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Abstract

This thesis for the degree of Master of Science by Research presents the the-

ory, methodology and results of a search for charged Higgs bosons decaying via

H+ → τlep. + ν using single lepton and two lepton channels in t quark pair (tt̄) events

with a leptonically decaying τ in the final state based on 1.03 fb−1 of proton-proton

collision data at centre of mass energy
√
s = 7 TeV from ATLAS, an experiment of the

LHC, with special attention given to the statistical analysis and calculation involved

in the limit setting process.

For the single lepton channel, the expected number of Standard Model-like

tt̄→ bb̄W+W− background events lies between 0.99 and 1.03 times the Standard

Model prediction, with uncertainties in the range 2% – 3%. For the two lepton chan-

nel, the expected number of Standard Model-like background events lies between 0.99

and 1.03 times the Standard Model prediction, with uncertainties in the range 5%

– 25%. Assuming the branching fraction B (H+ → τµ) = 1, the upper limits on the

branching fraction B (t→ bH+) at the 95% confidence level are between 5.2% and

14.1% for charged Higgs boson masses in the range 90 GeV ≤ mH+ ≤ 160 GeV. In

the context of the mmax.
h scenario of the MSSM, values of tan β greater than 30–56

are excluded in the mass range 90 GeV ≤ mH+ ≤ 140 GeV.

The compatibility with background of the combination of the single lepton and

two lepton channels ranges between 26% and 50%, as measured by p0 values. Hence,

no indication of a H+-like excess is found.
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5.1.2.1 ATLAS Coördinate System . . . . . . . . . . . . . . 81

5.1.2.2 Inner Detector . . . . . . . . . . . . . . . . . . . . . 83

5.1.2.3 Pixel Detector . . . . . . . . . . . . . . . . . . . . . 86

5.1.2.4 Semiconductor Tracker . . . . . . . . . . . . . . . . . 86

5.1.2.5 Transition Radiation Tracker . . . . . . . . . . . . . 86

5.1.2.6 Calorimetry . . . . . . . . . . . . . . . . . . . . . . . 87

5.1.2.7 Electromagnetic Calorimeter . . . . . . . . . . . . . 88

5.1.2.8 Hadronic Calorimeter . . . . . . . . . . . . . . . . . 88

5.1.2.9 Muon Spectrometer . . . . . . . . . . . . . . . . . . 90

5.1.2.10 Magnet System . . . . . . . . . . . . . . . . . . . . . 92

5.1.2.11 Forward Detectors . . . . . . . . . . . . . . . . . . . 93

5.1.2.12 Triggers and Data Acquisition . . . . . . . . . . . . . 94

5.1.2.13 Resolution . . . . . . . . . . . . . . . . . . . . . . . . 94

6 Search for Charged Higgs Bosons Decaying via H+ → τlep. + ν in tt̄

Events 96

ix



6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.2 Monte Carlo and Data Samples . . . . . . . . . . . . . . . . . . . . . 97

6.3 Object Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.3.1 Electron and Muon Triggers . . . . . . . . . . . . . . . . . . . 99

6.3.2 Event Cleaning . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.3.3 Electron Reconstruction . . . . . . . . . . . . . . . . . . . . . 100

6.3.4 Muon Reconstruction . . . . . . . . . . . . . . . . . . . . . . . 100

6.3.5 Jet Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . 101

6.3.6 Missing Transverse Energy Reconstruction . . . . . . . . . . . 101

6.4 Data Driven Estimation of Backgrounds with Misidentified Leptons . 102

6.5 Search with Single Lepton Events . . . . . . . . . . . . . . . . . . . . 105

6.5.1 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.5.2 Jet Identification . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.5.3 Control Region . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.5.4 Reconstruction of Discriminating Variables . . . . . . . . . . . 108

6.6 Search with Two Lepton Events . . . . . . . . . . . . . . . . . . . . . 108

6.6.1 Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.6.2 Jet Identification . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.6.3 Control Region . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.6.4 Reconstruction of Discriminating Variables . . . . . . . . . . . 112

6.7 Limits on the Branching Fraction of t→ bH+ . . . . . . . . . . . . . 113

6.7.1 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . 113

6.7.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.7.3 Expected Events in the Control Region . . . . . . . . . . . . . 117

x



6.7.4 Expected Events in the Signal Region . . . . . . . . . . . . . . 117

6.7.5 Observed Events in the Control and Signal Regions . . . . . . 117

6.7.6 Profile Likelihood Statistical Analysis . . . . . . . . . . . . . . 118

6.8 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.8.1 Single Lepton Analysis . . . . . . . . . . . . . . . . . . . . . . 119

6.8.2 Two Lepton Analysis . . . . . . . . . . . . . . . . . . . . . . . 120

6.8.3 Combination . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.8.4 Results in the Context of the MSSM . . . . . . . . . . . . . . 124

6.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.9.1 Discussion on Results . . . . . . . . . . . . . . . . . . . . . . . 124

6.9.1.1 Comparison with Previous Results . . . . . . . . . . 127

6.9.2 Recent Developments and Future Searches . . . . . . . . . . . 131

7 Epilogue 132

7.1 Discovery of a Neutral Boson . . . . . . . . . . . . . . . . . . . . . . 132

7.2 Consideration of the Mass of the Neutral Boson in the Context of

Asymptotic Safety of Gravity . . . . . . . . . . . . . . . . . . . . . . 133

7.3 Current Studies and the Future . . . . . . . . . . . . . . . . . . . . . 134

References 135

xi



List of Tables

2.1 Standard Model fundamental particles . . . . . . . . . . . . . . . . . 6

2.2 Known interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Fermion fields of the Standard Model . . . . . . . . . . . . . . . . . . 22

2.4 Degrees of freedom in the Minimal Supersymmetric Standard Model . 36

2.5 Early searches for Higgs bosons . . . . . . . . . . . . . . . . . . . . . 37

4.1 LHC nominal beam parameters . . . . . . . . . . . . . . . . . . . . . 75

5.1 ATLAS subdetector performance goals . . . . . . . . . . . . . . . . . 95

6.1 Standard Model background Monte Carlo samples . . . . . . . . . . . 98

6.2 Events for simulated processes in the single lepton channel . . . . . . 107

6.3 Events for simulated processes in the two lepton channel . . . . . . . 111

6.4 Main systematic uncertainties considered in this analysis . . . . . . . 115

6.5 Observed and expected upper limits on B (t→ bH+) at the 95% con-

fidence level for the single lepton channel, the two lepton channel and

the combination of both channels . . . . . . . . . . . . . . . . . . . . 123

6.6 Relative uncertainties on B (t→ bH+) in the context of the mmax.
h sce-

nario of the MSSM . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

xii



6.7 Observed and expected upper limits on B (t→ bH+) at the 95% con-

fidence level for the single lepton channel, the two lepton channel and

the combination of both channels of the search of this thesis and for

recent CMS results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

xiii



List of Figures

2.1 Potential V (φ) for a complex scalar field φ for the case of λ > 0 and

µ2 > 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Potential V (φ) for a complex scalar field φ for the case of λ < 0 and

