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Lay Summary

This thesis describes the author’s contributions to the study of the Higgs boson
particle at the ATLAS experiment at the Large Hadron Collider (LHC) at
CERN. The author also presents a new analysis technique to identify energetic W
bosons which could signify the presence of new, as yet undiscovered, fundamental

particles being produced in LHC collisions.

The Large Hadron Collider (LHC) is a particle accelerator at CERN in Geneva.
It is the most powerful accelerator on earth, with a circumference of 27 km,
located between 50 and 175 metres underground. Protons are accelerated in
opposite directions through the LHC beam pipe and collide at four points around
the accelerator. When the protons collide they release large amounts of energy
which is converted into heavy particles following the famous equation £ = mc?,
which, in turn, decay in a cascade of lighter, more-stable particles. Detectors
surround each collision point and make precise measurements of the final state
particles produced in the collisions. The detectors - in a sense - work like large,
3-dimensional, 100 megapixel digital cameras, taking up to 40 million images per
second. The ATLAS detector is the largest detector at the LHC; it is 46 metres

long, 25 metres in diameter and weighs 7000 tonnes.

The Standard Model (SM) of particle physics currently represents the best
understanding of the Universe on a subatomic scale. The SM provides a
description of all fundamental particles and their interactions to a very high
degree of accuracy. One of the biggest achievements at the LHC thus far has been
the discovery of the Higgs boson particle, which confirms the SM mechanism by
which fundamental particles acquire mass. The search for the Higgs boson started
over four decades ago; it is the last of the fundamental particles predicted by the
SM to be discovered. Its discovery was first announced in 2012 by the ATLAS
and CMS experiments at the LHC.

The Higgs boson is not stable; it decays into other lighter particles almost
immediately after it is produced in a collision. These lighter particles are generally
well understood and can be identified efficiently by the ATLAS detector. The

patterns, or signatures, left by multiple particles within the detector are used
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to infer the presence of a Higgs boson in the collision. There are many sets of
particles that the Higgs boson can decay to. The SM predicts that 58% of the
time the Higgs boson will decay into a bottom quark - anti-bottom quark pair,
written as H — bb. However, there are many other processes that present a very
similar signature in the ATLAS detector, making it very difficult to observe the
signature of the H — bb decay directly. However, it is predicted that a Higgs
boson can be produced together with another well particle, the W boson. The
signature of the decay of the W boson particle is well understood, and therefore
easy to identify in the ATLAS detector. This thesis details the search the decay
of the Higgs boson through H — bb where it is produced together with a W
boson at the ATLAS experiment in LHC collisions in 2012. Unfortunately, no
observation of the Higgs boson decaying as H — bb has been made yet.

The LHC was shut down for upgrade to be carried out in 2013 and 2014, and
restarted proton collisions in 2015, at a higher frequency and higher energies than
in previous years. Whilst this means it is possible to produce heavier particles
than before, and potentially discover new particles that are not predicted by the
Standard Model, this does not come without challenges. When the higher energy
and higher momentum particles decay their decay products can end up very close
together in the ATLAS detector making it difficult to determine which decay
process occurred. In this thesis, two possible machine learning techniques are
investigated to improve the efficiency to identify energetic W bosons from their

decay products.



Abstract

The Standard Model of particle physics is currently the most complete theory of
subatomic particles. The discovery of the Higgs boson with a mass of 125 GeV
in 2012 further validated the Standard Model, providing evidence for the theory
that vector bosons obtain non-zero masses through the Higgs mechanism. Studies
are ongoing to determine the exact nature and properties of the Higgs boson. A
Higgs boson of this mass is predicted to decay to a pair of bb quarks with a
branching ratio of 58%, however this decay mode has not yet been observed.
This thesis presents a search for the associated production of a Higgs boson with
a leptonically decaying W boson, WH — ¢vbb, using 20.3 fb~' of Run 1 data
collected by ATLAS at the LHC from pp collisions at a centre-of-mass energy
of /s = 8 TeV. The observed (expected) significance of a Higgs boson with a
mass of 125 GeV for the W H — {vbb process is found to be 2.70 (1.30). The
measured cross section in units of the expected Standard Model cross section has
a best-fit value of u = o/ogy = 2.2f8:21(stat.)fg:gg(syst.) = 2.2%5957. The results
are combined with the search for ZH — visbb and ZH — (¢~ bb to provide a

best-fit value of = o /oy = 11155

The start of Run 2 of the LHC in 2015 saw the collision energy being raised
to /s = 13 TeV, increasing the probability of particles being produced with
a large momentum boost. At these high energies there is also a possibility to
discover new particles and interactions. An extension of the Standard Model, the
Heavy Vector Triplet (HVT) model, describes new heavy vector bosons W’ and
Z', which can decay to pairs of heavy bosons (W, Z or Higgs bosons). If the
W' and Z’ bosons are sufficiently heavy, the hadronic decays of the diboson final
states produce boosted jets. In this thesis, methods for identifying hadronically
decaying boosted bosons are developed, based on techniques that examine the

internal substructure of the jet.

Multiple substructure variables are combined into a single discriminant using two
machine learning techniques: boosted decision trees and deep neural networks.
Simulated events of W/ — W Z — qgqq are used to develop these boosted W boson

taggers. An improvement in the background rejection power, whilst keeping 50%

iii
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of the signal, over previous boosted W boson taggers of up to 13%-when using
deep neural networks—and 36%-when using boosted decision trees—is obtained.
The performance of the new boosted W boson taggers are evaluated in a search
for a narrow WW resonances from the decay of a Z’ with boson-tagged jets in
3.2 fb~! of pp collisions at /s = 13 TeV collected with the ATLAS detector.
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Chapter 1

Introduction

i HINK
LE MUST PUSK || some BounomRes || L CANT THI
OF A SINGLE T\ME
THE BOUNDARIES || ARE THERE FOR
OF SCIENCE A REASON, TIM SRPRLIoULD
J ' ! ’ BE TRUE.
e \ )
* | |
I\ fl . .
/1
N -

poorlydrawnlines.com

The story so far: Tim decided to do a PhD. This has made a lot of people
very angry and been widely regarded as a bad move. Image used with permission
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The how and why of the Universe has been a matter of philosophical debate
for many centuries. Many people have devoted their lives to discovering the
underlying physical laws that govern the Universe. This has proceeded through
a combination of theoretical models and experimental observations. One key
breakthrough has been atomic theory—the idea that all matter can be broken
up into constituent atomsﬂ As it is now widely understood, atoms can be
broken up into fundamental subatomic particles. Understanding the properties
and interactions of these fundamental particles is an important step towards an

explanation of how the Universe works.

