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Abstract

The Large Hadron Collider allows to conduct precision measurements of a large variety
of processes and perform searches for beyond the Standard Model physics at unprece-
dented energy scales. Searches for Higgs boson pair production are of particular interest
as measurements are expected to give access to the Higgs boson self-coupling, which
would constitute a direct test of the Higgs mechanism. Moreover, many theories beyond
the Standard Model predict heavy resonances, X, which decay into two Higgs bosons.
In these topologies, the Higgs bosons are heavily boosted, such that they appear very
closely in the detector and the decay products cannot be resolved individually any more.
In order to gain sensitivity to resonant and non-resonant Higgs boson pair production,
it is important to exploit the dominant Higgs boson decay to two b-quarks.

As a baseline procedure, boosted Higgs bosons decaying to two b-quarks are recon-
structed from purely calorimeter-based large-R jets, while the b-quarks are identified as
a pair of b-tagged track jets. For Higgs bosons with transverse momenta larger than
1 TeV, the performance of the standard H — bb tagging approach deteriorates quickly
as a result of overlapping hadronic decay products. The performance of three alterna-
tive subjet tagging techniques, namely variable-R track jets as well as exclusive-k; and
center-of-mass subjets was studied in the context of the resonant HH — bbWW* decay
channel for three resonance masses mx = 1, 2 and 3TeV. Variable-R track jets were
shown to provide the best performance with a significant improvement in efficiency and
background rejection.

The finite size of topological clusters in the calorimeter limits the resolution of jet
substructure variables, which can provide important aid in the identification of Higgs
jets. Angular information from the inner detector can be exploited to overcome these
limitations. For the first time, the H — bb tagging performance of track-assisted reclus-
tered jets used to reconstruct the Higgs bosons was studied. The performance was
assessed for various different reclustering algorithms and jet sizes. Several substructure
variables were studied, from which the energy correlation function ratio C; was found to
provide the best separation power. Larger jet sizes were found to increase the rejection
of top jets, while smaller jet sizes were found to be beneficial for the discrimination
against QCD jets.
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Chapter 1

Introduction

So that I may perceive whatever holds

The world together in its inmost folds
— J. W. von Goethe, Faust I

Humanity’s knowledge about the innermost structure of the universe is the result of many decades
of fundamental research. Today, the Standard Model (SM) of particle physics is the most precise
and experimentally verified theory of nature. Its triumph began in 1961 when Sheldon Glashow
discovered a way to combine the electromagnetic and weak interactions into a single electroweak
theory [1]. In 1967, Steven Weinberg and Abdus Salam incorporated the Brout-Englert-Higgs
mechanism [2-4] in Glashow’s electroweak theory [5, 6] and shaped the SM as we know it today.
The electroweak theory was confirmed in 1983 with the experimental discovery of the Z and W
bosons [7, 8]. With the discovery of the Higgs boson in 2012 [9, 10], the full range of particles’
predicted by the SM was observed for the first time. While this has been a major accomplishment
and experimental results are consistent with the predictions of the SM so far, many questions still
remain open today. Therefore, searches for extremely rare processes as well as for heavy particles
predicted by extended models have become increasingly important with more and more high energy

collision data available.

Higgs pair production processes are promising for searches of new heavy resonances such as the
heavy C P-even scalar X which is predicted in two-Higgs-doublet models [11] or the spin-2 Kaluza-
Klein excitations in the bulk Randall-Sundrum model [12-14]. Given the rare nature of the process,
it is important to exploit the large H — bb branching ratio of the single Higgs decay. Nevertheless,
searches for heavy resonances in the multi-TeV range are very challenging, as the decay products
are highly Lorentz boosted and appear very close to each other in the detector such that they
cannot be resolved individually. As a consequence, the Higgs boson in such topologies is usually
reconstructed as a large-R jet and the b-quarks are identified as subjets using small-R track jets

from the inner detector.



1. Introduction

In order to push the reach for new physics to higher mass scales, several alternative subjet recon-
struction algorithms have been developed in recent years. This thesis presents performance studies
of modern subjet reconstruction methods for boosted H — bb tagging in the X — HH — bbWW*
channel. Moreover, the impact of using track-assisted reclustered jets [15] for H — bb tagging

instead of purely calorimeter-based large-R jets is investigated for the first time.

The thesis is structured as follows: In Chapter 2, a concise overview on the Standard Model and the
BEH mechanism is given, followed by a short discussion of extended models and their implications.
Furthermore, the process of event simulation as well as the current status of experimental limits on
Higgs boson pair production is outlined. In Chapter 3, the structure and functioning of the ATLAS
detector at the LHC is briefly described. In Chapter 4, experimental techniques for boosted jet
reconstruction and identification relevant for this thesis are outlined. Finally, a truth-level study
of the kinematic properties of the bbWW* decay channel and the performance studies of H — bb
tagging are presented in Chapters 5 and 6 respectively.



Chapter 2

Theoretical Overview

The ultimate goal of particle physics is to understand the fundamental nature of energy, matter,
space, and time by precisely studying the properties and the interactions of all existent particles
in the universe. While currently the Standard Model represents the best theoretical framework at
our disposal, it fails to provide some of the most long sought answers of our time. In this chapter,
a concise theoretical overview of the SM is given and its shortcomings as well as some extension
of the SM are briefly discussed. Furthermore, the relevant phenomenological results as well as the

process of event simulation is described.

2.1. The Standard Model of Elementary Particles

The unification of quantum mechanics and special relativity led to the development of a basic theo-
retical framework known as quantum field theory (QFT). In quantum field theories such as the SM,
particles emerge as a consequence of excitations of their underlying fields. In the SM, electroweak

and strong interactions are described by gauge fields which preserve local gauge invariance under

SU(3) @ SU(2) @ U(1)
_

strong electroweak

symmetry transformations. The interactions between elementary particles are mediated by quanta
of these fields. While the strong interaction is mediated by eight massless gluons, the electroweak
mediators resulting from the underlying SU(2) ® U(1) symmetry are one massless photon v and
three massive gauge bosons W, W~ and Z. The masses of the gauge bosons are generated by a
process known as Electroweak Symmetry Breaking (see Section 2.1.3) which predicts the existence
of the scalar Higgs boson, H. A summary of the properties of the bosons in the SM is shown in
Table 1.

Tab. 1: Summary of the properties of

Boson J* Mass (GeV] the bosons in the Standard Model
Photon ~voo1T 0 [16]. J¥ denotes the spin, .J, and the
W wt 1- 0.4 parity, P, of the particle.
Z Z 1~ 91.2
Gluon (x8) ¢ 17 0
Higgs H 0F 125.1
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2.1.1. Particle Content

Noether’s theorem [17] states that if a system has a continuous symmetry, then there exists an
associated conserved quantity. Therefore, each symmetry in the SM can be linked to a conserved
quantity. While the strong interaction SU(3)c can be associated with a quantum number known
as colour charge, the electroweak symmetry groups SU(2); and U(1)y can be associated with
the weak isospin I and the weak hypercharge Y respectively. The electromagnetic charge @ is
connected to both through the relation Q = I3 + %, where I3 is the third component of the
weak isospin. Spin-% fermions in the SM are classified into leptons and quarks. While quarks
interact strongly and carry one of the three colour charges (red, green or blue), leptons only take
part in electroweak interactions. As a consequence of the chiral structure of SU(2)r, only left-
handed fermions couple to the gauge bosons associated to the electroweak interactions. For this
reason, fermions are furthermore categorized into left-handed doublets with isospin I = % and
right-handed singlets with isospin I = 0. Each fermion comes in a threefold copy with identical
quantum numbers but increasing masses. While the first generation of leptons contains the electron
e and its corresponding electron neutrino v, the second and third generation consists of the muon
p and its corresponding muon neutrino v, and the 7-lepton and its corresponding T-neutrino v,
respectively. Similarly, the first, second and third generation consists of the up-type quarks up wu,
charm c and top ¢ in addition to the down-type quarks down d, strange s and bottom b respectively.
While up-type quarks carry an electric charge of —i—% e, down-type quarks have —% e. Finally, every
fermionic particle in the SM has a corresponding antiparticle with the same properties, except that
the electrical charge as well as its handedness is flipped. A list of the fermions and a summary of

their properties are shown in Table 2.

Leptons Quarks
Generation Particle Charge [¢] Mass [GeV] Particle ~ Charge [¢] Mass [GeV]

electron

—9 2
First neutrino ¢ 0 <2x10 up Y *3 0-002
electron e~ -1 0.0005 down d —% 0.005
muon —4 2
Second neutrine vy 0 < 1.9%x10 charm ¢ +3 1.27
muon 4~ -1 0.1057 strange s —% 0.096
tau —2 2
Third neutrine vy 0 <1.8x10 top t +3 173.21
tau T -1 1777 bottom b -3 4.66

Tab. 2: Summary of the properties of the fermions in the Standard Model. The values are taken
from Ref. [16].
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2.1.2. Gauge Interactions

In the Lagrangian formalism of QFT, a free fermion of mass m is described as a spinor ¥ by the
Lagrangian density

Lp = iy ) — mypp, (2.1)

where 4# are known as gamma matrices, which are defined by the anticommutation relation
{v*,7"} = 29" I4. The underlying symmetry principles of the SM require the Lagrangian density

to be invariant under local gauge transformation
b — ei€@ 5y, (2.2)

where €(x) is a space-time dependent phase factor and 7 the group generators associated to the
corresponding symmetry. While Equation 2.1 does not retain this symmetry principle, local gauge

invariance can be established by introducing a covariant derivative

!l

Oy = Dy=08,+ig=A,. (2.3)

[\

The local gauge invariance is preserved by introducing additional vector fields ffu and an arbitrary
parameter g that will correspond to the interaction strength associated to the field. It can be shown
that for a general transformation U, the components of the fields A_;L are required to satisfy

i pr— i, 2
Uri AU 1 A+ 5 (

9, U) UL, (2.4)
In general, requiring a Lagrangian density to be invariant under some local gauge transformation
will give rise to associated vector fields, which are known as gauge fields. In the SM, three of these
symmetries are incorporated. While in the electroweak sector one gauge field B, is required by the
U(1)y symmetry, three gauge fields Wﬁ (1 = 1,2,3) are associated to the SU(2)r group. For the
strong interaction, the SU(3)c symmetry generates a total of eight gauge fields Gy (a=1,..8),
which correspond to the 8 color charge combinations of the gluons. While U(1)y is an Abelian
group, SU(2);, and SU(3)c are non-Abelian and therefore give rise to self-interactions of the
associated gauge bosons. The covariant derivative introducing the couplings between fermionic

and bosonic fields which guarantees the local gauge invariance of the SM is given by

D, =0, + z’%YBH + z'%nwg + i%)\aGZ, (2.5)
—_—— —/— —
Uy SU(2)L SU(3)c

whereby Y and the matrices 7; and )\, are the generators corresponding to the U(1), SU(2) and
SU(3) groups, respectively. While the strong interaction can be associated directly to the gluons,
a similar association of the electromagnetic and weak interactions with the gauge bosons is not

possible. Instead, the experimentally accessible fields exhibit themselves as linear combinations of
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the gauge fields:

3 12
4, = g2Bu + W), Wj _ W, \—szu
V9t + 93 2 26)
3 1 a2 :
7, — 92W;, — g1By, W — W, +iW;

I
Vot + g V2

Here, A, corresponds to the physical photon field, Z,, to the Z boson field and Wﬁc to the W+
boson fields. The Lagrangian density fully describing all fermions and their interactions can then
be given by summing the Dirac terms in Equation 2.1 for all fermions and replacing the derivatives

with the covariant derivatives 2.5 such that the resulting structure becomes

1

L= 1

1 1 v, Tf .
— GGl = JW, W — 2B B 4 1Dy V], + Ui Dy b, (2.7)
where ¢£ (r) denotes all left (right) handed fermion isospin doublets (singlets). While the first three
terms describe the kinematics of the gauge fields, the last two terms describe the kinematics of the
fermions as well as the interactions between the fermionic and bosonic gauge fields. By construction,
Equation 2.7 is invariant under local U(1)y ® SU(2);, ® SU(3)¢ gauge transformations. However,

the addition of fermionic mass terms

mynp = m (1/_1R¢L + ¢_L¢R) ; (2.8)

spoils the necessary SU(2);, gauge invariance, since right-handed isospin singlets transform differ-
ently than left-handed doublets. Furthermore, bosonic mass terms of the form —m2AMA“ must also
be excluded from the theory in order to preserve the SU(2);, gauge invariance. With the exclusion
of the respective terms, all fermions as well as the gauge bosons are predicted to be massless. As
masses of the fermions, W+ and Z bosons have been experimentally determined to be non-zero
[7, 8], an alternative mechanism is required to explain the generation of masses in the SM. This is

known as Electroweak Symmetry Breaking (EWSB) and is described in Section 2.1.3.

2.1.3. Electroweak Symmetry Breaking

In order to generate the masses of the gauge bosons in the electroweak sector, the SU(2) symmetry
of the vacuum needs to be broken while retaining the invariant nature of the Lagrangian density.
In the 1960’s, this spontanous symmetry breaking was incorporated into the SM and is referred to
as the Brout-Englert-Higgs (BEH) mechanism [2—4]. The BEH mechanism introduces a Higgs field

® as a complex scalar doublet
+ X 10o(X
¢®:(i>:¢ﬂ)f@”>' 29)
¢ P3(x) + ida(x)
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The resulting invariant Lagrangian density corresponding to the Higgs field in its most general form

can be written as

Ly = (D'®) D,d - V(®), (2.10)

where ,
V(@) = p20f® + \ (of0) (2.11)

is known as the Higgs potential. Here, A is a positive arbitrary parameter while the sign of the
parameter ;2 defines the form of the Higgs potential. While for ;2 > 0, the potential has one global

minimum at ® = 0, the potential takes an infinite set of non-zero degenerate minima at

v (2.12)

2

—p
ofp = ——
oA 27

for u? < 0. The parameter v is known as the vacuum expectation value (VEV) of the field ®.
In the two-dimensional case of a complex scalar field ¢ = ¢re + 1¢mm, the non-zero VEVs lie on a
circle. The form of such a potential for % > 0 as well as for u? < 0 is visualized in Figure 1a and

1b respectively.

Fig. 1: The Higgs potential V(¢) for u? > 0 (a) and u? < 0 (b) for a complex scalar field ¢.

While in the case of u? > 0 the theory is said to be unbroken, one of the infinite number of
VEVs is chosen for ;2 < 0 such that the symmetry of the Lagrangian is spontaneously broken.
When writing the field in unitary gauge and expanding the Higgs doublet around the electroweak
symmetry breaking VEV

o) = L (2.13)
G v+ H(x)) '
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a new massive scalar boson H, which is known as the SM Higgs boson, as well as quadratic mass

terms of the gauge bosons naturally emerge in the Lagrangian. The predicted masses are given by

s 1
mpg = 2)\2}2 mw = 5921}
(2.14)

1
mZ:?)\/g%—Fg% mag =20

Furthermore, the expansion yields cubic and quartic Higgs boson self-coupling terms
1
Ly D uNH? + ZAH‘*, (2.15)

which predict trilinear and quartic Higgs boson self-couplings. The resulting interaction vertices

and their respective coupling strengths are shown in Figure 2.

H H H
\ N ’
\\ N e
\ AN
vA®---- H K ove!
/ e A
// , AN
H H H

Fig. 2: Trilinear and quartic self-couplings of the SM Higgs boson.

While the spontanous symmetry breaking of the U(1)y ® SU(2)1 gauge group generates the masses
of the W and Z bosons, fermionic masses do not naturally emerge from the BEH mechanism.
Nonetheless, the BEH mechanism can be expanded to also explain the fermion masses. This can

be achieved by the addition of Yukawa coupling terms
Lyviava = —g5 (P00 + 0du]) . (2.16)
The fermion masses arising through the coupling of the fermions to the Higgs field are given by

(2.17)

mf:

S
SIS

2.2. Physics Beyond the Standard Model

While the SM offers a precise description of nature and elegantly describes the origin of mass, many
unanswered questions remain. Physics beyond the SM (BSM) is expected to exist due to various
reasons which are outlined in the following. Firstly, the SM excludes gravity in its theoretical
framework, such that it cannot be considered a theory of everything (ToE). While there have
been several attempts to quantize the gravitational interaction in the framework of QFT, resulting
quantum theories of gravity are perturbatively non-renormalizable and therefore cannot be used to

make meaningful physical predictions [18-21].
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Furthermore, astrophysical observations show the existence of a significant amount of neutral, non-
baryonic matter [22, 23] which is known as dark matter (DM). To explain these observations,
many lines of reasoning suggest that DM consists of some new weakly interacting massive particles
(WIMPs) [24], for which the SM cannot provide a suitable candidate. Also, the SM predicts a
slight asymmetry between matter and antimatter due to C'P violation, but there is currently no
mechanism that can explain the overwhelming excess of particles to antiparticles in the universe

[25].

From a theoretical perspective, some features of the SM might be considered unaesthetic. For
instance, the bare mass of the Higgs boson is heavily fine-tuned with massive quantum loop cor-
rections on the order of the Planck mass in order to explain the magnitude of the observable Higgs
boson mass. This large discrepancy between the observable and the natural value of the Higgs
boson mass, which is known as hierarchy problem [26], is considered unnatural and may indicate
the existence of a more fundamental theory. Finally, the unification of the electromagnetic and
weak force lead to the hope that all three forces in the SM unify at some energy scale. However, for

the SM to be self-consistent, a convergence of all couplings in a single value is not possible [27-31].