µ2 < 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3 Potential V (φ) for many fields for the case of λ > 0 and µ2 < 0 . . . 28

2.4 LEP Higgs boson exclusion (shown with LHC 2011 exclusion) . . . . 38

2.5 Tevatron Higgs boson exclusion (shown with LHC early 2012 exclusion) 39

2.6 100 GeV ≤ mH ≤ 600 GeV ATLAS Higgs boson combined upper lim-

its for 2011 data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.7 110 GeV ≤ mH ≤ 150 GeV ATLAS Higgs boson combined upper lim-

its for 2011 data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.8 Leading order Feynman diagram for the production of tt̄ events arising

from gluon fusion, where a t quark decays to a charged Higgs boson,

followed by the decay H+ → τν . . . . . . . . . . . . . . . . . . . . . 42

4.1 CERN accelerator complex . . . . . . . . . . . . . . . . . . . . . . . . 67

4.2 Cross section of LHC superconducting cryodipole . . . . . . . . . . . 70

4.3 Three dimensional representation of LHC superconducting cryodipole 71

xiv



5.1 ATLAS detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.2 ATLAS Inner Detector . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3 Cross section of ATLAS Inner Detector . . . . . . . . . . . . . . . . . 85

5.4 Calorimetry in ATLAS . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.5 ATLAS liquid argon Electromagnetic Calorimeter . . . . . . . . . . . 90

5.6 Muon Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.1 Reconstruction of cos θ∗l on the leptonic side of the single lepton events 109

6.2 Reconstruction of mH
T on the leptonic side of the single lepton events 109

6.3 Reconstruction of cos θ∗l on the leptonic side of the two lepton events 112

6.4 Reconstruction of mH
T on the leptonic side of the two lepton events . 113

6.5 Upper limits on B (t→ bH+) at the 95% confidence level in the single

lepton channel, as a function of charged Higgs boson mass, with the

assumption of B (H+ → τµ) = 1 . . . . . . . . . . . . . . . . . . . . . 119

6.6 Upper limits on B (t→ bH+) at the 95% confidence level in the two

lepton channel, as a function of charged Higgs boson mass, with the

assumption of B (H+ → τµ) = 1 . . . . . . . . . . . . . . . . . . . . . 121

6.7 Upper limits on B (t→ bH+) at the 95% confidence level in the com-

bination of the single lepton channel and the two lepton channel,

as a function of charged Higgs boson mass, with the assumption of

B (H+ → τµ) = 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.8 Limits for charged Higgs boson production from t quark decays in the

context of the mmax.
h scenario of the MSSM, with the assumption of

B (H+ → τµ) = 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

xv



6.9 Exclusion limits on B (t→ H+b)× B (H+ → τ+ν) at the 95% confi-

dence level as a function of charged Higgs boson mass in recent ATLAS

results, shown with the best limit provided by the Tevatron experiments129

6.10 Limits for charged Higgs boson production from t quark decays in the

context of the mmax.
h scenario of the MSSM in recent ATLAS results . 130

xvi



Chapter 1

Introduction

1.1 Introduction and Motivation

Perhaps the most pressing open question in fundamental particle physics is why the

W± and Z gauge bosons, the mediator particles associated with the weak interaction,

are massive. The fact that these bosons have mass is associated with a phenomenon

called electroweak symmetry breaking. The mechanism for this electroweak symmetry

breaking has not been established. The Englert-Braut-Higgs mechanism provides

a general framework to describe electroweak symmetry breaking and the observed

masses of the W± and Z bosons. Higgs bosons are observable particles that result

from this mechanism and, thus, the search for Higgs bosons and the study of their

properties has a high priority for both theoretical and experimental activities in high

energy physics. One of the primary goals of the Large Hadron Collider (LHC) and

A Large Toroidal LHC Apparatus (ATLAS) is the exploration of the Higgs sector in

the Standard Model and beyond it [1].

1



Charged Higgs bosons, H+ and H−, are predicted by several non-minimal Higgs

scenarios. The observation of charged Higgs bosons would indicate physics beyond

the Standard Model. The analysis presented in this thesis considers the type II

2HDM (2 Higgs doublet model) [2], which is also the Higgs sector of the Minimal

Supersymmetric Standard Model. For charged Higgs bosons with masses less than

the t quark mass, the dominant production mode at the LHC is through the t quark

decay t→ bH+. The dominant source of t quarks at the LHC is through tt̄ production.

For tan β > 3 (see section 2.8.3), charged Higgs bosons decay primarily via H+ → τν.

Investigation of this channel is the focus of this thesis.

1.2 Structure of Thesis

Initially, the theoretical basis for the charged Higgs boson search of this thesis is pre-

sented. This includes an outline of the known fundamental particles and interactions

and general descriptions of quantum field theory, the Standard Model, the Englert-

Braut-Higgs mechanism, supersymmetry and a summary of Higgs boson searches.

Next, the statistical theory and methodology, together with the software used in the

statistical analysis, is described. The experimental apparatus used in the search is

then described, including general descriptions of the LHC and LHC experiments,

with special attention given to ATLAS. A description of the analysis involved in

the charged Higgs boson search is then given. Finally, the results of the search are

presented, together with conclusions drawn.
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Chapter 2

Theory

2.1 Introduction

This chapter offers a brief description of the theoretical basis for the H+ → τlep. + ν

charged Higgs boson search that is the main subject of this thesis. Initially, a general

description of fundamental particles and interactions, together with particle classi-

fications, is presented. Next, the framework of quantum field theory is described

briefly. The theories of quantum electrodynamics and quantum chromodynamics are

described. The framework of quantum field theory is used then in characterising

the general approach to describing nature in terms of Lagrangians. The Standard

Model is given as an example of such a description and is outlined. Following this,

the theory concerning the Englert-Braut-Higgs mechanism is presented. The theory

of supersymmetry is described briefly, with consequences for the Englert-Braut-Higgs

mechanism. Finally, past and present searches for Higgs bosons are outlined, with

special attention given to the theory concerning the H+ → τlep. + ν charged Higgs
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boson search. For the purposes of brevity, charged Higgs bosons are often denoted in

this thesis as H+, with the charge conjugate H− implied.