The Standard Model of particle physics is currently the most complete theory
describing the interactions and behaviour of the fundamental elementary par-
ticles [6-8]. All the known fundamental particles and three of the four known
fundamental forces are included in the Standard Model, however, gravitational
interactions between fundamental particles are currently not included. Over
many decades, the predictions of the Standard Model have shown exceptional
agreement with experimental observations. In studying high energy proton-
proton collisions at the Large Hadron Collider [9] (LHC), with experiments such as
the ATLAS experiment [10], the Standard Model can be tested to new extremes.
Further validation of the Standard Model with experimental evidence is of crucial
importance in order to ensure that the theory is correct. There is also the
possibility for New Physics to be seen which is not included in the Standard
Model. Simulations of proton-proton collisions are performed according to the
Standard Model expectation, which are compared with data collected by the
detector. Many measurements must be taken to ensure that any observations are

not statistical fluctuations.

One of the challenges in the formulation of the Standard Model was the
explanation of non-zero masses of the fundamental particles, which are forbidden
by certain underlying symmetries of the theory. By incorporating interactions
with the Higgs field, these symmetries are spontaneously broken and the
fundamental particles gain mass |11-14]. Excitations of the Higgs field correspond

to Higgs bosons. The discovery of the Higgs boson was one of the primary goals

! As Richard Feynman once said [5], “If, in some cataclysm, all of scientific knowledge were
to be destroyed, and only one sentence passed on to the next generation of creatures, what
statement would contain the most information in the fewest words? I believe it is the atomic
hypothesis (or the atomic fact, or whatever you wish to call it) that all things are made of
atoms — little particles that move around in perpetual motion, attracting each other when
they are a little distance apart, but repelling upon being squeezed into one another. In that
one sentence, you will see, there is an enormous amount of information about the world, if just
a little imagination and thinking are applied.”
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of the LHC physics program when it began in 2010. In 2012, the ATLAS and
CMS [15] experiments announced the discovery of a new particle in proton-proton
collisions at a centre-of-mass energy of /s = 7 and 8 TeV that was consistent with
a Standard Model Higgs boson, with a mass of approximately 125 GeV [16, |17].
Following the discovery of the Higgs boson, studies are required to establish that it
has the properties predicted by the Standard Model. The current measurements
of its spin, couplings, and mass all indicate that it is consistent with these
predictions [18]. However, it has not yet been observed to couple to bottom
quarks. Since a Higgs boson with the observed mass is expected to decay to a
bottom quark-antiquark pair (H — bb) almost 58% of the time, this is a vital

measurement to be performed.

At the LHC, there are large backgrounds to the H — bb process. These
backgrounds can be reduced by considering the case where the Higgs boson is
produced in association with a W or Z boson that decays leptonically. This
thesis presents a search for WH — (vbb using 20 fb~' of data at a centre-of-
mass energy of /s = 8 TeV collected by the ATLAS detector during the first
experimental run of the LHC between 2010 and 2013, also known as Run 1 of the
LHC. A combination of this process with ZH — vvbb and ZH — ¢+0~bb is also

presented.

In attempting to observe processes such as H — bb, the identification of hadronic
decays is critical. Hadronic decays are observed in the detector as narrow cones of
energy deposits, which are clustered together to form jets, roughly corresponding
to the decay products of a single particle. In the WH — (vbb search, it was
observed that there was greater sensitivity in the regions where the W boson had
a higher transverse momentum (pr). During Run 2 of the LHC, which began in
2015, the higher collision energies of up to /s = 14 TeV increases the likelihood
of such high pr particles being produced. New challenges are encountered in
identifying these hadronic final states in this boosted regime. If a heavy particle
decays into multiple jets, these jets can become collimated to the point that they
are clustered together and classified as a single jet. Examining the substructure of
the jet can help to identify so-called subjets, where each of the subjets corresponds

to one hadronic decay.

The need for improved jet substructure techniques is motivated by the potential
for new heavy particles to be produced during the second run, Run 2, of the LHC.
For example, Heavy Vector Triplet (HVT) models [19, [20] extend the Standard

Model and predict the existence of heavy vector bosons W’ and Z’, which are



Introduction 4

degenerate in mass. If such particles exist, it is possible that they would decay
into a diboson final state of W, Z or Higgs bosons. In this thesis, the author
presents a method of improving identification of boosted bosons by implementing
machine learning techniques in the form of boosted decision trees and deep neural
networks. These studies are performed in the context of W bosons, considering
simulations of the HVT process V! — VV — JJ, where V' isa W' or Z’, V is a
W, Z or Higgs boson, and J is a boosted jet corresponding to each of the W/Z
bosons. The performance of these W boson taggers is demonstrated using Run 2
data at /s = 13 TeV, corresponding to an integrated luminosity of 3.2 fb™'.
Whilst these studies are performed in the context of boosted W bosons, these
techniques could be applied to other particles, such as the Higgs boson. This

would have direct relevance for H — bb searches.

The work contained in this thesis is a combination of the author’s personal
work and his contributions within the ATLAS Collaboration. In particular,
the WH — (vbb search presented here was done in collaboration with other
members of the ATLAS ‘Higgs Sub-Group 5 (HSG5) research group. The work
on the boosted boson tagging was performed in part with the Boosted Boson
Tagging research group. In the following outline of the thesis, the author’s
personal contributions are highlighted. In general, plots presented which contain
an ‘ATLAS’ label are public results, and plots without such a label are plots
produced by the author himself. The work presented in this thesis has been
included in two publications from the ATLAS experiment: References [1] and |2,
as detailed in Chapters 5] and [7], respectively.

Natural units are used throughout this thesis, such that ¢ = A = 1, and charges
are given in units of the magnitude of the electric charge. The thesis is structured

as follows:

Chapter [2| presents the Standard Model of particle physics and the theoretical
motivation for the Higgs boson. The predicted properties and phenomenology of
the Higgs boson are presented, followed by a review of the discovery of the Higgs
boson and its current status. Properties of the W boson are discussed and the

Heavy Vector Triplet model is introduced.

Chapter introduces the LHC and the ATLAS detector. The separate
components of the ATLAS detector and their role in particle identification are
described in detail. A version of the High Level Trigger (HLT) that runs on
graphical processing units (GPUs), to which the author contributed, is included



Introduction 5

in Appendix [A]

Chapter [4| describes Monte Carlo event simulation, and the reconstruction and
identification of physics objects that are used for the analyses in Chapters[5|and[7]

Particular attention is paid to the reconstruction of jets.