2.2.1. Two-Higgs-Doublet Models

As a result of the problems mentioned in Section 2.2, many models try to extend the SM. As
experimental observations are in harmony with the predictions of the SM, BSM extensions are
required to reduce to the SM in a low-energy approximation. One of the simplest well-motivated
extensions to the SM are known as two-Higgs-doublet models (2HDMs) [11]. While 2HDMs retain
the SU(3)c ® SU(2)r, ® U(1)y structure of the SM, the Higgs sector is extended by adding an
additional SU(2)r doublet ®9, leading to two complex fields

ne(5) e
1 = and CI)Q = . (2.18)
A 9

2HDMs offer very large parameter spaces such that phenomenological studies require additional
simplifying assumptions. While 2HDMs allow for sources of C'P violation in the Higgs sector in
general, C'P conservation is usually assumed. If one furthermore assumes that C'P is not spon-
taneously broken and that discrete symmetries eliminate all quartic terms odd in either of the

doublets from the potential, the most general scalar potential yields

A 2 A 2
V = mii @] @1 + my, @40y —mi, (9]0 + @421 ) + T (@]@1) + T2 ()
T ol F o bl 25 [ (ol e ) o) (2.19)
+ A3 @] 21 @40y + D[ P20]0 + T [(@1%) n (¢2<1>1) ] ,

for two complex doublets ®; and ®9 and hypercharge Y = +1 [32]. The aforementioned assump-

tions allow to reduce the parameter space from 14 free variables to a smaller set of real parameters

2

Ai and m;;. Furthermore it is useful to introduce the quantities v* = v% + v% and tan 8 = vy /vy,
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where v; and vy are the VEVs of the fields ¢1 and ¢o respectively, as the phenomenology of the
2HDMs is heavily dependent on these parameters. With the introduction of two complex scalar
doublets there are eight fields from with which three generate the masses of the Z and W+ gauge
bosons. After EWSB the remaining fields correspond to five physical Higgs bosons:

H=-V2 (Re{@?} - v1> sina 4 v/2 (]Re{@g} - 1)2) cos v
X =12 (Re{@?} — vl) cosa + V2 (Re{@g} — UQ) sin «v

A = —/2Im{®9} sin § + vV2Im{®3} cos 5
H* = —(Iﬁc sin 3 + <I>§E cos 3,

(2.20)

where « is a mixing angle dependent on the various couplings of the potential. While H can be
associated to the observed SM-like Higgs boson, X is a heavier neutral copy of H, A is a C'P odd
pseudoscalar and H* denotes two charged Higgs bosons. In comparison to the single free parameter
myg in the Higgs sector of the SM, this model has a total of six free parameters: the four masses

of the Higgs bosons as well as the ratio of the VEVs and the Higgs mixing angle «.

In general, 2HDMs allow the existence of tree-level flavour-changing neutral currents (FCNCs).
However, strict experimental limits on FCNCs as well as on C' P violating transitions [33] disfavour
the existence of these processes at leading order. Assuming natural flavour conservation, only four

possible types of 2HDMs remain (see Table 3).

Tab. 3: Fermion couplings to the Higgs dou-

Model drp /£

o Uk R TR blets for 2HDM models which lead to natural
Type I &, &, &, flavour conservation. u denotes up-type quarks,
Type 11 Dy B, D d down-type quarks and ¢ charged leptons. The

Lepton-specific @y @y @ couplings are taken from Ref. [32].

Flipped Dy D Do

The remaining models are categorised according to the type of fermion couplings they exhibit.
Similar to the SM, the quark and leptons solely couple to one of the Higgs doublets in Type I
2HDMs, ®5 by convention. In Type II models, ®; is assumed to couple to leptons and down-type
quarks, while ®5 couples to up-type quarks and neutrinos. Other models include the lepton-specific
2HDM where all quarks couple to ®4, while leptons couple to ®1; and the flipped model, in which
only the down-type quarks couple to 3 and the remaining particles to ®;. In Table 4, the strength
of the respective Yukawa couplings of up-type quarks, down-type quarks, and charged leptons to

the neutral Higgs bosons H, X and A in the four different models are shown.

While two-Higgs-doublet models are considered to be promising due to various reasons, Supersym-
metry (SUSY) [34-38] is the best-known motivation for 2HDMs. SUSY, at the very least, doubles
the particle content of the SM by introducing an additional bosonic state for every fermion and
vice versa. These additional particles are known as superpartners. As a result, it addresses most

of the problems described in Section 2.2.

10
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Fermion Boson Type I Type 11 Lepton-specific Flipped
H cosa/sinf8  cosa/sinf cos o/ sin cos o/ sin
u X sina/sinff  sina/sin g sin v/ sin 3 sin v/ sin 3
A cot 3 cot 3 cot 3 cot 3
H cosa/sinfS  —sina/cosf3 cos o/ sin —sina/ cos
d X sina/sinf8  cosa/cosf sin v/ sin 3 cos v/ cos
A —cot 8 tan g —cot 8 tan g
H cosa/sinf3 —sina/cosff  —sina/cosf cos «/ sin 3
l X sina/sinf8  cosa/cosf3 cos a/ cos 3 sin o/ sin 8
A —cot 3 tan 3 tan 3 —cot 3

Tab. 4: Yukawa couplings of up-type quarks u, down-type quarks d, and charged leptons /¢, to the
neutral Higgs bosons H, X and A in the four different models. The couplings are taken from Ref.
[32].

For instance, it is able to solve the hierarchy problem by ensuring the exact cancellation of quadratic
divergences with the introduction of aforementioned superpartners [39, 40]. Moreover, a local theory
of Supersymmetry (SUGRA) [41] promises the integration of gravitational interactions and provides
a natural candidate for a possible spin-2 graviton. SUSY also allows the inclusion of additional
sources of C'P violation as well as it may allow the three gauge couplings to unify at a scale
near the Planck scale. As SUSY’s parameter space is extremely large, Minimal Supersymmetric
Models (MSSMs) [42], which only contain the minimum number of particles that are required for
a supersymmetric theory, are often studied. In the MSSM, the quantum number known as R-
parity R = (—1)25+3(B_L), where B, L and S are the baryon and lepton number as well as the
spin of particle respectively, is conserved. As for all particles in the SM, R = +1, while for their
superpartners R = —1, conservation of R-parity implies the stability of the lightest supersymmetric
particle (LSP). A neutral LSP would provide a suitable WIMP candidate for dark matter. As a
single Higgs doublet fails to simultaneously generate the masses to the up- and down-type quarks,
the introduction of a second doublet in the MSSM is always necessary. In additon to 2HDMs, some
more exotic scenarios dealing with warped extra dimensions such as the Randall-Sundrum model
[12-14], which predicts the existence of a Kaluza-Klein (KK) spin-2 graviton, are also considered

as possible extensions.

2.3. Higgs Boson Production and Decay

In proton-proton (pp) collisions at high energies such as at the LHC, the Higgs boson can be
produced through various processes. The dominating process at the LHC is gluon-gluon fusion
(ggF) (see Figure 3a). In the ggF process, two gluons fuse predominantly via a top quark loop to
give a single Higgs boson. The vector boson fusion (VBF) process is the second most dominant
production mode at the LHC. Two vector bosons radiated from incoming quarks fuse and result in

a single Higgs boson. As the incoming quarks are scattered-off collinearly to the beamline, VBF

11
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results in a unique signature in the detector. Furthermore, the associated production of a Higgs
boson with a vector boson (V H) is also possible (see Figure 3c¢) and is known as Higgsstrahlung.
Two quarks annihilate to produce a virtual vector boson which then decays to a Higgs boson and
an associated W or Z boson. Finally, the associated production of a Higgs boson with a pair of top
quarks (see Figure 3d) is also possible and provides a way to directly extract the top quark Yukawa
coupling. In this case, two incoming gluons split into a ¢t pair each from which one t¢ pair fuses to
give a single Higgs boson, while the other top quark pair exhibits as a typical ¢t signature in the
detector. The Feynman diagrams for these four main single Higgs bosons production mechanisms

in the SM and their respective cross sections at a center-of-mass energy of /s = 13 TeV are given

in Figure 3.
g
e H
g
(a) ggF [48.61 pb]
t
g
---- H
g
t
(c) VH [2.24pb] (d) ttH [0.61pb]

Fig. 3: The four main single Higgs boson production mechanisms in the SM. The values in brackets
indicate the production cross section at /s = 13 TeV and are taken from Ref. [43].

As an unstable particle, the Higgs boson decays almost instantly after its production. While it can
potentially decay to all massive particles ¢ in the SM with mg > 2m;, the Higgs boson preferably
couples to heavier particles. The largest branching ratio by far is for the decay into two b-quarks
with 58%, followed by the decay into an on-shell and a virtual W-boson with a branching ratio
of 22%. Moreover, the Higgs boson can also decay into massless particles via charged particle
loops, which are dominated by virtual W bosons and top quarks. In Table 5, a list of branching
ratios for the most common Higgs boson decays, assuming a Higgs boson mass my = 125.09 GeV,
is provided. Furthermore, the predicted production cross sections at a center-of-mass energy of
/s = 13 TeV and branching ratios as a function of the Higgs boson mass for a SM Higgs boson are

shown in Figure 4.

In 2012, a new scalar particle was observed by the ATLAS and CMS collaborations with a significance
of 5.90 and 5.00, respectively. The mass of the Higgs boson was measured to 126.0 £ 0.4 (stat.) +
0.4 (syst.) GeV [9] by the ATLAS collaboration and 125.3 £ 0.4 (stat.) £ 0.5 (syst.) GeV [10] by
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2.3. Higgs Boson Production and Decay

Decay Mode

b WW* g9 Tt e ZZ* Ay
58.09 21.52 8.18 6.26 2.88 2.64 0.23

Tab. 5: Branching ratios BR(H — zz') for the most common Higgs boson decays in %, assuming
a Higgs boson mass my = 125.09 GeV. The values are taken from Ref. [44].

the CMs collaboration. The current best value from a combined measurement using Run I data
from the ATLAS and CMsS experiments is my = 125.09 4 0.21 (stat.) £ 0.11 (syst.) GeV [45]. Even
though the H — qg channels provide large branching ratios, they were not of great importance in
Higgs searches, as the signatures are subject to large QCD background. The two most important
processes which led to the Higgs boson discovery were the H — ZZ*(— 4¢) and H — ~~ decays.
Even though they offer relatively low branching ratios (see Table 5), the background processes are

well understood and the decay products provide a clear signature in the detector.
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Fig. 4: Predicted production cross sections at a center-of-mass energy of /s = 13 TeV and branching
ratios as a function of the Higgs boson mass for a SM Higgs boson [44].

Higgs Boson Pair Production

In addition to single Higgs boson production, the production of Higgs boson pairs is also predicted
in the SM. In analogy to single Higgs boson production, gluon gluon fusion via top quark loops are
the dominant Higgs pair production processes. The leading-order diagrams of non-resonant Higgs
boson pair production in the SM through the Higgs boson self-coupling and the Higgs-fermion

Yukawa interactions are shown in Figure 5.
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2. Theoretical Overview

Fig. 5: Leading-order Feynman diagrams of non-resonant Higgs boson pair production in the SM
through the Higgs boson self-coupling and the Higgs-fermion Yukawa interactions only.

The two diagrams interfere destructively, resulting in an extremely small predicted cross section of
o(pp — HH) = 31.05 + 0.93 (PDF + ;) + O.81(mt)f(1]:g§(scale) fb at NNLOpTapprox for a center-
of-mass energy of /s = 13TeV [46]. Due to the presence of the self-coupling vertex HHH in
the production process, a measurement of the production rate would give access to the trilinear
coupling term in Equation 2.15 and therefore to the shape of the Higgs potential [47]. This would
constitute a direct test of EWSB in the BEH mechanism. Even though non-resonant Higgs pair
production predicted by the SM is out of reach with the current amount of data collected, the study
of this process remains interesting as many BSM theories assume differing coupling strengths and

predict an enlarged production cross section for Higgs pair production.

More relevant to this thesis, extensions to the Higgs sector of the SM such as 2HDM models
predict heavy scalar particles X which can decay to two SM Higgs bosons (see Section 2.2.1).
While non-resonant BSM enhancements would give an enlarged cross section, resonant production
would result in a localized excess in the di-Higgs invariant mass spectrum mpggy. The Feynman
diagram depicting the leading resonant production process for Higgs boson pair production is shown
in Figure 6. Current experimental limits on Higgs boson pair production are discussed in Section
2.4.

I B00000) "
/
/
/
/
X d
A > <
\
\
\
\
\
\
g \Q000000) "

Fig. 6: Feynman diagram depicting the production of a heavy scalar resonance, X, as expected in
extended 2HDM models such as the MSSM, which then decays into two lighter SM Higgs bosons.
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2.4. Experimental Limits on Higgs Boson Pair Production

2.4. Experimental Limits on Higgs Boson Pair Production

While no evidence for non-resonant Higgs boson pair production has been observed so far, upper
limits on the cross-section have been set. Figure 7 shows upper limits set by ATLAS at 95% CL on
the cross section of the gluon-gluon fusion SM HH production normalised to its SM expectation
a%%f(pp — HH) from searches in the bbr7, bbbb, bbyy, WWWW, WW~y and bbWW* decay
channels. The most stringent limits were set in the bbr+7~ channel. The combined observed limit
on non-resonant Higgs boson pair production cross section is 6.9 times the predicted SM cross

section. For resonant Higgs boson pair production, upper limits on the cross section for a spin-0

U ATLAS  —e— Obsemed.

T {s=13Tev, 27.5-36.1f0t 7 Eig:ggg co ]

oot (pp ~ HH) =335 fb Expected + 20
L ] Obs. Exp. Exp.stat. _|

HH- bBT'T - 125 15 12
HH- bbbb I - - 129 21 18 |
HH- bbyy I +' 203 26 26 |
HH- W'WW'W I - - + 160 120 77 |
HH- W'Wyy I - - + 230 170 160 |
HH- bbW'W’ I - } 305 305 240 |
combined| $H o S 10 68 |

10 10° 10° 10* 10°

95% CL upper limit on . (pp — HH) normalised to OZ’Q"F

Fig. 7: Upper limits at 95% CL on the cross section of the gluon-gluon fusion SM HH production

normalised to its SM expectation U%%/}; (pp — HH) from the searches in the several non-resonant

Higgs boson pair decay channels, and their statistical combination [48].

heavy scalar and a spin-2 KK graviton have been set by the ATLAS and CMS collaborations. The
combined limits on the cross section of the resonant Higgs boson pair production for a spin-0 heavy
scalar and a spin-2 KK graviton are shown in Figure 8 for ATLAS and in Figure 9 for Cms. Note
that CMs combined the results from searches in the bbyy, bbrr, bbbb and bbVV decay channels,
while ATLAS additionally used results from searches in the WWWW and WW+~~ channels. The
limits range between ~ 1 pb for low resonance masses (mx = 300 GeV) and ~ 5 fb for high resonance

masses (my = 3TeV).
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Fig. 8: Expected (dashed) and observed (solid) upper limits at 95% CL on the cross section of the
resonant Higgs boson pair production for a spin-0 heavy scalar (left) and a spin-2 KK graviton with
k/Mp; = 1.0 (right). The green and yellow bands indicate the =1c and +2¢ regions respectively
for the combination. Only the bbbb, bbW W~ and bbrt7~ search results are used in the spin-2
resonant combination. The vertical black lines in each pannel indicate mass intervals where different
final states are combined [48].

CMS 35.9 fb* (13 TeV) CMS supplementary 35.9 fb* (13 TeV)

Spin 0 Spin 2

10°

Observed
= = =+ Median expected
[ 68% expected
[ 95% expected

Observed
= = =+ Median expected
[ 68% expected
[ 95% expected

T THHW

10°

10

10

95% CL limit on o(pp - X —HH) [fb]
g
95% CL limit on o(pp - X —HH) [fb]

H { H d
300 400 500 600 700 1000 2000 3000 300 400 500 600 700 1000 2000 3000
my (GeV) my (GeV)

Fig. 9: Expected (dashed) and observed (solid) upper limits at 95% CL on the cross section of the
resonant Higgs boson pair production for a spin-0 heavy scalar (left) and a spin-2 KK graviton with

k/Mp; = 1.0 (right). The green and yellow bands indicate the +10 and 420 regions respectively.
[49].

2.5. Proton-Proton Collisions and Event Simulation

In pp colliders such as the LHC, multiple collisions take place when two particle bunches cross.
Most of these collisions are low-energy (soft) collisions which are not of interest. Mitigating these
pile-up (PU) contributions is a crucial experimental challenge. At high energies, the interesting
fundamental collisions do not take place between the protons themselves. Instead, the constituents
of the protons, the gluons and quarks, interact in hard collisions. Before the primary hard scatter-

ing, the partons can undergo a number of different interactions such as gluon splitting ¢ — g or
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2.5. Proton-Proton Collisions and Event Simulation

the radiation of a gluon from a quark ¢ — gg or via gluon self-interaction ¢ — gg. The resulting
partons form what is known as the initial state parton shower. The initial state radiation and
all subsequent interactions as well as interactions from other partons in the proton which do not
take part in the hard collision constitute the underlying event (UE). Products of the hard collision
form the final state parton shower in which short-lived resonances are produced and rapidly decay.
Finally, as a consequence of confinement, particles carrying color charge will fragment and form
jets of stable hadrons. A schematic depiction of the stages of a pp collision is given in Figure 10.