Discussion on theory will generally involve units of the h̄ = c = 1 convention. This

is because the physical constants h̄ and c are so deeply embedded in the formulation of

relativistic quantum field theory that they are taken generally as the units of action

and velocity, respectively. With this convention, all physical quantities of interest

have units that are powers of mass. As examples, the dimension of momentum is

(mass)1, or simply 1, because mass× c is a momentum and the dimension of length

is (mass)−1, or simply −1, because h̄c
mass

is a length.

2.2 Fundamental Particles and Interactions

2.2.1 Polarisation and Spin

Fundamental particles can be classified by polarisation, or spin. Spin may be de-

scribed as an intrinsic angular momentum of particles. Photons, for example, exist

in four conditions, called polarisations, that are geometrically related to the dimen-

sions of space and time. That is, photons are polarised in the three dimensions of

space and the dimension of time. At large scales (i.e., for real photons, as opposed to

virtual photons), the probability amplitudes for the polarisation in the direction of

propagation and the polarisation in time effectively cancel, leaving two polarisations

of real photons observable. In a similar manner, electrons exist in four conditions

that are also related to geometry, but there are more subtleties involved.

Polarisation naturally implies a large number of different possible couplings. In
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the electromagnetic interaction between photons and electrons, all possible combi-

nations of polarised electrons and photons do not couple, but those that do, do so

with the same probability amplitude (charge), with some phase considerations. The

possibilities for the various different polarisations and the nature of couplings arise

from the principles of quantum electrodynamics, symmetries of physical laws and the

principle of relativity.

Every particle must be in one class of possible polarisations, called spin 0,

spin 1

2
, spin 1, spin 3

2
, spin 2 etc. The different classes of polarisations have vari-

ous different attributes. Spin 0 particles feature one component and, effectively, are

not polarised. So far, no fundamental spin 0 (scalar) particles have been found. The

electron is an example of a spin 1
2
particle and the real photon is an example of a

spin 1 particle. The spin 1
2
and spin 1 particles each have four components, corre-

sponding to the probability amplitude to absorb each of the different polarisations

(for the three space dimensions and the time dimension) a photon may be in. These

are called the vector and scalar electromagnetic potentials. From combinations of

these, the convenient components of classical physics called the electric and magnetic

fields are derived.

2.2.2 Fundamental Particles

The number of possible particles seems to be open ended, depending on the energies

involved in the production of the particles. Table 2.1 depicts some fundamental

particles as they appear today.
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Table 2.1: Standard Model fundamental particles

spin 1
2
particles

spin 1 particles
photon gluon W , Z

leptons

tau muon electron
−1 0τ µ e

1776.82 105.658 0.511
tau neutrino muon neutrino electron neutrino

0 0ντ νµ νe
< 0.02 < 0.0002 < 0.00000001

quarks

b quark s quark d quark
−1

3
gb s d

∼ 4.19 ∼ 101 4.1− 5.8
t quark c quark u quark

+2
3

gt c u
173,000 1270 1.7− 3.3

couplings

At the start are listed the spin 1
2
particles. The first of these is the electron. Then,

two flavours of quark (the particles featuring in the theory of strong interactions,

quantum chromodynamics) are listed, d and u. Electrons and quarks have a charge,

meaning that they couple with photons.1. They couple with photons in the following

amounts: −1, −1
3
and +2

3
(negative multiples of the charge of the electron, consistent

with the convention started by Franklin [4]). These numbers are called coupling

constants. The coupling constants are listed alongside the particles. For the d quark,

the probability amplitude to couple with a photon is −1
3
and for the u quark, the

coupling is +2
3
and so on. The arrows indicate the particles that couple with the W

and Z. The approximate masses of the particles are also shown, given in units of

MeV/c2, together with the various observed generations of particles. There are three

known generations of fundamental particles. Between generations, particles differ by

1The name photon was coined by Gilbert N. Lewis in 1926. It was originally intended to refer to
“the carrier of radiant” as made distinct by Lewis from “a corpuscle of light” [3].
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flavour and mass, but their interactions appear to be identical. There are three known

generations; further generations have not been observed [5].

There are two main classifications of known fundamental particles: particles that

are described by Bose-Einstein statistics (called bosons) and particles that are de-

scribed by Fermi-Dirac statistics (called fermions). Leptons are particles that are

not subject to strong interactions and are subject to gravitation, electromagnetism

and weak interactions.

For every particle, there is a corresponding antiparticle, often denoted by a bar

over the particle symbol (exceptions are often when an electric charge symbol is

shown). In the Feynman-Stückelberg interpretation of antiparticles, antiparticles may

be considered as particles moving backward in time [6, 7, 8, 9].

Particles made of quarks are called hadrons. All particles made of quarks come in

one of two known possible classes: those made of a quark and an antiquark (mesons)

and those made of three quarks (baryons), of which the proton and neutron are

common examples. The charges of the d and u quarks combine to make +1 for the

proton and 0 for the neutron. The fact that the proton and neutron are composed of

charged particles moving inside them helps explain why the proton has a magnetic

moment greater than 1 and the neutral neutron has a magnetic moment.

The photons are an example of spin 1 particles. Gluons are another type of spin

1 particle. Quarks couple to gluon particles (in what is called the strong interaction)

and this coupling enables quarks to bind together (the electromagnetic interaction

is far too weak to do this). The wave amplitude for gluons is similar to the wave

amplitude for the photons, except the coupling for gluons is much larger than the

coupling for photons. Gluons indirectly account for how protons and neutrons are
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held together in nuclei.

