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CHAPTER 1

Introduction

The goal of physicists is to grasp the Universe and express their knowledge in mathematical models.
Particle physics does this at the most fundamental level by studying the fundamental particles of the
Universe and their interactions. Today, our best understanding is encoded in the Standard Model (SM)
of particle physics. The SM was developed in the 1970s and ever since has been very successful in
describing experimental results, though not all observations. Among its shortcomings are the inability to
provide a dark-matter candidate and to describe the baryon asymmetry in the Universe. As a consequence,
there has to be new physics beyond the Standard Model (BSM).

New physics can be searched for either indirectly by performing precision measurements of observables
that can be precisely predicted by the SM or by direct searches for new particles predicted by BSM
theories. In this thesis a direct search for a new electrically charged scalar particle is performed, a
charged Higgs boson H*. The SM contains only a single scalar particle, the SM Higgs boson H. The
Higgs boson is uncharged and was the last missing piece of the SM which was discovered in 2012 by
the ATLAS and CMS collaborations at CERN. The Higgs boson was predicted by the Higgs
mechanism, developed by Brout, Englert and Higgs [3| @]]. The Higgs mechanism in the SM is the
simplest realisation of a scalar sector which respects the electroweak symmetry and can explain the
existence of the massive electroweak gauge bosons W* and Z. However, a more complex scalar sector,
leading to more than one Higgs boson, would be able to explain these observations, too, and in addition
could provide solutions to shortcomings of the SM.

For instance, an extended scalar sector can add new charge conjugation parity (CP) symmetry violation
to the SM [5H8]l. The CP violation present in the SM is not sufficient to explain the astronomically
observed baryon asymmetry of the Universe [[9} [I0]]. New symmetries can also promote particles from an
extended scalar sector to be dark-matter candidates [12]. An extended scalar sector can also yield an
answer to why CP-symmetry is preserved in the strong interaction (strong CP problem) [[13] [I4]]. In any
case, many sophisticated BSM models require an extended scalar sector. For example, supersymmetric
models (SUSY) [[I5][16] and models with a Type-II seesaw mechanism [I7H2T]]. A charged Higgs boson
shows up in all models that add at least one additional doublet of complex scalar fields to the Higgs
sector.

When performing a search for a new particle, the production and decay topology has to be specified in
order to develop a dedicated analysis strategy. This thesis focuses on the search for a charged Higgs

boson with a mass smaller than the mass of the top quark (m,+ < m,) decaying into a charm- and a
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strange-quark cs[l In this mass regime charged Higgs bosons are expected to be mainly produced in
the decay of top quarks,  — H*b, and many phenomenology studies advocate searching for a charged
Higgs boson in the ¢s decay channel [[TT], 22].

Data from the Large Hadron Collider (LHC) at CERN is analysed in this search. The dataset
corresponds to 140 fb~! of pp collisions collected at a centre-of-mass energy of v/s = 13 Te\ﬂ In pp
collisions at a centre-of-mass energy of v/s = 13 TeV top quarks are predominantly produced in pairs.
Therefore, this thesis focuses on the /7 — WbH™b process, with W — €v, (£ = e, u) and H* — cs. Only
events with a lepton — e or y, including those from leptonically decaying 7-leptons — in the final state are
considered to simplify the event selection and reconstruction. Figure [I.Tshows the dominant Feynman

diagram of the signal process.
c
H / /,<
g t 7 s
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g t b

29999902999 A W~ _
¢

Vf

Figure 1.1: Depiction of the signal process via the dominant Feynman diagram.

A potential signal in the data is identified by first reconstructing the ¢ event topology and then training
a Boosted Decision Tree (BDT) to separate the signal from the dominant SM 77 background. The
BDT exploits differences in kinematic properties of the 7f system and the flavour composition of the
events. A dedicated flavour-tagging scheme is adopted which facilitates simultaneous tagging of »- and
c-quark-initiated jets.

The thesis is structured as follows: Chapter [2]describes the theoretical framework foundations for the
analysis presented in this thesis, i.e. the SM and popular BSM models predicting a charged Higgs boson.
Chapter [f] introduces the experimental setup and techniques used to reconstruct particles in ATLAS.
Chapters [] [5] and [6] present the methods used to extract a potential signal from data. The results of the
search for H* — cs decays are presented in Chapter with concluding remarks in Chapter

"Unless explicitly stated otherwise, charge conjugation is implied in this thesis; the notation cs is used in place of ¢s/cs.
2Throughout the thesis, energies, momenta and masses are expressed in natural units (& = ¢ = ¢, = 1).



CHAPTER 2

The Standard Model and theories beyond

This chapter gives an introduction to the foundations of particle physics. The current knowledge of
the elementary particles and their interactions is gathered in the Standard Model of particle physics.
Section [2.1] introduces the basic theoretical concept of the SM and focuses on its experimental
implications to understand the physics processes occurring in particle collisions. This section is based on
References [23H26]], which also serve as references for further reading. Despite its success in describing
experimental observations, certain observations in the Universe are incompatible with the SM predictions.
Theories beyond the SM that predict the existence of a charged Higgs boson are described in Section[2.2}
Lastly, Section 23] summarises the results of preceding searches for a charged Higgs boson.

2.1 The Standard Model of particle physics

The SM is a theoretical model describing the known fundamental particles and three of the four known
fundamental interactions: strong, weak and electromagnetic. The gravitational force is not part of the
SM, but is known to be negligible at microscopic scales. The formulation of the SM was finalised in the
1970s. Since then, it has been very successful in describing the experimental data with high precision,
even predicting new particles, like the Higgs boson.

The main underlying theory of the SM is relativistic quantum field theory (QFT), in which a Lagrangian
defines the dynamics of the system. QFT combines the theories of quantum mechanics and special
relativity, which enables the description of physics processes at subatomic length scales and energies
much larger than the energy of the system at rest. In QFT the fundamental objects are quantum fields
that pervade space and time. Particles are excitations of their underlying quantum field. The particles of
the SM are introduced in Section 2.1.1]

The SM is constructed by postulating symmetries of the Universe, which, according to Noether’s
theorem, lead to conservation laws, and then working out the most general renormalisable Lagrangian that
adheres to these symmetries. The postulated symmetries are, on the one hand, the Poincaré (space-time)
symmetry, which ensures that the physics does not depend on the reference frame of an observer and
implies for instance energy and momentum conservation. On the other hand, the local

SUB) x SU2), x U(1)

gauge symmetry is postulated, which is the essential part of the SM. SU(3) is the symmetry of the strong



Chapter 2 The Standard Model and theories beyond

1st 2nd 3rd generation
/(2,2 MeV o) (1276 o) ((1726Gev W) Charee A 125.2 GeV
X % % &
u C t- \ Colors
— Mass .
3
up charm top Spin =
@ L 1) L 1) L ) e P qj
E < El
= e}
)
23 ("47Mev oA ((oamev oA ((a1sGev 1) I~
% % % * e
d b .
s @
S g g
=3
5
down strange bottom gluon I
\_ ”Z) \_ I/Z) \_ I/Z) 1 / 0§
@
=3
S
(Stikev ) (10s7Mev 1) (178G 1) g
@
2
S
e { el 2
g g
2
g electron ) muon i) tau ) photon . 5
\. \.
=1 < - % 8
=}
= ( A A ) 80.4 GeV il 91.2GeV 2
» I 5]
\ e neutrino ) ku neutrino ) L 7 neutrino a 4 4 /
~ ~—
Fermions Gauge bosons

Figure 2.1: Fundamental particles and interactions of the SM. The diagram is adapted from Reference [27]]. The
particle masses are taken from Reference .

interaction, and SU(2); x U(1) is the symmetry of the unified weak and electromagnetic interaction.
The local gauge invariance requirement of the Lagrangian with respect to these symmetries defines
the exact nature of the interactions. The interactions of the particles and the Higgs mechanism, which
breaks the electroweak symmetry and explains how elementary particles acquire mass, are described in
Section

2.1.1 Particles of the SM

The particles of the SM are shown in Figure 2.1} Also indicated are essential properties of the particles:
electric charge, colour charge, mass and spin, as well as the interactions they participate in. Based on
these properties, the particles are grouped into the following categories:

Gauge bosons are bosons with spin 1. Bosons are integer spin particles that follow the Bose-Einstein
statistics, from which they take their name. Gauge bosons mediate force between particles.
Gluons g are the mediators of the strong interaction. Gluons are massless and carry colour
and anticolour. The photon vy is the mediator of the electromagnetic interaction. The photon
is massless and carries no electric charge itself. The W* and Z bosons are massive and are the
mediators of the charged- and neutral-current weak interactions, respectively. The W* and W~
carry electric charge and are each other’s antiparticle. Gluons, photons and the Z boson are their
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own antiparticles.

Fermions are particles with half-integer spin. Fermions obey the Pauli exclusion principle and follow
the Fermi—Dirac statistics, from which they take their name. Fermions are the building blocks of
the Universe (matter particles). The fermions in the SM all have spin 1/2. The SM contains three
generations of fermions that share the same properties apart from their mass, which increases
from one generation to the next. Ordinary matter primarily consists of particles from the first
generation. For every fermion there exists an antiparticle with identical properties except for the
additive quantum numbers, which are of opposite sig

Quarks g are fermions that carry a colour charge. Quarks participate in all three interactions. Quarks
are divided into up-type quarks with electric charge 2/3 (up u, charm c, top ) and down-type
quarks with electric charge -1/3 (down d, strange s, bottom b).

Leptons are fermions that don’t carry a colour charge. Hence, they don’t participate in the strong
interaction. Charged leptons ¢ (electron e, muon y, tau 7) carry an electric charge of -1 and
therewith participate in the weak and electromagnetic interactions. Neutrinos v (electron neutrino
¥,, muon neutrino v, tau neutrino v,) carry no electric charge and therewith participate only in the

weak interaction. In the SM, neutrinos are masslesqa_l

The Higgs boson arises as part of the Higgs mechanism, described in more detail in Section[2.1.2] It
is the only scalar particle of the SM (spin 0). The Higgs boson couples to every massive particle.
The coupling strength is proportional to the mass of the particle.

2.1.2 Interactions of the SM

Figure 2.2] serves as an overview of all interactions in the SM. It shows the SM Lagrangian (Lgy,) in
its most concise form and Feynman diagrams of the interaction vertices related to the terms in the
Lagrangian. The boxes indicate the coupling strengths of the vertices. The given parameters will be
introduced below.

(1) describes the kinetic energy of gauge bosons and interactions among each other.
(2) encodes the kinetic energy of the fermions and interaction of the fermions with the gauge bosons.
(3) represents the Yukawa interactions of fermions with the Higgs field.

(4) describes interactions of the Higgs field with the electroweak gauge bosons and the Higgs boson
self-interactions.

! Antifermions are marked by a bar above their acronym.

2From the observation of neutrino oscillations it is known that neutrinos have a non-vanishing mass . The weakest
upper limit on the neutrino mass is set for v, as m, < 18.2MeV . Observations from cosmology even constrain the
summed neutrino mass of all flavours to be 3, m, < 0.12eV . Given that pp collision data with 4/s = 13 TeV is analysed in
this thesis, the neutrino masses can be neglected to a very good approximation in this thesis.
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Yang-Mills Lagrangian

The Yang-Mills theory [32]] is a QFT-based gauge theory based on special unitary groups SU(N). The
most general renormalisable Lagrangian invariant under gauge transformations is

1 . _ B}
Lyw = =7 (F)* + Jiy" D,y = miy, .1)

where the index a is summed over the generators of the gauge group and m is the mass of the fermion
field y. F;, is the field tensor defined as

b
F,gv = ayAg - avAZ + gfabcAyA\(i (22)
where AZ are the gauge boson fields, g is the coupling constant, and f ab¢ are the structure constants of
the gauge group. The first term in Equation 2. describes the gauge boson fields. If the structure constant
of the symmetry group does not vanish, terms cubic and quartic in the boson fields occur, describing
triple and quartic self-interaction vertices of the gauge bosons.

The covariant derivative D , is defined in terms of the representation matrices 7, (generators of the
group) as
— r a
D,=0,-igA,t,.
The second and third terms in Equation describe the free fermion field (zﬁ[iy”éﬂ — m]y) and
interactions of the fermions with the gauge bosons (gyy* AZtat,//).

In contradiction to its common name, coupling constant, g does depend on the energy scale being
probed. Infinities in the calculation of observable quantities are absorbed in the definition of g
(renormalisation) — g is a running coupling constant.

Strong interaction

The theory describing the strong interaction is quantum chromodynamics (QCD). QCD is a non-Abelian
Yang-Mills [32]] gauge theory with symmetry group SU(3). The fundamental charge of QCD is colour
charge, with three distinct colours: red, green, and blue (r, g, b) and anticolours (T, g, b). Colour charge
is the conserved quantity of QCD.

The Lagrangian of QCD is derived by enforcing invariance under SU(3) local phase transformations,

Y(x) = ¢ (x) = exp [igsa, (x)T |y (x) a=1,2,---.8.

g, 1s the coupling constant of the strong interaction, &, (x) are transformation functions dependent on
the spacetime coordinate x, and T“ = 1 /2 are the generators of the group, with 1 being the Gell-Mann
matrices. The local phase transformation can be thought of as a rotation in colour space.

The boson fields are identified as the eight gluon fields (AZ = GZ) and, in order for the Lagrangian to be
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gauge invariant, have to transform as

i

G/]i — Gﬁ' = GZ - (3lua/k(x) -8 fij kol ()G, with D, =4, - 5

gSGZ/la. 2.3)
The non-zero components of the SU(3) structure constants are

fis=1 fiss = fors = V3/2,  fiar = fies = faae = fos1 = faas = fyze = 1/2.

Inserting Equation 2.3]into [2.1] yields the full Lagrangian of QCD,

1 i i v Pl
‘LQCD = —Z((')MGV - BVG#)(a“G -0G ,u)

Gluon kinetic term

1 ij i i j 1 i ]
+58,f71(8,G, = 9,G,)GGy = 78 find " GGG, Gy o

Gluon self-interaction term

- i
Uiy o, —my - I358,GL Ay
————
Free fermion term

[ ——
Gluon fermion interaction term

The Feynman diagrams of the interaction terms are visualised in Figure[2.2]

The self-interactions of the massless gauge bosons have particular implications on the strong interaction.
The strong coupling strength is larger at small energies (large distances) and smaller at high energies
(small distances). The dimensionless coupling constant of the strong interaction « varies depending on
the considered energy scale, e.g. @ (200 MeV) ~ 1.0 and a,(m,) ~ 0.118.

At large distances the coupling becomes so large that coloured objects (hadrons) are always confined
to colour-neutral states (colour confinement). This behaviour can be explained in a quantitative picture
by two free quarks that are being separated. The quarks interact via the exchange of virtual gluons, which
themselves interact via gluons. The interaction squeezes the gluons into a “flux tube” between the quarks
(cf. Figure[2.3). This is in contrast to the electromagnetic field lines where the field lines spread out. The
energy stored in the colour field increases almost linearly at larger distances, which is experimentally
measured to be ~ 1 GeV /fm [23]|. That being so, if quarks are separated at macroscopic distances, it is
energetically favourable to break the flux tube by producing a quark-antiquark pair from the vacuum.

Thus, quarks are bound in either gg states (mesons) with colour and anticolour, or gqq / gqq states
(baryons / antibaryons) with colour rgb / ngEI In contrast, at high energies the quarks inside hadrons can
be seen as quasi-free particles (asymptotic freedom).

Electroweak interaction

The theory of electroweak interaction unifies the weak and electromagnetic interactions. The underlying
mathematical concept is similar to QCD. It is a non-Abelian Yang-Mills gauge theory, but the electroweak
symmetry group is SU(2); X U(1). The subscript “L” indicates that the interaction respecting the SU(2)

$More complex states like tetraquarks (gqqq), pentaquarks (ggqqq) or glueballs are also possible but insignificant for this
thesis.
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Figure 2.3: Gluon interactions between two separating quarks.

symmetry couples exclusively to left-handed chiral particles and right-handed chiral antiparticlesﬁ The
chiral projection operators are defined in terms of the Dirac matrices
_14ys

and Py = 7

7%

) 1
Yir = PrLirY, with P, =

A major difference with respect to QCD is that the electroweak symmetry is broken by the masses of the
gauge bosons. The mechanism of symmetry breaking is described in Section[2.1.2] The consequence is
that the gauge fields do not correspond to the physically observed fields.

The fundamental charges of the unbroken symmetry are the weak isospin Iy, of the SU(2); symmetry
and the weak hypercharge Y of the U(1) symmetry. Left-handed fermions of the same generation are
placed in weak isospin doublets,

()1, ), (s, ), )
- D', Val, ¥/, l’//bL’L E'), Yol L w"uL Vol L)
with [y, = %, and third component 13‘, = (_11//22) . (2)5)

Right-handed fermions are placed in weak isospin singlets,
Uy = (l//u,R Yer l//t,R) Dy = (‘//d,R Ys.r ‘/’b,R) JER = (‘/’e,R YR ‘/’T,R) ’
with Iy, = Iy, =0. (2.6)

Neutrinos, being massless, cannot possess right-handed states. Owing to the fact that the weak isospin
singlets are unaffected by the SU(2), local gauge transformation, they do not couple to the gauge bosons
of the symmetry. The weak hypercharge of a particle is defined as

Y =2(Q - Iy)
with Q being the electric charge of the particle.

The Lagrangian of the electroweak interaction is derived by enforcing invariance under SU(2); x U(1)
local phase transformations,

Y(x) = ¢’ (x) = exp [igwa, ()T exp |igyB(x)/2]wp (x) + exp [igyB(x)/2]Yg(x) with a=1,2,3.

“The chirality of a particle is defined by whether it transforms in a right- or left-handed representation of the Poincaré
group. For massless particles, chirality and helicity, the projection of the spin onto the direction of motion, are the same.
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gw and gy are the coupling constants of the SU(2); and U(1) symmetries, respectively, and a,(x)
and B(x) are transformation functions. The generators of the SU(2) group are the Pauli matrices o
(T = 0 /2). There are three boson fields related to the SU(2) 1, Symmetry (AZ = WZ ) and one boson
field related to the U(1)y symmetry (A, = B,,). The field transformation properties and the covariant
derivative are given by

’ k i j ’
Wl]j — Wﬁ = Wl]j - aﬂak(x) - gwe; @' ()W), B, — B, =B, —9,B(x),

. i
with D, =0, - 3 (gWWﬁO'a - gYB#Y) . 2.7

The full electroweak Lagrangian is retrieved by inserting Equation[2.7]into 2.1} The resulting terms are
very similar to the ones of the QCD Lagrangian (Equation [2.4)), but with two main differences: (i) the
W, boson fields couple only to left-handed fermion fields, and (ii) there are no self-interactions of B,,
bosons.

As mentioned beforehand, the electroweak gauge fields do not correspond to the physical fields, i.e. the
weak eigenstates differ from the mass eigenstates that are fundamental for the free-particle propagation.
The four fields mix and build the physical W* bosons, the Z boson, and the . The W* bosons, as they
couple fermions from the different weak isospin doublets, are related to the weak isospin raising and
lowering operators o, = (0 + 03)/2, and therefore

1
Wt = = (w2 w®
n \/5( u T Wu )

The W* bosons mediate the weak charged current, and the coupling strength is determined by gWI%V.
W* bosons do not couple to right-handed particles, and parity is thus maximally violated in weak
charged-current interactions.

The Wl(f) and B " fields mix to build the Z boson (Z ”) and the photon (A 'u) fields. The mixing is
described by a rotation from the weak to the mass eigenbasis,

A T B . cos 6 sin 6
H = =
(Z#) Ry ( l(l’g)) with R, (_ i 9“ cos 9“ ) (2.8)

The corresponding rotation angle is the weak mixing angle 6y, and is experimentally measured to be
sin’ Oy = 0.23129 + 0.00004 . The coupling strength of the vy to other particles is determined by
the well-known electromagnetic coupling constant e with

e = gy cos Oy, = gy sin Oy,

The photon couples only to particles with electric charge and couples equally to left- and right-handed
particles. The Z boson couples to all particles with weak isospin or weak hypercharge. The coupling
strength of the Z boson differs for left- and right-handed particles. All the interaction vertices of the
electroweak interactions and their coupling strengths are summarised in Figure 2.2]

As the eigenstates of the weak interaction do not correspond to the physical mass eigenstates, the weak
charged-current interaction can couple fermions from different generations, i.e. it is capable of changing

10
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the flavour of fermions. The Cabibbo-Kobayashi-Maskawa (CKM) matrix links the two eigenstates in the
quark SeCtOIEI by representing the weak eigenstates as a mixture of the mass eigenstates. By convention,
the up-type quarks’ weak and mass eigenstates are identical, and the mixing occurs for the down-type
quarks,

d Vide Vus Vb d 0.974 0.225 0.004
s =V, V., V, s WVernml = [0.225 0973 0.042 2.9)
b Vg Vi, V, b 0.009 0.041 0.999

N——— — S~——

Weak eigenstates Mass eigenstates

VC KM

The CKM matrix is a unitary matrix. The magnitudes of the CKM matrix elements, omitting uncertainties,
are taken from [28]], estimated from global fits of all SM parameters. The matrix elements describe
the coupling strengths of the W boson to different quark pairs. The transition from up-type quark (i)
to down-type quark () is proportional to |V; j |2. Transitions within the same generation are likely and
transitions between different generations are suppressed.

The Higgs mechanism

The last term in the Yang-Mills Lagrangian (Equation 2.T)), which corresponds to the mass of the fermion
field, is actually not gauge invariant under the electroweak symmetry group SU(2); x U(1). Therefore,
the fermion fields have to be massless (m = 0). The same is true for Dirac mass terms for the bosons of
the electroweak symmetry. But either are known to be massive.

In the SM particles acquire their mass by interacting with the Higgs field. In the SM the Higgs
mechanism is embedded in the electroweak symmetry and the Higgs field needs to have the necessary
degrees of freedom to explain the masses of the electroweak gauge boson. Therefore, the Higgs field in
the SM consists of a charged and a neutral complex scalar field placed in a weak isospin doublet (Y = 1)

4= (¢O) _ 1 («m + i¢2)
¢ V2 \93 +idy
The Lagrangian for a scalar field is given by the Klein-Gordon Lagrangian,
Ly = (D) -V(¢). (2.10)

The form of the covariant derivative is unchanged with respect to the one derived in the electroweak
Lagrangian (Equation[2.7), as in the SM the Higgs mechanism is embedded in the electroweak symmetry.
The Higgs potential is given by
21 412 4
V(¢) = wlol” + Aol

The Higgs potential can contain only terms quadratic in ¢ to be local gauge invariant. ¢ and A are free
scalar parameters of the theory. In order for the potential to have a well-defined minimum, A must be

3A similar mixture in the lepton sector only occurs if neutrinos are massive. The corresponding mixing matrix is called
Pontecorvo-Maki—Nakagawa—Sakata (PMNS) matrix.
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V(o)

0o

91

Figure 2.4: Sketch of the Higgs potential with 4 > 0 and ,u2 < 0 for a complex Higgs field ¢ = ¢; +id,. A
Higgs field with fewer dimensions than in the SM is chosen, as the concept is identical and it facilitates sketching
the potential in three dimensions. The dashed line represents the set of minima. The figure is taken from

Reference .

positive. If ,u2 < 0, the potential has a non-zero vacuum expectation value v given by

2
P K v
¢p =-3 =7

This condition is satisfied by an infinite set of points in the Higgs potential, indicated by the dashed line

in Figure 2.4] The choice of the vacuum state breaks the symmetry of the Lagrangian (EWSB).
One of the physical fields after symmetry breaking is the photon field, which is massless and couples to
electric charge. Therefore, the vacuum state chosen by nature must have a vanishing vacuum expectation
value for the charged scalar field ¢* = 0. In perturbation theory, the fields are expressed as small

perturbations about this vacuum state,

1 ( ¢ (x) +idy(x) )

P =5 v ) + i)

An excitation of the field 77(x) corresponds to an excitation in the direction where the potential changes to
first order quadratic. Excitations of the fields ¢, (x), ¢5(x), ¢,(x) are in the direction where the potential
does not change (Goldstone fields). When inserting this field into £ (Equation[2.T0) and requiring
gauge invariance, one can identify 77(x) as being a massive field and the Goldstone fields as being
massless. In addition, mass terms of the gauge bosons arise, i.e. terms quadratic in the gauge fields. The
Goldstone fields are eliminated from the Lagrangian by choosing an appropriate gauge transformation.
The transformation does not change the physical predication, but after transformation the fields are
identical to the physical fields (unitarity gauge). The Higgs field in the unitarity gauge is given by

1 0
¢(x) = NG (V N h(x)), (2.11)
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where n(x) was identified to be the physical Higgs field i (x). Substituting the Higgs field in unitarity
gauge (Equation [2.T1)) into the scalar Lagrangian (Equation [2.10) gives the Higgs sector Lagrangian,
Ly.

Eventually, the additional degrees of freedom of the Goldstone fields give mass to the gauge bosons
(longitudinal polarisation states). From the Lagrangian, the mass of the W* bosons, the Higgs boson
and, after disentangling the mixing of the fields, the masses of the Z and y are

1 |
My = 5V8w» my =24, Mz =35Y S + 8. my =0

The vacuum expectation value is measured to be approximately 246 GeV [28]|]. The Lagrangian also
contains triple and quartic gauge couplings of the Higgs boson with the W*, Z boson and itself (cf.

Figure 2.2).

Yukawa interaction

In the SM the fermions acquire mass by interacting with the Higgs field (Yukawa interaction). The term
in the SM Lagrangian describing the Yukawa interactions has the following form:

£, = -04yYoUl - 04y 6D} + Ly yE¢E) + hcf] (2.12)

The Yukawa Lagrangian is gauge invariant under the electroweak SU(2); x U(1) symmetry, because
Qi, U ile’ etc. are the weak isospin doublets and singlets defined in Equations and respectively.
The Yukawa couplings yx-, yg, and yf;- are complex 3 X 3 matrices in the weak interaction basis and are
diagonal in the mass basis. The fact that yg and yg cannot be diagonalised simultaneously gives rise to
the CKM matrix introduced previously.

Writing the Higgs field in unitarity gauge (Equation 2.T1) the Yukawa Lagrangian reads as

U U
Vi . . . . Vi . . . . ]
L —lv(Q’LUIJQ +URr07) - —l;h(Q’LU{Q +UgQ7) +--- (equivalents terms for yl’;} and yg.).

TV V2

Fermion mass term Fermion interaction with the Higgs

(2.13)
With ;g + Y gy, = i the first term represents a classical Dirac mass term, but it is introduced to
the SM Lagrangian in a gauge-invariant way through the interaction with the non-zero expectation value
of the Higgs field. The Yukawa couplings are free parameters of the SM and are chosen to match the
observed fermion masses, i.e. in mass basis

iy = V2 s, (2.14)
v

The second term in Equation [2.13] describes the coupling of the Higgs boson to fermions, which
consequently is proportional to the mass of the fermions.

®p.c. stands for “Hermitian conjugate” and means that there is an additional Hermitian conjugate term for each preceding
term.
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Chapter 2 The Standard Model and theories beyond

2.1.3 Limitations of the SM

The SM has been very successful in describing experimental data from particle physics experiments.
But for several reasons it is known that the SM is not the desired theory of everything. There are, on the
one hand, physical observations that cannot be explained by the SM and require the introduction of new
physics. On the other hand, there are structural or aesthetic weaknesses of the SM that do not require the
existence of new physics, but new physics might give profound answers to these questions. The most
crucial limitations are outlined below.

Gravitation
The gravitational force is not part of the SM. Gravity is well described by the theory of general
relativity. So far it has not been possible to unite general relativity and QFT due to renormalisability
issues. Above the Planck scale (Ap ~ 10" Gev) quantum effects of gravity are expected to
dominate. Hence, the SM is not capable of describing the physics of the very early Universe.

Dark matter and dark energy
Many cosmological and astrophysical observations suggest the existence of non-baryonic, elec-
trically neutral matter (dark matter). So far dark matter has been observed only indirectly by
its gravitational impact on ordinary matter, among which are the galaxy rotational curves [33]],
gravitational lensing [34]], and the large-scale structure formation of the Universe [35]. The SM
does not provide a candidate for dark matter that could explain all these observations.

In the Lambda-Cold-Dark-Matter model, which is the most renowned model in cosmology and
is based on the Big Bang theory, the Universe consists of ordinary matter, dark matter and dark
energy. Dark energy describes a form of energy that is uniformly distributed in the Universe and
that has a constant energy density with respect to the cosmological scale factor. Dark energy is
thought to be responsible for the accelerating expansion of the Universe. Once again, the SM
cannot explain its origin. Measurements of the cosmological microwave background conclude
that ordinary matter makes up only ~ 5 % of the mass-energy content of the Universe, whereas
dark matter makes up ~ 27 % and dark energy even ~ 68 % [31]].

Baryon asymmetry

If the theory of the Big Bang is correct, the evolution of the Universe started with quantum
fluctuations in a singularity. From there on, matter could be produced as matter-antimatter pairs.
Though today’s Universe consists almost entirely of matter/baryons. Sakharov formulated three
conditions that must be satisfied to result in a baryon asymmetry in the Universe [36]]: (i) baryon
number violation; (ii) departure from thermal equilibrium; (iii) C and CP violation. CP violation
occurs in the SM in weak interactions as part of the CKM (PMNS) matrix. But its magnitude is
not sufficient to explain the observed size of baryon asymmetry in the Universe.

Gauge hierarchy problem
The mass of the Higgs boson depends on its bare mass m and higher-order corrections due to
quantum loops in the propagator of the Higgs boson,

mH=m0——
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where g refers to the coupling of the considered loop particle and the Higgs boson — in the case
of fermions this is the Yukawa coupling — and A is the considered ultraviolet cutoff scale. If
the SM is a valid theory up to an energy scale where the three forces of the SM might unify
(Agur ~ 10'® GeV) or even the Planck scale where gravity becomes dominant, all the large
terms in the Higgs mass have to cancel each other almost perfectly to end up at the observed
(comparatively small) mass of 125 GeV (fine-tuning). In certain models beyond the SM this
cancellation appears naturally, e.g. Supersymmetry. 38l

Strong CP problem
One of the free parameters of the SM is the strong CP phase, which allows for CP violation in
the QCD Lagrangian. This phase is experimentally known to be very small, 6p =~ 0. A popular
explanation for this result is given by Peccei and Quinn [[I3]]. By postulating a new U(1) symmetry,
one could eliminate the CP-violating phase from the Lagrangian. Imposing this symmetry, while
requiring gauge invariance of the Lagrangian, requires an extended Higgs sector, at least a second
Higgs doublet.

2.2 Physics beyond the Standard Model

The limitations of the SM portrayed in the previous section demonstrate the desperate need for physics
beyond the SM. Given the success of the SM, it is natural to think of simple extensions of the SM, which
leave predictions of already validated precision measurements unchanged and still solve one or even
multiple of the open questions. This is indeed true for a wide range of extensions of the scalar sector.
A restriction on extended scalar sectors is given by the p-parameter, which is at tree-level given by [22]

2
P [Iw,i(lw,i +1) - %Yi Vi
P = o2
Z?:l Y7y,

(2.15)

where the index i runs over the number of scalar multiplets n. The p-parameter is experimentally
measured to be close to 1 [2§]]. Electroweak SU(2) singlets (with Y = 0) and doublets (with Y = +1)
are compatible with p = 1, as well as certain larger multiplets or multiplets with vanishing vacuum
expectation value.

The simplest extension in which a charged Higgs boson appears is the addition of a second weak
isospin doublet of complex scalar fields to the scalar sector [39]. The phenomenologies of such
two-Higgs-doublet models (2HDMs) are discussed thoroughly in Section[2.2.1] Also discussed in more
detail are supersymmetric models in Section[2.2.2] as those are very popular and all of them predict
the existence of a charged scalar. The theoretical concept and motivations of other popular models
predicting a charged Higgs boson are covered in Section [2.2.3]
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2.2.1 Two-Higgs-Doublet models
Introduction to 2HDMs

Two-Higgs-doublet models predict the Higgs field to be made up of two (in the SM it is only one) weak
isospin doublets of complex scalar fields,

o1\, () _ L (¢1+i¢2) ! (¢5+i¢6)
D=0, +D, = = — . — D6 .
1 (¢(1))+(¢(2)) V2 \¢3 +id4 +\/§ $7 +idg
The 2HDM Lagrangian reads as

Loypm = (D,,‘Dl)z + (Dﬂ‘D2)2 = Vouom(®) + L, supm- (2.16)

As the Lagrangian still has to respect the electroweak symmetry, the form of the covariant derivative D ,
is unchanged with respect to the SM case (Equation [Z.7). On the contrary, the most general potential has
become more complex [22],

Varpm (®) =mi, @7 + m3,®3 — m%2(<I>I<D2 + ‘D;q)l)

P P
+ ?ltb‘f + 72<1>‘21 + A3 07D3 + A, (D] D) (D)D)

1 .
+ ?5(@«1)2)2 + @7 (O] D,) + 1,03 (DD,) + hec.|.

2.17)

The parameters m,, A5, A¢, and A, are complex, which means there are in total 14 real parameters. In
the most general case, without additional symmetries, three degrees of freedom can be eliminated by
choosing the appropriate gauge transformation. Thus, the potential has 11 physical degrees of freedom.
In comparison, the SM Higgs potential has only two degrees of freedom (u and A).

The existence of a second Higgs doublet also modifies the Yukawa interactions. The Yukawa
Lagrangian in 2HDMs is given by

5i 1 ULE U2g i Ai 14Dl D2 '

Ly,ZHDM =- QlL[yij D, i (DZ]U;Q - QlL[yij D) + Yij (DZ]Dég (2.18)

Fi [ E,l E2 J :

+ Ly [y @ + ;7 @)Eg + hee,

where &, = ¢; ; ®; and ¢ ; denotes the totally antisymmetric tensor in two dimensions.

The large number of free parameters in the 2HDM potential and the increased complexity of the

Yukawa couplings make phenomenological studies difficult. The aim of the following section is to first
give a general introduction to 2HDMs and then describe specific models in more detail.

Motivation for 2HDMs

2HDMs are simple and very popular extensions of the SM for several reasons. Firstly, the addition of a
second Higgs doublet to the SM introduces new sources of CP violation, which, as mentioned before,
are needed to describe the baryon asymmetry in the Universe. CP can either be explicitly violated by
two complex angles in the new scalar potential Vyypn (®), which do not vanish, or spontaneously by the
minima of the potential which do have a complex phase.
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Another reason why it makes sense to discuss 2HDMs thoroughly is that new physics models where
new symmetries are imposed often require the addition of a second Higgs doublet. Among them is SUSY,
which needs in its minimal extension (MSSM) at least two Higgs doublets, and the U(1) symmetry in the
Peccei and Quinn model.

Generally, an extended Higgs sector in connection with a new symmetry can address various open
questions. For example, the new symmetry can promote a particle from the extended scalar sector to
be a dark-matter candidate 40]. Or a 2HDM in which all quarks and charged leptons couple
to one Higgs doublet (with v, ~ GeV) and the neutrinos to the other Higgs doublet (with v, ~ eV) —
neutrino-specific 2HDM — does give a natural explanation for the large mass difference between neutrinos
and the other fermions 42).

In addition, 2HDM s offer explanations for discrepancies between certain experimental measurements
and SM predictions. An example is the 4.20 [43]] discrepancy in the measurement of the muon anomalous

magnetic moment (muon g- 2) E H A 2HDM model with an additional U(1) L,-L, symmetry [4
tauTep

— L, and L are the muon and ton numbers, respectively — can justify the dlscrepancy Ot

anomalies are the 3.10 discrepancy on the value of R(D( )) =BR(B™ — D™ 7 v)/BR(B™ —
DY £v) averaged over multiple experiments, and the (controversial) W-boson mass measurement from
CDF-II where a 70 discrepancy ||ﬁ is seen. Multiple phenomenological studies on 2HDMs exist to
address these anomalies [53H56]|.

Minima of the general 2HDM potential

With the introduction of the second Higgs doublet, the shape of the 2HDM potential (Equation [2.17) can
become more complex. It can have three types of minima [22]],

CP-conserving (@) = % (1?1)’ (@) = % (\?2)’
o 1 0 1 {0
CP-violating (@) = NG %efe ’ (@) = NAGYA
2
charge-violating (@) = % (ivgiﬂ) ’ (@) = % (1?2) ’
V2

Vi, Vo, 0, and « are real parameters, with v, and v, being the vacuum expectation values of the two
doublets. If the minimum is CP-/charge-violating, CP/charge is spontaneously broken.

In general, not all parametrisations of the potential ensure that there is a stable minimum at all. But
there can be multiple sets of degenerate minima, i.e. multiple sets of v, v,, and tunnelling between
the minima is possible. Phenomenological studies have proven that different types of minima cannot
coexist [22]]. Up to two CP-conserving minima can coexist [57]. In contrast, if there is a minimum
violating CP or breaking charge conservation, it is the only minimum of the potential and therefore global
and stable. The latter one results in massive photons and can therefore be completely excluded anyhow.

"New lattice QCD calculations on the hadronic vacuum polarisation and hadronic light-by-light scattering suggest that the

d1screpancy is less [46] 7).

$Measurements of the W-boson mass from ATLAS [[51] and CMS agree with the SM prediction.
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CP-conserving 2HDMs

For a further introduction to the mathematical concept, the focus is set on models with CP-conservation —
Voupm (@) is entirely real and the minimum is CP-conserving — to ease the mathematical formulations.
Similar to the SM Higgs mechanism, the doublets are expanded about the minima,

¢,

o = Ca=1,2.
« "\, +pa+ing)/V2)" ©

When inserting the expanded fields into the 2HDM Lagrangian from Equation 2.16] terms quadratic
in the fields arise from which mass matrices M can be extracted. Similar to the weak mixing of the
W, and B, fields, a diagonalisation of these matrices can be achieved by multiplication with a rotation
matrix with an appropriate rotation angle. The rotation angle diagonalising the M 4+, and M
matrices is 8 and is given by

rmass

V)
tan B = —=. (2.19)
Vi

The corresponding rotation angle for M., is denoted as @. The physical fields are
G*\ _ RT )
Hi ﬁ ¢§ )

G’ T (T H T [P1
)nl) ()ml) ow
G* and G" are the Goldstone fields, with ei genvalues of zero which eventually give mass to the W* and Z
bosons. The remaining five fields give rise to scalar bosons: two charged scalars H*, two CP-even neutral
scalars i and H, whereby H is defined to be the heavier one of the two, and one CP-odd pseudoscalar A.
The mass term of the charged scalar field reads as

m2
mye = | —= = (14 + As)

2 2
+ . 2.21
ot - (V1 Vz) ( )

In addition, terms trilinear and quartic in the fields are present in the 2HDM Lagrangian, giving rise
to three- and four-point interaction vertices between the bosons. The Feynman diagrams can be seen in
Figure [2.2]bracket (4).

The SM Higgs boson can be expressed as

H™ = hsin (o = B) = Hcos (a - B).

The scenario sin (@ — 8) — 1 is supported by experimental measurements [58]], which means % has the
same couplings as the SM Higgs boson (alignment limit).

In summary, the CP-conserving 2HDMs have 7 free parameters, which can be parametrised by
* the masses of the new particles: my,, my, my, my+,
* the mixing angles: a, 3,

* and the diagonal term of the mass matrix of the Higgs doublets m,.
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Table 2.1: Models with natural flavour conservation and the respective couplings of the right-handed singlets to
the Higgs doublets. The right column shows a possible discrete Z, symmetry which can be imposed to obtain the
desired couplings.

Models U}} D% E}} Imposed Z, symmetry
Type-X (lepton-specific)y @, &, @, O - -, Ep > -Ep _
Type-Y (flipped) o, O O, ®, —» -®,, Dy — —D,Er — —Eg

Considering the observed Higgs boson to be the light CP-even boson and the alignment limit, the
parameters m,, and sin (o — ) are known, and 5 free parameters are left. The connections of m .+ to
the other parameters are non-trivial. The couplings of the charged Higgs boson are determined by the
rotation angle S.

It should be noted again that these calculations are applicable only for the CP-conserving minima. For
CP-violating minima the calculations would be more involved as more parameters of the potential are
unequal to zero, e.g. the mixing of the neutral Higgs states has to be described by a three-dimensional
rotation matrix, resulting in three mixing angles «;. Nonetheless, the prediction of the five additional
bosons (H", H, h, A) is common for all models. The clear distinction of the CP-even and -odd states of
the neutral Higgs bosons can be made only for the CP-conserving case.

2HDMs with natural flavour conservation

The Yukawa coupling matrices yfi.’l and yfj’z (X € [U,D,E]) are in general not simultaneously
diagonalisable in the mass basis. Therefore, couplings of the Higgs field with fermions of different
generations appear, e.g. ¥;¢ .. The result is flavour-changing neutral currents (FCNC) mediated by the
neutral Higgs scalars.