B

Hard process

Initial state parton shower
Final state parton shower
Fragmentation

Hadron decays

Beam remnants
Underlying event

Fig. 10: Schematic depiction of the stages of simulation of a hadron-hadron collision by a parton
shower Monte Carlo event generator [50].

The Monte Carlo (MC) simulation of signal and background processes is one of the most essential
tools for all types of measurements and searches at hadron colliders and roughly follows the steps
outlined above. The cross sections of the hard partonic interactions are extracted from scattering
amplitudes |M|? which can be calculated from the respective Lagrangian using a perturbative

expansion. The differential cross section of an interaction is given by

_MP

d
TTF

dQ, (2.21)

where F' is known as the Mgller flux and d@ is a Lorentz-invariant phase space factor. While the

energy of the protons corresponds to the beam energy Fieam, the energy of the proton constituents,
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2. Theoretical Overview

which determine the hard scatter, is unknown. Experimentally derived parton density functions
(PDFs) fi(x,Q?) are used to encode the distributions of their momentum fractions x which they
carry inside the proton at a fixed momentum transfer Q2. The evolution of the PDFs with Q? is
described by the DGLAP [51-53] equations. The total hadronic cross-section of a process pp — X

is then given by the factorisation theorem [54]:

Opp—X = /dxldl‘z Z fql(l‘laM%)fQQ(xQ):U’%')a-QIQQ—)X(gv u%‘) (222)
91,92

The sum is over all parton combinations g1, g2 in the proton and &4, 4,—x (3, uQF) is the partonic
cross section for the process q1go — X at § = x1x2s. The parameter ,u% is known as factorization
scale and marks a cut-off point at which perturbative calculations of the partonic cross sections
at low momentum transfer scales become infeasible such that they start being encoded in the
PDFs. The aforementioned parton showers manifest as a sequence of gluon radiations with ever
decreasing momentum scales. At some point, perturbative calculations fail and phenomenological
hadronisation models are required. One widely used model for hadronisation is the Lund model
[55].

Several programs have been developed in recent years for matrix-element calculations, parton show-
ering, hadronisation as well as underlying event simulation. In this thesis, the matrix elements for
the signal processes are simulated using the MADGRAPHS5__AMC@NLO [56] event generator while
for parton showering, hadronisation and underlying event, HERWIG++ [57] is used. As for the
PDFs, the NNPDF23 PDF [58] set was applied. For the different simulation steps of background
processes, PYTHIA8 [59], POWHEG [60] as well as SHERPA [61] are used. A complete list of the

samples which are used for producing the results presented in this thesis can be found in Appendix
D.

In addition to the pure event simulation, a precise simulation of the detector response is equally
important. A detailed simulation of the ATLAS detector is possible with the GEANT4 [62] program,
which simulates the passage of each single particle through the detector material as well as the
detectors response. However, the GEANT4 simulation is very CPU intensive and the limited amount
of MC events is one of the largest sources of systematic uncertainties. To fulfil the MC needs, ATLAS
developed the GEANT4-based fast simulation ATLFAST-II (AFII) [63], which is used to produce
all signal samples in this thesis. While the AFII simulation of the inner detector is identical to
the full simulation of GEANT4, approximate methods are used to simulate the electromagnetic and

hadronic calorimeter response.
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Chapter 3

The ATLAS detector at the LHC

To explore the current energy frontier, large accelerators and sophisticated particle detectors are
required. In circular colliders like the LHC, high particle density bunches are accelerated and then
brought to collision at the intersection points of the beam lines. The luminosity of an accelerator
with two colliding bunches containing N; and N» particles is given by
N1 N
= f12 (3.1)

)
Amogoy

where f is the frequency at which the bunches cross, and o, and o, the horizontal and vertical

beam dimensions, respectively. The luminosity is proportional to the interaction rate

dN

of a process with cross section . Hence, in addition to the center-of-mass energy, the luminosity is
the single most important benchmark value used to assess the performance of a collider. A related
quantity is the integrated luminosity, L = [ . dt, which is used to characterize the amount of data
collected over a specific time period. In the following, the LHC and the main components of the
ATLAS detector are described.

3.1. The Large Hadron Collider

The LHC [64] is situated 175 m below earth’s surface at the European Organization for Nuclear
Research (CERN) in Geneva, Switzerland and is the largest particle accelerator ever constructed by
mankind. With a circumference of 26.7 km, it can accelerate and collide protons as well as heavy
ions. Particles are injected into two adjacent parallel beam pipes of the LHC after they pass a
series of pre-accelerators which successively increase the particles energy. They are then brought to
collision at four intersection points where the main experiments are located: the ATLAS [65], CMS
[66], LHCb [67] and ALICE [68] experiments. While ATLAS and CMS are general purpose detectors,
ALICE is specialised in heavy ion collisions and LHCb focusses on the study of b-physics. The beams
are kept on their circular path by superconducting dipole magnets which are cooled down by liquid
helium and operate at a temperature of 1.9 K, while higher order magnets are used to keep the
beam focussed. A sketch of the CERN accelerator complex showing the various pre-accelerators and

detectors is shown in Figure 11.
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Fig. 11: Sketch of the CERN acclerator complex showing the various pre-accelerators and detectors
[69].

For pp collisions, the LHC is designed to provide a center-of-mass energy of \/s = 14 TeV and a peak
luminosity of .Z = 103*cm~2s~!. It can hold up to 2808 proton bunches per beam with a bunch
spacing of 25ns and up to 1.15 - 10! protons per bunch. In 2010, the LHC was commissioned for
pp collisions with a /s = 7TeV center-of-mass energy which was later increased to /s = 8 TeV,
concluding Run 1 in 2012. In Run 1, the LHC delivered a total integrated luminosity of 5.46 fb~1
at /s = 7TeV and 22.8fb~1 at \/s = 8 TeV. After a first long shutdown (L.S1) period used for
maintaining and upgrading the detector as well as the accelerator components, the LHC restarted
in 2015 with an increased center-of-mass energy of /s = 13 TeV. Run 2 concluded in late 2018 and
delivered a total integrated luminosity of 156 fb~!. The machine is currently undergoing a second
upgrade phase LS2 and is expected to restart its physics programme in 2021, expectedly reaching
the design value of /s = 14TeV for the center-of-mass energy. In 2024, the LHC will undergo
a third upgrade phase LS3 after which the machine will start in the HL-LHC [70] configuration,
034em—2 51

aiming to provide a peak luminosity of up to £ =5-1 and allowing an integrated

luminosity of 250 fb~! per year with the goal of 3000 fb~! in about 12 years after the upgrade.
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3.2. The ATLAS Detector

3.2. The ATLAS Detector

The ATLAS detector is a multi-purpose detector located at the LHC designed to measure the prop-
erties of as many particles originating from the collision as precisely as possible. It consists of
end-caps and a series of concentric layers around the collision point which act as various detector
types and almost cover the full 47 solid angle around the interaction point. The detector has a
diameter of 25m, a length of 44 m and weighs approximately 7,000 tonnes. A sketch of the com-
ponents and subsystems of the ATLAS detector is provided in Figure 12. The three main parts of
the detector, namely the inner detector, the calorimeters and the muon spectrometer are briefly

described in the following.

25m

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Fig. 12: Sketch of the ATLAS detector and its subsystems [65].

3.2.1. Coordinate System

As aresult of the cylindrical shape of the detector, ATLAS uses a right-handed cylindrical coordinate
system. The interaction point is defined as the origin of the coordinate system. The beam line
corresponds to the z-axis while the x — y plane is defined as the transverse plane. The azimuthal
angle ¢ is defined as the angle around the beam line, while 6 denotes the polar angle with respect to
the beam line. The pseudorapidity n = —In [tan (g)] is usually used instead of the polar angle. In

the relativistic limit, pseudorapidity is equal to the rapidity y = %-ln (%}%) Differences in rapidity
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3. The ATLAS detector at the LHC

are Lorentz invariant under boosts along the longitudinal axis. The separation between objects in
the detector is usually measured by defining the angular separation AR = /(An)? + (A¢)? in the

n — ¢ plane.

3.2.2. Inner Detector

The inner detector (ID) is the innermost layer of the ATLAS detector and is designed to measure
the tracks from charged particles. It starts 3.3 cm from the beam axis and extends to a length of
6.2m and a radius of 1.2m. The ID consists of four components: the insertable B-Layer (IBL), the
pixel detector, the semi-conductor tracker (SCT) and the transition radiation tracker (TRT) (see
Figure 12). The IBL was installed during LS1 and uses silicon pixels in order to assist the pixel
detector in measuring the tracks of the particles and improve the tracking robustness as well as the
stability in high luminosity conditions. Furthermore, the improved tracking performance from the
IBL also helps to reconstruct the primary interaction vertex as well as secondary vertices, which
occur in the decay of B-hadrons and are a important tool for b-jet identification (see Section 4.5).
The pixel detector itself consists of 1,740 modules, each containing approximately 74,000 pixels
(50 um x 400 pm) and therefore provides extremely precise tracking. The SCT resembles the
pixel detector, but employs narrow strips instead of pixels. The last layer, the TRT, uses drift
tubes which are filled with an ionizing gas mixture. The space between the straws consists of
materials of differing refraction indices such that traversing particles generate transition radiation
(TR). As lighter particles such as electrons are more likely to produce TR compared to heavy
hadrons, the TRT provides aid to particle identification. The complete ID structure is immersed
in a 2T solenoidal magnetic field which causes the path of charged particles to bend and allows
the measurement of their transverse momentum from the curvature of their tracks. The design

resolution and coverage angle of the ID is shown in Table 6.

3.2.3. Calorimeters

Outside of the ID, calorimeters are used to measure the energy of the traversing particles. In
general, calorimeters consist of highly dense material with which the incoming particles interact,
causing particle showers which are then absorbed by the material such that ideally all of the energy
is deposited in the calorimeter. ATLAS uses sampling calorimeters which consist of alternating layers
of active material in which the energy is measured and passive layers in which the absorber material
is situated. The calorimeter system consists of an inner electromagnetic calorimeter (ECAL), which
is designed to measure the energy of photons and electrons and an outer hadronic calorimeter
(HCAL), which is designed to measure the energy of hadrons. The ECAL is finely segmented and
is composed of lead as the absorber and liquid argon (LAr) as the active medium. In contrast,
the barrel HCAL has lower granularity and consists of steel absorbers and scintillating tiles. The
coverage of the HCAL is extended with forward calorimeters and hadronic end-cap calorimeters

(HEC) consisting of two wheels per end-cap which use LAr as active and copper as absorbing
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material. In order to contain a large fraction of the electromagnetic shower, the thickness of the
ECAL is > 22X in the barrel and > 24X in the end-caps, where X is known as the radiation
length and defined as the mean distance over which electromagnetically interacting particles lose all
but 1/e of their original energy. The HCAL consists of three layers of thickness 1.5\, 4.1\ and 1.8\
in the central barrel region and three layers of thickness 1.5\, 2.6 and 3.3 in the extended barrel
region, where A is known as the interaction length and is defined as the mean distance over which
hadronically interacting particles lose all but 1/e of their original energy. The design resolutions
and coverage angles of the ECAL and HCAL are shown in Table 6.

3.2.4. Muon Spectrometer

The outermost layer of the ATLAS detector which begins at a radius of 4.25 m and extends to the
full 11 m radius of the ATLAS detector is the muon spectrometer. As compared to the electron,
the muon is approximately 200 times heavier, the emission of Bremsstrahlung is greatly reduced
and consequently, muons barely interact in the detector and leave little energy in the calorimeter
systems. Immersed in a large toroidal magnetic field in the barrel and end-cap regions, drift tubes
as well as cathode strip chambers provide transverse momentum measurements through the amount
of bending of the muon tracks. The design resolution and coverage angle of the muon spectrometer

is shown in Table 6.

3.2.5. Trigger System

In principle, it is desirable to record all data produced by the collisions at the LHC for offline analy-
sis. However, with a bunch crossing space of 25 ns, 600 TB of data would need to be processed and
stored every second. With the current technology, data processing rates at these magnitudes are in-
feasible. Instead, ATLAS uses a multilevel trigger system [71] which is designed to efficiently discard
uninteresting events while permanently saving potentially interesting events for future analysis. For
Run 2, ATLAS employed a two-level trigger system consisting of the Level 1 (L1) hardware trigger
and the software-based Higher Level Trigger (HLT). The L1 trigger selects events with a latency of
2.5 us using only information from the calorimeters and muon spectrometers, effectively reducing
the initial event rate from 40 MHz to 100 kHz. In addition, the L1 trigger identifies Regions of
Interest (Rol) in which it identifies potentially interesting features such as high-pr jets, leptons
or photons. The Rol are passed to the HLT which uses all the available reconstructed detector
data within the Rol to further reduce to event rate to 1 kHz. Thereafter, the remaining events are
permanently stored for further analysis. The coverage angles for the trigger systems in the various

detector components are shown in Table 6.
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Detector component Resolution 7 coverage
Measurement Trigger
Tracking opr /1 = 0.05% - p1 1% In| < 2.5
TRT In| < 2.0
ECAL og/E =10%/vVE ©0.7% In| < 3.2 In| < 2.5
HCAL
barrel and end-cap og/E = 50%/vVE © 3% In| < 3.2 In| < 3.2
forward og/E =100%/VE & 10% 31<|n <49 3.1<|n <49
Muon spectrometer o, /pr = 10% at pr = 1TeV  |n| < 2.7 In| < 2.4

Tab. 6: General performance of the ATLAS detector showing the resolutions and coverage angles of
the various components. E and pr are in GeV. The values are taken from Ref. [65].
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Chapter 4

Jets in Boosted Topologies

With an unprecedented center-of-mass energy available at the LHC, jets with transverse momenta
of up to a few TeV are produced. High-pr jets originating from the hadronic decay products of
Higgs bosons, W/Z bosons and top quarks open an important window for searches for new physics.
The efficient reconstruction and identification of these jets is crucial in order to gain sensitivity to
hypothetical heavy particles predicted by BSM theories. The mean angular separation of the decay

products from a resonance with mass m and transverse momentum pr can be estimated by [72]

AR =~ 27m (4.1)
pr

In the case of jets originating from low-pr resonances, the hadronic decay products are well-
separated in the detector. In this resolved regime, the decay products can be individually re-
constructed. In contrast, the decay products originating from high-pr resonances are boosted and
tend to appear very close in the detector such that an individual resolution is no longer possible. In
recent years, several techniques have been developed to reconstruct and tag boosted Higgs boson,
W/Z boson and top quark jets. In this chapter, jet reconstruction and tagging techniques with
focus on the boosted H — bb decay are described.

4.1. Jet Reconstruction

As mentioned in Section 2.5, partons are not directly observable but fragment and form a collimated
spray of hadrons in the detector. While all hadrons deposit energy in the calorimeter, charged
hadrons additionally leave tracks in the ID. This information is then used to group together stable
hadrons, ideally reconstructing all hadrons originating from the original parton into one single
object known as jet. This procedure allows to infer properties from the original parton and therefore
constitutes the link between the most fundamental interactions and the observable particles in the
detector. While jet reconstruction algorithms are well-motivated ad-hoc methods, they do not
follow an underlying physical principle. However, there is a broad consensus on the requirements
these algorithms need to fulfil. For instance, jet reconstruction algorithms should be infrared (IR)
and collinear safe (IRC safe) [73]. In IR safe algorithms, the addition of soft particles does not
significantly distort the output of the algorithm such that sensitivity to UE and PU is greatly
reduced. In collinear safe algorithms, the invariance of the algorithm’s output after the splitting of

a high-pr particle into two collinear particles is ensured. At the present day, IRC safe sequential
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4. Jets in Boosted Topologies

jet clustering algorithms are most widely used. The most common is known as the generalized-k;

algorithm and follows the following procedure:

Step 1: Based on the inputs provided, create a list of proto-jets and compute the distance defined

by a certain metric d;; between every pair of proto-jets i and j.
Step 2: Compute the distance d; p = pQle ;, between each proto-jet 7 and the beam B.
Step 3: Find the minimum distance.

Step 4: If the minimum distance is between the proto-jets, merge both objects to form a new
proto-jet and remove the individual proto-jets from the list. If the minimum distance is

between the proto-jet and the beam, remove the proto-jet from the list and call it a jet.

Step 5: Repeat the procedure until no proto-jets are left.

The metric d;; is given by

— i 2p  2p ij : _ .
dij = min (pT,iaPT,j) "2 with p= 4 0, Cambridge/Aachen , (4.2)
—]_, anti—kt

where p defines the type of the clustering algorithm and R is known as the size parameter of the
jet.! A value of p = +1 corresponds to the k; (KT) algorithm [74], which begins by clustering
low-pr proto-jets first. In contrast, the anti-k; (AKT) algorithm [75], defined by p = —1, begins by
clustering high-pr proto-jets first. In contrast, the Cambridge/Aachen (CA) algorithm [76] offers
a pr independent jet clustering. A comparison between the output of the AKT and the output of

the CA algorithm using the same MC event with a size parameter R = 1.0 is shown in Figure 13.