The quarks have an additional type of polarisation, called colour. At a particular

time, a quark can be in one of three conditions, or colours : R, G or B (respectively

referred to as “red”, “green” and “blue”). The colour state of a quark can be changed

when the quark emits or absorbs a gluon. For example, if a red quark changes to green,

it emits a red-antigreen gluon. The gluons come in eight different types, according

to the colours they can couple with. There is red-antired, red-antigreen, red-antiblue

and so on. Essentially, the gluon theory, quantum chromodynamics, differs from the

photon theory, quantum electrodynamics, in that gluons couple with things that have

colour, in one of three possible conditions, R, G or B. Thus, it follows that gluons can

couple with other gluons. The groups of three quarks (baryons) contain one quark

of each colour and the quark-antiquark pairs (mesons) contain quarks that are red-

antired, green-antigreen or blue-antiblue. Linear superpositions of the nine possible

combinations of gluon colours form a special unitarity group (see section 2.3.1) SU (3)

octet of eight physical gluon types. This may seem to imply nine different colour

gluons, but one combination of gluons, the colour SU (3) singlet, which responds

equally to all charges is different from the rest. It must be removed in order to have a

perfectly colour symmetric theory. What is left is eight physical gluon states forming

a colour SU (3) octet. This is indicated by experiment.2

Quarks are not observed as individual particles (because of asymptotic freedom;

2In attempting to describe reality, one is seeking an internal symmetry having a three dimen-
sional representation that can give rise to a neutral combination of three particles. The simplest
such representation has a linear combination of each type of charge being neutral. The gluons are
postulated to occur in colour anticolour units (that is, nine of them), however, r + b+ g is neutral,
which means that the linear combination rr̄ + bb̄+ gḡ must be noninteracting because, otherwise,
the colourless baryons would be able to emit these gluons and interact with each other via the strong
interaction. This is contrary to observations. Essentially, the hypothetical ninth gluon that cannot
interact with anything (and, therefore, cannot be detected) is assumed not to exist.
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see section 2.5). As nuclei are bombarded with protons of higher and higher energy,

jets of mesons and baryons are observed instead of isolated quarks coming out of the

collisions.

A form of radioactivity called beta decay involves a neutron changing to a proton.

Specifically, one of the d quarks of the neutron changes flavour to a u quark. In this

process, the d quark emits a particle called a W (similar in many respects to the

photon), which has a coupling with an electron and a particle called an antineutrino.

The neutrino is another example of a spin 1
2
particle. It does not couple to photons

(and, thus, has no electric charge) and does not interact with gluons. A neutrino can

be described as being in one of a number of flavour states, labelled by the type of

lepton associated with its production.

The W is a spin 1 particle (similar to the photon and the gluon) that changes the

flavour and electric charge of quarks. Specifically, the W− takes away a charge of −1

while its antiparticle, theW+, takes away a charge of +1. As theW changes the elec-

tric charge, it can couple with a photon. TheW has a mass of 80, 385± 15 MeV/c2 [10].

There is another particle, which may be thought of as a neutral W , called Z0.

The Z0 does not change the electric charge or flavour of a quark, but does couple

with a d quark, a u quark, an electron or a neutrino in interactions referred to

as “weak neutral current interactions”. The Z can couple to any Standard Model

(see section 2.6.2) particle except the photon and the gluon. The Z has a mass of

91, 187.6± 2.1 MeV/c2 [11].

There are quantum theories of gravity that involve gravitons (which would appear

under a new category of polarisations called spin 2) and some other fundamental

particles (some with spin 3
2
). There are currently no experiments with which to test
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a quantum theory of gravity.

One particularly unsatisfactory feature in the description of fundamental particles

and interactions is the observed masses of the particles. There is no theory that

adequately explains these numbers.

2.2.3 Interactions

The strengths of the known interactions relative to the strength of the electromagnetic

interaction for two u quarks separated by specified distances are shown in table 2.2.

2.3 Quantum Field Theory

2.3.1 Symmetry

Symmetry plays a central, unifying role in physics. Symmetry implies invariance. All

of the physical conservation laws are principles of invariance. For example, the conser-

vation of linear momentum and the conservation of angular momentum derive respec-

tively from translational and rotational invariance. Symmetry, such as that related to

translational and rotational invariance, can be described by a set of transformation

rules that constitute a mathematical group. Groups such as these can also describe

transformations of internal symmetries such as the interchange of colour and flavour

of quarks. Three dimensional special unitarity groups, SU (3), are used to describe

the symmetry based on three-quark flavours as well as three-quark colours. Similarly,

two dimensional special unitarity groups, SU (2), can be used to describe isospin dou-

blets that interact via weak interactions. The simplest of these kinds of group is the
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Table 2.2: Known interactions

interactions

property gravitation weak electromagnetic strong

concerns property: mass, energy flavour electric charge colour charge

couples with: all known particles quarks, leptons electrically charged particles quarks, gluons

mediator particles: graviton (not observed) W+, W−, Z0 γ gluons

strength at







10−18 m

3× 10−17 m

:

10−41 0.8 1 25

10−41 10−4 1 60

electroweak interaction
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one dimensional unitary group U (1). This is the symmetry group associated with

quantum electrodynamics. It involves one gauge boson, the photon, and a conserved

quantity, the electric charge. In group theory, SU (3)× SU (2)× U (1) represents the

underlying symmetry of the Standard Model. Specifically, the Standard Model incor-

porates the symmetries representing the electroweak theory, SU (2)× U (1), and the

symmetries representing quantum chromodynamics, SU (3).

2.3.2 Quantum Field Theory

Quantum field theory provides a framework for describing quantum mechanical mod-

els of systems that would be represented classically by an infinite number of degrees

of freedom using fields and many body systems. The Standard Model is formulated

as a relativistic quantum field theory using the theories of the electroweak and strong

interactions. Quantum field theory also provides powerful tools for condensed matter

physics, especially concerning the quantum many body problem as it arises in the

theory of metals, the theory of superconductivity, the behaviour of quantum fluids

at low temperature and the quantum Hall effect. The continuing exchange of ideas

between the theory of condensed matter physics and the theory of high energy physics

is significant. Spontaneous symmetry breaking, the renormalisation group, effective

field theory, solitons, instantons and fractional charge and statistics have all arisen

out of this exchange.

Quantum field theory occupies a central position in the description of nature. It

provides the best known description of the fundamental physical laws and is useful for

investigation of the behaviour of complex systems. The central ideas of quantum field
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theory are twofold. First, the basic dynamical degrees of freedom are operator func-

tions of space and time (quantum fields, obeying appropriate commutation relations).

Second, the interactions of these quantum fields are local. That is, the equations of

motion and the commutation relations governing the evolution of a quantum field at

a point in space-time depend only on the behaviour of fields and their derivatives at

that point. Other variables, whose equations are not local, may be used, but there

must always be some underlying fundamental, local variables.

The most profound fact about nature that quantum field theory describes uniquely

is the existence of different, yet indistinguishable, copies of elementary particles. Two

electrons, for example, are observed to have exactly the same properties despite their

respective origins. This is understood as a consequence of the fact that both are

excitations of the electron field. The same description applies to other particles

(including composite objects such as nuclei, atoms and molecules).