Chapter |5| details the search for WH — (vbb production at the ATLAS
experiment using data from proton proton collisions at a centre-of-mass energy
V5 = 8 TeV during Run 1. The results for the ZH — ¢*¢~bb and ZH — vvbb
analyses are also presented, and these are combined with the W H result. This
work was performed in collaboration with the HSG5 research group. In particular,
the author worked on multi-jet background estimation and truth tagging of b-jets
for the W H search, and on the development and maintenance of the analysis
framework used to produce a common set of data containers (ntuples) used by

multiple researchers within the HSG5 group.

Chapter [0] covers in detail machine learning and data analysis techniques
implemented in Chapter [7] Two classifiers are introduced: deep neural networks
based on stacked autoencoders (2123, and boosted decision trees |24} 25]. Data
preparation methods, and methods to tune the hyperparameters of the classifiers

to prevent overfitting are also discussed.

Chapter[7] describes techniques used by ATLAS for identifying boosted W bosons.
The author worked within the Boosted Boson Tagging research group to find
an optimal combination of jet grooming algorithm and jet substructure variable
to use for boosted W boson identification in Run 2. Studies are performed
using /s = 8 TeV simulations, with cross checks performed by the author on
Vs = 13 TeV simulations. The author was the sole developer of two machine
learning classifiers presented here that are trained to identify boosted W bosons
at v/s = 13 TeV. Training, testing and evaluation of these classifiers is described
in detail, using simulations of HVT W’ and Z’ diboson decays. Data-to-simulation
comparisons of the W boson tagger in a QCD background enriched region are
performed using selection criteria that are used in the search for Z’ bosons
decaying to dibosons in ATLAS Run 2 data.

A summary and conclusion of all the results presented in this thesis is given in
Chapter






Chapter 2

Theoretical Motivation

What road do | take?

Well where are you going?

1 don’t know.

Then it doesn’t matter.
If you don’t know where
you are going, any road
will get you there.

Cheshire Cat teaches Alice about quantum field theory [26, |27].
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2.1 Introduction

The Standard Model (SM) of particle physics [6-8] is a gauge quantum field theory
providing a unified description of all fundamental particles and their interactions
under the known forces, with the exception of gravity. Electromagnetism and
the weak interaction are described collectively by electroweak theory, and strong
interactions are described by quantum chromodynamics (QCD). Electroweak
theory and QCD are combined to form the Standard Model, which models all
particle interactions. Over many decades, the SM has been tested experimentally
and has shown exceptional agreement with data. With the observation of the
Higgs boson at the LHC in 2012, all particles predicted by the Standard Model

have been discovered]

Summaries of the Standard Model and electroweak symmetry breaking are given
here to motivate the study of the Higgs bosonﬂ. The expected properties of the
Higgs boson are discussed and the current status of the experimental results for
the Higgs boson is highlighted in Section Some properties of the W boson
are discussed in Section [2.5] These descriptions provide important background to
the search for the decay of the Higgs boson to bb with the associated production
of a W boson in Chapter [f]| The Heavy Vector Triplet model describing the W’
and Z' bosons is presented in Section [2.6] and Section considers a search for
the Z’ using boosted W boson identification.

2.2 Formalism of the Standard Model

A key aspect in the formulation of the SM is the interpretation of fundamental
particles and interactions, or forces, as excitations of quantum fields. The
forces are mediated by the exchange of force-carrying gauge bosons, as opposed
to the classical view, where the field mediates the forces. The dynamics and
interactions of the fundamental particles and fields of the SM are described in
terms of a Lagrangianf] £, describing the free and interaction terms separately.
Symmetries obeyed by a Lagrangian imply conservation laws with conserved

currents and quantum numbers, according to Noether’s first theorem [28] 29).

'Studies are ongoing to determine the exact nature of the Higgs boson and ensure it has the
properties as predicted by the Standard Model.

2Unless explicitly specified otherwise, the text refers to a Standard Model Higgs boson.

3The Standard Model Lagrangian is a sum of Lagrangians for each type of interaction.
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These symmetries are global or local transformations applied to the system, or
Lagrangian, that leave it invariant. Symmetry groups contain groups of such
transformations constructed from a set of group generators. In the SM, these
symmetries provide the fundamental interactions. In a gauge symmetry, which
describes local interactions between particles, local symmetry is a requirement.

In this case, the Lagrangian is said to be locally gauge invariant.

A consequence of requiring local gauge invariance is that for every generator
of the symmetry group there is a gauge field included in the Lagrangian that
interacts with the matter ﬁeldﬁ. Depending on the symmetry group under
consideration, these represent the photon field, gluon fields or the weak isospin
and hypercharge fields, each of which have corresponding gauge bosons: the
photon, the gluons, and the W* and Z bosons, respectively. The photon and
gluons are both massless, but adding in mass terms to the Lagrangian for
the W#* and Z bosons does not preserve gauge invariance; the masses can be
introduced through electroweak symmetry breaking, which is achieved via the
Higgs mechanism in the SM [11}114].

The Standard Model is a locally gauge invariant quantum field theory (QFT)
under the SU(3)c x SU(2)r x U(1l)y gauge symmetry, consistent with both
special relativity and quantum mechanics. SU(3)¢ is the colour symmetry group
of QCD, and SU(2);, x U(1)y is the weak-isospin-hypercharge gauge group of
the electroweak interactions, such that electroweak interactions are invariant
under weak isospin SU(2); and weak hypercharge U(1)y transformationg’] The
electroweak symmetry group is reduced to the U(1)gy symmetry group of
quantum electrodynamics (QED) under spontaneous symmetry breaking, induced
by the Higgs mechanism. In this formalism, the QCD and electroweak interactions
are described by two symmetry groups, each with independent couplings, rather
than a single unified symmetry group. The corresponding forces are described in

terms of fields, with excitations of the fields corresponding to virtual particles.

4In fact, a Lagrangian containing only the free fermion fields, requires the introduction of the
gauge fields and gauge bosons when enforcing local gauge invariance. It also gives an interaction
term between the fermion fields and gauge fields.

5Weak-isospin is defined according to T? = S0, where o' are the three Pauli matrices.
Hypercharge is defined as Y = 2(Q — T°®), where T° is the magnitude of the third weak isospin
component and @ is the electric charge.
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2.2.1 Feynman Diagrams and Perturbation Theory

The interactions between particles and fields in QFT can be represented by
Feynman diagrams. Each diagram represents a perturbative contribution to
the amplitude of the transition between two states. The diagrams themselves
consist of a number of lines representing particles, which are joined at vertices
representing interactions. Internal lines in the diagrams correspond to virtual
particles that are exchanged to mediate interactions. A set of Feynman rules are
associated with every particle and vertex within any Feynman diagram{ which
can be used to calculate the corresponding transition amplitude as a perturbation
series expansion. An example of a diagram for a leading order contribution
is shown in Figure (a). Higher order contributions, or perturbations, can
be included by considering diagrams that include additional interaction vertices
from virtual particles, such as in Figure [2.1(c)-(d). These enter the transition
amplitude as an integral over the four-momenta of all particles within the closed
loop. There are also higher order corrections from real emissions, where for
example, an electron radiates a photon, as shown in Figure (b) In general,
an infinite number of such additional diagrams exist, and in the path integral
formulation, all possible diagrams must be summed in the calculation of the

overall transition amplitude.

