided into many eigenvec-
tor components, and each component enters the simultaneous fit as a NP. There are 3, 4, and 5 NPs
corresponding to b, ¢, and light- flavor jet tagging efficiencies respectively.

Lepton uncertainties: Uncertainties corresponding to the electron and muon reconstruc-
tion [[130, |131]], identification, trigger, and isolation efficiencies are considered in this analysis.
Besides, there are uncertainties related to the lepton kinematics due to the resolution and scale of
electron energy measurements and resolution and scale of muon momentum measurements. Since
the analysis vetoes T-leptons, only the energy scale uncertainties related to the 7-lepton reconstruc-

tion are considered.
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E%liss uncertainties: Since the E%liss reconstruction procedure uses various physics objects,
the systematic uncertainties associated with it are from those physics objects such as electrons,
muons, jets. The E‘TniSS systematic uncertainties also include the uncertainties related to the scale,
reconstruction, and resolution of the E%liss soft terms [[158]] used in the E%‘iss calculations. Besides,
uncertainties on the E‘TniSS trigger scale factors (SF) are also derived, which are ~1-2% for low
E%liss values.

e Theoretical systematics

The analysis also considers theoretical uncertainties from the MC modelling of both back-
ground and signal processes. The theoretical uncertainty sources are:

Choice of PDF and o: In the MC sample production, a specific PDF and ¢ is used. The
evaluation of a PDF set and ¢ involve inputs from experimental measurements with uncertainties.
Besides, there are uncertainties in the fit functions used to derive the PDF sets. These uncertainties
are considered in this analysis and are estimated using the PDFALHC prescription [242].

Missing higher orders in matrix element calculations: The MC simulated samples are
generated with a finite order of QCD precision. Hence, the cross section of a certain process has
uncertainties due to the missing higher-order QCD terms. These uncertainties are estimated by
using different pairs of factorization ((r) and renormalization (Ugr) scales by varying them by a
factor of 2 up or down, excluding (ug, Ur) = (%, 2), (2, %) X Meentral, Which can lead to large
logarithm values.

Merging-scale and resummation uncertainties: For the W= /Z+ jets samples there are
uncertainties associated with the merging of matrix elements (ME). This is because there are dif-
ferent jet multiplicities in these samples, i.e., W*/Z+4-1,2,.. jets, and the merging scale that sepa-
rates the soft jets from hard jets has an uncertainty. These uncertainties are evaluated by varying
the merging scale by a factor of two up and down. For the SHERPA samples, i.e., W*/Z+ jets,
and DB samples, an additional uncertainty comes from the resummation procedure of the parton
shower [243]].

Matching uncertainties: For samples which are generated using a NLO matrix element,
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such as t7, single-top, W= /Z+jets, there in an uncertainty associated to the ME and PS matching.
These uncertainties are derived by comparing t7, single-top, W= /Z+ jets samples generated with
POWHEG (nominal samples) with MADGRAPHS _AMC @NLO (alternative samples) [[167].

Parton shower and hadronization uncertainties: Uncertainties associated with the mod-
elling of the PS and hadronization are also considered in this analysis. These uncertainties are
evaluated by comparing samples produced with different showering and hadronization generators
such as PYTHIA 8 and HERWIG 7 [244, 245].

Eigentune uncertainties: These are uncertainties associated with the choice of tune pa-

rameters used in the hadronization and PS generators, derived using the procedure described

in [171].
Event
Luminosity
Pile-up reweighting
Object reconstruction
Jets Flavor-tagging Leptons E‘TniSS
Jet Energy Scale (JES) b-tagging efficiency  Reconstruction efficiency ET" soft-term scale
Jet Energy Resolution (JER) mis-tag efficiency Identification efficiency ~ E7"*® soft-term resolution
Jet Mass Scale (JMS) Isolation efficiency E}"S trigger SF
Jet Mass Resolution (JMR) Trigger efficiency
Background modelling
Source Affected backgrounds )
PDF and o tf, single-top, W /Z+jets, DB, SM Vh (bb)
Scale variation (Ug, UFr) 11, single-top, W /Z+jets, DB, SM Vh (bb)
PS and hadronization tf, single-top, W /Z+jets, DB, SM Vh (bb)
ME and PS matching tf, single-top, W /Z+jets
Merging scale and resummation W /Z+jets, DB
Tune parameters tt, single-top, W /Z+jets, DB

Signal modelling

PDF and o
Scale variation (Ug, UF)

Table 21: Table format adapted from [[162]] summarises different sources of systematic uncertain-
ties considered in the mono-h(bb) analysis. It also summarises the SM backgrounds affected by
different modelling uncertainties.

Table 21| summarises the different sources of detector, background modelling, and signal
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uncertainties considered in the analysis. Since backgrounds like 7 + W /Z/h have a contribution
of < 1% in different regions, the modelling uncertainties for these samples are not considered in

the analysis. The systematic uncertainties can affect the simultaneous fit in different ways:

e Normalization of the MC templates: The detector systematics and the theory systematics

originating from cross section uncertainties can affect the normalization of a MC template.

e Shape of fit discriminants: The systematics can distort the shapes of the fit discriminants

such as my, and muon-charge distribution in the 0 and 1-lepton regions respectively.

o Relative acceptance: The systematics can also affect the shape of the variables in which the

fit discriminant is binned such as EITniss s No—tag> Nieprons-

A detailed description of the how the NPs are handled in the analysis are described in the following
section.

Tables[22]and 23] show the impacts of different sources of uncertainties on the signal strength
(1), i.e., the parameter of interest in the simultaneous fit, for a few representative Z’-2HDM and
2HDM-+a signal points. The numbers are obtained from a signal + background fit to the observed
data where the cross section of each signal point is fixed to the observed cross section upper limit.

The fractional impact from each systematics source is calculated as:

Niz
E 9

Fractional impact; =
where u; and p represent the uncertainty from a particular systematic and the total uncertainty
respectively. Since there are correlations between different sources of systematics, the sum of indi-
vidual fractional uncertainties might not add up to the total of all the systematic uncertainties. The
chosen signal points for the Z’-2HDM model are: (my,m4) =(800, 500) GeV, (mz,my) =(1400,
1000) GeV, (mz,my4) =(280, 300) GeV, which represent a low, medium, and high Z’ mass points
respectively. The chosen signal points for the 2HDM-+a signal model are: (my4,mg,tan ) =(500,

200, 1), (1000, 400, 1), (1700, 200, 1), (1000, 200, 10), the masses are in GeV.
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Source of uncertainty Fractional impact on signal strength (i) in %
(my, my) GeV
(800, 500) (1400, 1000) (2800, 300)
Statistical uncertainty 27 61 79
All systematic uncertainties 73 39 21
Z~+HF normalization 11 3 <1
W +HF normalization 2 1 <1
tt normalization 16 4 <1
Z theoretical uncertainties 2 7 3
W theoretical uncertainties <1 1 <1
tt theoretical uncertainties 13 5 <1
Single ¢ theoretical uncertainties 18 2 <1
Other theoretical uncertainties 5 1 <1
JER/JES 20 6 1
b-tagging 1 1 4
E‘TniSS soft term and pile-up <1 <1 <1
Other detector related uncertainties 1 <1 <1
Signal uncertainties <1 <1 <1
MC sample statistical uncertainties 8 7 11

Table 22: Dominant sources of uncertainties for a few representative Z'-2HDM signal points, the
numbers represent fractional uncertainties on the signal strength (u) after the fit to data [234]).

Source of uncertainty Fractional impact on signal strength (i) in %
(ma,mg,tan f) (500, 200, 1) (1000, 400, 1) (1700, 200, 1) (1000, 200, 10)
Statistical uncertainty 31 65 69 60
All systematic uncertainties 69 35 31 40
Z+HF normalization 6 3 <1 1
W +HF normalization 2 1 <1 1
tf normalization 9 3 1 <1
Z theoretical uncertainties 1 5 8 3
W theoretical uncertainties 1 1 1 <1
tf theoretical uncertainties 7 4 1 3
Single ¢ theoretical uncertainties 9 2 1 2
Other theoretical uncertainties 5 1 1 1
JER/JES 20 6 1 7
b-tagging <1 1 8 3
Eiss soft-term and pile-up 2 <1 <1 <1
Other detector related uncertainties <1 <1 <1 <1
Signal uncertainties <1 <1 <1 <1
MC sample statistical uncertainties 9 7 7 11

Table 23: Dominant sources of uncertainties for a few representative 2HDM-+a signal points, the
numbers represent fractional uncertainties on the signal strength (u) after the fit to data [234]).
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5.1.11 Statistical analysis model

The interpretation of the final results is performed by a binned profile likelihood fit (c.f
section [4.4)). The model, consisting of all the SM backgrounds and the DM signals is fitted to the
observed data. The statistical fit, performed simultaneously, includes all the lepton channels, EITniss
bins, and b-tag categories. The likelihood fit is performed to extract upper limits at a 95% CL on
the signal cross section, later used to obtain exclusion limits on (my,my4) and (my4,m,) plane for
the Z'-2HDM and 2HDM-+a model respectively. The POI in the fit is the signal strength (u):

_ Oobserved

= (78)
Opredicted

where Ogpserved, and Opredicted T€present the measured and theoretical cross sections of the DM
processes. This section describes the fit model implemented in the analysis.

o Fit regions and discriminating variables:

The choice of fit discriminants varies across the different lepton regions. For the O-lepton
SR, the Higgs candidate mass distribution is used as the fit discriminant across all E%‘iss bins and
b-tag categories.

In the 1-u CR, the u-charge distribution is used as the fit discriminant across all EITniss bins
for the 2 b-tagged category, but due to limited data statistics, the total yield is used as fit discrim-
inant across all E%‘iss bins for the > 3 b-tagged category. The u-charge distribution is a two-bin
histogram corresponding to the two u charged (u™ /u™). The shape of the p-charge distribution
helps to distinguish between the 17 and W*+ jets events. Since the LHC is a pp collider, the
production cross section of W is much higher than that of W—, (W) ~ 1.36(W ™) [246] (also
known as the W-charge asymmetry). Consequently, there are more u ™ than u~ events in the W+ +
jets process. On the other hand, there is no such asymmetry for the #7 process. Hence, the t-charge
shape can distinguish between the two above mentioned backgrounds. This is prominent for the
high E%‘iss regions as shown in Figures [83|and

In the 2-lepton CR a single bin total yield is used as the fit discriminant across all E%“iss bins

and b-tag categories. The binning choice increases the robustness of the fit and serves the purpose
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of constraining the Z+jets background normalization without compromising the sensitivity. Ta-

ble [24| summarises different E%‘iss bins, b-tag categories and discriminating variables entering the

fit model, while Table 25| summarises the different n7, binnings used in the fit.

| O-lepton SR | 1-u CR | 2-lepton CR
Fit discriminant | my, distribution | u-charge distribution (2, 2 b-tag/ 0 add. b-tags) Yield
Yield (> 3 b-tags, 2 b-tags/> 1 add. b-tags)
Targeted region signal region tt and W+jets CR Z+jets CR

b-tag multiplicity

Resolved: 2, > 3 b-tags

Merged: 2 b-tags/0 add. b-tags, 2 b-tags/> 1 add. b-tags

ET"™ proxy

miss
ET

miss miss
T lep.invis. T lep.invis.