Note that while the jets produced using the AKT algorithm have regular and cone-like shapes,
the same event reconstructed with the CA algorithm yields more irregular jet shapes. The size
parameter R can be tuned to provide optimal performance. While a large jet radius is beneficial to
ensure full containment of the hadrons resulting from the original parton, a smaller radius helps to
reduce the PU and UE event contribution and hence prevents an overestimation of the jet energy

and mass.

In recent years, extensions to the aforementioned jet clustering algorithms have been developed, in
particular in the context of boosted analysis. The variable-R (VR) [77] modification introduces a

jet pr dependence in the size parameter by replacing it with an effective size parameter

R — Reﬂ‘(pT) = ﬁ, (4.3)
pr

'In this case, the angular separation AR;; is defined by AR, = (yi —y;)* + (¢: — ¢;) with the rapidity y as opposed
to the more common definition introduced in Section 3.2.1 which uses the pseudorapidity 7.
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4.1. Jet Reconstruction
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4. Jets in Boosted Topologies

4.2. Input to Jet Reconstruction

As mentioned in Section 4.1, jets can be clustered using the four-momenta of different input quan-
tities. Calorimeter jets (CALO jets) are built from topological clusters of calorimeter cell energy
depositions [79]. In AtrLAS, CALO jets are built with the AKT algorithm with size parameter
R =1.0 (“large-R CALO jets”), with size parameter R = 0.4 (“small-R CALO jets”) or with size
parameter R = 0.2. Compared to small-R jets, large-R jets have a larger catchment area such that
they are more susceptible to UE and PU contributions. Several grooming techniques which aim to
remove soft objects from the jets have been developed in order to mitigate these contributions. As
standard grooming procedure, ATLAS adopted the trimming algorithm [80] for which a schematic
depiction is provided in Figure 15. In a first step, the constituents of the large-R jet are reclustered
with the KT algorithm to form subjets with a smaller size parameter Ry, < R. Subjets are then
discarded if the ratio between the transverse momentum of the subjet and the transverse momen-
tum of the large-R jet is smaller than a fixed cut-off value f.y;. The remaining subjets are then
merged and form what is known as the trimmed jet. In ATLAS, the standard values Rqy, = 0.2 and

feut = 0.05 are used. After the trimming procedure, the mass and energy of the jets are calibrated
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Fig. 15: Schematic depiction of the grooming method known as trimming algorithm in the 7-¢
plane. The grey dots show jet constituents from UE and PU contributions, while the blue and red
dots show constituents from the hard interaction. The green dotted circle illustrates the boundary
of the large-R jet.

by applying correction factors derived using simulated events [81, 82]. This is required in order
to account for detector effects such as the underestimation of the jets energy as a result of energy

depositions in the passive layers of the sampling calorimeters.

Furthermore, standard track jets in ATLAS are reconstructed from ID tracks with the AKT algo-
rithm using a size parameter of R = 0.2. In order to reduce the number of tracks originating from

PU, the tracks are required to fulfil the following quality requirements:
o pr > 0.4GeV and |n| < 2.5,
e at least 7 hits in the pixel and SCT detectors,

e not more than one missing expected hit in the pixel detector and not more than two missing

expected hits in the combined pixel and SCT detectors,

e not more than one hit in the pixel detector that is shared by multiple tracks,
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4.3. Jet Substructure

o the track is required to be a constituent of the primary vertex or satisfies |z, sin 6| < 3.0 mm,

where zj is the longitudinal impact parameter with respect to the primary vertex and 6 is the polar
angle of the track momentum. Note that the primary vertex is defined as the reconstructed vertex
with the highest scalar sum of the transverse momenta of the associated tracks. In addition, the
track jets can be also reconstructed using the AKT-VR algorithm which is expected to considerably

improve the jet identification performance in the boosted regime (see Section 4.6).

Finally, truth jets can be constructed with the identical clustering algorithms used for the recon-
struction of the CALO jets. These jets are built in simulated events from stable truth particles
with ¢ > 10 mm, excluding muons and neutrinos, and are useful as a reference for detector-level

jets.

4.3. Jet Substructure

Even though it is not possible to individually resolve the decay products in heavily boosted topolo-
gies, information about the original jet-initiating partons can be gained using jet substructure
variables. One widely used variable is known as N-subjettiness 7y [83]. To calculate this variable,
one first reclusters the jet constituents from the candidate jet into exactly N KT subjets. Using

these subjets, 7 is defined as

> primin (AR ;| k=1,..,N)

=
o , 44
N > pri R (44)
ieJ

where the sum goes over the constituent particles of a given jet and ARy, ; is the angular separation
between a candidate subjet k and the constituent particle i. N-subjettiness is a measure of how
well a given jet is described by being composed of at least N subjets. In practice, the ratio
TNM = TN /Tn—1 is used. For a particular jet containing N-subjets (“N-prong jet”), Tn is expected
to yield small values, while 7iy_1 is expected to give a sharp rise such that 7y < 1. A graphic

illustration of the properties of N-subjettiness is shown in Figure 16. N-subjettiness ratios have

Fig. 16: Graphical illustration of a large-R jet with low 72 values (left) and a large-R jet with high
7o values (right) in the 7-¢ plane. The green circles show clustered subjets while the red circles
represent additional energy depositions within the jet.

been shown to be effective in identifying top [84], W [85] and H — WW™ [86] jets. While the
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4. Jets in Boosted Topologies

subjet axis for calculating the N-subjettiness variables is usually defined by the vector sum of all
its constituents, the axis can also be defined by its hardest constituent and in this case is known
as the Winner Takes All (WTA) axis [87]. N-subjettiness variables computed using the WTA axis

WTA
are denoted as 7x'5/ -

A further set of interesting variables are known as energy correlation functions (ECFs) [88] and are
defined as

N N-1 N g
ECF (N,8) = > (H pm) (H 11 ARibic) ; (4.5)
11<i2<...<iny€J \a=1 b=1 c=b+1

where the sum goes over all constituents ¢ of a jet J and 3 is a positive tunable parameter. In
contrast to N-subjettiness, ECFs are only based on energy and angular information of particles
within the jet and do not require computationally intensive subjet finding procedures. In analogy

to the ratio 7y ps one defines the potentially discriminating dimensionless ratios

() ECF(N +1,8)

"N T TECF(N,B) (46)
as well as 8
C'J(\}B) _ :2]) _ ECFNJECXF];]CFNl (47)
N1 N
and
D%)::ECFN+1XECFN_1XECF¥' (4.8)

ECF%

The variables CZB and Dg are a measure for the transverse energy distribution within a jet and it
has been observed that 02’8 =1 is an effective variable to discriminate 2-prong decays, such as jets
originating from W-boson decays [85]. In recent years, jet substructure variables based on more
flexible, generalized forms of the standards ECFs have been developed [89] . These variables include
the generalized ECF ratios My, No, N3 [89] and the L-series L1 — Ls [90].

4.4. Track-Assisted Reclustered Jets

As a result of the finite angular resolution of the ATLAS calorimeter, the reconstruction of jet
substructure variables from large-R CALO jets becomes increasingly difficult in boosted topologies,
where jets appear very close in the detector. To help overcome this limitation it is possible to assist
the jet reconstruction using track information from the ID, which offers excellent angular resolution.
As a standard procedure, ATLAS already employs the track-assisted (TA) jet mass for standard

large-R CALO jets. Conventionally, the mass of a jet J reconstructed in the calorimeter is defined

2 2
{5

as
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4.4. Track-Assisted Reclustered Jets

where the sum goes over all cluster constituents ¢ of the jet J. In order to include track information,
the particle tracks in the ID are associated with the calorimeter clusters through a procedure known
as ghost-association [91]. For this, the pr of the tracks is set to an infinitesimal value. Then, the
scaled tracks are added to the input list of the corresponding clustering algorithm. The scaling
ensures that only angular information is added and the jet reconstruction is not distorted. The TA
jet mass is then defined as [82]

calo

TA _ pT X mtrack (410)

— track ’

br

m

where My ack is the mass and ptTraCk the transverse momentum of the associated tracks. The reweight-

ing pg,?lo / pgfa‘:k is required to ensure the inclusion of the energy of neutral hadrons to which the ID
is not sensitive. As a further motivation, m™ is particularly useful when using the AFII detector
simulation as the parametrized detector response of the calorimeter results in a poorly modelled

calorimeter-based mass.

While this approach improves the resolution of jet mass measurements and in principle could be
extended to further jet substructure variables, it does not take into account local differences in
energy deposited from neutral and charged hadrons within the jet. A novel jet collection known
as track-assisted reclustered (TAR) jets [15] aims to circumvent this problem by applying local
corrections to the pr of close-by tracks. TAR jets are built using tracks and calibrated AKT-FR
jets with a size parameter of R = 0.2 reconstructed from energy clusters in the calorimeters. The
AKT-FR jets are reclustered into large-R jets and then trimmed using the parameter f.,; = 0.05
such that soft components are removed. The remaining AKT-FR (R = 0.2) jets are assigned to
tracks using ghost-association. If tracks are not associated to any of the jets, they are matched to
the closest R = 0.2 jet in case the jet axis lies within AR < 0.3 of the track. If a jet axis does not
lie within this value, the non-associated track is discarded. After the matching procedure, the pr

of the associated tracks is rescaled according to

subjet
track, new __ track, old T,5
Pr =Dpr X track, old’ (411)
Pr;

i€j

where the sum runs over all tracks ¢ matched to the subjet j. Similar to the track-assisted mass, the
rescaling aims to account for the energy depositions of neutral hadronic components. A large-R jet
is then formed using the jets with the rescaled associated tracks and is in the following called TAR

TAR " are then computed using the TAR

jet. The jet substructure variables including the jet mass, m
jets rescaled tracks. A schematic depiction of this procedure is shown in Figure 17. As opposed to
the calculation of the track-assisted mass, m™®, the procedure offers the advantage that missing
energy from neutral hadrons is corrected on a subjet-by-subjet rather than on a jet-by-jet basis.
Hence, local effects are taken into account such that the resolution of the jet substructure variables

can be significantly improved. Figure 18 shows the resolution? of 73y TA for W and QCD jets as a

2The resolution is defined as the width of the response distribution R(qu'ft) = 735 — 74" where the width is
defined as one half of the 50% interquantile range.
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Fig. 17: Schematic depiction of the track-assisted jet reclustering algorithm in the n — ¢ plane.

function of truth jet pr for TAR jets and for jets reconstructed using the calorimeter-only based
standard reconstruction algorithm. A significant improvement in the resolution is observed for
TAR jets, with increasing relative gain at higher jet py. TAR jets additionally offer the advantage
that calibrations and uncertainties can be propagated from the constituent R = 0.2 jets and tracks
such that no additional calibration procedures are required. As a result, TAR jets are not limited
to AKT-FR reclustering with a fixed size parameter R = 1.0, but provide the flexibility of using

whichever jet definition that provides the best performance for the specific use case.
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Fig. 18: Resolution of 73y ' for W (left) and QCD jets (right) as a function of truth jet ppr. The
TAR jet reconstruction algorithm is compared to the standard algorithm labelled as “Cluster” [15].

4.5. b-Jet Identification

The identification of jets containing B-hadrons is a task of utmost importance in many physics
analyses and is based on several unique features of b-jets. In ATLAS, b-tagging is performed by
providing ID tracks as input to b-jet identification algorithms, which individually aim for three

different strategies:

o Impact parameter information (IP2D, IP3D): Due to the long lifetime of hadrons
containing a b-quark (e¢r~450um), a typical b-jet is characterized by a secondary vertex
being displaced from the collision point. A sketch showing the typical displaced secondary
vertex in B-hadron decays is shown in Figure 19. Two different taggers, IP2D and IP3D [92],

make use of the displacement in order to discriminate between light jets and b-jets. Whereas
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4.5. b-Jet ldentification

IP2D takes advantage of the transverse impact parameter dgy, defined as the closest distance
between the track and the primary vertex in the r—¢ plane, IP3D uses the transverse as well
as the longitudinal impact parameter, zgsin @, exploiting the correlations between the two

variables.

do

/
/
/
/
/
light jet J/
. 4%&1%( jot

Fig. 19: Sketch showing the typical displaced secondary vertex in B-hadron decays.

o Secondary vertex information (SV1): The secondary vertex finding algorithm [93] ex-
plicitly reconstructs a displaced vertex within a jet by testing all track pairs within a jet
for a two-track vertex hypothesis. From the reconstructed vertex, the number of two-track
vertices, the invariant mass of all tracks associated to the vertex and the ratio of the sum of
the energies of the tracks in the vertex to the sum of the energies of all tracks in the jet are

exploited in order to separate b-jets from c- and light jets.

e B- to C- hadron decay chain information (JetFitter): At a parton level, B-hadrons
will mostly undergo b — ¢ transitions and form C-hadrons which will result in a tertiary
vertex. The JetFitter [94] algorithm aims to find an approximate B-hadron flight path by
using a Kalman filter [95] in order to find a common line on which the b—, ¢- and primary
vertices lie. The discrimination between b-, c- and light jets is then based on similar variables

as for the SV1 tagger.

The MV2c10 [92] algorithm then combines all of this information into a multivariate technique
known as Boosted Decision Tree (BDT). The training of the BDT is performed using small-R
CALO jets from tt events containing approximately 93% light flavour jets and 7% c-jets, but is also
applied to large-R CALO jets and track jets. The light-flavour jet and c-jet rejections versus the
b-jet tagging efficiency for the IP3D, SV1, JetFitter and MV2 b-tagging algorithms in simulated tt
events is shown in Figure 20. For a jet to be considered b-tagged, the output of the BDT is required
to be over a certain threshold value. One defines several working points (WP), which correspond
to an average b-tagging efficiency in ¢t events. This thesis makes mostly use of the 77% and 70%
WPs.
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Fig. 20: The light-flavour jet (left) and c-jet (right) rejections versus the b-jet tagging efficiency for
the IP3D, SV1, JetFitter and MV2 and b-tagging algorithms in simulated ¢t events [96].

4.6. H — bb Jet Tagging Procedure

As a standard procedure, boosted Higgs bosons decaying into two b-quarks are identified in three
steps. First, hadronic decay products are clustered into a single large-R CALO jet. Then, subjets
within the large-R CALO jet are reconstructed in order to identify the B-hadrons within the jet.
Subjets are then ghost associated to the untrimmed large-R CALO jet. As a baseline procedure,
ATLAS uses AKT-FR track jets to reconstruct the subjets within the jet. A cartoon illustrating

the baseline subjet reconstruction using FR track jets is shown in Figure 21. As a final step, b-

R=1.0 Trimmed Calo Jet

R=0.2 Track Jet

R=0.2 TrackJe

Beamline

Fig. 21: Cartoon illustrating the
baseline subjet reconstruction using
fixed radius R = 0.2 track jets for

Primary Vertex H — bb tagging [97].

jets are identified by providing tracks exclusively associated to one of the subjets as input to the
MV2¢10 algorithm described in Section 4.5. A track is considered to be associated to a subjet with

transverse momentum pp if it satisfies

AR(track, subjet) < 0.239 + 1220~ 1.64x1070 pr MeV], (4.12)
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4.6. H — bb Jet Tagging Procedure

In the case that a track fulfils this requirement for several subjets, it is matched to the subjet with
the smallest angular separation with respect to the track. The AR requirement plateaus at a value
of 0.239 for high pr subjets. As an alternative to large-R CALO jets, one can also use TAR jets for

which the subjet reconstruction and association procedure is identical to the one described above.

While the identification of H — bb jets using FR track jets works well for Higgs jet transverse
momenta of up to pr~1TeV, the hadronisation products from the two b-quarks start to overlap for
higher boosts such that the two subjets can not be resolved individually any more [98]. Alternatives
to the subjet reconstruction using FR track jets have been proposed in recent years in order to
improve the Higgs jet tagging performance at high jet pr. One obvious approach to tackle this
problem is to use AKT-VR instead of AKT-FR subjets. This allows the subjets to take different size
parameters such that an individual resolution is possible, even though the hadronisation products
begin to overlap. A cartoon illustrating the subjet reconstruction using VR track jets is shown

in Figure 22. VR subjets have been shown to perform significantly better at high-pr and the

R=0.2 Track Jets VR Track Jets

\

! —

Beamline H Beamline H

Primary Vertex Primary Vertex

Fig. 22: Cartoon illustrating subjet reconstruction using variable radius track jets [97].

parameters p = 30 GeV, Ryax = 0.4 and Ry, = 0.06 have been determined to be most effective for
H — bb tagging [97] and hence will be used in the following. The association of tracks to subjets
is performed in the same way as for AKT-FR track jets.

Another alternative subjet reconstruction method is given by the exclusive-k; (ExKT) algorithm.
The ExKT algorithm is a simple variation of the KT algorithm and uses the same distance metric
defined by Equation 4.2 but only stops clustering constituents when exactly two subjets are obtained
or until all d;; exceeds a certain cut-off value. For this, calorimeter subjets are reclustered from
the trimmed large-R jet such that calorimeter cell clusters originating from soft processes such
as PU and UE activities are effectively removed. The ExKT algorithm does not have an intrinsic
parameter R defining the sizes of the subjets, but instead splits the trimmed large-R CALO jet into
two parts. An illustration of the subjet reconstruction using exclusive-kr subjets is shown in Figure
23. This technique is particularly suitable for high-pr jets as it ensures that exactly two subjets,
each expected to contain one B-hadron, are reconstructed. Hence, compared to the reconstruction
of a single subjet as a consequence of overlapping hadronisation products in the case of FR-AKT

subjets, the ExKT reconstruction provides a higher resemblance to the H — bb topology. The
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Fig. 23: Cartoon illustrating subjet reconstruction using exclusive-kr subjets [97].

association of tracks to subjets is performed in the same way as for AKT-FR and AKT-VR track

jets.