One of the difficulties in QFT is that the higher order calculations, represented by
the loop diagrams, can lead to divergences. All possible energy and momentum
combinations for the virtual particles must be considered, and these integrals
can become infinite. The procedure of renormalisation works by redefining the
charge (effectively the coupling constant) and mass terms in the Lagrangian to
account for loop effects. This results in energy-dependent renormalised values
of the charge and mass, which contain compensating divergences. The new
renormalised values should be used in place of the ‘bare’ charge and mass. This
allows perturbation theory to be used up until an unphysical renormalisation
scale, p1r, which sets the cut-off above which loop contributions are included in the
renormalised quantities. Calculations of masses and coupling constants will have
a (g dependence, due to the subsequent perturbative corrections being truncated.
Renormalisation was first introduced in the late 1940s to remove divergences in
QED based on work by Feynman, Schwinger, Tomonaga and Dyson [33]. It was
then shown by 't Hooft in 1971 that both the electroweak theory and QCD are

6The factors for the different vertices and particles that enter into the transition amplitude
can be found in any of the following References [30H32].
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also renormalisable [34) 35]. QCD exhibits asymptotic freedom of quarks and
gluons within hadrons, where the coupling constant decreases at high energies.
At low energies the coupling constant is large and perturbation theory breaks
down [32].

et et et et
Y
Y
Y
e~ e~ e~ e
(a) (b)
e~ e~ e~ e
Y
vy
et et et et
(c) (d)

Figure 2.1 The leading order Feynman diagram for the process ete™ — eTe™ is
shown in (a), with a real emission correction in (b), and two possible
virtual corrections in (¢) and (d).

In the following sections, the particle content of the Standard Model will be
introduced, followed by a description of quantum electrodynamics, quantum
chromodynamics, weak interactions, electroweak unification, and the Higgs

mechanism.

2.2.2 Particle Content of the Standard Model

Fundamental particles within the SM are divided into spin—% fermions and

integer-spin bosons. The fermions provide the matter content of the model,
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and the bosons mediate the forces. Each particle possesses a number of charges
corresponding to the fundamental forces they experience: the electromagnetic
force acts on all particles with non-zero electric charge, the weak force acts on all
particles with non-zero weak isospin, and QCD acts on all particles with colour

charges.

The fermions, listed in Table [2.1], are divided into six flavours of leptons and
quarks, which are grouped into three generations of increasing mass. Within
each lepton generation, there is a charged lepton and a corresponding neutrino,
and within each quark generation there is an up-type and a down-type quark. In
addition, each fermion has a corresponding antiparticle that has opposite signs
for all additive quantum numbers. Quarks and charged leptons both interact
through the weak and the electromagnetic forces, whilst neutrinos only experience

the weak force. The fermions are described in terms of fields with left- and right-
handed chiral components (see Equations and . Left-handed leptons from

1
2

and a third component of weak isospin of 7% = :l:%, consisting of a charged

lepton and associated neutrino, and right-handed singlets with zero total weak

each generation are grouped into doublets with a total weak isospin of T =

isospin and 7% = 0. Left-handed components of the up- and down-type quarks

s and T° = £3, and

right-handed singlets with zero total weak isospin and 7% = 0. Antiparticles

from each generation are grouped into doublets with T =

have opposite chirality of their corresponding particles and a change in sign of
T3. The weak force acts on those particles and antiparticles with a non-zero T°:
left-handed particles and right-handed antiparticles only, excluding right-handed
particles and left-handed antiparticles from weak interactions. Quarks possess
an additional colour charge of red, blue, green (and corresponding anti-colours)
and experience strong interactions. Quarks combine to form colourless hadrons,
which can be classified as either mesons or baryons; mesons contain a quark and
antiquark, and baryons contain three quarks. Quarks have not been observed to

exist as free particles.

The electromagnetic and weak interactions of the fermions are mediated by
the massless photon and the massive W* and Z bosons, respectively, and are
unified within electroweak theory (see Section [2.2.4]). The scalar Higgs boson
is predicted by the Higgs mechanism, which gives masses to the fermions, and
the W* and Z bosons, and mediates interactions of particles with the Higgs
field. The W+ and Z bosons interact with the fields of the leptons and quarks,

and additionally self-interact. The strong interactions of quarks are described
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by quantum chromodynamics (QCD), mediated via eight massless gluons, which
also self-interact. Of the gauge bosons, only the W¥ has non-zero electric charge,

and all but the Higgs boson (spin-0) have spin-1.

Fermions | Generation Name Charge
Electron (e™) —1
1st
Electron neutrino (v.) 0
Leptons ond - Muon (M_) _; Gauge Bosons
t
“O“Tziu:?; (¥) - Photon (1)
3rd Gluon (g)
Tau neutrino (v,) 0 5
Up () 5 Z Boson (Z°)
u —_
Ist P 3 W Bosons (W)
Down (d) —g Higgs Boson (H)
Quarks ond Charm (c) ?
Strange (s) —3
Top (t 2
3rd op (1) 3
Bottom (b) —3

Table 2.1 Fundamental particles and gauge bosons in the Standard Model.
Charge here refers to the electric charge.

2.2.3 Quantum Chromodynamics

QCD is a non-Abelian gauge theory based on a SU(3) symmetry group that
describes strong interactions, based on the assumption that quarks obey an exact

SU(3) colour symmetry. It is invariant under transformations of the form
q(z) = ¢ () = €92 @X (1), (2.1)

where z = (7, 1), q(x) represents a quark field, g, is the coupling strength term,
Ao (where a = 1,...,8) represents the eight Gell-Mann matrices corresponding
to the non-Abelian generators of the SU(3) colour symmetry group, and o, (z)
are the group parameters that specify the eight generators of the group that
represent the gauge transformations. The A\, generators are given by the relation
(A2 NP =237 fabeXe, where f® are the structure constants.