E%li“ bins

Resolved: [150, 200], [200, 350] and [350, 500] GeV
2 b-tag O-lepton Merged: [500, 750] and > 750 GeV

other Merged: > 500 GeV

Table 24: Table adapted from [234]] summarises different analysis regions: lepton regions, E%‘iss
bins and b-tag regions along with the fit discriminants used in the simultaneous fit.

miss 3
N 150-200 GeV | 200-350 GeV | 350-500 GeV 500-750 GeV > 750 GeV
2, 2 b-tags/> 0 add. 5 GeV 5 GeV 10 GeV 20 Gev 3 bins:
b-tags [50,90,150,270]
GeV
> 3,2 b-tags/> 1 add. 10 GeV 10 GeV 3 bins: 3 bins: [50, 90, 150, 270] GeV
b-tags [50,110,150,280]
GeV

Table 25: Table adapted from [234]] summarises the m;, binning used in the different fit regions.

e MC templates and nuisance parameters:

Some of the SM backgrounds suffer from low statistics, due to fluctuations the fit is unable

to constrain these backgrounds accurately. To avoid this, similar processes are combined together,

as shown in Table Each source of systematic uncertainty appears in the fit as a NP in the

| Z+jets

‘ Wjets

Zcl
Zl

ZHF =Zbb + Zbc + Zbl + Zcc

Wel
wi

WHF = Wbb + Wbc + Wbl + Wce

| i | Single-top | Diboson | Others |
t7 | single-top Wt + t-channel + s-channel | WW + WZ + ZZ | SM Vh(bb),
tth, ttZ, ttw

Table 26: Summary of the MC templates used in the analysis for the SM backgrounds.

likelihood function. The normalization uncertainties appear in the fit either as floating NPs (“flat”,
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the final values are obtained by comparing with the observed data) or NPs with Gaussian priors
(values obtained from MC only). The NP controlling the signal normalization is a floating NP
and is known as the signal strength (). There are four floating NPs controlling the normalization
factors of the major SM backgrounds: one each for /7 and W+HF, and two for the Z+HF (one
each for 2 b-tag and > 3 b-tag categories). Since the 77 production mechanism is same for both
2 b and > 3 b-tag categories, and the W-+HF has negligible contribution in the > 3 b-tag region,
a single NP for the normalization factors is sufficient for both the MC templates. However, a
significant amount of Z+HF events enter the > 3 b-tag regions because c-jets in the Z+HF events
get mistagged as b-jets, while in the 2 b-tag region this is not the case. Hence, there are two NPs
used for the Z4+HF normalization factor. There are no NPs corresponding to the normalization
factors of the Zcl, ZI, and W templates since their contribution to the total background is < 1%.
Table[2/|summarises the NPs associated with the uncertainties that affect the overall normalization

of the fit templates.

NP Description Prior Applied to sample
Normalization of Z+HF template flat Z+HF
Normalization of W-+HF template flat W-+HF
Normalization of ¢f template flat tt
Single-top inclusive normalization 42% | single-top W¢, s and t-channel
Inclusive normalization of DB processes 16% WW,WZ, 7272
Inclusive normalization of SM Vh(bb) 5% VHbb
Inclusive normalization uncertainty for Wel | 42% Wel
| Luminosity uncertainty | 1.7% | all

Table 27: Table adapted from [234]] summarises the NPs associated to uncertainties affecting the
overall normalization of the fit templates. The Gaussian prior uncertainties correspond to the 1o
prefit uncertainties. These uncertainties are derived by comparing the MC samples produced with
different MC generators, while the luminosity prior is calculated by the luminosity group. A flat
prior means that there are no prior uncertainties on those NPs.

When the NPs are propagated into the fit, one must ensure the stability of the fit. For ex-
ample, a histogram of a given NP may have statistical fluctuations that can cause instability in the
likelihood maximization. To avoid such circumstances, the NP histograms are subjected to some

treatments before being propagated into the fit, such as smoothing, pruning (c.f. section 4.4)), and

142



symmetrization. The smoothing procedure removes statistical fluctuations from a NP histogram
and is applied only to those systematics that affect the shapes of the m;, and p-charge distribution.
The pruning procedure removes those systematics that has negligible effects on the sensitivity
of the analysis and also helps to increase the stability of the likelihood fit. The application of
the pruning procedure is different between the systematics affecting normalization and shape. A
systematic affecting the normalization is pruned away if the difference between the systematic
yield and the nominal value is < 0.5% or if the upward and downward systematic variations are
in the same direction. On the other hand, a systematic variation that affects the shape is pruned
away if it satisfies any of the following criteria: (i) the difference between the systematic varia-
tion and the nominal one is < 0.5% in Np;,s — 1, (ii) only the upward or downward systematic
variation is present while both systematic variations are expected, and (iii) the difference between
the upward and downward variations is smaller than the difference between upward/nominal or
downward/nominal, determined by a ¥ test. The symmetrization procedure is used to remove
asymmetric uncertainties that may lead to over- or under-constrained systematics. Symmetrization
is mainly applied to the one-sided detector systematics, while the two-sided systematics can also

be symmetrized by taking an average of the up/down variations.

5.1.12 Results

This section describes the results obtained from the statistical interpretations of the observed
data for the mono-h(bb) analysis.

e Background-only fit:

To assess the impact of the CRs on the estimation of backgrounds in the SR, a background-
only fit (i.e., assuming there is no signal) with the 0, 1, and 2-lepton regions is performed.

The post-fit tt-charge distributions in the 1-u CR across different b-tag and E‘TniSS regions are
shown in Figure The asymmetry in the p-charge distribution for the W+ jets is due to the W-
charge asymmetry at the LHC. The blue dashed line represents the pre-fit background predictions.
In the 1-u CR there is a normalization disagreement between the MC prediction and observed data

before the fit. This is because the MC generators underestimate the ¢ event rates by ~10%. The
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normalization disagreement is resolved by the floating NPs controlling the normalization factors.
Table 28| summaries the values of the normalization factors of ¢ and W+HF backgrounds which
are obtained from the background-only fit. Overall there is a good agreement between the MC
background predictions and the observed data after the fit. The pre-fit and post-fit yields for the
observed data and SM background processes for 2 b and > 3 b-tag regions are summarized in
Table[29and [30]respectively.

The post-fit yields for the combined 2-lepton CR across different E%“iss and b-tag regions
are shown in Figure [§4 The blue dashed line represents the pre-fit background prediction, and
since the MC generators underestimate the Z+4HF event rate by ~20-40%, the pre-fit prediction is
underestimated compared to the observed data. This is resolved by the NPs controlling the Z+HF
normalization factors. The values of these normalization factors are obtained from the background-
only fit and are summarized in Table Overall, there is good agreement between the post-fit MC
background yield and the observed data yield across all the E%‘iss bins and b-tag regions for the
2-lepton CR. Tables |31| and [32] show the pre-fit and post-fit background yields, and the observed
data yields for the 2-lepton CR across different E%‘iss bins in the 2 b, > 3 b-tag regions respectively.

Figures|(85|and |86|show the m, distributions in the SR across different E‘TniSS bins for the 2 b
and > 3 b-tag regions respectively. Overall, there is good post-fit agreement between the observed
data and the MC background prediction across all the E‘TniSS bins and b-tag categories. However, in
the > 3 b-tag category a data deficit is observed in 350 < E%‘iss <500 GeV, and E%‘iss > 500 GeV
regions. Tables [33]and [34] show the pre-fit and post-fit background yields and the observed data

yields for the O-lepton SR across different E‘TniSS bins in the 2 b, > 3 b-tag regions respectively.

Normalization factors of | Normalization factor value
tr 0.89+0.8
W+HF 0.98+0.13
Z+HF 2 b-tag 1.42+0.08
Z+HF > 3 b-tag 1.88+0.25

Table 28: Normalization factors for the three major SM backgrounds obtained from the
background-only fit.
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Figure 83: The u-charge distributions in the 1-u CR across different b-tag categories and E%‘iss
bins after the background-only fit. The blue dashed line represents the background prediction
from MC before the simultaneous fit. The second canvas shows the ratio between the fitted back-
ground prediction and the observed data, and the dashed gray band represents the total MC uncer-
tainty.
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IL2b IL2b IL2b IL2b

150-200 GeV | 200-350 GeV | 350-500 GeV | > 500 GeV
Observed data 12152 14236 804 212
Pre-fit Z + (bb, bc, cc, bl) 157 + 13 152 £ 14 76+1.1 | 147+0.19
Pre-fit Z + (cl, 1) 6.8 +2.8 6.1 £22 0.554+0.29 | 0.15+0.11
Pre-fit W + (bb,bc,cc,bl) | 2140 +120 | 3170 + 220 312 £ 27 98 £ 8
Pre-fit W + (cl, 1) 190 + 80 280 + 120 42416 1245
Pre-fit 17 8200 + 1000 | 8300+ 1000 | 330 + 50 5846
Pre-fit Single top 1600 =700 | 2800 1200 | 220+ 110 56 & 24
Pre-fit Diboson 193 + 32 300 =+ 50 30+5 12.74+23
Pre-fit SM Vh(bb) 79+5 13249 25+16 | 59+06
Pre-fit tth, 1tV 14.1+£0.9 288+1.2 | 2184023 | 1.57+0.11
Total Pre-fit SM Bkg 12600 + 1300 | 15200 + 1800 | 960 + 130 | 224 + 31
Post-fit Z + (bb, be, cc, bl) 229 + 12 219 + 10 110 | 1.79 +0.20
Post-fit Z+ (cl, 1) 47413 57+ 1.6 0.63+£0.25 | 0.08 +0.05
Post-fit W+ (bb,bc,ce,bl) | 2090 +260 | 3000 + 400 290 + 40 90 & 12
Post-fit W + (cl,1) 110 £ 50 190 & 70 25+9 74428
Post-fit 17 7600 + 400 | 7300 = 500 253 & 31 47+5
Post-fit Single top 1900 £ 500 | 2900 & 700 180 & 50 58+ 13
Post-fit Diboson 192 + 21 295 + 32 29+ 4 122+14
Post-fit SM Vh(bb) 80 +5 133 +£9 23+16 | 58+05
Post-fit 1th, 1tV 138+ 0.6 280+ 1.0 | 2.08+£0.16 | 1.49 +0.07
Total Post-fit SM Bkg 12210 £ 110 | 14180 + 120 | 813 + 24 224 + 10

Table 29: Pre-fit and Post-fit (background-only) yields for the 1-u CR in the 2b-tag region across
different E;"** bins [234].
1IL>3b 1IL>3b 1IL>3b 1L > 3b

150-200 GeV | 200-350 GeV | 350-500 GeV > 500 GeV
Observed data 591 965 50 87
Pre-fit Z+ (bb, bc, cc,bl) 274+0.6 53405 0.6 £0.5 0.197 £ 0.026
Pre-fit Z+ (cl,1) 0.020 £0.010 | 0.19 £0.22 | 0.024 £ 0.008 -
Pre-fit W + (bb, bc, cc,bl) 30+ 5 90 £+ 17 122+ 2.5 8.6+1.3
Pre-fit W + (cl,1) 35+£23 7T+4 0.06 = 0.04 0.58 +£0.32
Pre-fit t 530 £ 90 640 £+ 140 21 +£5 74+ 9
Pre-fit Single top 55 + 31 200 + 110 25+ 15 27 £ 12
Pre-fit Diboson 2.1+0.6 70+ 1.6 1.22 +£0.34 1.03 £0.25
Pre-fit SM Vh(bl_)) 0.40 £+ 0.08 1.65 +0.32 0.34 £+ 0.06 0.224 + 0.033
Pre-fit tth, 1tV 3.25+0.35 9.8 £ 04 1.27 £ 0.16 2.49 + 0.20
Total pre-fit SM Bkg 630 + 100 960 + 190 62 +17 114 =17
Post-fit Z+ (bb, bc, cc,bl) 4.74+0.9 90+ 1.1 0.8+04 0.34 +0.05
Post-fit Z+ (cl,1) 0.013 £ 0.007 0.05 £ 0.07 0.020 £ 0.006 -
Post-fit W + (bb, bc, cc,bl) 30+6 83 £ 16 99 +£20 73 +1.1
Post-fit W + (cl, 1) 22+1.3 44 +2.1 0.031 £ 0.020 0.32 £0.16
Post-fit ¢7 474 £+ 31 560 + 50 16.8 £ 2.5 59+6
Post-fit Single top 80+ 23 260 + 60 26 £ 6 27+6
Post-fit Diboson 1.8+04 6.1 +1.1 1.04 £0.23 091 £0.15
Post-fit SM Vh(bE) 0.38 = 0.07 1.58 +£0.28 0.31 £ 0.06 0.203 £ 0.022
Post-fit t¢h, ttV 3.15+0.23 954+04 1.24 +0.12 2.39 +0.15
Total post-fit SM Bkg 597 + 18 935 £ 29 56 +5 97+ 6

Table 30: Pre-fit and Post-fit (background-only) yields for the 1-u CR in the > 3 b-tag region
across different E3"*° bins [234].