Models with large FCNCs are disfavoured as experiments have set strict limits on FCNCs [59]. In
popular 2HDMs, natural — in the sense that the Yukawa matrices are not aligned by coincidence — flavour
conservation (NFC) is achieved by imposing new discrete or continuous symmetries. In case all fermions
with the same quantum numbers couple to the same Higgs doublet — one of the matrices yfj.’l or yf;’z
vanishes for each flavour X € [U, D, E] — FCNCs will be absent. This can be achieved through the
introduction of a new symmetry, forcing the right-handed states with the same charge to couple to
the same Higgs doublet. The possible combinations of couplings are presented in Table 2.1} whereas,
without loss of generality, up-type quarks are assumed to couple to ®,.

With the help of the relations in Equation [2.20] the Yukawa interactions from Equation[2.18|can be

expressed in terms of the physical fields. The Yukawa couplings can be replaced by the masses of the

fermions, similar to Equation[2.14] but with v = \/v% + v%. The coupling strength of the charged Higgs
boson to fermions is proportional to the masses of the fermions, V), and tan 8 or cot 5, depending on
the model being considered.

Other models with FCNCs at tree-level, like Type-III models and models with minimal flavour
violation, are discussed in References 160].
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Figure 2.5: Production cross-sections of charged Higgs bosons in pp collisions at 14 TeV for different 2HDM
models. Solid: gb — tH*; Dashed: gg — tH"b; Dash-dotted: gg — H/h/A — H*W™. In the calculation
my = 500GeV, my, = 600GeV, and sin (8 — @) = 1 is assumed. The figure is taken from Reference .

Charged Higgs boson production and decay

The production and decay channels of the charged Higgs boson are determined by its coupling to other
particles. As the charged Higgs boson couples to mass, it will predominantly be produced in connection
with heavy fermions and bosons. The by far heaviest fermion is the top quark. For this reason, the
production and decay modes are usually discussed in two different regimes, depending on the mass of
the charged Higgs boson being smaller (m+ < m, — light charged Higgs boson) or larger (m + > m, —
heavy charged Higgs boson) than the top-quark mass.

For the discussion of the production of a charged Higgs boson, the focus is being set on pp collisions
at the Large Hadron Collider (LHC). Figure 2.5 shows the cross-sections for different charged Higgs
boson production modes. If the charged Higgs boson is light, it will be mainly produced in gg — ¢
events, where one top quark decays into a charged Higgs boson and a bottom quark,

gg — 1t — tH'Db.

Feynman diagrams of the main # production modes at the LHC are drawn in Figure

In the heavy charged Higgs boson scenario the process gh — tH* usually dominates. Butif m e e
is below the mass of a neutral Higgs boson, the production in connection with a W boson can dominate,
gg — H*W*. Exemplary Feynman diagrams of these processes are drawn in Figure Also shown
there is a possible Feynman diagram with two charged Higgs bosons in the final state.

Figure 2.6: Feynman diagrams of ¢ production modes in pp collisions with one top quark decaying into a charged
Higgs boson and a bottom quark.
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Figure 2.7: Exemplary Feynman diagrams of charged Higgs boson production modes in pp collisions.
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Figure 2.8: Branching ratios of a charged Higgs boson with m = = m, = 100 GeV and my = 150 GeV for models
with NFC as defined in Table[2.1} The figure is taken from Reference [TT]]. Calculations were carried out with the
2HDMC [61]] and HDECAY [[62]] software.

Regarding the decay of the charged Higgs boson, in the light-mass regime, the dominant fermionic

decay modes are
H* — ¢b, H* = cs, H* — 1.

Those are the heaviest accessible fermion pairs, whereas the decay to c¢b quarks is suppressed by the
CKM matrix element. As the masses of these fermion pairs are roughly of the same order, the dominant
decay mode is primarily determined by tan 8 and the Yukawa couplings. Figure[2.8]shows the branching
ratios of a light charged Higgs boson as a function of tan S for models with NFC. The cs-channel is
relevant in the 2HDM Type-I model for all tan 8 values and dominates in Type-II and Type-X models for
small tan 8 values (tan 8 < 1). In the heavy charged Higgs boson scenario the dominant decay mode to
fermions is always H — tb.

The couplings of the charged Higgs boson to bosons are proportional to sin (8 — &) or cos (8 — @).
The possible decay modes are into a W* boson plus a neutral gauge or Higgs boson,

H — W*Z, H* — Wy,
H* — W*H, H® — W*h, H® — W*A.

Not all of these decay channels may be accessible, depending on the masses of the neutral and charged
Higgs bosons. The decay H* — W*A is disfavoured in some models because the mass terms of H* and
A are very similar. H* — W7 is small in most models. H* — W*Z is only relevant for a heavy charged
Higgs boson, and the same applies for H* — W*H and H* — W*h, if the found Higgs boson is 4. The
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latter three decay modes compete with the th-channel in the heavy charged Higgs boson scenario. For
the outlined reasons, all bosonic decay modes are disfavoured in most light charged Higgs boson scenarios.

As a summary, it is to be noted that the production and decay channels heavily depend on the free
parameters of the models. When searching for a charged Higgs boson, it is best to cover all of them.
In the light charged Higgs boson scenario, the main production mode is in top quark decays, and the
relevant decay modes are 7y, cb, and cs.

2.2.2 Supersymmetry

Supersymmetry (SUSY) models have been developed based on the idea of combining the Poincaré
symmetry and the internal local gauge symmetry of the SM. This is possible by the introduction
of fermionic symmetry generators, which relate particles of different spins, to the Poincaré group
(super-Poincaré group) [[63]]. The fermionic generators enable transformations of bosons to fermions and
vice versa (supersymmetry transformations)ﬂ This makes the equations for forces and matter identical.

In SUSY models, every particle needs to have a supersymmetric partner particle (sparticle) with
differing spin. Since the particles of the SM cannot be their own superpartners, for every SM fermion
and gauge boson a new sparticle with half a unit less spin is predicted. For the scalar sector, the partner
of the Higgs field is a new weak isospin doublet with spin-1/2 and opposite hypercharge. A second
Higgs doublet is required to cancel chiral anomalies, and because conjugate chiral multiplets cannot
couple together in the Lagrangian, i.e. a single doublet is unable to give mass simultaneously to up-type

and down-type quarks [65]].

There are plenty of reasons why SUSY models are of interest. Among the most notable ones is the
natural solution it provides to the gauge hierarchy problem, introduced in Section[2.1.3] For every loop
of particles, which might give large corrections to the Higgs boson mass, there is a counter term from
the corresponding sparticles. If SUSY is an unbroken symmetry, the masses of particles and sparticles
are identical, and the cancellations of the higher-order terms (Az, - -) are exact.

Similar loop corrections show up in the propagators of the forces, which make the coupling strengths
of the three interactions depend on the energy scale being considered (cf. Section[2.1.2)). At an energy
scale of about 10'® GeV, the coupling strengths of the three interactions are almost of the same size.
This led to the development of Grand Unified Theories (GUT), in which all the forces are unified into a
single symmetry group, e.g. SU(5), which is broken at low energies. [[66]] The new sparticle loops in
SUSY models will affect the running of the coupling strength and can cause all three couplings to have
the exact same strength at a certain energy scale, which would facilitate GUT models.

Another important motivation for SUSY models is that among the predicted sparticles, there can be a
stable, heavy and only weakly interacting particle, which is a perfect candidate for dark matter — given
R-parity is conserved (definition see below). Lastly, in models with local supersymmetry gravity arises
naturally, making it possible to unite all four fundamental interactions in one model (Supergravity) [67]].

Below, a few SUSY models will be introduced to get an overview of the active research areas. In
the discussed models, SUSY is always (softly) broken, resulting in the sparticle masses being orders

The discussion of supersymmetric models in this section is limited to models with one supersymmetric transformation
(N = 1) in four dimensions.
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Table 2.2: The SM particles and their supersymmetric partners in the MSSM. The Table is adapted from
Reference [23]).

Particle Spin Sparticle Spin
Quark q 172 Squark q1-9r 0
Lepton ¢ 1/2 Slepton ZL, ZR 0
Neutrino v 172 Sneutrino Vi, Vr(?) 0
Gluon g 1 Gluino g 172
Photon v 1 v
Zboson Z 1 VA Neutralino ¢\, 9, ¥5. ¢4 1/2
Higgs H 0 { 1452

I;I } Chargino 0 12
Whboson W* 1 w* A2

of magnitudes larger than their SM counterparts. The reason for this is that so far no sparticles have
been found, e.g. a particle like the electron with a mass of 511 keV but with zero spin. But in order for
the SUSY models to solve the fine-tuning problem, a mass scale for sparticles of only about 1 TeV is
favoured.

Minimal Supersymmetric Standard Model

The minimal supersymmetric Standard Model (MSSM) is the minimal — in terms of additional particles
and forces — extension of the SM realising SUSY. The particle content of the MSSM is presented in
Table 2.2] The MSSM already contains 178 independent parameters [26]. The electroweak scalar
partners mix to the physical neutralino and chargino states. A U(1) R-symmetry, or R-parity of the form

R — (_)3(B—L)+2S’

is imposed to ensure baryon (B) and lepton number (L) conservation — otherwise the proton wouldn’t be
stable. In this equation s is the spin of the particles; hence, SM particles and their superpartners have
opposite R-parities. The R-parity makes the lightest supersymmetric particle (LSP), typically )2?, stable.
The LSP is a candidate for dark matter.

In the MSSM, the Higgs sector is identical to the type-II 2HDM. Because of relations among the
parameters of the MSSM, the MSSM Higgs sector has at tree-level only two free parameters, tan 5 and
m,. The mass of the charged Higgs boson is at tree level given by

2 2 2

Mps = My + Ny

Due to the new particles, additional production and decay channels of the charged Higgs boson open

up. (165} [68]
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Other SUSY models

Another well-studied SUSY model is the next-to-minimal supersymmetric Standard Model (NMSSSM) [[69].
The NMSSM is of interest as it addresses the ,u—problerﬂ of the MSSM. The Higgs sector of the
NMSSM is a type-1I 2HDM with an additional singlet.

The U(1) extended MSSM (USSM) tackles the u-problem by an additional U(1) gauge symmetry [[71]).
USSM models predict the existence of additional (compared to the MSSM) neutral gauge bosons.

Also to mention are supersymmetries in string theory models (Superstring theory) [73]]. Generally,
SUSY models with much more complicated Higgs sectors are possible, e.g. Higgs triplets.

2.2.3 Other models with an extended Higgs sector

Inert 2HDM

The inert 2HDM is a special 2HDM model with an unbroken Z, symmetry, e.g. ®, — —®,.
Unbroken means that @, has a zero vacuum expectation value. In this model ®, is called the
inert doublet, as it doesn’t couple to fermions. @, behaves as in the SM, yielding a Higgs boson
and giving masses to the electroweak gauge bosons. From @, arise two charged and two neutral
scalars. They can only interact with the electroweak gauge bosons and the SM Higgs boson. The
lightest neutral scalar from ®, serves as a candidate for dark matter [75]]. Initially, the inert
model was proposed to explain neutrino masses [[76]].

2HDM plus singlets (N2HDMs)

The simplest model predicting a charged Higgs boson beyond the 2HDM is the N2HDM. The
N2HDM has, compared to the 2HDM, an additional real or complex singlet. The additional
singlet leads to one or two additional neutral scalars, respectively. The phenomenology of the
charged Higgs boson is unchanged with respect to 2HDMs, except that new production and decay
channels involving the new neutral scalars may be possible. N2HDMs are popular because with
the imposition of a simple Z,-symmetry the particles from the singlet can be good candidates for
dark matter. Models with more than just one additional singlet are also compatible with p = 1.

2HDM plus doublets (MHDMs)

Another class of models are multi-Higgs-doublet-models (MHDMs). In these models the Higgs
sector contains three (3HDM) or even more Higgs doublets. Each additional doublet adds
another pair of charged Higgs bosons to the particle content. In the 3HDM the phenomenology
of the charged Higgs bosons is described by five parameters: The masses of the charged Higgs
bosons, the two ratios of the vev’s, and the mixing angle between Hy and H5. Due to the larger
parameter space, only very weak exclusions have been set on 3HDMs and on MHDMs.

Models with Higgs triplets — Georgi-Machacek model

If an increased coupling of the SM Higgs boson with the electroweak gauge bosons is measured, it
can only be explained by Higgs triplets or higher-order multiplets [[65]]. But scalar sectors with
Higgs triplets or higher-order multiplets are generally constrained by the p = 1 measurements
(cf. Equation 2.T5). The p issue can be circumvented by either giving the triplet field a vacuum
expectation value that is much smaller compared to another multiplet, or the fields and vacuum
expectation values can be arranged so that a custodial SU(2) symmetry is maintained [20} [21]].

0The pu-problem is discussed in Reference .

24



Chapter 2 The Standard Model and theories beyond

The most prominent example of the latter case is the Georgi-Machacek model [[78]].

In the Georgi-Machacek model the SM Higgs doublet is extended by a real and complex triplet.
The resulting particles can be grouped in two singlets (H?, HY), a triplet (Hg , H3), and a fiveplet
(Hg, Hs, H:™). The coupling of H to fermions is given by

8w V3

where v, and v; are the vacuum expectation values of the doublets and triplets, respectively, m are
the masses of the fermions and P; /Py are the chiral projection operators. The charged Higgs
bosons from the fiveplet do not couple to fermions.

Higgs triplets also show up in left-right symmetric modelsEl and are able to generate small
neutrino masses naturally, e.g. in the type-II seesaw mechanism [80]l. Common for all models
with triplets are doubly charged Higgs bosons.

2.3 Searches for a charged Higgs boson

The following section summarises the most recent searches for a charged Higgs boson. This includes
direct searches and constraints from indirect searches, e.g. precision Higgs measurements. The most
stringent exclusions on models with an extended scalar sector are set by flavour physics precision
measurements. These constraints are presented in Section[2.3.1]

Deviations in precision measurements, €.g. muon g-2 and R(D(*)) measurements, can also hint
towards certain BSM theories. In order to confirm an extended Higgs sector, a direct search for new
particles predicted by the theory is inevitable. Direct searches for a charged Higgs boson, their excesses
and constraints on BSM models are presented in Section[2.3.2}

2.3.1 Constraints on 2HDMs from flavour-physics precision measurements

Flavour physics measurements are affected by the presence of a charged Higgs boson because in any
vertex with a W boson and two fermions, the W boson may be replaced by a charged Higgs boson. The
charged Higgs boson contribution is especially large if the fermions are heavy. Figure 2.9]summarises
the most important constraints from flavour-physics measurements on m,,+ and tan 8 in CP-conserving
2HDM models (cf. Table[2.I). The different contributions are:

Hi

b—osy
A b quark can, at the one-loop level, decay to an s- or d-quark and a photon. A Feynman diagram
of this process is depicted in Figure 2.10] In case a charged Higgs boson exists, it can, besides
the SM W boson, act as a mediator particle in the loop and modify the branching ratio of this
process. Experimentally this is measured in the decays of B-mesons. In order to cancel theoretical

uncertainties, the ratio
R - B‘W + de
Yo 8

clv

"n left-right symmetric models parity is an exact symmetry and is only broken spontaneously due to the form of the scalar
potential.
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2HDM Type-| - Flavour constraints 2HDM Type-Il - Flavour constraints

tan B
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Figure 2.9: Constraints from flavour-physics measurements on m,+ and tan §, assuming m,, = 125 GeV, in the

CP-conserving (a) type-I and (b) type-II 2HDM models. The exclusions for the type-X and type-Y models are
similar to type-I and type-II, respectively. The figure is adapted from Reference [@]

is measured. R, compares the branching ratios (8) of b-quark decays into another down-type
quark and a photon to the decay into a ¢ quark, lepton and neutrino. In the 2HDM type-II and
type-Y models, R, is only allowed to be larger than in the SM, setting very tight limits for a
large parameter space. The most precise measurements have been conducted by the Belle 11
collaboration at the SuperKEKB collider in Japan. Charged Higgs boson masses below 580 GeV
are excluded for tan g values above ~ 1 . In 2HDM type-I and type-X models, as the H™tb
coupling is proportional to cot 3, the exclusion is limited to small values of tan 8 < 2 [82].
W*/H* L Y
bl ML

Figure 2.10: Feynman diagram of the process b — sy with a W* or H* in the loop.

B/Dy — TV,
The decay of a charged B* or D, meson into a 7 lepton and the respective neutrino proceeds in
the SM through the exchange of a W boson. The exchange of a charged Higgs boson, which,
compared to the W boson, is not helicity suppressed, modifies the branching ratio as [[TT]]

2 2

R, - B(B = v )oupm _ L tan B
Be B(B = v )sm mili

The measurement of Ry , which is in agreement with the SM prediction [@, adds constraints on
large tan S values (cf. Figure[2.9).
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Figure 2.11: Feynman diagram of the process B — 7, through a W* or H* exchange.

Am

Fo

Neutral meson states can oscillate at second order, e.g. via a diagram as drawn in Figure 2.12]
The two flavour eigenstates mix to two physical mass eigenstates, a lighter and a heavier one. In
BSM theories the oscillations can also occur via the exchange of charged Higgs bosons. This has
implications on the mass difference between the two mass eigenstates. Measurements of the mass
difference exclude small values of tan 8 for all CP-conserving 2HDMs (cf. Figure[2.9).
W*/H*

h—4—— -~ —<——

B Au/c/t yu/c/t BY

S

S§—p— L > b
Figure 2.12: A possible Feynman diagram of the oscillation from B? to Eo .
Be = pup’
BSO -meson decays to a i~ u* pair are highly suppressed because the tree-level process would involve
flavour-changing neutral currents, which are forbidden in the SM. Higher-order diagrams involving
W bosons, e.g. box diagrams (see Figure 2.12), are allowed. For 2HDM models without NFC,
the branching ratio of this process can be drastically increased. But also in models with NFC, a

charged Higgs boson can be exchanged instead of the W boson in the higher-order diagrams and
enhance the branching ratio. Measurements of the branching ratio mainly exclude small values of

tan 3 (cf. Figure [2.9) [T} [88].

These exclusions are always calculated for certain models and cannot reject all models with a second
Higgs doublet. In models with a more complex Higgs sector, the discussed exclusions are much weaker
due to the increased complexity of the models, e.g. in MHDMs [[I1]].

2.3.2 Direct searches for a charged Higgs boson

Direct searches for a charged Higgs boson have first been performed at the Fermi National Accelerator
Laboratory (FermiLab) by the CDF and DO collaborations starting in the 1990s. At the Tevatron collider at
FermiLab, protons and anti-protons were collided at centre-of-mass energies of up to 1.96 TeV. Charged
Higgs bosons have been searched for in decays of top quarks, but no excess has been found [104H107]).
Direct searches for a charged Higgs boson were also performed at the Large Electron-Positron Collider
(LEP) at CERN. At LEP, electrons and positrons were collided with centre-of-mass energies of up to
Vs ep = 209 GeV. Charged Higgs bosons with masses below /s gp/2 could have been produced in pairs.
The measurements from all experiments at LEP combined could exclude charged Higgs bosons with
masses below 72.5 GeV and 80 GeV in the 2HDM type-I/X and type-II/Y models, respectively [108]].
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Table 2.3: Summary of recent searches for a charged Higgs boson at the LHC. +/s is the centre-of-mass energy of
the pp collisions, L is the integrated luminosity. The table is divided into searches for a light (top) and heavy
(bottom) charged Higgs boson. An exception is the H* — 7y, channel, which is being searched for in the light
and heavy charged Higgs boson mass regime. 95 % CL upper limits on the branching ratio t — H*b are shown
for decays of a light charged Higgs boson to SM particles. The upper limits from the H* — v, channel are for
charged Higgs boson masses up to 160 GeV.

Process Experiment Vs [TeV] L [fb_l] Search range Limits on B(t — H* b) [%]
Reference my+ [GeV] Expected Observed
H S s 7 4.7 90 - 150 1.5 -8 1.2 -5.1
13 359 80— 160 0.29-2.39 0.25-1.68
H S ch 13 139 60- 160 0.09-0.25 0.15-042
8 19.7 90- 150 0.53-0.83 033-1.3
s 1y, 13 140 80 -3000 0.02-0.28 0.02-0.27
13 36.1 80 -3000 0.12-0.35 0.08-0.36
+ 13 139 100 - 160 - -
= WA 13 359 100— 160 - -
+ 13 139 200 -2 000 - -
— th
13 359 200-3000 - -
H* > Wh 13 140 250 -3000 - -
H* - WH 13 138 300- 700 - -
" 13 140 200 -3 000 - -
H =Wz 13 137 200-3000 - -

The most recent direct searches for a charged Higgs boson have been performed in pp collisions at the
LHC at CERN. The measurements are summarised in Table[2.3] In the search for a light charged Higgs
boson, the channels H* — c¢s, cb, 7v,, which have been proposed in Section are covered by the
ATLAS and CMS collaborations:

H* > cs

The previous search for H* — cs decays performed by the ATLAS collaboration used a partial
LHC Run-1 dataset of pp collisions at v/s = 7 TeV . A kinematic fitter was used to
reconstruct the full 7z system, from which W/H* dijet candidates are extracted. No significant
excess compatible with a signal from a charged Higgs boson with masses between 90 to 150 GeV
was found in the dijet mass distribution. Upper limits on the branching ratio B(t — H*b),
assuming B(H* — cs) = 1.0, were set at 95 % confidence level (CL) between 1.2 to 5.1 %.

The most recent search by the CMS collaboration for H* — cs decays was performed on a partial
LHC Run-2 dataset (1/s = 13 TeV) and extended the mass range from 80 to 160 GeV. The analysis
strategy is similar to the one from the ATLAS search presented above. The main difference is
the usage of charm tagging to identify signal events. No significant excess has been found by
CMS either, and limits on B(t — Hb) were lowered between 0.25 to 1.68 %. The observed and
expected limits with uncertainty bands for both analyses are shown in Figure 2.13]

H* - cb

The search for H* — cb by the ATLAS collaboration was performed using the full LHC Run-2
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Figure 2.13: Expected and observed 95 % CL upper limits on 8(t — H*b), assuming B(H" — cs) = 1.0 for
the searches performed by the (a) ATLAS and (b) CMS collaborations. The +10 and +2¢ variations around the
expected upper limit are indicated by the green and yellow bands, respectively.

dataset for a charged Higgs boson mass range from 60 to 160 GeV [91]]. The 95 % CL upper
limits on the branching ratio 8(t — H*b), assuming B(H* — cb) = 1.0, are derived to be
between 0.15 and 0.42 %. These limits are tighter than the ones obtained by the H* — cs searches
for two main reasons. On the one hand, b-quarks can be identified more reliably compared to
s-quarks, due to their unique signature in the detector. On the other hand, the main background,
SM it events, can be substantially reduced with the help of the b-quark identification because
B(W — cb) =~ 0.17 %, whereas B(W — c¢s) =~ 50 %.

It is important to note that a local excess with 30 significance at a charged Higgs boson mass of
130 GeV was seen, as shown in Figure 2.14] The excess has a global significance of 2.5¢0- and the
width of the excess is compatible with what is expected from signal injection studies. Since then,
it was of great interest whether the excess would also be observed by the ATLAS Run-2 H* — cs
(this!) analysis. This would be a strong evidence for the existence of a charged Higgs boson with
mass around 130 GeV.

H* - 1y,
The searches for H* — 7y, decays have set stringent upper limits on B(t — H*b) x B(H* — 1v,).
This is the case because the momentum and direction of leptons are measured with higher precision
than those of jets. The observed limits vary between 0.02 and 0.27 % for charged Higgs boson
masses of 80 to 160 GeV . The search for H* — 7, is extended to masses above the
top-quark mass. In quarkphobic 2HDM models, the 7, decay channel can dominate also for
heavy charged Higgs bosons.

Searches for heavy charged Higgs bosons
In the heavy charged Higgs boson scenario, the H* — tb decay always dominates over the cs and
cb channels. The search for H* — tb has been performed by the ATLAS and CMS collaborations
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Figure 2.14: Expected and observed 95 % CL upper limits on 8(t — H*b), assuming B(H* — cb) = 1.0 for the
searches performed by the ATLAS collaboration. The +10- and +20 variations around the expected upper limit
are indicated by the green and yellow bands, respectively.

in a mass range from 200 to 2000 GeV [97]] and 200 to 3000 GeV [08] [99]], respectively. Other
searches for a heavy charged Higgs boson are in decays to a W boson and a neutral Higgs boson, £
or H . The decay channel H* — WZ opens up in models with Higgs triplets and has
been searched for by the ATLAS [[102]] and CMS [[103]] collaborations. No significant excess has
been found so far.

The constraints on m+ and tan 8 from direct searches in CP-conserving 2HDM models are displayed
in Figure 2.T3] The direct measurements can exclude new parameter spaces in the 2HDM type-I and
type-X models, especially for a light charged Higgs boson. Unfortunately, the plots are not up to date
with the description given above. The measurements for H* — 7v, and H* — ¢4’ included in the plots
are early LHC Run-2 (or even Run-1) measurements performed on a smaller integrated luminosity. The
full Run-2 measurements can extend the excluded parameter space further.
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2HDM Type-| - Higgs searches

2HDM Type-ll - Higgs searches
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Figure 2.15: Constraints from direct measurements on m

y+ and tan B, assuming m;, = 125GeV, in the CP-
conserving (a) type-I and (b) type-II 2HDM models. The exclusions for the type-X and type-Y models are

similar to type-I and type-II, respectively. The region below/left of the dashed line is excluded by flavour physics
measurements (cf. Figure 2.T5). The figure is adapted from Reference [ST].
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CHAPTER 3

The Large Hadron Collider and the ATLAS
detector

In this thesis data from proton-proton collisions recorded by the ATLAS detector is being analysed.
The ATLAS detector is situated around one of the four interaction points of the Large Hadron Collider
(LHC) and records the collisions, acting like a giant, fast and radiation-hard camera. The purpose is
reconstructing the emerging particles and thereby reconstructing the physics at very high energies and
small distances. The following chapter describes the physics of proton-proton collisions in Section [3.1]
how protons are being accelerated and brought to collision at the LHC in Section [3.2] and reports on the
structure of the ATLAS detector in Section[3.3] Lastly, Section 3.4 gives details on the reconstruction of
particles with the ATLAS detector.

3.1 Proton-proton collisions

The proton is the lightest baryon, consisting of three valence quarks uud. At smaller length scales,
a sea of gluons and quark-antiquark pairs inside the proton becomes visible, as shown schematically
in Figure[3.1] As a consequence of Heisenberg’s uncertainty principle, the actual observed structure
depends on the energy scale Q being probed. At higher energy scales, finer structures become visible.
In high-energy proton-proton collisions, the partons inside the protons interact with each other. The

Figure 3.1: Schematic structure of the proton taken from Reference [[111]]. The blue and green dots represent
quarks and antiquarks, respectively. The curly lines represent gluons.
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interaction with the highest momentum transfer is referred to as the hard scattering process. To predict
the inclusive cross-section of the hard scattering process o7 ;_, ., all possible Feynman diagrams for this
process have to be considered, which is a difficult and resource-intensive task. Meaningful predictions
are retrieved by using perturbation theory in which only the Feynman diagrams up to a certain order
in a are considered. Perturbation theory yields good approximations as the coupling constant of the
strong interaction is < 1 for energy scales above m,.

In order to calculate the inclusive cross-section pp — X, the structure of the proton has to be
considered. This is encoded in the parton distribution functions (PDFs). A PDF yields the probability
density for finding a certain parton inside the proton with a momentum fraction x. This probability
depends heavily on the considered energy scale, PDF(x, Q2). Predicting the PDFs is challenging as it
involves the low-energy, non-perturbative regime. Therefore, the PDFs have been measured for certain
energy scales in deep inelastic scattering experiments. The DGLAP evolution equations are
used to estimate the PDFs at different energy scales.

The inclusive pp — X cross-section can then be calculated as

2 2 ~
Tppx = D, D / dx; dx PDF (x;, u) X PDF(xj, i) X 017 (%0, % ) i)
i

O 4o (ue)oV + -+ a"™ + 0™, (B.1)

with " =&
The indices i and j run over the various parton types. up is the renormalisation scale of the strong
coupling, already introduced in Section[2.1.2] and defines the upper scale up to which the calculations
are valid. p is the factorisation scale and can be thought of as the scale that separates the high- and
low-energy physics. [T15]]

Figure shows a schematic of a pp — 1t collision. Block 1, the hard process, has been discussed
in the previous paragraph. But, as can be seen in the picture, a real pp collision involves much more
than just the hard scattering process. In addition to the hard scattering process, other partons inside the
protons can interact with each other. These interactions are referred to as multiparton interactions (MPI).
The interacting particles can also radiate off other particles, mainly gluons, before the hard scattering
process. This type of radiation is termed Initial-State Radiation (ISR). The same applies to particles
produced in the hard scattering process. Accordingly, this radiation is called Final-State Radiation (FSR).
MPI, ISR, FSR and the proton remnants that didn’t interact with each other built the underlying event
(UE).

Moving on in time, the number of particles constantly increases and the average energy per particle
decreases until only stable particles are left. In this context, “stable” means that the average flight path
Tc, with 7 being the lifetime of the particle, is much larger than the detector radius. Block 2 is about the
evolution of the particles produced in the hard-scattering interactions. On the one hand, the produced
particles, in this example the top quarks, may be short-lived and decay into other particles, which may
decay themselves. On the other hand, the particles radiate partons, leading to a shower of particles (PS).

Block 3 is concerned with the fragmentation and hadronisation of final-state partons. Fragmentation
is the process by which an energetic final-state gluon or quark radiates a cascade of softer partons. Due
to confinement the final-state partons, except the very short-lived top quark, will be bound in hadrons.
The hadrons may be short-lived and decay into other hadrons before reaching the detector. The bundle
of arising hadrons is boosted in the direction of the initial parton and forms a so-called jet. Hence,
final-state partons can not be detected individually but only through hadrons in a jet.
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Figure 3.2: Schematic of a pp collision in which a top-quark pair is produced. The figure is taken from

Reference [ITEI, [117[]

3.1.1 Simulation of proton-proton collisions

Accurate simulation of the physics in particle collisions is a key ingredient for nearly any collider
experiment. The simulations are important to understand what a physics process looks like in the
detector and to develop reconstruction algorithms. Additionally, simulations are important to calibrate
the detector response to retrieve the “true” particle four-momentum, calibrate selection efficiencies, etc.

The simulations use repeated random sampling algorithms (Monte Carlo — MC) to simulate single
event processes. The simulation consists of multiple steps [T18]:

1. First, the simulation of the hard process by calculating the matrix element (ME), including ISR
and FSR. The calculations are performed up to a certain order in perturbation theory: leading-order
(LO), next-to-leading-order (NLO), next-to-next-to-leading-order (NNLO), etc. The outcome is a
list of particles produced in the hard scattering process and their four-momenta.

2. The evolution, mainly taking care of the decay of unstable particles, comes second.

3. The third step is the fragmentation and hadronisation, which are a not well-understood processes.
Perturbative calculations are not possible, as these are long-range, low-energy (o, ~ 1) processes.
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Event generators use different models like the string [[TT9] [I20] or cluster [121]] fragmentation
models for this task.

4. Next is the detector simulation. A model of the ATLAS — or generally any — detector and its
magnetic field configuration is developed in GEanT4 [[122]. GEANT4 simulates the passage of
particles through the detector, simulating processes like bremsstrahlung, Compton scattering, etc.
The result is energy deposits in the detector components.

The detector simulation is usually the computationally most expensive part. Therefore, a fast
simulation has been developed in which the calorimeter response is parameterised instead of fully
simulating the electromagnetic and hadronic showers [123]].

5. In a last step, these energy depositions have to be converted into digitized signals. After this step,
the information is identical to a real measurement. Any further reconstruction on real data can be
applied one-to-one to the simulation. But in simulation the initial physics process and emerging
particles are known.

The first three steps combined are known as the event generation. A variety of event generators exist
that use different physics models. These models have parameters that are tunable for the given task.
Generators may even be specialised in a certain task. Therefore, in a full event generation, it is quite
common to interface multiple event generators, each taking care of a different step.

3.2 Accelerator physics at the Large Hadron Collider

The LHC is a circular collider in which protons or lead atoms are brought to collision at four interaction
points, around which four detectors are situated: ALICE, LHCb, CMS and ATLAS. ALICE and LHCb
are designed specifically for heavy-ion collisions and b-quark physics, respectively. CMS and ATLAS
are general-purpose detectors.

The goal of the LHC campaign was to reach the highest centre-of-mass energies and luminosities
to tackle the open questions in particle physics. It was constructed in the same tunnel as the Large
Electron-Positron collider (LEP) with a circumference of 26.7 km. The tunnel is between 45 to 170 m
underground to reduce the background from cosmic radiation. In LEP, electrons and positrons were col-
lided at centre-of-mass energies up to 209 GeV in order to perform electroweak precision measurements.
At the LHC, protons can be accelerated to much higher energies as they lose less energy by synchrotron
radiation. The LHC was designed to accelerate the beam protons to 7 TeV, resulting in a centre-of-mass
energy of /s = 14TeV[|

In order to observe interesting physics processes with small cross-sections, it is desirable to have as
many well recordable pp collisions as possible in short time scales. The collision rate at an interaction
point of an accelerator is quantified by the instantaneous luminosity and can be parametrised for a
circular collider with beams that have no spatial offset with respect to each other as

2
_ anbfrev S

dnooy,

L

The highest centre-of-mass energy reached so far is 13.6 TeV.
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N,, are the number of protons per colliding bunch, n;, are the number of bunches rotating in each
direction, f, is the revolution frequency of the bunches, and o, ,, are the bunch size in the vertical and
horizontal plane. S is the geometric reduction factor which accounts for the fact that the bunches are
collided under a certain crossing angle and depends on the crossing angle and the bunch length o-,. The
expected event rate of a certain process with cross-section o~ can be calculated with the instantaneous

luminosity as

dN
E—LO’.

The luminosity contains all information related to the experiment, and the cross-section contains the
information related to the physics process. The total number of expected events can be calculated with
the integrated luminosity, which is defined as the instantaneous luminosity integrated over time.

3.2.1 Accelerator physics

This section briefly introduces the physics concepts utilised to build a circular particle collider. More
details about accelerator physics and the instruments used in modern particle accelerators can be found

in References [[124] [123]].

In particle accelerators, electric fields are used to control the longitudinal motion, and magnetic fields
control the transverse motion. The physics governing this is contained in the Lorentz force law.

Charged particles are accelerated using radio-frequency (RF) cavities. Cylindrical conductors are
charged alternately positive and negative. When choosing the correct frequency, the charged particles
passing the conductors will be consistently pushed by the conductors behind them and pulled by the
conductors ahead of them. A sketch of this process is given in Figure [3.3(a)]

The RF cavities define buckets, confined by the arrival time of the charged particles at the RF cavities,
or alternatively their phase, and their momentum. Figure [3.3(b)]shows the envelope of an RF bucket in
the phase-momentum space. Only particles inside the bucket are consistently accelerated. A particle
exactly synchronised with the RF frequency is in the centre of the RF bucket and is called a synchronous
particle. Particles with a phase ahead (behind) of the synchronous particle observe a different electric
field and undergo a lower (higher) acceleration. In circular colliders particles repeatedly pass through
RF cavities. The higher momentum particles will have a longer orbit and a lower revolution frequency,
which will delay their phase at the accelerating cavity, and vice versa for lower momentum particles.
These two phenomena cause all particles in the bucket to perform a stable longitudinal oscillation, as
indicated by the lines with arrows in Figure 3.3(b)}

Dipole magnets are used to bend the trajectory of charged particles along a circular path. For the
energies considered at the LHC, magnetic fields allow for smaller bending radii compared to electric
fields. Relativistic charged particles being accelerated perpendicular to their direction of motion emit
synchrotron radiation. The energy loss of the charged particle is proportional to their mass ~ m™

Quadrupole magnets are used to focus the beams. Like a lens, particles passing the quadrupole
magnets are focused in one direction but defocused in the other direction. Quadrupole magnets focusing
the beams in the horizontal and vertical planes are placed alternately, resulting in a net focus in both
directions.

Other higher-order magnet configurations are also used for focusing, e.g. sextupole magnets correct
for chromatic aberrations. In order to ensure a stable operation, other instruments (which will not be
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Figure 3.3: (a) Sketch of particle acceleration in RF cavities. The figure is adapted from Reference .

(b) RF voltage as a function of the particle phase ¢ and the related phase-space picture, where p is the momentum
and Ap is the momentum difference with respect to the synchronous particle. The envelope is the RF bucket. The
figure is adapted from Reference [127].

introduced in detail here), like beam cleaning collimators, beam position and profile monitors, etc. are
needed, too.

3.2.2 The Large Hadron Collider

The LHC is part of the CERN accelerator complex, situated near Geneva. Protons are produced from a
hydrogen-ion source and pass through multiple accelerators before being injected into the LHC with an
energy of 450 GeV. A sketch of the accelerator complex as of 2022E| is given in Figure The path of
the protons to the LHC is marked by grey arrows.

Both LHC beam pipes get filled with 2808 proton bunches in the standard LHC fill mode, each
containing 1.15 x 101 protons. High vacua are inside the beam pipes to minimise beam losses and
background collisions at the interaction points. It takes about 20 min to accelerate the protons to their
final collision energy of 6.5 TeV.

The dipole magnets are of importance as the field strength is among the main factors limiting the
beam energies. The dipole magnets are superconducting and are made from niobium-titanium (NbT1).
An improvement in the heat load of the NbTi fibres allows for cooling to temperatures below 2 K
using superfluid helium, which facilitates magnetic field strengths of 8 T. Twin-bore dipole magnets
(two-in-one design) in which the windings for the two beam pipes are in a common cryostat are used due
to the limited space in the tunnel.

*In this thesis data from the years 2015 to 2018 is being analysed. The main difference is that back then LINAC2 was still
in operation.
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Figure 3.4: The CERN accelerator complex as of January 2022. ||

The beams are collimated at the interaction points to a transverse width of about 16 um in both
directions to reach high luminosities. A so-called 8" levelling procedure is adopted at the ATLAS
interaction point in which the transverse beam width is adjusted to keep the luminosity constant for a
long period of one LHC fill cycle.

The large instantaneous luminosity delivered by the LHC leads to the effect of pile-up in the ATLAS
detector. Multiple interactions of the same bunch-crossing overlap in the detector (in-time pile-up).
Additionally, the signal readout, processing and dead time of many detector components are larger than
the time between consecutive bunch crossings of 25 ns (out-of-time pile-up). The effect of pile-up on the
measurements can be diminished by reconstructing the hard scattering interaction vertex.

3.3 The ATLAS detector

The ATLAS detector [129] is a general-purpose detector situated around one of the interaction points
of the LHC. A schematic of its structure is visualised in Figure [3.5] The detector has the shape of

38



Chapter 3 The Large Hadron Collider and the ATLAS detector

Muon

Spectrometer

Hadronic
alorimeter

Electromagnetic
alorimeter

Solenoid——
TRT

Pixel/SCT

Tracking System

Figure 3.5: Schematic of the ATLAS detector. Displayed on the right-hand side is the cross-section of the central
part in the transverse plane and the signatures of different types of particles are shown. [[130]

a cylinder and is forward-backward symmetric with respect to the interaction point. It consists of a
barrel part and endcaps on each side and covers almost the full solid angle. The beam pipe coincides
with the symmetry axis of the cylinder. The detector components are built in layers around the beam
pipe. Innermost is the inner tracking detector, which is surrounded by a superconducting solenoid,
followed by electromagnetic and hadronic calorimeters. Outermost is the muon spectrometer in which
three superconducting air-core toroidal magnets are incorporated. The detector systems as of LHC
Run-2 (2015 - 2018) are described in more detail in the following sections. If not cited otherwise, the
descriptions are based on Reference [129].

ATLAS uses a cylindrical, right-handed coordinate system. The origin of the coordinate system is
defined by the nominal interaction point. The x- and y-axes are defined to point towards the centre of
the LHC and upwards, respectively. The beam pipe defines the z-axis. The azimuthal angle ¢ is the
angle around the z-axis and is measured with respect to the x-axis. The polar angle 6 is the angle with
respect to the z-axis. Because the centre-of-mass frame of the hard scattering process is standardly
boosted along the z-axis (cf. Section[3.1)), the Lorentz invariant quantities in z-direction, rapidity y and
an approximation of it, the pseudorapidity 7, are commonly used to describe the angle of objects with
respect to the z-axis. The flux of emerging particles from the pp collisions is roughly uniform in y or 7.
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They are defined as

1 E+pZ
y==In s
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= —Intan 0
n= 7

The pseudorapidity is a special case of the rapidity where the mass of the particle is neglected with
respect to its momentum. The angular distance between objects is measured in units of

AR = /(AY)* + (A9)%.

3.3.1 Inner tracking detector

The main objective of the inner detector is to provide a precise reconstruction of the trajectory of charged
particles as well as the reconstruction of the primary interaction vertex and possible secondary vertices
from heavy—ﬂavouﬂ hadron decays. The inner detector covers the pseudorapidity range || < 2.5. Itis
immersed in a 2 T magnetic field that is aligned with the beam pipe. The magnetic field is produced by a
thin solenoid magnet which surrounds the inner detector. The trajectory of charged particles is bent in
the transverse plane by the magnetic field. From the bending radius the particle’s momentum and charge
can be inferred.