Enforcing the local gauge invariance of the QCD Lagrangian requires the

introduction of a massless vector field for each of the eight generators, which
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corresponds to eight massless gluons. These gluons possess colour charge and can

self-interact. The locally gauge invariant QCD Lagrangian is given by

_ L qm, (2.2)

Loop = G(i7" 0 — my;)q5 — 967" XaG4; 1

where p and v are Lorentz indices (with values of 0, 1, 2, 3)|Z|, g; represents
the quark field (with the flavour of the quark j =1,...,6), mg, is the mass of
quark ¢;, and v# are the Dirac matrices. The strength of the coupling constant
is a function of the four-momentum transfer in the interaction, ¢> = —Q?, and is
typically written in terms of the strong coupling constant, ag(Q?) = ¢(Q?)/4x.

G, represents the massless gluon fields, defined as
Gy, = 9,Gy = 0,G5 = gfurc GG, (2.3)

where fup. are the SU(3) structure constants, and the third term represents self-

interactions between gluons.

There are two properties of QCD which require further mention: asymptotic
freedom and confinement. As the energy scale of the interaction increases (i.e. an
increase of Q?), the running coupling constant ag(Q?) decreases. At high energies,
or equivalently at short distances, ag(Q?) < 1, and quarks and gluons behave as
free particles. Importantly, perturbative calculations can be used in this regime
where the quarks interact weakly. Confinement is the hypothesis that quarks and
gluons do not exist as free particles outside of bound colourless states, which is

in agreement with experimental evidence.

There is currently no analytical proof of confinement, however, the observed
behaviour can be explained by considering the situation where a quark and
antiquark are separated. The force between them is mediated via the exchange of
virtual gluons, which are themselves colour charged. The attractive interactions
between the virtual gluons have the effect of forcing the colour field between the
quarks into a ‘tube’. The energy density within this tube is constant at large
distances, thus the total amount of energy in the colour field increases linearly
with separation. This translates to an infinite amount of energy needed to pull
a quark and antiquark apart. It will become more favourable, at some point, to

pull a quark-antiquark pair from the vacuum, creating two new hadrons. This

"Equations presented throughout the thesis use the Einstein summation convention. Indices
labelled with Greek letters imply a sum over values of 0, 1, 2, 3. Roman letters take the values
1, 2, 3, unless otherwise specified.
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process can further continue with these new hadrons, up until the quark and
antiquark have low enough energy to form a colourless hadron. This process is
known as hadronisation. In high energy collisions, such as at the LHC, if a hadron
is given sufficient energy the quarks produced in the hard scatter will move apart,
radiating gluons and ¢q pairs, producing collimated showers of hadrons, which
are observable in the detector as jets. The jets are identified by clustering energy
deposits and particle tracks from showers in the detector, intending to capture the
decay products from the quarks produced in the hard scatter. This is discussed

in more detail in Section [4.7]

2.2.4 Electroweak Theory

Electroweak theory unifies electromagnetism and the weak force as described by
a SU(2), x U(1)y gauge symmetry: a unification of the SU(2) symmetry of
the weak interactions with the U(1) symmetry of QED. One of the challenges
encountered is creating a theory that can provide masses to the W* and Z
gauge bosons, whilst keeping the Lagrangian locally gauge invariant. There
are a number of other phenomena that have to be included in electroweak
theory: fermion flavour change, parity and CP violation. Some of the history
of electroweak unification is given below, leading to a solution that gives mass to

the vector gauge bosons — the Higgs mechanism.

Quantum Electrodynamics

Electromagnetism was the first of the forces to be described by a quantum
field theory: the theory of quantum electrodynamics (QED). QED is a gauge
theory that is invariant under transformations of a U(1) symmetry group,
where the electric charge is the group generator. The Lagrangian for QED
describes the dynamics of the fermions, photons and their interactions. The
Lagrangian for a free particle is given by £ = @Evuﬁul/} — majnp, where the fermion
fields are described as complex Dirac spinors 1 (z), separated into left- and
right-handed chiral components. Under local U(1) transformations of the form
() — e X@)(z), where x(x) is any rotation in U(1) space, this is not invariant,
due to the derivative acting on x(z), which is non-zero. The unwanted terms from
the gauge transformations of ¢ (z) can be absorbed into local transformations
of a new field, A*, the electromagnetic field. The Lagrangian is made locally

gauge invariant by replacing the derivative, 0,, with a covariant derivative:
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D, =9, +ieA,, where the photon field transforms as A, — A = A, — %8;»@
absorbing the additional x(z) terms from the gauge transformation of ¢ (z). In
enforcing local gauge invariance and introducing an additional gauge field, the
form of the interaction between the fermions and electromagnetic field is found,
giving the interacting Lagrangian. The photon field couples to the fermion fields
%, where e(Q?) is the electric charge of

. a(Q?) increases slowly with an increase in Q?, leading to a running coupling

¥ with a coupling constant of a(Q?) =

constant. The Lagrangian of QED is then given by

. 1 v
EQED = 1/)(2’7“Du — m)lp — ZFHVF“ 5 (24)

where 7# represents the Dirac matrices, 1) = 1)7° is the adjoint spinor, m is the
mass of the electron, and F),, = 9,4, — 9, A, is the EM field tensor. Notably,
there is no mass term for the photon (i.e. no term of the form %miA#A“) as
this would not be gauge invariant: im?A,A* — Im? (A, — 0.x)(A* — O"y) #
%miAuA“. This is precisely what the Higgs mechanism addresses for the

electroweak interactions.

Weak Theory

Fermi originally introduced the weak force in 1934 to explain /5 decay [32, 36, |37].
The weak force was described as a contact force with an interaction strength of
about Gp = 1.2 x 107° GeV 2. The theory was extended to explain observations
in 1957 that parity was not conserved in weak interactions [38, [39]. This was
incorporated by giving the weak force a vector—axial (V—A) structure: the
interaction vertices contain both vector and axial vector component{] This is

equivalent to different couplings for left- and right-handed chiral components.

Fermi’s theory is not valid at energies where Q* ~ mj,, however. The short
range of the interaction indicates that the force should be mediated by a massive
particle. This can be formalised by assigning weak isospin values; left-handed
fermions are assigned a weak-isospin of magnitude T = % grouped into doublets
with a third component of T35 = :I:%, and the right-handed fermions are assigned
T = 0 and 75 = 0, excluding them from the weak interactions. The right-handed

anti-fermions are assigned T = % and T3 = :I:%. Left-handed anti-fermions are

8There are only five possible Lorentz invariant bilinear covariants that can be constructed
with Dirac v matrices and spinors: scalar, pseudoscalar, vector, vector-axial and tensor. Vector
quantities change sign under parity, but axial vectors do not.
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assigned T' = 0 and 73 = 0. In creating a QFT describing these interactions,
local gauge invariance requires three new gauge fields to be introduced: WF
(k = 1,2,3), corresponding to three new gauge bosons W, W?2 and W3. The
physical charged W¥ bosons are given by a linear combination of W! and W2
A third neutral gauge boson, W3, is predicted as well, which, from experimental
evidence from LEP and SLAC [40], is clearly not the Z boson, since it does not
couple to right-handed particles as the Z boson does. The Z boson is therefore

not accommodated in this field theory.