146



3 2500 T T T T T e R AN A sarsanaas st i B L A A RN A AP aaM AR A
(O] r = SM Vh 1 0 25001 = SM Vh 1 0 - = SM Vh 4
’ - -1 I Diboson n [ - -1 I Diboson ] L - -1 - leosnn 4
8 [ fs=13Tev, 1391 W(bb,be,cc bl) 18 [ fs=13Tev, 1391 Wb be, cc bl) 18 [ fs=13Tev, 139 ]
o 2000 Resolved: 2-lepton -t 1 [ Resolved: 2-lepton t 1 & opp[- Resolved: 2-lepton -Sm le _
2 F 1s0cev <l . <2000ev = SN ) 1 £ 000 200GV <ET, o <350GeV = onbenety 2 [ 350GeV<EMS <500GeV gy ?E",",)"‘ cobh b
[ - Z+cl]) B - - Z+cl,]) - e Background Uncertainty
5 | 2btag nh(mv B 5 [ 2btag s ] 5 [ 2btag > Preit Background
B www Background Uncerlamt)r - W Background Uncertainty]
1500[— - Pre- 'E Background F . Pre-l\? Background B 150 [ ]
1500 L 4
E 4 J
1000 3 1o MMM
F g 1000 = F ~
500 ] 500 B 501~ .
Lo 1 1 1 1 1 1 1 1 1 1 N Lt 1 1 1 1 1 1 I I I I N [ |
5 LO5ETTT T T I I T g g g T T I g 12T T T [ e e
£ . £ £ S 3 |
E E E E
] il N B N N N N S N T | m ol S 0.8E Ll bl b bl .
o 60 80 100 120 140 160 180 200 220 240 260 280 O 60 80 100 120 140 160 180 200 220 240 260 280 O 60 80 100 120 140 160 180 200 220 240 260 280
m,, [GeV] m,, [GeV] m,, [GeV]
% ‘+I‘)ata T - % FT ‘+I‘)ata ' b % 14;I —
o = SM Vh 310 r = SM Vh 40 . B
=1 - {s=13Tev, 139" = poson 3 g 100[~ fs=13Tev, 139 ib* o poson 1 8 [ fs=13Tev, 139" ]
q F Resoived: 21 Iep!cn . Single t E [ Resolved: - Iep!cn z+(nb be,cc,bl) ] & 121 Resolved: 2- Iep!cn -
- Z*(bb pocc bl) E r - Z+(cl)) 1 % C ]
2 - 150 GeV < ETE | <200 GeV g 7+l ) ER- 200 GeV < Ey' ., <350 GeV munv 2 [ 350GeV<E[y . <500GeV Pre-it Background |
] nhmv 1 — = Background Uncertainy| @ [ .
> 23btag Background Uncertainty] = [ z3btag .. Preit Background o > 10r~ 2 3b-1ag —
w Pre-fit Background  — W L 4w F 1
] 60— — -
b T
4 B
2 -
I U AT B I I AT I WP e |
= < 1.2FT T T T T T T T T T T 5 | 2FT T T T T ‘l T T T T
g AT T e T
© | R A I | . © f<] S I IR P I I I T T S | © y \\H\\\H\H\\H | | .
[al 60 80 100 120 140 160 180 200 220 240 260 280 a0 60 80 100 120 140 160 180 200 220 240 260 280 s 0° 60 80 100 120 140 160 180 200 220 240 260 2 0
my, [GeV] my, [GeV] my, [GeV]
> AR AR AR AR R AR A R AR R SRR R AR > R B R R
[ C —e— Dat: 7 [0} ata
(O] 60 ; [ SMVh - O] - [ SMVh
o F 5= 1 = Diboson B = - 1 Diboson -
Q E Vs=13Tev, 139 fb Weob e cc.bi) b Q 12 {s=13Tev, 1391 o a
o [ Merged: 2-lepton tt . o - Merged: 2-lepton W Single top -
" [ mm Single top _ " Z+(bb,bc,cc,bl) —
2 501 500 Gev < ET' lep. invis Z+(bb be,cc,bl) B 2 10| 500 Gev <ET: ep. invs. — Z+(cl]) —
o T 2btag . Z+(cl)) n o >3 btag tth+ttV B
Li C tth-+ttV 7 Li = \\\ Background Uncertainty™|
400 s Background Uncertainty] r + Pre-fit Backgroun B
F + Preit Background | 8- ]
. o h
D T e E Ty T T e LT NN N
F 7 NN \
201~ ] 4
10— — 2~ w —
Lt 1 1 1 1 1 1 1 1 1 1]
3 1 e R Rl A =m—
% 12 o 155 | S
a R a
3 3 05 T E
‘EOBE P P B H‘\H\m\mmmq © 'Omu‘HmuwH\HmHm‘mm\m\um
o 60 80 100 120 140 160 180 200 220 240 260 o 60 80 100 120 140 160 180 200 220 240 260
m, [GeV] m; [GeV]

Figure 84: The total yield in the combined 2-lepton CR across different h-tag and E%liss regions
after the background-only fit. The blue dashed line represents the background prediction from
MC before the simultaneous fit. The second canvas shows the ratio between the fitted background
prediction and the observed data, and the dashed gray band represents the total MC uncertainty.
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2L2b 2L2b 2L2b 2L 2b

150-200 GeV | 200-350 GeV | 350-500 GeV > 500 GeV
Observed data 1193 1298 113 26
Pre-fit Z + (bb, bc,cc,bl) 810+ 110 870 + 120 71 + 10 16.7 + 1.4
Pre-fit Z + (cl,1) 22+ 8 30£8 42+15 22+0.7
Pre-fit W + (bb,bc,cc,bl) | 0.065 £ 0.035 0.28 £0.16 - 0.00056 4+ 0.00006
Pre-fit W + (cl, 1) - - - -
Pre-fit 17 30+ 10 7.0+2.5 0.30 £+ 0.09 0.25 +0.09
Pre-fit Single top 106 53435 0.6 £0.5 0.28 £0.26
Pre-fit Diboson 53+9 78 + 14 9.0+ 1.6 3.0£05
Pre-fit SM Vh(bb) 23.7+19 33.7+£28 47+04 1.21 £0.12
Pre-fit tth, 1tV 0.066 +0.032 | 0.06 + 0.05 - 0.0025 + 0.0005
Total pre-fit SM Bkg 950 £+ 120 1030 &+ 130 90 + 11 236 23
Post-fit Z+ (bb,bc, cc,bl) 1079 + 28 1144 £ 29 87+ 4 23.0+1.6
Post-fit Z+ (cl,1) 15+5 2345 32409 1.74+0.5
Post-fit W + (bb, bc,cc,bl) | 0.063 £+ 0.035 0.26 £ 0.15 - 0.00053 4 0.00009
Post-fit W + (cl,1) - - - -
Post-fit 17 30+ 8 52+1.5 0.23 +£0.07 0.26 £ 0.07
Post-fit Single top 12+6 6.7 +£3.0 0.62 +£0.31 0.23 £0.16
Post-fit Diboson 54+ 6 76 +9 87+1.1 29+04
Post-fit SM Vi (bb) 239+ 1.7 339+24 4.61 £0.35 1.18 £0.10
Post-fit tth, 1tV 0.064 4+ 0.024 | 0.043 £ 0.023 - 0.0022 + 0.0004
Total post-fit SM Bkg 1215 + 26 1289 + 27 104 + 4 29.3£2.0

Table 31: Pre-fit and Post-fit (background-only) yields for the combined 2-lepton CR in the 2b-
tag region across different Ef"** bins [234].

2L>3b 2L>3b 2L>3b 2L >3b

150-200 GeV 200-350 GeV | 350-500 GeV > 500 GeV
Observed data 15 47 6 4
Pre-fit Z+ (bb, bc, cc,bl) 100+ 24 24+ 4 2.74+0.5 224+04
Pre-fit Z + (cl,1) 0.6 £0.7 0.32+0.28 | 0.021 £0.011 | 0.12 +0.04
Pre-fit W + (bb, bc, cc, bl) - - - -
Pre-fit W + (cl,1) - - - -
Pre-fit 17 1.5+0.8 1.3£1.0 - 0.33 £ 0.09
Pre-fit Single top 04+£0.6 - - 0.24 +£0.16
Pre-fit Diboson 0.49 + 0.24 1.8+04 0.40 +0.10 0.24 £ 0.05
Pre-fit SM Vh(bb) 0.158 £ 0.029 0.50 £ 0.10 | 0.082 £0.017 | 0.049 £ 0.007
Pre-fit tzh, 11V 0.0042 + 0.0004 | 0.036 + 0.010 - 0.041 £ 0.005
Total pre-fit SM Bkg 13+4 28£5 32+05 32+05
Post-fit Z+ (bb, bc, cc,bl) 15.1 £2.2 41+ 4 44+0.7 35+£06
Post-fit Z+ (cl, ) 04+£04 042 £0.29 | 0.014 £0.007 | 0.075 £ 0.021
Post-fit W + (bb, be, cc, bl) - - - -
Post-fit W + (cl, 1) - - - -
Post-fit 17 1.24+0.5 0.8 +£0.5 - 0.27 £ 0.08
Post-fit Single top 0.27 £0.29 - - 0.27 £0.12
Post-fit Diboson 0.39 £0.13 1.75 £ 0.34 0.38 £ 0.08 0.22 £ 0.04
Post-fit SM Vh(bb) 0.146 £ 0.028 0.49 £0.09 | 0.075 £ 0.015 | 0.045 £ 0.007
Post-fit tth, 1tV 0.0040 + 0.0004 | 0.030 = 0.005 - 0.038 £ 0.006
Total post-fit SM Bkg 17.5£2.6 44 +4 49+0.7 45+0.7

Table 32: Pre-fit and Post-fit (background-only) yields for the combined 2-lepton CR in the > 3
b-tag region across different ET"** bins [234]].
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Figure 85: The Higgs candidate mass distribution in the O-lepton SR for the 2 b-tag category
across different EITanS bins after the background-only fit. The blue dashed line represents the
background prediction from MC before the simultaneous fit. The second canvas shows the ra-
tio between the fitted background prediction and the observed data, and the dashed gray band

represents the total MC uncertainty. The red dashed line shows an example signal point from the

7'-2HDM model, which is scaled by a constant factor to make it visible [234].
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Figure 86: The Higgs candidate mass distribution in the O-lepton SR for the > 3 b-tag category
across different E%liss bins after the background-only fit. The blue dashed line represents the
background prediction from MC before the simultaneous fit. The second canvas shows the ra-
tio between the fitted background prediction and the observed data, and the dashed gray band
represents the total MC uncertainty. The red dashed line shows an example signal point from the
2HDM-+a bb-induced model, which is scaled by a constant factor to make it visible .
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OL2b OL2b OL2b OL 2+0b OL2b

150-200 GeV | 200-350 GeV | 350-500 GeV | 500-750 GeV > 750 GeV
Observed data 14259 13724 799 168 19
Pre-fit Z+ (bb, bc, cc,bl) 4450 + 230 5110 4 350 377 + 24 72 + 8 83+21
Pre-fit Z+ (cl,1) 91 £23 170 4 40 26 + 8 59+1.6 1.5+0.5
Pre-fit W + (bb, bc, cc,bl) 1570 + 130 1800 + 130 116 £ 10 256 +34 37+0.7
Pre-fit W + (cl,1) 120 4+ 60 140 4+ 60 21 +8 2.6+ 1.1 0.36 +=0.17
Pre-fit 17 4800 =+ 600 3600 £ 500 96 + 15 143 +24 0.50 £ 0.12
Pre-fit Single top 600 + 400 700 £ 500 334+24 7+7 0.5+0.7
Pre-fit Diboson 440 + 70 600 + 100 60 + 11 156 +2.8 1.68 + 0.34
Pre-fit SM V h(bb) 147 + 10 200 + 14 26.7+19 58+0.6 0.73 £ 0.08
Pre-fit tth, 1tV 8.0+£0.7 123+ 0.7 0.54 £0.11 0.32 +0.04 0.036 £ 0.006
Total pre-fit SM Bkg 12300 + 1100 | 12400 £ 1100 750 £+ 60 149 £+ 15 173 +2.8
Post-fit Z + (bb, bc, cc,bl) 6470 4+ 310 7200 £+ 310 508 + 26 94 +7 93+1.8
Post-fit Z+ (cl, 1) 70 £+ 14 132 + 27 18 +4 44+1.0 1.18 + 0.31
Post-fit W + (bb, bc, cc,bl) 1580 £ 210 1750 + 230 106 + 14 25+ 4 3.1+0.6
Post-fit W + (cl,1) 82 + 33 89 + 34 13£5 1.6 £0.6 0.20 4+ 0.09
Post-fit 17 4690 + 290 3290 =+ 240 77 £9 11.7+ 1.6 0.40 4+ 0.08
Post-fit Single top 570 £ 260 570 £ 260 21 + 10 26+1.9 0.11 £0.17
Post-fit Diboson 450 £+ 50 600 + 60 56 +7 153+1.9 1.70 + 0.28
Post-fit SM Vh(bb) 151 &+ 10 202 + 13 265+ 1.8 57+0.5 0.72 £ 0.12
Post-fit rth, 1tV 7.6 £04 11.8 £ 0.5 0.45 +0.06 | 0.287 =0.029 | 0.037 &+ 0.006
Total post-fit SM Bkg 14070 £ 110 13860 £ 100 825+ 19 160 £ 8 167+ 1.9

Table 33: Pre-fit and Post-fit (background-only) yields for the O-lepton SR in the 2 b-tag region
across different E3"*° bins [234].