The existence of classes of indistinguishable particles is the necessary logical pre-

requisite to the assignment of unique quantum statistics to each class. Given the

indistinguishability of a class of elementary particles, and the invariance of their be-

haviour under interchange, the general principles of quantum mechanics explain that

solutions forming any representation of the permutation symmetry group retain that

property in time, but do not constrain which representations are realised. Quantum

field theory not only describes the existence of indistinguishable particles and the

invariance of their interactions under interchange, but also constrains the symmetry

of the solutions. For bosons, only the identity representation is physical (described

by symmetric wave functions); for fermions, only the one dimensional odd represen-

tation is physical (described by antisymmetric wave functions). There is also the
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spin statistics theorem, according to which objects with integer spin are bosons and

objects with half odd integer spin are fermions. The fermion character of electrons

underlies the stability of matter and the structure of the periodic table.

Quantum field theory also gives insight into the existence of antiparticles. A

general consequence of quantum field theory is the CPT theorem, which states that

any local and Lorentz-covariant quantum field theory is invariant under the CPT

operation, which is a combination of the three discrete transformations of charge

conjugation, parity transformation and time reversal. At present, CPT is observed as

an exact symmetry of nature, though each separate transformation can be violated.

Antiparticles are the CPT conjugates of their corresponding particles.

The considerations so far (the existence of indistinguishable particles, the phe-

nomenon of quantum statistics and the existence of antiparticles) are all consequences

of free quantum field theory. Two further considerations emerge when interactions

are incorporated into quantum field theory: the first is the ubiquity of particle cre-

ation and destruction processes and the second is the association of interactions with

particle exchange.

In perturbative quantum field theory, the forces between particles are mediated by

particles. The electromagnetic interaction is described as the exchange of photons.

Intermediate vector bosons mediate the weak interactions and gluons mediate the

strong interactions. There is no complete quantum theory of the gravitational inter-

action. Prominent proposed quantum theories of gravity postulate the existence of a

graviton particle as a mediator. These interaction particles are virtual particles and

are not detected (detection would imply that the interaction is not being mediated).

The virtual particles obey all of the usual physical laws, such as conservation of
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energy and conservation of momentum, with the precept that the virtual particle

mass can differ from that of the corresponding real particle. In general, the more

massive the virtual particle, the shorter the lifetime of that particle.

The gravitational field and the electromagnetic field are the only two fundamen-

tal fields in nature that have infinite range and a corresponding classical low energy

limit, which greatly diminishes and hides their “particle-like” excitations. Einstein

attributed “particle-like” and discrete exchanges of momenta and energy, characteris-

tic of “field quanta”, to the electromagnetic field. Originally, his principal motivation

was to explain the thermodynamics of radiation. It is often claimed that the pho-

toelectric and Compton effects require a quantum description of the electromagnetic

field, but the quantum nature of radiation is now understood in quantum optics as

the antibunching effect [12].

The most common approach to the formulation of a quantum field theory involves

the use of a Lagrangian (L), which is a scalar function that represents the dynamics

of a given system. The equations of motion can then be derived using the least

action principle. Feynman generalised the least action principle to the path integral

formulation of quantum mechanics and Feynman diagrams [13, 14]. The path integral

formulation of quantum mechanics is a description of quantum theory that generalises

the least action principle of classical mechanics. It generalises the classical notion of

a single, unique trajectory for a system with a sum (functional integral) over an

infinity of possible trajectories to calculate a probability amplitude. A Feynman

diagram represents a class of particle paths, which join and split as described by the

diagram. The Feynman diagrams provide a visualisation of the calculations involved

in the interactions of particles: particles interact in all allowed possible ways; the
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probability for each final state is the sum over all such possibilities.

Both quantum chromodynamics and the electroweak theory are formulated as

Yang-Mills theories [15]. As such, they are gauge quantum field theories based on

certain symmetry groups (SU (N)). Through gauge invariance, symmetry gauging

gives rise to classical force fields. The physical observables are invariant in a chosen

gauge. This invariance is caused by a continuous symmetry, which implies a con-

servation law (Noether’s theorem). For the case of classical electrodynamics, many

electromagnetic potentials describe the same electromagnetic field. In quantum elec-

trodynamics, the requirement of local gauge invariance under the U (1)EM symmetry

group leads to the introduction of a gauge field. This field transforms just as Maxwell’s

equations. Indeed, it describes the massless spin 1 photon field.

In summary, quantum theory has three main types of interaction: the strong

interactions of quarks and gluons, the weak interactions of the W and Z bosons and

the electromagnetic interactions of photons.

2.4 Quantum Electrodynamics

Quantum electrodynamics [14, 16] is a relativistic quantum field theory of the electro-

magnetic interactions. In classical terms, it describes the interaction of the charged

Dirac field with the electromagnetic field. In more modern terms, it can be described

as a perturbation theory of the electromagnetic quantum vacuum. It provides a com-

plete foundation for atomic physics and chemistry.

The general approach in quantum electrodynamics has proven to be very highly

quantitatively accurate, though at high energies, it must be combined with the theory
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of the weak interaction. The calculation of quantities in quantum electrodynamics

involves the use of perturbation theory. Greater than first order perturbation cal-

culations directly produces infinite results and the renormalisation approach is used

to address this. Briefly, this involves the redefinition of parameters, such as parti-

cle masses and coupling constants, of the theory in such a way that calculations of

any order give finite results. Renormalisability is now considered to be an essential

property of any theory of fundamental particles and interactions.

The simplest calculations ignore virtual particles; they have no closed loops and

are called tree diagrams (a simple diagram may be the repulsion of two electrons

by the exchange of a photon). Progressively more complicated diagrams add loops

one by one. This additive procedure is called “perturbation”, meaning that an initial

estimate (represented by tree diagrams) is gradually perturbed by adding refinements

(loops). In the example of a photon exchange between two electrons, the photon

can spontaneously split into a virtual electron and a virtual antielectron (positron),

which live for a short time before annihilating, producing a photon, which resumes

the ‘journey’ the original photon was taking. In the next level of complexity, the

electron and antielectron may themselves split temporarily. With increasing numbers

of virtual particles, the diagrams describe quantum effects with increasing precision.

In principle, the sum of the various possibilities represented by the Feynman diagrams

is unity. This principle of unitarity is implicit in the perturbation technique. In

practice, it is not possible to sum all possible terms and there are various approaches

to approximating the sum [17].
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2.5 Quantum Chromodynamics

By analogy with quantum electrodynamics, quantum chromodynamics is a quantum

field theory of strong interactions between fundamental particles (including the in-

teraction that binds protons and neutrons in the nucleus); it features the assumption

that strongly interacting particles (hadrons) are made of quarks and that gluons bind

the quarks together. As for quantum electrodynamics, quantum chromodynamics is

also governed by a coupling, but as the word “strong” suggests, its value is higher

than that of the electromagnetic coupling. In general, a greater coupling increases

the number of Feynman diagrams that must be included in calculations for a certain

precision.