Since only left-handed particles and right-handed antiparticles participate in the
charged weak interactions, the chiral components are included separately in any
Lagrangian formalism. Within a generation, the lepton fields are described in left-
handed doublets and right-handed singlets, with the doublets containing particles
of different flavour:

Vy

?ﬁlLk = ) wi% = CRe; (2.5)
¢ L
where ¢ and v, are the lepton flavours, £ is the generation (k=1,2,3), and L and R
refer to the handedness. There is no observed or predicted right-handed neutrino
in the Standard Model.

For quarks, there are two singlets and a doublet for each generation — one for the

up-type and one for the down-type quarks:

Uk u d
qr = , ql(q) = URk; q;) = dpk, (2.6)

dj, 5
where k is the generation and u refers to u, ¢, t and d’ refers to {d’, &', b'}, which

are the weak eigenstates of the down-type quark.

Electroweak Unification

In 1961, Glashow first proposed that the weak and electromagnetic forces
could be unified in a single theory by considering a QFT invariant under the
SU(2), x U(1)y symmetry group [6]. In addition to unifying the forces, this
allowed for a description of neutral current interactions in the weak sector by
predicting the Z boson. Glashow’s work still did not provide a mechanism to

give masses to the W and Z bosons, however.
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Under this proposal, weak hypercharge, Y, with an associated U(1) symmetry,
replaces the U(1) symmetry of QED. For invariance under transformations of
SU(2)r x U(1)y, hypercharge must be the same for both chiralities of a particle,
and an associated gauge field, B, is introduced. Thus, the left-handed doublets,
and the right-handed singlets, of the matter fields remain invariant under the

transformations:

wL N wlL _ eiai(:(:)TiJriﬁ(:I:)YwL’ (27)
hr = Vi = PO g, (2.8)

where T; = 0;/2 are the generators of the SU(2) group and o; are the three
Pauli matrices, a;(x) are the SU(2) group parameters, and §(x) the U(1)y group
parameter. These transformations preserve the nature of both the weak and QED
interactions. The locally gauge invariant electroweak Lagrangian is given below

in Equation [2.9,

. T 1 a apy 1 v
Lpw =1Y iy Dyt — Wi W — BB, (2.9)
!
where f runs over all flavours, D, = 0, + igT;W}, + ig’ Y B, is the covariant
derivative, €. is the Levi-Civita symbol, the weak gauge fields are given by
Wi, = oW — 8,,W/i’ — geachfjW,f, and B, = 0,B, — 0,B, is the hypercharge
gauge field. The couplings to the W and B, fields are given by g and ¢,
respectively. The third term in W, is a self-interaction term that predicts a

coupling between the W and Z bosons.

The physical W*, Z and photon are found by mixing the W and B, gauge fields:

e Wr=(W,F ZWi)/\/i (W= bosons)
o 7, = cos W2 —sinfy B, (Z boson)

o A, =sinbyW? + cosfy B, (photon)

Here Oy is the weak mixing angle, defined as tan 6y, = ¢'/g. Moreover, gsin Oy =
g cosBy = e, the electric charge. The value of fy must be determined
experimentally, after which it can be used, in conjunction with e, to find the
coupling constants. The ratio of weak-to-EM coupling constants in terms of Oy,
is found, experimentally, to be sin®fy = ﬁ = ;—z ~ 0.23. From the definitions

of A, and Z,, it can be seen that these fields couple to both the B, field and
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the third weak gauge field WE The Z boson couples to both chiralities as it has
contributions from both the B, field and Wj’, but with different strengths. It
has both vector and axial-vector couplings which differ in strength, and therefore

does not preserve parity.

The electroweak Lagrangian (Equation is still missing mass terms for the
W= and Z bosons; adding mass terms to Lgy is not gauge invariant. Similarly,

for the fermion mass term:

mpp = m(Yrir + Yrr) (2.10)

is not invariant because of the different transformations of the left- and right-
handed terms under SU(2),, (see Equation [2.7). When Glashow first introduced
the theory, he made the comment in the introduction to his paper that this was
“a stumbling block that we must overlook.” This was resolved by spontaneous
symmetry breaking and the introduction of the Higgs mechanism by Weinberg
and Salam in 1967 |7, |41].

2.2.5 Spontaneous Symmetry Breaking and the Higgs

Mechanism

The electroweak Lagrangian in Equation is sufficient for massless W* and
Z bosons. Masses of the W* and Z bosons can be generated through the
Higgs mechanism, a method of spontaneous electroweak symmetry breaking,
proposed by Higgs, Brout and Englert [11-14]. In this model, an additional
scalar field is introduced into the Lagrangian, with a potential that is invariant
under SU(2);, x U(1)y transformations, and with a non-zero ground state energy,
(or wacuum expectation value (vev)). Weinberg [7] and Salam [41] expanded on
the work of Glashow by introducing this idea of spontaneously breaking local
symmetries into the electroweak theory to form the Glashow-Weinberg-Salam
(GWS) model. Essentially, in the Standard Model, the Higgs mechanism breaks
the SU(2);, x U(1)y electroweak symmetry, giving mass to the vector bosons in
the process, whilst keeping the U(1) symmetry of QED intact and remaining

locally gauge invariant. A brief overview of this process is discussed below.

The Higgs scalar field is introduced as an isospin doublet of four complex scalar

fields, ¢(z), with weak hypercharge Y = 1, total weak isospin 7' = %, and Ty = j:%
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for the electrically charged upper and neutral lower components, respectively:

ot () 1 ¢1 () +ida(w)
b(z) = = . (2.11)
@) | V2 \ ga(@) +igalx)

The potential of this field is given by

V(9) = 266+ {A60)" (2.12)

and is illustrated in Figure 2.20 The z? term in V/(¢) can be either negative or
positive, but X is required to be positive so that the potential is bounded from
below. For u? > 0 the potential is parabolic, and for ;2 < 0 it is shaped like the
bottom of a wine bottle. There is a local maximum at ¢(x) = 0, with minima
along the circumference where ¢f¢ = v? = —“72 # 0. At any of the minima, the
symmetry of the potential is broken. In expressing the ground state, choosing
any three of the four ¢; independently to be 0 and the other to be v = \/T“/\—Q

results in no loss of generality.