The configuration of the inner detector is shown in Figure[3.6] It is composed of three parts (from the
inside out): (i) pixel, (ii) silicon microstrip (SCT), and (iii) transition radiation tracker (TRT).

Pixel detector
The pixel detector is located closest to the beam pipe. It consists of pixel modules, each containing
arrays of semiconductor diode pixels with size 50 x 400 pum. The semiconductor diodes are
depleted by applying a reverse bias voltage. A high-energy charged particle traversing the depleted
diode region ionises the material and creates electron-hole pairs. The electric field inside the
diode makes the electrons (holes) drift towards the anode (kathode), resulting in a current that is
readout, amplified and further processed. A signal in a pixel is commonly referred to as a hit.

The pixel modules are arranged in four concentric layers around the beam pipe in the barrel
region, and as three disc layers perpendicular to the beam pipe in the endcaps. The layer closest to
the beam pipe is the insertable B-Layer (IBL) with a distance of only 3.35 mm to its centre. It
has been installed during the Long Shutdown 1 (between Run-1 and Run-2) and has pixels with
size 50 x 250 nm. A particle with || < 2.5 traverses the IBL and three other layers of the pixel
detector, as visualised in Figure [3.6] The intrinsic accuracies in the barrel (endcaps) are 10 pm in
R—¢ and 1151um in z (R). The pixel detector is located closest to the interaction point to deal
with the large particle densities and for precise vertex reconstruction.

SCT
The semiconductor tracker consists of silicon strips with a strip pitch of 80 pm. The SCT modules
in the barrel are arranged in four detector layers concentric around the beam pipe at radii between
299 to 514 mm. Each endcap contains nine discs perpendicular to the beam pipe. A layer/disc

3p- and c-quarks are commonly categorised as heavy-flavour quarks. u, d, and s are categorised as light-flavour quarks.
The categorisation is motivated by their masses and lifetimes. Most hadrons containing heavy-flavour quarks have a relatively
long lifetime. The decays of these hadrons are visible as additional secondary vertices close to the beam pipe.
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Figure 3.6: Schematic of the ATLAS inner detector. The red lines represent 10 GeV trajectories of charged particles
with (a) 7 = 0.3 [barrel region], and (b) n = 1.4 and n = 2.2 [endcap region]. [T29] [I31]
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has two layers of strips orientated at an angle of 40 mrad to each other in order to achieve a
two-dimensional measurement in each detector layer. The SCT is designed such that each particle
with |g| < 2.5 traverses four detector layers. The intrinsic accuracies in the barrel (discs) are
17 pm in R—¢ and 580 pm in z (R).

TRT

The TRT is a gaseous detector that spans from R = 554 to 1082 mm in the barrel region. It
consists of approximately 300 000 straw tubes with a diameter of 4 mm and a thin gold-plated
tungsten wire in its centre. A voltage is applied between the tube wall and the wire. High-energy
particles traversing the straws ionise the gas. The freed electrons get accelerated towards the anode
wires and ionise atoms on their way to the wire, creating an avalanche of electrons. The electric
signal is eventually read out at the end of the wires.

The straws are aligned parallel (perpendicular) to the beam pipe in the barrel (endcaps). Particles
with || < 2.0 typically leave 36 hits in the TRT. The straw tubes provide position measurement
only in R—¢ with an intrinsic accuracy of 130 pm. The TRT is a cost-efficient solution to provide
many hits in a large detector volume for a precise track momentum reconstruction.

Fibres and foils are interleaved between the straw tubes. High-energy particles traversing them
emit transition radiation. The transition radiation photons are absorbed in the straw tubes, yielding
a signal that is larger than the signal of the ionising particle itself. The transition radiation intensity
depends on the energy and mass of the traversing particle. Therefore, the signal strength in the
straw tubes is used to identify particles with differing masses, mainly separating electrons/positrons
from charged hadrons.

Pattern recognition algorithms are utilised to reconstruct the trajectory of charged particle tracks
from hits in the inner detector (see Section 3.4.I). The inner detector is designed to reconstruct
tracks with absolute values of transverse momenta pTﬂ down to 0.5GeV. The track py resolution
Tpe /pt = 0.05%p1 @ 1% decreases with py. Tracks with high momenta move almost on a straight
line through the detector. This makes a precise momentum determination from the track curvature
challenging.

3.3.2 Calorimeter system

The main objective of the calorimeter system is to measure the energy and direction of electrons/positrons,
photons and hadrons. The calorimeter system surrounds the inner detector, extends to R = 4.25 m, and
covers the pseudorapidity range || < 4.9. It is located radially behind the inner detector tracking system,
as the calorimeters perform a destructive measurement of the aforementioned particles.

An overview of the calorimeter system is given in Figure[3.7} The calorimeter system can be divided
into two parts (from the inside out): the (i) electromagnetic and (ii) hadronic calorimeters.

Electromagnetic Calorimeter
The electromagnetic calorimeter (EMC) can be divided into a barrel part and two endcap
components, covering in total the pseudorapidity range |n| < 3.2. The EMC is a sampling
calorimeter with an accordion shape in the radial direction and consists of liquid argon as the

“The absolute value of the transverse momentum is defined as pr = |Plsing =/ pi + pi.
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Figure 3.7: Schematic of the ATLAS calorimeter system. [[129)]

active material and lead plates as absorbers in between.

High-energy electrons and photons penetrating the EMC start an electromagnetic shower, most
likely inside the lead plates, because it is a material with a large atomic number and high density. In
an electromagnetic shower, electrons/positrons radiate bremsstrahlung, and photons undergo pair
production of an electron-positron pair. The particles repeatedly undergo these processes, resulting
in many particles with much lower energy than the incoming mother particle. At some point the
energy of the particles is so small that photons undergo Compton scattering and the photoelectric
effect, and electrons/positrons scatter elastically with nuclei or electrons of the traversing material,
ionising the material. The energy of the incoming particle is eventually transformed into a charge
signal that gets collected and is proportional to the energy of the incoming particle. Muons and
charged hadrons radiate only little bremsstrahlung due to their higher mass and usually don’t start
an electromagnetic shower.

The EMC is segmented in the 7—¢ plane to determine the direction of the incoming particles. It is
also segmented radially into three (two) segments for || < 2.5 (|| > 2.5) to get information on
the longitudinal shower shape, which is used to differentiate the types of incoming particles. The
granularity in n—¢ varies for the different segments. The first layer has a fine granularity in n to
separate - vy decays from prompt y events. The thickness of the EMC depends on 5 but is
never lower than 22 radiation lengths, ensuring that the whole electromagnetic shower will be
contained within the EM. The presampler is located between the inner detector and the EMC in
the range |n| < 1.8. It consists of an active liquid argon layer and is used to detect interactions of
particles with the inner detector to correct for the energy lost upstream of the calorimeter.
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Hadronic Calorimeter
The hadronic calorimeter is grouped in the tile calorimeter (|| < 1.7), the hadronic endcap
calorimeter (1.5 < |n| < 3.2) and the forward calorimeter (3.1 < || < 4.9). The tile calorimeter
is a sampling calorimeter with steel plates as the absorber and scintillating tiles as the active
material.
Hadrons interact via the strong force with the nuclei of the detector, produce secondary particles
and may excite the nuclei. The secondary particles may decay rapidly and produce electromagnetic
showers (1, 1), ionise the detector material or interact strongly again, creating even more new
particles. These processes repeat until all energy of the incoming particle is stored in the detector.
Some energy, which is absorbed in the target recoil and by breaking nuclear bindings, is not
detectable. The energy is stored in the scintillators either directly as photons or as excited electrons
that will emit photons when de-exciting. The photons are collected at the edges of the scintillating
tiles using wavelength-shifting fibres and photomultiplier tubes. The light intensity is proportional
to the energy of the incoming particle.
These hadronic showers have a much larger longitudinal spread than electromagnetic showers and
typically already start in the EMC. The EMC and hadronic calorimeters have a combined thickness
for all  values of at least 9.7 hadronic interaction lengths. This ensures that the hadronic showers
are fully contained within the calorimeters and that particles don’t punch through to the muon
spectrometer. The tile calorimeter has three radial layers, and the granularity in n—¢ is coarser
than in the EMC.
The hadronic endcap calorimeter and forward calorimeter use, as does the EMC, liquid argon as
the active material and copper or tungsten as the absorber material. The forward calorimeter has
no EMC in front. The forward calorimeter has three radial layers, where the first layer is optimised
for measuring electromagnetic showers and the other two layers mainly measure hadronic showers.

The energy resolution of the calorimeters at ATLAS can be parametrised as o /E = a/ VE @ b. The
resolution improves with increasing energy as statistical fluctuations in the shower developments reduce
with increasing shower sizes. The design values for the coefficient (a, b) are (10 %, 0.7 %) for the EMC,
(50 %, 3 %) for the hadronic tile and endcap calorimeters, and (100 %, 10 %) for the forward calorimeter.

3.3.3 Muon spectrometer

The outermost detector system is the muon spectrometer (MS). Only muons and solely weakly interacting
particles (neutrinos) are supposed to reach the MS. An overview of the ATLAS MS is given in Figure[3.§]
The MS is immersed in a magnetic field that is produced by large air-core toroids, one in the barrel part
and one in each endcap. The objectives of the MS are to measure the trajectory of muons, determine
precisely their transverse momentum, and provide fast signals for trigger purposes. To detect the
trajectory of muons, different types of drift chambers are utilised:

Monitored Drift Tubes
Monitored Drift Tubes (MDTs) are used for a precise measurement in the bending (longitudinal)
direction. The working principle of the MDTs is similar to the straw tubes in the inner detector. In
the barrel region the layers are concentric around the beam pipe at distances between R = 5 to 10 m;
in the endcaps the MDTs are arranged perpendicular to the beam pipe in wheels at distances
between |z| = 7.4 to 21.5 m. The layer dimensions and chamber sizes increase proportionally to
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Figure 3.8: Schematic of the ATLAS muon spectrometer. ||

their distance from the nominal interaction point. Muons with || < 2.7 nominally pass three
MDT layers, yielding 20 measurements per track in the bending direction with a precision of
35 pm per layer in R/z—¢.

Cathode Strip Chambers

At the innermost endcap layer between 2.0 < |p| < 2.7 the MDTs are replaced by Cathode
Strip Chambers (CSCs) to deal with the increased particle rate. Compared to the MDTs, CSCs
have a higher rate capability and timing resolution. CSCs are multiwire proportional chambers
where arrays of anodes are crossed orthogonally with cathode stripes. Incident ionising radiation
produces free electrons that drift towards the anodes and positively charged ions that drift towards
the cathodes. This setup enables the measurement of both coordinates of the track with a precision
of 40 pm in the bending plane and 5 mm in the transverse plane.

Resistive Plate and Thin Gap Chambers
Resistive Plate Chambers (RPCs) in the barrel region (|r7| < 1.05) and Thin Gap Chambers (TGCs)
in the endcaps (1.05 < |g| < 2.4) are installed to provide fast trigger signals. The signal and
processing time of RPCs and TGCs (15 to 25 ns) is smaller than the average bunch crossing time
at the LHC, allowing for bunch-crossing identification. The transverse coordinate from the RPC
and TGC measurements complements the coordinate from the precision MDT measurement to
form a space-point.

RPCs consist of two parallel plates with an electric field applied and gas filled in between. RPCs
produce fast signals compared to wire chambers, as the primary ionisation electrons don’t have to
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drift to a region of amplification first. A particle in the given n-range nominally passes through
three RPC chambers, resulting in six measurements per track. Both coordinates can be determined
with a precision of 10 mm.

TGCs are multiwire proportional chambers where the distance between the cathode and the wire
is smaller than the distance between wires. Small distances between the wires and a large electric
field facilitate fast signals. Nine TGC layers, two at the innermost MDT endcap layer and seven at
the middle MDT layers, are passed by each particle in the given n-range. The resolution of the
coordinates varies between 2 and 7 mm as the wire granularity changes with 7.

The muon system was designed to achieve a standalone relative track p resolution of 10 % for a 1 TeV
muon.

3.3.4 Luminosity measurement

It is crucial for any analysis to know how many particles collided, i.e. the integrated luminosity of the
recorded dataset. The LUCID-2 detector [[132]] is specifically designed to monitor the instantaneous
luminosity and measure the integrated luminosity. It is a Cherenkov detector situated in each forward
region of the ATLAS detector (z = +17m). LUCID-2 consists of 16 photomultiplier tubes in each
direction installed concentric around the beam pipe and pointing towards the interaction point. The
Cherenkov light is produced in quartz windows in front of the photomultipliers. The number of detected
particles is proportional to the number of interactions in a bunch crossing. [133]]

The total number of protons in each colliding bunch is inferred from measurements of the beam
currents. The absolute luminosity scale is calibrated by a van der Meer scan [[134] [I35]]. In a van der
Meer scan, beams are displaced horizontally and vertically to measure the combined size of the colliding
bunches. The BCM detector consists of diamond sensors at z = +1.84 m and is used to check the
consistency during some van der Meer scan periods. The LUCID-2 measurements are complemented by
bunch-by-bunch measurements from offline measurements of the track multiplicity in the inner detector
and bunch-integrated measurements from the calorimeter system [133]].

3.3.5 Trigger and data acquisition system

It is neither feasible nor desired to record all pp collisions taking place at ATLAS. Physics analyses are
generally interested in a certain final state. And these final states usually have a small cross-section
compared to the total inelastic pp cross-section. This search analyses final states with a top-quark pair.
About one top-quark pair event is expected to arise in 1 x 108 pp collisions at 13 TeV. To specifically
select events interesting for physics analysis, ATLAS uses a trigger system that decides in real-time
whether to record or dismiss an event. The following description is based on References [[136H138].

An overview of the trigger and data acquisition system in ATLAS is given in Figure[3.9] A two-stage
trigger system is used in ATLAS. The Level-1 (L1) trigger system is hardware-based. Only information
from the calorimeter system (L.1Calo) and the dedicated trigger chambers from the MS (L1Muon) are
processed at this stage.

The L1Calo trigger system digitises and calibrates the data. Electrons, photons, 7-lepton and jet
candidates above dedicated energy thresholds are identified using calorimeter information but with a
coarse granularity. In addition, the total transverse energy and missing transverse energy are calculated.
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Figure 3.9: Flowchart of the ATLAS Run-2 trigger and data acquisition system. ||

The L1Muon trigger system identifies muon candidates and estimates their p by calculating the deviation
in the hit pattern from an infinite momentum muon. Lastly, combinations of candidates are built to
calculate their angular distance and invariant mass. Based on all this information an event is either
accepted or rejected at the L1 trigger. To avoid overlapping readout windows due to detector latency and
to prevent overflowing buffers, so-called dead time may be applied, in which events are vetoed. The L1
trigger passing rate at Run-2 was about 90 kHz and is capped at 100 kHz with a latency of 2.5 ps. In
comparison, the LHC bunch crossing rate is 40 MHz.

For all events accepted at L1, the whole detector data is read out. The data is analysed by the second
trigger stage, the High-Level Trigger (HLT). The HLT system is software-based and works with data
from Regions-of-Interest (Rols). Rols are regions in 7 and ¢ around objects identified by the L1 trigger.
In Run-2 the HLT consisted of around 1 500 reconstruction sequences aiming at identifying different
signatures. A reconstruction sequence typically has multiple steps to provide early rejection before
executing more complex and time-consuming algorithms. The reconstruction algorithms at the HLT are
as close as possible to the offline reconstruction algorithms to maximise the overlap between trigger and
offline event selection. If an event passes a sequence successfully, it will be stored permanently. The rate
of events passing the HLT at Run-2 was about 1.2 kHz.

47



Chapter 3 The Large Hadron Collider and the ATLAS detector

3.4 Object reconstruction

This section introduces the methods used in this analysis to reconstruct physical objects from the ATLAS
detector data.

3.4.1 Inner detector track and vertex reconstruction

Reconstructing the trajectory of charged particles is a pattern recognition task in which tracks are
reconstructed from hits in the ID. The following description, if not stated otherwise, is based on
Reference [139].

The track reconstruction can be divided into five steps (inside-out tracks):

1. Formation of three-dimensional space-points from hits in the ID. In the SCT, hits from two angled
sensors have to be combined to retrieve a space-point. Given the dense track environment at
ATLAS, hits from multiple particles can occasionally be reconstructed in one cluster, leading
to a merged cluster and only one scape-point. Merged clusters are identified using an artificial
neural network utilising the measured charges and incident angles from track candidates. The
space-points in the different silicon detector layers are visualised by the red points in Figure[3.10(a)]

2. Formation of track seeds from sets of three space-points.

3. If at least one additional space-point is compatible with the estimated particle trajectory, a
combinatorial Kalman filter is used to build track candidates by including the space-points
from the remaining layers. Requirements on the track candidate p, 1, impact parameters with
respect to the beam spot, and number of hits in the pixel and SCT detectors, number of holes and
shared space-points are enforcedEI

4. Resolving ambiguities in which track candidates share space-points. An example of this is given
by the red area in Figure [3.10(a)] where the red line represents a second track candidate. This step
prioritises track candidates of higher quality, assessed using, among other factors, the track-fit )(2
and the number of holes.

5. The final step is a high-resolution track fit of all remaining track candidates. In these fits the
position and uncertainty of clusters are re-estimated by additional neural networks [I41]] and
information from the TRT is included. The increased track length in the TRT significantly improves
the momentum resolution.

A track can be parametrised by five parameters which are defined with respect to the closest approach of
the track to the beam-spot position in the transverse plane (perigee): The ratio of charge over momentum
q/p, the angles 6 and ¢, and the transverse (d,)) and longitudinal (z,) impact parameters. The parameters
are visualised in Figure 3.10(b)}

In this analysis only final tracks with p; > 500MeV and || < 2.5 are considered. The tracking
efficiency for charged pions with p > 5GeV in the central region is on average about 90 % [[142]], but
depends on many factors: the particle’s pr and 77, the surrounding particle density, and impact parameters.

’A hole is an absent hit/cluster in a sensor where, considering the fitted trajectory, a cluster is expected. A shared
space-point is a space-point associated with multiple tracks but which has not been identified as a merged cluster.
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track

(@ (b)

Figure 3.10: (a) Track finding from space-points (red dots) in the inner silicon detectors. The solid lines represent
the layers of the pixel and SCT detector, respectively (transverse plane). The dashed lines represent track candidates.
The red area/track represents an ambiguity of track candidates.

(b) Definition of track parameters.

The reconstruction of the hard scattering vertex is important for rejecting pile-up from additional pp
collisions and for the calculation of track impact parameters with respect to the hard scattering position.
The vertex reconstruction description is based on References [145]).

Primary vertices are reconstructed with the help of tracks. First, a seed position is defined based on
the perigee of tracks. The vertex position is then determined in an iterative procedure by a Xz fit using
the seed position and the tracks as inputs. After each iteration, tracks with low compatibility are being
down-weighted and the vertex position is recomputed. The output of the final fit is a three-dimensional
vertex position. Tracks with low compatibility with the vertex are removed from the vertex. A new
vertex is determined with the remaining tracks in the event. The procedure is repeated until no tracks are
left or no additional vertex can be found. Each vertex is required to have at least two associated tracks.

The hard scatter primary vertex (PV) of the event is defined as the vertex with the highest scalar
sum of the p% of associated tracks. A PV position resolution of 20 um and 30 pm in the transverse and
longitudinal directions is achieved, respectively [[144]].

3.4.2 Reconstruction of energy deposits in the calorimeters

Electrons, photons and hadrons penetrating the calorimeters will produce particle showers. The showers
typically extend laterally and longitudinally over multiple adjacent cells. In order to reconstruct the
total energy deposited by the initial particle, the cells are combined into topological clusters [146].
Topological clusters are built around calorimeter cells with significance > 4, excluding cells in the
presampler and first EMC layer. The significance of a cell is defined as the ratio of the cell energy at
the EM scale over the expected cell noise from electronic noise and pile-up. The cluster is extended by
iteratively adding all neighbouring cells with significance > 2. In a last step, all neighbouring cells are
added regardless of their energy. Clusters containing multiple cells with significance > 4 may be split up.
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Figure 3.11: Stages of the formation of topological clusters in the first layer of the forward calorimeter for a
simulated dijet event. In (a) and (b) only cells with significances greater than 4 and 2, respectively, are shown. In
(c) the full topological clusters are shown. ||

This procedure is shown schematically in Figure 3.11]

The energy of topological clusters is calibrated to match the energy of the incoming particles. The
calibration accounts for signal losses in inactive detector material, losses due to clustering and the
non-compensating calorimeter response. Non-compensating means that the signal in the calorimeters
differs for electromagnetic and hadronic showers. The shower type is being identified by the shape and
location of the shower in the calorimeters.

3.4.3 Muon spectrometer track reconstruction

Standalone MS tracks are reconstructed from hits in the muon spectrometer. The task is similar to the
track reconstruction in the inner detector, though the detector occupancy is much reduced. In a first step
straight line segments in the bending plane from hits in each MDT layer are searched for by means of a
Hough transform [I48]l. Track candidates are built by combining segments from different layers,
where the trigger detectors provide the orthogonal coordinates [[147]. The final tracks are determined b
repeated global XZ fits of all track candidates taking into account the exact magnetic field geometry .
Outlier hits are removed, and matching hits are added to the tracks [147]]. Ambiguities are resolved by
removing tracks in favour of higher-quality tracks. The final fit constrains tracks to agree loosely with
the nominal interaction point and accounts for energy loss in the calorimeters [149].

3.4.4 Reconstruction of electrons and muons

The goal is to reconstruct and identify prompt electrons and muonsﬂ In this context prompt means
that the leptons are produced directly as a product of the hard-scattering collision. Prompt leptons may
emerge from the decay of weak gauge bosons. Given the short lifetime of weak gauge bosons, they decay
before travelling macroscopic distances, and the leptons arise immediately at the primary vertex.
Non-prompt leptons can appear in the decay of heavy-flavour hadrons, which typically live long
enough to travel a macroscopic distance before decaying. Non-prompt electrons can additionally arise

®In this section the names electron and muon are used as representatives for the lepton type. When referring to electrons,
the same applies to positrons, and similarly for muons and anti-muons.
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in the conversion of photons when passing through detector material. A large fraction of non-prompt
muons stem from the decay of light hadrons, primarily charged pions.

Besides non-prompt leptons, there are other signatures that can mimic a lepton in the detector. Another
particle being identified as a lepton is a so-called fake lepton. In the case of electrons, those are mainly
light charged hadrons. Fake muons can arise if hadronic showers punch through the calorimeters to the
MS.

Electron identification

Electrons are reconstructed from energy deposits in the EMC that are matched to tracks in the ID. Energy
deposits from electrons in the calorimeters are reconstructed by EM-topo clusters. EM-topo clusters are
topological clusters that only consider the part in the EMC (and at least 50 % of the total cluster energy
has to be stored in the EMC) [[I50]. Tracks that are geometrically matched to — also considering track
seeds in a region-of-interest around — an EM-topo cluster are refitted, allowing for a larger energy loss by
bremsstrahlung [I5T]].

All EM-topo clusters in a small area around an energetic seed cluster are combined in a supercluster
to reunite clusters that have been split up and clusters from secondary EM showers [150]]. More
distant clusters that still have the same best-matched track as the seed cluster are expected to originate
from bremsstrahlung and are added to the supercluster, too [I50]]. The supercluster, together with its
geometrically best-matched track, forms the electron candidate.

Prompt electrons are identified using a likelihood discriminant, binned in the transverse energy ETEI
and 7. The likelihood discriminant is constructed from quantities related to the electron track and the
shower shape in the EMC [[I50} [I52]]. Track quantities like the hits in the silicon detectors and impact
parameters are useful in rejecting photon conversions. In addition, a likelihood based on the transition
radiation in the TRT is included to reject tracks from charged hadrons. Quantities describing the lateral
and longitudinal shower shape are utilised to reject clusters from multiple particle incidents and hadronic
showers (jets).

Based on the likelihood, three different working points (WPs) are defined with average electron
identification efficiencies of 93 % (Loose), 88 % (Medium), and 80 % (Tight) . The efficiencies
increase from low to high electron Et. The background rejection with respect to QCD processes with
two jets in the final state is improved for the Medium and Tight WP by a factor of 2 and 3.5, respectively,
with respect to the Loose WP [150].

Muon identification

Muons are reconstructed by combining the information from ID, calorimeters and MS. Different
techniques exist to reconstruct muons in ATLAS [[147]]. Most muons are reconstructed by matching a
track in the MS to an ID track and performing a combined track fit based on the hits in both detectors,
taking into account the energy loss in the calorimeters. Based on the fitted trajectory, hits may be added
or removed and the fit repeated. Muons reconstructed in this way are referred to as combined muons —
CB muons.

"The transverse energy is defined as E; = E sin 6. The E value of a cluster is calculated by summing the E values of all
cells associated to the cluster.
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Muons are also reconstructed by a combined track fit from tracks in the ID that are matched to at
least three loosely aligned hits in the MS (inside-out muons — IO muons) [[I47]. This procedure recovers
muons where the standalone muon track fit did not yield a muon candidate, e.g. in regions with limited
MS coverage and for low p muons, which may not reach all MS segments [[147].

Other muon reconstruction methods target muons with low-py, small (|| < 0.1) or large n
(2.5 < In|l < 2.7) [147]. These methods are not detailed here, as they are not used in this ana-
lysis.

High-quality muon candidates are selected based on the number of hits in the ID and MS, the
compatibility of ID and MS tracks, and the combined track fit properties [[I47]]. Non-prompt muons
from light charged hadrons can be identified by a kink in the trajectory (where the hadron decays into a
muon and another particle). Muon tracks from heavy-flavour hadron decays don’t agree well with the PV
position and are less isolated.

Three standard WPs, Loose, Medium, and Tight, as well as two specialised WPs for low and high
pt muons, are defined [[147] - The WPs set different requirements for the number of hits in the ID, hit
segments in the MS layers, X value of the combined track fit, and agreement of ID and MS tracks ||
The Medium and Tight WP consider in the range < 2.5 only CB and IO muons [[147]]. Efficiencies to
pass the described WPs have been determined in 77 events. Muons in a py range from 20 to 100 GeV pass
the Loose, Medium, and Tight WP in 99 %, 97 % and 93 % of the cases, with efficiencies to misidentify
light charged hadrons as muons of 0.25 %, 0.17 % and 0.12 %, respectively [147].

Isolation

The isolation of a lepton is a powerful metric to reject non-prompt leptons from heavy-flavour decays. In
this analysis, isolation requirements based on the output of a boosted decision tree (BDT), referred to as
non-prompt-lepton BDT [154]., are applied. The inputs are optimised separately for the electron and
muon cases. The BDTs include information describing the track isolation in the ID, the cluster isolation
in the calorimeter, and properties of the lepton compared to that of a matched track-jet (for the definition
see Section[3.4.3). Common variables are, among others, two dedicated lifetime variables: the output
of a prompt lepton recurrent neural network (RNN) and the maximal longitudinal significance of the
electron to a secondary vertex. The neural network and secondary vertex algorithm are fed with tracks in
a cone around the lepton candidate. Two calibrated working points exist for the non-prompt-lepton BDT
referred to as PLIV-Tight and PLIV-VeryTight [153] [154].

Calibration and definitions

The energy (momentum) scale of electrons (muons) is calibrated in simulation and data using Z — £¢
and J/¥ — ¢ events - The events are also used to calibrate reconstruction, identification and
isolation efficiencies in s1mulat10n The energy resolution of electrons is also improved based on shower
development properties using a multivariate regression algorithm.

Leptons in this analysis are required to have pr > 10 GeV and || < 2.5. Electrons in the barrel-endcap

transition region (1.37 < |n| < 1.52) and with || > 2.47 are excluded. The transverse impact parameters
measured with respect to the beam-spot position and the longitudinal impact parameter measured
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Table 3.1: Definition of electron and muon collections used in this analysis. Given are the identification and
isolation WPs they have to fulfil.

Collection name , Identification WP  Isolation WP

Very Loose Medium -

Loose Medium PLIV-Tight
Loose-ID Medium PLIV-VeryTight
Loose-Isol Tight PLIV-Tight
Tight Tight PLIV-VeryTight

with respect to the PV of electrons (muons) have to satisfy |dy|/o(dy) < 5 (|dyl/o(dy) < 3) and
|zp sin @] < 0.5 mm.

Multiple lepton definitions that differ by the selected identification and isolation WPs are used in this
analysis and are summarised in Table 3T} Even though the electrons and muons are completely different
objects, the selected WP names used to define the electron and muon collections agree with each other.

3.4.5 Jets

Quarks (except the top quark) or gluons produced in the hard scattering will fragment and hadronise into
colour-neutral states, resulting in a spray of collimated particles, a jet (cf. Section[3.T)). This section
introduces the techniques used to reconstruct and calibrate jets.

Particle-flow algorithm

Jets are reconstructed using information from the inner detector and calorimeters that are combined in a
particle-flow algorithm IIE ID tracks matched to the PV and topological clusters are used to measure
the charged and neutral constituents of the jet, respectively.

The algorithm matches tracks to, possibly multiple, topological clusters and subtracts the expected
deposited energy cell by cell. If the energy of the matched clusters matches the track’s p, given expected
shower fluctuations, the clusters are removed completely. The jet reconstruction is then performed on the
tracks and the, possibly modified, topological clusters (particle-flow objects).

The advantage of the particle-flow algorithm compared to a pure calorimeter-based reconstruction is
the improved momentum (and angular) resolution of the ID tracker for low-py particles. Additionally,
low-momentum particles are recovered as the ID reconstructs tracks with py down to 0.5 GeV, which
usually don’t form a seed in the topological cluster formation. Lastly, as the tracks can be assigned to a
vertex, charged energy depositions from pile-up can be subtracted from the clusters.

Jet clustering

The jets are reconstructed by clustering nearby particle-flow objects. The anti-k, jet clustering
algorithm [[159] sequentially combines nearby objects based on their energy/momentum and angular

8Jets can also be reconstructed using solely calorimeter or ID information. Reconstructed jets based only on ID tracks are
commonly referred to as track-jets.
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distance to each other. Central is the distance measure

d;; = min

2
( 2 2 ) ARij
j

P1.i> P =

Here, i and j are indices of particles and pseudo-jets, and R is the radius parameter of the algorithm.
The algorithm starts with the hardest object and recombines it with nearby soft objects iteratively into a
pseudo-jet. This recombination stops if no more particle with d;; < p{;seudo_jet exists. In this case, the
pseudo-jet is a final jet. The clustering procedure repeats, excluding the final jets, until no objects are left.
Jets clustered using the anti-k, algorithm typically have a conical/circular shape with radius R. The
shape only differs in case a more energetic jet is nearby. The radius parameter is chosen based on the use
case and optimised to contain all particles of a jet while minimising contributions from other particles
and pile-up. The common radius for (small-radius) jets at ATLAS is R = 0.4. An important feature of
the anti-k, algorithm is that it is infrared and collinear safe. This means that neither an additional soft
radiation nor a collinear splitting in two energetic particles would change the jet properties remarkably.

Jet energy calibration and definitions

Jets require a careful calibration, as they are complex objects consisting of multiple particles with
different characteristics. Corrections are applied to data and MC in multiple sequential steps, calibrating
the jet energy scale (JES) and resolution (JER) [[T61]:

A Pile-up correction is applied as jets span over a relatively large volume in the detector and are
therefore particularly sensitive to it. Corrections are applied based on the jet area, the median
p density of the event, the mean number of interactions in a bunch crossing and the number of
reconstructed vertices in the event.

The overall JES correction calibrates the absolute JES at reconstruction level to particle level. In
simulated dijet events, the energy of reconstructed jets is compared to the energy of jets built
from truth-particles (truth-jets). This calibration accounts for energy losses in passive detector
material, the non-compensating calorimeter response, and out-of-cone effects resulting from the jet
clustering with limited radius. The corrections are energy- and 7-dependent because the detector
response depends on the energy of the incoming particle and the detector structure is non-uniform
inn.

A global sequential calibration is applied to improve the JER by accounting for the energy-dependent
detector response. Corrections are applied sequentially based on observables describing the
longitudinal shower shape, hits in the MS, track multiplicity, and the p and position of associated
ID tracks.

In-situ jet calibrations correct for differences between data and simulation which are caused by
imperfect simulation of the physics processes and the detector materials. In the in-situ calibrations
the jet response is measured with respect to a well-calibrated reference object. This jet response
in simulations and data are compared to each other and eventually corrections are applied to
data. Three sequential calibrations are applied. The first calibration corrects the JES of forward
jets (0.8 < |n| < 4.5) to match the JES of central jets (|| < 0.8). The second calibration uses
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Z/y+jet events to calibrate the jet response with respect to a calibrated Z(— ee/uu)/y. The third
calibration uses multijet events to calibrate a high-py jet against multiple calibrated lower-p jets.

The JER decreases steadily with increasing energy, is smaller for central jets, and varies between 4
and 25 % [[I61]]. The uncertainty on JER varies between 1 and 5 % and is smallest for intermediate jet
energies [I61]]. The energy resolution of jets is improved substantially by the calibration, but compared to
the lepton energy and momentum resolutions, it is still about an order of magnitude larger [[I55] [I56] [T61].

Jets in this analysis are required to have pr > 25GeV and || < 2.5. Jets with py < 60GeV and
|7| < 2.4 additionally have to pass a jet-vertex-tagger requirement in order to suppress jets
originating from pile-up. The jet-vertex tagger determines the probability for a jet to originate from a PV
based on the tracks associated with the respective jet.

3.4.6 Flavour tagging of jets

For this and also many other analyses it is important to know the flavour of the quark that initiated a
jet. Because the couplings of quarks to other particles are usually specific for each quark flavour. For
example, due to the nature of the weak interaction, the top quark almost exclusively decays into a W
boson and a b quark. Identifying b-quark-initiated jets reliably is crucial for selecting and reconstructing
top-quark events.

Jets containing b- or c-hadrons (commonly referred to as b- or c-jets) can be distinguished from jets
containing only hadrons of other flavours (light-jets) based on multiple properties. Among them are the
larger invariant mass and decay multiplicity of the heavy-flavour hadrons as well as differences in the
fragmentation properties. Most important is the lifetime. Heavy-flavour hadrons travel on average a
macroscopic distance before decaying ((c7) ~ 450 um for b-hadrons with p/m = 1) [163].. This leads to
distinct signatures in the detector, like displayed secondary vertices from heavy-flavour hadron decays,
tracks not pointing towards the PV, etc. (see Figure [3.12).

The mass and lifetime of c-hadrons are in between b- and light-hadrons. This makes it generally more
difficult to differentiate c-jets from b- and light-jets than differentiating b- from light-jets.

In Run-2, ATLAS identified b-, c-, and light-jets using a feed-forward neural network (high-level
tagger — DLIr [[163]]) that combines the outputs from multiple lower-level taggers into one powerful
discriminant. The lower-level taggers use information from jets and ID tracks associated with the jet
based on the momentum at the perigee and the AR with respect to the jet axis:

IP2D and IP3D [[I65] are log-likelihood discriminants based on the transverse (2D) and trans-
verse+longitudinal (3D) signed impact parameter significance sum of all associated tracks.
The sign is positive if the track intersects the jet axis in the transverse plane in front of the PV.
Tracks originating from the decay of long-lived heavy-flavour hadrons lead to large values of IP2D
and IP3D.

RNNIP is a RNN that uses the signed impact parameter significances, number of hits, AR with
respect to the jet axis, and the p fraction of tracks associated to a jet as inputs. The network
yields probabilities of a jet being a b-, c-, or light-jet. The main advantage with respect to the
IPxD taggers is that the RNNIP can consider correlations among the tracks of a jet.
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Figure 3.12: Sketch of a heavy-flavour jet and related flavour-tagging quantities. [[164] PV and SV are the primary
and secondary vertices, respectively. L, is the distance between the two in the plane transverse to the beam pipe.

Sv1 is a secondary vertex tagging algorithm that reconstructs a single secondary vertex in a jet.
The procedure is similar to the primary vertex finding. Vertex candidates compatible with strange
hadrons or detector interactions are removed, and the invariant mass of the vertex has to be less
than 6 GeV. Properties of the secondary vertex, like the invariant mass, number of associated
tracks, energy fraction and decay length significance, are used as inputs for the DL1r tagger.

JetFitter is a multi-vertex finding algorithm that aims at reconstructing the »- and c-hadron
decay vertices on a common line with the PV. The JetFitter algorithm therewith reconstructs the
full b-hadron decay chain and can even reconstruct decay vertices with a single associated track.
Vertex quantities, similar to the SV1 ones but for both vertices, are used as inputs for the high-level
tagger.

The DL1r algorithm also includes the pr and || of the jets and takes advantage of all correlations
among the input variables. Output of the DL1r tagger are three values which describe the probability of
a jet being a b- (p,,), c- (p..) or light-jet (p;). The final b- and c-tagging discriminants are log-likelihood
ratios of the probabilities,

Pp ¢ Pc
D =1In , D =1In .
DLIr (fcpc+(1 _fc)pl) DLIr (fbpb+(1 _fb)pl)

f. =0.018 and f;, = 0.3 are the effective c- and b-jet fractions in the background hypothesis and can
be optimised for the given use case. The values in this analysis are chosen to yield an overall good
separation versus the other jet flavours. The distributions of both discriminants are shown in Figure[3.13]

Generator-specific corrections are applied to simulated events to compensate for differences in the
tagging efficiencies and inefficiencies between data and simulation [I69H171]]. The correction factors
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Figure 3.13: Distributions of the (a) Dy ;, and (b) D, |

events. ||

discriminants for the individual jet flavours in ¢z simulated

are derived using 77 and Z+jets events in bins of jet p. Calibrations are available for single (fixed-cut)
and multiple (pseudo-continuous) cuts on the flavour-tagging discriminants. The cuts are also referred
to as working points (WPs). The calibration used in this analysis utilises cuts on Dy |, and Z)BL \ tO
identify b- and c-jets, as both types are present in the signal process final state — pseudo-continuous
flavour-tagging (PCFT) calibration. The calibration cuts and corresponding tagging efficiencies are
depicted in Figure[3.14}

Jets passing the loose or tight b-tagging WP cut receive PCFT scores of 3 or 4, respectively, and
are labelled as b-tagged jets. Other jets (b-veto) passing the loose or tight c-tagging cut receive PCFT
scores of 1 or 2, respectively, and are labelled as c-tagged jets. The remaining jets are untagged and
receive a PCFT score of 0. Roughly 70 % and 60 % of the b-jets pass the loose and tight b-tagging
WPs, respectively. And roughly 45 % and 25 % of the c-jets pass the loose and tight c-tagging WPs,
respectively.

The available PCFT working points have been optimised for the measurement of VH (V = W, Z)
production with H — bb and H — ¢¢ . Studies at an early stage of the analysis showed that a
dedicated calibration for this analysis would yield limited improvements. The studies are not further
outlined in this thesis, however, they yielded at most a 1 to 2 % improvement in the expected limits
on the charged Higgs boson production, considering only statistical uncertainties. For this reason, the
flavour-tagging calibration from the VH analysis has been adopted by this analysis.

Another set of pseudo-continuous calibrated WPs has been studied in this analysis, too. The set
contains four calibrated b-tagging WPs with b-jet efficiencies of 85 %, 77 %, 70 %, and 60 %. The
latter two WPs are identical to the two b-tagging WPs defined above. The calibration has no calibrated
c-tagging WPs and is referred to as pseudo-continuous b-tagging (PCBT) calibration.
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Figure 3.14: Flavour-tagging calibration bins. The white numbers correspond to the PCFT score of jets in the
respective bin. The efficiencies for b-, c-, and light-jets (denoted as “/-jet” in the Figure) are derived in #7 events
and are taken from Reference [172].

3.4.7 Missing transverse momentum

Solely weakly interacting particles have a tiny interaction cross-section, which makes it impossible to
detect them directly on a reliably basis nowadays. Neutrinos fall into this category, but also new, undis-
covered particles could leave the detector undetected. Though, these particles can be detected indirectly,
by considering the momentum balance of all other particles in the transverse plane. The momentum of
the colliding particles along the transverse plane can be neglected with respect to their momentum along
the z-axis. Due to energy-momentum conservation, the transverse momentum sum of all particles emer-
ging from the collision has to vanish. If this is not the case, a particle must have left the detector undetected.

The missing transverse momentum (ﬁ?iss) is defined as the negative vector sum of the transverse
momenta of all reconstructed and calibrated objects and all ID tracks which are matched to the PV
but not associated with one of the aforementioned objects [I73]]. Considering the objects used in this

analysis, this is
ﬁ?iss - _ (Z p; + Z pfrl + Z p:ilcft + Z p%nused tracks) )

The s is often expressed in terms of its absolute value, commonly denoted by EXSand its azimuthal
angle, ¢™".
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>miss

The p observable is most difficult to determine precisely, as it depends on all other objects, and the
uncertainties add up. Mismeasurements, pile-up, and detector acceptance and resolution effects can fake
pr . in the detector.