It has been demonstrated that studying jet substructure in the center-of-mass (CoM) frame of
jets is useful to discriminate W/Z [99] from QCD jets. Furthermore, it has been shown that this
approach can also be used to identify high-pp H — bb jets [100]. Thus, as a third alternative subjet
reconstruction algorithm, the constituents of the groomed large-R jet are boosted to the jet rest
frame defined as the reference frame in which the four-momentum of the large-R CALO jet takes
the form p,, = (Mjes, 6), where mjet is the invariant mass of the large-R CALO jet. The constituents
of the jet are then reclustered with a modification of the CA algorithm to form subjets known as
CoM jets. Similar to the ExKT algorithm, the clustering is performed until exactly two subjets
are found or a fixed cut-off value d;; is exceeded. In the CoM frame, the tracks are associated
to the large-R jet through the procedure described in Ref. [97]. After this matching procedure,
the subjets and tracks are boosted back to the laboratory frame. The CoM subjet reconstruction
ailms to exploit the fact that the subjets should be easier to resolve in the jet rest frame where
they are back-to-back. The tracks associated to each of the subjets are then used as inputs for the
MV2c10 algorithm in order to identify the presence of B-hadrons. A cartoon illustrating the subjet

reconstruction using CoM subjets is shown in Figure 24.

R=0.2 Track Jets COM

A

Beamline H
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Fig. 24: Cartoon illustrating subjet reconstruction using CoM subjets [97].
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Chapter 5

The bbIWW* decay channel

The studies presented in this thesis are performed in the resonant bbWW* decay channel. In this
channel, a heavy scalar resonance, X, decays into two SM Higgs bosons H, where one Higgs boson
decays via H — bb and the other via H — WW?*. With a branching ratio of BR(H — WW*) ~
22%, the decay into two W bosons is the second most common after the H — bb process with
BR(H — bb) ~ 58%. Altogether, the 4b channel offers the highest Higgs boson pair branching
ratio with ~ 33%, closely followed by the bbWW™* channel with ~25%. Analyses in the 4b channel
must overcome the overwhelming QCD background in the corresponding final states. In contrast,
sensitivity to HH production in analyses in the bbW W™ channel can be gained if the dominant
tt background can be well-separated from the signal processes. As BR(t — bW) ~ 99%, the tt
process results in a irreducible background with the same final state. The W bosons originating
from the single Higgs boson decay consequently decay leptonically W — fvy (¢ = e, p) in ~21% of
the cases or hadronically W — g¢’ with a branching ratio of ~67%. The branching ratios for the
several possible decay channels of Higgs boson pair production and the Feynman diagram depicting

the resonant Higgs boson pair production in the bbWW* decay mode are shown in Figure 25.

bb ww T Y4 Yy b
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+

™ 7.4% 25% | 0.39% H \\\ w ,
q / v
W_ 67/ q/
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Fig. 25: Branching ratios for the various decay channels of Higgs boson pairs (left) and Feynman
diagram depicting the resonant Higgs boson pair production in the bbWW* decay mode (right).

The bbWW* decay channel is further split according to the subsequent decay of the W bosons

o O-lepton (“0¢”) final state - both W bosons decay hadronically resulting in the largest branch-
ing ratio BR(HH — bbWW* — bbdq) ~ 11.4%
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5. The bbWW* decay channel

o 1-lepton (“1¢”) final state - one W boson decays leptonically, while the other decays hadron-
ically, resulting in a branching ratio BR(HH — bbWW* — bblvyqq’) ~ 7.19%

o 2-lepton (“2¢”) final state - both W bosons decay leptonically resulting in the smallest branch-
ing ratio BR(HH — bbWW* — bblvl,) ~ 1.14%

While the 0¢ channel profits from the relatively large branching ratio, the presence of a lepton in

the 14 channel is useful to reduce the contamination from QCD contributions.

As mentioned before, this thesis focusses on the resonant Higgs boson pair production, where the
two Higgs bosons originate from the decay of a heavy resonance. In boosted topologies, the Higgs
bosons are expected to be produced back-to-back and the decay products appear very close to each
other in the detector (see Chapter 4). A sketch showing the boosted topology expected in the

resonant bbWWW* channel is shown in Figure 26.

Fig. 26: Sketch showing the boosted topology of the resonant bbW W* Higgs pair production mode
in the 0¢ channel. The Higgs bosons are produced back-to-back and the hadronic decay products
appear close to each other in the detector such that the jets seeded by the partons cannot be
resolved individually any more.

In order to understand the kinematic properties of the resonant bbWW* decay channel, a truth-level
study of the decay kinematics for three different heavy resonance masses mx = 1TeV, mx = 2TeV

and myx = 3TeV is presented in the following.

5.1. Truth-Level Study of Decay Kinematics

Truth particles from simulation are used to study the kinematic properties of the WW* and bb
system. For this study, the 1¢ final state is used. The results presented are expected to be
independent from the type of the subsequent W boson decay.

Figure 27 shows the truth Higgs boson transverse momentum distribution, pr g, for the three mass
points. As expected, the Higgs boson momentum distributions are shifted with respect to each
other and peak at pr g~ my /2 and then decrease rapidly for higher momentum values. Note that
while the figure shows the pr spectrum of the Higgs boson that then decays to the two bottom
quarks, there is no significant difference compared to the pp spectrum of the Higgs boson that
decays to WW™*. It is possible to study the kinematic properties of the on- and off-shell W bosons
individually. For this, the on-shell W boson is identified as the truth W boson with mass closest to
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Fig. 27: Truth Higgs boson transverse momentum distributions for several resonance mass points.

the W mass, my~ 80 GeV, while the other one is identified as the off-shell W boson. Figure 28a
shows the transverse momentum spectrum of the on-shell W boson, p%l}{,f,hell and Figure 28b shows
the transverse momentum spectrum of the off-shell W boson, pOTff{,‘S/heH. While both spectra show a
broader distribution for higher resonance masses, the off-shell W boson pr is considerably softer
than the on-shell W boson pr. This an expected feature of the Lorentz-boost which is directly
related to the boosted particle’s energy. In the case of H — WW™, the energy of the particle
is, to first order, the mass of the particle such that higher mass particles becomes more boosted.

The complete W boson pr spectrum is a superposition of off-shell and on-shell contributions and
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Fig. 28: On- and off-shell truth W boson transverse momentum spectra for several resonance mass
points.

is shown in Figure 51 in Appendix A.1. Note that what is shown is the pr spectrum of the
hadronically decaying W (— 2¢) boson, but there is no difference with respect to the pr spectrum
of the leptonically decaying W boson. Similarly, the mass spectrum of the on-shell W boson and the
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5. The bbWW* decay channel

off-shell W boson are shown in Figure 29a and Figure 29b respectively. Note that the distributions
for all three mass points almost overlap completely. While the on-shell distribution shows the
expected mass peak at the W boson mass myy = 80 GeV, Figure 29b exhibits the expected off-shell
invariant mass shape resulting from virtual W bosons. Figure 51 in Appendix A.1 shows the mass
spectrum myy (_,g4) of the hadronically decaying W boson. Both, on-shell and off-shell W' boson

contributions to the mass spectrum are clearly visible.
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Fig. 29: On- and off-shell truth W boson invariant mass spectrum for several resonance mass points.

Angular distributions

Geometric distributions such as the angular distribution between the partons have been studied as
well. Figure 30 shows the angular separation, AR(H,H ), between the two Higgs bosons that result
from the decay of the heavy resonance. As expected, the Higgs bosons are produced back-to-back,

i.e. the angular distribution peaks at AR ~ 7 with a tail to larger values.

Of more interest is the angular separation of the Higgs boson decay products. The angular separa-
tion, AR(W,W*), between the two W bosons as well as the angular separation, AR(b,b), between
the two b-quarks is shown in Figure 31a and Figure 31b respectively. For higher resonance masses
the Higgs boson is more boosted, such that the angular separation distribution is shifted to lower
values. While for the mx = 3TeV sample, the angular distribution between the W bosons results
in a relatively narrow peak with a maximum at AR(W,W*) ~ 0.06, the mx = 1TeV sample results
in a very broad spectrum peaking at AR(W,W*) =~ 0.2. The b-quarks are rather well-separated
for a myx = 1TeV resonance mass, resulting in a broad spectrum peaking at AR(b,b) =~ 0.55. For
the mx = 3 TeV resonance mass, most events are below AR(b,b) = 0.2, which represents a critical
value as the hadronic decay products of b-jets are no longer resolvable with standard R = 0.2 track
jets. On the other hand, a notable fraction of b-quarks have AR(b,b) > 1 for the mx = 1TeV

resonance mass such that they cannot be collected using standard large-R CALO jets.
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Fig. 30: The distribution of the angular separation between the two truth Higgs bosons for several
resonance mass points.
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truth b-quarks resulting from the boosted Higgs boson decay for several resonance mass
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Chapter 6

Performance Studies of H — bb Tagging

In the following, performance studies of boosted H — bb tagging techniques are presented. As a

general approach, a H — bb jet tagger can be constructed using three steps:
o b-tagging of the subjets
e Jet mass window cut around the Higgs boson mass peak
e Cuts on jet substructure variables

These steps aim to exploit the heavy flavour content, the mass and the internal structure of the
reconstructed Higgs jet to discriminate from QCD jets and hadronic top decays. The metrics used

to study the performance of such a Higgs tagger are the

N (b-tag | Higgs jet)
N (Higgs jet)

Higgs jet efficiency = (6.1)
where N is the number of the jets, and the QCD and top jet rejections defined as the inverse
QCD and top jet efficiencies. As a general measure of tagging performance, Receiver Operatic
Characteristics (ROC) curves, which show the background rejection as a function of the signal
efficiency, are used. ROC curves have the advantage that they show the performance of a tagger
across all signal efficiencies and are not dependent on the used WP. In this thesis, Higgs, top and
QCD jets are reconstructed using standard large-R CALO jets or TAR jets, both of which are
required to satisfy pr > 250GeV and |n| < 2.0. Furthermore, the subjets are required to have
pr > 10GeV and |n| < 2.5. FR and VR track jets are moreover required to have at least two track

constituents.

A Higgs jet is defined as the reconstructed jet in simulated bbWW* events which is closest to
the large-R Higgs truth jet. The large-R Higgs truth jet is determined by labelling its flavour
by spatially matching the jet to generator-level B-hadrons with pr > 5GeV which are within
AR < 1.0 of the jet axis. In case of ambiguities, the hadron is only matched to the closest jet. A
Higgs truth jet is required to be double B-labelled and fulfil the identical pr and 7 requirement as
the reconstructed Higgs jet. Events which do not contain a Higgs truth jet are discarded. Top and
QCD jets are defined as the pp-leading reconstructed large-R CALO or TAR jet in tt and QCD

di-jet events, respectively.

The MC signal and tt events have been weighted according to the procedure described in Appendix
C to yield the physical predictions expected for the 2015-2017 data taking period. QCD di-jet
events have been weighted to give a physical, smoothly falling pp spectrum (see Appendix C).
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6.1. Truth H — bb Labelling Studies

For QCD, only relative event numbers are discussed, as a full QCD background estimate, which
was not available during the time of writing, is required to compute absolute event yields. For
the production of a mx = 1TeV resonance mass, a cross section of 15 pb was assumed, while the
cross section for the production of a mx = 2 and 3 TeV heavy resonance mass was assumed to be
2 pb. The assumed cross sections roughly correspond to the current experimental limits on resonant
Higgs-boson pair production for a spin-0 scalar which are presented in Section 2.4. For this study,
the 0¢ final state is used, but the results presented are expected to be independent from the type
of the subsequent W boson decay.

For the b-tagging of the subjets, the 77% WP is used. Three categories have been studied:

o Double b-tagging (“2btag”): the two pp-leading subjets are required to pass the b-tagging

requirement

o Inclusive single b-tagging (“>1btag”): at least one of the two pp-leading subjets are required

to pass the b-tagging requirement

o Exclusive single b-tagging (“1btag”): exactly one of the two pr-leading subjets are required

to pass the b-tagging requirement

In Section 6.1, a brief truth-level study aiming to mimic the standard tagging procedure for AKT-
FR track jets and to motivate the use of alternative subjet reconstruction algorithms is presented.
In Section 6.2, the performance of H — bb tagging using AKT-FR, AKT-VR, CoM and ExKT
subjets with standard large-R CALO jets is explored. In Section 6.3, the use of TAR jets for
H — bb tagging is studied for the first time. The performance of various TAR jet definitions with
VR track jets is presented. Furthermore, different TAR jet mass window cuts are applied and
substructure distributions are used to further increase the discrimination against QCD and top

jets.

6.1. Truth H — bb Labelling Studies

In order to understand and motivate the need for advanced boosted H — bb tagging procedures,
it is useful to mimic the baseline tagging employed by ATLAS at truth level. For this, stable truth
particles after hadronisation are used as input to the respective jet algorithms to create truth jets
(see Section 4.2). The truth particles are clustered into truth large-R AKT-FR jets (in the following
just “large-R jets”) and to AKT-FR (R = 0.2) jets, aiming to mimic the large-R CALO jets and
the AKT-FR track jets used for the standard boosted H — bb tagging procedure at detector level.
The truth large-R jets undergo the same grooming procedure as the reconstructed jets. In the
following, AKT FR (R=0.2) jets which lie within AR = 0.5 of the closest large-R jet, are called
subjets of the respective large-R jet. The H — bb large-R jets can then be selected by requiring
them to be double B-labelled. However, in order to mimic the tagging procedure at reconstruction
level, this is compared to selecting the large-R jet by requiring the association with exactly two
subjets which each have been individually B-labelled (“B-associated”). The labelling follows the

same procedure described above, with the difference that B-hadrons are matched to the subjets
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6. Performance Studies of H — bb Tagging

if they lie within AR < 0.2 of the subjet axis. Note that while this study uses the identical jet
reconstruction algorithms as described in Section 4.1, the inputs are different and only aim to mimic

the tagging procedures at truth level as precisely as possible.

Figure 32 shows the invariant mass of the double B-labelled large-R jet, mII;—RJ, and the difference,

b
&arton — mII;BRJ, between the invariant bb mass at parton level, mg—)arton, and the large-R jet mass.
The mIl;BRJ distribution shows a peak around the Higgs boson mass, a slow decrease towards low

large-R jet masses as well as a very sharp decrease towards higher masses. The sharp drop is an

m

expected feature and is the result of the grooming procedure, which removes soft components from
PU and UE contributions. As a result, the mass distribution of the large-R jet tends to slightly

lower values compared to the invariant mass at parton level.
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Fig. 32: Invariant mass spectrum of the double B-labelled large-R jet (left) and difference between
the invariant mass at parton level and the invariant mass of the double B-labelled large-R jet
(right).

In Figure 33, the angular separation, AR(SJ,SJ), between both B-labelled subjets (SJs) of the
large-R jet is shown for the several mass points. As expected, the shape compares well to the
angular separation seen at parton level (see Figure 31b). The distributions show a hard cut-off
in the spectrum at the critical value AR = 0.2, which corresponds to the size parameter of the
subjet reconstruction algorithm. The inputs to the subjet reconstruction algorithm start to overlap
such that one instead of two subjets is reconstructed (“subjet merging”). While this affects a
significant number of events in the case of a mx = 3TeV heavy resonance, the Higgs bosons
originating from lower resonance masses are less boosted and therefore these events seldomly have
an angular separation below the threshold of AR = 0.2. As a consequence, improvements in subjet
reconstruction methods are expected to primarily benefit the H — bb tagging for resonance masses
with mx 2 3TeV.

The effect of subjet merging is also observable in the py spectrum of the large-R jet. Figure 34 shows
the jet transverse momentum, pg})‘%, of the B-associated large-R truth jets and of large-R truth
jets which are selected by requiring one or two subjets with one or two B-labels each, respectively.

While the distribution for the B-associated jets remain mostly unaffected for the 1 TeV and 2 TeV
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Fig. 33: Angular separation between the two B-labelled subjets which have been associated to the
large-R jet. A hard cut-off is observed at AR = 0.2.
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Fig. 34: Transverse momenta of the B-associated large-R jets (left) and for large-R jets which are
selected by requiring the association to one or two B-labelled subjets (right). The original pr
spectrum for double B-labelled large-R jets is recovered.

resonance masses, events in the high-pp region are lost in the mx = 3TeV case, which causes a
shape distortion in the pp spectrum. When including the case of only one B-labelled subjet being
present, the original pp spectrum obtained from double B-labelled large-R jets (see Figure 35) is

recovered.
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Fig. 35: Transverse momentum of the double B-labelled large-R jets.