In the GWS model, the vacuum expectation value, ¢g, of ¢(x) is chosen as

_\f 0 .
Po = 3 o (2.13)

The motivation for such a choice of ¢y is that any symmetry that it breaks
will generate a mass for the corresponding gauge boson. The minimum of the
potential must correspond to a non-zero vacuum expectation value for only the
neutral scalar field ¢° component of ¢(x). The assigned hypercharge and weak
isospin of ¢g breaks both the SU(2) and U(1l)y symmetries, but the U(1)gn
symmetry remains unbroken. This can be seen in the context of the electroweak
transformations given in Equation For each of the SU(2) generators T;, and
the weak hypercharge generator, acting on ¢q is non-zero. The U(1) gas generator,
Q=13+ %, is not broken:

1 0
0:—0'3 I — U. .
Q=g Dl ) (2.14)

Thus, the choice of potential V(¢) has broken the electroweak symmetry, whilst

the electromagnetic symmetry is maintained. Importantly, the neutral component
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Figure 2.2 The V(¢) potential of the complex scalar field ¢(z), with u? < 0.
There are degenerate minima along the circumference of the red
circle.  This choice of a mon-symmetrical potential spontaneously
breaks the symmetry of the Lagrangian [42].

of ¢g has a non-zero vev, such that the remaining unbroken symmetry leaves the
photon massless. As is shown in the expansion below in Equation [2.16, masses

are obtained for the gauge bosons corresponding to the broken symmetries.

Since the vacuum expectation value is non-zero, ¢ is redefined such that the
ground state is effectively close to zero, allowing perturbative calculations to be
performed. Excitations about the ground state describe the particles. Where
the vev of the field is zero, such as 1 in electromagnetism, the field already
corresponds to the particle, such as fermions or photons. Since in this case the
vev is non-zero, the field ¢ is redefined, without any loss of generality, such that
the new vev is close to zero. Excitations about this ground state can then be
calculated. Since ¢(z) is a complex field, expanding about the ground state
could be performed in terms of real and complex components, h(z) and £(z),
such that an expansion would be about v + h(z) + i{(z). In the unitary gauge,
a(x) = =&(x) /v, the £ dependence in the Lagrangian disappears. In the unitary

gauge the perturbative calculations can be performed by setting

1 0
o(z) =1/ = . (2.15)
2\ v+ h(x)

where h(x) represents excitations about the ground state, which, as shown in

Equation [2.18| correspond to massive Higgs bosons.
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Particle Masses

The masses of the gauge bosons can be seen explicitly by expanding the
locally gauge invariant Lagrangian about the ground state in Equation [2.15 and

identifying the quadratic terms:

L = (D9){(Dyd) ~ 5610 — (N616)

1 v? v?
= 5(aﬂh)(a“h) — M?h? + ZgZWﬂ‘W; + §(92 +gH2"2Z,
massxgerms

L, Y 2 L, 12\ 7 2 5 Ay

+59 WHHW - (vh + h )+§(g +¢*) 2" Z,(vh + h*) — Mok _Zh
interaction terms‘v;th the Higgs field
+ derivatives + constants,
(2.16)

where D, =0, +igl,W; +ig’ %Bw Reading the mass terms from this gives
masses for the W and Z:

1

mw = 5gv (2.17a)
1

my = iv\/gz + g2, (2.17b)

and an additional massive particle from the h? term, the Higgs boson, with mass
myg = V2 v (2.18)

The theory also predicts couplings between h(x) and the other gauge fields, such
that the Higgs boson will couple to itself, and the W* and Z bosons, which allows
for indirect couplings to photons too, through intermediate loops of the massive

gauge bosons.

The GWS model has only four free parameters, which need to be determined from
experimental measurements: the weak coupling constant g, the weak hypercharge
coupling ¢, and the A and p terms in the Higgs potential. From the relation in
Equation and my = % gv, and the measured values of g and myy, a value of
v is predicted to be v = 246 GeV. From this, a measurement of my provides a

value for .

The masses of the fermions can be given by including Yukawa couplings between
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the Higgs field and the fermions, and included as a separate Lagrangian term
[30]:
Ly = =Gy (Vrdvr + Yro'YL) (2.19)

where G is the coupling for a given fermion, and 11, 1 are the fermion doublet

and singlet from Equations [2.5 and [2.6]

Considering the Higgs potential, and expanding around the minimum this

becomes

Ly — —%wm T Ortr)(o + h(a)). (2.20)

Giving a mass for the fermion of my = G—\g in both the charged lepton and quark

sectors.

2.2.6 Summary

The final Standard Model Lagrangian is a sum of all of the Lagrangians from

QCD, electroweak theory, the Higgs sector and the Yukawa terms:

Lsy = Loep + Lew + Liiggs + Ly k- (2.21)

In summary, the Higgs mechanism provides masses to the W+ and Z bosons in the
context of electroweak interactions through spontaneous local symmetry breaking.
A new complex scalar field, the Higgs field, is introduced, which mixes with the
gauge fields and generates masses for the W* and Z bosons when spontaneous
symmetry breaking occurs. Three of the four degrees of freedom in the Higgs
field couple to the previously massless bosons and give masses to the W+ and
Z bosons, whilst the final degree of freedom predicts a new particle: the Higgs
boson. Yukawa couplings are included between the Higgs field and the fermions,

providing mass terms for the fermions.

2.3 Limitations of the Standard Model

Whilst the Standard Model has been outstanding in many of its predictions,
there are strong indications, both from experimental observations and theoretical

considerations, that the SM is not complete. Some of these are listed here:
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e Neutrino masses — The masses for the neutrinos are not included a
priori. The observation of massive neutrinos by Super-Kamiokande [43]
and SNO [44, 45| can be accommodated by the introduction of the PMNS
matrix [46], which describes the neutrino mixing in weak interactions,

analogous to the CKM matrix in the quark sector [47, |48].

o Matter-antimatter asymmetry — The observable Universe is constituted
almost entirely of matter, with relatively little antimatter. This overall
abundance of matter over antimatter in the Universe is not explained by
the SM. CP violation in the Standard Model can arise through the CKM
and PMNS matrices, although it has only been observed in the quark sector.
The required asymmetry between the number of baryons observed cannot

be accounted for by the CP violation seen so far [20].

e Dark Matter — Based on recent observations by the WMAP [49] and
Planck [50] experiments, ordinary matter accounts for 4.9% of the observed
universe, the remaining Dark Energy (68.3%) and Dark Matter (26.8%) are

not explained by the SM and cosmological models.

e The Hierarchy Problem — This is also known as naturalness. When trying
to formulate a Grand Unified Theory, or introduce New Physics, loop
corrections to the Higgs boson mass diverge at high energies. Without
fine-tuning the parameters this implies that the Standard Model cannot be
used up to high energy scales. Related to the hierarchy problem is the lack
of an explanation for the large differences in masses for each generation of
quarks and leptons. For example, the electron is 200 times lighter than the
muon, and 3500 times lighter than the tau. Gravity is not accounted for
at all, and no explanation is provided for gravity being far weaker than the

three other forces.