The E7™ significance is a log-likelihood ratio based on the resolution of all objects and quantifies
miss

the belief of a ET"*° measurement to be real — events with a neutrino receive on average larger Ey
significances.

3.4.8 Signal ambiguity resolution

As a last step, in order to resolve ambiguities in which one detector signature is used in the reconstruction
of multiple physical objects, a dedicated, sequential overlap removal (OR) procedure is applied, outlined

below [[174]:
1. Remove any electron sharing a track with a muon.
* Electron-Muon OR: This criterion removes fake electron candidates reconstructed from a
muon that radiated a high-energy bremsstrahlung photon.

2. Remove any jet within AR = 0.2 of an electron.

3. Remove any electron within AR = 0.4 of a jet.

* Electron-Jet OR: Criteria 2 and 3 remove jets overlapping with prompt electrons while
aiming to preserve jets with electrons from heavy-flavour decays and light-flavour jets faking
electrons.

4. Remove any jet with less than 3 tracks that is within AR = 0.2 of a muon.
5. Remove any jet with less than 3 tracks that has a muon ID track ghost-associated [[I59] [I75] with it.

6. Remove any muon within AR = 0.4 of a jet.

* Muon-Jet OR: The motivations behind criteria 4 to 6 are similar to the electron-jet case.
The looser requirement of only removing the jet if it has fewer than three associated tracks,
compared to the electron-jet case, is owed to the reduced probability of a muon to fake a jet.
Only muons with a high energetic FSR or bremsstrahlung photon can potentially fake a jet.
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CHAPTER 4

Event selection and reconstruction

This thesis presents the search for a light charged Higgs boson in the cs final state using pp collision data
collected by the ATLAS experiment. As presented in Section 2.2} for m gt < m, the main production
mode of a charged Higgs boson is in the decay of a top quark. At the LHC, top quarks are produced
predominantly in pairs. The focus in this analysis is set on semileptonic 7 events; this means one top
quark decays into a W boson and a b quark, with the W boson decaying into a lepton and a neutrino,
tt — H (— cs)bW(— {v)b. The H®* — cs decay channel is being searched for as it is one of the main
decay channels in 2HDM models and even dominates for certain models if m+ < m, (for a detailed

discussion see Section [2.2.1).

The roadmap for physics analyses in ATLAS is generally quite similar. The first step is to define the
data sample to be analysed and to produce simulated event samples of the signal process and all other
processes, referred to as background processes or simply backgrounds, that might mimic a signal process
in the detector. Data and simulated samples are described in Section[d.T}

Based on the final state under investigation, usually a pre-selection on data is defined to obtain a
sample enriched in interesting data events (Section[d.2)). Thereupon the modelling of simulated event
samples is thoroughly validated in signal and background enriched regions (Section [4.3)).

The reconstruction of physics objects from data has been described in the previous chapter (Section[3.4).
For analyses with final states containing short-lived resonances, it is often beneficial to reconstruct
the whole event topology. In this thesis the full 7z-system topology is reconstructed, as described in
Section [4.4]

In general, a sophisticated strategy is developed to separate the signal process from background
processes with similar characteristics, which is very analysis dependent. The final step is then the
statistical interpretation of the results. In this search this means quantifying how certain we are about the
existence or non-existence of a H* — cs signal in data. These two steps are presented in Chapters
and
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4.1 Data and simulated event samples

Data sample

The data analysed in this thesis corresponds to pp collision data recorded with the ATLAS detector
at a centre-of-mass energy of 13 TeV during LHC Run-2 in the years 2015 to 2018. The data events
are scrutinised for good operation conditions of all detector components and related hardware and
software . The total integrated luminosity of used data samples is (140.0 £ 1.2) fb! @1.
The integrated luminosity for the years 2015, 2016, 2017 and 2018 are 4, 39, 50.6 and 63.8{b ',
respectively . The 8" at the interaction point decreased over the years, yielding an increased peak
in the mean number of interactions per bunch crossing ({u) ~ 16 to 60) and instantaneous luminosity
(Lpeax = 0.5 10 1.9 X 10* em™2s7") .

Simulated samples

MC simulated event samples are used to model the signal process (Section [f.1.1)) and SM backgrounds.
All SM processes are considered, which can abundantly yield, or mimic, a final state with a prompt,
high-energy lepton and jets. The focus of the event selection is set on leptons, as the signatures of prompt
electrons and muons are comparatively clean in the detector. The main backgrounds are processes
involving a top quark (Section[d.1.2) or a weak boson V = W, Z (Sectiond.1.3)). All simulated signal
and background processes are listed in Table f.1 with their nominal generator setups. The background
from multijet processes is considered in this analysis but not listed in Table [d.T]as it is difficult to model
properly and consequently not estimated from simulation. A data-driven estimation is performed as
described in Section [4.3]

In the following, generators and settings used in the event generation of the nominal samples are
specified. The detector simulation and digitisation steps are the same for all samples. All nominal
background samples were passed through the full ATLAS detector simulation. Alternative background
samples and signal samples were passed through a fast detector simulation. The effects of pile-up
were modelled by overlaying each hard-scatter event with minimum-bias events, simulated using soft
QCD processes of PyTHia 8.186 with a set of tuned parameters called the A3 tune and the
NNPDF2.3L0 set of PDFs.

4.1.1 Signal samples

H* = cs

Signal events are generated by first generating top-quark pairs at NLO using the PowHEG Box v2
generator with the NNPDF3.0nLo PDF set and the hdamﬂ parameter set to 1.5m, [[185].
The top-quark mass is set to 172.5GeV. The decays of t — H*b and t — W*b were modelled by
MabSein [[186],, using the Type-II 2HDM configuration for BSM decays, to retain spin correlation effects.
Subsequent decays of the H* and W*, PS, hadronisation, and UE were modelled by PyTsia 8.307 .
Therein, the W boson was forced to decay leptonically (W* — ¢*v,), allowing for all three lepton
flavours (£ = e, u, 7). The charged Higgs boson was forced to decay into a cs-quark pair (H*® — cs).
The PyTHIA parameters were set to the A14 tune [[188]], and the NNPDF2.3L0 PDF set was used. The

'"The hgamp Parameter is a resummation damping factor and is one of the parameters that controls the matching of PowHEG
ME to the PS. It regulates the first high-p emission against which the # system recoils.
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9

Table 4.1: List of signal and background processes and the generators used to simulate them. The symbol “g” is
used for u, d, c, s quarks. The subscript “x” at the signal sample names is a placeholder for the mass of the charged
Higgs boson in GeV. For the Other top and VV processes, only the range of used generator versions is quoted.
The exact generator version are given in Section@

Name Process ME Generator PS and hadronisation
Signal
pm vy Ry Ve + .
Hi tf - béw,,(H gvf)H;(H cs) PowHneG Box v2 MabSpIN + PyTtHiA 8.307 + EvrGen 1.7.0
Hy, . tt — bbW™(— Cvp)H (— cb)
Top quark
11 (ud) 1t — bbW* (= Lv))W™ (— ud/tv;)
tt(cs) 1t — bbW* (= Lv,)W* (= cs)
_ _ - . T _
tf +HF tf - béWi(—> tve) Wx (= qq/tv)) +=21c/b PowHEG Box v2 PyTHia 8.230 + EvTGen 1.6.0
tt(allHad) 1t — bbW=(— qq)W™ (= qq)
tW tW
___Singletop _single t-quark s- & t-channel . _____________.
ttH PowHEG Box v2 PyTHia 8.230 + EvTGen 1.6.0
Z:;/ MADGrAPHS_AMC@NLO2.3.3 PytHia 8.210 + EvTGen 1.2.0
tWZ MADGRAPHS_AMC@NLO2.3.3  PytHia 8.210 + EvrGen 1.2.0
Other top  #ftf MADGRrRAPHS_AMC@NLO2.3.3 PyrtHia 8.230 + EvrGen 1.6.0
tHbj MADGRrRAPH5_AMC@NLO2.6.2 PyTtHIiA 8.230 + EvrGen 1.6.0
tWH MADGRAPHS_AMC@NLO2.6.2 PytHia 8.235 + EvrGen 1.6.0
?th MADGRAPH 2.2.2 PyTHia 8.212 + EvTGeN 1.2.0
Weak boson
W+:|ets W+:|ets SHERPA 2.2.11 SHERPA 2.2.11
Z +jets Z +jets
vv WW,WZ,77Z SHERPA 2.2.1-2.2.2 SHERPA2.2.1-2.2.2

EvTGen 1.7.0 program [[I89] was used to model the decays of bottom and charm hadrons.

Samples were produced for several charged Higgs boson mass hypotheses. The kinematics of the
t — H"(— cs)b decays change with the value of m - Depending on the m+ search range and
mass resolution, multiple samples are needed to (dis)prove the existence of a charged Higgs boson.
In Section it was shown that m =+ is only one of many free parameters in 2HDMs, the simplest
extension of the SM containing a charged Higgs boson. But other parameters, e.g. tan 5, mainly change
the coupling of the charged Higgs boson to other particles. This results in a modified charged Higgs
production cross-section, but the kinematics are unchanged.

Twelve signal samples were generated for charged Higgs boson masses from 60 GeV to 168 GeV with
1.8 million simulated signal events each. Eleven samples in steps of 10 GeV from 60 GeV to 160 GeV

and one sample at 168 GeV. The latter mass point was chosen such that m .+ + m,, is right below the

top-quark mass threshold to maintain on-shell t — H*b decays. The lowest mass point selection is
motivated by exclusions from previous searches (cf. Section[2.3) and the acceptance of signal events
in the event selection (cf. Section.2). For smaller charged Higgs boson masses a different analysis
strategy with a looser jet pr requirement is advisable. The mass point step size was chosen to be below
the dijet mass resolution [[I6]]. This way the search will be sensitive to any charged Higgs boson in the
given mass range. The signal samples are denoted by Hi, where “x” is the mass of the charged Higgs
boson in GeV.

Figure 1.1 shows kinematic distributions of the signal process for different charged Higgs boson

62



Chapter 4 Event selection and reconstruction

2 1.6F T T T T T = 2 F T T T T T T T 3 03F T T T T T T T 3
9] F 10,000 simulated events —HE 7 O] [ 10,000 simulated events —HE o [ 10,000 simulated events —H3
14 60 = S 01 60 - < E 60
= E + 2 r + 5 0250 : =
2 12 “Hio 2 T —Hiw 2 F —Hio
7] L c [ [ 5 + ]
& —Hi 3 g 008¢ —Hi 3 02 —His Ei
k) L % r 5
5 o8 3 c 006 7 § 015 B
3] 2 r 5]
£ oef - 8 L g
g g S 0.04 - T o E
0.4 E 1 1
L 0.02 | -
02F E . 0.05
B . ! L L ! L 3 J | . T
0 60 80 100 120 140 160 180 200 00 50 100 150 200 250 300 350 400 450 500 G0 20 40 60 80 100 120 140 160 180 200
m,,. [GeV] H*p_ [GeV] b4 P [GeV]
(a) (b) (©
3 T T T T T T T g 0.09F T T T 3 3 0.09F |
Q r 10,000 simulated events —HE S E 10,000 simulated events —HE E O (.08 10,000 simulated events —HE 3
s 01 60 - 3 0.08F & e = 008 60 E|
2 E —Hip S 007E —Hip 3 ¢z —Hip E
9 + 3 E + 3 4] + E|
5 —Hig = 006 “Hiw 3 3 “Hin
c 4 5 oot 4 2 3
2 ksl E El 8 E
B @ E 3 g 3
g L 0o 1 8 E
° 3 0.03 = ° 3
B 0025 E E
0.01- e H E
o) PR N RN A AR el = 0= P N RN B 3J 0 )= P Y R AR AU B |
0 20 40 60 80 100 120 140 160 180 200 0 1 2 3 4 5 0 20 40 60 80 100 120 140 160 180 200
c-quark P, [GeV] AR(CS) Lepton P, [GeV]
(d (e) ®

Figure 4.1: Comparison of kinematic quantities of simulated 17 — bbH*(— cs)W* (— {v,) events for different
charged Higgs boson masses. by, ,is the b quark that has been produced in the decay t — bH™.

masses using the truth four-momenta from simulation. These plots have been produced to validate the
modelling of the signal process. The distributions change as expected with increasing charged Higgs
boson mass. For example, the c-quark pr is on average larger for heavier charged Higgs bosons. The
lepton p is included as a cross-check and is, as expected, unaffected by the charged Higgs boson mass.
The decay width of the charged Higgs boson, as can be seen in Figure f.1(a)] is assumed to be narrow
(set to zero) in simulation. This assumption is being made because the decay width of the charged Higgs
boson is way below 1 GeV for most of the parameter space [190], calculated using FeynHiggs and
HDECAY libraries, and thereby at least one order of magnitude smaller than the dijet mass resolution.
If the mass difference between the H* and the W boson is smaller than either of their total widths, the
interference between the decays t — H*b and t — W*b can become relevant. The size and sign of
the interference term depends on the model but is at maximum of the order of a few percent of the H*
contribution [[192]. For larger mass differences, the interference term can be omitted with high accuracy.
In this analysis, the interference term is neglected for all mass points.

The production of charged Higgs bosons via single-top-quark processes is neglected in this analysis.
Generally, the single top-quark production cross-section is about a factor of four smaller than ¢ production
in LHC Run-2 [28]]. But the main reason is that these events do not contain a prompt lepton and are
highly suppressed by the event selection (cf. Section[.2).

H* > cb

In addition to the H* — cs signal samples, samples with H* — cb have been produced. The used
generators and settings are identical to the H~ — cs signal sample generation presented above, except
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that the charged Higgs boson is forced to exclusively decay into a cb quark pair. These samples are
marked by an additional cb subscript, H fb’ .- The H ;"b samples were produced for the 110 GeV, 130 GeV

and 150 GeV charged Higgs boson mass points. The mass point selection is motivated by the 30~ (2.507)
local (global) excess found at 130 GeV by the dedicated H* — cb analysis . The Hfb samples are

solely used to cross-check the sensitivity of the analysis to a potential H* — cb signal. The presumption
was established because the final states differ only by having a b-jet instead of a light-jet emerging from
the H* decay.

4.1.2 Top-quark samples

The main background in this search are SM ¢7 events. The # production processes are identical for SM ¢
and signal events, and the final-state particles often exactly agree.

For the production of ¢ and single-top-quark events in the tW-, s-, and z-channels, a similar generator
setup as for the signal process has been used. The main difference is that the events were not interfaced
with MaDSpPIN. PowHEG Box v2 calculates the ME at NLO using the five-flavour scheme (four-flavour
scheme for single-top-quark 7-channel events) with the NNPDF3.0nLo PDF set and A gy, = 1.5m,. PS,
hadronisation and UE are modelled using PyTHia 8.230 with the A14 tune and NNPDF2.3L0 PDF set.
Heavy-flavour hadron decays are modelled using EvrGen 1.6.0. This is the nominal generator setup which
has been found to show the best agreement with data . The ¢t samples were normalised using cross-
sections calculated at NNLO plus next-to-next-to-leading-logarithm (NNLL) accuracy using the Top++
program [[I93]]. The production cross-section of the three single-top-quark channels are calculated at
NLO +NNLL and NLO for the tW- and s/t-channels, respectively, using the HatHor program [194H198].

The simulated 7 samples are categorised based on the decay of the top-quarks and the flavour of
additional jets in the event. In SM ¢ simulation, a branching ratio (%) of %(t — Wb) = 100 % is
assumed. Events in which both W bosons decay hadronically rarely pass the event selection and are
therefore of minor interest. These events are labelled as ¢ (allHad).

In other 7 events at least one W boson decays leptonically. These events are categorised in 77 + LF (LF
for light-flavour) and 77 + HF (HF for heavy-flavour) categories based on the existence of additional —
not stemming from decay products of top quarks — heavy-flavour jets in the event. The categorisation
is adopted because a precise prediction of heavy-flavour jets in association with a top-quark pair is
challenging in current theoretical models due to the scale hierarchy between #7 and bb production from
gluon emission and the non-negligible mass of the b-quark 200]. The heavy-flavour jets are
identified using truth information from simulation as described in Reference [201]]. For this purpose
particle jets are built from truth stable particles not originating from the 77 system using the anti-k, jet
clustering algorithm with R = 0.4. The particle jets are required to have pt > 15GeV and || < 2.5.
Particle jets with a matched b- or c-hadron are identified as a heavy-flavour jet, and events with at least
one such jet are labelled as 77 + HF.

The 17 + LF category is split further into 7f(ud) and tf(cs) categories based on the decay of the W
boson. If the W-boson decay products contain a c-quark, the event is labelled as #(cs), otherwise as
tt(ud). The categorisation is motivated by the signal process. If the W boson decays as W — cs, the
final states for signal and SM #z background are identical, which makes a separation challenging. The
1t (ud) category also contains dileptonic 7 events, i.e. events in which both W bosons decay leptonically.

To mention is that in the decay of the W boson a diagonal CKM matrix is assumed. Hence, the W
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boson can decay hadronically only as W — c¢s or W — ud, therefore the nomenclatures #7(ud) and
tt(cs). The SM #t samples are produced centrally by ATLAS and used by many analyses. With the
current reconstruction techniques, it is barely possible to reliably separate d- from s-quark-initiated jets,
which justifies the use of these samples. The decay W — cb would show a different signature in the
detector, but the corresponding CKM-matrix element is very small V., = (40.8 + 1.4) x 1073 ,
leading to B(W — ¢b) ~ 0.17 %. The H* — cb analysis considered the W — ¢b background in
their analysis, but it had a negligible impact on the final results. For this reason it is not considered in
this analysis. Nonetheless, in the future many analyses could benefit by assuming a non-diagonal CKM
matrix in #z sample productions.

Other background processes considered in this analysis and involving a top quark include, compared
to the processes described above, additional weak bosons or top quarks in the final state: t7H, tfW, ttZ,
titt, t1t, tHjb, tWH, tWZ and tZq. These processes have a much lower cross-section and are therefore
grouped into a single category referred to as Other top. The ttH process was modelled using the same
generators and versions as the exclusive #f process. The remaining processes were modelled using
MapGraprH and MaDGrRAPHS_AMC@NLO generators for ME calculation interfaced with PyTHia 8 and
EvrGen. The exact generator versions are listed in Table[d.1] The 77H, tW, and t7Z cross-sections are
calculated at NLO QCD and NLO EW accuracy using MADGraPH5_AMC@NLO [202].

4.1.3 Weak-boson samples

Processes involving a leptonically decaying weak boson contain prompt leptons and are therefore an
important background in this analysis. The production of a vector boson V = W, Z/y" in conjunction
with jets (V + jets) was modelled using SHErPA 2.2.11 [203]] for ME and PS with the NNPDF3.0NNLO
PDF set. In the ME calculation contributions from up to five (two) additional parton emissions were
considered at LO (NLO), using the Comix [204]] and OpENLoops libraries.

The production of the diboson processes VV = WW, WZ, ZZ with at least one prompt lepton in the
final state are simulated using SHERPA 2.2.1 for ME and PS with the NNPDF3.0nnLo PDF set. The
process WZ — {vvv was simulated with SHERPA 2.2.2. Contributions with up to three (one) additional
parton emissions are calculated at LO (NLO) precision [208]]. Loop-induced diboson processes that are
initiated via the gg production mode are simulated with LO accuracy with up to one additional parton
emission.

Merging of ME and PS was performed for all SHERPA samples using the MEPS @NLO formalism [209}-
[21T]] with a merging scale of Q. = 20 GeV and the five-flavour numbering scheme. The default set of
tuned parameters developed by the SHERPA authors was used.

4.2 Event selection

A basic event selection is applied to the data to reject background events and obtain a sample enriched in
signal events. In the signal process a tf-pair decays into two b-quarks, a charged Higgs boson, which
decays further into quarks H* — cs, and a W boson, which decays into leptons W — £v. This results in
a final state with one lepton and four jets, out of which two are b-jets, as visualised in Figure[.2] The
event selection aims at selecting events with exactly this signature.
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Figure 4.2: A Feynman diagram of the signal process highlighting the classes of final-state particles.

The focus is set on leptonic W-boson decays with an electron or muon in the final state, also including
decays of a tauon which decays further into lighter leptons, W — 7(— {v;)v,. The focus on semileptonic
1t events with one electron or muon reduces the size of the selected signal sample to about one-fourth, as
follows from the W-boson branching ratio into leptons of about 11 % per lepton flavour (cf. Figure[4.3)
and the branching ratio of r-leptons into lighter leptons of about 34 % [28]]. The advantage of this
restriction is that the leptonic final state facilitates an efficient suppression of abundant QCD processes
and eases the event reconstruction due to a reduced number of jet combinatorics.

Regarding the main background, Figure shows the possible decay modes of SM 7 events. In the
SM the top quark almost exclusively decays into a W boson and a b quark and the further signature
is determined by the decay mode of the W boson. In about 45 % of ¢ decays, the final state is fully
hadronic; in about 44 %, the final state has one lepton (semileptonic); and in about 11 %, there are
two leptons (dileptonic). The semileptonic decay modes have exactly the same final state as the signal
process. The other decay modes are attempted to be rejected by the event selection.

The first step in selecting data events is the trigger system. At trigger level the focus is set on electrons
and muons due to their clean signatures in the detector and fast reconstruction. The focus on prompt,
high-p leptons facilitates an efficient rejection of abundant backgrounds related to QCD processes.
Efficient background rejections are crucial for selecting as many signal events as possible. To be specific,
it allows for having low lepton p thresholds.

The reconstruction of electrons and muons at trigger level is similar to the offline reconstruction
described in Section [3.4] but computationally expensive steps are either replaced by less complex
algorithms or additional selections are applied beforehand. Details are given in References -. 216].
This analysis uses the lowest unprescaled electron and muon triggers, which are listed in Table H
Multiple trigger chains are considered for each data-taking period, which impose different ID and
isolation requirements. The stricter the requirements, the lower the lepton py requirement can be set. If
an event passes any trigger chain in Table [d.2]it is recorded and considered in this analysis. The further

2“Unprescaled” means that all events passing the chain were recorded. If the rate of a trigger chain is too large, a prescale
is commonly applied, which effectively reduces the number of recorded events. “Lowest” refers to the lepton p threshold.
Lowering the p threshold increases the rate of a trigger chain, especially caused by soft QCD interactions.
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W-boson decay modes tt — bbWW
cs

decay modes

(a) (b)

Figure 4.3: Main decay modes of (a) a W boson and (b) a top-quark pair. In (b), the x- and y-axes represent
the possible decay products of each W boson. The boxes indicate the classes of final-state particles (neglecting
neutrinos). The sizes of the boxes are proportional to the probabilities of the final states appearing in tf decays.
The W-boson branching ratios are taken from Reference [28]]. The figures have been adapted from Reference [212]

213).

Table 4.2: List of trigger chains used in the analysis. The isolation is based on surrounding tracks with pr > 1 GeV
within a fixed radius AR, pr-dependent radius AR and the longitudinal distance from the primary vertex Az. The
electron ID likelihood in the years 20162018 used no information related to the transverse impact parameter. The
L1 pr requirements are not explicitly listed but the thresholds are generally a bit looser than the HLT thresholds
listed here. One electron chain (marked above with “+ L1 requirements”) imposed 7-dependent py thresholds at
L1 and a veto related to the hadronic activity.

Year 2015 2016-2018
> le, pp > 24GeV, medium ID + L1 requirements > 1 ¢, p > 26 GeV, tight ID, 3y g2 p/pyp < 0.10
Electron > 1e, pr > 60GeV, medium ID > 1e, pr > 60GeV, medium ID
> 1e, pr > 120GeV, loose ID > 1e, pr > 140GeV, loose ID
Muon > 1 CB muon, pp > 20GeV, Y ar03 p%k/pT <0.06 > 1CB muon with py >26GeV and Y5, 6(2)mm p%k/pT <0.07
> 1 CB muon, py > 50 GeV > 1 CB muon with py > 50 GeV

selection is based on offline reconstructed objects.

Each event is required to contain exactly one electron or muon with pt > 27 GeV which passes the
medium identification and isolation working point (loose lepton definition in Table [3.I). Events with an
additional very loose lepton (medium ID and no isolation requirement) with pr > 10 GeV are vetoed
to reduce backgrounds with multiple prompt leptons in the final state: dileptonic ¢, Z + jets, and VV.
The offline reconstructed lepton has to be geometrically matched (AR < 0.1) to the online reconstructed
lepton, which fired the trigger. Furthermore, at least four jets have to be present in each event, out of
which at least one jet has to be b-tagged, i.e. pass the 70 % b-tagging WP. The presence of at least four
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jets in an event is essential for a proper 77-system reconstruction. The b-tag requirement substantially
reduces backgrounds from multijet and V+jets processes and is beneficial for the #z-system reconstruction.
All selection requirements listed above define the preselection.

The signal region is defined by the lepton satisfying the tight lepton definition (tight ID and isolation)
and the number of b-tagged jets being two or larger. The data in the signal region is a subset of the
preselection data. Events passing the preselection but not the signal region requirements are used to
estimate the multijet background in the signal region (cf. Section[d.3). In total, a bit more than 9.8
million data events pass the preselection requirements, and 3.6 million events are in the signal region.
All selection steps are detailed in Table 4.3}

Table 4.3: Cutflow table for a few selected signal samples. The first lepton in e/u and /e is the lepton used in the
electron-channel selection, and the second lepton is the one used in the muon-channel selection. In the signal
samples the W boson is forced to decay leptonically. The cuts above the dashed line define the preselection region;
all cuts together define the signal region.

Selection steps Fraction of events passing selection [%]
Hy, Hiy Hig
Initial 100.0 100.0 100.0
Trigger 37.8 37.5 37.5
Atleast 1 medium ID e/u with pp > 10 GeV 35.3 35.2 35.0
Exactly 1 medium ID e/u with pp > 10 GeV 34.8 34.7 34.7
No medium ID u/e with pp > 10 GeV 33.8 33.7 339
Exactly 1 medium ID e/u with pp > 27 GeV 329 32.7 33.0
Lepton matches trigger lepton 32.6 325 32.8
Jet cleaning 32.5 324 32.7
At least 1 jet with pp > 25 GeV 324 323 32.6
At least 2 jets with pr > 25 GeV 31.7 31.5 31.5
At least 3 jets with pp > 25 GeV 28.0 27.8 26.5
At least 4 jets with pr > 25 GeV 19.1 19.2 15.8
At least 1 b-tagged jet 16.6 15.8 11.1
~ Lepton passes medium isolation 155 147 103
Lepton passes tight ID 14.9 14.2 9.9
Lepton passes tight isolation 13.6 12.9 9.1
At least 2 b-tagged jets 6.6 5.4 1.7

The selection efficiencies of three different signal samples after each subsequent selection step are
listed in Table[#.3] To keep in mind is that in the signal sample production the W boson is forced to
decay leptonically. The selection efficiency of semileptonic # events is similar to the efficiency of the
H §0 signal sample.

A large fraction of signal events is rejected at the trigger step. The main reasons are the lepton
p thresholds and the || < 2.5 requirement. This loss is inevitable for this analysis, as the lepton
p thresholds are driven by the large backgrounds at low py — feasibility of trigger rates — and the n
requirement is determined by the tracking volume. Only a few events are rejected by requiring tighter
offline lepton identification and isolation requirements.

Another requirement which rejects a significant fraction of signal events is the requirement of a fourth
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Figure 4.4: Signal selection efficiency times acceptance of all H* — cs signal samples.

jet. If no additional radiation is present in the event, only a single jet needs to fail the p1 or n requirement
for the whole event to be rejected. In a future iteration of the analysis, a lowering of the jet py threshold
to 20 GeV, which is the lower bound of jet flavour-tagging calibration, might be worthwhile to investigate.
The increase in signal efficiency would be at the cost of increased backgrounds and therefore has to be
studied carefully. My proposal for future analyses is to still require three jets with pp > 25 GeV but the
fourth jet needs to have py > 20 GeV. This can recover especially signal events if the charged Higgs
boson mass is close to the top-quark mass. Because the two jets emerging from the charged Higgs boson
have on average a large p, but the b-jet produced together with the charged Higgs boson has on average
a very small py.

The last cut that reduces the size of the selected signal sample significantly is the requirement of a
second b-tagged jet. This is the case because both b-quark-initiated jets have to pass the 70 % WP, which
has a probability of 49 % — in contrast, the probability of just one of the two b-quark-initiated jets being
b-tagged is 91 %. And both b-quark-initiated jets have to pass the initial pt and 7 requirements. The
signal sample size reduction is especially severe for samples with charged Higgs boson masses close to
the top-quark mass due to the previously discussed small momentum of the b-jet produced together with
the charged Higgs boson.

Figure 4.4] shows the final selection efficiencies of all signal samples. The selection efficiency is
between 1.7 and 6.6 %. The drop at larger charged Higgs boson masses is caused by the previously
discussed effects, which can also be inferred from Table [F.3] Unexpectedly, the efficiency doesn’t drop
for the last mass point. This has been traced down to be caused by a sizeable number of off-shell top
quarks (with m, > 172.5 +2I',) in this sample, which is not observed for other signal samples. This is
caused by the small mass difference m, — (m = + m,;,) ~ 0 and thereby small available phase space.

No selection is enforced regarding the neutrino because 99 % of the backgrounds include a W boson
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O 42.15% — tt (ud)

O 37.16% — tt(cs)

O 13.12% — tt + HF
m 2.82% —tW

Bl 1.67% — Single top
Bl 2.04% — W+ jets
Bl 0.58% — Z +jets

B 0.46% — Other top

Figure 4.5: Composition of the simulated backgrounds in the signal region. The samples are defined in Table@
The tf(allHad) background is merged into the “Other top” category; the VV background is merged into the
“Z +jets” category.

that produces a high-energy neutrino in the same way as in the signal process. The distribution of ErTniSS

is almost identical for signal and background processes.

In general, the event selection is rather loose in order to maintain a high signal efficiency. Nonetheless,
the signal region is relatively clean in # events. A discrimination of signal and 77 events is done using a
more sophisticated method than just using simple cuts (see Section ).

Figure [£.5] shows the composition of simulated backgrounds in the signal region. The dominant
background with 92.5 % is 7z production. Single-top-quark and W+ jets processes contribute 4.5 % and
2 %, respectively. The contributions from other backgrounds are about 1 %.

Fully hadronic 77 events are rejected successfully by the lepton requirement, and its contribution is
insignificant in the signal region. The fraction of dileptonic events in the 77(ud) (¢t + LF) and 7 + HF
categories is about 17 % (9 %) and 13 %, respectively. When comparing the dileptonic fractions with
the W-boson branching ratios in Figure it becomes clear that more dileptonic than semileptonic 77
events got rejected by event selection, as was intended.

4.3 Modelling of background events

The simulation of the signal process and background processes with a prompt lepton has been presented
in Section[d.1} In order to get a complete background expectation, the multijet background is estimated
using a data-driven method. The procedure is described and validated in Section[#.3.1] The modelling
of simulated background events is then evaluated by comparing the background expectation to data
in regions that are not sensitive to a potential signal. Discrepancies between expectation and data are
corrected for as described in Section[4.3.2] Validation studies on the modelling of simulated signal
events were already presented in Section .11}

4.3.1 Estimation of the multijet background in the signal region

Multijet (MJ) processes don’t involve a prompt lepton. Hence, MJ events can only pass the event
selection when either a jet fakes a prompt lepton or when a real non-prompt lepton is produced in the
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decay of heavy-flavour hadrons. The lepton identification and isolation requirements are designed to
reject these types of lepton candidates, and misidentification rates are accordingly small. But due to the
overall large MJ cross-section, it is a non-negligible background in this analysis.

A previous tf analysis with a similar signal region definition estimated a MJ contribution of around
3 % [217]]. The MIJ contribution in this analysis is expected to be less due to improvements in b-tagging
and the non-prompt lepton suppression.

It is difficult to obtain a good MJ estimation from simulation because of the small misidentification
rates. It necessitates the simulation of a huge number of events and only a tiny phase space is of relevance,
which then has to be modelled well. Available dijet samples simulated by PyTHia have been tested for
usage in the analysis. Out of many millions of events, only a handful of events passed the signal region
selection in the lowest jet pr-slices. This makes a proper MJ estimation from simulation impossible, and
a data-driven method has been developed instead.

In LHC Run-2 about 1.1 x 10'® proton-proton collisions took place at ATLAS. Most of them
are soft QCD interactions. And the lepton triggers selects the MJ processes which actually fake a lepton
in the detector. Considering this, the MJ background doesn’t have to be simulated but can be extracted
from data. The challenging part is the identification of MJ events in data. This is not possible on an
event-by-event basis but is done statistically by exploiting the differences between MJ processes and
processes with prompt leptons.

Methodology

The method used in this analysis to estimate the MJ background is commonly known as the fake-factor
or ABCD method [218] [219]]. The concept of the ABCD method is used because it is well established
within high-energy particle physics and the concept is simple and easy to apply. In the ABCD method
the data is divided into four regions, labelled A, B, C, and D. Region A is the signal region as defined in
Section .2} The other regions are enriched in MJ events. The aim is to estimate the MJ contribution in
region A with the help of the other regions. Region B encompasses events where the lepton passes the
PLIV-Tight but not the PLIV-VeryTight isolation requirement (Loose-Isol lepton definition in Table [3.T).
Events in region C are required to have exactly one b-tagged jet. In region D the looser lepton isolation
requirement and the jet requirement of one b-tagged are applied.

The number of b-tags is well suited to define MJ enriched regions, as MJ processes mostly involve
light jets. The lepton isolation is well suited, too, as non-prompt leptons stemming from heavy-flavour
hadron decays will be close to the jet the hadron is part of. Similarly, tracks from MJ processes faking
leptons will be close to the jet remnants.

Figure [4.6] summarises the region definitions and illustrates the functioning principle of the ABCD
method. The MJ background in the signal region is estimated by extracting the shape of the MJ
background in region B and then rescaling it to the correct normalisation in the signal region with the
help of regions C and D. The MJ background in regions B, C and D is obtained by subtracting the MC
predictions from the data in the respective region,

MJx,f = Datax’f _MCX,f X € B, C,D 5 S e, u.

With all other backgrounds being estimated from simulation, the difference between data and prediction
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Figure 4.6: Functioning of the ABCD method and definition of the regions.

is expected to be caused by the missing MJ background. The MJ estimation is performed separately
for the two lepton channels, as the signatures of electrons and muons are different in the detector. The
separate estimation accounts for different probabilities for jets to fake an electron or muon.

Figure [4.7] shows the difference between data and MC — the MJ contribution — in the different regions.
Plotted is the transverse mass variable mry y, as it is sensitive to a possible MJ background. The variable
mry v is defined as

mrw = \/ZpiE?iss 1 —cos¢),

with pi being the transverse momentum of the lepton and ¢ the azimuthal opening angle between
the lepton and the missing transverse momentum. MJ events receive on average smaller my y, values
because they do not contain an on-shell W boson. In regions B and D the difference between data and
MC prediction is larger than the total uncertainty on the prediction. This clearly shows that the MJ
enrichment is statistically significant and underpins a solid region definition. In region B a larger MJ
enrichment than in region C is favourable because the shape will be derived from region B. In regions C
and D, only the overall normalisation is of interest.

The two core assumptions of the ABCD method are on the one hand that the shapes of the MJ
background are the same in regions B and A, and on the other hand that the MJ ratio in regions A to B
equals the ratio in regions C to D,

Mis, Mic, v Mic, w0 wn
Miz, M, AT MI,, BT ‘
N————
FF

A premise for the assumptions to hold is that the regions — the two quantities that are used to split the
data into the four regions — are uncorrelated. Also shown in Equation[4.1]is that by rearranging the terms,
the MJ contribution in region A can be estimated with the help of the other regions. The MJ estimation
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Figure 4.7: Distributions of mr y in the four regions used in the ABCD method. The plots are arranged in the
same way as the regions are arranged in Figure .6] The top (bottom) four plots show the distributions in the
e(w)-channel. The uncertainty band represents the total statistical plus systematic uncertainty.
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in region A is the MJ template from region B multiplied by the ratio MJ - ,/MJ, ,, which is commonly
referred to as the fake factor (FF). The FF corrects for the different normalisations in regions A and B. A
single FF is used in the analysis because no FF dependence on the lepton kinematics like pt and 7 has
been observed. The derived FFs and their statistical uncertainties are

FF, = 0.417 + 0.027,
FF,, = ~0.04 £ 0.05.

FF,, is negative because in the u-channel the MC prediction exceeds the number of data events in region
C, within uncertainties. The used lepton isolation requirements have been specifically developed to
reject non-prompt leptons, and the probability of jet particles reaching the MS and faking a muon is tiny.
Therefore, a small to negligible MJ contribution in the u-channel is expected. In contrast, the pattern of
an electron in the detector is much more likely to be faked by jets. This expectation is also reflected in
the fake-factor which differs from zero by multiple standard deviations. As a negative MJ contribution
is not physical and the fake-factor in the p-channel agrees within uncertainties with zero, it is set to
zero, FF,, = 0. This results in a systematic upward shift of the MJ contribution, but this shift is overall
small in comparison to the e-channel contribution (MJg , > MJ , and FF, > [FF ,[) and will be well
covered by a dedicated systematic uncertainty in this analysis (cf. Section[6.1)).

Similarly, in region B the MC prediction can exceed data for single bins, which results in bins with
negative contents for the MJ templates. Since this is unphysical, the content of such bins is set to
zero. It has been checked that in such cases the bin content generally agrees with zero within statistical
uncertainties.

Results

Figure@ shows the my yy distribution in the signal region for the e-channel, including the estimated MJ
background. The distributions of the MJ background are, as expected, more populated at smaller my v,

and E%’iss values compared to the #f background because MJ events do not contain an on-shell W boson.

The size of the MJ background in the signal region is about 0.3 % of the total simulated background.
This is a rather small contribution and was expected, given the good agreement of data and prediction
in the signal region without the MJ background in Figure .7} This MJ contribution is even smaller
than the overall background normalisation uncertainty from multiple 7z-modelling-related uncertainties.
Therefore, the MJ background plays a subordinate role in this analysis. The subsequent analysis parts are
performed solely in region A, the signal region.

In a previous stage of the analysis, a looser b-tagging requirement and a different lepton isolation
requirement were used to define the signal region. At that stage the ABCD method yielded a MJ
contribution of about 1.3 % of the total predicted background. Hence, the tighter b-tagging requirement
and particularly the new lepton isolation requirement could reduce the MJ background by around a factor
of 4.

A more recent 17 analysis applies an almost identical event selection as has been applied at
the previous analysis stage. In the referenced analysis, the matrix methocﬂ is used to estimate the

3In the matrix method the fake/non-prompt lepton background in the signal (tight) region is estimated by solving a system
of linear equations that use measured efficiencies for real and fake leptons passing loose and tight selection criteria. [154]
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Figure 4.8: Distribution of (a) m y and (b) E1 " in the e-channel in the signal region with the MJ background
included. Due to its small contribution, the MJ background is barely visible in the stack plot. Therefore, it is
merged in the “Other” category, and its shape, scaled to the total background prediction, is overlaid.

MJ background and yields an overall MJ contribution of around 1.3 %, too. This proves that the MJ
estimation in this analysis yields reliable results.

Validation studies

The MJ estimation has been validated in multiple ways. Firstly, it has been tested whether the general
assumption of the ABCD method from Equation is valid with the help of the 7¢(allHad) sample.
The ¢ (allHad) sample is used because #7(allHad) and MJ events passing the preselection only contain
fake and non-prompt leptons. It has been verified that the ratios #z(allHad) acl tt(allHad) p.c and
tt(allHad) ,/tt(allHad) , , agree with each other. The ratios agree within 20~ in both lepton channels,
considering only the statistical uncertainty. This confirms that the regions are uncorrelated and the FFs
yield the correct normalisation.

Another way to prove that the regions are uncorrelated is by performing an alternative MJ estimation
in which the requirements defining regions B and C are swapped. The 1b-tag requirement defines region
B, and the lepton isolation requirement defines region C. The resulting MJ contribution indeed agrees
with the nominal approach within 10 %.

An alternative MJ estimation has been performed using a looser lepton ID criterion instead of a looser
lepton isolation requirement. The lepton ID is designed to reject fake leptons and is therefore also
suited to define MJ-enriched regions. Region B is defined by the lepton passing the Medium ID WP
while not passing the tight one (loose-ID lepton definition in Table[3.T)). Region C is defined as in the
nominal approach using the one b-tag requirement, and in region D both requirements are enforced. The
estimated MJ contribution using this approach is about 30 % less than in the nominal approach. This
alternative estimate is considered a systematic uncertainty of the MJ background in this analysis.

The lepton ID and isolation requirements are not used together to define the four ABCD regions, as
those variables seem to be correlated. When swapping the two requirements to define regions B and C —
the same validation approach as presented above — the estimated MJ contribution differed by a factor of
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2. The variable E%ﬁsshas not been used either to define the regions because of insufficient modelling,
which will be discussed in the following section.