Quantum chromodynamics is a non-abelian3 gauge theory consisting of a colour

field mediated by a set of exchange particles. The theory features confinement, which

is the phenomenon in which particles with colour charge can not be isolated singu-

larly (hence, a quark is not observed in isolation). The theory also features asymptotic

freedom [18, 19, 20], which is a property of some gauge theories that causes bonds be-

tween particles to become weaker asymptotically with increase in energy and decrease

in distance between the particles, hence, quarks and gluons interact very weakly in

very high energy reactions (though still more strongly than the other interactions).

Confinement is dominant at low energies and asymptotic freedom is dominant at high

energies.

3If the symmetry group of gauge transformations for a gauge theory is non-commutative, the
gauge theory is referred to as non-abelian and if the symmetry group is commutative, the gauge
theory is referred to as abelian. Quantum electrodynamics is an abelian gauge theory while quantum
chromodynamics and the Standard Model (see section 2.6) are non-abelian gauge theories.
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2.6 The Standard Model

2.6.1 Description of Nature

The overall goal of high energy physics is to determine the Lagrangian of nature and

to determine its parameters experimentally. In order to design a Lagrangian for this

purpose, three principal components are needed:

1. the gauge group of the model;

2. the representations of the fields under this gauge group;

3. the pattern of spontaneous symmetry breaking.

The pattern of spontaneous symmetry breaking is represented typically by a sign,

for example, the sign of the Higgs squared mass parameter at the unstable vacuum

(µ2 < 0) (see section 2.7.4).

With these components, the most general renormalisable Lagrangian that is in-

variant under the gauge symmetry and provides the required spontaneous symmetry

breaking pattern must be determined. The statement “most general” implies that

all terms that satisfy the above conditions must be present in the Lagrangian, even

terms that may be phenomenologically problematic, for example, a term that in-

cludes proton decay cannot be omitted without some symmetry principle forbidding

it. However, renormalisability strongly constrains the form of the Lagrangian and

limits the number of terms to a finite number.
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A few rules for designing models are as follows:

• Poincaré invariance4 is imposed (the ‘gauge group’ with respect to gravity).

• The terminology of quantum field theory is used.

• Global symmetries are not imposed (global symmetries may be broken by grav-

ity, for example).

• The fermion representation is two-component chiral (Weyl) spinors.

• Until the physical parameters (finite in number) associated with the model are

experimentally measured, the model is not considered a description of nature;

if a Lagrangian features n physical parameters, n measurements must be per-

formed first before predictions of further measurements are made.

Regarding the last point, the number of parameters required to define a theory is

independent of how they are parameterised. In practice, if m > n measurements of a

theory are performed, it is not the case that n ‘parameter measurements’ are made,

followed by m− n observations of the theory; instead, all m measurements are used

to make a statistical fit (e.g., χ2) for the n parameters in order to check for self-

consistency. Essentially, a model (a Lagrangian) by itself does not make predictions;

it must come with measurements of its parameters.

At this time, the most successful model of nature is the Standard Model.

4Poincaré invariance is covered by the generalisation of Lorentz covariance.
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2.6.2 The Standard Model

The Standard Model, currently the most successful model of nature, describes all

atomic, nuclear and subnuclear phenomena using a dozen fermions and a dozen

bosons5. It unifies the strong interactions of quantum chromodynamics and the elec-

troweak interactions. It serves as an effective example of the aforementioned principles

(see section 2.6.1) because it works and is familiar.

The three principal components of the Standard Model are as follows:

1. Gauge group: SU (3)c × SU (2)L × U (1)Y .

2. Representations of matter: The fermion fields of the Standard Model are the

left handed quark doublet Q, the right handed U , the right handed D, the left

handed lepton doublet L and the right-handed charged lepton E. Using the

convention in which all fields are written in terms of left handed Weyl spinors,

taking CP conjugations as necessary, the gauge representations can be shown

using the (c, L)Y notation6 (see table 2.3, in which i is the generation index,

i = 1, 2, 3). In addition to the fermions, there is also a complex scalar Higgs

field, φ, with the representation (1, 2)1/2.

3. Spontaneous symmetry breaking: SU (2)L × U (1)Y → U (1)EM . This can be

seen from the sign of the Higgs mass term, L ⊃ µ2|φ|2, so that the potential

contains the term −µ2|φ|2.

5In a sentence, the Standard Model may be described as the simplest four dimensional low energy
quantum effective field theory description consistent with the known degrees of freedom and their
interactions (except gravity) and all experimental data.

6The Standard Model gauge group is SU (3)
C
, SU (2)

L
, U (1)

Y
.
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Table 2.3: Fermion fields of the Standard Model

Qi (3, 2)1/6

U c
i (3̄, 1)−2/3

Dc
i (3̄, 1)1/3

Li (1, 2)−1/2

Ei (1, 1)1

The most general renormalisable Lagrangian is composed of three parts: the ki-

netic Lagrangian, Lkin., the Higgs Lagrangian, LHiggs, and the Yukawa Lagrangian,

LYuk.:

LSM = Lkin. + LHiggs + LYuk.. (2.1)

The kinetic Lagrangian, Lkin., includes the gauge interactions through the covariant

derivative and non-abelian field strength. The Higgs Lagrangian, LHiggs, gives the

sombrero potential7:

LHiggs = µ2|φ|2 − λ|φ|2, (2.2)

where λ is the self interaction coupling constant of the scalar field and µ2 defines the

shape of the potential.

7The sombrero function is the two dimensional polar coördinate analogue of the sinc function.
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The Yukawa Lagrangian, LYuk., is

LYuk. = yeijL̄
iφEj + ydijQ̄

iφDj + yuijQ̄
jφ̃U j +Hermitian conjugate. (2.3)

In the Standard Model, fermions acquire masses only through these terms. In a gen-

eral model, it is possible to have bare masses when gauge and spacetime symmetries

allow it.