2.4 Higgs Boson Phenomenology

The Higgs boson is predicted by the SM to be a scalar, parity conserving particle.
However, its mass is a free parameter in the theory and must be determined
experimentally. Production cross sections and branching ratios of the Higgs boson
are predicted as a function of its mass. Discovering the Higgs boson was one of
the major physics goals at the LHC. Prior constraints on the mass were available
from LEP [51] (my < 114.4 GeV was excluded at 95% confidence level) and the
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Tevatron [52] (149 < my < 182 GeV and 90 < my < 109 GeV were excluded at
95% confidence level). The ATLAS and CMS collaborations both announced on
the 4th of July 2012 that a Higgs-like boson of mass 125 GeV (see Section
had been discovered [16, [17]. This discovery was based on the decays H — 7,
H— 77— 40 and H - WW* — fvlv. The Higgs boson can decay into a
number of additional final states, which are discussed below. Finding evidence in
each of these decays is important to ascertain the nature of the observed boson,

especially in the decays to fermions, such as H — bb.

2.4.1 Higgs Boson Production

The production of a SM Higgs boson at hadron colliders can occur in multiple
ways, as shown in Figure At the LHC, the dominant production channels
are through gluon fusion (ggF), vector boson fusion (VBF) and Higgs-Strahlung

with an associated vector boson [53].

The associated vector boson production at the LHC is studied in Chapter [5| in
the context of a search for a Higgs boson decaying to bb, with a short motivation

for this production mechanism provided here.

The Higgs-Strahlung production mechanism has a significantly lower cross section
than the other production mechanisms, but it offers the benefit of having an
experimental signature of a massive vector boson. In attempting to identify
the decay H — bb, there are challenges associated with each of the production
mechanisms, in particular due to large QCD backgrounds. The associated
production with a W/Z boson, where the vector boson decays leptonically,

provides a handle on the large QCD backgrounds.

Of the other production mechanisms, gluon fusion has the largest cross section,
dominated by a top quark loop, due to the large coupling of the top quark to
the Higgs boson. Vector boson fusion can be identified by two forward jets in
the detector, although its cross section is an order of magnitude lower than gluon
fusion. Associated production with a top-quark pair, ttH, has a relatively small
cross section, but it can probe the Higgs boson fermion couplings directly, which
is one of the motivations for the search for a Higgs boson in this channel. The
production cross sections at /s = 8 TeV are shown in Figure



Theoretical Motivation 26

(b)

wWt/z2% g
(c) (d)

Figure 2.3 The Higgs production mechanisms at hadron colliders are shown in
(a)-(d). Gluon-gluon fusion (ggF) is shown in (a), where two gluons
interact via top quarks to produce a Higgs boson. Vector boson fusion
(VBF) is shown in (b), where two vector bosons produce a Higgs
boson and two final state quarks. Higgs-Strahlung is shown in (c),
where a W or Z boson is produced in association with a Higgs boson.

ttH production is shown in (d), where a top quark pair is produced
i association with a Higgs boson.

2.4.2 Higgs Boson Decays

The Higgs boson is short-lived, with a lifetime on the order of 1072* secondd’]
and thus decays close to the interaction point in the ATLAS detector. It must
therefore be identified from its decay products.

The Higgs boson couples to all massive fermions and massive vector bosons,
including self-couplings. Couplings to gluons and photons are possible indirectly,
through intermediate loops of other particles. An exception to this is the direct

decay of the Higgs boson to the top quark, since the top quark is too heavy. The

9The lifetime is given by 7 = % For a Higgs boson of mass 125.09 GeV the predicted decay
width is 4.1 x 1072 GeV, giving a lifetime of 1.61 x 10722 seconds [54].
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Higgs boson can decay into W and Z bosons, via off-shell contributions for W/Z
bosons. The branching ratios for the decay modes as a function of the Higgs

boson mass are shown in Figure [2.4]

The dominant decay channel for a Standard Model Higgs boson with a mass of
125.09 GeV (the combined mass measurement from ATLAS and CMS [55]) is to
bb, with a branching ratio of 58.1%. Observing the H — bb process would allow

for a direct measurement of the coupling strength of the Higgs field to fermions.
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Figure 2.4 The branching ratios for different masses of Higgs boson are shown
in (a). The favoured branching ratio at a mass of myg = 125 GeV is
to bb. The bosonic channels WW , ZZ and v, have lower branching
ratios, but they also have much lower backgrounds. On the right hand
side in (b) the cross sections for the different production mechanisms
at /s =8 TeV are shown [5j)].

2.4.3 Higgs Discovery and Current Status

Plots of the latest Higgs boson mass distributions for the three discovery channels,
H— ZZ* — 4, H— vy and H — WW* — (vlv, are shown in Figure [2.5 with
the full Run 1 dataset at /s = 7 and 8 TeV, corresponding to integrated
luminosities of 4.5-4.6 fb™' and 20.1 fb™!, respectively.

Subsequent studies have been carried out using more data and improved
techniques to probe the properties of this newly discovered particle. All the
current results provide further evidence for this being the Standard Model Higgs

boson with a spin-0 nature and positive parity [1§].
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The most recent results, combined with CMS, can be found in Reference [55].
This uses the combination of H — ZZ, WW, vy, 7777, bb and p* i~ using the
full datasets from Run 1. The combined mass measurement from ATLAS and
CMS is 125.09 + 0.21(stat.) + 0.11(syst.) GeV with a measured signal strengthm
of p=1.0940.11, in agreement with the SM. ATLAS sees H — 777~ decays
with a significance of 4.50 [56], which, when combined with CMS, increases to
5.40 and shows evidence of VBF production with a significance of 5.50. There
is still no discovery of H — bb, although ATLAS sees a significance of 1.40 at
125 GeV with the full Run 1 dataset [1], with a signal strength of u* = 0.6570%3.
Combined with CMS there is a significance of 2.60 with a signal strength of
pt = 0.697032 [55]. A signal significance of 2.8¢ is seen for H — bb by the
Tevatron [57].

2.5 W Boson

As this thesis focuses on W H production and the implementation of improved
W boson identification at high transverse momentum, some properties of the W
boson are discussed here. The two charged W* bosons are referred to as the W

boson for most parts of the text, as bo