4.3.2 tt modelling correction

In Figure[f.9]a few selected kinematic distributions are presented that show a significant disagreement
between data and prediction in the signal region. The deviations are observed in the tails of the
distributions, are partially larger than about 10 %, and exceed the total uncertainty on the prediction. The
slopes in the ratio graphs indicate a mismodelling of the predictions rather than the disagreement just
being caused by statistical fluctuations. With the signal region being dominated by 77 events (contribution
of 92.5 %), the deviation is apparently caused by an inaccurate simulation of 7z processes. The simulated
top-quark py seems to be harder in simulation than in data. Indeed, similar mismodellings have been
seen in other analyses with a #7-pair in the final state . The disagreement can be attributed
to missing higher-order QCD and EW corrections in 77 simulation 222]]. This affects SM 7 and
signal processes in the same way because the same event generator setup has been used to simulate the
events. A data-driven correction is derived to improve the modelling of 7z simulation. The correction
aims at improving the modelling of pr-dependent variables.

Methodology

The scalar momentum sum (St) is defined as the sum of the scalar transverse momenta of all calibrated

objects in the event,
N,

jets

St=pre+ET™+ ) pis 4.2)
i=1

and is used to correct the simulation. The Sy distribution is shown in Figured.9(e)] The choice of Sy is
motivated by the fact that St describes the hardness of an event and is closely related to the transverse
momenta of individual top quarks. The corrections are derived in bins of the number of jets in the event
(Njers)- Events with 9 or more jets are grouped together due to its small selected sample size, resulting in
6 bins: Nig, =4,5,6,7,8,>9.

A two-dimensional correction is deployed because the two variables are closely correlated, but their
mismodelling is in contradiction to their correlation. In general, an event with more jets will have a larger
St. But the simulation prefers more often a smaller value of Nj, and a larger value of St. Therefore, a
simple one-dimensional correction in Sy does not improve the modelling of Nje.

The correction is derived directly in the signal region. The two main reasons behind this choice are
that the signal region definition is designed to select semileptonic ¢ events and that the signal events are
affected by the mismodelling, too. It has been carefully validated that this choice does not impact the
extraction of a potential signal — this is presented in detail later on in this section.

The correction weights are defined by the ratio of data templates, with non-z backgrounds subtracted,

to simulated ¢z templates,
Data — MC,,,

WCOI'I' = MC _ ° (43)
1t

The data-driven MJ background is part of the MC
of the #f events in data (modified data template). It is assumed that the distributions of Njeis and S are

noni category. The numerator represents an estimate
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Figure 4.9: Distribution of the (a) lepton pr, (b) ET ", (c) leading jet pr, (d) forth-leading jet pr, (€) St (definition
in Equation[4.2), and (f) the number of jets in an event. The uncertainty band represents the combined statistical
plus systematic uncertainty of the prediction.

modelled properly for the non-# backgrounds. The binning of the templates is chosen to be equidistant
from 200 to 2 000 GeV with a bin width of 20 GeV. Below 200 GeV and above 2 000 GeV, the sample
size is small. The bin width is chosen sufficiently small to resolve the shape. Bins in the tails with low
sample size are merged, such that each modified data template bin contains at least ten expected events.
The w,, templates for a few selected Njq bins are shown in Figure@

The final correction weights are extracted by fitting functions to the templates to mitigate the effects of
statistical fluctuations in data and simulation in the tails. No underlying model exists that describes the
disagreement between data and ¢ simulation. Hence, a function that fits the distribution well is chosen.
Among the tested functions, a linear-plus-exponential function,

Foor (X2 87) = Xo + X, St + x,€™57, (4.4)

is found to yield the smallest )(2 values in fits to the w,,, templates across all N bins. The exponential
part is dominant in the low St region and flattens out towards larger St values. The medium and high St

regions are described solely by the linear part.
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To avoid overfitting, the fit is performed separately for even and odd event numbersﬂ Splitting the
events by their event number achieves a random split. The correction weights derived from fits to
even-numbered events are applied to odd-numbered events and vice versa.

Multijet background adjustment

One important remark has to be made on the MJ background. The MJ estimation depends on the #7
background modelling in regions B, C, and D. The phase space in these regions is similar to the signal
region. For this reason it is expected that the 77 background is similarly mismodelled in these regions.
This assumption has been confirmed by producing w_,,, in the respective regions. The aim is to consider
this effect in the 7 correction procedure.

The #f correction leaves the normalisation in the signal region almost unchanged — the normalisation
changes by about ~ 2 % — whereas the correction weights are in the range of 0.7 to 1.3. As only the
normalisation is of interest in regions C and D, the FFs are assumed to be unaffected by the mismodelling.
This assumption simplifies the weight calculation and fitting procedure immensely, as it removes
bin-by-bin correlations. The mismodelling in region B and the signal region is assumed to be identical
given the similar phase space, which differs only by a looser lepton isolation requirement. With these
assumptions the ¢f mismodelling in region B can be directly considered in the weight calculation by
replacing the MJ background in region A in Equation 3] by its templates in region B,

corr

Data, — MCpo, 54 —MJ,  (Datay —FF x Datag) — (Mcnon-ﬁ,A — FF X MCnon—ﬁ,B)
Weorr = MC;; , - MC,; , — FFx MCj; g .
(4.5)

DataB - MCnon-ﬁ,B

with MJ, =FF
A X MC[;,B

Wcorr

Effectively, the 77 mismodelling in region B, which biased the w,, calculation through the MJ estimation,
is now correctly accounted for. The # correction weights and MJ background are derived simultaneously.
The w,,, templates shown in Figure . 10]are calculated as given in Equation[4.3]

The application of the #f correction in region B changes the estimated MJ background contribution
and shape with respect to the results presented in Section #.3.1] Plots comparing the MJ background
before and after the #z-correction has been applied are available in Appendix Changes in the MJ
background estimation up to 40 % are seen for some high statistics bins.

Results
The derived w,, templates plus fitted functions are shown in Figure@.10|for the bins with Nj., = 4,6, 8.
The fitted w,,, templates for other Ny, bins and a list of all fit parameters are given in Appendix E}

Shown as dotted lines are variations of the eigenvectors from the fit uncertainty matrix by their eigenvalue
+10. Data and MC statistical uncertainties are included in the fit. The fit uncertainties are relatively

small due to the overall large sample size. An exception is the region of high N, and low St as only a

few events are available to determine the exponential parameters. The reduced Xz’ defined by the /\/2
value of the fit divided by the number of degrees of freedom in the fit, )(2 /ndf, of all fits are between 0.5

4Every recorded data event has a unique event number. Similarly, event numbers are allocated to simulated events.
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Figure 4.10: Distribution of w,, in different N;.bins for even and odd event numbers. The solid black lines are
fits of a linear-plus-exponential function to the distributions. The dotted lines show the +10 variations of the
eigenvectors of the uncertainty matrix. The uncertainties include data and MC statistical uncertainties.

and 2. This indicates a solid choice of the fit function and generally a good agreement between fit and
data. The fits agree well for even and odd parities.

The same quantities as in Figure[f.9]are shown again in Figure .11} but this time with the corrections
applied. The modelling of all shown variables and other affected kinematic variables is significantly
improved, as can be seen when comparing to the red dashed line, which shows the total background
prediction before applying the correction. In the subsequent analysis steps the 7 correction weights have
been applied to SM 7 and signal samples.

The modelling of the top-quark pr-spectrum depends significantly on the assumed event generator
model. Therefore, separate corrections are derived and applied to the alternative ¢f samples. The
procedure is identical to the nominal approach. Exemplary fits for the alternative sample are shown in
Figure[A.2]in the Appendix.

Validation studies

Multiple functions have been tested for fitting the w . templates. Thereby the linear-plus-exponential
function (cf. Equation showed the best overall agreement with the fitted data and reduced /\/2 values.
A complete review of all tested functions will not be presented here due to the sheer number of tested
functions, but a few functions and the idea behind their choice will be introduced.

Polynomials of different orders have been tested because every function can be dismantled in
polynomials, and lower-order polynomials can already provide good approximations. Fits with
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Figure 4.11: Distribution of the (a) lepton pr, (b) ET", (c) leading jet pr, (d) forth-leading jet pr, (e) St
(definition in Equation , and (f) the number of jets in an event, after the 7 correction has been applied. The
uncertainty band represents the combined statistical plus systematic uncertainty of the prediction. The red dashed
line represents the total background prediction before applying the correction.

polynomials up to the order of eight showed worse agreement than in the nominal fits. Especially
the lowest-order polynomials showed bad agreement between fit and data points. The higher-order
polynomials often fit statistical fluctuations due to the large number of degrees of freedom and still
yielded larger )(2 values than in the nominal fit. The initial fit parameters have to be tweaked very well in
these fits to achieve satisfactory results. In fits with even higher-order polynomials than of order eight,
convergence issues showed up.

Additionally, extensions of the nominal function have been tested that might lead to an improved
description due to the increased fit function complexity. It has been tested whether using a higher-order
polynomial (quadratic or cubic instead of linear) could improve the agreement in the high St part. The
low St part was tried to be improved by the addition of a second exponential function. In case the steep
rise at small St values is not exponential but translates more quickly into something else, it might be
better described by two exponentials. The )(2 in these fits didn’t improve significantly, yielding slightly
worse reduced )(2 values with respect to the nominal fits.

As a final conclusion, the linear-plus-exponential function provided the best reduced )(2 values without
a clear indication that a simpler function can describe the templates as well or that a more complex
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Figure 4.12: Comparison of the Sy distribution of three signal mass points with semileptonic SM 7 events (¢ (ud)
+ tt(cs) + tt + HF) for events with (a) 4, (b) 6, and (c) 8 jets.

function can improve the agreement.

Another part of the ¢ correction that has been validated thoroughly was the usage of the signal region
to derive the correction weights. When deriving the correction in the signal region, care has to be
taken that no artefacts are introduced by the correction procedure. This means the estimated signal
contribution has to be unchanged; no signal was artificially added or removed.

It has been verified that the distributions of St in the outlined Nj bins are similar for SM 1t and signal
events. The comparison is plotted in Figure .12} For the highest mass points (150 to 168 GeV), it can
be seen that the Sy distribution is slightly harder than for SM #z events. This difference can be attributed
to a bias introduced by the event selection. With increasing charged Higgs boson mass the momentum
transferred to the b-quark that is produced in conjunction with the charged Higgs boson decreases. As a
result, mostly events in which the respective top quark has a large momentum pass the event selection.

The small differences in St together with the fact that signal and background events are affected in the
same way by the mismodelling ensure that the correction is unaffected by a possible signal in the data
and the correction will not bias the signal extraction. This has been verified explicitly using a custom
dataset with known signal contribution. The H Tso signal sample has been scaled to the upper limit
derived by the CMS analysis [00]. After applying the derived correction weights, the expected signal
contribution was extracted in the final fit (the fitting procedure is presented in Section[6.2).

The common strategy is to derive the correction in a dedicated control region. In this analysis the
signal region definition has been optimised to select semileptonic #7 events — the signal region is a 7
control region. Separating semileptonic 77 and signal events is complicated due to the similarity of the
processes. Only dileptonic # events do not contain a signal. The possibility of deriving the correction in
dileptonic #7 events and applying it to semileptonic 77 events has been tested. Unfortunately, the idea had
to be abandoned because the St distribution is systematically shifted towards smaller values compared
to the semileptonic case. The two neutrinos in dileptonic events are reconstructed as a single object,
ET"™. If the neutrinos fly in different ¢ directions, the summed E7"* value partially cancels, resulting in
a smaller St value. It was tested to retain the same St distribution as in semileptonic events with the
help of truth information from simulation, which yielded improved but unsatisfactory results.
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4.4 ti-system reconstruction

In order to quantify the presence of a potential signal in data, the signal process has to be efficiently
and reliably identified. For this purpose the full ¢ system is reconstructed. The 7f system consists of a
semileptonically decaying top quark (#.,) and a hadronically decaying top quark (#,,4). The 7., decays
into a b quark (by.,) and a W boson (W), which in turn decays into a lepton and a neutrino. The 7,4
decays into a b quark (b;,4) and a H* boson, which in turn decays into a c- and an s-quark (j,, j,). In SM
1t events the ¢, decays into a W boson (W,_,), which decays into lighter quarks. Jet j; (j,) is defined to
be the jet with the higher (lower) p out of the two jets which originate from the hadronically decaying
boson. The tt system and nomenclature of objects are visualised in Figure The reconstruction
uses calibrated physics objects — leptons, p1 and jets — as proxies for the lepton, neutrino and quarks
arising from the top-quark decays.

Reconstruction

/! Jet 1
Hi/Whad///< . Jet 2
g Thad J J2
b had
t Jet N
g Nep blep
09999999999 Wiep , f
>Mmiss
v T

Figure 4.13: Nomenclature of the objects in the 77 system. Visualised on the right-hand side is the attempted
mapping of reconstructed objects onto the respective true objects.

The f-system reconstruction is crucial for separating signal and ¢z backgrounds. The identification
of the two jets stemming from the hadronically decaying boson (H™/ W) facilitates the study of its
properties, like the invariant mass. And the f7-system reconstruction is useful to identify and reject
non-tt backgrounds.

The f7-system reconstruction proceeds in two steps: First the Wep 18 reconstructed with the help of

the reconstructed lepton and ﬁ%‘iss (Section . In the second step jets are labelled corresponding to
their expected origin (Section[d.4.2)).

4.4.1 W, reconstruction

The Wy, decays into a lepton (£) and a neutrino (v). The event selection requires exactly one lepton in
the event. Thus, the lepton can be unambiguously identified by the single reconstructed lepton. The
neutrino cannot be reconstructed directly. It is attempted to be reconstructed using the py measurement

and utilising the fact that the lepton and neutrino stem from a common particle with known mass. The
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Figure 4.14: Difference between the truth and reconstructed neutrino 7 in SM # simulated events. In case the
reconstruction yields two possible solutions, the solution closest to the truth neutrino 7 is chosen.

>miss

neutrino is expected to dominate the p  measurement given that it is the only prompt lepton in the
event and arises from the decay of an on-shell heavy gauge boson. This assumption is less exact in events
where the reconstructed electron or muon stems from the leptonic decay of a 7-lepton, as in this case the
lepton is accompanied by two additional neutrinos.

The transverse momentum and ¢ values of the neutrino are derived from the g7 measurement:

Pry = EXSS: ¢ = ¢™ The mass of the neutrino is neglected (m, = 0). The last missing piece in
order to reconstruct the four-momentum of the neutrino is its pseudorapidity, n,,. It is calculated by
requiring the invariant mass of the lepton and neutrino to be equal to the true W-boson mass, measured

to be my, = 80.379 GeV [28],

2
my,

n, = n, + arccosh

Vo veos (6,- )
2p Py

This equation generally has two solutions. In the jet labelling procedure (Sectionf.4.2)), one solution will
be picked based on the invariant top-quark mass. In case the argument of arccosh is exactly one, there is
one solution. In this case the pseudorapidity of neutrino and lepton agree with each other (5, = n,).
Due to reconstruction inefficiencies or additional sources of py"", it may happen that the argument of
arccosh is smaller than one, for which arccos is not defined. In this case the argument of arccosh is set to
one, as it is mathematically the closest possible solution. This yields again 5, = 7., but this time the
invariant mass of the lepton and the neutrino exceeds my,. The latter case occurs for about 35 % of the

simulated SM ¢ events.

Figure shows the reconstructed resolution of 7, in simulated SM 7 events, which is used to
validate the neutrino reconstruction. In case the reconstruction yields two possible solutions, the solution
closest to the truth neutrino 7 is chosen. The distribution peaks as expected around zero. Deviations
from zero are caused by reconstruction inefficiencies and additional sources of ﬁ?iss. In 55 % of the
events, the difference between reconstructed and truth 7 is below 0.4.
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4.4.2 Jet labelling

The quarks from the top-quark decays are expected to be reconstructed as individual jets. The goal is to
label in each event four jets as by, by,g, /i and j,. But it is a priori not clear which jet corresponds to
which initial quark. In addition, there may be more than four jets in an event due to initial- and final-state
radiation. This is a combinatorial problem and is in this analysis resolved by comparing the top-quark
candidate’s mass with the predicted top-quark mass and by utilising flavour-tagging information of jets.
The invariant mass of j; and j,, which form together the hadronically decaying boson H*/ W, ad> Cannot
be utilised as the mass of the charged Higgs boson is a free parameter in theoretical models.

Reconstructed top-quark mass probability density functions

The mass resolutions of semileptonically and hadronically decaying top quarks differ significantly. This
is caused by the different four-momenta resolutions of jets, leptons and neutrinos. For this reason, the
plain mass difference (m, —m, ) isnotwell suited for the selection of the best top-quark candidates.
Instead, probability dens1ty functions of the reconstructed top-quark masses (PDF,) are used. The PDF,
are built from SM 77 simulation by matching reconstructed objects to generator-level (truth) objects.

Truth quarks are geometrically matched (AR) to the closest reconstructed jet within AR = 0.4. Heavy-
flavour quarks are only matched to reconstructed jets that have a respective truth hadron (pt > 5 GeV)
associated with it. Similarly, light-flavour quarks are only matched to reconstructed jets without an
associated heavy-flavour hadron. In dense environments where jets are close to each other, multiple
truth quarks can be matched to the same reconstructed jet. If another jet is nearby, ambiguities are
resolved by minimising the sum of the four AR values between truth quarks and nearby (AR < 0.4)
reconstructed jets while requiring unique assignments. In about 53 % of the events, at least one truth
quark cannot be matched to a reconstructed jet. The main reasons for this are low momenta or large
|7| values of the truth quarks, resulting in the respective reconstructed jet being outside the detector
or reconstruction/calibration acceptance (|n| > 2.5 or pr < 25GeV). The event still passes the event
selection due to additional jets inside the detector acceptance. These events are not considered in the
PDF,.

No matching has to be applied for the lepton, as there is only one reconstructed lepton candidate. The
reconstructed neutrino has up to two possible 7 values, and the value closest to the truth-neutrino 7 is
selected to build the PDF,. The 7,.,-mass and 1,,,-mass PDF, are shown in Figure@

The effects of statistical fluctuations in the tails and the choice of the binning are mitigated by fitting
functions to the PDF,. The top-quark mass distribution is expected to follow a Breit-Wigner distribution
due to the small lifetime of the top-quark and the energy-time uncertainty relation. But the measured
distribution is smeared by reconstruction effects. Multiple objects with given measurement uncertainties
are combined to calculate the top-quark mass. From the central limit theorem follows that they add up to
a Gaussian uncertainty, that eventually smears the Breit-Wigner distribution.

The tail in the PDF distribution towards higher values is caused by additional sources of pmlss in
the events, resulting in 1naccurate neutrino reconstructions and thus top-quark mass measurements. The
Crystal Ball function [223H225] is commonly used to describe Gaussian Peaks with tails due to losses
and consists of a symmetric Gaussian and a one-sided power-law tail and therefore suits the PDFtlep
distribution well. A combination of the Crystal Ball and Breit-Wigner functions was found to fit the
PDF,lep distribution best. For PDF, a Crystal Ball + Gaussian function fits best. These fit functions
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Figure 4.15: Reconstructed mass for (a) semileptonically top-quark decays 7., and (b) hadronically top-quark
decays 1,4 and the respective fits to the distributions.

showed the best reduced y* values equal to 37 for the fit to lep-mass and 11.6 for the fit to 7, -mass

PDF,, respectively. The reduced Xz values are relatively large due to the large sample size — small
uncertainties — in the central part of the distributions. Though, the agreement between data points and
fits visible in Figure . 13]is sufficient given the purpose of labelling the jets.

The modelling of both PDF, has been validated by evaluating them for random and pr-ordered jet
permutations. Good agreement between simulation and data has been seen.

Figure shows the SM #¢ PDF, overlaid with the PDF, derived from signal samples. This is
a cross-check to verify that the PDF, are equal for 77 and signal samples, and eventually the method
performs equally well in labelling the jets correctly for SM # and signal events. As expected, no
difference between SM 7 and signal samples is seen in the PDFflep distribution. Regarding the PDF, .
the distributions are equal for all samples with charged Higgs boson masses up to 140 GeV. For larger
charged Higgs boson masses the distribution for the signal samples are shifted towards larger values.
This comes from an enhanced fraction of off-shell top quarks in these samples. The probability of
off-shell top-quark production is increased in these samples because of the small phase-space in the
decay of on-shell top-quarks (m, ~ m,+ + m,;). As aresult of the shifted top-quarks mass distribution,
the performance of the jet labelling procedure is slightly reduced for these samples.

The option to use dedicated PDF, for each signal mass hypothesis was disregarded because of the
extra effort. The background hypothesis would depend on the considered signal mass point. That would
result in significantly increased computing resources needed for this analysis for a small improvement in
the jet labelling efficiency, as will be shown later in this section.

Methodology

The jet labelling is performed by building all possible permutations of blep, byaq» J1» Jo Jet labellings for
all 7, solutions. The jets are labelled according to the permutation with the largest value of the product
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Figure 4.16: Probability density functions of the reconstructed mass for (a) semileptonically PDF, and (b)
ep

hadronically PDF, decaying top quarks and the respective fits to the distributions. Overlaid are the respective
PDF, distributions for signal samples with a charged Higgs boson mass close to the top-quark mass.

of the #,,,-mass and 1, -mass PDF,,

( cand) )

Thad ¥ Thad

P; = PDF, (m;"!) x PDF
ep ep

The highest PDF, product value is denoted by P;. The larger the value of P, the more likely it is that
the correct jet permutation has been found. The value of P divided by the sum of P; values of all

considered permutations is denoted by P;. A P value close to 1 hints towards the fact that the correct
jet permutation has been found, because in this case there is no other permutation with a high P,; value.

The distributions of P,; and P,; are plotted in Figure

Certain permutations are vetoed based on the flavour-tagging score (PCFT score) of jets in order
to decrease the probability of having a random permutation in an event with a large P; value. In
addition, the top-quark mass requirement is only capable of uniquely assigning the b, -jet and three
other jets to build the #,,,. All permutations yielding the same P; value except one are vetoed. The
applied requirements to achieve this and the physics motivation behind the requirements are listed in the
following. The requirements have been optimised to select the correct permutation in SM 77 events:

1. Consider only up to six jets when building the permutations. Considered first are all b-jets followed
by the highest-p non-b-tagged jets.

* This requirement vetoes unlikely permutations, as additional jets in the event arising from
ISR, FSR or similar effects have on average a smaller p and less often contain a heavy-flavour
hadron than the jets from the top-quark decay products.

2. byep- and by, 4-jets have to be b-tagged (PCFT score > 3).

* The b-jet tagging efficiency is relatively large at about 70 % with small misidentification
rates of 0.18 % for light-jets and 7.9 % for c-jets. Due to the event selection that requires

two b-jets, most of the events in which the corresponding b,,,,- or by, 4-jet is not b-tagged
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Figure 4.17: Distributions of (a) P,; and (b) P,;.

are already filtered out. Therefore, this requirement vetoes many wrong permutations while
often keeping correct permutations.

3. PCFT score(blep) > PCFT score(j,/j,) and PCFT score(b,, ) > PCFT score(j,/j,).

* These requirements again veto unlikely permutations based on the flavour-tagging iden-
tification and misidentification rates. In case multiple jets assigned to ¢, are b-tagged,
the latter requirement removes permutations with identical P,; values by only retaining the
permutation where the jet with the highest PCFT score is labelled as b ;. In case the highest
PCFT score is shared by multiple jets assigned to #,,4, the one with the larger p1 will be
labelled as by,,4. This is motivated by the fact that in SM #¢ events the b, -jet has on average
a larger pr than the jets stemming from the decay of the W boson.

4. prj > Prjy
* This requirement vetoes permutations with the same P,; value. Interchanging j, and j, does

not lead to a different H* /W, nor t,, candidate. For this reason no attempt is being made
in classifying these jets further.

An example of the permutations in an event with five jets, out of which two are b-tagged, is shown in
Table 4
Results

Figure . T8 summarises the performance of the jet labelling procedure. The plots contain only events in
which all truth quarks could be matched to a reconstructed jet. Figure f.18(a)|shows how often the jets
that are matched to a respective truth quark have been labelled correctly. The u/c- and d/s-jets count as
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Table 4.4: Example of the permutations and P,; values for a signal event of the Hg, sample. The event has five jets.
The jets are sorted by their pr. The jets with indices 1 and 2 are b-jets. Permutation 1 has the highest P,; value

with P; = 3.2 x 107* and P is 0.516 for this event.

Permutation Jet indices Top-quark mass [GeV] P;
UM blep bhad jl j2 tiep m’had
—4
1 —1.66 | ) 0 3 211 150 3.2 x 1075
2 0.54 262 4.6x10
—3
3 —1.66 ! ) 0 4 211 361 4.6 x 1079
4 0.54 262 6.5 x 10
=7
5 —1.66 | ) 3 4 211 04 3.3 x 1078
6 0.54 262 4.6x10
7 —1.66 95 41x10°
2 1 0 3 125
8 0.54 153 25x10 4
— -9
9 1.66 ) 1 0 4 95 396 1.0 x 1078
10 0.54 153 6.1 x 10
— -9
11 1.66 ) 1 3 4 95 350 2.3 x 1077
12 0.54 153 1.4 x 10

correctly labelled if they are labelled as either j; or j,. The probabilities of labelling the true by, -, by,
u/c- or d/s-jet correctly are very similar, at around 80 %.

Figure [d.18(b)| shows how many jets are labelled correctly in each event. In about 64 % of the SM
1t events, all jets are labelled correctly. In comparison with the results from Figure a clear
correlation can be seen. Either all jets are labelled correctly (64 % > 0.8* ~ 40 %), or if one jet is
labelled wrongly, other jets are likely to be labelled wrong, too.

One can also see in Figure .18(b)| that the efficiency of labelling all jets correctly is overall a few
percent smaller for signal samples and is smallest for samples with a large charged Higgs boson mass.
The overall smaller efficiency is due to a greater c-jet abundance in signal events compared to SM 7
events (B(H" — c¢s)/B(W,,q — cs) ~ 2). The probability of the c-quark-initiated jet getting b-tagged
is larger than for light jets. The additional b-tag increases the number of permutations and complicates
the jet labelling. The decrease for large charged Higgs boson masses can be attributed to an on-average
larger number of jets in the events. This is a bias introduced by the event selection. The probability of
the b, 4-jet to meet the jet-pr requirement is higher if the top quark is more highly boosted, which is
the case when it recoils against additional radiated gluons. The increased number of jets leads to an
increased number of wrong permutations that have to be rejected.

Figure[d.18(c)|shows in a two-dimensional plot the efficiency of a respective jet being labelled correctly
as a function of the total number of correctly matched jets. The efficiencies in one column add up to the
number of correctly matched jets. The columns with 0 and 4 correctly labelled jets all have efficiencies
of 0% and 100 %, respectively, because in these cases either none or all jets are labelled correctly. If
only one jet is not labelled correctly, it is mostly a jet from the charged Higgs boson decay. Those jets
are generally more difficult to identify because additional jets in the event are mostly light-flavour jets.

88



Chapter 4 Event selection and reconstruction

2 N ‘ ] 2 E 3
S 12F 5= 1 - 5 09 5= 1 3
e - Vs=13Tev, 140" 45 +He, 1 e £ (s=13Tev, 140f0" 4 +Hz, E
5 [ Signal region ] 5 0-8§ Signal region E
s 1; +HI10 +HI60 1 5 0.7 +H110 +H160 =
S st 5§ osf s
= - ] % osE E
o E 04f 3
0.2 - 02? ———— E
C 1 0.1 —— =
L ] E ‘ E
0 by,-jet b, .4jet u/c-jet d/s-jet 0 0 1 2 3 4

Correct labelling of respective jet Number of correctly labelled jets

(@) (b)

d/s-jet

u/c-jet

Dyqiiet

blep-jet

2 3 4
Number of correctly labelled jets

©

Figure 4.18: Performance plots of the jet labelling procedure. In Figure (a) the fraction of events in which the
correct label has been assigned to the truth quark matched jets is shown. Figure (b) shows how many jets are
labelled correctly in each event. Figure (c) shows the efficiency of a jet being labelled correctly as a function of the
total number of correctly matched jets For a meaningful evaluation of the performance only events in which all
four truth quarks could be matched to a reconstructed jet are considered in the plots.
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Figure 4.19: Mass distributions of the reconstructed (a) hadronically and (b) semileptonically decaying top quark,
and (c) the W boson.

For the column with two correctly assigned jets, the Pearson correlation coefficient showed no clear
indication that mostly the same pair of jets is labelled wrong, i.e. usually random combinations have the
highest P;; value. This is also true for events in which only one jet is labelled correctly. Since no further
discrimination is made between j, and j, as being the up- or down-type-quark jet, the probability of
randomly having one jet from the charged Higgs boson decay being labelled correctly is highest.

Regarding the events with two solutions for the neutrino 7, the correct one is picked in about two
thirds of the cases. Figure .19 shows the reconstructed top-quark masses for the semileptonically and
hadronicically decaying top quark as well as the reconstructed W-boson mass.

4.4.3 Outlook

The method described above has been developed to reconstruct the 77 system for this analysis. But as
might be expected, there are many analyses with 7 final states that face the same issue, and different tools
have been developed to reconstruct the 77 system. The most popular one is the Kinematic Likelihood
Fitter framework (KLFitter). This outlook will shortly introduce the KLFitter library
and why its usage has been refrained from in this analysis. Lastly, other ideas exploiting multivariate
analysis methods to reconstruct the 77 system will be presented.

Kinematic likelihood fitter

The KLFitter framework performs a likelihood fit of kinematic quantities to reconstruct top-quark events.
The kinematic quantities are allowed to be varied within the detector resolution. The four-momenta of
jets, leptons and pry > are fitted to match with the W-boson and top-quark mass. Based on the likelihood,
the best permutation of jets and a set of improved four-momenta are retrieved.

The usage of the KLFitter framework has been tested at an early stage of this analysis using signal and
SM 1t samples. The fraction of events in which all four jets have been labelled correctly is identical to
the results from this analysis within percent level. But the resolution of the charged Higgs boson mass
improves by a few percent using the newly fitted four-momenta. In order to test how much this analysis
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can improve thanks to the improved four-momenta, a BDT has been trained and limits on the branching
ratio of a top quark decaying to a charged Higgs boson and a b quark have been calculated, as done in
the nominal analysis and described in Sections [5and[6.2} respectively, but using a reduced background
sample size and not considering systematic uncertainties. An improvement between 0 and 4 % in the
limits has been seen for the various mass points when using the KLFitter method, which is negligible
compared to the uncertainties on the limits. Since the application of the KLFitter increased the runtime
per event by a factor of 10 or higher in this analysis, it was decided to use the method presented in the
previous section.

Multivariate reconstruction methods

It has been tried to tackle the combinatorial jet labelling task by using multivariate analysis techniques.
BDTs have been tested explicitly first, due to their good out-of-the-box performance and to get a realistic
notion about the room for improvement. Many BDT setups have been tested using different multi-class
labels, training data, etc., but only a few selected will be introduced below.

A binary BDT has been trained for each mass point to decide on a jet permutation to be correct or
incorrect. In the training, the most likely jet labelling permutations were included. This means each event
was included multiple times, with only one permutation being correct. In the end, the BDT was evaluated
on all permutations and the jets were labelled based on the permutation that achieved the highest BDT
score. Inputs to the BDT were variables describing the kinematics of the top-quark candidates of the
respective permutation, like the momentum of the jets, the invariant mass of the top-quark, etc. The
BDT managed to select the correct permutation in 75 % of the events. Compared to the results shown in
Figure [d.T8] this is a clear improvement, but it is not a fair comparison because the invariant mass of
the hadronic decaying boson is included in the BDT. A clear statement on the performance can only be
made based on the expected limits on % (t — H'b). As for the KLFitter case, a (in this case second)
BDT was trained to separate between signal and background events using the jet permutations from the
first BDT and limits were calculated with reduced background statistics and not considering systematic
uncertainties. The results were comparable to the previous results despite the larger fraction of correct
jet labellings. The reason for this is that the variables discriminating right from wrong permutations
and signal from background events are all related to the top-quark kinematics and are very similar. All
kinematic properties of the wrong permutations picked by the first BDT look much more like they do in
signal events, degrading the separation power of the second BDT. The conclusion is that the rather simple
reconstruction in this analysis still collects many correct permutations and one BDT is sufficient to do
all the hard work. The final BDT not only separates signal from background events but also indirectly
identifies events with wrong jet assignments, as these events receive lower BDT scores.

Another idea was to use one BDT with all the permutations and derive from its output limits on
B(t — H*b) directly, since the quantities to identify correct permutations and signal events are very
similar. The BDT had three output classes: (I) correct signal permutation, (II) correct SM 7 permutation,
and (III) wrong permutations. For each event the permutation with the highest BDT score for class I or II
was selected and a simultaneous fit of the two classes has been performed. The results and conclusions
were similar to the binary BDT training.

An idea that has never been realised due to time constraints was to use a RNN to reconstruct the ¢

system. In an RNN the output from the previous step is fed back as an input for the next step. RNNs are
well suited to work on variable-length sequences. In this particular use case, this is the number of jets
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>miss

that varies for each event. Inputs are py , the lepton four-momenta, and the four-momenta plus PCFT
score of jets. To improve the performance, it might be beneficial to include preprocessing layers that can
calculate the invariant mass of the input four-momenta. Outputs are the jet indices of blep, byaq» J1 and j,
(many-to-many architecture).

A new library to reconstruct event topologies that has quickly risen in popularity is SPANer [227]].
SPANet uses symmetry-preserving attention neural networks to determine the jet assignments without
evaluating all possible permutations. It is advisable to test the performance of SPANet in a future
iteration of this search with the LHC Run-3 dataset.
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CHAPTER 5

Identification of HT — cs events

This chapter describes the analysis strategy to identify signal events in the pre-selected dataset. Firstly,
differences between signal and background events and the quantities in which these differences show
up are discussed in Section 5.I] The separating powers of these quantities are combined into one
powerful discriminant with the help of a BDT. The training and optimisation of the BDT is described in
Section[5.2]

5.1 Discriminating quantities

The background in this analysis mainly comprises SM 77 events with a contribution of 92.5 %. Most work
has been spent on discriminating signal and SM 7 processes, not only because of its large contribution
but also because ¢ events are most challenging to discriminate from signal events. The only difference
between the two processes are the different characteristics of the charged Higgs and W bosons. These
are the bosons’ masses, couplings, and spins. The implications of these differences are discussed in the

following (Sections to[5.1.3). Useful quantities to identify non-#f background are discussed in
Section (3.1.4).

5.1.1 Boson mass

The mass of the charged Higgs bosons and therewith the mass difference with respect to the W boson is
unknown. But a potential mass difference would be visible in many kinematic quantities related to the
thaq-quark and its decay products.

Kinematic differences

Figure@ shows an exemplary decay topology of the #,,;-quark for a lighter and a heavier charged Higgs
boson to visualise the kinematic differences caused by a different charged Higgs boson mass hypothesis.
The implications of the charged Higgs boson mass on the decay kinematics discussed below are based
on energy and momentum conservation. Only scenarios with m + < m, are being discussed.

In the #,,,4-quark rest frame the momenta of the H* boson and the b,,4-quark are back-to-back and the
absolute values of the momenta are fully determined by the masses of the participating particles. The
flight directions of c- and s-quarks are not fixed with respect to the H*/ by .q flight direction. In Figure
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Figure 5.1: Exemplary decay topology of the #,,,-quark in signal events for a (a) lighter and (b) heavier charged
Higgs boson in the #,,; rest frame. Lighter means much lighter than the top-quark mass, and heavier is close to the
top-quark mass. The topology is drawn in the #,,;-quark rest frame. The arrows represent the momenta of the
particles.

only a specific configuration is drawn. For a heavier H*, the momenta of H* and b, ,,-quark decrease,
whereas the momenta of ¢- and s-quarks increase on average. The angle between c- and s-quarks is on
average larger, whereas the angle of one of them with respect to the by ,;-quark is on average smaller.
In the laboratory frame the 7, ,4-quark is usually boosted. If m+ is large, most of the 7, 4-quark
momentum will be transferred to the A, and their momenta are aligned. In fact, in the laboratory frame
the py of H* even increases slightly with increasing m - Whereas the pr of the by -quark decreases

rapidly.

Affected quantities

The kinematic differences discussed above are visible in many quantities. First and foremost, the

dijet mass of j, and j, (m Juin) which is a direct measurement of m+. A measurement of the H*

ty.q—Testy . . .
had " is an indirect measurement of m =+,

by,
because the absolute value of the momentum is solely dethed(}mined by the masses of the participating
particles (t — H™b), which are all known except for m = The latter two quantities are expected to be
measured less precisely than m Jijp 8S they are calculated from three jets (instead of two). But on the
contrary, it directly relates the three quarks and quantifies whether the b, ,-jet four-momentum matches
the expectation, given j; and j,.

haqg —TESt

The distributions of m it and p b are shown in Figurefor the total background prediction.

Overlaid are the predictions from the H go and H ;"50 signal samples. A strong separation between the
background prediction and the H f50 signal sample is recognisable. In the m i distribution the SM t
backgrounds peak as expected around the W-boson mass and the signal samples around their respective
charged Higgs boson mass values. This confirms the effectiveness of the 7-system reconstruction. The
quantities discussed in this paragraph are very powerful in separating signal and background events, as
all events from the same process are expected to have the exact same value, which is only smeared by the
natural decay width and reconstruction effects. All other kinematic quantities show differences only on a
statistical basis.

or by,4-quark momentum in the #,,4-quark rest frame (p
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Figure 5.2: Distributions of the (a) dijet mass of j; and j,, and (b) the absolute value of the b, ;-jet momentum in
the #,,4 rest frame.

Other quantities that are correlated to the charged Higgs boson mass are the momenta of the three jets
stemming from the #,, ;-quark (b, ,4 j;. j») and the angles between them. This has direct implications
on the dijet masses built from the by, 4-jet and j, or j, (m; brog and m by, d) A few selected quantities
are shown in Flgure@ They are sensitive to the momentum of the 7, ;-quark in the laboratory frame
as well as the orientations of the f,,;-quark and H* decay planes with respect to the laboratory frame.
Because of these correlations, quantities like P, also help in separating signal from background

events, even though their distributions don’t show a separation between signal and SM ¢ events.
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Figure 5.3: Distributions of the (a) by ,4-jet pr, (b) j; pt, and (c) dijet mass of the b, ,;-jet and j;.

Correlations with flavour-tagging quantities are also important when exploiting kinematic differences.
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For example, if the b, ,;-jet passes a tighter b-tagging WP, it is even more likely that it is labelled correctly,
and more emphasis can be put on the b, ;-jet pr.
If the mass difference m = — my, is close to or larger than the dijet mass resolution, the 7, 4-quark

kinematic quantities yield the largest separating power between signal and SM 77 events.

5.1.2 Boson couplings

Differences in the couplings of the H* and W bosons to other particles result in different decay widths and
decay properties. The difference in the decay width is challenging to measure in data. The decay width
of the charged Higgs boson is expected to be narrow (cf. Section[f.1.1). This means that the difference
in the decay width is an order of magnitude smaller than the dijet mass resolution (I'y, — I'yz < Am ;).
But differences in the flavour of the decay products can be seen in data with the help of jet flavour-tagging
algorithms.

In this analysis the charged Higgs boson is expected to decay solely into a cs-quark pair. The probability
of a hadronically decaying W boson to decay into a cs-quark pair is about 50 %. Otherwise, it decays
mainly into a ud-quark pair. In data, the charged Higgs boson would be visible by an increased cs-quark
pair contribution in the hadronic decaying boson’s decay products (j; and j,).

Out of the four mentioned quark types — u, d, s, and ¢ — current flavour-tagging algorithms are
only capable of efficiently separating c-jets from the other jet types. Studies on identifying s-quark
jets have been performed showing some identification power with respect to d-quark jets 229].
The s-jets are identified in two ways. On the one hand, by a larger energy deposition in the hadronic
calorimeter from neutral Kaons compared to neutral pions that promptly decay into photons. And
on the other hand, by decays of neutral Kaons into charged pion pairs inside the tracking volume.
But the identification and rejection rates are very small compared to b/c-taggers. And no calibra-
tions are available for these taggers yet. Therefore, only the ¢ quark is utilised to identify the cs-quark pair.

This analysis specifically uses a flavour-tagging calibration with c-tagging WPs to identify signal
events (cf. Section[3.4.6). Figure[5.4]shows the PCFT scores of j; and j,, and the number of jets in
each event passing the tight c-tagging WP. In the tight c-tag bin (bin 2 of the PCFT score) of j; and
J2. a larger contribution of signal than background events is expected (~ 50 % enhancement; note the
logarithmic y-axis in Figure[5.4). An enhancement is also seen for the loose c- and loose b-tag bins —
bin 1 and 3, respectively. The 7f(ud) background is heavily suppressed in these bins. The enhancement
is seen for both plotted signal mass hypotheses in Figure[5.4] The flavour-tagging quantities can help to
identify a potential signal in data, even if the charged Higgs boson mass is close to the W-boson mass.