6.2. Performance of Subjet Reconstruction Techniques

In this section, the performance of the standard H — bb tagging procedure employed by ATLAS is
compared to the use of the alternative subjet reconstruction techniques presented in Section 4.6.
Standard large-R CALO jets are used for the reconstruction of the H — bb and top jets. As a
baseline, the use of FR track jets is compared to the use of VR track jets as well as CoM and ExKT
subjets for b-tagging. Figure 36 shows the Higgs jet efficiencies in the double b-tag category for
the various subjet reconstruction algorithms as a function of the transverse momentum, pr jet, and
as a function of the pseudorapidity, njet, of the reconstructed Higgs jet for the three mass points
mx = 1, 2 and 3TeV. As the pr spectrum of the Higgs boson peaks at pr g ~ mx/2 and then
decays rapidly for higher mass values (see Figure 27), the Higgs jet efficiencies as a function of
the jet pr start to become statistically limited for pr je¢ > mx/2. In the low-pr region up until
~1TeV a Higgs jet efficiency between ~ 0.4-0.6 is observed, where FR jets give a slightly higher
efficiency. However, in the high-pr region, the efficiency for FR jets drops significantly to values
even below 0.1 at pr jer = 1.8 TeV. VR jets also show a small decrease in efficiency in the high-pr
region, but allow the recovery of most of the efficiency loss seen with FR jets. The CoM and ExKT
subjets also show some improvements in the high-pr region, but to a lesser extent. ExKT subjets
seem to give marginally higher efficiencies compared to CoM subjets. The loss of efficiency seen in
the pr spectrum of the jet translates into a dip for central values in the n distribution of the Higgs
jet. While the 1TeV resonance mass results in a flat  spectrum with little hierarchy between the
subjets, the efficiencies exhibit a large drop around 7 =~ 0 for the 3 TeV resonance mass. Only VR
jets are able to almost completely preserve the flat shape seen for less boosted heavy resonances
with mx = 1TeV. The Higgs jet efficiencies in the inclusive single b-tagging category are shown in
Figure 52 in Appendix A.2 and show a mostly flat distribution across all mass points and subjet
reconstruction algorithms at a ~ 90 % efficiency. The overall Higgs jet efficiencies and the efficiencies

in the high-pr region in the double and inclusive single b-tag category are shown in Table 7. These
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Fig. 36: Higgs jet efficiencies as a function of pr (left) and n (right) in the double b-tag category
for the various subjet reconstruction algorithms for the three mass points mx = 1, 2 and 3 TeV.

measurements are compatible with previous observations [97] and the truth-level study presented
in Section 6.1. Subjet merging effects start to gain relevance for boosted jets with a pp in the
order of ~1TeV, such that the use of advanced subjet reconstruction techniques can improve the
H — bb tagging for resonance masses of myx > 3TeV. Compared to FR track jets, VR track jets
show the best improvement with an efficiency gain of up to ~77% in the high-py region and an
overall efficiency gain of ~37% in the case of a 3 TeV resonance mass. Only marginal losses are

observed for lower resonance masses.

47



6. Performance Studies of H — bb Tagging

Jet Type Signal mass point mx
1TeV 2TeV 3TeV
Overall Overall High-pr Overall High-pr
FR 0.57 (0.94) 0.55 (0.94) 0.43 (0.89) 0.30 (0.89) 0.22 (0.87)
VR 0.55 (0.93) 0.49 (0.92) 0.42 (0.87) 0.41 (0.89) 0.39 (0.87)
ExKT 0.56 (0.93) 0.47 (0.90) 0.35 (0.85) 0.35 (0.85) 0.30 (0.82)
CoM 0.55 (0.92) 0.46 (0.90) 0.33 (0.84) 0.34 (0.85) 0.28 (0.81)

Tab. 7: Higgs jet efficiences for VR, FR, ExKT and CoM subjets in the double (inclusive single)
b-tag category for the 77% WP. Efficiencies are shown for the standard jet selection (“Overall”)
and for the high-pr region where pr jer > 1TeV.

In addition to the Higgs jet efficiencies, it is also important to study the background rejection
for the various subjet reconstruction algorithms, in particular for the dominant ¢t background. In
Figure 37, the top jet rejection as a function of the top jet pr is shown for the various subjet

reconstruction algorithms. The top jet rejection is nearly constant throughout the pp bins for all
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Fig. 37: Top jet rejection as a function of the top jet pr in the double b-tag category for the various
subjet reconstruction algorithms.

subjet reconstruction algorithms. While FR, CoM and ExKT jets exhibit a very similar rejection,
the top jet rejection is best for VR track jets. The top jet rejection as a function of the top jet
pr in the single inclusive b-tag category is shown in Figure 53 in Appendix A.2 and exhibits a
significantly worse top jet rejection of ~ 2 throughout the pr bins. As the b-quarks resulting from
the two individual top decays are expected to have a higher angular separation compared to those
resulting from Higgs decays, it is unlikely that both will be reconstructed within subjets which

are associated to one single large-R CALO jet. In contrast, t — bW jets are expected to contain
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exactly one B-hadron such that the discrimination of top jets from Higgs jets becomes significantly

more difficult in the (inclusive) single b-tag category.

The ROC curves comparing the performance of various subjet reconstruction techniques for a heavy
resonance mass myx = 3 TeV and the ROC curves comparing the FR and VR track jet performance
for the various mass points are shown in Figure 38. As expected, VR track jets perform significantly
better compared to FR track jets, while the CoM and ExKT Jets provide some improvement. As
a result of subjet merging in the case of a 3 TeV resonance, FR track jets reach a maximum signal
efficiency of ~ 0.7, while CoM and ExKT jets reach ~ 0.8 and VR jets are not affected at all. For
lower resonance masses, all subjet reconstruction algorithms reach the full signal efficiency and
only small differences are seen in the performance. The ROC curves comparing the performance
of the four subjet reconstruction algorithms for resonances with myx = 1 and 2TeV are shown in
Figure 54 in Appendix A.2. It is noteworthy to mention that VR track jets can overlap (“jet-in-
jet topology”). The interplay of overlapping track jets with the track association for b-tagging is
questionable and currently under investigation. Possible solutions to this problem, such as vetoing

highly collimated VR track jets, could reduce the efficiencies but are outside of the scope of this

thesis.
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Fig. 38: ROC curves comparing the performance of various subjet reconstruction techniques for
a heavy resonance mass mx = 3TeV (left) and ROC curves comparing FR and VR track jet
performance for the mx = 1, 2 and 3 TeV resonance masses (right).

6.3. Performance of Track-Assisted Reclustered Jets

In the following, H — bb tagging performance studies using TAR jets instead of large-R CALO
jets for the reconstruction of the H — bb jet are presented. Since in Section 6.2 VR track jets have
been shown to offer the best performance for standard large-R CALO jets, VR track jets are used
in the following for the flavour tagging. The impact on H — bb tagging is studied for a variety
of TAR jet definitions. The reclustering is performed using the AKT-FR, AKT-VR as well as the
CA-FR and CA-VR algorithms. For the FR algorithms, the size parameter R is varied in steps of
0.25 from R = 0.50 to R = 1.50. For the VR algorithms, the energy scale p is varied in steps of
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50 GeV from p = 150 GeV to p = 350 GeV. The minimum size parameter is set to Ry, = 0.4 and
the maximum size parameter to Ry.x = 1.6. No significant differences are observed between AKT
and CA reclustering, such that for the sake of brevity, most results presented in the following make
use of the AKT algorithm.

Figure 39 shows the Higgs jet efficiencies as a function of the TAR jet pr in the double b-tag
category for AKT-FR and AKT-VR TAR jets for the mx = 3 TeV resonance mass. The efficiencies
for all resonance masses, including the mx = 1TeV and mx = 2 TeV resonance masses are shown
in Figure 55 in Appendix A.3. The efficiencies for AKT-FR (R = 1.0) TAR jets compare well
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Fig. 39: Higgs jet efficiencies as a function of the TAR jet pr in the double b-tag category for
AKT-FR (left) and AKT-VR (right) TAR jets for the mx = 3TeV resonance mass. For AKT-FR
TAR jets, the size parameter is varied, while the energy scale is varied for AKT-VR TAR jets.

to the results shown for standard large-R CALO jets and VR track jets in Section 6.2. For both
AKT-FR and AKT-VR TAR jets, a gradual decrease in efficiency is seen in the low-pp region for
smaller size parameters and energy scales. For higher TAR jet pr, the efficiencies converge such
that no difference is observed between the different parameter values. In the low-pr region, the
Higgs bosons are less boosted such that the decay products appear relatively widely distributed.
Small jet sizes fail to collect both B-hadrons from the H — bb jet such that the tagging performance
decreases rapidly in this region. According to Equation 4.1, the decay products of a Higgs boson
with pr > 500 GeV have a mean angular separation of ~0.5. Hence, R = 0.5 jets begin being
relatively efficient at a Higgs jet pr of > 500 GeV. After exceeding a jet pr threshold of ~ 700 GeV,
no significant differences between the parameter values are observed for AKT-FR TAR jets. For
AKT-VR TAR jets a similar behaviour is observed. The Higgs jet efficiencies as a function of the
TAR jet pr in the single inclusive and exclusive b-tag category for AKT-FR and AKT-VR TAR jets
for the various mass points are shown in Figure 56 and Figure 57 in Appendix A.3, respectively. As
expected, the inclusive single b-tag category exhibits high efficiencies throughout the pp bins with
a minor decrease in the very low-pp region for the lower values of the parameters. As the exclusive
single b-tag category is orthogonal to the double b-tag category, it exhibits the opposite tendency,
i.e. smaller values of the parameters perform best at low-pr, while the same convergence is seen in

the high-pr region. The total Higgs jet efficiencies for the various TAR jet definitions and signal
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mass points for the 77% (70%) WP are shown in Table 8. As mentioned earlier, only marginal

TAR jet definition Signal mass point mx
Type R | p[GeV] 1TeV 2TeV 3TeV

0.50 0.14 (0.11) 0.45 (0.36) 0.41 (0.31)

0.75 0.47 (0.40) 0.49 (0.40) 0.42 (0.32)

FR 1.00 0.55 (0.46) 0.50 (0.40) 0.42 (0.32)
1.25 0.54 (0.46) 0.49 (0.39) 0.41 (0.32)

AKT 1.50 0.53 (0.45) 0.48 (0.38) 0.40 (0.31)
150 0.24 (0.20) 0.41 (0.33) 0.40 (0.31)

200 0.39 (0.33) 0.44 (0.35) 0.41 (0.31)

VR 250 0.48 (0.41) 0.46 (0.37) 0.41 (0.32)
300 0.52 (0.44) 0.48 (0.38) 0.42 (0.32)

350 0.54 (0.46) 0.49 (0.39) 0.42 (0.32)

0.50 0.13 (0.11) 0.45 (0.36) 0.41 (0.31)

0.75 0.47 (0.40) 0.50 (0.40) 0.42 (0.32)

FR 1.00 0.55 (0.46) 0.50 (0.40) 0.42 (0.32)
1.25 0.54 (0.46) 0.49 (0.39) 0.41 (0.31)

CA 1.50 0.53 (0.45) 0.48 (0.38) 0.40 (0.31)
150 0.24 (0.20) 0.41 (0.33) 0.40 (0.30)

200 0.39 (0.33) 0.43 (0.35) 0.40 (0.31)

VR 250 0.48 (0.40) 0.46 (0.37) 0.41 (0.31)
300 0.52 (0.44) 0.47 (0.38) 0.42 (0.32)

350 0.54 (0.45) 0.49 (0.39) 0.42 (0.32)

Tab. 8: Higgs jet efficiencies in the double b-tag category for the various TAR jet definitions and
signal mass points for the 77% (70%) WP.

differences are observed between AKT and CA reclustering. Efficiencies remain almost unchanged
for the different parameters for the mx = 2TeV and mx = 3 TeV resonance masses. A large drop
in efficiency is seen for the smallest parameters R = 0.5 and p = 150 GeV. Up to a factor of ~ 3.4

in efficiency is lost with respect to the second lowest parameter values.

The corresponding top jet rejections and QCD jet rejections as a function of the TAR jet pp in
the double b-tag category for AKT-FR and AKT-VR TAR jets are shown in Figure 40. The
hierarchy seen for the Higgs jet efficiencies is reversed for the background rejection. While in the
low-pr region, smaller size parameters and energy scales lead to lower efficiencies, the background
rejection is enhanced. In particular, a jet size of R = 0.5 increases the top jet rejection by a factor
of up to 3.5 in the low-pr region. The probability of the two B-hadrons being contained in one
single top jet is very small, such that at least one light track jet needs to be mistagged to get a
double b-tagged TAR jet. Reducing the radius of the TAR jet, lowers the probability to find one
B-hadron within the ppr-leading TAR jet, such that two track jets need to be mistagged and the
rejection increases. In the high-pr region, the B-hadron can be collected even by smaller jet sizes

such that a similar convergence for the rejection is seen as for the efficiencies.

51



6. Performance Studies of H — bb Tagging

Sopof T T T T T T S 77—
S 180F- ATLAS Work In Progress e E S I ATLAS Work In Progress TP ey 4
@ F Simulation, Vs = 13 TeV e ] ‘g 100[~ Simulation, Vs = 13 TeV ey 1
?5 160 0 channel, FastSim AFII R=1.25 — ?E 07 channel, FastSim AFII p=300GeV f
g 140 ; MV2c10 77% 2btag — R=15 é g 80 [ Mv2c10 77% 2btag —p=1350GeV 7
o F  AKT-FR TAR jets using AKT-VR track jets 4 o ~ AKT-VR TAR jets using AKT-VR track jets 1
o r | ] r B
= 120 = [ L 4
100 = e .
80— = 400 —_— B
60 — = ———
o — @ o, 201 -
20 - — L ]
o 1 ] ol 1 ]

400 600 800 1000 1200 400 600 800 1000 1200
pT Jet [GeV] pT Jet [GeV]
c e R ; — = T T T
2 500 . — 2 F E
S~ ATLAS Work In Progress e 1 S 400f- ATLAS Work In Progress ey 3
T [ Simulation, Vs = 13 TeV — R 4 ko) F Simulation, Vs = 13 TeV _Z;zsmev B
95 400 [ 07 channel, FastSim AFIl R=1.25 ] 95 350 E~ 07 channel, FastSim AFII p=300GeV -
3 [ Mv2c10 77% 2btag — RS 7 2 300 E  Mv2c10 77% 2btag — p=350GeV E
[a) r AKT-FR TAR jets using AKT-VR track jets ] [a) E AKT-VR TAR jets using AKT-VR track jets E
g 300 = 8 250 =
—t i B |
r b 200—m—7-——— =
200 ;'——_ S e e’ 7: 150; é
1001 E 100 E
r ] S0E E
ol v 1 e 1 b b v 1 g

400 600 800 1000 1200 400 600 800 1000 1200
pT,Jel [GeV] pT,Jel [GeV]

Fig. 40: Top jet rejection (top) and QCD rejection (bottom) as a function of the TAR jet pr in the
double b-tag category for AKT-FR (left) and AKT-VR (right) TAR jets. For AKT-FR TAR jets,
the size parameter is varied, while the energy scale is varied for AKT-VR TAR jets.

Figure 41 shows the ROC curves comparing the Higgs jet tagging performance against top jets in
the double b-tagging category for AKT-FR TAR jets and AKT-VR TAR jets for the various mass
points and jet parameters. In the case of a mx = 3TeV resonance mass, lower values of R and
p perform best throughout all signal efficiencies. For all parameters, the full efficiency is reached.
In the case of a mx = 1TeV resonance mass, a large drop in performance is seen for R = 0.5
and p = 150 GeV. As a result of the loss in efficiency in the low-pp region seen in Figure 39, the
full signal efficiency is not reached. In this case, the R = 1.0 and p = 350 GeV values perform
best. In the intermediate case of a mx = 2TeV resonance mass, lower values of R and p seem to
perform best at high signal efficiencies, while larger parameter values are beneficial for high signal
efficiencies. Due to the massive drop in Higgs jet tagging performance for mx = 1TeV resonance
masses, the parameters R = 0.5 and p = 150 GeV should not be used. A very similar behaviour
is observed for QCD jets. Figure 60 in Appendix A.3 shows the ROC curves comparing the Higgs
jet tagging performance against QCD jets in the double b-tag category for AKT-FR TAR jets and
AKT-VR TAR jets for the various mass points and jet parameters.

Summarising, only marginal differences in performance between AKT and CA reclustering are
observed for double b-tagged TAR jets. The AKT-FR and AKT-VR algorithms provide similar
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Fig. 41: ROC curves comparing the Higgs jet tagging performance against top jets in the double
b-tag category for AKT-FR TAR jets (left) and AKT-VR TAR jets (right) for the mx = 1TeV
(first row), mx = 2TeV (second row) and myx = 1TeV (third row) resonance mass. For AKT-FR
TAR jets, the size parameter is varied, while the energy scale is varied for AKT-VR TAR jets.

performance, while smaller jet sizes perform better for heavier resonance masses and larger jet
sizes perform better for lighter resonance masses. The smallest energy scale p = 150 GeV and size
parameter R = 0.5 can be excluded, as compared to other parameter values, the Higgs jet tagging
performance drops significantly for a mx = 1 TeV resonance mass. In the following, the Higgs jet

tagger is extended to include jet substructure information and its performance is further studied.
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6.3.1. Track-Assisted Reclustered Jet Mass Cut

As mentioned in the introduction to this chapter, the flavour tagging of the track jets is only one

part of constructing a H — bb jet tagger. A mass window cut on the TAR jet mass, miAR

Jot 5, can
significantly help to increase the discrimination against QCD and top jets. Figure 42 shows m:-,FQR

of top, QCD and Higgs jets reconstructed using the AKT-VR TAR jet algorithm for various values
of the energy scale in the double b-tag category. The respective distributions for AKT-FR TAR jets

for several size parameters are shown in Figure 62 in Appendix A.4. As expected, a smooth peak
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Fig. 42: Masses of top, QCD and Higgs jets originating from heavy resonances of mass my, recon-
structed using the AKT-VR TAR jet algorithm. Distributions are shown for various values of the
energy scale in the double b-tag category.

around the Higgs boson mass my = 125 GeV is observed for all signal samples. For p = 200 GeV,
top jets exhibit a wide distribution around the Higgs boson mass. For higher values of p, the
distributions shifts to larger mass values, giving a peak close to the top mass m; ~ 173 GeV and a
long tail towards lower masses. Full containment of the top decay products in the TAR jet seems
to be already reached at p = 300 GeV, as the distribution is not considerably altered for higher
values. In contrast, QCD jets exhibit a broad peak around ~ 50 GeV for p = 200 GeV. For higher
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energy scales, the distribution widens such that more jets fall into the region around the Higgs

boson mass peak.