2.7 Englert-Braut-Higgs Mechanism

2.7.1 Before the Englert-Braut-Higgs Mechanism

Before the Englert-Braut-Higgs (EBH) mechanism was described, the prominent view

was that gauge theories were largely irrelevant. There was progress towards quanti-

sation of unbroken gauge theories, but these theories required massless gauge bosons

which were considered unrealistic. There was also progress in demonstrating the

breaking of global symmetries [21, 22], but this also required massless bosons. It

was shown later that these theories are renormalisable; breaking a symmetry sponta-

neously in these theories did not affect the renormalisability properties [23]. So the

considerations of the time involved two different sets of massless bosons: the massless

gauge bosons and the massless Goldstone bosons.

It was suggested (by Anderson [24]) that this division could be addressed by

the theory of superconductivity (though this was not a relativistic theory). It was

speculated that the Goldstone and Yang-Mills zero mass problems could effectively
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cancel [25]. An argument against this Anderson mechanism concerned the idea that

a relativistic theory required a time-like vector [26].

2.7.2 1964 PRL Symmetry Breaking Papers

In 1964, three teams proposed related but different approaches to describe how mass

may arise in local gauge theories. A series of papers, known as the 1964 PRL

(Physical Review Letters) symmetry breaking papers, emerged, effectively predicting

the Englert-Braut-Higgs mechanism, the means by which gauge bosons may acquire

nonzero masses in the process of spontaneous symmetry breaking. The mechanism is

a key element in electroweak theory.

The first paper was by Englert and Brout [27]. The second and third papers were

by Higgs [28, 29] and the fourth was by Guralnik, Hagen and Kibble [30]. In the first of

Higgs’ papers, essentially it is suggested that the Anderson mechanism could be made

to work in a relativistic theory. In the second, a specific example using the Englert-

Brout-Higgs mechanism is described. The Higgs boson is so called because Higgs was

the first to explicitly express that the Englert-Braut-Higgs mechanism necessitated

a massive scalar particle [29]: “... an essential feature of [this] type of theory ... is

the prediction of incomplete multiplets of scalar and vector bosons.” Higgs was the

one to discuss the quantum degree of freedom corresponding to oscillations out of the

bottom of the Higgs potential (see section 2.7.4).

The Higgs boson particles represent the key experimental test of the Englert-

Braut-Higgs mechanism.

24



2.7.3 Electroweak Theory

The Englert-Braut-Higgs mechanism was incorporated into the electroweak theory by

Weinberg and Salam [31, 32]. This work became consensus following the demonstra-

tion by ’t Hooft and Veltman that the theory is renormalisable [33, 34].

The electroweak interaction is the united description of the electromagnetic inter-

action and the weak interaction. The standard Glashow-Weinberg-Salam [35] model

of electroweak interactions has been successful at predicting low energy phenomena.

With the discovery of the W and Z gauge bosons, the only particle of the theory

remaining to be discovered is the Higgs boson. The Higgs boson is required for the

spontaneous symmetry breaking which gives rise to masses in the theory. Although

the couplings of the Higgs boson to quarks and leptons are predicted, the Higgs boson

mass is not.

An early, detailed discussion of the phenomenological profile of the Higgs boson,

is given by Ellis, Gaillard and Nanopoulos8 [36].

2.7.4 Spontaneous Symmetry Breaking

The Standard Model in its early form was a theory of massless particles. The mecha-

nism of spontanous symmetry breaking proposed by Englert, Braut, Higgs and others

enabled the generation of massive gauge bosons in the theory while retaining local

gauge invariance.

To demonstrate the principle of spontaneous symmetry breaking in terms of a

gauge theory, consider the case of a complex scalar field φ = 1√
2
(φ1 + iφ2) described

8This paper [36] features the comment “... we do not want to encourage big experimental searches
for the Higgs boson ...”.

25



by the following Lagrangian:

L = (∂µφ)
∗ (∂µφ)

︸ ︷︷ ︸

kinetic T (φ)

−
(
µ2φ∗φ+ λ (φ∗φ)2

)

︸ ︷︷ ︸

potential V (φ)

. (2.4)

In order to make this Lagrangian invariant under the U (1) local gauge transfor-

mation φ→ e−iα(x)φ, ∂µ is replaced by the covariant derivative Dµ = ∂µ − ieAµ where

the gauge field transforms as Aµ → Aµ +
1
e
∂µα.

Thus, the gauge invariant Lagrangian is as follows:

L = (Dµφ)
∗ (Dµφ)− µ2φ∗φ− λ (φ∗φ)2 − 1

4
FµνF

µν , (2.5)

where Fµν = ∂µAν − ∂νAµ.

The potential of this field V (φ), assuming λ > 0, is shown in figure 2.1 for the

case in which µ2 > 0. The potential, assuming λ < 0, is shown in figure 2.2 for the

case in which µ2 < 0.

In the case of µ2 > 0, the potential has a minimum at φ = 0, whereas in the case

of µ2 < 0, the potential has a maximum at φ = 0 and a minimum at a circle of radius

ν in the plane of φ values (e.g., φ1, φ2 etc.), such that

φ2
1 + φ2

2 = ν2 with ν2 = −µ
2

λ
. (2.6)

Thus, there are an infinite number of states with the same lowest energy, as shown

in figure 2.3.
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Figure 2.1: Potential V (φ) for a complex scalar field φ for the case of λ > 0 and

µ2 > 0

Figure 2.2: Potential V (φ) for a complex scalar field φ for the case of λ < 0 and

µ2 < 0
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Figure 2.3: Potential V (φ) for many fields for the case of λ > 0 and µ2 < 0
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If the field φ is translated to a minimum energy position at φ1 = µ, φ2 = 0, then

a new set of fields η and ξ can be defined:

φ (x) =
1√
2
(ν + η (x) + iξ (x)) , (2.7)

where φ1 (x) ≡ ν + η (x) and φ2 (x) ≡ ξ (x). The Lagrangian can now be expanded

about the vacuum in terms of these fields through the substitution of the translated

field φ (x) (equation 2.7) into the gauge invariant Lagrangian (equation 2.5):

L′ =
1

2
(∂µξ)

2 +
1

2
(∂µη)

2 − ν2λη2 +
1

2
e2ν2AµA

µ − eνAµ∂
µη − 1

4
FµνF

µν

+ interaction terms.