5.1.3 Boson spin

The hadronic decaying boson’s spin impacts the decay angles between the 7, ;-quark decay products.
Differences are observable because the weak interaction couples only to left-handed particles and because
the bosons are produced in the decay of top quarks, entangling the W-boson polarisation with the b-quark.
(If the bosons were produced in unpolarised states, the difference in phase space caused by the different
spins would average out).
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Figure 5.4: PCFT scores of (a) j; and (b) j,, and (c) the number of jets in an event passing the tight c-tagging WP.

Definition of cos (§*) — Spin sensitive variable

The top quark decays before it hadronises. Figure [5.5]shows the possible top-quark decay configurations.
In Figure[5.5] without loss of generality, it is assumed that the top quark is at rest and its spin points to
the right. The possible polarisation states of the emerging W boson are (i) right-handed, momentum and
spin are aligned; (ii) left-handed, momentum and spin are opposite; (iii) longitudinal, momentum and
spin are perpendicular. The fraction of right-handed W bosons is negligible (F; = 0). The reason for
this is that in this case the b quark is right-handed, too. However, the weak interaction couples only
to left-handed particles. Right-handed W bosons are not completely disallowed, as the b quark is a
massive particle, and massive particles comprise left- and right-handed chiral states. Left-handed and
longitudinally polarised W bosons have configurations with a left-handed b-quark and have fractions of
about F ~ 0.3 and F, ~ 0.7 (calculated at NNLO [230] and measured at ATLAS [231])), respectively.

The W boson has two decay configurations, whereby one of them is suppressed. The anti-quark is
preferably emitted in the direction of the W-boson spin. The dominant W-boson decay configuration is
also shown in Figure [5.5]

It can be seen in Figure |’3:5| that the angle between the b, ;-quark and the emerging up/down-type
quarks depends on the W-boson helicity state. The angle 6" is defined as the angle between the reversed
by .q-quark momentum and the down-type-quark momentum in the W-boson’s rest frame. The definition
of 6 is sketched in Figure The helicity fraction amplitudes as a function of cos (6*) are calculated

to be [232]
1 do 3 . 3 ) 3 )
odcos (69 g1 +cos (@ ) F + g (1 —cos(6 ) Fy + ne — cos” (6%))F,.

The individual contributions of the W boson polarisation states and the combined SM prediction are
plotted in Figure|5.6(b)| In the SM, very few events with a cos (6) value close to 1 are predicted.

For signal events the discussion simplifies immensely because the charged Higgs boson has spin zero.
No distinct helicity states exist, and in the decay of the charged Higgs boson, no preferred emittance
direction exists, as quark and anti-quark have the same handedness. Anyhow, the coupling of the charged
Higgs boson to other particles does not have a spin-specific characteristic, as does the weak interaction
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Figure 5.5: Top-quark decay configurations in the top-quark rest frame. Momenta and spins of particles are denoted
by single and double arrows, respectively. The configurations are grouped based on the W-boson polarisation.
Shown in black is the preferred decay configuration of the W boson.
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Figure 5.6: (a) Definition of the angle 6. (b) Differential cross-section normalised to the total cross-section as
a function of cos (8"). Shown in black is the distribution as expected in the SM. For comparison the separate
distributions are plotted where the respective fraction is set to 1.
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(V-A coupling). For these reasons the distribution of signal events in cos (6”) is expected to be flat. The
anticipated behaviour has been validated to be simulated correctly by plotting the cos (6%) distribution
for signal and SM 7 simulated events using the truth-quark momenta (see Figure[5.7(a)).

Reconstruction of cos (™)

At the reconstruction level, multiple effects reduce the separation power significantly. First and foremost,
a limited jet reconstruction resolution will smear out the distributions. This plays an important role, as
three jets are needed to calculate cos (67).

In events with cos (9") values close to 1 (—1) the up-type (down-type) quark flight direction agrees
with the b, ;-quark flight direction. This is also approximately true in the laboratory frame, which makes
it extremely difficult to resolve them as two individual jets. If the two jets are not separated, the event
either doesn’t pass the event selection or a correct jet labelling is not possible. This removes events at
the edges of the distribution. As a consequence, a lot of separation power in the highest discriminating
region — around cos (") = 1 —is lost.

Another reason why the separation power is reduced is that the 7, ; might be wrongly reconstructed.
As discussed in Section 4.4 it may often happen that a respective reconstructed jet is missing or that
the jets are wrongly labelled. As a result, many random jets are picked up, which makes the cos (")
distribution similar for all processes.

The last and most important reason is that it is difficult to identify the down-type quark jet in the
boson’s decay products. The flavour-tagging algorithms are exploited for this task. But as discussed
previously, the W boson mainly decays in u, d, ¢, and s quarks, and only c-jets can be separated efficiently
from the other quark types.

The jet out of j; and j, passing the tightest c-tagging WP is expected to be the up-type-quark jet. In
case none of the two jets pass a c-tagging WP, the jet passing the tightest b-tagging WP is expected to
be the up-type-quark jet. This definition is motivated by the small CKM-matrix element V,,,, which is
much smaller than the c-jet misidentification rates of the b-tagging WPs. In case both jets are untagged,
the one with the larger py is expected to be the up-type quark jet. This is an almost random selection,
but motivated by the fact that the p spectrum of the c-jet is slightly harder than for the s-jet in signal
events. The p requirement is the deciding requirement in most events with a u-quark and about half
of the events with a c-quark, as about 45 % of true c-jets pass the loosest calibrated c-tagging WP. In
summary, the up-type-quark jet is defined to be j; or j, depending on the PCFT score, prioritising score
2>1>4>3>0,and if both PCFT scores are identical, j, is expected to be the up-type-quark jet. As
we are interested in the down-type-quark jet, the other jet (j; or j,), which is not expected to be the
up-type-quark jet, is of interest.

As a side remark, even if it wouldn’t be possible to separate up- and down-type-quark jets at all and
one would need to always pick a random jet, some separation power in cos (6*) would remain due to the
specific distribution for SM 17 events. Selecting the wrong jet just flips the sign of the cos (6%)-value.
Therefore, a pure random selection would result in the original cos (") distribution overlaid with the
same distribution mirrored around 0, with both distributions weighted by 50 %. In Figure [5.7(a)]one can
recognise that this decreases the separation power immensely, but nonetheless for SM #7 processes fewer
events are expected close to 1 and —1 than for signal processes.

Figure[5.7(b)| shows the cos (6") distribution of all backgrounds stacked and the signal distributions

99



Chapter 5 Identification of H* — cs events

3

q—200vvv‘vvv‘vvv‘vvv‘vvv{vvv{vvv{vvv{vvv{vv;
o r 1 * ]
S 1800 Vs=13TeV, 140fb™ { Data - Hgo* E
@ [ Signal Region - Hiso* [Jti(ud) 3
§ 1601~ [tt(cs) [Jtt+HF B
W 140 [l Other 7 Uncertainty —
g004;”""""""'“”””“”””“”‘”E 120; * normalised to total background yield é
S TE '+'SM tt 3 100: /I 1
[2] | - [ -
50.035E +HE, E = E
> = = - =
3 0035 +H150 ] C J
= 4, ¢ *5e. = ) -
50025E ﬁ¢¢¢ N ﬁm + E i; ]
gl el
I id |
0.015F =
0.01 . = 3
0.0051 = &
.005F o] =
= o ©
0 "1"‘1"‘1"‘m“m“m“m“m“x“t kS E R R R R R R R R R
-1 -08-06-04-02 0 02 04 06 08 1 o -1 08-06-04-02 0 02 04 06 08 1
cos(6*) cos (6%)
(a) (b)

Figure 5.7: Distribution of cos (") comparing (a) signal and SM ¢ events at truth level and (b) signal with the
total background prediction at reconstruction level.

overlaid for two signal mass point hypotheses. Data and predictions agree well with each other. The
previously discussed effects are clearly visible. The differences between signal and background almost
vanished. The H§0 signal sample shows more events above cos (6%) ~ 0.5 with an average excess of
about 10 %. The distribution of all processes, including the H ;5;0 signal process, is skewed towards smaller
values. This is mainly caused by the p| requirement when identifying the quark types. This can be
illustrated by imagining the decay of the top quark at rest. The H* and by ,;-quark are back-to-back. The
H* decays further into two quarks. The quark that is emitted opposite to the H*-boson momentum will
have a lower p. Opposite to the H* momentum is in the direction of the by,.q-quark and therefore cos (67)
is closer to -1. This effect is not as pronounced for the H7s, signal sample because with increasing
charged Higgs boson mass the momentum of the charged Higgs boson decreases (in the 7, ,; rest frame).
The momentum difference of a boson’s decay particle emitted in or opposite to the boson’s flight direction
is relatively small. Considering mismeasurements, it happens more often that the quark that is emitted in
the charged Higgs boson flight direction has a lower pr. As can be seen when comparing to Figure[5.7(a)}
this is a pure reconstruction effect. Because of the discussed reconstruction effects, the cos (*)-variable
is especially powerful in separating signal and background events when j; or j, is c-tagged and ﬁt; is high.

The impact on the decay angles caused by the different spins is also visible in other top-quark kinematic
quantities, like m ibrag? but the difference is usually not as pronounced. In addition, those variables are

much more affected by the charged Higgs boson mass, whereas cos (6%) is independent of the charged
Higgs boson mass (not considering reconstruction effects).
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5.1.4 Non-tf backgrounds

Non-#t backgrounds mainly involve the production of a single top quark or vector bosons. These
backgrounds are comparatively simple to identify. Differences between signal and non-f backgrounds
are expected to show up in any quantity describing the 77 system and in correlations among these
quantities. These are the masses of the reconstructed top quarks, My and mg the momenta of objects

and angles between them, etc. Not to forget are the jet labelling probabilities P ; and ﬁt;. Even though in
the previous section the jets have been labelled to yield a top-quark mass as close to m, as possible, the

values still differ on average more than for true 77 events.

5.2 Multivariate classifier

A multivariate analysis tool is exploited to combine the previously presented quantities (cf. Section[5.1)
into one powerful discriminant. In a supervised training procedure a classifier is developed that identifies
signal- and background-like phase space regions. In this analysis, BDTs are utilised. BDTs are a
high-level and powerful machine learning model and are popular in high-energy particle physics analyses.
The operating principles of BDTs are introduced in Section 5.2}

Besides BDTs, the usage of neural networks is also popular. Neural network models like convolutional
neural networks are not well applicable to this analysis, as the discussed quantities are mostly high-level
quantities, constructed from many reconstructed quantities, and usually without an apparent correlation.
A feedforward deep neural network architecture would be best suited for this analysis. If trained well,
BDTs and feedforwards neural networks yield similar results, but BDTs provide better “out-of-the-box”
performance, making it generally easier to work with and optimise them.

After a quick introduction to BDTS, Sections [5.2.2] and [5.2.3] describe the optimisation of the
classification BDT in this analysis, and Section[5.2.4] presents their performance.

5.2.1 Operating principle of Boosted Decision Trees

BDTs are an ensemble of decision trees that are turned into a powerful predictor with the help of boosting.
The objective of BDTs is to predict a target variable y, in our case the class labels 1 for signal and O for
background events, of unknown events given multiple input features x. The following explanations are
based on References and focus on the use case and implementation in this analysis, i.e. a
binary classification task using gradient boosting as implemented in the XGBoost framework [236]]. The
XGBoost framework has been used for training and application of the BDTs in this analyis.

Decision tree

A decision tree is a sequence of yes/no decisions based on cuts (¢) on observables. An exemplary
decision tree is visualised in Figure[5.8] The decision tree partitions the phase space in disjoint regions
R; — represented by the leaf nodes. From a mathematical point of view a decision tree can be expressed
as

J
T(x;0) = > w;l(x € R)),
-
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Root Node

Tree depth =1

Tree depth =2

Tree depth =3

Figure 5.8: Schematic of a decision tree. x refers to observables and c¢ are cut values on them that define the
splittings. The colours blue and red should visualise the signal (S) and background (B) contributions at each node.

with parameters © = {R W ]}JJ J is equal to the number of regions, and w ; is a constant score assigned
to each region. [ is defined to be 1 if the event falls in region R; and 0 otherwise.

The challenge lies in finding the regions that maximally separate signal and background events ().
In general, it is intractable to evaluate all possible region definitions. Hence, decision trees are built in a
greedy top-to-bottom manner. The nodes are split recursively until a stop criterion is reached, e.g. a
maximum tree depth. The stop criteria limit the complexity to avoid overfitting of the tree to retrieve a
general predictive model. The optimal node splittings are evaluated by using an impurity measurement
of the daughter nodes that has to be minimised. In the gradient boosting use case, suitable objective
functions are defined that measure the difference between the prediction and the target.

Gradient boosting of decision trees

Boosting is about repeatedly applying a weak predictive algorithm, in our case a decision tree, to a
modified version of the data to retrieve a powerful predictor. This is done in a greedy forward stagewise
manner by adding new trees to the model without changing the previous trees. The model prediction is
given by

M
$() = D 0T (x:8,,),
m=1

where M is the number of iterations, or boosting steps, and 7 is the step size shrinkage parameter
(n € [0., 1.]), defines the learning rate of the boosting process and prevents the model from overfitting.

At each boosting step,
N,

0, = argmin D Lu3" ) 4 T,(x50,), (5.1)

mog=1
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has to be solved, given the current model prediction ﬁ(m b , and L being the objective (loss) functio

Each tree at iteration m corrects for differences — fits the residuals — between the current model prediction
and the true prediction y;. The residuals are determined by taking the gradient of the objective function,
given the current model.

In XGBoost this is implemented via an objective function that contains a differential loss function (/)
and a regularisation term (€2) that controls the complexity of the model to avoid overfitting,

. : 1.5
L= Z 1(y,,9;) + Z Q(T;) with  Q;(7)) = yJ + Zaw]. (5.2)
i J

The loss function in this analysis is a binomial log-likelihood — also referred to as logistic loss or
cross-entropy — (XGBoost setting “binary:logistic”),

1735 9;) = yiIn(1+e7%) + (1= y) In(1 + 7).

The y parameter in Equation[5.2] defines a minimum loss reduction that is required for a node splitting,
and A is an L2 regularisation parameter. Another parameter that is used in this analysis to limit the model
complexity is the “min_child_weight” parameter in XGBoost which sets a lower bound on the number
of (weighted) events in each node.

The tree structure is obtained by inserting the objective from Equation [5.2)into Equation[5.1} The
minimisation is performed using a second-order approximation from which a simplified (ignoring
constant terms) objective follows,

J (erR gl
B 2szeR h; + A

_,—/
S

—eyds Wit g = 00l 5 V) = 0219,

g; and h; are the first and second order derivatives of the loss function evaluated at the previous model.
L™ is like an impurity score, and the loss reduction (gain) of a split is given by

1
Lgain = E(Sdaughter,l + Sdaughter,2 - Smother) -7

The split that maximises L, is used to partition the node. If the maximum gain is negative Ly, <0,
the node is not partitioned, and it becomes a final node. The scores for the finale nodes are given by

inERj 8i
W, =————.
! ineRj hi + 4

In the tree-building process, all possible splits have to be evaluated in order to find the optimal split
(L gyin)- But this is unfeasible for large datasets. XGBoost has an approximate algorithm implemented
that considers only certain splits. The split points are based on quantiles of the input features. This

"For simplicity, event weights are not taken into account in this section. An integration of event weights in the formalism
is straightforward.
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analysis uses the XGBoost setting “hist”, which defines the split points once globally — another option
reevaluates them for every node — with “max_bin” option set to 1024. This leads to approximately 1024
possible split points. The max_bin value has been optimised to not show degradation in performance
with respect to larger max_bin values while being as low as possible for fast training.

The final probability of a BDT to classify an event as a signal event is referred to as the BDT score
and is given by
1

BDT score = ———
1 +e Iu™)

where J,, is the prediction at the M-th (last) tree.

Positive characteristics of BDTs are that their performance is unaffected by weak input features. In
addition, input features don’t have to be transformed because the loss is unrelated to the absolute feature
value.

BDT training and application

In this analysis separate BDT trainings are performed per signal mass point hypothesis due to the vastly
changing kinematics of the #,,,-quark decay products. The BDTs are trained using simulated signaﬂ and
background events. Only events passing the signal region selection (cf. Section[d.2) are considered in the
training. All simulated backgrounds — i.e. all backgrounds except the MJ background — are considered in
the training, each weighted to their expected abundance in data. Around 20 to 70 thousand signal events
enter the training, depending on the mass point, and around 100 million background events. Signal and
background events are overall normalised to a common value to obtain class balance in the training.

The data is split into training and testing samples. The training sample is used to build the BDTs as
described in the previous section. The evaluation of the BDT on the testing sample yields an unbiased
prediction. This is implemented by splitting the data into multiple folds. Each fold is used once for testing,
and the other folds are used for training of the BDTs. This procedure is known as cross-validation [233]].
The optimal number of folds depends on the specific application.

The performance of a BDT is evaluated using the area under the receiver-operating-characteristics
curve (AUC) {AUC score € R|0 < AUC score < 1}. The receiver-operating-characteristics (ROC)
curve plots the true positive rate versus the false positive rate. For any cut on the BDT score, the true
positive rate is given by the fraction of signal events with a BDT score greater than the given cut value
(signal efficiency), and the false positive rate is given by the fraction of background events with a greater
BDT score (1 — background efficiency). The higher the AUC score, the better the classifier. A random
classifier achieves an AUC score of 0.5.

Tricky is the determination of the performance of a BDT input feature. Commonly used metrics are
(i) the number of splits a feature has been used in, (ii) the total or average gain per split of a feature, and
(iii) the total or average sum of second-order derivatives of the loss function with respect to a feature

>The BDT training has been carried out with reduced signal sample size using 1 million of the 1.8 million generated signal
events (55.6 %). The reason for this is that these studies have been performed for an ATLAS publication, and a signal extension
was granted only after the analysis unblinding. A retraining of the BDTs would have changed the analysis. No retraining has
been performed for the presentation in this thesis because the change is expected to be small.
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(cover). The most precise but time-consuming method is to perform separate trainings where one feature
is left out at a time and then compare the performance with the nominal approach.

5.2.2 Input feature optimisation

Due to the good out-of-the-box performance of BDTs, the choice of the input features has a larger
influence on the BDTs’ performance than the set of BDT hyperparameters (tree depth, learning rate,
regularisation parameters, etc.). Therefore, the optimal input feature set is determined first using a
default hyperparameter set. A dedicated optimisation using the final feature set is performed afterwards
as described in Section 5.2.3]

Examined features

The first step in determining the optimal input feature set was collecting all quantities that could help in
distinguishing signal and background events. A discussion on which quantities show differences and
why has been presented in Section[5.1] A comprehensive list of all considered quantities is given in
Table The list contains 69 quantities and contains any quantity describing the 77-system kinematics,
flavour-tagging information of the r7-system labelled jets, overall number of heavy-flavour tags, and
spin-sensitive quantities.

Any quantity describing the 7z-system kinematics is considered, even if it doesn’t show any discrimin-
ating power, because it might be helpful through, maybe non-obvious, correlations with other quantities.
Combinations of quantities have been tested in an earlier, lightweight feature optimisation study. An
example of this is the ratio py,;, / PTo,,- The two quantities are anti-correlated, and their ratio shows
a larger discriminative power than the separate quantities. Combined quantities built from quantities
with linear correlations, like the one presented above, are not included in the final optimisation study,
because including them in the training did not translate into an improved BDT performance. The BDT
efficiently learns these rather simple correlations itself. This is in contrast to quantities with more
complex correlations, like the invariant mass of objects and angular distance measures AR between
objects. These quantities are still included in the final optimisation study.

A remark has to be made on the flavour-tagging information. The input feature optimisation has been
performed at an earlier stage of the analysis where only the PCBT calibration (cf. Section [3.4.6) had
been available. But there were already plans to test new flavour-tagging calibrations in the future which
include c-tagging WPs. In order to have a fair comparison between the two calibrations later on, it
was decided to include all flavour-tagging information in the final input feature set, regardless of their
performance.

Using a different flavour-tagging calibration might also change the importance of non-flavour-tagging
features in the training due to different correlations. In principle the input feature optimisation has to be
performed for each flavour-tagging calibration. In the case of the PCFT calibration the optimisation has
not been performed again because the looser b-tagging WPs partially also tag c-jets. The correlations
will be similar, and significant changes in the variable importance are not expected.

Optimisation procedure

The final set of input features is obtained by training a BDT with all quantities listed in Table [5.T]and
recursively removing the least performing features until a statistically significant loss in performance
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Table 5.1: List of variables tested as input features to the BDT. cos 6" (jj;) (cos 6" (j,)) is calculated similar to
cos (8"), except that the angle 0" is defined to be always measured with respect to j, (j,), independent of their
flavour-tagging score or pr.

Category Features

Four-momentum of individual objects  (E, py,1, ¢) of £, ji, ja, byags blep
pr and W related ET™, ™%, ET™ significance, An(¢, v), myy, m and py of W
AR(,v), AR(j1./2)s AR(j1:bnq)s AR(j2.Dpag)s AR(Byepsbryg),

AR((J1J2)-bpa)s AR 1,bp,0)502)> AR((J2bpaq)-J1)
Mo M by ™ obpag

AR between two objects

Invariant mass of two objects

Four-momentum of H*/W, 4 (E, pr.1, &) of (j.j)
Four-momentum of top quarks (m, pr,n, @) of t,4, tiep

. . thag —Test
Other top-quark kinematics p bhh:d s AR(ty,g.tiep)s M7
Spin cos (8%), cos 87 (j;), cos 0" (j)
11-system reconstruction P P
Event level Lepton-channel, Ny, St
Flavour-tagging scores PCBT-scores of ji, ja, byugs blep
Number of heavy-flavour jets Ny -tag 85> Ni-tag 775 Np-tag 700 Np-tag 60

is observed. The aim is to remove non-discriminating features as all features part of the final BDT
training have to be well modelled in order to retrieve reliable results. It is assumed that for all signal
samples the same set of features is useful in discriminating signal and background events. The top-quark
kinematics change with the mass of the charged Higgs boson, but the affected quantities are always the
same, independent of the absolute mass value. The only exception is the 80 GeV mass point, where
my+ ~ my,. For this mass point, top-quark kinematic quantities show little difference between signal
and background. But since additional weakly discriminating features in the BDT don’t degrade its
performance, no separate optimisation is performed for the 80 GeV mass point. The input feature
optimisation is performed using the signal sample for the 130 GeV mass point as it lies in between the
W-boson and ¢-quark masses. The intermediate mass point covers relatively well both cases of almost
identical and vastly different top-quark kinematics.

The BDT trainings are carried out using five-fold cross-validation on a randomly shuffled dataset. The
performance of an input feature set is measured by calculating the mean and standard deviation of the
AUCs from the five folds. The hyperparameters were set to a default configuration in all trainings. This
configuration has been determined by performing a lightweight grid search of the hyperparameters in
BDT trainings with all features included.

In order to save time and resources, only one fourth of the background events are used in these
trainings. The reduced background sample size still includes about 13 million 7z events and 12 million
events of other backgrounds. This suffices to model the backgrounds well and is anyhow much more
compared to the signal sample size of a few ten-thousands.

First, a feature ranking is produced based on the performance of features in trainings where only the

given feature is excluded from the training. Afterwards, the lowest-ranked features are tested for removal
first. If the AUC of the BDT without the given feature did not degrade by more than 0.03 % — this
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corresponds to about 0.6 o — the feature was permanently removed from the input feature set. Features
that already showed a clear drop in performance during the ranking procedure have not been tested for
removal again. The flavour-tagging features have not been tested for removal for the reasons outlined
above.

From this primal optimised set, all removed features are tested for re-adding, and kept features are
tested for removal. This was done to reevaluate the performance of features on the changed dataset —
with respect to where they have been tested for removal first — and to reduce the effects from statistical
fluctuations in the training performance. The results turned out to be compatible with the initial
optimisation, and the optimised set was left unchanged. This justifies that the used methodology is very
robust.

Final BDT input feature set

The final feature set is summarised in Table [5.2] (including the new PCFT calibration quantities). The
distributions of all features, comparing the stacked background prediction with the signal prediction and
data, are shown in Appendix [A.4] The optimised set is very much up to expectations. It contains the pr

. . . . . t,. q—rest 5
of the #,4-quark associated jets, invariant masses of two of these jets, p,™ " and cos (6") to separate
had

signal from SM 7 events. The quantities related to liep and m; can suppress non-tt backgrounds. Here it
is interesting to note that the lepton pr and W-boson mass are sufficient to reject backgrounds without a
W — €v decay, and ET" as well as the ET" significance do not significantly improve the rejection of
these backgrounds. It is surprising that the mass and momentum of 7, are included in the final set while
this is not the case for #,,;. This is presumably related to the fact that many other quantities describing
the 1, ,4-quark kinematics are part of the final set, like the invariant masses of any combination of two
jets and all momenta of final jets. The AR(blep, by ,q) quantity helps in rejecting any type of background.
Other AR quantities did not provide extra information on the invariant mass quantities and are not part
of the final set.
The Njg and St quantities provide information via correlations with other variables. As an example,
the b, 4-jet pr is expected to be small for signal events with a charged Higgs boson mass close to the
top-quark mass. If the event has in addition a large St value, it is even less likely to observe such a low
by.q-jet pr in 1t events. The ﬁ,; quantity helps the BDT to identify wrong jet labellings.

The flavour-tagging quantities are helpful in separating ¢f backgrounds, as discussed in Section
and non-7f backgrounds. They also add information via correlations with #f kinematic quantities. For in-

stance, if the by, ;-jet passes the tight b-tagging WP, the BDT can put more emphasis on the p, brog quantity.

Figure in the Appendix exemplarily shows the linear correlations of the input features for the H 1i30
signal sample. Most correlations are small (below 10 %). The largest correlations are observed among
some top-quark kinematic quantities and among flavour-tagging quantities, with linear correlations up to
about 70 %. The results are similar for other signal and background samples.

Figure [5.9] shows the loss in AUC when removing one of the features from the final feature set. The
higher the reduction in AUC, the more unique information it adds to the BDT training. The ordering
from top to bottom can be seen as a ranking of the features in the final set. The m; ; quantity is by far
the most important. Surprising are the high rankings of the My and PTa,, features. M yields unique

information in rejecting non-#f backgrounds and information about m,  in correlations with P;. The
A
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Table 5.2: List of input features used in the final BDT training.

N b-tag loose
N b-tag tight

Variable type Variable name  Definition
Top-quark kinematic variables
Dt prof Jj
Pr,j, profj
PTh,,, pr of byq-jet
fad ;h}:‘d_re“ Momentum of b ;-jet in t, ,, rest frame
m; i Invariant mass of j,+j, jets
Jibrag Invariant mass of j,+b,,, jets
Jobag Invariant mass of j,+b,,, jets
cos (6%) Boson spin sensitive variable
P, pr of by,-jet
ep Pre Pr Of. lepton
My Invariant mass of reconstructed W boson
hep Invariant mass of reconstructed 7,
P, pr of reconstructed 7,
ff system A_R(blep, bpaa) AR b'etween the by.,- and by, 4-jet
1t mass Invariant mass of 7, 4+1;c,,
Event variables
Nies Number of jets in the event
Event level St Scalar Pt sum.of all .cahbrated objects
- Probability of jets being labelled correctly
P; . R
normalised by all combinations in the event
Flavour-tagging variables
PCFT score j, PCFT score of j,
Flavour-tagging score PCFT score j, PCFT score of j, .
PCFT score by,; PCFT score of by, -jet
... PCFTscoreby, PCETscoreofbgjet
N ag 100se Number of jets passing loose c-tag WP (b-veto)
Number of tags N.tag tight Number of jets passing tight c-tag WP (b-veto)

Number of jets passing 70 % b-tag WP
Number of jets passing 60 % b-tag WP
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Figure 5.9: Loss in AUC, compared to the training with the optimised feature set, when leaving out one feature in
the BDT training. The BDT training setup is identical to the setup used for the feature optimisation studies. The
green hashed band represents the standard deviation on the AUC mean from the five-fold cross-validation.

PT, quantity helps in recovering discriminative power in case of wrong jet labellings. No difference in

the PT, distribution is expected between signal and 77 backgrounds. But the PT,, distribution is softer
for higher charged Higgs boson masses due to an on-average smaller momentum of the true b, 4-jet,
which may get wrongly labelled as blep. Regarding the flavour-tagging information, it has to be noted
that the rankings in Figure [5.9] were produced with the PCBT calibration.

Figure[A.in the Appendix compares the feature importances for the metrics introduced in Section[5.2.1]
— calculated from the final trainings with the PCFT calibration. The ranking of the features depends
highly on the considered metric. Figure[5.10]compares the total gain related to a feature — in my opinion
the most meaningful metric — for the 80 GeV and 150 GeV signal mass point trainings. In this figure the
expected behaviour can be observed that for the 80 GeV mass point the flavour-tagging quantities are
most important for separating signal and background events but are not as important for larger charged
Higgs boson mass hypotheses.

5.2.3 Final BDT training configuration and hyperparameter optimisation

The final BDT trainings are carried out using five-fold cross-training. Using five folds is a compromise
between having a lot of training data (80 %) and not having to perform too many trainings. The events are
split into the five folds based on their event numbers. This resembles a random splitting. The five-fold
cross-training leads to five BDTs that are trained per signal mass point — in total 60 BDTs. The final
BDT scores of simulated and real data events are evaluated using the BDT belonging to their event number.
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Figure 5.10: Feature importance based on the total gain in loss by node splittings based on the given feature for the
final BDT training with the (a) H go and (b) H 1150 signal sample. The overall feature importance is normalised to 1.
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Chapter 5 Identification of H* — cs events

The last step before performing the final trainings is the optimisation of the BDT hyperparameters.
The optimal hyperparameters are expected to depend on the signal mass point hypothesis because the
discriminative power of features varies with m +. On the other hand, the optimal hyperparameters for
each fold of the same signal mass point hypothesis are expected to be similar and only differ by statistical
variations.

The optimal set of hyperparameters is determined by performing nested cross-validation. For each
fold, the other four folds are used to determine the optimal hyperparameters by performing four-fold
cross-validation. This avoids any bias between the hyperparameter optimisation dataset and the final
evaluation dataset.

The hyperparameter set optimisation is carried out with the help of the Hyperopt tool. The
Hyperopt tool performs a Bayesian optimisation on an objective function using Tree-structured Parzen
Estimators [238]]. The objective that is maximised in this analysis is chosen to be the mean AUC of the
four-fold cross-validation with the BDT hyperparameters being the adjustable parameters of the objective
function. In an iterative procedure the algorithm learns from previous trainings in which part of the
parameter space the optimum lies and can propose profound parameter sets for the next iteration. This
makes it not only more efficient than random or grid searches but also leads in general to better results.

In this analysis the number of iterations — tested hyperparameter sets — is limited to 30. This is a rather
small number, but the number of iterations is limited by the large dataset size and the long training time
of the BDTs — running 30 iterations took around three days. A parallelisation is not possible since the
subsequent tested hyperparameter set depends on the previous trainings.

In the Hyperopt tool a search space has to be defined for the hyperparameters. The examined search
spaces are summarised in Table[5.3] For the number of boosting rounds, early stopping was used. If the
mean AUC on the validation samples didn’t improve for five consecutive boosting rounds, the training
was stopped, and the number of boosting rounds was set to the boosting round with the highest mean
AUC. The utilised search spaces are either uniform or loguniform (in the quniform search space, the
drawn values are rounded to integer values). In the loguniform search space, a value according to
exp(uniform(low; high)) is drawn so that the logarithm of the returned values are uniformly distributed.
Also given in Table [5.3]are the actual search ranges that follow from the given search spaces. With the
choice of the appropriate search space, prior knowledge on the expected value of a hyperparameter can
be handed over to the Hyperopt algorithm. For example, the learning rate is, in most cases, rather small,
around a few percent. By choosing the loguniform search space, also a few larger values can be tested
without skewing the search range.

The choice of the search spaces and ranges is based on discussions from textbooks [233]] and the
previously lightweight hyperparameter search that has been performed for the input feature optimisation
studies. The parameters used in the input feature optimisation studies are listed under “Baseline” in
Table

As anticipated, the optimal set of hyperparameters for the trainings of the different folds with the
same signal sample training were found to be very similar and the performances were statistically
indistinguishable. For the sake of simplicity, a common set of hyperparameters was adopted for all folds
in each signal mass point training. The final hyperparameters for the H §0 and H ;"30 signal samples are
listed in Table|5.3] too. The hyperparameters of other signal samples are relatively close to the H T30
signal sample. For the Hg, signal sample, the number of boosting rounds is smaller and the learning rate
is larger because many input features show almost no separation for this mass point.
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Table 5.3: The BDT hyperparameters used in the optimisation and their scan range. Also shown are the optimal
hyperparameters for the trainings with the H §0 and H 1i3o signal samples. The baseline values have been used in the
input feature optimisation studies.

Parameter Search space and range Baseline H ;"0 H f30
Boosting rounds Early-Stopping 5 rounds 175 725
Maximum tree depth quniform( 3; 15) 3to 15 8 4 9
Learning rate (77) loguniform( -7; -0.9)  0.0009 to 0.4066 0.05 0.0405 0.0129
Minimum loss reduction (y) uniform( 0; 200) 0 to 200 5.0 9 7

Minimum sum of weights in

a region (min_child_weight) loguniform( -5; 11) 0.0067 to 59 874 1.0 260 2000

In general, learning rates between 0.01 to 0.05 were found to show the best results. The number
of boosting rounds is anti-correlated to the learning rate. Tree depths between 9 to 14 show the best
performance for most trainings. These are rather large tree depths, which is a consequence of almost all
input features having a direct correlation with each other. Regarding regularisation, the impact of the y
parameter was found to be negligible. But the min_child_weight parameter turned out to be effective
with values around a few thousand. This corresponds to a minimum number of (weighted) events in each
final region of a few per mille (signal and background events have been normalised to 1 million each).

As already outlined in the beginning, for the final BDT trainings, all four folds, which have been used
to determine the hyperparameters, are used as training data.

5.2.4 Final BDT scores

The final BDT score distributions for the trainings with the H §05 H I*'OO, H T30’ and H 1i50 signal samples
are shown in Figure[5.T1] The BDT scores of the other mass point trainings are shown in Appendix [A3]
The agreement between data and prediction is generally good.

The discrimination between signal and background is as expected lowest for the 80 GeV mass point. A
three-peak structure is visible for signal and background events that can be attributed to the charm-tagging
WPs (from left to right): untagged, loose, and tight c-tagged events. The #7(ud) contribution is heavily
suppressed at large BDT score values compared to the #(cs) background.

With increasing charged Higgs boson mass the discrimination increases, too. But the signal
distributions always maintain a relatively large tail towards smaller BDT scores. This is caused by signal
events in which not all jets are labelled correctly. These events then exhibit signal- and non-signal-like
characteristics. The BDT cannot clearly assign these events to one class, and they receive an intermediate
BDT score.

The discrimination is highest for the 150 GeV mass point. One would expect the discrimination to
be even larger for the 160 GeV and 168 GeV mass points. But the fraction of events that contain the
true reconstructed b, ,-jet is considerably reduced for these mass points, which decreases their overall
discriminative power.

Figure [5.12]shows the ROC curves for selected mass points. All ROC curves are smooth. The AUC

increases rapidly for charged Higgs boson mass point hypotheses more distant from the W-boson mass.
Once the mass difference m = — my, is larger than the dijet mass resolution, the increase in AUC flattens
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Figure 5.11: BDT score distributions for the trainings with the (a) Hg,, (b) Hiog, (¢) Hizg, and (d) His, signal
samples.
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out. For mass points close to the top-quark mas, the discussed b, 4-jet effect reduces the performance.

5.3 Outlook

In the following, two concepts will be presented that might improve the presented BDT training in
order to increase the signal sensitivity of the analysis. On the one hand, the utilised loss function
(cross-entropy) favours an overall separation between signal and background. This is beneficial in order
for the BDT to learn the different characteristics signal and background events exhibit. A different loss
function which promotes gains with very pure signal nodes — and in accordance puts less focus on having
pure background nodes — will make the BDT put more focus on the high BDT score region in the training.
This will decrease the overall separation of signal and background but increase the signal sensitivity in
the high BDT score region. This analysis might profit from this as having a very pure signal region is
important in the statistical interpretation of the results as presented in the following chapter.

The other concept is to include systematic uncertainties in the BDT training [239]]. The predictions
that are being used to train the BDT are based on models that aim at simulating nature. We know these
models are not perfect and systematic uncertainties are related to them. The systematic uncertainties are
considered in the statistical interpretation of the results and weaken the derived results. By making the
BDT aware of these uncertainties in the training, it can put less focus on quantities that are not well
modelled/understood. There are multiple ways to achieve this. As an example, the loss function can be
modified to penalise the gain in node splits if differences are seen between the nominal and systematically
varied quantities. Or the weight of a tree can be scaled down if its response differs significantly for
systematic variations. Another way is to augment the training data to include events multiple times with
varied systematic uncertainties. Neural networks can also use an adversarial training setup to not be
prone to systematic uncertainties.
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Another way to improve the analysis in the future might be by using other machine learning tools,
which in this thesis have not been explored due to time constraints.

Due to the unknown mass of the charged Higgs boson, parametric neural networks (PNNs) are
promising. The general idea of PNNSs is to condition the learning of the network on some representation,
in this case m . This is realised by including m .+, similar to the input features, as a learnable parameter
in the PNN training. The final prediction of the PNN depends on the specified value for m +. There are
several advantages of PNNs compared to single mass point classifiers, such as interpolation between the
mass points. Another benefit is an increase in signal sample size in the training as the signal events of all
mass points are included. BDT trainings have been carried out with the full signal sample size after the
signal extension. The extension increases the signal sample size by a factor of 1.8. The trainings showed
improvements in the AUC by around 0.2 % for all mass points. This transitions to an improved signal
sensitivity (measured using expected upper limits; for its definition see the following chapter) by around
0 to 10 %. Including all signal mass points in the PNN training corresponds to an increase in signal
sample size by a factor of 12.

PNNS are already popular and used in many analyses. In the future many analyses will probably move
forward and use graph neural networks and transformers [241]]. They are becoming more popular
in object reconstruction techniques, e.g. flavour-tagging [242]]. Complex structures are possible using
modern machine learning techniques, and no detailed discussion on the application in this analysis will
be given. But as a general idea, at the analysis level the objects — jets, leptons and p">° — can be used as
inputs to the machine learning tools, without the need for a 77-system reconstruction.

In the future, if the development of neural networks continues, the networks will probably be trained
using only basic detector information, i.e. hits in the tracking systems and calorimeter deposits.
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CHAPTER 6

Extraction of a potential H* — ¢s contribution in
data

This chapter describes the extraction of a potential signal in data with the help of the BDT scores
presented in the previous chapter. A statistical model is developed that quantifies the presence of signal
events in ATLAS data (Section[6.2). Systematic uncertainties impacting the analysis are discussed
beforehand in Section[6.T}

6.1 Systematic uncertainties

Systematic uncertainties impacting this analysis are related to the detector response, reconstruction of
objects, and modelling of signal and background processes. They can affect the normalisation and shape
of quantities — including the BDT score. This section describes how the systematic uncertainties have
been estimated. Table [6.T]summarises all considered uncertainties. The uncertainties are grouped based
on their origin. As an indicator of their impact on the analysis, the uncertainties on the normalisation of
the total background prediction are given in Table[6.1]in the “Impact” column.

6.1.1 General uncertainties

The luminosity of the combined Run-2 ATLAS pp collision dataset is determined with a precision of
0.83 % [[133]]. This uncertainty affects the overall normalisation of all simulated samples, as they are
normalised to the measured luminosity.

A correction is applied to all simulated samples that accounts for different pile-up conditions in
simulation and data. The correction is based on measurements of the inelastic pp cross-section in fiducial
detector regions [243]]. The uncertainty on this correction is considered a systematic uncertainty in this
analysis.

6.1.2 Object reconstruction

Calibrations of physics objects correct for differences between simulation and data. The procedures
to calibrate the objects are described in Section[3.4} The uncertainties related to the calibrations are

116



Chapter 6 Extraction of a potential H* — cs contribution in data

)

Table 6.1: List of systematic uncertainties considered in this analysis. “General” and “Object reconstruction’
components affect all samples; “Process modelling” components affect only the given sample. The “Components”
column quotes the number of systematic uncertainties. “N”” and “S” stand for normalisation-only and normalisation-
plus-shape uncertainty, respectively. “Smo.” and “Sym.” are shortcuts for smoothing and symmetrisation,
respectively, and are related to the treatment in the statistical model (see Section[6.2). The “Impact” column states
the normalisation uncertainty on the total background prediction of a given group of uncertainties. The uncertainty
groups are indicated by the dashed lines.