OL>3b OL>3b OL>3b OL > 3b

150-200 GeV | 200-350 GeV | 350-500 GeV > 500 GeV
Observed data 408 658 42 46
Pre-fit Z+ (bb,bc, cc,bl) 54+ 11 152 £ 18 153+£23 9.0+13
Pre-fit Z+ (cl,1) 0.8+0.5 39+1.2 0.35+0.16 0.65 £ 0.20
Pre-fit W + (bb, bc, cc, bl) 23+4 48 £9 53+13 25405
Pre-fit W + (cl, ) 0.08 +0.14 29+19 1.5£0.7 0.06 £+ 0.04
Pre-fit 17 300 + 50 280 + 60 6.7+ 1.6 21.3+£29
Pre-fit Single top 23 + 17 50 £ 40 3.6 +3.1 44+3.1
Pre-fit Diboson 44+1.7 13.5 £ 3.1 224+0.6 1.5+0.5
Pre-fit SM Vh(bb) 0.8£0.5 3.0£0.6 0.44 £0.08 | 0.254 £0.033
Pre-fit tth, 11V 1.86 £ 0.25 43+04 0.40 £ 0.05 0.78 £0.12
Total pre-fit SM Bkg 410+ 70 560 £ 100 366 40+ 6
Post-fit Z+ (bb,bc, cc,bl) 101 £ 15 277 £ 28 264 +3.5 15.6 £2.0
Post-fit Z+ (cl,1) 0.6 +04 2.8+0.7 0.34 +0.12 0.44 +0.11
Post-fit W + (bb,bc, cc,bl) 21+4 47+9 42409 24404
Post-fit W + (cl,1) 0.01 £ 0.04 1.6 0.8 0.7+04 0.029 £ 0.025
Post-fit 17 277 £ 19 253 £22 52407 182+ 1.8
Post-fit Single top 23 £ 11 54 £+ 25 28+1.4 34+1.7
Post-fit Diboson 48+ 14 12.8 £2.2 1.8+04 1.26 £ 0.31
Post-fit SM Vh(bb) 0.65 + 0.28 29405 0.40 +0.07 | 0.231 £0.025
Post-fit tth, 1tV 1.78 £ 0.17 3.89+£0.26 | 0.371 £0.035 | 0.79 = 0.08
Total post-fit SM Bkg 430 £ 15 656 + 21 42 +4 423 +£2.8

Table 34: Pre-fit and Post-fit (background-only) yields for the O-lepton SR in the > 3 b-tag region
across different E3"*° bins [234].
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Figure 87|shows the Efrniss distributions after the background-only fit across different lepton,
b-tag and E%liss regions. Similar to the other post-fit plots shown above, there is good Data-MC

agreement across all the regions.
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Figure 87: E%‘iss distributions in the O-lepton (fig. , 1-u (fig. , and 2-lepton
(fig. [B71) regions for the 2 (left plots) and > 3 b-tag (right plots) categories across different
Efrniss bins after the background-only fit. The second canvas shows the ratio between the fitted
background prediction and the observed data (black dots). The dashed black band represents the
total MC uncertainty. The red dashed line in the SR plots shows an example Z’-2HDM signal

point [234].
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e Observed significance:

Figure [88] shows the observed significance against the background-only hypothesis for the
2HDM+a and Z’'-2HDM signal points. No significant excess has been observed across the two

signal models, hence exclusion limits are evaluated for both the signal models.
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Figure 88: Observed significance against the background-only hypothesis for the signal points of
2HDM+a ggF (fig. 88a), 2HDM+a bb-induced (fig. [88b)), and Z'-2HDM (fig. [88c) [234].

e Exclusion contours:

Figures 894, [89b] and show the exclusion contours at a 95% CL for the 2HDM+a
ggF, 2HDM+a bb-induced, and Z’-2HDM models respectively, where the signal points under the

curves are excluded. In each plot the black solid line represents the observed limit, the black dashed
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line represent the expected limits, while the green and yellow bands represent the +10 and +20
uncertainties on the expected limits respectively. The gray dashed line represents the kinematically
accessible regions i.e., my = m, +my, and my = my — my, for the 2HDM+a and Z’'-2HDM models
respectively.

For the 2HDM+a ggF signal model the exclusion limit reaches up to my = 1.25 TeV for
m, = 520 GeV. The gray area represents the exclusion contour results obtained from the analysis
with 36 fb~! [62] ATLAS data, and as shown in Figure the improvement for the exclusion
contour is up to 180 GeV for m,. The exclusion limits go higher for low m,, high m,4 regions
due to the increase of a — ah cross section. Given the parameter choices of the analysis, for
my 2 1750 GeV the aah coupling (c.f. fig. becomes > 41 and for my 2 1250 GeV [58, 247]
the 2HDM+a scalar potential does not remain bounded-from-below. The width of the additional
Higgs bosons becomes substantially higher for high m, values and the theoretical predictions are
subject to additional theoretical uncertainties from the treatment of the width. Hence, exclusion
limits for these regions with very large widths are not shown. Overall, there is good agreement
between the expected and observed limits.

As shown in Figure the exclusion limit for the 2HDM-+a bb-induced model reaches up
to my = 900 GeV for m, = 240 GeV. Due to the inclusion of the > 3 b-tag regions the analysis
gained sensitivity for the 2HDM+a bb-induced model (c.f appendix [C), which was not the case
in the previous analyses. The difference between the observed and expected limits is due to the
data deficit observed in the O-lepton > 3 b-tag regions for the E%“iss regions of 350 < E%“iss <
500 GeV and E%‘iss > 500 GeV, as shown in Figure This data deficit does not affect the other
signal models since the > 3 b-tag regions are mostly sensitive to the 2HDM-+a bb-induced model.
Between the 2HDM+a ggF and 2HDM-+a bb-induced models, the later is sensitive to much smaller
phase space in (mga,m,) plane. This is because the 2HDM+a bb-induced model has much lower
acceptance compared to the 2HDM+a ggF model and the number of signal events in the > 3 b-
tag regions passing E%‘iss > 150 GeV selection is significantly fewer. Although the analysis is

not sensitive to high my regions of the 2HDM+a bb-induced model, it should be noted that the
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bounded-from-below potential criterion breaks down for my 2 2150 GeV.

Figure shows the exclusion limit for the Z’-2HDM model where the exclusion limits
reach up to 3 TeV in my and 1 TeV in my4. The sharp drop near my, = 2800 GeV is because the the-
oretical cross sections drop for m4 > 350 GeV where the A — tf decay modes have contributions.

Overall, there is good agreement between the expected and observed limits.
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Figure 89: Exclusion contours for the signal points of 2HDM+a ggF (Figure , 2HDM-+a bb-
induced (Figure [89b)), and Z’-2HDM (Figure [89¢c) models [248]]. The solid black line represents
the observed limit at a 95% CL, the dashed black line represents the expected limit, the green
and yellow bands represent the +10 and 20 uncertainties on the expected limits respectively.
The gray area in Figure [89d| represents the exclusion contour obtained from the analysis with 36
fb~! ATLAS dataset I@]. The shaded area in Figure represents the region where the width of
at least one of the Higgs bosons (A, H or H) or of the pseudoscalar a is > 20% of its mass. In
all three plots the parameter space enclosed by the curves are excluded: regions to the left of the
curve for 2HDM+a, and regions below the curve for Z’-2HDM .
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e Limit on the visible cross section:

The above sections show the interpretations of the observed data in a E%‘iss + h — bb final
state in terms of the Z’-2HDM and 2HDM+a DM models. The results can also be interpreted
with a minimal assumption that a bb resonance is produced with a mass close to the SM Higgs
boson mass mj; = 125 in association with a significant E%‘iss . This is also known as the model-
independent limit (MIL) and this section describes model-independent upper limits obtained on
the visible cross section (effective cross section visible to the detector which is a fraction of the

total cross section). The visible cross section is given as:

Ovis n(b5)+DM = OhtDM X B(h — bb) x of x € (79)

where o/ x € represents the probability for an event to be reconstructed in a signal region with
a kinematic acceptance of o7, and € represents the experimental efficiency. The upper limits are
extracted with a similar likelihood analysis as described in section[5.1.11] However, the following

modifications are made to make the limits model-independent:

e Instead of a binned histogram of my, the my, bins between 90-150 GeV are merged into
a single bin. As shown in appendix [D] the chosen bins ensure that majority of the signal

events from the benchmark models fall in this range.

e A dummy signal with a cross section of 1 fb is injected in the merged bin of 90-150 GeV in
each E%niss and b-tag signal regions. The signal strength acts as a floating normalization. All
the signal regions are a part of the likelihood function but upper limits are set for one signal

region at a time.

The expected and observed model-independent limits obtained at a 95% CL for each individual

signal regions are shown in Table [35]and Figure 00|
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Signal region oo [fb] o5FP [fb]

vis,h(bb)+DM vis,h(bb)+DM

2b EMss € [150,200) GeV 3.26 2.0710%
2b EFss € [300,350) GeV 1.47 1.990-28
2b EINss € [350,500) GeV 0.33 0.33003
2b EMiss ¢ [500,750) GeV 0.15 0.13+3:93
2b EMiss € [750,00) GeV 0.05 0.0575:02
3+b EMiss ¢ [150,200) GeV 0.21 0.2710 09
3+b EMNss € [200,350) GeV 0.18 0.324005
3+b EISS € [350,500) GeV 0.06 0.081003
3+b EINSS € [500,00) GeV 0.06 0.06003

Table 35: Table summarizing the observed (obs) and expected (exp) upper limits at a 95% CL on

Ois h(bb)+DM = Oh+DM X B(h — bb) x ./ x € across different analysis regions [234].
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Figure 90: Figure shows the observed and expected upper limits at a 95% CL on 0, h(bB)+D
Op.pM X B(h — bb) x of x € across different analysis regions [248].
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5.2 Dark Energy analysis
5.2.1 Introduction

So far, no DE search has been performed in collider experiments. A DE search at the LHC
is based on the assumption that there is a non-zero coupling between the DE particles and SM
fields. Since the LHC is sensitive to a wide range of signatures, if there are interactions between
DE and SM particles, DE particles might be produced in collider experiments. At the LHC, the
searches for DE can be performed in two ways: (1) EW-precision measurements which are sensitive
to virtual DE processes, and (ii) the direct production of DE particles in pp collisions. The DE
search described in this thesis is based on the second procedure and is a reinterpretation of the

search for top super-partners in the z‘f+E¥liSS final state.

5.2.2 Dark Energy model

A limitation in developing DE models is that the microscopic dynamics of the DE inter-
actions is unknown. This shortcoming can be circumvented by building a EFT based DE model
where the microscopic dynamics of the DE interactions is irrelevant. Most DE models with scalar
fields and second-order equations of motion are based on the framework of Horndeski theories [S0],
where one tries to find a generic way to parameterize the interactions between DE scalar and SM.
The EFT based DE model [249] analyzed in this thesis is a part of the Horndeski theories and
contains EFT operators invariant under a shift symmetry ¢ — ¢ + ¢ where ¢ represents the DE
scalar field, and c is a constant factor. The model also assumes that DE is not a constant (c.f.
cosmological constant problem [250]). It contains nine shift symmetry preserving operators:

9 9 .
L=Lou+Y cili=Lsw+ Y, —a= 0" (80)
i=1 i=1 M,
where d is the dimension of the operator, ¢;’s are the Wilson coefficients, M is the characteristic
energy scale. As can be seen from equation 80} each operator is suppressed by powers of M, where

the power is the dimension of the operator. Different operators have specific physical interpre-
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tations, e.g., the operators L£1-L5 correspond to interactions of the SM fields with the DE scalar
field, L¢ corresponds to a generalized kinematic term of the DE scalar, and £7-Lg correspond to

non-trivial Galileon termﬂ Of the nine possible operators, £ and £, are studied in the analysis:

oo
=21 and L,=-F 0 ¢ 4v¢ T*Y
M; M;

(81)
where THV is the energy momentum tensor corresponding to all the SM fields. The motivations
behind studying only £ and £, operators are: they provide shift-symmetric interactions to avoid
Yukawa-like couplings between the DE scalar and SM fermions that are tightly constrained and
these being the lowest dimension operators in the model, they should capture the leading BSM
effects. Since for a Dirac field y, T,) = myy, the coupling between the DE scalar and SM fermions
induced by the £ operator is proportional to the mass of the SM fermions. On the other hand, the
L, operator contains derivatives of the SM fields and the coupling is proportional to their momenta.
The couplings induced by the £ and £, operators are called conformal and disformal couplings
respectively.