In order to reduce the QCD and top contributions, three different mJTQR window cuts are studied.

The mass window cuts are defined to give a 90%, 80% and 68% signal efficiency in the case of a
mx = 3TeV resonance for the various TAR jet definitions and are then applied to the masses of
the other two mass points as well as to the top and QCD jets. As an example, the resulting m}QR

mass window cuts applied to AKT-VR TAR jets with p = 250 GeV are visualized in Figure 43.
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Fig. 43: Masses of top, QCD and Higgs jets originating from heavy resonances of mass mx, re-
constructed using the AKT-VR TAR jet algorithm with p = 250 GeV. The vertical lines show the
various Higgs jet mass window cuts corresponding to a 90% (solid), to an 80% (dashed) and to a
68% (dotted) signal efficiency.

A cutflow showing the event yields after every step of the selection for the signal and background
contributions for the various energy scales of AKT-VR TAR jets is shown in Table 9. The identical
table for AKT-FR jets is shown in Tab 11 in Appendix B. Note that the number of initial events,
Nini, is not identical for all parameters in tt as a result of events which have failed to be processed.
However, the maximal difference is ~ 0.05%, which can be neglected in the following. As for the
mx = 1TeV resonance mass, a cross section of 15 pb was assumed, the initial number of events is
higher compared to the mx = 2TeV and myx = 3TeV resonance masses, where a cross section of
2pb was assumed. For the central value p = 250 GeV and an 80% mass cut, approximately 76%,
70% and 73% of the signal events are lost for a mx = 1, 2 and 3 TeV resonance mass, respectively.
At the same time, approximately 99.84% of tt events and ~99.99% of QCD di-jet events are
rejected. In addition to the yields, the signal significance, ¥ = s/ Vb, for the tt background was

computed in order to assess which mass cut and jet definition gives the best separation between
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p [GeV] Selection 1TeV  2TeV  3TeV tt QCD [1079)

Nini 989.54 137.56 138.62 33258526 1000000

jet selection 592.51 10748 113.78 3449667 244149

150 double b-tag 139.34 4441  45.25 64293 1087
68%  95.77  31.61  30.82 23605 93

mass cut  80% 112.09 36.78  36.21 31296 139

90% 125.91  40.74  40.74 41506 245

Nipi 989.54 137.56 138.62 33271372 1000000

jet selection 602.16 107.71 113.86 4102003 256934

200 double b-tag 236.47  47.30  46.09 106648 1310
68% 169.18  33.68  31.41 37032 175

mass cut  80% 196.48  39.24  36.88 48261 250

90% 218.06  43.46  41.50 63203 395

Nini 989.54 137.56 138.62 33271372 1000000

jet selection 604.52 107.77 113.88 4560982 267141

950 double b-tag 289.91  49.61 46.81 140349 1476
68% 208.65 3540  31.88 40558 236

mass cut  80% 241.98  41.26  37.46 52588 324

90% 267.94 45.68 42.15 69055 489

Nini 989.54 137.56 138.62 33254288 1000000

jet selection 604.80 107.77 113.88 4854070 275068

300 double b-tag 316.10  51.31  47.31 163290 1589
68% 225.32 36.69 32.21 38290 271

mass cut  80% 261.28  42.75  37.87 49762 371

90% 289.50  47.28  42.60 66059 538

Nini 989.54 137.56 138.62 33271372 1000000

jet selection 604.87 107.77 113.88 4978317 278741

350 double b-tag 326.59  52.57  47.65 176363 1656
68% 227.93 37.59 3245 34535 288

mass cut  80% 264.87 43.80  38.16 45155 382

90% 293.56  48.38 4291 60851 552

Tab. 9: Cutflow showing the event yields after every step of the selection in the double b-tag category
(77% WP) for the signal and background contributions for the various energy scales of AKT-VR
TAR jets. As a full background estimate was not available during the time of the writing, the
yields for QCD are normalized to one.

signal and background. Here, s is the number of signal events passing the selection and b is the
number of t¢ events passing the selection. The computed significances for the various energy scales
and mass cuts for AKT-VR TAR jets as well as for the various size parameters and mass cuts for
AKT-FR TAR jets are shown in Table 10.

As a result of the higher cross section assumption for mx = 1TeV resonances, significances are
For the mx = 1TeV resonance, p = 350 GeV
with a mass cut of 80% gives the largest significance of ~1.25 for AKT-VR jets. This is not

higher compared to heavier resonance masses.
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R  Masscut 1TeV 2TeV 3TeV p [GeV] Masscut 1TeV 2TeV 3TeV
68% 0.78 0.55 0.50 68% 0.62 0.21 0.20

0.50 80% 0.76 0.53 0.49 150 0% 0.63 0.21 0.21
90% 0.68 0.46 0.44 90% 0.62 0.20 0.20

68% 1.37 0.26 0.22 68% 0.88 0.18 0.16

0.75 80% 1.36 0.25 0.22 200 80% 0.90 0.18 0.17
90% 1.26 0.23 0.21 90% 0.87 0.17 0.17

68% 1.22 0.19 0.16 68% 1.04 0.18 0.16

1.00 80% 1.22 0.19 0.16 250 80% 1.06 0.18 0.16
90% 1.03 0.16 0.14 90% 1.02 0.17 0.16

68% 1.18 0.19 0.16 68% 1.15 0.19 0.16

1.25 80% 1.16 0.18 0.16 300 80% 1.17 0.19 0.17
90% 0.85 0.13 0.11 90% 1.13 0.18 0.17

68% 1.15 0.18 0.15 68% 1.23 0.20 0.17

1.50 80% 1.11 0.17 0.15 350 80% 1.25 0.21 0.18
90% 0.80 0.12 0.10 90% 1.19 0.20 0.17

Tab. 10: The significance ¥ in the double b-tag category (77% WP) for the various size parameters
for AKT-FR TAR jets (left) and for the various energy scales of AKT-VR TAR jets (right) for the
several resonance masses.

surprising as p = 350 GeV has been shown to perform best for a this mass point (see Figure 41).
Similarly, the maximum significance for the myx = 3 TeV resonance is ~0.21 for the lowest energy
scale p = 150 GeV and an 80% central mass cut. For the mx = 2TeV resonance, the lowest and
largest parameter yield the best significances. Also note that, as shown for the performance, the
significance for a mx = 1TeV resonance drops from 1.23 to 0.62 with respect to the largest and
lowest values of the size parameter R, while for the other heavy resonances the significances remain

relatively constant. As for the mass cut, a central 80% mass cut seems to give the best significances.

6.3.2. Track-Assisted Reclustered Jet Substructure Variables

After applying a TAR jet mass cut, additional discrimination against QCD and top jets can be
achieved by exploiting the internal structure of the Higgs jets through jet substructure variables.

Several variables have been studied for this purpose:
e The N-subjettiness ratios 101, 732 and 742
e The ECF ratios C7, Cy, C3 and Dy
e The generalized ECF ratios Ms, No, N3, L1, Lo, L3, Ly and L5

This section aims to study the separation power of these variables and to find the variable which
gives the optimal discrimination between Higgs jets, QCD and top jets for the use of TAR jets.
Furthermore, it is studied whether different jet definitions lead to better performance when in-

cluding jet substructure information. A large number of parameters can be varied for this study,
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including the various signal samples, jet definitions and mass cuts. For reasons of simplicity, only
AKT-VR TAR jets with the central value p = 250 GeV are used in the following. Moreover, the
central myx = 2TeV heavy resonance mass is used for all further studies. The 80% mass cut is
applied. From the resulting distributions, five variables are chosen which provide good discrimina-
tion against top and QCD jets. Using ROC curves, a scan through these variables is performed
to show the signal efficiency against the top and QCD jet rejections. The performance differences
between the jet definitions is then assessed using a two-step procedure. First, the size parameters
and energy scales are fixed to the central values, while the type of reclustering algorithm is varied
for the best variables. Then, the AKT-VR TAR jet algorithm is fixed, while p is varied for the best

variables.

Figure 44 shows the N-subjettiness ratio 742 in the double b-tag category for QCD and top jets as
well as for Higgs jets with and without an 80% mass cut applied for p = 200 GeV and p = 300 GeV.

Without the mass cut, very similarly shaped unimodal distributions peaking at ~ 0.6 are seen for
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Fig. 44: N-subjettiness ratio 740 in the double b-tag category for QCD and top jets as well as
for Higgs jets for various values of my reconstructed using AKT-VR TAR jets. Distributions are
shown without (left) and with an 80% m3IA® cut (right) for the mass scale values p = 200 GeV
(top) and p = 300 GeV (bottom).

Higgs and QCD jets. For top jets, a bimodal distribution is observed. For p = 200 GeV, the larger

peak of the bimodal distribution is within the signal distribution, while the smaller maximum peaks
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6.3. Performance of Track-Assisted Reclustered Jets

outside at ~0.2. This peak grows considerably for p = 300 GeV, such that the separation power is
greatly increased. This is, however, the result of a higher fraction of top jets passing the selection
for larger values of p (see Table 9). While the separation power is larger, this does not necessarily
mean that larger p values lead to overall higher significances. After applying the mass cut, most
of the separation power is lost and higher values of the energy scale only provide marginally more
discrimination against top jets. However, the distribution for QCD jets changes after the mass cut
and closely follows the same distribution as for top jets, such that separation power between Higgs
and QCD jets is increased. This feature has been observed for all studied jet substructure variables:
QCD jets tend to become more top-like for a 90% mass cut and almost completely follow the top
jet distributions for tighter mass cuts. Further distributions of N-subjettiness ratios, including 7o;

and 732, are shown in Appendix A.5.

Figure 45 shows the ECF ratio C; in the double b-tag category for QCD and top jets as well as
for Higgs jets with and without an 80% mass cut applied. The distributions are heavily dependent
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Fig. 45: ECF ratio C in the double b-tag category for QCD and top jets as well as for Higgs jets
for various values of mx reconstructed using AKT-VR TAR jets with p = 250 GeV. Distributions
are shown without (left) and with an 80% mIAR cut (right)

on the resonance mass. For a mx = 17TeV resonance, C7 peaks at ~0.14, while the peak of the
mx = 2TeV and mx = 3 TeV resonances are shifted towards C; = 0.07 and C; ~ 0.05, respectively.
For top and QCD jets, very wide distributions are seen, where top jets tend to higher and QCD
jets to lower Cy values. After applying an 80% mass cut, the top jet distribution becomes narrower
and exhibits a prominent maximum at ~0.19. As mentioned before, the distribution for QCD jets
closely follows this shape. With application of the mass cut, a large separation power is gained for
both background jets. Almost a complete separation between the background distributions and the
myx = 2TeV and mx = 3TeV resonance masses is reached. For the mx = 1TeV resonance mass,
a good discrimination power is still seen. Cj distributions for further energy scales are shown in

Figure 66 in Appendix A.2.

As a last example, Figure 46 shows the ECF ratio Ds in the double b-tag category for QCD and
top jets as well as for Higgs jets with and without an 80% mass cut applied. For signal jets, the

distributions show a single peak at ~ 0.8 with a small dependency on the resonance mass, while for
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Fig. 46: ECF ratio Dy in the double b-tag category for QCD and top jets as well as for Higgs jets

for various values of mx reconstructed using AKT-VR TAR jets with p = 250 GeV. Distributions

are shown without (left) and with an 80% mJAR cut (right).

top jets the distribution exhibits a sharp peak at ~ 1.1 with a smaller bump at ~0.5. QCD jets lead
to a wide distribution which tends to larger values, thus providing some separation power. After
the mass cut, most of the discrimination power against QCD and top jets is lost. Dy distributions

for further energy scales are shown in Figure 67 in Appendix A.5.

As mentioned before, a total of five variables with good separation power are selected for further
studies. These include the variables presented before, 749, C1, Do as well as Lo and Ny. Dis-
tributions for Lo and Ny are shown in Figure 69 and Figure 68 in Appendix A.5, respectively.
Figure 47 shows the ROC curves comparing the performance of lower ( “<”: for a variable X;
and a certain threshold Y, all events with X; < Y are kept) and upper cuts (“>": for a variable
X; and a certain threshold Y, all events with X; > Y are kept) on these substructure variables.
Note that the efficiencies in these ROC curves are calculated based on jets passing the jet selection,
b-tagging requirement and mass cut in order to only focus on the separation power of the respective
substructure variable. A lower cut on (1 significantly outperforms all other cuts on the studied
variables in the case of top jets as well as in the case for QCD jets. For top jets, an upper cut on 742
provides the second best separation while lower cuts on Lo and Ny perform second-best for QCD
jets. For Do, a upper cut gives some separation power against top jets, but a lower cut is required
to discriminate against QCD jets for a mxy = 2TeV resonance. For this reason, a single-sided cut
on Dy can be discarded. Note that C; shows a significant dependence on the resonance mass (see
Figure 45). However, even in the case of a mx = 1TeV resonance mass, which offers the worst sep-
aration power, C still considerably outperforms all other variables (see Figure 48). Furthermore,
it is seen that a lower cut on Dy performs better compared to an upper cut for QCD and top jets
in this case. Figure 70 in Appendix A.5 shows the respective ROC curves for all heavy resonances,

including for a myxy = 3TeV resonance mass.

Next, studies on the impact of the jet reclustering algorithm choice are presented. The ROC curves
shown in the following are normalized to the number of Higgs jets passing the jet selection, such

that the b-tagging and mass cut performance is included. In Figure 49, the ROC curves comparing
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Fig. 48: ROC curves comparing the performance of lower and upper cuts on various substructure
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for a myx = 2TeV resonance. An 80% TAR jet mass window cut is applied.

the performance of the FR (R = 1.0) and VR (p = 250 GeV) TAR jet collections for a lower cut on
C1 and an upper cut on 742 in the case of top jets and QCD jets are shown. VR TAR jets reach a
signal efficiency of up to ~ 0.4, while FR TAR jets reach slightly lower efficiency values. Note that
there is not a one-to-one correspondence between the central values R = 1.0 and p = 250 GeV for
FR and VR jets, respectively, such that a direct comparison is only possible between the AKT and
CA reclustering algorithms. While the CA algorithm performs marginally better, no significant
differences are observed between the two algorithms for cuts on 742 and C';. The ROC curves for the

Do, Ly and N variables are shown in Figure 71 in Appendix A.5 and show an identical behaviour.

Finally, the energy scale of the AKT-VR jets is varied for scans over the five variables in order
to assess which energy scale p performs best. Figure 50 shows the ROC curves comparing the
performance of the various energy scales for a lower cut on C; and an upper cut on 742 in the case

of top and QCD jets. As expected, higher efficiencies are reached for larger values of p as more
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Fig. 49: ROC curves comparing the performance of the FR (R = 1.0) and VR (p = 250 GeV) TAR
jet collections for a lower cut on C; (top) and an upper cut on 742 (bottom) in the case of top jets
(left) and QCD jets (right). An 80% TAR jet mass cut is applied.

hadronic decay products are collected, increasing the probability of collecting both B-hadrons from
the Higgs boson decay. For top jets, higher values of the energy scale perform best, while for
QCD jets, the opposite behaviour is seen. While this property is less pronounced for Cy, the
N-subjettiness ratio 742 exhibits a significant dependence on the choice of p. For top jets, the
parameter choice impacts the background rejection by up to a factor of ~ 1.5, while for QCD jets
the choice impacts the rejection by up to a factor of ~ 3. Similar observations can be made for the

other variables. The respective ROC curves are shown in Figure 72 in Appendix A.5.