Category Type Components Smo. Sym. Impact
General
Luminosity Scale N 1
Pile-up Correction S 1 0.9 %
Object reconstruction
Lepton Energy/Momentum scale & resolution S 7 v
Trigger, reconstruction, identification S 14 0.9 %
and isolation efficiencies
pomiss Soft-track-term scale & resolution S 3 v v
777J76tis7777777777je}érfefgglgciallie&irész)lﬁtiio}l 7777777 s 4 v 4707;7’
Jet-vertex-tagger S 1
' Flavour-tagging ~ Efficiencies & inefficiencies S 8  29%
Process modelling
Common Scale (ug, ur), ag, PDF S 4
-~ ME&PS s 1 v v
ISR & FSR S 1 v v
. 1t hyym S 1 v v
Signal & top-quark WD Sp S 1 Y 5%
Single-top cross-section N 1
1t correction S 4 v
~~  NLOEWcorrection S
Weak-boson CKKW & QSF N 1
V+jets cross-section N 1 0.9 %
Multijet MJ alternative estimation S 1
MIJ norm N 1
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considered as systematic uncertainties in this analysis. The uncertainties affect all simulated samples.

Energy (momentum) scale and resolution calibration uncertainties are considered for electrons
(muons) [156]]. In addition, uncertainties on the scale factors that account for differences in the
electron and muon selection efficiencies at trigger level, in the offline reconstruction, and in passing
identification and isolation criteria are considered [150].

Jet energy scale calibration uncertainties related to pile-up, flavour, punch-through and in-situ
corrections, and jet energy resolution calibration uncertainties are considered [244] [245]]. Furthermore,
the uncertainty on the jet identification efficiency of the jet-vertex-tagger [[62] is considered. Regarding
the flavour-tagging of jets, the eigendecomposition of the uncertainties on the calibration scale factors that
account for different identification and misidentification rates for b, ¢ and light-flavour jets in simulation
and data is considered [[169} 246 247]. 4

The energy scale and resolution uncertainties for leptons and jets are propagated to gy . In addition,
uncertainties on the ﬁ%ﬁss soft-track-term scale and resolution calibration are considered .

6.1.3 Process modelling

Some modelling uncertainties are common for all samples due to the common usage of perturbation
theory and PDFs in the event generation. In the calculation of the partonic cross-section (cf. Equation[3.1),
the uncertainty due to missing higher orders in the perturbative expansion — i.e. the uncertainty related to
the O(ay +1) term — is estimated by varying the renormalisation u and factorisation p scale parameters
by a factor of 2 up and 1/2 down. Uncertainties related to the used PDFs are considered by dedicated
PDF error eigensets. The error eigensets contain multiple sources of uncertainties. Among them
are uncertainties related to the measurement of the PDFs and uncertainties related to the assumed
functional form in the fits. The PDF uncertainties from all eigensets are combined into one uncertainty by
calculating their standard deviation with respect to the nominal set (for Hessian PDF sets, the differences
are summed up in quadrature). PDF uncertainties due to missing higher orders in the DGLAP evolution
equation are considered by the scale variations discussed above. Uncertainties related to measurements
of the strong coupling constant ¢ and the extrapolation of «, to different energy scales based on the
renormalisation group equation are assessed by two alternative PDF sets fitted with varied « values.
For all processes whose cross-sections are taken from simulation, the related cross-section uncertainty is

included as a normalisation uncertainty [197][198] 250 25T]].

All other MC modelling uncertainties are assessed by either comparing nominal and alternative event
generators or comparing different sets of generator parameters. The modelling uncertainties of minor
background processes are neglected. This is the 77(allHad) process and the processes listed under “Other
top” in Table .1 Their combined background yield is below 1 %.

Signal and top-quark processes

The uncertainty related to the matching of NLO ME to PS in SM ¢ and single-top-quark processes are
evaluated with the help of samples generated with MADGrAPH5_AMC@NLO 2.6.0 and 2.6.2 [252]
(instead of PowHEG Box) using the NNPDF3.0nLo set of PDFs, respectively. The Pytaia and EvriGEN
versions are unchanged with respect to the nominal samples.
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The uncertainty related to the modelling of PS and hadronisation is assessed with samples created
by HErwiG 7.13 and 7.16 (instead of PyTtHia) for SM ¢f and single-top-quark processes,
respectively. The samples were generated with the default HErwic 7.1 set of tuned parameters and the
MMHT2014L0 PDF set [255]). As for the nominal samples, the PowHEG Box v2 generator is used for
ME calculation.

The uncertainty arising from the Ay, parameter (defined in Section in the SM ¢7 simulation is
estimated by comparison with an alternative sample where the /,,, parameter is increased by a factor
of 2 (hgymp = 3m,).

Signal and top-quark processes modelling uncertainties on ISR and FSR are determined by varying
the couplings at ISR/FSR vertices — ISR: Var3c variation of the A14 PS tune, FSR: vary ,uESR by a factor
of two.

Systematic uncertainties introduced by the #f correction (cf. Section4.3.2) are considered by perform-
ing an eigenvalue decomposition of the fit parameter uncertainty matrix and varying the eigenvectors
separately by their eigenvalues.

Uncertainties on the single-top quark production cross-sections are calculated using HATHOR. An
uncertainty on the ¢ production cross-section is not taken into account, as its value is determined directly
from fits to the BDT scores.

The interference between 7 and tW processes is handled using the diagram removal scheme [256]. In
the diagram removal scheme, all Feynman diagrams in the NLO W amplitudes with two on-shell top
quarks are simply removed in the nominal W sample. The uncertainty associated with this choice is
assessed by an alternative method in which the NLO tW cross-section is modified by a subtraction term
that locally cancels the ¢ contribution (diagram subtraction — DS) .

Weak-boson processes

For processes including a weak boson, uncertainties related to electroweak corrections at NLO are
assessed with the help of an alternative electroweak virtual approximation in which the electroweak and
QCD components are combined using an exponentiated prescription 258].

The weak-boson samples in this analysis are simulated using the SHERPA event generator for ME and PS.
CKKW and QSF are parameters of SHERPA that define the merging/matching scale for jets between ME
and PS, and the resummation scale of soft gluon emissions, respectively. The impact of these parameters
on the BDT input observables has been estimated at the generator level using Rivet [259] and alternative
samples in which their nominal values are varied up and down. Little shape differences have been visible
when varying any of the two parameters. But for the QSF parameter, a normalisation difference due to
the event selection of about 17 % is visible, which is added as a normalisation uncertainty in this analysis.

The cross-section of single-boson processes is determined at NNLO with an accuracy of 5 %.

Multijet process

The multijet background is estimated using a data-driven ABCD method as described in Section .31}
A systematic uncertainty on the applied method is estimated by using an alternative region definition
in which a loose lepton identification (instead of isolation) requirement is used to define the regions.
In the alternative approach the MJ background shape is changed and the estimated MJ contribution is
reduced by about 30 %. In addition, a 50 % normalisation uncertainty is applied. This value is based
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on validation studies of the fake factor estimation (Section[4.3.T]) and MJ estimation studies from other
analyses that have a similar signal region definition.

All systematic uncertainties impacting simulation indirectly impact the MJ background, as its
estimation method relies on simulated data. But the uncertainties are not propagated separately to the
MJ background due to its small overall contribution and the already very large considered uncertainties.

6.2 Statistical interpretation

The goal of this analysis is to search for an excess in data that matches the expected signal pattern. In
case no excess is found, upper exclusion limits on the branching ratio of a top quark decaying into a
charged Higgs boson and b quark are derived. This is done by performing binned maximum-likelihood
fits to the BDT score distributions. A statistical fit model is built in Histfactory [260] format with the
help of the TRExFitter framework. Fitting of the model and the derivation of upper limits are performed
using the pyhf framework [261]]. Uncertainties on the fitted parameters are calculated by utilising the
auto-diff functionality of jax.

6.2.1 Statistical model

The compatibility of predictions and the measured data is evaluated with the help of a statistical model.
The model can be expressed as

Liman )= [| ]] Poisson(nelve,(m 1)) x | | axasln). (6.1)

cechannels bebins,. XEx

L can be interpreted as a binned likelihood. For each bin (b) in each channel (¢) — this analysis has only
one channel, the signal region — the data count 7, is compared with the total prediction v, using the
Poisson distribution, and the probabilities are multiplied. The prediction v_;, depends on constrained
(x) and unconstrained (1) modifiers that are the adjustable parameters of the model. The constrained
parameters are constrained by auxiliary data measurements (a, ), which are incorporated in the likelihood
via the constraint terms ¢,.. In the fitting procedure the predictions, to be precise 7 and y, are fit to data
by minimising the likelihood L.

Unconstrained modifiers

This analysis has three unconstrained modifiers:

B Bt — H'D)
B, = is the parameter of interest in the fit. In the SM %,,+ = 0, and it is bounded to %= € [0,0.1].

In general, the branching ratio can reach up to 1, but a smaller upper bound increases the fit stability.
The upper bound of 0.1 is justified by measurements setting lower bounds on % (t — Wb) [262].

Hy: 1T cross-section scaling factor
The nominal prediction from the simulation is 1 with bounds y,; € [0, inf).

fue: Fraction of # + HF events among ¢ background events
The nominal prediction from simulation is 0.1364 with bounds fyp € [0, 1].
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Besides the parameter of interest, y,; and fyp are chosen as free parameters because the analysis is
expected to be sensitive to both. In addition, in multiple ATLAS analyses it has been observed that
the fyr value measured in data deviates significantly from its predicted value in simulation [91]
[263H265].

The unconstrained parameters modify the predicted yields as follows:

N (post-fit) = p; X2(1 = Byx) By X Nz (pre-fit),
Ng i p(post-fit) = pz X (1= fyp) x (1 - %Hi)z X N, Lp(pre-fit), (6.2)
N +up(post-fit) = pz X fyp x(1- @Hi)z X N , yp(pre-fit).

For the nominal values of u; and fyg, and %+ = 0, the SM expectation from simulation is recovered.

For the above equations to hold, the event yields before the fit are set to the total expected #7 yield
(N + (pre-fit, unprescaled) is normalised to B+ = 1 %):

N g (pre-fit, unprescaled)

1 = fur(pre-fit) ’
N e (pre-fit, unprescaled)

Jur (pre-fit) ’
N+ (pre-fit, unprescaled)

2%0.01=(1.-0.01)

Ny p(pre-fit) =

Nz ur(pre-fit) =

N+ (pre-fit) =

In Equation [6.2] and throughout the statistical interpretation of the results, it is assumed that the top
quark decays solely into a W or H* boson and a b quark and that the charged Higgs boson decays solely
into cs quarks —i.e. B(t — Wb) + B(t — H (— cs)b) = 1.0. The branching ratios of other SM
top-quark decays are predicted to be tiny and can be neglected with a high precision. Other relevant
light charged Higgs boson decays are H~ — 7v, and H- — cb. Events with the former decay mode are
suppressed by the event selection and reconstruction. If B(H* — cb) is sizeable, its contribution is not
correctly accounted for in the analysis. Upper limits on %(t — H*b) assuming B(H* — cs) = 1.0
would presumably be too tight, because H* — cb events receive on average smaller BDT scores than
H* — cs signal events. In order to correctly account for a H* — cb contribution, dedicated H* — cb
signal samples for each mass point hypothesis are needed, which are currently not available.

Constrained modifiers

The systematic uncertainties listed in Table [6.1] are implemented as Gaussian-constrained nuisance
parametersﬂ (NPs) in the statistical model (¢, (a,|x) in Equation. Their expectation value is zero and
+1 corresponds to a change by their =10 uncertainty. Normalisation-only components (labelled “N” in
Table[6.T)) impact the total expected event rate of samples. Normalisation-plus-shape components (labelled
“S” in Table[6.])) are included in the form of alternative templates and impact the normalisations and shapes
of samples. Those are additive modifiers correlated across all bins. The components are considered to
be uncorrelated with each other, but correlations of individual components across samples are maintained.

1 . . .
Commonly all parameters of a fit, constrained and unconstrained, except the parameter of interest, are referred to as
nuisance parameters.
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Some shape templates undergo modifications to improve the fit stability. For the templates with
only one (up) variation — e.g. when comparing to an alternative sample — the respective down variation
is extracted by mirroring about the nominal template (one-sided symmetrisation). The systematic
uncertainty on FSR in signal and top-quark processes is symmetrised by taking the mean of up and down
variations ((up — down)/2 — two-sided symmetrisation). This uncertainty showed large fluctuations
between neighbouring bins for up and down variations caused by large event weights (the systematically
varied FSR template is retrieved by recalculating the event weights, given the varied ,uESR parameter).
The impact of the large event weights is aimed to be reduced by the symmetrisation, as it averages the
variation over more events.

Additionally, shape components that are estimated from two different configurations (two-point
systematics — those are all non-reweighting systematic uncertainties; an example is alternative samples,
which are produced with a different generator setup) and the FSR systematic uncertainties are smoothed.
The difference of two-point systematic uncertainties with respect to nominal usually shows larger
fluctuations in tiny phase space regions, as is the high BDT score region. The smoothing is performed
using the TTBARRESONANCEE' algorithm implemented in TRExFitter. It performs a rebinning of
the template to reduce statistical fluctuations of the systematic variations by merging neighbouring
bins with similar differences with respect to nominal. The 353QH twice smoothing algorithm is
applied to the difference between nominal and rebinned systematic templates. The algorithm performs
the smoothing by calculating medians from multiple neighbouring bins. Eventually the smoothed
differences are transferred to the original systematic template. A few plots showing the original and
modified systematic templates and a comparison with the nominal template are shown in the Appendix
in Figure[A:20] Which systematic uncertainties are smoothed and symmetrised are marked in Table[6.1]

One systematic uncertainty on the prediction not discussed so far is the uncertainty due to the finite size
of simulated datasets. This is accounted for by one Gaussian-constrained NP per bin, whose expectation
value is one and the variance is defined as the square root of the yield uncertainties of all samples in a
bin summed up relative to the total yield in that bin: 0., = /2 Ag.p/ 2 Vseps Where s runs over the
samples and A is the MC statistical uncertainty [268].

Eventually small NPs that have a negligible impact on the final fit results are pruned to increase the
stability of fits. Normalisation components that impact a given sample by less than 0.5 % are pruned
for that sample. Systematic components where the template of a given sample has no bin that shows a
relative deviation by 0.1 % with respect to the nominal template are pruned for that sample. The NPs
related to the MC dataset sizes are not pruned. The quoted cut values (0.5 % and 0.1 %) were determined
by measuring their impact on the parameter of interest uncertainty (A%,,+) and the expected upper limits
on A= These are the largest cut values — remove as many components as possible — that change A%+
and the expected upper limits by much less than 1 %.

Constrained NPs can be pulled or constrained by the fit. A NP is pulled if its post-fit value deviates
from its initial value before the fit. A NP is constrained if its post-fit uncertainty is smaller than its

’The name “TTBARRESONANCE” comes from a search for heavy particles decaying into top-quark pairs || The
smoothing algorithm got developed by the referred analysis in order to not smooth away single bins with a statistically significant
difference with respect to nominal — i.e. the smoothing procedure is more conservative than many other smoothing algorithms.
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pre-fit uncertainty. In this case the fit is able to constrain it better than in the previous auxiliary data
measurement. To be precise this is an overconstraint, but for the sake of simplicity it will be referred to
as a constraint. Underconstraints — post-fit uncertainty is larger than its pre-fit uncertainty — are generally
not expected and are also not observed in this analysis.

6.2.2 Hypothesis testing

Discovery and exclusion of a potential signal in data are established by performing a likelihood ratio test
of two hypotheses. A null hypothesis () has to be rejected in favour of an alternative hypothesis (H),
typically corresponding to the unconstrained model, at a defined significance. The agreement of the
hypotheses with the observed data is quantified by the statistical model/likelihood (L) introduced in the
previous section. The two hypotheses are compared by taking the ratio of their likelihoods. The test
statistic 7,, of the likelihood ratio test is defined as

L(Hy) _ L(p.0(2)

1, =-2In(A(w)) with  A(u) = L(H)  L(4,0)

u is the parameter of interest and 6 are the nuisance parameters. A hat above a parameter (6) indicates

that this is its maximum likelihood estimate. §(u) indicates that it is the maximum likelihood estimate
of the nuisance parameters for a given p. A greater value of 7, corresponds to a larger incompatibility of
HO with Hl .

The outcome of the likelihood ratio test is summarised by the p-value,

P = / Flt ) dr,,

,0bs

.00 15 the value of the test statistic observed in data. f(z,|u") is the probability density function of 7,
for an assumed value of i’ in data. In general i’ = u, but in order to estimate expected uncertainties
on 4, one needs to know f(z,,| u') with 4" # u. The p-value corresponds to the probability of having
observed data of equal or greater incompatibility than predicted by H,,.

The difficulty is that f(z,,| i) is not known a priori, as it depends on the specific likelihoods of the
given problem. In principle, it is all about knowing the distribution of 4 for an assumed g’ in data.
f(,l 1) is the same but transformed to the test statistic ¢ - This is illustrated in Figure

Two common methods exist for estimating f(7,, |"). One method is to run many pseudo-experiments
(toys) e.g. by running MC simulations. In pyhf this is implemented by random sampling from the
simulated event statistics. The downside of toys is that producing them is, in general, computationally
expensive.

In this analysis an approximation of the sampling distribution (asymptotic approximation) is used
because of its fast computation and the overall large data and MC sample sizes in the analysis. In the
large statistics limit f(¢ ul 1) can be estimated using Wald’s approximation ,

N2
f = M + O(1/VN).
ag
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Figure 6.1: (a) Exemplary probability density distribution of 4. In this plot 4" = 1 and a standard normal
distribution is assumed. (b) The respective probability density distribution in 7,,-space for u’ = u. Also indicated

is the definition of the p-value for an observed value 7,, ,; of the test statistic in data.

When neglecting the O-term, i follows a Gaussian distribution with a mean u" and standard deviation o,
and 7, follows a noncentral chi-square distribution,

N L I

with noncentral parameter A = (u — ;/)2/ o’ || The standard deviation is commonly extracted from
the Asimov dataset] as 5
4
oo o) 6.4)
tuA
where 7, 5 is the test statistic of the Asimov dataset.

The parameter of interest in this analysis is 4 = 3,,+, which is defined to be > 0. This modifies the
definition of the test statistic to

Lwd(w) >0

Ay =1 L0
L(#vz(#)) ﬂ <0
L(0,0(0))

and modifies the distribution of f (7| u') for i < 0 compared to Equation

3In the Asimov dataset all parameters of the model agree with their expected value (a hypothetical scenario where the data
shows no statistical fluctuations). In this analysis this means the Asimov dataset is identical to the initial prediction from the
simulation.
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6.2.3 Discovery test

The discovery of a signal in data is established by rejecting the background-only hypothesis (H,, with
p = 0) in favour of the unconstrained signal-plus-background hypothesis (H; with y = f1). The test
statistic in this case is given by [269]

qo =ty=-2In {/1(0) a=0
0 a<0
q, considers only positive values of i as a discrepancy between the background-only hypothesis and
data. A negative [ does not hint towards signal events in data but rather some systematic uncertainties.
Therefore, g, is set to zero in this case.
In the asymptotic approximation the p-value can be calculated as

Po = F(q10)dgy =1 = D({/qq obs)> (6.5)

qO,obs

where @ is the cumulative distribution function of the standard normal distribution. The significance
Z=0! (1 = p) with p = p, is commonly referred to as the discovery significance. It is convention to
claim discovery if Z, > 5. In this case p, < 2.87 X 1077, which corresponds to a one-sided integral of a
standard normal Gaussian above 50. If in nature there were no signal, in only 1 out of 1/p times one
would observe the given data or something more signal-like, i.e. falsely claim discovery (type-I error).

The expected discovery significance depends on the model being considered. In the SM, Z; = 0 is
expected. In the case of BSM models, it also depends on the values of free parameters, in 2HDM models
specifically on tan £.

6.2.4 Upper limit calculation

The upper limit defines the y,, value for which the signal-plus-background hypothesis (H, with u = )
gets rejected in favour of the unconstrained signal-plus-background hypothesis (H; with u = /i) ata
given confidence level (CL). u,, can be thought of as the largest u value (amount of signal) that is within
the CL still compatible with the observed data. Conventionally a CL of 95 % is chosen, which means H,,
is rejected in 95 % of the cases (p < 1 — CL = 0.05, Z > 1.64). If in nature there were a signal with
H = Hyp, in 1/p times one would observe the given data or something more background like, i.e. falsely
reject the signal hypothesis (type-II error).
The test statistic is given by

A (1 <
¢, =-21n () u U ©66)
0 aA>u

A smaller value of y than what is found in data (&) does not speak against a larger value of fi,.
Consequently, g,, is set to zero in these cases.
In the asymptotic approximation the p-value can be calculated as

o0

ps+b = f(qﬂll“l) dq# (67)

q;l,obs
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Figure 6.2: Methodology to extract the expected upper limits. The distributions are estimated from the Asimov
dataset and not the observed data. The shapes of the distributions depend on 1. 1, oy, is defined to be the value of
p for which p_;, = a.

Myp is the value of u for which p,;, = 1 — CL = . In the asymptotic approximation this leads to [269]
= i+ 0D (1-a). (6.8)

Extracting the value of y,, that solves this equation is not easy because o~ depends on y itself (cf.
Equation @) In practice y,,, is determined numerically.

Expectations on the upper limit (4, ,,,) and their uncertainties are derived using the Asimov dataset.
This leads to H, being the background-only hypothesis with g = 0 and u" = 0.

Mup.exp 18 determined by evaluating the p-value at the median significance of the Asimov dataset. The
p-value is calculated as in Equation but the lower bound of the integral is set to median[ f(,0)].
Hup,exp 18 the value of u for which p,,, = «. This methodology is visualised in Figure @ In the
asymptotic approximation one finds

Hupexp =+ (@7 (1 —a) £ M), (6.9)
with ¢ = 0 in this analysis/Asimov dataset. M = 0 corresponds to the expected upper limit and M = 1,2
correspond to the one and two sigma error bands. This result is similar to Equation but with '
replacing 4. The variations p, .., are simply +oM because [ is Gaussian distributed with standard
deviation o.

A weakness of the upper limit calculation based on p,,, is that, if the signal sensitivity of the
experiment is rather weak, fluctuations in the observed data can strongly impact the excluded u-range.
An example of this is a one-bin experiment in which the signal is much smaller than the background
contribution (N, < N, ) and the observed data shows a significant downward fluctuation that is consistent
with the background-only yield. In this case, already relatively small signal contributions will be
excluded. In order to mitigate such spurious exclusions, it is taken into account how likely it is to observe
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Figure 6.3: Methodology to extract CL;. p,,;, and p, are represented by the red and blue areas, respectively. In
this example a smaller signal sensitivity is assumed compared to the example in Figure[6.2] which makes the two
distributions more similar. The large observed value of g, would result in tight CL,,;, exclusion limits that are
weakened in the CL; method due to the small (large) value of CL;, (p,).

the given data, assuming there is only background. In this analysis this is done by using the modified
frequentist technique [271]],

CL. = CLs+b — DPs+b
' CL, 1-p,

. q,u,obs
with py = / £(q,10) dg.

The definition of p;, is visualised in Figure@ Myp 1s defined as the p for which CL; = 0.05. CL;
does not correspond to a classical frequentist confidence interval and is more conservative than the
standard CL,,;, method as 0 < p, < 1. In experiments with good signal and background separation
CL, approaches CL__,,.

As outlined previously, 1, has to be determined numerically. In this analysis this is implemented by
scanning over 100 equidistant values of u and calculating the respective CL values. The u scan bounds
are from zero up to a meaningful upper value, which are extracted from previous scans and differ for
each mass point. The upper limit at CL; = 0.05 is finally extracted by performing a linear extrapolation
between the scanned CL values.

6.2.5 BDT score binning

In the previous section statistical models/hypotheses are compared to quantify the presence of a signal
in data. The models are fit to the data in a binned maximum-likelihood approach. The discriminative
variable is the BDT score. The outcome of the statistical test is reliant on the binning of the BDT score
distribution. Multiple objectives have to be considered when determining the binning.

The main objective is a maximised signal sensitivity. When considering only the signal sensitivity,
having many bins is beneficial. Especially in the most discriminating region, which is the high BDT
score region. But it has to be taken care that the fit setup is stable, converges and yields reliable and
trustworthy results, which can be problematic when the number of bins is too large. Most important in
that regard is that the signal and background predictions are well modelled in each bin. In order to use
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the asymptotic approximation, it also has to be ensured that a sufficient number of events is in each bin.
It is convention to require at least ~ 10 data events.

The final BDT score binnings are determined by first producing templates with a very fine binning;
10 000 equal-width bins from O to 1. The bins of the templates are then merged based on conditions
each bin has to fulfil. The bins are merged iteratively from right to left, i.e. first merging the most
discriminating bins. Once a (merged) bin fulfils all conditions listed below, the bin is final and a new
merging iteration begins starting from the next to last final bin until all bins are merged. Since the number
of bins is limited, it may happen that in the last iteration not all conditions can be fulfilled. In this case
the bins from that iteration are merged with the bins from the second-to-last iteration into one final bin.

The rebinning conditions are:

1. At least 20 expected background events;

2. Statistical uncertainty of simulated backgrounds is less than 10 %;

3. Statistical uncertainty of simulated signal is less than 20 %;

4. S/NB >y (y := Separation x Threshold);

5. At maximum 1 000 neighbouring bins may be merged into one final bin.

Conditions 1 to 3 ensure a proper modelling of the prediction. Condition 4 is related to the signal
sensitivity. The figure of merit measuring the sensitivity is the number of expected signal events in the
single/merged bin under consideration (S) divided by the square root of the total background prediction
in that bin (B). By choosing ¥ = 1, one can ensure that each bin has a significant signal contribution,
as in this case the signal contribution is larger than the statistical uncertainty on the background. This
search is performed model-independently and there is no prescribed value for the signal strength. The
signal process in simulation is arbitrarily scaled to %,,+ = 1 %, and there is no clear choice for 7.

It was decided to define y based on the bin with the highest signal sensitivity. This is the first final bin
that fulfils conditions 1 to 3. This bin usually dominates the overall signal sensitivity of the analysis.
The Separation parameter gets defined as Separation = S,/ \/B— , where §) and B, are the numbers of
signal and background events in the first final bin. Further on in the merging procedure, only bins that
have a sensitivity comparable to the first bin will be declared as final.

This merging strategy results in relatively few bins for highly discriminating BDT scores and many
bins for low discriminating BDT scores. This is the intuitively desired result because when the separation
is large in the high BDT score region, the low BDT score bins won’t contribute a lot to the overall
separation and can be merged. Nonetheless, this effect is mitigated by the Threshold parameter. The
Threshold values are chosen such that each rebinned BDT score has at least 19 bins and at maximum
49 bins. In this way it is assured that some shape information is always kept in the low BDT score
region, which is important to constrain NPs. For the same reason condition 5 is applied. At the same
time, there are not too many bins such that the rebinned BDT score is less likely to be sensitive to
unphysical effects, like inaccurate simulations in tiny phase space regions. Most BDT scores have the
Threshold parameter set equal to 1. The BDT scores trained with a signal mass point close to the W-
boson mass have a value larger than 1, and mass points close to the -quark mass have a value smaller than 1.
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The developed rebinning strategy is rather conservative. This means it has been put more focus on
solid and reliable results in the statistical interpretation, rather than improvements in the expected upper
limits. Binning strategies focusing more on the latter have also been tested. In these tests, the parameters
for the minimum number of events and statistical uncertainties on predictions have been lowered. In
addition, other requirements in place of condition 4 have been tested. Improvements in the expected
upper limits were only visible for final binnings in which large NPs could be constrained in the fit. Those
were NPs related to the 77 modelling of ME and PS. Strong constraints on them mean that the final results
are only applicable for generators that are very similar to the nominal generator setup. If nature is not
that close to the nominal generator setup — or in other words, the nominal generator setup cannot model
nature that well — the results will be overconfident. Therefore, strong constraints on the discussed NPs
make the results generally less trustworthy and are disfavoured.

The rebinning algorithms implemented in TRExFitter have also been tested. The results on the
expected upper limits were always worse compared to the method developed in this analysis.

Figure[6.4] shows the same BDT score distributions as shown in Figure [5.11]but after the rebinning
procedure. In Figure [5.IT]an equidistant binning was chosen with 100 bins. The rebinned BDT scores
for the other mass point trainings are shown in Appendix [A3] For a better visualisation the BDT score
bin numbers in Figure[6.4] are plotted with equal size of each bin. When plotting the true BDT score, the
highest BDT score bins are tiny compared to the other bins and it is not possible to read off important
information.

Interesting to see is that for most BDT scores, the highest bin has exactly 20 expected events. This
means condition 1 is the restricting requirement defining the first merged bin. The lower edges of the
following merged bins are driven by their signal sensitivity (Condition 4). Only very few signal events
are available in the low BDT score region and condition 3 or even condition 5 define the lower edges of
the merged bins.

6.2.6 Validation of the statistical model and fit setup

The analysis has been developed in a blinded way. This means the data in signal-enriched regions was
not looked at — was “blinded” — before finalising the analysis strategy. This includes all steps such as
event reconstruction, BDT input feature selection, BDT score rebinning, etc. This is done to prevent any
bias in the final results. As an example, the binning could be adapted to smear out statistical fluctuations,
or one could specifically decide on a binning in which a bin has a significant upward fluctuation in data.

This is realised by blinding any bin in histograms that might have a significant signal contribution. If
a bin has a signal-to-background ratio of S/B > 5 %, it is blinded. The blinding requirement is tested for
all signal samples. The signal templates are scaled to the current best upper limits on 9, ,+ in H* — cs
decays. These are mainly set by CMS and the mass points that are not covered by the CMS search
are scaled to %+ = 0.5 %, as motivated by a mass-independent search .

About 20 % and 50 % of the rebinned BDT score bins were blinded for the H 1"00 and H 1"30 BDT scores,
respectively.

The fit setup has been validated using the Asimov dataset and the unblinded data bins. In fits to the
Asimov dataset, correlations of fit parameters have been monitored. (Anti-)correlations close to 100 %
can lead to unstable fits. A plot showing the linear correlation coefficients for the H TSO BDT score
is presented in Figure [6.5] Only NPs that are correlated with another NP by at least 20 % are listed.
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The largest correlation in this plot is 50 %. The correlations are similar for other mass points. The
tt-modelling systematic uncertainties show overall the largest correlation with the parameter of interest,
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Figure 6.5: Linear correlation coefficients of fit parameters in fits to the Asimov dataset for the Hy3, BDT score.
For conciseness and better interpretability, only parameters that are correlated with another NP by at least 20 % are
listed. “Ftag EV” are NPs related to the eigenvariations from the flavour-tagging calibration uncertainty matrix.
The names of the other NPs are straightforward to identify based on Section

In the Asimov fits, it was also assured that NPs are not unexpectedly strongly constrained. Most NPs
showed no constraints at all. The largest constraints were seen for a few large rz-modelling NPs, with

constraints up to only 80 % of their initial uncertainty.
Pulls and constraints of NPs have been monitored in the fits to unblinded data bins, too. The constraints
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Figure 6.6: Signal injection test for the 130 GeV mass point. The x-axis shows the injected 9%,+-value in the

Asimov dataset and the y-axis shows the values from the fit. The dashed line marks the locations for which both
values agree with each other.

were weaker than for the Asimov fits due to the reduced fit range. The size of the pulls depended on the
number of unblinded bins. For the highly separating BDT scores, the largest pulls were about 20 %. For
the lower separating BDT scores, the largest observed pull was 100 %. Given the large number of NPs,
having no pull in the central value by more than 10 is an acceptable result.

Signal injection tests have been performed to ensure that the fit can reliably identify a possible signal
contribution in data. Special Asimov datasets were produced with a fixed signal contribution. Values of
B= up to 10 % — much larger than the current best upper limits on 9B,,+ — were tested. The results of
the signal injection tests are shown in Figure [6.6] for the 130 GeV mass point. The fit was able to identify
the injected value of 98,,+ for each mass point with high precision for 98,,+ values at least one order of
magnitude smaller than the current best upper limit for the given mass point.

In addition to the presented validation studies, it was checked that the expected upper limits can be
calculated successfully and that the results are in a meaningful range. An example of the CL, scan is
given in Figure[6.7] The upper limit and uncertainties are given by the u-values for which the respective
dashed line crosses the red line. The dip in the 10~ and 20 error bands at small u values is due to the
clipping of the test statistic — cf. Equation@; q, =0fora> pu

Given the overall solid validation results of the fit setup, it was decided to unblind the analysis and
perform fits to the full dataset. The unblinded results are presented in the following chapter.
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Figure 6.7: %+ scan of the CL for the Asimov dataset to determine the expected upper limit and the +1¢ and
+20 uncertainties. The red line indicates the 95 % confidence level.
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CHAPTER [

Results of the search for HT — cs

This chapter presents the results of the search for a potential H* — cs signal in data. The final
discriminants of the search are the BDT score distributions. The fits of the statistical model to the BDT
score distributions are presented in Section[7.J} The impact of systematic uncertainties on the fit results
is discussed in Section[7.2] The statistical interpretation of the fit results is presented in Section [7.3]
and compared to previous searches in Section[7.4] Lastly, the sensitivity of this analysis to a potential
H* — cb signal is evaluated and discussed in Section and an interpretation of the results in 2HDMs
with NFC is presented in Section

7.1 BDT score fit results

Post-fit BDT score distributions and yields

Figure shows the same BDT scores as in Figure [6.4] but after performing the fit of the statistical
model to the data (post-fit), as described in Chapter[f] A good agreement between data and prediction is
visible in the ratio panel for all BDT score fits. Striking are the largely reduced uncertainties on the
prediction compared to Figure[6.4] This is due to the fit taking into account correlations of NPs and
caused by constrains on NPs.

In some BDT scores a non-zero signal contribution has been fitted. It is visible at the bottom
of the stack plots. A post-fit yield of 300 signal events is retrieved for the highest bin of the H§O
BDT score distribution. This amounts to 4.6 % of the total data size in that bin and is larger than
the associated total uncertainty in that bin, which is 1.2%. In the fits to the Hjy, and Hjy, BDT
score distributions, a post-fit signal yield of only 2 and 1.5 events, respectively, is retrieved. But for
both bins, this amounts to 10 % of the total data size in the respective bins and roughly equals the
size of the total bin uncertainty. The post-fit signal yield in the fit to the H Tso BDT score distribution is zero.

To evaluate the goodness of the fits, it has been tested that the retrieved values for the NPs, determined
from the fits to the BDT score distribution, also lead to an improved data-prediction agreement in other
quantities. Distributions of a few selected BDT input features, including m IE with NPs set to the BDT
score fit values, are shown in Figure [A.T9)in the Appendix. In these plots it can be seen that the overall
agreement of predictions with data after applying post-fit NPs is very similar to pre-fit. This is due to
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Figure 7.1: BDT score distributions after fitting to data (post-fit) for the trainings with the (a) Hg,, (b) Hyp. (¢)
H7y, and (d) Hiy, signal samples.
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Table 7.1: Pre-fit and post-fit yields of the single processes in the fits to the H3, BDT score.

Process Pre-fit yields Post-fit yields H7y,
1t (ud) 1500000 + 130000 1400000 £ 91000
1t(cs) 1300000 + 110000 1300000 + 110000
it + HF 470000 £ 70000 630000 = 190000
tW 100000 + 23000 110000 + 23000
Single top 62000 = 29000 68000 = 29000
W+ jets 75000 = 32000 72000 £ 29000
Z+jets & VV 21000 = 9800 21000 = 9700
Other top & tt(allHad) & 1tH 17000 + 520 17000 + 470
Multijet 12000 + 7500 12000 + 6900
Hiy, - 1600+ 2500
Total prediction 3617809 +242000 3618339+ 11000
Data 3618340

generally small pulls on NPs, discussed in more detail below.

The pre- and post-fit yields of all processes for the fit with the H f30 signal sample are listed in Table
In the fit, a small signal contribution consistent with zero is extracted. The post-fit yields generally agree
with the pre-fit yields within the pre-fit uncertainties. The largest shift is seen for the ¢ + HF process and
will be discussed in more detail later in this section.

The total pre-fit prediction already agrees well with the total data yield. This is due to the 7f correction
and is even improved after the fit. The uncertainty on a single process neglects the correlations among
samples and can therefore be larger than the uncertainty on the total prediction. An example is the fy
parameter that totally anti-correlates the 7 + LF and 77 + HF sample yields (cf. Equation . The fyr
parameter also causes the 7 + HF post-fit uncertainty to be larger than its pre-fit value because it projects
the uncertainties of the much larger ¢z + LF background onto 7 + HF.

Figure[7.2] compares the post-fit yields of a few charged Higgs boson mass hypotheses. The predicted
tt(ud) and 11 (cs) yields vary by about 10 %, which is consistent with their uncertainties. Their variations
are not strictly correlated with each other. The 7 + HF yield variations are a bit larger, by about 15 %.
The remaining backgrounds show only small variations (total variation of ~ 2 %).

Unconstrained parameters

The fitted values of the unconstrained fit parameters are presented in Figure[7.3] Of most interest are
the values for B,,«. They are in the range from 0 to 1.43 %. For five mass points, 60, 70, 90, 150 and
168 GeV, a value of zero has been fitted. The largest value is observed for the 80 GeV mass point, but it
is associated with a large uncertainty. The 110 GeV mass point shows the most significant deviation from
zero with %+ = (0.147 £ 0.098) %. Interestingly, the neighbouring mass points also have fitted %+
values larger than zero. If a signal were present at a given mass point, it is expected to be observed as
smaller enhancements in neighbouring mass point hypotheses, too — spread over multiple neighbouring

mass points. This is the case because the mass point step size is smaller than the m Jiia resolution and the
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Figure 7.2: Vertical bar chart comparing the post-fit yields of processes for fits to the different BDT score
distributions.

kinematic differences learnt by the BDT are relatively similar. This has been proven explicitly in signal
injection tests using Asimov datasets with a fixed signal contribution. An exception here is the 80 GeV
mass point The kinematic differences between the charged Higgs boson and W boson are minor and
have low importance only in this single mass point BDT training.

The errors on B+ have to be taken with a grain of salt because symmetric errors are assumed in the
error calculation, but the extracted values are close to the border of 0, which is the physical lower bound
of B,=. Though, in fits where %+ has been unbound to allow for negative values, no change in the
size of the error bars has been visible. In the unbounded fits, the mass points that previously received
values of %+ = 0 got negative values for &+, but all agreed well with zero within their uncertainty.
Anyhow, the discovery significance presented in Section [7.3]is the meaningful quantity in expressing if
there is a signal in the data.

The cause for the large 98,+ value in the fit to the Hg, BDT score, in comparison to the other
mass points, has been investigated in more detail since the pre-fit agreement in the high BDT score
is already very good (cf. Figure . The t(ud) PS and tf(cs) FSR uncertainties show the largest
pulls in Figure [A2T] (excluding the MC statistical uncertainty) and have large shape differences with
respect to the nominal prediction. The 77(ud) PS NP is especially conspicuous because it is also heavily
constrained. The systematic templates of both uncertainties are shown in Figure [A:23] The shape
difference of the #f(ud) PS uncertainty in the low BDT score region matches exactly the disagreement
before the fit (first 10 bins in Figure[6.4), which explains the strong pull. In the high BDT score region,
both uncertainties, given their positive pulls, reduce the predicted yields. The higher the BDT score, the
larger the reduction is. This is an almost perfect anti-correlation to the signal distribution in the high
BDT score region. The signal can compensate for the reduction in the high BDT score region without
changing the agreement in the low BDT score region. This explains the large value for 98+ and its large
uncertainty, given that a pull of the two systematic uncertainties by 1o~ removes the signal contribution
almost completely. In future searches for a charged Higgs boson, pulls and constraints on the #z(ud) PS
uncertainty should be monitored carefully. It is interesting to see whether HERw1G (the alternative PS
generator) is actually better at modelling the discussed phase space or this observation is just a coincidence.
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Figure 7.3: Values of (a) %+, (b) ;; and (c) fyr for the tested charged Higgs boson mass hypotheses, extracted
from fits to the respective BDT scores.

As mentioned before, the 7 correction leads to a good pre-fit agreement of the overall 7 normalisation.
This is reflected in the fitted values of p; (Figure@l) which all agree with their pre-fit prediction of 1
within uncertainties. The size of the uncertainties on u,; are comparable to the relative uncertainty on

the 1t cross-section from dedicated measurements [[220].
The fitted values of fyy (Figure[7.3(c)) are all larger than predicted by simulation. The value of fy. is

determined most precisely for the 80 GeV mass point because the respective BDTSs’ predictive power is
based predominantly on flavour-tagging information. For the 80 GeV mass point fyy is measured to be
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Sur = 0.193 + 0.019 and deviates by about 30 from its prediction. The other BDT scores are not as
sensitive to fyp — the shapes of 77 + LF and 7 + HF are more similar — and their uncertainties are larger
by a factor of 2 to 3. Most mass point fits prefer a smaller value for fir compared to the 80 GeV mass
point, but all values agree with the 80 GeV mass point value within uncertainties.

The measurement for the 80 GeV mass point corresponds to an increase by a factor of about 1.4 in the
1t heavy-flavour fraction. Similar findings have been observed in many other analyses with a #7 final-state

in ATLAS [91} 97} 263H265] 273].