Since the £ operator induces couplings proportional to the SM fermion masses, it is more
sensitive to 7 + ¢ ¢ final states. On the other hand, £, is less sensitive to channels such as mono-
jet (jet + ¢ ¢), since a significant contribution of the effective hadronic cross section comes from
processes where the final state contains massless gluons and low-mass quarks. Since, the mono-jet
channel has events with high momentum transfer, the £, operator is more sensitive to the it. This

thesis considers £; and £, operators only where the final state is 7 + ¢¢ and the corresponding

Feynman diagrams are shown in Figure 01|

5.2.3 Dark Energy model implementation

To consider the collider phenomenology of the two operators of interest one can write:

1
Lpsy = Lsy + Zciﬁi + Emé(])z. (82)

> A type of kinematic term of the DE scalar containing multiple derivatives per field, e.g. £7 ~ %, O=0"d,.
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(a) L operator (b) L, operator

Figure 91: Feynman diagrams corresponding to the production of a pair of DE particles (¢) along
with ¢7 for the £ (fig. with red vertex) and £, (fig. with blue vertex) operators.

The DE analysis here considers the DE particle mass my to be small compared to typical collider

scales, hence %méq)z ~ (. The production cross section for a particular multiplicity of ¢ depends

2
G

on ~ M?2r

where r is the characteristic scaling of a given operator. To be able to derive constraints
(e.g., upper limits on cross sections) which depend solely on M, the Wilson coefficients are set to
ci=1.

The tf + ¢ DE signal MC events are generated using the MADGRAPH5S _AMC@NLO
2.5.5 generator [[167]]. The events corresponding to £ and £, operators are generated by setting
c1 = 1 and ¢, = 1 respectively, with all other ¢; = 0. The matrix elements are calculated at QCD
LO, using a LO PDF set NNPDF 3.0 with o, = 0.13, in the four-flavor scheme, and vetoing EW
contributions. To ensure that the amplitude scales as M~* for any value of M, during the matrix
element calculations either £; or £, operator is used. This ensures that while the cross section
depends on M, the differential distributions of the signal process is independent of M. The parton
shower and hadronization is performed by PYTHIA8.212 with the A14 set of tuned parameters,
and the LO NNPDF 2.3 PDF set with o, = 0.13. The renormalization and factorisation scales are

setto U = %Zimm where i runs over all final state particles and mr is the transverse mass of a

final state particle. The #f + ¢ ¢ samples are produced with the following particle level filters:
e 0 lepton: E%liss > 150 GeV.
e [ lepton: at least 1 lepton with py > 20 GeV, | 1 |< 2.8 and E%‘iss > 60 GeV.

e 2 lepton: exactly 2 leptons with py > 20 GeV, | n |< 2.8.
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To reproduce the correct equation of state for DE, the masses of the DE scalar fields should
be very small my = O(Hp) ~ 10~** [251]]. Different values of my were tested and as shown in
Figure 92] the #7 + ¢ ¢ production cross section and kinematics are independent of my. The DE
scalar field mass is set at my = 0.1 GeV [249] and the suppression scales are set at M = 400 GeV,
and M = 600 GeV for £ and £, respectively, which are rescaled as needed for other values of M.

Table |36 shows the details of the MC signal samples (17 + ¢ ¢) used.
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Figure 92: Figures show the dependency of 77 + ¢ ¢ production cross section (figure 924)) and
particle-level E5"* (figure i on my for the £ operator without any generator filters [252].

’ Operator \ M [GeV] \ Nevents \ o [pb] ‘
L 400 400000 3.2397x1073
L 400 100000 3.2530x1073
Lo 600 400000 2.1826x1072
Lo 600 100000 2.2320%x 102

Table 36: Dark energy MC signal samples used for the two operators along with the production
cross sections for the two operators [252].

5.2.4 Signal regions and event selections

The sensitivity estimation of the DE search in 7+ E‘Tniss final state is performed using the
selections from the search of DM produced in association with a #7 pair [253|] and from the search
for SUSY partner of top quark [254-256]]. Since the stop quarks analysis selections gave better

exclusion limits, these are used in the analysis. Depending on the decay products of the W*-bosons
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coming from top-decays (t — Wb), the tf + E%liss final state can be categorized into three channels:
0O-lepton where the W*-boson decays hadronically (W — ¢'g), 1-lepton where one of two W=-
boson decays leptonically (W — ¢+v), and 2-lepton where both W*-bosons decay leptonically.
The selections used in this analysis are taken from: (i) O-lepton channel: Signal Region A (SRA)
selections from stop O-lepton [254] analysis, (ii) 1-lepton: selections from tN_high [255]] region
where ‘tN’: top-neutralino and ‘high’ means SUSY top quark partner mass of 1 TeV, and (iii) 2-
lepton: Signal Region B (SRB) selections from the stop 2-lepton analysis [256]]. The selections for

the 0,1,2-lepton regions are described in Tables[37] [38] and 39| respectively.

) Regions
Variable SRATT | SRATW [ SRA_TO
ml e 1, >120 GeV
My g1 >120 GeV | [60,120] GeV | < 60 GeV
" >200 GeV
Nbfjet >2
T-veto yes
| A9 (jer™12, pi™) | >04
m, e o0s >60 GeV
AR(b,b) >1 -
m, >400 GeV | >400 GeV | >500 GeV
EMSS >400 GeV | >500 GeV | >550 GeV

Table 37: Selections for O-lepton channel, details about the variables are described in [254].

Variable tN_high
Nieptons exactly 1 loose lepton
pr (lepton) >25 GeV
Njets & Nbftags >4 & >1
Jet pr [GeV] > (100, 80, 50, 30)
E"S > 550 GeV
mr >160 GeV
Hys 27
amr) >175 GeV
m{gglustered >130 GeV
AR(b ) l) <2
| A (jer"2, pP™™) | > 0.4
m?., based T-veto > 80 GeV

Table 38: Selections for 1-lepton channel, details about the variables are described in [255]].

162



Variable Regions
SRB20SF | SRB149SF | SRB79DF | SRB49DF
Lepton flavor SF SF DF DF
pt (1), pr (£2) [GeV] >25, >20
my[GeV] [20, 71.2] or >111.2 >20
Aq)boost <L.5
Njets & Nbfjets >2& >1
m%, [GeV] [120,140] | >140 | [120,140] | >140

Table 39: Selections for 2-lepton channel, details about the variables are described in [256].

5.2.5 Uncertainties

Only the theoretical uncertainties related to the DE signal MC production is derived for this
thesis, while the detector and SM uncertainties are taken from the stop quark search. The theory
uncertainties can be classified into two categories: (i) cross section uncertainties that affect the
signal normalization and are independent of the decay channel, and selections, and (ii) acceptance
uncertainties that depend on the specific kinematic selections. These uncertainties arise from the
choice of the renormalization and factorisation scale, PDF set, and strong coupling constant o.
The renormalization and factorisation scale uncertainties are calculated by varying the nominal
values of renormalization and factorisation scales by a factor of two, and the combined PDF +
uncertainty is estimated using the PDFALHC [242] prescription. The total uncertainty is calculated
by adding the different uncertainties in quadrature. Tables|40jand fI]summarise the acceptance and
cross section uncertainties respectively. Since the signal acceptance uncertainties are much smaller
(5-12%) than the data statistical uncertainty (20-35%), and all other systematic uncertainties (15-

35%), its impact on the fitted signal strength is small.

Operator Ly Lo
Channel | O-lepton | 1-lepton | 2-lepton | O-lepton | 1-lepton | 2-lepton
Scale 1% 1% 1% 1% 1% 1%
PDF 12% 12% 4% 6% 8% 7%
Oy 0.3% 0.8% 2.7% 1.7% 1.5% 3.7%
Total 12% 12% 5% 6% 8% 8%

Table 40: Acceptance uncertainties for £; and £, operators [252].
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Operator Scale PDF Ol Total
+44% +59%

Ly 8% +39% +8% 489
+39% +46%

Lo 6% +25% +4% 36%

Table 41: Cross section uncertainties for £; and £, operators [252].

5.2.6 Validity of EFT approximation

The DE operators analysed in the thesis are derived by an expansion in the suppression
scale M, hence are valid only in regions where the momentum transfer (Q;,) in the interaction is
Q;r < M. In practice the EFT approximation validity holds for events that satisfy Q;, < g*ME],
and for the couplings to be in perturbative regime [257]] g. < 47 criterion must be satisfied . The

momentum transfer is calculated using the partonic center-of-mass energy [258]]:

2
<Z Pi) < g«M, where i € {partons in final state} (83)
i

For events that do not satisfy equation[83] the EFT validity is preserved by rescaling the EFT limits
by an iterative procedure [52]. To estimate the rescaling factor, the variable Ry,jiq, representing the

fraction of events satisfying the EFT criterion is defined:

N(Q < O =
Ryaia = V1@ Q;V g1) (84)

where Q7" represents the maximum momentum transferred in all events. The rescaled suppres-

sion scale Miegcaleq 18 Obtained with the following procedure:
(1) Assume all the events satisfy EFT validity 1.e., equation@ becomes Rygjiq,i—1 = 1.

(ii) Calculate Q"™ (i) = g,M(i) = g.M(i—1).

N ax
(iii) Calculate Ryyjiq; = %

tri—1

1/8
valid

(iv) Evaluate M(i) = R /;;;M (i) and continue the iteration until Ry,jiq ; = 0 or Ryaiia; = 1.

6 g 1s a variable dependent on the ultra violet (UV) completion details of the EFT model. A UV complete the-
ory is predictive at all high-energy scales.
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1/8

Since the DE production cross section (o) for £ and £, scales as 0 o< M~ '/°, the final rescaled

suppression scale Megcaled 1S calculated as:

1/8
Miescated = HRvéhd , (85)
5.2.7 Results

The presence of a DE signal is investigated by fitting the expected DE signal and the SM
background yield to the observed data in the three lepton channels simultaneously, using a binned
maximum-likelihood approach. Similar to the original analysis [254]], no significant data excess
is found compared to the SM backgrounds. Hence, upper limits are calculated on the production
cross sections (pp — tf + ¢ @) for L and L, operators, at a 95% CL using the CLg method [259].
The upper limits on cross sections (o) are translated to the lower limits on M since & o< M~!/3.
Table shows the lower limit on M across different channels. The O-lepton channel has the
highest sensitivity due to low data fluctuations and the corresponding exclusion plots are shown
in Figure For DE production, suppression scales up to M < 309 GeV and M < 674 GeV are
excluded at 95% CL for the £; and £, operators respectively. Figure [94] shows the exclusion
limits on the {g.,M}, after applying the EFT validity criterion (equation . The EFT scaling
is performed using the Qy distribution without any selections. For DE production, suppression

scales of M < 300 GeV and M < 670 GeV can be excluded at 95% CL for the £ and £, operators

respectively for g, > 10.

Operator | Channel | Observed | Expected | +20 | +10 | =10 | —20
O-lepton | 309717 | 313 | 284 | 299 | 326 | 338

£ 1-lepton | 2907)] 312 282 | 297 | 326 | 338
2-lepton | 266710 279 | 254 | 266 | 291 | 301
O-lepton | 674133 675 | 615 | 643 | 704 | 730

L

1-lepton | 633732 680 | 617 | 648 | 709 | 735
2-lepton | 536735 | 562 | 511 | 536 | 585 | 607

Table 42: Expected and observed lower limits on the suppression scale M (in GeV) before rescal-
ing (EFT validity criterion not applied). The errors on the expected limits correspond to the un-
certainty on the signal production cross section [252]].