Summarising, the ECF ratio C7 is by far the most promising jet substructure variable and can
help to significantly reduce QCD and top jet contributions, in particular, after a TAR jet mass cut
is applied. Furthermore, the N-subjettiness ratio 749 is also a promising variable for distinction
between Higgs and background jets. While the CA reclustering algorithm provides marginally
better performance, no significant differences are found between the CA and AKT algorithms.
For the rejection of top jets, higher energy scales and size parameters are expected to perform
better, while for QCD jets, lower values of R and p seem to give better results. For the best
performing variable, C1, the choice of parameter only plays a minor role. In order to give a final

recommendation on the choice of the jet definition, a full QCD background estimate is required.
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Moreover, the final decision on which jet definition provides the optimal performance in the bbW W*

channel is also dependent on the H — WW™ system, for which separate studies are required.
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Fig. 50: ROC curves comparing the performance of the various energy scales for AKT-VR TAR
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QCD jets (right). An 80% TAR jet mass cut is applied.
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Chapter 7

Conclusions

Performance studies on boosted H — bb tagging in the HH — bbWW* decay channel were pre-
sented. First, a brief truth-level study on the decay kinematics of the bbWW* channel was shown.
Then, the need for advanced subjet reconstruction techniques for heavily boosted topologies was
motivated in a truth-level study aiming to mimic the standard H — bb tagging procedure imple-
mented by ATLAS. For large-R CALO jets, the performance of various new subjet reconstruction
techniques, which aim to improve the tagging for high-pr jets, was studied and compared to the use
of standard FR track jets. It was found that the Higgs jet efficiency decreases rapidly for FR track
jets starting from a jet pp threshold of ~1TeV as a result of an increasing overlap of the hadronic
decay products. The loss in efficiency can be effectively recovered by using VR track jets, which
allow the B-hadrons to be collected in differently sized track jets. Compared to FR track jets, VR
jets were found to give an efficiency gain of up to ~77% for jets with large transverse momenta
(pr > 1TeV) and an overall efficiency gain of ~37% in the case of a mx = 3 TeV resonance mass.
To a lesser extent, CoM and ExK'T subjets are also able to recover some of the efficiency loss, where
ExKT subjets offer a slightly better performance. With regard to the top jet rejection, VR track
jets also offer the best performance, such that their use should be preferred over the standard FR,
CoM and ExKT subjets.

Furthermore, TAR jets, which provide a variety of advantages compared to large-R CALO jets,
were studied for boosted H — bb tagging for the first time. The large flexibility offered by TAR
jets was exploited to compare the performance of different reclustering parameters and algorithms.
For low pr jets, hadronic decay products are relatively widely distributed within the detector. The
reconstruction with smaller energy scales p and size parameters R fails to collect both of the B-
hadrons from the H — bb decay, such that the Higgs jet efficiencies decrease significantly. In the
high-pr region, the decay products are collimated. Smaller parameter values suffice to collect both
B-hadrons, such that no differences in efficiencies were observed. In turn, smaller sizes are beneficial
to reject t — bW jets in the low-pr region as the probability of collecting the B-hadron decreases
such that both subjets are required to be mistagged for the TAR jet to be double b-tagged. For
QCD jets, a similar but less pronounced behaviour was observed. As the smallest value of the size
parameter, R = 0.5, and energy scale, p = 150 GeV, exhibits a massive decrease in performance for

the mx = 1TeV resonance, their use is not advised.

After exploitation of the heavy flavour content of the TAR jets, the mass and the internal structure
of the reconstructed Higgs jets was used to further discriminate Higgs jets against QCD and top
jets. Three TAR jet mass window cuts corresponding to a 90%, 80% and 68% signal efficiency were
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studied. For top jets, the 80% mass window cut was shown to give the best significance for most of
the studied parameters. In addition, TAR jet substructure variables were studied and five variables
which provide good separation power were selected for further studies. It was shown that after
applying an 80% mass cut, most of the separation power of the jet substructure variables is lost.
The distributions for QCD jets are also seen to closely follow those for top jets after applying a
TAR jet mass cut. It can be inferred that the QCD jets become top-like by adopting a very similar
internal structure as the top jets. The ECF ratio C; was found to give the best separation power
by a great amount, followed by the N-subjettiness ratio 74o. While the CA algorithm provides
marginally better performance, no significant differences were found between the CA and AKT
reclustering algorithms. Larger jet sizes were shown to be beneficial for the rejection of top jets,
while lower energy scales and size parameters were shown to perform better for QCD jets. This
behaviour is observed in all of the studied variables, but is less pronounced in the case of the best-
separating variable C;. A final answer on the optimal jet definition for H — bb tagging requires a
full QCD background estimate, which was not available during the time of the writing. Moreover,
separate studies are required on the H — WW™ system to make a final decision on which jet

definition provides the optimal performance in the bbWW* channel.

The LHC is expected to provide approximately 3000 fb~! of integrated luminosity by the year 2035.
With this amount of data collected, sensitivity to the Higgs boson self-coupling in non-resonant
Higgs boson pair production is expected to be gained. Moreover, searches for heavy resonances in
boosted topologies will gain more importance. In particular, advanced methods designed for heavy-
flavour tagging for boosted resonances will need to be employed to ensure an effective rejection of

the large background contributions expected in Run 3 and beyond.
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Appendix A

Additional Figures

A.1. Truth-Level Study of Decay Kinematics
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Fig. 51: Transverse momentum (left) and invariant mass spectrum (right) of the
caying truth W boson for several resonance mass points.
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For AKT-FR TAR jets, the size

parameter is varied, while the energy scale is varied for AKT-VR TAR jets.
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Fig. 57: Higgs jet efficiencies as a function of the TAR jet pr in the exclusive single b-tag category
for AKT-FR (left) and AKT-VR (right) TAR jets for the three mass points my = 1TeV (first

row), myx = 2TeV (second row) and myx = 3TeV (third row).

For AKT-FR TAR jets, the size

parameter is varied, while the energy scale is varied for AKT-VR TAR jets.
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Fig. 60: ROC curves comparing the Higgs jet tagging performance against QCD jets in the double

b-tag category for AKT-FR TAR jets (left) and AKT-VR TAR jets (right) for the mx

1TeV

(first row), mx = 2TeV (second row) and myx = 1TeV (third row) resonance mass. For AKT-FR
TAR jets, the size parameter is varied, while the energy scale is varied for AKT-VR TAR jets.
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structed using the AKT-VR TAR jet algorithm. Distributions are shown for various values of the

energy scale in the inclusive single b-tag category.
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Fig. 63: N-subjettiness ratio 7o in the double b-tag category for QCD and top jets as well as
for Higgs jets for various values of my reconstructed using AKT-VR TAR jets. Distributions are
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(first row), p = 250 GeV (second row) and p = 300 GeV (third row).
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Fig. 67: ECF ratio D5 in the double b-tag category for QCD and top jets as well as for Higgs

jets for various values of mx reconstructed using AKT-VR TAR jets.

without (left) and with an 80% cut (right) for the mass scale values p = 200 GeV (first row),
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p =250 GeV (second row) and p = 300 GeV (third row).

Distributions are shown
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Fig. 68: Ny distribution in the double b-tag category for QCD and top jets as well as for Higgs

jets for various values of mx reconstructed using AKT-VR TAR jets.
cut (right) for the mass scale values p = 200 GeV (first row),
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p = 250 GeV (second row) and p = 300 GeV (third row).
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Fig. 72: ROC curves comparing the performance of the various energy scales for AKT-VR TAR
jets for a cut on Dy (first row), Lo (second row) and Na (third row) in the case of top jets (left)
and QCD jets (right). An 80% TAR jet mass cut is applied. Note that the cut on Dy is inverted
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Appendix B

Additional Tables

R Selection 1TeV 2TeV  3TeV tt QCD [1079]
Nini 989.54 137.56 138.62 33258526 1000000
jet selection 563.94 106.90 113.55 2364135 227609
0.50 double b-tag 7771 4799  46.40 28784 849
) 68%  48.96  34.52  31.55 3959 19
mass cut 80%  57.77  40.18  37.14 5850 32
90%  65.39 44.24  41.73 9197 71
Nini 989.54 137.56 138.62 33271372 1000000
jet selection 593.11 107.51 113.80 3425011 246401
0.75 double b-tag 280.22  53.06  47.56 75787 12046
' 68% 202.07 38.03  32.10 21781 117
mass cut  80% 234.96 43.99  37.68 30082 176
90% 259.61  48.30  42.37 42360 294
Nini 989.54 137.56 138.62 33271372 1000000
jet selection 604.01 107.76 113.88 4219907 260672
1.00 double b-tag 330.05  53.24  47.27 130776 1435
' 68% 231.95 37.12  31.11 36393 243
mass cut  80% 269.98  42.82  36.55 49359 331
90% 302.31  47.08  41.06 85376 518
Nini 989.54 137.56 138.62 33254289 1000000
jet selection 604.77 107.77 113.88 4763263 272205
1.95 double b-tag 32712 5237 46.41 170288 1605
' 68% 219.08 34.80 29.21 34200 285
mass cut  80% 255.16  40.05  34.33 48456 398
90% 293.20  44.40  38.59 118194 672
Nini 989.54 137.56 138.62 33271372 1000000
jet selection 604.87 107.77 113.87 4973644 278459
1.50 double b-tag 320.83  51.20 45.49 188762 17081
) 68% 207.09 32.69 27.36 32337 290
mass cut  80% 240.91  37.55  32.18 46866 405
90% 281.13  41.79  36.17 125720 737

Tab. 11: Cutflow showing the event yields after every step of the selection in the double b-tag
category (77% WP) for the signal and background contributions for the various size parameters of
AKT-FR TAR jets. As a full background estimate was not available during the time of the writing,
the yields for QCD are normalized to one.

89



Appendix C

MC Weighting Procedure

In order to obtain yields corresponding to the physical expected event counts, events in the MC

samples are weighted with
co-er- k- L

where wyic is the MC event weight, o the cross section of the simulated sample, €y the filter

efficiency, L the integrated luminosity and & = onro/oro the k-factor. The definition of N is
generator dependent and can be either the number of generated (unweighted) events or the sum
of weights (wpc) in the corresponding sample. The filter efficiency encapsulates the efficiency for
generator-level cuts. The k-factor encodes some information from NLO calculations and is only
applied to the LO tt sample. The di-jet QCD samples are split into pr bins in order to enhance
the statistics in the high pp region of the pp spectrum of the di-jet system. The cross sections
are therefore dependent on the pr bins such that the weighting yields a smoothly falling, physical
pr spectrum for the QCD jets. The transverse momentum spectrum of the pp-leading AKT-FR
(R =1.0) TAR jet in the weighted QCD di-jet sample is shown in Figure 73.
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Fig. 73: Transverse momentum spectrum of the pp-leading AKT-FR TAR jet in the weighted QCD
di-jet sample.
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Appendix D

MC Samples

mx

Sample name

mcl6_13TeV.450190.MadGraphHerwig7EvtGen_PDF23LO_X1000tohh_WWhbb_allhad.deriv.DAOD_EXOT8.e7201_a875_r9364_p3895
1TeV  mcl6_13TeV.450190.MadGraphHerwig7EvtGen_PDF23LO_X1000tohh_WWhbb_allhad.deriv.DAOD_EXOT8.e7201_a875_r10201_p3895
mcl6_13TeV.450190.MadGraphHerwig7EvtGen_PDF23LO_X1000tohh_WWhbb_allhad.deriv.DAOD_EXOT8.e7201_a875_r10724_p3895

mcl6_13TeV.450200.MadGraphHerwig7EvtGen_PDF23LO_X2000tohh_WWhbb_allhad.deriv.DAOD_EXOT8.e7201_a875_r9364_p3895
2TeV  mcl6_13TeV.450200.MadGraphHerwig7EvtGen_PDF23L0O_X2000tohh_WWhbb_allhad.deriv.DAOD_EXOT8.e7201_a875_r10201_p3895
mcl6_13TeV.450200.MadGraphHerwig7EvtGen_PDF23LO_X2000tohh_WWhbb_allhad.deriv.DAOD_EXOT8.e7201_a875_r10724_p3895

mcl6_13TeV.450210.MadGraphHerwig7EvtGen_PDF23L0O_X3000tohh_WWhbb_allhad.deriv.DAOD_EXOT8.e7201_a875_r9364_p3895
3TeV  mcl6_13TeV.450210.MadGraphHerwig7EvtGen_PDF23LO_X3000tohh_WWhbb_allhad.deriv.DAOD_EXOT8.e7201_a875_r10201_p3895
mcl6_13TeV.450210.MadGraphHerwig7EvtGen_PDF23LO_X3000tohh_WWhbb_allhad.deriv.DAOD_EXOT8.e7201_a875_r10724_p3895

Tab. 12: Names of the signal samples used for the various mass points mx.

Background

Sample name

QCD

mc16_13TeV.426131.Sherpa_CT10_jets_JZ1.deriv.DAOD_EXOT8.e4355_s3126_r9364_p3895
mcl6_13TeV.426132.Sherpa_CT10_jets_JZ2.deriv.DAOD_EXOT8.e4355_s3126_r9364_p3895
mcl6_13TeV.426133.Sherpa_CT10_jets_JZ3.deriv.DAOD_EXOT8.e4355_s3126_r9364_p3895
mcl6_13TeV.426134.Sherpa_CT10_jets_JZ4.deriv.DAOD_EXOT8.e4355_s3126_r9364_p3895
mcl6_13TeV.426135.Sherpa_CT10_jets_JZ5.deriv.DAOD_EXOT8.e4355_s3126_r9364_p3895
mc16_13TeV.426136.Sherpa_CT10_jets_JZ6.deriv.DAOD_EXOT8.e4355_s3126_r9364_p3895
mcl6_13TeV.426137.Sherpa_CT10_jets_JZ7.deriv.DAOD_EXOT8.e4635_s3126_r9364_p3895
mcl6_13TeV.426138.Sherpa_CT10_jets_JZ8.deriv.DAOD_EXOT8.e4635_s3126_r9364_p3895
mcl6_13TeV.426139.Sherpa_CT10_jets_JZ9.deriv.DAOD_EXOT8.e4635_s3126_r9364_p3895
mcl6_13TeV.426140.Sherpa_CT10_jets_JZ10.deriv.DAOD_EXOT8.e4635_s3126_r9364_p3895
mcl6_13TeV.426141.Sherpa_CT10_jets_JZ11.deriv.DAOD_EXOT8.e4635_s3126_r9364_p3895
mcl6_13TeV.426142.Sherpa_CT10_jets_JZ12.deriv.DAOD_EXOT8.e4635_s3126_r9364_p3895

mcl6_13TeV.426131.Sherpa_CT10_jets_JZ1.deriv.DAOD_EXOT8.e4355_s3126_r10201_p3895
mcl6_13TeV.426132.Sherpa_CT10_jets_JZ2.deriv.DAOD_EXOT8.e4355_s3126_r10201_p3895
mcl6_13TeV.426133.Sherpa_CT10_jets_JZ3.deriv.DAOD_EXOT8.e4355_s3126_r10201_p3895
mcl6_13TeV.426134.Sherpa_CT10_jets_JZ4.deriv.DAOD_EXOT8.e4355_s3126_r10201_p3895
mc16_13TeV.426135.Sherpa_CT10_jets_JZ5.deriv.DAOD_EXOT8.e4355_s3126_r10201_p3895
mcl6_13TeV.426136.Sherpa_CT10_jets_JZ6.deriv.DAOD_EXOT8.e4355_s3126_r10201_p3895
mcl6_13TeV.426137.Sherpa_CT10_jets_JZ7.deriv.DAOD_EXOT8.e4635_s3126_r10201_p3895
mcl6_13TeV.426138.Sherpa_CT10_jets_JZ8.deriv.DAOD_EXOT8.e4635_s3126_r10201_p3895
mcl6_13TeV.426139.Sherpa_CT10_jets_JZ9.deriv.DAOD_EXOT8.e4635_s3126_r10201_p3895
mc16_13TeV.426140.Sherpa_CT10_jets_JZ10.deriv.DAOD_EXOT8.e4635_s3126_r10201_p3895
mcl6_13TeV.426141.Sherpa_CT10_jets_JZ11.deriv.DAOD_EXOT8.e4635_s3126_r10201_p3895
mcl6_13TeV.426142.Sherpa_CT10_jets_JZ12.deriv.DAOD_EXOT8.e4635_s3126_r10201_p3895

mcl6_13TeV.426131.Sherpa_CT10_jets_JZ1.deriv.DAOD_EXOT8.e4355_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426132.Sherpa_CT10_jets_JZ2.deriv.DAOD_EXOTB8.e4355_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426133.Sherpa_CT10_jets_JZ3.deriv.DAOD_EXOT8.e4355_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426134.Sherpa_CT10_jets_JZ4.deriv.DAOD_EXOT8.e4355_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426135.Sherpa_CT10_jets_JZ5.deriv.DAOD_EXOT8.e4355_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426136.Sherpa_CT10_jets_JZ6.deriv.DAOD_EXOT8.e4355_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426137.Sherpa_CT10_jets_JZ7.deriv.DAOD_EXOT8.e4635_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426138.Sherpa_CT10_jets_JZ8.deriv.DAOD_EXOT8.e4635_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426139.Sherpa_CT10_jets_JZ9.deriv.DAOD_EXOT8.e4635_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426140.Sherpa_CT10_jets_JZ10.deriv.DAOD_EXOT8.e4635_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426141.Sherpa_CT10_jets_JZ11.deriv.DAOD_EXOT8.e4635_e5984_s3126_r10724_r10726_p3895
mcl6_13TeV.426142.Sherpa_CT10_jets_JZ12.deriv.DAOD_EXOT8.e4635_e5984_s3126_r10724_r10726_p3895

mcl6_13TeV.410471.PhPy8EG_A14_ttbar_hdamp258p75_allhad.deriv.DAOD_EXOT8.e6337_e5984_s3126_r9364_r9315_p3895
mcl6_13TeV.410471.PhPy8EG_A14_ttbar_hdamp258p75_allhad.deriv.DAOD_EXOT8.e6337_e5984_s3126_r10201_r10210_p3895
mcl6_13TeV.410471.PhPy8EG_A14_ttbar_hdamp258p75_allhad.deriv.DAOD_EXOT8.e6337_e5984_s3126_s3136_r10724_r10726_p3895

Tab. 13: Names of the used ¢t and QCD background samples.
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