Constrained parameters

+

Figureshows the pulls of constrained parameters in the fit with the H75, signal sample. The difference
of the fitted and initial value of NPs relative to their initial uncertainties is plotted in order to make the
pulls of all NPs comparable. Most NPs are neither pulled nor constrained. Figure [7.4]shows only NPs
that are pulled by at least 10 %. Most of the pulls are below 50 %. Only a handful of NPs show pulls
that do not agree with the initial value within uncertainty. Just one NP is pulled by more than 10 and
none is being pulled by more than 20. The affected NPs are mainly related to the jet reconstruction and
the modelling of simulated 7 events. The # generator and parton shower uncertainties show the largest
constraints, ranging between 75 and 95 % of their initial uncertainty. NPs related to flavour-tagging,
lepton reconstruction, ET"** and the modelling of non-#7 processes are almost unaffected. Pulls on NPs
for the MC statistical bin uncertainty are commonly observed, as they can improve the agreement in a
bin without affecting other bins. In Figure[7.4]it can be seen that mainly the NPs of the high BDT score
bins are pulled. This is related to the small MC sample sizes in those bins.

The outlined conclusions are valid for all mass point fits. BDT scores with fewer bins show, in general,
less pulls and constraints. Plots similar to the one in Figure[7.4]for the 80, 100 and 150 GeV mass points
are shown in Figure[A21]in the Appendix. Interesting to see is that even for the 80 GeV mass point the

Systematic uncertainties

6-6)/70

Figure 7.4: Pull plot of constrained parameters in the fit with the H};, signal sample. 6 and A are the initial value
and its uncertainty, respectively, and 4 is the value estimated from the fit. Only parameters that are pulled by more
than 10 % of their uncertainty are listed. The NPs corresponding to the MC statistical uncertainties, “Stat. Unc.
bin #”, are indexed starting from zero. The H T30 has 24 bins in total, i.e. 23 corresponds to the highest BDT score
bin.
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flavour-tagging NPs show no significant pulls or constraints. This hints towards a solid flavour-tagging
calibration.

7.2 Impact of statistical and systematic uncertainties

The impact of systematic uncertainties on the fit results are measured in two different ways. In the first
method, the impact of a whole group of systematic uncertainties is measured. This helps to identify
the sources that most severly limit the analysis sensitivity, like the reconstruction of an object, the
modelling of a process, or the overall statistics. And it gives an indication of how much the analysis can
be improved, for example, by increasing the MC sample sizes. In the second method, the individual
systematic components that impact the fit results most are investigated.

Impact of groups of systematic uncertainties

The impact of a group of systematic uncertainties is determined by fixing the relevant NPs to their
post-fit values from the nominal fit and then reperforming the fit. The value of %+ is unchanged in the
new fit (%, = gAa’Hi), but the uncertainty on 9,,+ is reduced (A%B,+ < Ag}H:) because the fit has less
flexibility. The impact of NPs on A%+ cannot be retrieved by simply fixing all other NPs that are not
part of the group of systematic uncertainties because the data statistical uncertainty is essential in the
likelihood and will always contribute to the fitted A%, = .

The relative contribution of a group of systematic uncertainties to the total uncertainty (Relative
AR, = contribution) is measured as

(ABy+)* = (AB+)
(ABy=)?

The numerator is an approximation for the squared uncertainty on 9%+ caused by the group of systematic
uncertainties under consideration and assumes that the NPs are uncorrelated with NPs from the other
groups. The relative contribution to the total uncertainty is derived by dividing it by the nominal
uncertainty squared. The results on the relative contributions to A93,,+ are listed in Table[7.2] for fits to

the H §0 and H Tso BDT score distributions. The H §0 and H Tso BDT scores are chosen because one is
insensitive and the other is very sensitive to kinematic quantities.

The core conclusion from Table[7.2]is that the analysis sensitivity is limited by systematic uncertainties.
The data statistical uncertainty is estimated by fixing all NPs in the fit. It is higher for the H TSO BDT
score because the highest BDT score bins have fewer events (~ 20) than in the H' §0 BDT score (~ 6 500).
This is the result of the binning algorithm and is mainly driven by the differences in the separation
power of the BDT scores. The binning also directly relates to the MC statistical uncertainty. Hence, a
similar picture as for the data statistical uncertainty is expected. But the MC statistical uncertainty in this
analysis is primarily driven by the signal sample size, which is higher in the high BDT score region.
In fact, the signal sample size is relatively similar in all bins in the rebinned BDT score distribution.
Therefore, the MC statistical uncertainty is largest for BDT scores with many bins.

The group of ## modelling uncertainties is ranked the highest for all mass points except 80 GeV. In the
fit with the Hg, signal sample, the flavour-tagging uncertainties are more important, which is expected.
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Table 7.2: Impact of data statistical and systematic uncertainties on this analysis. The impact is estimated using fits
in which a group of systematic NPs are fixed to their nominal post-fit values. The uncertainty on 9%,,+ from the fit

(ASRB,,+) is compared with the uncertainty from the nominal fit AS = The relative contribution to the uncertainty

on B+ is calculated as ((AQA{?H:)z - (A@Hi)z) / (A@H:)Z. The groups are presented in descending order based

on their relative contribution. The sum of the individual systematic components differs from the total systematic
uncertainty due to correlations between uncertainties of different groups. The uncertainty from data statistical
uncertainties is determined from fits with all NPs fixed to their post-fit values. The relative reduction on A%, + is

calculated as (A%y,+ — ARB+)/ AR+ For reference, A%+ is 1.2 % and 0.04 % for the fits with the H 20 and
Hi5, BDT score, respectively.

3, iy
Relative A%+ Relative AR+ Relative A%+  Relative AR+
Category o . Category o .
contribution reduction contribution reduction
Data statistical 0.4 % Data statistical 14 %
Systematic 99.6 % 94 % Systematic 86 % 62 %
Flavour-tagging 41 % 23 % tf modelling 52 % 31 %
MC statistical 41 % 23 % MC statistical 12 % 6.4 %
1t modelling 25 % 13 % Weak-boson & MJ modelling 7.1% 3.6%
i & fup 4.5 % 2.3 % Single-top-quark modelling 6.3 % 3.2%
Jet 3.7% 1.9 % Hi & fup 5.7 % 2.9 %
Single-top-quark modelling 2.5% 1.2% Jet 52% 2.6 %
Luminosity & Pile-up 2.3% 1.2 % Flavour-tagging 3.9% 2.0 %
Weak-boson & MJ modelling 1.5% 0.8 % Lepton & Ess 0.6 % 0.3 %
Signal modelling 0.7 % 0.3 % Luminosity & Pile-up 0.5% 0.3 %
Lepton & EMis 0.5 % 0.2 % Signal modelling 0.2 % 0.1%

The jet uncertainties are especially highly ranked for mass points around the W-boson mass, given the
dijet mass resolution. For these mass points it plays a vital role whether one can reliably separate the
mass peaks from signal and SM 17 events.

The groups of systematic uncertainties not mentioned so far are subdominant. The modelling
uncertainties of single top-quark and W+ jets processes contributes a few percent to the total uncertainty.
Luminosity, pile-up, lepton, ET " and signal modelling systematic uncertainties are almost negligible.

The fixation of NPs in the reperformed fits implies perfect knowledge of their values. By calculating
AByy+ — ARB, =
A@ Hi

one retrieves the expected reduction on AZ,+ if this would be the case. This is also shown in Table[/.2
in the column “Relative A%+ reduction”. The results are closely related to what has already been
discussed. From the extra column one can easily infer by how much the analysis could improve if a given
group of uncertainties were better understood and constrained. As an example, if the ¢ background could
be perfectly modelled, it would reduce the uncertainty on 9%,+ in this analysis by 31 % for the H ;"50
BDT score fit. Interesting in this column is that without any systematic uncertainties, the uncertainty on
A= would be only 6 % and 38 % of its current value for the H g0 and His, BDT score fit, respectively.
A similar statement cannot be made about the data statistical uncertainty. This would correspond to
the case of infinite data. In this case the systematic uncertainties can be determined perfectly, too, and
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Figure 7.5: Ranking of NPs according to their impact on the measured 93,,+ values for fits to the (a) Hi80 and (b)

Hi]50 BDT score distributions. The impact is determined by fixing the NP under consideration to its nominal

post-fit +10 uncertainty value (8 = 8 + Af). AR, + is the difference of the fitted B+ with respect to the nominal
B value (QAS’H:). The black points with the uncertainty bars represent the NP pulls relative to their nominal
values (6)) and uncertainties (A6).

A%+ would simply vanish.

Impact of individual systematic uncertainties

In the second method the change in the fitted 93,,+ value is monitored when fixing one NP to its +1o

variation of the nominal fit: § = § + Af. The fit is reperformed and the difference with respect to % = 1S
calculated. The 20 NPs with the largest impact on &+ are listed in descending order in FigurelEt
regardless whether they cause an up or down variation on 9, ,+. The pulls of the NPs from the nomina

fit are superimposed to read off the values the NPs are fixed to in the new fits. In these fits the 9+ are
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allowed to become negative. Otherwise, for mass points in which 98+ is fitted to zero, but a %+ even
below zero is preferred by data, the plots have little explanatory power. Only NPs for which their impact
would be so large that the best-fit %,+ becomes positive showed variations. Only a handful of such NPs
for the 90 and 168 GeV mass points were seen.

The NPs in Figure[7.5]are mostly part of the groups of systematic uncertainties that are highly ranked
in Tablen Most noticeable is that for all mass points, except for 80 GeV, the tr ME, PS, hdamp and
FSR uncertainties are among the highest-ranked NPs. These uncertainties generally show the largest
shape differences in the high BDT score region. But the form of the shape differences varies largely
for the different mass points, without a clear trend. Which NP has the highest impact depends on the
(anti-)correlation with the signal shape in the high-BDT-score region.

The MC statistical uncertainties of the highest BDT score bins are usually ranked high, as the respective
bins are most sensitive to a signal.

Jet uncertainties are, as already pointed out, more important for mass points around the W-boson mass.
Ranking plots for the 100 GeV and 130 GeV mass points can be found in the Appendix in Figure[A22]
Between 4 to 5 jet-related NPs are among the top twenty. These are predominantly related to systematic
uncertainties on the jet energy resolution calibration. In comparison, only 1 to 2 jet-related NPs are in
Figure [7.3](80 GeV and 150 GeV mass points).

Flavour-tagging NPs related to c-tagging efficiencies are only relevant for the 80 GeV mass point. For
other mass points, the b, ;-jet identification is crucial. NPs related to b-tagging efficiencies increase in
importance but still have an overall low influence on %, =+ .

Systematic components not discussed so far have a small impact on the analysis and usually don’t
show up among the highest-ranked NPs.

7.3 Discovery significance and upper limits

Discovery significance

The results of the discovery tests for the different charged Higgs boson mass hypotheses are plot-
ted in Figure [7.6] The local p values, calculated as given in Equation [6.5} are shown on the y-axis
in logarithmic scale. The dashed lines indicate the discovery significance for Z equal to zero, one and two.

First of all, no discovery can be claimed, as the significances for all mass points are below 5. The
largest local significance is observed for the 110 GeV mass point with a value of about 1.5. This
corresponds to a probability of 5 % to observe the given data under the background-only hypothesis.
Given that twelve different mass hypotheses are tested, this is most likely a statistical fluctuation and
no sign of a charged Higgs boson with a mass of 110 GeV. A global significance of this search — the
observed peak at 110 GeV — would be even smaller than 1.5.

The next highest significances are observed for the 80 and 120 GeV mass points. Even though a
significant signal contribution has been predicted by the fit to the 80 GeV mass point, a large p, value
of 0.1 is retrieved. This matches the expectation given the large uncertainty on &,+. The differences
between signal and background are small for that mass point and are covered by systematic uncertainties.

All other mass points have a discovery significance below 1. The mass points with a measured 9%,,+ of
zero receive a p, value of 0.5. This is because 9,,+ is capped at zero and does not allow for downward
fluctuations; f(g,|0) has a delta function at zero with size 0.5.
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Figure 7.6: Local p, values for a charged Higgs boson signal at different mass hypotheses. The dashed lines
indicate the discovery significance — 20~ corresponds to Z = 2, etc. The calculation of the p, value and discovery
significance is outlined in Section[6.2.2}

The observed distribution of p, values agrees well with randomly drawing from a standard normal
distribution. When drawing from a normal distribution, 50 % of values are below zero, about 34 % are
in between 0 and 1o, and about 16 % are above 1o~. Multiplying the quoted probabilities by twelve, the
number of mass points the discovery significance has been calculated for, one obtains the expectations
of roughly 6, 4.1 and 1.9 for the three intervals. The observed numbers of mass points exhibiting
discovery significances in these intervals are 5, 4, and 3, respectively, and are therefore quite similar.
This agreement is another strong indication that no signal is present in the data — or it is so small that the
analysis is not sensitive enough to detect it — since a signal would lead to enhanced p, values in multiple
neighbouring mass points.

Upper limits on & (t — H*b)

The results of the upper limit calculation on the branhcing ratio of a top-quark decaying into a charged
Higgs boson and a h-quark, assuming B(H* — cs) = 100 %, are presented in Figure The limits
are calculated using the CL; technique as described in Section @ and quoted at 95 % confidence
level. The expectations and their 1 and 20~ uncertainties are derived from the background-only Asimov
dataset. The black solid line represents the observed limits in data. The limits derived at different mass
hypotheses are connected by straight lines (linear interpolation). This is motivated by tests in which
the signal sample of a neighbouring mass point has been used in the upper limit calculation, e.g. the
H fzo signal sample was fitted to the H Eo BDT score. The results were worse by just a few percent, or at
least much smaller than the 10~ uncertainty. Hence, the limits in the middle between two mass points
hypotheses are overconfident, but only marginally.
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Figure 7.7: Upper limits on B (t — H'b), assuming B(H* — cs) = 100 %, quoted at 95 % confidence level
calculated using the CL; technique (cf. Section[6.2.2). The dashed line represents the expected limits from Asimov
data and the green and yellow bands are its 1 and 20" error bands, respectively. The solid line represents the limits
extracted from the observed data.

The overall shape of the limits is characterised by the W-boson mass peak of the 7 background.
Around the W-boson mass the limits are worst and rapidly improve for mass points further away. The
strongest limits are set for the 150 GeV mass point. The mass points closer to the top-quark mass are
further away from the W-boson mass peak but suffer from a reduced signal selection efficiency (cf.
Figure@ due to the low momentum of the by, -jet. The expected limits are in the range from 0.077 to
2.3 %. The range for the observed limits is a bit larger with 0.066 to 3.6 %.

The small kink in the expected limits at 130 GeV is presumably related to a large impact of the 17 ME
systematic uncertainty of the 7 (ud) process (cf. Figure @I) The shape variation of the aforementioned
NP is similar to the signal shape in the high BDT score region. This is expected to be a coincid-
ence because the shape variation of the tr ME systematic uncertainty of the 77 (cs) process is much different.

Expected and observed limits agree well within uncertainties. This comes as no surprise, given the
discovery significances showed no anomalies. The fact that the observed data even preferred negative
B+ values in a few unbounded fits reflect in improved observed limits with respect to the expected
one for the affected mass points. To mention in that regard are the 70 and 150 GeV mass points. In
both cases the discrepancies are still well covered by the 10~ uncertainties on the expectation. Similarly,
worse observed limits are seen for mass points with positive fitted 9+ values. The discrepancy between

observed and expected agrees well with the findings from the discovery significance.
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Figure 7.8: Comparison of the upper limits on % (t — H'b), assuming B(H* — cs) = 100 %, of this analysis
with previous analyses searching for H* — cs from ATLAS and CMS . The limits are quoted at 95 %
confidence level and are calculated using the CL; technique. The ratio panel compares the limits of the two
previous analyses to this analysis (“Nominal”).

7.4 Comparison with previous results

The upper limits on 9%,+ from this analysis are compared with previous results in Figure A
comparison is made with the predecessor search performed by ATLAS with a dataset collected at
vs = 7TeV and an integrated luminosity of 4.7 ! , and with the most recent search performed
by CMS with a dataset collected at v/s = 13 TeV and an integrated luminosity of 35.9 fb! Iml Both
analyses and their strategies have been outlined in Section[2.3.2] The CMS search previously set the
most stringent limits on B (t — H* (— cs)b).

The previous ATLAS analysis set limits in the mass range from 90 to 150 GeV. The analysis presented
in this thesis could improve the expected limits in that mass range with respect to the previous ATLAS
analysis by factors between 8 to 25, depending on the mass point. The improvement in the observed
limits is a bit less with factors between 5 to 20. This substantial improvement is caused by multiple
factors. Among them are the increase in luminosity, improvements in flavour tagging, especially the
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introduction of c-tagging, and the usage of multivariate analysis methods. The BDT can improve the
limits especially well for mass points further away from the W-boson mass. For these mass points the
kinematic quantities are most important and the BDT is able to utilise correlations among them (the
previous search utilises only m ; ).

The CMS analysis set limits in the mass range from 80 to 160 GeV. The analysis presented in this
thesis could improve the expected limits with respect to the CMS analysis by factors up to 4. The
improvements at higher charged Higgs boson masses are, as before, mainly due to the BDT. For the
150 GeV mass point, the limits from the CMS analysis are weaker by around 3.5¢.

Close to the W-boson mass, the limits are roughly identical, even though an improvement is expected
due to the increased data sample size. Flavour-tagging information is most important for these mass
points and the CMS analysis has (on top of a b-tagging WP) three c-tagging WPs. The additional
c-tagging WP helps in rejecting 7 (ud) events. Another reason why the limits are not better, which affects
all mass points, is a difference in the set of the systematic uncertainties. The considered uncertainties
are in general very similar, but the CMS analysis has no uncertainty due to the choice of the generator
type/model for modelling of ME and PS in 7 events. In Section it was shown that the analysis is
dominated by systematic uncertainties and that the # ME and PS uncertainties are always among the
highest-ranked uncertainties. Henceforth, the more conservative approach in this analysis in comparison
to the CMS analysis has a significant impact on the results and has to be taken into consideration when
comparing both analyses.

For the observed limits, the CMS limits turn out to be more stringent in the mass range from 80 to
115 GeV. Around 80 GeV the limits are about 50 % smaller. Above that mass range the observed limits
from this analysis are more stringent, up to a factor of 3 at 150 GeV.

Throughout this analysis it has been mentioned a few times that at the beginning of the analysis
development a different flavour-tagging calibration was used. This calibration is also described in
Section [3.4.6and is referred to as “PCBT”. The main difference is that it has four calibrated b-tagging
WPs and no c-tagging WPs. This flavour-tagging calibration had been used because at that time no
calibrations with calibrated b- and c-tagging WPs were available. The same analysis strategy as described
in this thesis was applied, except for the usage of a looser b-tagging requirement in the event selection.

Figure[7.9|compares the limits from the analysis using the PCBT calibration with the nominal approach.
The limits of the PCBT analysis are weaker in the mass range from 60 to 140 GeV by around 10 to 40 %.
The differences in the limits fluctuate across the quoted charged Higgs boson mass range and no clear
trend is visible. On average the improvement is around 20 % in that mass range. Above that mass range,
the limits roughly agree with each other. This result is expected, as the flavour-tagging information is
less important for these mass points. The plot shows the improvement in the analysis thanks to the usage
of c-tagging.

7.5 Sensitivity to a H* — cb signal

At the beginning of the thesis it was already mentioned that this analysis was of large interest because of
the 30 local excess seen at 130 GeV by the H* — cb search . In the previous section it was shown
that a similar excess is not observed in the H* — cs search.

Figure [7.10| compares the limits from the two searches with each other. At 130 GeV the expected
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Figure 7.9: Comparison of the expected upper limits on %(t — H*b), assuming B(H" — cs) = 100 %, set with
the PCFT (nominal) and the PCBT calibration.

limits from the H* — cs analysis are about 20 % lower, but the observed limits are more stringent by
40 %. This means the sensitivity is at a similar level, but no excess is found. This means either the
branching ratio into c¢b is significantly larger than into cs or the found excess is just a statistical fluctuation
(if systematic effects are not underestimated).

The limits in the H® — cb search are much better around the W-boson mass because the decay
W — cb is rare compared to W — cs. In the H® — cb search, b-tagging is efficiently utilised to separate
signal and background events. Interestingly, the limits are almost uniform for the whole mass range.
This means that the flavour-tagging information is also superior in the high mass range in the H* — cb
search. Above 135 GeV the expected limits from the H* — cs are more stringent than the ones from the
H* — cb search. This is unexpected given the disadvantage on the flavour-tagging side and is due to a
better utilisation of kinematic differences between signal and background events in this analysis.

The dedicated H* — cb analysis uses the PCBT calibration for flavour-tagging and cannot, compared
to this analysis, tag c-jets. Considering the better-suited flavour-tagging calibration and the improved
utilisation of kinematic differences in this analysis, it is expected that the limits can be considerably
improved over the whole mass range when applying this analysis to a H* — cb signal. This conclusion
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Figure 7.10: Comparison of the upper limits on 98(t — H*b) set by this analysis and by the search for H* — cb ,
assuming B(H* — cs) = 100 % and B(H* — cb) = 100 %, respectively.

implies a retraining of the BDTs using H* — cb events as signal.

Given that the upper limits on %, + of this H* — cs analysis are compatible with the most stringent

limits on H* — cb at the 130 GeV mass point (Figure , where the excess was found, and the
proximity of the event topologies and final states of these two charged Higgs boson decay channels, it
was tested whether this analysis may be as sensitive to a H* — cb signal as it is to a H* — cs signal. If
this is the case, it is possible to enhance or decrease the significance of the excess.

It is expected that the limits, without any retraining of the BDTs, would be weaker, as the flavour-tagging
information learnt by the BDT will be different. In addition, the jet labelling procedure is optimised for
the two jets from the charged Higgs boson being non-b-jets. The flavour-tagging vetoes might veto the
correct combination much more often, and the assignment of the by, ;-jet is less often correct. Changes
in kinematic quantities due to the larger mass of the b-quark compared to the s-quark are minor, as
My > m, —mg.

Since the signal samples from the dedicated H* — cb analysis were not available anymore, new
H* — cbsignal samples were produced, similar to the signal samples from this analysis (cf. Section.
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Figure 7.11: Upper limits on %B(t — H*b) for a charged Higgs boson decaying to cb are set by this analysis
(denoted “H* — cb”). In the limit calculation B(H" — cb) = 100 % is assumed. The limits are compared to the
limits for a H* — cs signal from this analysis (denoted “H* — ¢s”) and to the H* — cb limits from the dedicated
ATLAS analysis [91]] (denoted “ATLAS H* — cb™).

Samples for three mass points around 130 GeV were created: 110 GeV, 130 GeV and 150 GeV.
The resulting limits on %+ for a H* — cb signal are shown in Figure Exactly the same

analysis strategy is applied to the H* — cb signal sample (without retraining of the BDTs). In the limit
calculation, & (t — W*b) + B(t — H*(— cb)b) = 1.0 is assumed. The observed (expected) limit is in
the range from 0.49 to 0.16 % (0.34 to 0.19 %). The observed limits agree with the expectations within
lo.

Figure also compares the limits from this analysis on a H* — cs and a H* — cb signal. Due to
the aforementioned reasons, the limits on H= — cb are weaker by around a factor of 2.

In addition, Figure compares the expected and observed limits on a H* — cb signal from this
analysis with the dedicated H® — cb analysis. At the 130 GeV mass point, the expected limits from
this analysis are a factor of 2.3 weaker. Both the expected and observed upper limits from this analysis
are weaker than the observed upper limit from the dedicated analysis by 20 % and 40 %, respectively.
This means that the analysis is unfortunately not sensitive enough to confirm the excess at 130 GeV. The
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observed limit at the 150 GeV mass point from this analysis was improved by 14 % with respect to the
dedicated analysis.

7.6 Interpretations in CP-conserving 2HDM models

This section presents the interpretations of the results on CP-conserving 2HDMs with natural flavour
conservation, defined in Table 2.I] Exclusion limits on parameters can be set based on the retrieved
upper limits on B(t — H*b) x B(H" — cs). Figure shows exclusion limits in the m, = - tan(3)

plane calculated using the 2HDMC program ||H
The following assumptions are made in the calculations:

* Alignment limit: m;, = 125GeV and sin(8 — @) = 1;

* The mass of the pseudoscalar and charged Higgs bosons are identical: my = mz;

* The mass of the heavy Higgs boson is identical to the mass of the pseudoscalar Higgs boson (but
not smaller than my): my = m, (my = 130GeV if m, < 130 GeV);

R 2 _ 2 tan(B)
Mz = Mg 1+tan®(B)

Considering these assumptions, the Type-1I model resembles the Higgs sector of the MSSM in the
decoupling limit (m, > m). And the constraints on the MSSM are similar to the derived constraints on
the Type-II model, given the SUSY particles are heavy [8T]|.

Anyhow, the discussed assumptions have a minor influence on exclusion limits set by this search.
The exclusion values depend only on the derived upper limits and the couplings of fermions to the
charged Higgs boson. The couplings determine the branching ratios %(t — H*b) and B(H* — cs).
The tree-level coupling of the charged Higgs boson to fermions depends only on tan(8). The important
assumption that is made here is that no neutral Higgs boson is lighter than m + — my,. If this were not
the case, bosonic decay modes of the charged Higgs boson would become relevant and the exclusion
limits weaken. This assumption is supported by measurements that indicate that the found Higgs boson
is the light scalar Higgs boson, which means that H* — W*H/h decay modes are not accessible for a
light charged Higgs boson. In addition, the mass terms of charged Higgs bosons and pseudoscalar Higgs
boson are very similar, making the decay H* — W*A unfavourable in most models.

The exclusion limits in the 2HDM Type-I model are shown in Figure[7.12(a)] In Type-I 2HDM:s — in
the low mass region and under the discussed assumptions — the charged Higgs boson decay branching
ratios are independent of tan(3). But the branching ratio % (t — H"b) steadily decreases with increasing
m+, because up- and down-type quarks both couple to the same doublet — the charged Higgs boson
decouples from fermions for tan(B) > 1. For these reasons only small values of tan() can be excluded.
The parameter space below the solid black line can be discarded by this search. The observed exclusion
limits vary between 12.2 at the 60 GeV mass point and 0.2 at the 168 GeV mass point.

'The default values for the top- and bottom-quark masses are 172.5 GeV and 4.75 GeV, respectively. In order to calculate
exclusion limits for the 168 GeV mass point, the bottom-quark mass has been adjusted to its PDG value of 4.18 GeV [2§]|. Only
after this change, m+ + m,, is smaller than m, for the 168 GeV mass point.
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Figure 7.12: Exclusion limits at 95 % CL of m =+ - tan(f) values for CP-conserving 2HDMs with natural flavour
conservation as defined in Table@ The exclusion limits are calculated using the 2HDMC program [IE_TI]

The exclusion limits are in general anti-correlated to the upper limits, i.e. the smaller the limits, the
more parameter space can be excluded. This behaviour is nicely visible around the 80 GeV mass point.
In addition, the branching ratio %(t — H*b) decreases with increasing m =» as the available phase
space reduces. This makes the exclusion limits weaker at high m .

The cyan and violet regions are excluded by previous direct searches at LEP and indirect flavour
physics measurements (b — sy) from Belle and BaBar, respectively. Constraints from neutral Higgs
searches for H or A are not included in the plots. Those constraints are heavily dependent on the
discussed assumptions for sin( — @), my,, etc., and do not lead to exclusions in general scenarios.
The red and blue lines are the exclusion limits from the H~ — 7, and H* — bc searches,
respectively. The exclusion limits from this search are better than the H* — bc exclusion limits because
of the much larger branching ratio B(H* — cs) > B(H" — cb). However, more values of tan(;3)
can be excluded by the H* — 71, search compared to this search. This is due to a larger branching
ratio, B(H™ — 1v,)/B(H* — cs) ~ 2.3, and tighter upper limits. The upper limits set on B+ by the
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H* — 1y, search are tighter for multiple reasons. Tau leptons are less frequently produced than jets at the
LHC, which reduces the overall background of e.g. single-top and W+ jets backgrounds. Furthermore,
7-jet identification techniques can be used to reduce backgrounds. The H* — v, search focuses on
hadronically decaying tau leptons [93]]. The tau-jets are easier to separate from other jets than c-jets
from light- and b-quark jets 274|). This is especially important for the rejection of ¢ background
events with a hadronically decaying W-boson. The last and probably most important reason is that the
W-boson branching ratio (W — 71v,) is almost a factor of 7 smaller than (W — ¢q), reducing the
overall size of the 77 background.

The exclusion limits for the 2HDM Type-II, Type-X and Type-Y models are shown in Figures [7.12(b)]
to[7.12(d)} For these models the branching ratios of the charged Higgs boson are dependent on tan(f3). In
models IT and Y, %B(t — H"b) does not decrease monotonically. Hence, B(t — H*b) x B(H" — cs)
vs. tan() is not a monotone function anymore, and it can occur that a combination of low and high
tan(B) values or only some intermediate tan(3) values can be excluded. To indicate clearly which
regions are excluded, they are filled or hatched. For clarity reasons the expected exclusion limits from
this analysis are not drawn.

The exclusion limits from LEP and flavour physics measurements in the Type-X model are identical
to the Type-I model and indicated by the violet dashed line. Everything below and left of the line is
excluded. For the other two models, these exclusion limits are not drawn because the plotted parameter
space is fully excluded by the b — sy measurements [82]).

In the 2HDM Type-II model, the H* — cs search excludes values of tan() < 2 for almost the whole
analysed mass range. The H* — 7y, search excludes high values of tan(j3). The exclusion at low and
high tan(3) of the two searches are in agreement with the expectations based on the A~ branching ratios,
discussed in Section[2.2.1] Both searches combined can fully exclude a 2HDM Type-1I model with a
low-mass charged Higgs boson between 80 and 160 GeV.

In the 2HDM Type-X model the evolution of the charged Higgs boson branching ratios with tan(g) is
similar to the 2HDM Type-II model. For this reason the exclusion limits are alike. The main difference
is that, as in 2HDM Type-I, both quark types couple to the same doublet, and the branching ratio
B(t — H*b) reduces significantly with increasing tan(8). As a result, large tan(/3) values cannot be
excluded.

In the 2HDM Type-Y model, the H* — cs channel is relevant for all tan(3) values. The branching
ratio B (t — H'b) is similar to the Type-II model and is smallest for intermediate tan(3) ~ 10 values.
This search does exclude the full tan(8) space in the analysed search range, except for a few intermediate
tan(B) values. The branching ratio B(H* — cb) is dominant at tan(3) > 2 in the Type-Y model. This
enables the H* — cb search to exclude the intermediate tan(3) values not excluded by this search. The
two searches combined fully exclude a 2HDM Type-Y model with a low-mass charged Higgs boson
between 80 to 150 GeV.

In summary, in the discussed models the H* — cs search only improves the exclusion limits in
the 2HDM Type-I model upon the previous exclusion limits set by LEP and from flavour physics
measurements. In the Type-I model, the H* — 7, channel is more sensitive. Considering only direct
searches, the H* — cs search can mainly exclude new regions thanks to its extended mass range.

It should be noted again that there are other 2HDM models with natural or minimal flavour conservation,
models with new symmetries, etc., in which the H* — cs channel can be most sensitive.
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Summary and conclusion

This thesis presents the search for a light charged Higgs boson that decays to a cs quark pair. A charged
Higgs boson is predicted by most theories with an extended Higgs sector and the c¢s channel is one
of the dominant decay modes. The focus is set on semileptonic 77 events where one top quark decays
into a charged Higgs boson and a bottom quark, /7 — bbH*(— ¢s)W* (— €v). The search analyses pp
collisions data at v/s = 13 TeV collected with the ATLAS detector between 2015 and 2018. An event
selection is applied to filter semileptonic 77 events and the ¢ system is reconstructed. Signal events in data
are identified with the help of a boosted decision tree that utilises top-quark kinematic, flavour-tagging,
and spin-related quantities.

No significant signal excess is observed for any of the twelve signal mass hypotheses between 60
to 168 GeV. In that mass range, observed (expected) upper limits at 95 % CL on the branching ratio
B(t — H*b), assuming B(H* — cs) = 100 %, are set between 0.066 % (0.077 %) and 3.6 % (2.3 %).
These are the first direct limits on 98(t — H*b) in the cs channel in the charged Higgs boson mass range
from 60 to 80 GeV and 160 to 168 GeV. The limits from this analysis supersede limits from previous
searches in the mass range from 120 to 160 GeV.

The results are interpreted in terms of popular CP-conserving two-Higgs-doublet models with natural
flavour conservation. New regions in the m .+ - tan(f) plane, which are not already excluded by previous
direct or indirect searches, cannot be excluded.

The sensitivity of this search to a H* — cb signal is estimated. The analysis sensitivity is not sufficient
to assess the validity of the excess at 130 GeV found by the dedicated H® — cb search. The results
indicate that when retraining the BDT with the H* — cb signal samples, the sensitivity of this analysis
supersedes the dedicated analysis.

In this thesis, several options are given for how the search for a H* — cs signal could be further
improved in the future. Among them is the usage of attention based machine learning tools to label
the jets in an event. It has been shown that the search is limited by systematic uncertainties, and the
ones related to the modelling of the 77 background are dominant for all charged Higgs boson mass points
except the one at 80 GeV. An improved understanding of the ¢ production process will significantly
enhance the sensitivity to a charged Higgs boson.

Furthermore, a combination of the cs and cb channels in the search for a charged Higgs boson is
sensible. A caveat in the presented H* — cs search is that it does not account for a H* — cb signal.
For certain models and parameter spaces the decays of the charged Higgs boson into a cs and cb quark
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pair are both relevant. An example is the 2HDM Type-Y model with intermediate and large tan(;3)
values. For this reason the limits are only quoted assuming B(H* — cs) = 100 %. In order to calculate
limits on B(t — H*b) x B(H* — cs), the H* — cb signal has to be separated from H* — cs. The
only difference between the two decay modes is the existence of a b-jet instead of a light-jet in the final
state. A simple selection based on the number of b-jets is not sufficient, as about two thirds of the
H* — cb events in the signal region have only two b-tagged jets. A better separation can be achieved by
reconstructing the 77 system and testing the flavour-tagging scores of the two jets stemming from the
charged Higgs boson. This already comes close to a search for H* — cb with many similarities to the
H* — cs signal.

In a combined search, a similar analysis strategy to what has been presented in this thesis can be
applied. Just instead of a binary classifier, a multi-class classifier has to be trained with a background and
two signal classes. Even the same input features as in this analysis can be utilised because the kinematics
of both signals are very similar, and differences in the flavour-tagging composition are considered by
the flavour-tagging quantities. In a simultaneous fit of the MVA output score distributions, both signal
contributions (branching ratios) can be extracted coherently. Knowing both signal strengths facilitates
the calculation of exclusion limits with varied contributions of the two decay channels. This limit
calculation with varied contributions is commonly done in searches for new particles with unknown
decay properties, e.g. vector-like quarks [275].

This thesis highlights why the search for a charged Higgs boson is of interest and presents a new
analysis that yields improved exclusion limits in the c¢s channel. With an increasing integrated luminosity
of the LHC dataset or with the help of new experiments with enhanced centre-of-mass energies, we may
obtain certainty about the existence of a charged Higgs boson. For this reason, the search for a charged
Higgs boson will remain an important research topic in the future. The search presented in this thesis
can guide future analysis to refine their analysis strategy. And thanks to the improved upper limits on the
production cross-section of a charged Higgs boson decaying into cs quarks, new parameter spaces of
models predicting a charged Higgs boson can be constrained. This can guide theoreticians to develop
and refine models with a charged Higgs boson.
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Auxiliary material
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Table A.1: Fit parameters and their uncertainties of the linear-plus-exponential function (£, (x, St) = xo + xSt +
xzex3ST) fit to the #f correction weight templates. The uncertainties on the parameters may be large compared to
the fitted value and total uncertainty, as the fit parameters are highly correlated.

Niys  Parity Xo X Xy X3
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Figure A.2: Distribution of w,, for the Nj.equal 4 bin for the even parity and the corresponding fit of a

linear-plus-exponential function is shown as a solid green line. The uncertainties include data and MC statistical
uncertainties.
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Figure A.3: Comparison of the MJ distribution before and after the ¢7-correction has been applied. The uncertainties
include data and MC statistical uncertainties.

157



Appendix A Auxiliary material

A.2 BDT input feature distributions
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Figure A.4: BDT input features: Hadronic-top kinematics.
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Figure A.4: BDT input features: Leptonic-top and #7-system kinematics.
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Figure A.4: BDT input features: Event-level properties.

159



Appendix A Auxiliary material

Data / Pred.

Events

Data / Pred.

T T T
Vs =13TeV, 140fb™ 4 Data - Hy*
- Hfso* [tt(ud)
[Ott(cs) Ott+HF
[l Other 7 Uncertainty

Signal Region

* normalised

to total background yield

10 ;

1. B

G S

0.8F g

0 T 2 3 z a
PCFT-score j N

1 ! | 2

107E (s=13TeV, 140fb™ { Data -~ Hi* E 5

w

Signal Region

- Higo* (ti(ud)
[Oti(cs) Jtt+HF

W Other 7 Uncertainty

* normalised o total background yield

Data / Pred.

Data / Pred.

PCFT-score b,

T T T T
s=13TeV, 140fb™ } Data - Hg*
Signal Region - Higo* (Jtt(ud)
[Ctt(cs) [Jtt+HF
[l Other 7 Uncertainty
*normalised to total background yield

P Lz

0 1 2 3 4

PCFT-score j )

T T T
Vs=13TeV, 140fb™ } Data - Hgg*
Signal Region - Higo* [(Jtt(ud)
[Ott(cs) CItt+HF
[l Other 72 Uncertainty

* normalised to total background yield

x A
: o T 2 3
Ne.tag oose

* normalised to total background yield 3

Events

Signal Region

F T
E (s=13TeV, 140fb™ } Data - Hg*

-~ Hiso* (ti(ud)
[tt(cs) OItt+HF

[l Other 7 Uncertainty
* normalised to total background yield

Data / Pred.

PCFT-score b, 4

10

Events

10°

10°

Signal Region

F T

E (s=13TeV, 140fb™ } Data
-~ Hig* ti(ud)
[ti(cs) [Jtt+HF

[l Other 7 Uncertainty
* normalised to total background yield

T
L HEx
Hgo

i

0.8F

Data / Pred.

T T

Vs=13TeV, 140fb™ t Data -~ Hy*

Signal Region - Higo* (JtT(ud) Signal Region
[Ott(cs) OJtt+HF
[l Other 7 Uncertainty

T T T
Vs=13TeV, 140fb™ { Data - Hgy*
~Hig* Oti(ud)
[Ott(cs) OJtt+HF

Wother 7

* normalised o total background yield

2 3

Uncertainty

< 102
0 g 12 o
s 2 s
S 08F 3
7 8 0 T z 3 z
Nip-tag toose N tag tight

Figure A.4: BDT input features: Flavour tagging properties.
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Figure A.5: Linear correlation coefficients of the BDT input features in percent for the H7y, signal sample.
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Figure A.6: Feature importance in the final BDT training with the HT30 signal sample. The overall feature
importance is normalised to 1. (a) Importance based on the number of times a feature has been used to split a
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A.3 BDT score distributions
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Figure A.7: BDT score from the training with the 60 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.8: BDT score from the training with the 70 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.9: BDT score from the training with the 80 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.10: BDT score from the training with the 90 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.11: BDT score from the training with the 100 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.12: BDT score from the training with the 110 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.13: BDT score from the training with the 120 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.14: BDT score from the training with the 130 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.15: BDT score from the training with the 140 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.16: BDT score from the training with the 150 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.17: BDT score from the training with the 160 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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Figure A.18: BDT score from the training with the 168 GeV mass point: (a) Initial, (b) rebinned and (c) post-fit to
data.
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A.4 Post-fit BDT input feature distributions
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Figure A.19: Post-fit BDT input feature distributions. (a) b, ,4-jet pr, (b) cos (6"), (c) PCFT score j,, and (d-f)
m;, ;.. The NPs are set to values extracted from fits to BDT scores. Which BDT score has been fit is indicated by
the signal sample in the legend.

168



Appendix A

Auxiliary material

A.5 Systematic uncertainties
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Figure A.20: Systematic uncertainty templates before (original) and after (modified) symmetrisation and smoothing
for the H7;, BDT score. The ratio plot visualises the relative difference with respect to the nominal template. (a)
FSR uncertainty of the ¢t (ud) sample; (b) hgamp uncertainty of the tt(cs) sample; (c) Alternative parton shower

generator uncertainty of the 7+ ¢ sample; (d) Alternative matrix element generator uncertainty of the 77+ b sample.
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Figure A.22: Ranking of the NPs according to their impact on the measured 9,,+ values for fits to the (a) H* o

and (b) H" |5, BDT score distributions. The impact is determined by fixing the NP under consideration to its
nominal post-fit +1¢ uncertainty value. 6 = 6 + Ad is the value to which the NP under consideration is fixed
in the fit, where @ is the best-fit value of the NP from the nominal fit and Af is its 1o~ uncertainty. A%, + is the
difference of the fitted %+ with respect to the nominal %+ value (By+). The black points with a horizontal
line represent the NP pulls relative to their nominal values (6,) and uncertainties (Af).
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