165



10

a C ] a E 3

[X [=8 E 3

o 10 Vs =13 TeV, 36.1 fb" = o C Vs =13 TeV, 36.1 fb" ]

E 0-lepton 3 - 0-lepton B

= —— Observed (CLs) B 1 —— Observed (CLs) |

T Expected (CLs) 7 = Expected (CLs) 3

1 [ Expected + 1o - n [ Expected + 1o ]

E [ Expected + 2c E = [ Expected + 2c N

E — o(L1) 3 B — o(L2) 7

1 I N 66(L1 )PDF.scaIe ] 1071 S T 66(LZ)PDF.scaIe 3

10 E 2 E

107 E

] N R R RN BN BRI B 10° B b b e e e
100 150 200 250 300 350 400 450 400 450 500 550 600 650 700 750

M [GeV] M [GeV]

Figure 93: Exclusion plots for £ (left) and £, (right) operators in O-lepton channel. The errors
on the predicted cross sections correspond to the scale and PDF uncertainties. Suppression scale
(M) values to the left of the crossings of solid black-red (£ ) and solid black-blue (£;) lines are
excluded. Figure credits to Dr. Spyridon Argyropoulos.

1) e B B B B s A L R S e
s 300 ys=13Tev, 36.Lfb" sl = F Vs=13Tev, 36.1fb"
[ L, operator, ti+E:"SS 600;L2 operator, tf+E'r"‘SS
2501 epton 500: -lepton

PF scal
bserved (¢ 10,007

- Expected (CLs)
[ Expected + 1o
150 [ JExpected * 20

200

--- Expected (CLs)
F [ Expected + 1o
300 [JExpected + 20

400

TTTT TTTT

FE EJExcluded F EJexcluded
100( 200F
50F 100
E ! L E Ll
00 2 4 00 2

g 9,

Figure 94: Exclusion contour in {g.,M} plane for £, (left) and L, (right) operators in 0-lepton
channel, after taking into account the EFT validity criterion. Parameter points enclosed by the
curve, shown by red hashed lines, are excluded. Figure credits to Dr. Spyridon Argyropoulos.

These are the first results of a direct DE search in a collider experiment. The #f + E‘Tniss
analysis provides the most stringent limits on the suppression scale M from £ operator. However,
it is not yet sensitive to weakly coupled models. The most stringent limit from £, operator is
derived from the mono-jet search (with one highly energetic jet) and is not a part of the
thesis.

The EFT model of DE analysed here contains a DE light scalar field (and its associated
quantum excitations, i.e. scalar particles) which can drive the accelerated expansion of the uni-

verse I, . If DE particles are produced at colliders large E%liss is expected compared to the
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SM prediction. If deviations from the SM are found which are compatible with the predictions
of the EFT DE model, further measurements will be needed to confirm the microscopic nature of
the associated particles/interactions. The primary aim of DE searches at colliders is to provide

additional constraints to the cosmological and astrophysical probes of DE.
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6. SUMMARY, CONCLUSIONS AND FUTURE PROSPECTS

This thesis describes searches for DM and DE using the dataset recorded by the ATLAS
detector at the LHC. The thesis analyzes the missing mass prediction using the extensions of
the 2HDM model for dark matter sector and a phenomenologically inspired effective field the-
ory model for dark energy interacting with the Standard Model. This chapter summarizes the two
above-mentioned analyses, results, and possible future works.

The main analysis described in this thesis is the search for DM in the mono-%(bb) channel
using the full Run 2 ATLAS dataset of 139 fb~!. This analysis searches for DM particles produced
in association with a SM Higgs boson decaying to two b-quarks. If the DM particles exist and are
produced at the LHC, would very likely escape the detector undetected, there would be a significant
amount of E‘TniSS in the final state. Consequently, the final state consists of E%‘iss and two b-jets.
The results are interpreted in terms of two benchmark DM models, the Z'-2HDM and 2HDM-+a.
Both these models are extensions of the 2HDM model and are related to the Higgs-portal models,
where the DM particles interact only with the Higgs sector.

The Z'-2HDM model predicts that the DM particles () are produced through the physics
process pp — Z' — hA — (bb)xJ, where the Z'-boson is a massive spin-1 mediator and A is the
CP-odd Higgs. The analysis investigates the Z-2HDM phenomenology for different masses of Z’
and A. The 2HDM+a model has two production mechanisms to generate DM candidates, the ggF
mechanism, and the bb-induced mechanism. The ggF and bb-induced mechanisms are dominant in
the low tan 8 and high tan 3 regions respectively, where tan f3 is the ratio of the vacuum expectation
values of the two Higgs doublets in the 2HDM model. In this work, fixed values of tan3 = 1 and
tan B = 10 are used for the MC simulation of the 2HDM+a ggF and bb-induced signal samples,
respectively. The masses of the two CP-odd particles A and a are also varied to investigate the
2HDM-+a signal model.

In the SR of the mono-h(bb) analysis, the leptons are vetoed, and since a significant amount

of E%‘iss is expected in the final states, a E%‘iss > 150 GeV selection is applied. Depending on the
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E‘TniSS , the phase space of the analysis is divided into two topologies: Resolved for 150 < E%liss
< 500 GeV and Merged for E%‘iss > 500 GeV. Since the characteristics of the E%‘iss spectra depend
on the mass parameters of the signal models (mz,m4,m,), to achieve sensitivity to different signal
points the SR is further divided into several E%‘iss bins. Moreover, the analysis phase space is
divided into different b-tag categories: 2 b and > 3 b-tag category. The > 3 b-tag category is
introduced in this analysis to gain sensitivity to the 2HDM-+a bb-induced model.

The main SM backgrounds in the mono-i(bb) analysis are the W /Z+jets and t7 processes,
and to constrain these backgrounds, two separate CRs are designed. The W+-jets and #f back-
grounds are constrained by using a 1-u CR, and the Z+jets are constrained by two 2-lepton CRs,
where the two leptons are either electrons or muons of opposite-sign.

The final results are interpreted by a binned profile likelihood fit of the observed data to
the model containing the SM backgrounds, Z’-2HDM, and 2HDM-+a models. All analysis regions
are fitted simultaneously. Since no significant excess is found in the observed data compared to
the SM backgrounds, upper limits on the DM production cross-sections are obtained using the
CL; method. These upper limits are used to derive exclusion limits on the (my/,my4) plane for the
7'-2HDM model and on (m,,my) plane for the 2HDM+a model. Improvements on the exclusion
limits for both the Z’-2HDM and 2HDM+a signal models are observed. The improvements come
from both the increased data statistics and the analysis techniques. By including the > 3 b-tag
regions, the analysis gained sensitivity to the 2HDM+a bb-induced mechanism, which was not the
case in previous iterations of the analysis. The 2HDM+a and Z'-2HDM models are recommended
DM models to be studied at the LHC by the LHC DM working group. Although no DM particles
are observed in the analysis, improved exclusion limits on the model parameter space are obtained.

Although the increase in data statistics and refined analysis techniques have improved the
results of the mono-4(bb) DM search, further optimizations could be implemented that could yield
better results. At the end of Run 2, the amount of ATLAS data available for physics analysis is 139
fb~!, while at the end of Run 3 (planned for 2023) the total available data projection is 300 fb~!. In

addition to data statistics, analysis strategy improvements can also lead to better results. The lower
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bound for E%‘iss is set to 150 GeV, however, signal points such as low my points in the Z’-2HDM
model, the bb-induced 2HDM+a models, have lower E%‘iss values. Therefore, lowering the E%’iss
cut makes the analysis more sensitive to these signal points. The analysis also saw an increase in
sensitivity by splitting the Merged regions into multiple E%‘iss bins. Although the Merged E%niss
bins were optimized, the Resolved E%niss binnings were taken from the previous round of mono-
h(bb) analysis, and optimized Resolved E%liss binning could be beneficial. Similarly, another area
of optimization could be the choice of m;, binning that goes into the simultaneous fit. As mentioned
earlier, the W*+ jets and ¢7 backgrounds are estimated using the 1-y CR. Instead of a 1-i CR one
can design a dilepton CR with an electron and a muon of opposite-sign (e" ™ or e"u™ ) to
estimate the 7 backgrounds. The choice of leptons makes the CR rich in 77 events, since it cuts
away the Z+ jets events. To estimate the W*+ jets backgrounds, one can still use the 1-u CR
with an additional W-boson mass proxy cut to remove the 77 events. In the analysis, a deep neural
based b-tagger (DL1) was used to tag both the small-R jets and the VR track jets. Using the new
b-tagger (DL1r), which has improved b-tagging performance for the boosted jets, could improve
the results in the Merged category. For the 2HDM+a model exclusion limits are shown in the
my — my plane, however other parameter scans can also be studied, i.e. tanf3, sin 6, my. In direct
and indirect detection experiments constraints are put on the WIMP-nucleon cross section and
WIMP annihilation cross section respectively as a function of the WIMP mass. In the 2HDM+a
model, it is possible to put constraint on WIMP production cross section as a function of WIMP
mass, which would be aligned with the current non-collider DM results.

The search for DE described this thesis in a #7 + E%“SS final state and is a reinterpretation of
the search for top super-partners in the 77 + E‘TIliss final state. The analysis is based on a EFT based
DE model in which the DE-SM interactions, kinematic properties of DE are characterized by nine
shift symmetry preserving operators. Of the nine operators, two are analyzed in this thesis. One
operator (L) induces a DE-SM coupling proportional to the mass of the SM fermions, while the
coupling by the other operator (L) is proportional to their momenta. Since the coupling from the

L operator is proportional to the fermion masses, it has the highest sensitivity to the 7 + E%liss
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final state. £, is more sensitive to final states like mono-jet + E%liss . Depending on the 7 decay
type the phase space of the analysis is divided into 0,1, and 2-lepton regions. The presence of a
DE signal is tested by fitting the expected DE signal and the SM background yield to the observed
data in the three lepton regions simultaneously using a binned maximum-likelihood approach.
Since no significant data excess is found compared to the SM backgrounds, upper limits on DE
production cross-sections (pp — ti¢ ¢) for L and L, operators are calculated at a 95% CL using
the CLs method and are translated to the lower limits on the suppression scale M. Although the
DE analysis is a reinterpretation of the search for top super-partners, it is the first result of a DE

search in collider experiments.
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A. COMBINING DIFFERENT BACKGROUND SAMPLES

Few of the important SM backgrounds in the mono-i(bb) analysis are 7, Z+jets and Dibo-
son (DB) backgrounds, as shown in Figure In the previous iteration of the mono-A(bb) analysis [235],
only EMSS inclusive 7, inclusive DB (Z — ¢g) and MAX (HT, PTV) sliced Z(— vv)+jets MC
samples were used. In this iteration, in addition to the above-mentioned MC samples, MC samples
produced with specific filters are also included such as, (i) E‘TniSS filtered ¢7 samples, (ii) B-filtered
DB VZ (Z — bb), and (iii) Z (— vVv)+jets PTV sliced samples. This section describes the methods
of combining the filtered samples with the nominal ones, following the prescriptions described
here [349], and how it affects the analysis. In general, the merging increases the MC statistics and
reduces the MC statistical uncertainty. Each MC sample in ATLAS has a dataset identification
number and is denoted as DSID in the following sections.

e Combining inclusive and E%ﬁss filtered ¢ samples

In the previous mono-h(bb) iteration, the modelling of t7 background was performed using
only a EIU'S inclusive non-all hadronic tt MC sample. Since the sample is EX'S inclusive, the EsS
> 150 GeV selection reduces a significant amount of statistics. There are two possible approaches

to increase the statistical power and decrease the statistical uncertainties:

1. Generate the E%’iss inclusive non-all hadronic 17 MC sample with more statistics, which re-

quires significant CPU time.

2. Produce E‘TniSS filtered 1 MC samples targeting different phase spaces of the analysis, which

consumes much less CPU time.

In the analysis described in this thesis, the second option has been implemented to increase the ¢f
MC statistics and Table lists the nominal and different E%liss filtered 1f MC samples used in the
analysis. The 100 < E%‘iss < 200 GeV filtered 77 sample is generated in such a way that there are
no overlaps with the EITniss inclusive #f sample, while the EITIliSS > 200 GeV filtered 7 samples can

have overlaps. Different ¢ samples are merged together using the following reweighting strategy:
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1. For events with E%‘iss < 100 GeV, only events from the E%liss inclusive #7 sample are used

with the original MC generator weight.

2. For events where 100 < EINSS < 200 GeV, both the EIN'S inclusive and 100 < EM < 200
GeV filtered t7 (DSID:345935) sample events are used with half of the original MC generator

weight.

3. For events with E%niss > 200 GeV, only the EITIliSS filtered t7 sample events are used with the

original MC generator weight.

’ DSID \ Generator \ Process

410470 | POWHEG+PYTHIAR.230+EvtGen non-allhad ¢7, ET"* inclusive
345935 | POWHEG+PYTHIA8.230+EvtGen | non-allhad ¢7, 100 < ET"* < 200 GeV
407345 | POWHEG+PYTHIA8.230+EvtGen | non-allhad 7, 200 <ET"* < 300 GeV
407346 | POWHEG+PYTHIA8.230+EvtGen | non-allhad ¢7, 300 < Ef"™* < 400 GeV
407347 | POWHEG+PYTHIA8.230+EvtGen non-allhad t7, E;" > 400 GeV

Table A.1: List of nominal and EM* filtered /7 MC samples used in the mono-i(bb) analysis.

The sample reweighting strategy is validated with the 0-lepton Resolved and Merged re-
gions. Figure shows the E%niss spectrum comparison between the E‘TIliss inclusive and EITIliss
filtered ¢f samples before and after the reweighting. The ratio plot corresponds to the ratio of E%‘iss
inclusive #7 before reweighting and the final #7 sample used in the analysis. As shown in the plot,
the ratio is mostly within the statistical uncertainty (yellow band) of the E%liss inclusive 17 sample.

The increase in MC statistics decreases the MC statistical uncertainties and Figure [A.2]
shows the my, distribution comparison, before and after the sample extension in the O-lepton SR for
the 2 b-tag category in E%‘iss inclusive Resolved (left plot) and Merged (right plot) regions. The
ratio of the two is within the statistical uncertainty band (yellow) of the E‘TniSS inclusive t7 sample.
For the Resolved and Merged 2 b-tag regions the relative error on the area under the curve covered
by the ¢f sample is reduced by 28% and 75% respectively, hence the sample extension increases

the ¢ modelling precision.
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Figure A.1: E%‘iss spectrum for the nominal #7 (black) and different E%‘iss filtered slices after
reweighting.
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Figure A.2: Higgs candidate mass distribution (m;,) comparison between the E%liss inclusive (red)
and reweighted (blue) ¢ sample in Resolved (left plot) and Mf;rged (right plot) regions. The yel-
low band represents the statistical uncertainty band for the ET"** inclusive tf sample.

e Combining Zvv+jets MAX(HT, PTV) with PTV sliced samples

The Z(— vv)+jets are the irreducible SM backgrounds in the analysis. It contributes to
~30% and ~60% in the O-lepton 2 b-tagged Resolved (150 < E%‘iss < 200 GeV) and Merged re-
gions respectively, to the total SM background. In the previous iteration of the mono-4(bb) analysis
only Z(— vv)+jets MAX (HT, PTVﬂ samples were used. In this iteration, the MAX (HT, PTV)
Z(— vVv)+ets samples are merged together with the B-filtered 2 PTV sliced Z(— vv)+jets samples

to increase the MC statistics. This section describes the method of combining the above-mentioned

7 Selects events with either maximum Hr or pr(V). The PTV refers to the pt of the Z boson (pr(Z)) and Hr =

Y pr. B-filtered sample contains at least one b-jet which passes some selection criteria.
Jjets
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types of Z(— vv)+jets samples and how it improves the statistical uncertainties. Table lists

the Z(— vv)+jets MAX (HT,PTV) and PTV sliced Z(— vV )+jets B-filtered samples used in the

analysis.

’ DSID \ Generator \ Filter
Zvv+jets MAX(HT, PTV) samples

364144 | SHERPA v2.2.1 MAX(HT, PTV) 0_70
364147 | SHERPA v2.2.1 MAX(HT, PTV) 70_140
364150 | SHERPA v2.2.1 MAX(HT, PTV) 140280
364153 | SHERPA v2.2.1 MAX(HT, PTV) 280_500
364154 | SHERPA v2.2.1 MAX(HT, PTV) 500_1000
364155 | SHERPA v2.2.1 | MAX(HT, PTV) 1000_E_.CMS

Zvv+ijets PTV sliced B-filtered samples
366010 | SHERPA v2.2.1 PTV 70_100
366011 | SHERPA v2.2.1 PTV 100-140, M;; 0500
366012 | SHERPA v2.2.1 PTV 100.140, M ;; 5001000
366013 | SHERPA v2.2.1 | PTV 100.140, M;; 1000_E_CMS
366014 | SHERPA v2.2.1 PTV 140280, M ;; 0_500
366015 | SHERPA v2.2.1 PTV 140_280, M ;; 500_1000
366016 | SHERPA v2.2.1 | PTV 140280, M;; 1000_.E_CMS
366017 | SHERPA v2.2.1 PTV 280_500
364222 | SHERPA v2.2.1 PTV 500.1000
364223 | SHERPA v2.2.1 PTV 1000_E_CMS

Table A.2: List of the Z(— vv)+jets samples used in the analysis. Each sample filter name con-
tains the filters applied it, e.g., MAX (HT, PTV) 70_140 represents 70 < MAX (HT, PTV) < 140
GeV. The E_CMS represents no upper bounds up to the Center Of Mass Scale (13 TeV).

Besides the B-filtered samples there are other PTV sliced samples available such as C and

light-filtered Z(— vv)+jets samples. However, as shown in Table the statistics of C and light-

filtered samples in the O-lepton 2 b-tag regions are negligible compared to the B-filtered samples.

Hence, for simplicity purpose only B-filtered PTV sliced Z(— vVv)+jets samples are merged with

the MAX (HT, PTV) Z(— vv)+jets samples.

Topology | b-tag | Total Zvv+jets PTV yield | B-filter C-veto | C-filter B-veto | B-veto C-veto
Merged 2 0.758 97.6% 1.4% 1.0%
Resolved 2 31.67 89.6% 8.2% 2.2%

Table A.3: Yields comparison between different filters of PTV sliced Z(— vV )+jets samples. The
total includes contributions from all three types of samples.
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The MAX (HT, PTV) and B-filtered PTV sliced Z(— vV )+jets samples are merged together
with the MC generator weights halved for each event. Similar to #7, the increase in MC statistics
improves the statistical uncertainty for both Resolved and Merged regions. Figure [A.3|shows the
my, spectrum before and after the merging of the above-mentioned Z(— vv)+jets samples in the
O-lepton SR for the 2 b-tagged Resolved and Merged regions. The MC statistical uncertainties
decreased by 11% and 39% in Resolved and Merged region respectively. The ratio of MAX (HT,
PTV) only and combined Z(— vV )+jets samples is within the statistical uncertainty of the MAX

(HT, PTV) Z(— vv)+jets samples.
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Figure A.3: The my, spectrum before (red) and after (blue) the merging of the Z(— vv)+jets sam-
ples in the O-lepton SR for the 2 b-tagged E‘TniSS inclusive Resolved (left plot) and Merged (right
plot) regions. The yellow band represents the statistical uncertainty band for the v+jets MAX
(HT, PTV) samples.

e Combining inclusive and B-filtered diboson samples

The other SM background sample that has been extended in the analysis is the diboson (DB)
sample. In the previous iteration only inclusive DB samples VZ(Z — qg) were used, while in this
iteration the B-filtered DB samples VZ(Z — bb) are also used to increase the MC statistics. The
inclusive and B-filtered DB MC samples used in the analysis are listed in Table[A.4]

Events from the two types of DB samples are reweighed and merged together, following the

merging strategy described below:

1. All the events from the B-filtered DB VZ (Z — bb) samples are used with a reweighted MC

generator weight.
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’ DSID \ Generator \ Channel

Inclusive diboson VZ (Z — qg) samples
363355 | SHERPA v2.2.1 7qqZvv
363356 | SHERPA v2.2.1 ZqqZll
363489 | SHERPA v2.2.1 ZqqWlv
B-filtered diboson VZ (Z — bb) samples
345043 | SHERPA v2.2.1 ZbbZvv
345044 | SHERPA v2.2.1 ZbbZll
345045 | SHERPA v2.2.1 ZbbWlv

Table A.4: List of inclusive and B-filtered diboson samples used in the analysis.

2. All the Z — bb events from the inclusive DB VZ (Z — gg) sample are used with a reweighted

MC generator weight.
3. All the non Z — bb events from the inclusive DB VZ (Z — gg) sample are used as it is.

The reweighting factors are evaluated such that it satisfies two conditions: (1) MC statistical uncer-
tainty is minimised, and (ii) sum of the generator weights for a pair of reweighted events is 1. The

above-mentioned criterion are satisfied by the following equations:

Wbb Nbb

bf bf bb bb
_bb = _bb and be +W .= 1 (86)
‘/Vinc ]VinC e

where Wbb;’ is the MC generator event weight of a B-filtered event, Wil;llz is the MC generator event
weight of a Z — bb event in the inclusive sample, Né’}’Z is the number of events in the B-filtered
sample, and Nil;bc is the number of Z — bb events in inclusive sample. From equation [86{ one can

write, bb

N, Nbb
bf bb inc
Wi =i and - Wil =t (87)
Nbf+]\[inc l Nbf+Ninc
The number of events can be written as:
BR(Z — bb)

NPE=NJM and - NEE =N x (88)

ne = e “BRZ > q7)
where %:Zg is 0.2161 [350]. From equations 87| and the reweighted MC generator event
weights for the Z — bb events in the inclusive sample and for all the events in the B-filtered

sample (89b)) can be written as:
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Wbb

bb_new bb bf
W, g =W, X " BRZ5D) (89a)
W7 + (Winc X BR(Z—>qq)>
Wi BR(Z—bb)
W‘bb,new — W~bb > ne " BR(Z—qq) (89b)
e " wet o (w BR(Z—bb)
bf T\ Wine X gr(7549)

Similar to the previous samples, the DB sample extension reduces the MC statistical uncertainty.
Figure shows the m; comparison between the inclusive only (red) and combined DB samples
after reweighting (blue) in the O-lepton channel for the 2 b-tagged category in Resolved and Merged
regions. The ratio between the two is within the statistical uncertainty of the inclusive diboson VZ
(Z — gq) sample. Due to the increased statistics, the MC statistical uncertainties were reduced by

47% and 46% for the Resolved and Merged regions, respectively.
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Figure A.4: my,, distribution for the inclusive and combined diboson samples after reweighting in
the O-lepton SR for the 2 b-tagged E7"** inclusive Resolved (left plot) and Merged (right plot) re-

gions. The yellow band represents the statistical uncertainty band for the inclusive diboson sam-
ples.
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B. MONO-H (BB) PRE-FIT DISTRIBUTIONS

This appendix shows the data and MC comparisons, before the simultaneous fit (pre-fit),
for different variables used in the mono-4(bb) analysis across different regions. Section shows
the comparisons in the 0-lepton region, while section and shows the 1-u CR and the

combined 2-lepton CR respectively.

B.1 0-lepton SR

Figure - show the Data-MC comparisons for different kinematic variables for the O-
lepton SR across different E‘TniSS and b-tag regions. In most of the regions the MC is underestimated
compared to data, and this is due to the fact that the MC generators underestimate the Z-+HF and ¢7
event rates by 20-40% and 10% respectively. Overall, in all the regions the Data-MC comparisons

are reasonable.
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Figure B.1: Kinematic distributions in the O-lepton region with 2 b-tagged jets and in the E%ﬁss
region of 150< Ef"™* <200 GeV.
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Figure B.2: Kinematic distributions in the O-lepton region with 2 b-tagged jets and in the E%ﬁss
region of 200< Ef"* <350 GeV.
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Figure B.3: Kinematic distributions in the O-lepton region with 2 b-tagged jets and in the E%ﬁss
region of 350< E;"™* <500 GeV.
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Figure B.4: Kinematic distributions in 0-lepton region with a 2 b-tagged large-R jet and in the
E" region of 500< ET"** <750 GeV.
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Figure B.5: Kinematic distributions in O-lepton region with a 2 b-tagged large-R jet and in the

EMSS region of EMS >750 GeV.
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Figure B.6: Kinematic distributions in the O-lepton region with > 3 b-tagged jets and in the Efrniss
region of 150< Ef"** <200 GeV.

224



600p=

T T T T

T T T T T

T T T

T

— 300 pa |
iy ;glahlzsan mzbb W|W_bb - ;glahlzsan mzbb W|W_bb E
soof=- Vs = 13 TeV, 139.0 fb™* won  mzre Ewhe 250~ S =13 TeV, 139.0 fb* L I VI
E OL_Resolved_200_350_3pb SingleTop  ggZ_cc ®wWee 3 OL_Resolved_200_350_3pb SingleTop  gZ_cc mwee
400— o zcl [ p— 200 o zcl mwe 7
E muz zll w_iI 3 muz zl w_iI 3
300— — 150 =
200(— — 100 —
100— — 50 —
g 15— - g 15— -
E b e fitetyh]
@ 5] [
[a) [a)
05— — 05— —
0 T 2 3 3 5 6 7 8 9 10 0 200 400 600 800 1000 1200 T400
N(central small-R jets) DiJetp_[GeV]
T T T T T T T T T 220 T T T T T T T
300 mheson  EZD Ewob 200 Moboson W20 |w_ob
o V5 =13TeV, 139.0 fo* o Ezbe @Wbe 10 5 =13 TeV, 139.0 fb™* v WZbe Wb
E OL_Resolved_200_350_3pb singleTop  EZ_cc | _cc 160E— OL_Resolved_200_350_3pb singleTop  EZ_cc | _cc
E ut zcl ww_cl E ut zcl ww_cl
200 — W - = 140 W - o~
- muz zn w_il E muz zn w_il
E 120—
150; 100~
= 80— +
100 E by
[y SO; *
50— — 0= [X]
£ 3 20— (XY
O O
=T 15T Tl A
8 ol ty ) |
51 © T I T
o o {
05— — 05— —
0 5 2530 35 40 45 50 100 50 200 250 300 350 700 750 500
Object-based ET"* significance ET™ [GeV]
350F= T T T T T T U 140/= T T T T T T L
E Mmoiboson |wob F moposon 2D |w.bb - 3
30E- {5 =13 TeV, 139.0 fb* i Wyibe  — PO 5=13Tev, 139.0fb  Zwew  HI Wb —
250 OL_Resolved_200_350_3pb singleTop  Z_cc ®Wee T 100F— OL_Resolved_200_350_3ph singleTop  gZ_cc ®Wee T
= o Zcl mw el = = o Zcl mw el B
200 E ez zn wa 3 ol ez z wa g
150 i = 60— * + -
100; ﬁg é 40— ++ E
50— E = 20— -
E Il Il Il Il Il = : Il Il Il Il :
S ' * * * - S s 4 } + l |
s sttt E TR
© © LI | 1
a T a } [
05— — 05— —
0 260 200 500 300 1000 1200 1400 0 260 200 500 300 1000 1200 1400

Figure B.7: Kinematic distributions in the O-lepton region with > 3 b-tagged jets and in the Efrniss
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Figure B.9: Kinematic distributions in O-lepton channel with 2 b-tagged VR track jets associated
to the large-R jet and > 1 b-tagged VR track jets not-associated to the large-R jet and in the EF"*
region of EJ"* > 500 GeV.
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B.2 1-muon CR

Figure - [B.17) show the Data-MC comparisons for different kinematic variables for
the 1-u CR across different EITniSS and b-tag regions. Overall, in all the regions the Data-MC

comparisons are reasonable.

T T T T T T T T T T T T T T T T
c -»-Data Wzbb BW_bb .| 8000 -»-Data Wzbb BW_bb
12000 — R W Diboson — R W Diboson
F Vs=13TeV, 139.0 fb™ wion) Wz Eybe Vs =13 TeV, 139.0 fb™* oy WZbe WV be
E wi Z bl whl o 7000 wi Wzl W_bl
10000— 1L_Resolved_150_200_2b SingleTop 7 _cc [\ — 1L_Resolved_150_200_2b SingleTop  §Z_cc BWw_cc
E w Zcl mwo o 6000 ) Zal mw_el
- ralll w_ll - ralll w_ll
8000 j muz - A j 5000 muz - A
6000 — - 4000
E [ ] 3 3000
4000 — —— —
3 2000
2000 5 = 1000
no - n
g 15— — g 15— —
3 3 ool
© - . - g eyeenety
o o 1
05— — 05— —
0 1 2 3 4 5 3 7 8 9 10 0 200 400 600 800 1000 1200 1400
N(central small-R jets) P (W) [GeV]
T T T T T T T T T 7000 E T T T T T T T =
100001— &om mzbb |wob ] E e mzo |wos
8 iboson E 8 iboson E
[ {s=13TeV,130.0fb"  “wew @Zbe  EWb ] 00~ {s=13TeV,139.0 b Twew  Hrve  Ewee
8000— 1| Resolved_150_200_2b SingleTop  EZ_cc mWee s000f=— 1L_Resolved_150_200_2b SingleTop @7 co mwe
C o zcl mw el a = o zcl mw el 5
6000/ — -z = wi 4000F— iz Z wi 3
C . 3000 —
4000(— —] = E
= i ] E 3
+ - 2000 —
2000f— . E E
+ - 1000 —
g W . . . + . . . . . . g o . . . . . . . -
3 L 3
g 1 cvveerty g e
a 1 a
05— - 05— -
0 5 10 15 20 5 0 35 20 a5 50 100 150 200 250 300 350 200 250 500
Object-based E'Y"‘SS significance ET* leplnvis [GeV]
= T T T T T T T - T T T T T T —
8000FE— Data Wz bb @W_bb E --Data Wz W O
E R Diboson 5000— . mDiboson -
E (5=13Tev,130.0fb™"  “wow BZb WA E {s=13TeV, 139.0 fb™ L
E 1L_Resolved_150_200_2b SingleTop  ggz_cc |W_cc E 1L_Resolved_150_200_2b SingleTop  ggz_cc mwee
- Z_cl mw_cl 40001— o Z el mwe
wuz zIl Wil E muz z1l Wi 4
3000f— —
[ 1 2000f— - —
2000 = 3
E 1000 — —
1000 E 3
E le Il Il Il Il Il C Il L L L 1 -
(2) o . . 1 . . . . — (2) o . . 1 . . . . —
3 o bl 3 cotbd]
© woven;®id, S sesveetotit
[a) + ﬂ o il
05— — 05— —
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
mT_METclosestBJet [GeV] mT_METfurthestBJet [GeV]

Figure B.10: Kinematic distributions in the 1-u CR with 2 b-tagged jets for the E%liss region of
150< EF™ < 200 GeV.
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Figure B.11: Kinematic distributions in the 1-u CR with 2 b-tagged jets for the Efrniss region of
200< ET"™® < 350 GeV.
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Figure B.12: Kinematic distributions in the 1-u CR with 2 b-tagged jets for the Efr“iss region of
350< E7"™ < 500 GeV.

230



T T T T T T C T T T T T =
500 -e-Data Wzbb |wobb 50— -e-Data Wzbb |wobb
e b — P — - - ib 7 y |
E Vs=13TeV, 139.0 fb el =§J;|° mwbe o F Vs=13TeV, 139.0fb? e =§—gf Wube
ki | X ] E ki | A 4
400— 1L_Merged_2w0b SingleTop  EZ_cc [ —— 200— 1L_Merged_2w0b singleTop  EZ_cc [ R —
o Zcl mw_cl 3 - o Zcl mw_cl .|
C muz rall w_ll .| - muz rall w_ll .|
300 — 150 — i
200 i - 100F— — -
1001~ — 50— i -
£ ] : o — ]
g 15 — g 15— —
s E |
54 (] 54 !
o o |
05 * — 05— —
0 2 3 4 5 6 8 9 10 0 2 4 5 6 7 8 9 10
N(large-R jets) N(associated track-jets)
40 T T T T T T 60— T T T T T _“—
2oa Wz |w_bb = p Wz |mwbb
35 _ -1 boson Wzbe BW_bc = — -1 oson Wzbe WW_bc =
Vs =13 TeV, 139.0 fb H(eD) —aY Wl sof— Vs =13 TeV, 139.0 fb HOD) s w3
30 1L_Merged_2w0b SingleTop  EBIZ_cc |W_cc E SingleTop  @lIZ_cc |W_cc 3
tw Zcl mw_cl E o Zcl mw_cl 3
25 -z z Wil 40— -z zZ Wil 7
g - l . ‘ * ” - . — g o } . . . . . —
e Mgl E ot |
© I T I © I 11 I I
[a] [a]
05 l - 05— -
2 200 60 800 1000 1200 1400 0 T 2 3 4
Leading FatJet p,_[GeV] Leading FatJet n
T T T T T ™ T T T T =
;gal:a Wz |W_bb 160 ;ga&a Wz |wobb
. iboson . iboson 3
(s =13 TeV, 139.0 fb™ oo BZee Wb wof- (§=13Tev,139.0 b Zwiw  EIbe Ewoe
1L_Merged_2wOb SingleTop  gZ_cc |W_cc 120 SingleTop  gZ_cc |W_cc
w el |l w el mw ol
mz z w_ll 100 iz zl Wil
80
60
40
' 20 —
b . . . n ol . ! ! 3
(2) iy T . . i ] . . . —] (2) e . I . . . . =
S Mt b E oy
© R 8 oy
[a) [a)
05— — 05— + —
0 200 400 600 800 1000 1200 1400 400 600 800 1000 1200 1400 1600 1800 2000

P, (W) [GeV] ET"** leplnvis [GeV]

Figure B.13: Kinematic distributions in the 1-u region with 2 b-tagged VR track jets associated
to the large-R jet for the ET"** region of Ef"** > 500 GeV.
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Figure B.14: Kinematic distributions in the 1-u CR with > 3 b-tagged jets for the E%liss region of

150< EMiss <200 GeV.
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Figure B.15: Kinematic distributions in the 1-u CR with > 3 b-tagged jets for the E%liss region of
200< ET"* <350 GeV.
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Figure B.16: Kinematic distributions in the 1-y CR with > 3 b-tagged jets for the E%liss region of
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Figure B.17: Kinematic distributions in the 1-u CR with 2 b-tagged VR track jets associated to
the large-R jet and > 1 b-tagged VR track jets not-associated to the large-R jet for the Ef™ re-
gion of EF"* > 500 GeV.

B.3 2-lepton CR

Figure B.18 [B.21] show the Data-MC comparisons for different kinematic variables for
the combined 2-lepton CR (ee+p ) in the 2 b-tagged region across different E‘Tniss regions. Here,
the combined 2-lepton distributions are shown since in the simultaneous fit a combined yield from

the ee and pu regions are used. Due to limited data statistics, the distributions for the > 3 b-jets
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regions cannot have proper Data-MC comparisons, hence are not shown. Overall, the Data-MC

comparisons are reasonable across different regions.
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Figure B.18: Kinematic distributions in the combined 2-lepton CR with 2 b-tagged jets for the
ET"™ region of 150< ET"** <200 GeV.
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Figure B.19: Kinematic distributions in the combined 2-lepton CR with 2 b-tagged jets for the
E" region of 200< ET"** <350 GeV.
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Figure B.20: Kinematic distributions in the combined 2-lepton CR with 2 b-tagged jets for the
ET" region of 350< EF"** <500 GeV.
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Figure B.21: Kinematic distributions in the combined 2-lepton CR with 2 b-tagged VR track jets
associated to the large-R jet for the Ef"** region of Ef"** > 500 GeV.
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C. SENSITIVITY IMPROVEMENTS WITH > 3B-TAG REGIONS

In this iteration of the mono-4(bb) analysis the > 3b-tag regions are included in the phase-
space to increase the sensitivity for the 2HDM+a bb-induced model. The improvements from the
inclusion b-tag category is shown in figure [C.I] which shows the ratio of expected limits for the
2HDM-+a bb-induced signal points, calculated with two different fit setups: (i) with only 2b-tag
regions and (ii) with 2 and > 3b-tag regions. The sensitivity improves by 5-63% depending on the
signal points across the grid.
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Figure C.1: Expected limit ratio
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D. My WINDOW FOR MONO-HIGGS MODEL INDEPENDENT LIMITS

When extracting the model independent upper limits on the visible cross-section for the
mono-h(bb) analysis, the my, bins between 90-150 GeV are merged into a single bin and a dummy
signal is injected in that bin. As shown in figure the fraction of signal present in the my,
window of 90-150 GeV for the Z’-2HDM and 2HDM+a signal models are > 70% and > 50% for

the 2b and > 3b-tag regions respectively, i.e. majority of signal events fall in the m;, bin of 90-150

GeV.
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Figure D.1: Plots show the fraction of signal present in the m;, window of 90-150 GeV for the

bb 2HDM+a, 2 b-tags, 150 GeV < EY
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Figure shows the my, distribution for some of the representative Z’-2HDM and 2HDM+a

signal points across different E%’iss and b-tag regions.
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Figure D.2: Higgs candidate mass distributions for a few representative 7'-2HDM and 2HDM+a
signal points across different ET"** and b-tag regions. As seen from the plots a Higgs mass win-
dow of 90-150 GeV covers majority of the signal events [234].
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