(2.8)

The Lagrangian now contains terms representing the desired massive vector boson

Aµ, a massive scalar η and also what appears to be a massless boson η (known as

a Goldstone boson). By giving a mass to the Aµ boson, the particle’s polarisation

degrees of freedom have been increased from two to three. Since simply translating

variables should not create a new degree of freedom, the fields in the gauge invari-

ant Lagrangian expanded about the vacuum (equation 2.8) are not distinct physical

particles. Since the difficulties in the Lagrangian involve the ξ ≡ φ (x) field, a suit-

able gauge transformation can be chosen to eliminate φ2 (x). By writing the U (1)

transformation in terms of its real and imaginary parts,

φ→ φ′ = e−iθ(x)φ (2.9)
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and

φ→ φ′ = (cos θ (x) + i sin θ (x)) (φ1 + iφ2)

= (φ1 cos θ (x)− φ2 sin θ (x)) + i (φ1 sin θ − φ2 cos θ (x)) ,

(2.10)

respectively, the suitable gauge transformation is identified as θ = − tan−1
(

φ2

φ1

)

. This

transformation, combined with the approximation

φ =
1√
2
(ν + η + iη) ≈ 1√

2
(ν + η) ei

ξ
ν , (2.11)

to the lowest order in η, points to a different set of real fields h, θ and Aµ, that are

substituted into the gauge invariant Lagrangian (equation 2.5):

φ→ 1√
2
(ν + h (x)) eiθ(x)ν ; (2.12)

Aµ → +
1

eν
∂µθ. (2.13)

Thus, a Lagrangian is obtained that describes just two interacting massive par-

ticles, a vector gauge boson, Aµ, with a mass mA = eν, and a massive scalar boson,

h, with a mass mh =
√
2λν2. The massless Goldstone boson has been turned into

the extra degree of freedom for the original gauge boson, allowing the gauge boson
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to become massive. This is the Englert-Braut-Higgs mechanism. By introducing a

complex scalar Higgs field with two additional degrees of freedom, one of the degrees

of freedom is provided to the Aµ boson, allowing it to become massive, and the other

becomes a massive scalar boson, known as the Higgs boson:

L′′ =
1

2
(∂µh)

2 − λν2h2 +
1

2
e2ν2A2

µ

= λνh3 − 1

4
λh4 +

1

2
e2A2

µh
2 + νe2A2

µh− 1

4
FµνF

µν .

(2.14)

The Lagrangians 2.4 and 2.14 describe exactly the same physical system; it is in

just the ground state that the U (1) symmetry becomes ‘hidden’.

For the case of the electroweak Lagrangian, the SU (2) group has three generators

which correspond to the gauge bosons
{
W 1

µ ,W
2
µ ,W

3
µ

}
and a coupling constant g. The

U (1) group has one boson Bµ (of weak hypercharge) and a coupling g′. The relative

strength of these interactions is determined according to g′ = g tan θW , where θW is

the weak mixing angle.

The physical electroweak bosons,W±, Z and γ correspond to linear superpositions

of the following gauge fields:

W± ≡ 1√
2

(
W 1

µ ∓ iW 2
µ

)
,

Zµ ≡ cos θWW
3
µ − sin θWBµ and

Aµ ≡ cos θWBµ + sin θWW
3
µ .

(2.15)

Only the Z and W acquire mass through the Englert-Braut-Higgs mechanism.

In order to break the SU (2)L × U (1)Y symmetry, a doublet of complex fields is
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introduced, providing four extra degrees of freedom:

φ =






φ+

φ−




 =

1√
2






φ1 + iφ2

φ3 + iφ4




 . (2.16)

During spontaneous symmetry breaking, three of the extra degrees of freedom are

given to the W± and Z bosons, allowing the bosons to become massive and the

other degree of freedom corresponds, as before, to a massive scalar Higgs boson. The

photon remains massless because the electroweak Lagrangian is invariant under local

U (1)EM transformations with generator Q.

An explicit mass term for the fermions is not present in the Lagrangian because

this would mix the right handed and left handed states that must be treated separately

for the weak interaction. However, it is possible to have an interaction between the

left handed fermion doublet, the right handed fermion singlet and the scalar doublet

(Higgs field), Φ. These interactions are known as Yukawa interactions and have the

following form:

LYuk. = Gf

(
ψ̄LΦψR + ψ̄RΦψL

)
, (2.17)

where Gf is the coupling constant of the interaction.
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The Yukawa interaction for the electron in the unitary gauge is given by the

following:

LYuk. = −Ge√
2






ν̄L

ēL






T 




0

ν +H




 eR +Hermitian conjugate. (2.18)

This results in two terms:

Geυ√
2
ēe− Ge√

2
ēHe. (2.19)

The first term is a mass term for the electron, which is proportional to the vacuum

expectation of the scalar field. From this term is obtained a relation for the Yukawa

coupling in terms of the electron mass, me, and the W boson mass, mW :

Ge = g
me√
2MW

. (2.20)

The second term gives the coupling between the electron and the scalar Higgs field,

which is proportional to the electron mass. In a similar way, quarks also acquire mass

through their respective couplings with the Higgs field, with the respective couplings

being proportional to the respective masses.

In summary, the introduction of the Englert-Braut-Higgs mechanism of elec-

troweak symmetry breaking is the simplest way to give masses to elementary par-

ticles. In the Standard Model, a single Higgs doublet gives rise to one observable
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Higgs boson. In the Minimal Supersymmetric Standard Model, two Higgs doublets

spawn two charged and three neutral Higgs bosons.

2.8 Supersymmetry

2.8.1 Hierarchy Problem

A problem with a light Higgs boson in the Standard Model is that quantum corrections

to the Higgs boson mass have a quadratic divergence. Assuming the Standard Model

to be valid up to the Planck scale, this correction is very large compared to the

physical Higgs boson mass. This problem is known as the hierarchy problem [37, 38,

39, 40]. Since divergences are removed by renormalisation, this may not be considered

a problem technically, however, conceptually, it may be considered an important

problem because it implies that the theory is not stable under small variations of the

fundamental parameters. Supersymmetry can solve the hierarchy problem.

2.8.2 Supersymmetry

Supersymmetry [41, 42] (often abbreviated as “SUSY ”) is a symmetry that relates

elementary particles to particles called superpartners that differ from the regular par-

ticle by half a unit of spin. It is a proposed extension to the Standard Model and is the

only so far ‘unused’ symmetry of the Poincaré group. One prominent property of this

theory (assuming unbroken symmetry) is that every fermion has a supersymmetric

boson partner and vice versa. So quarks have squarks which are integer spin quarks.

Photons have half integer spin particles called photinos. The naming conventions are
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straightforward: the partner of a fermion is named by adding the prefix “s” to the

regular fermion’s name (electron becomes selectron, neutrino becomes sneutrino and

so on), while the partner of a boson is found by adding the suffix “ino” to the regular

boson’s name (gluon becomes gluino, graviton becomes gravitino and so on). The the-

ory has predictive power, can include gravitational interactions and offers solutions to

certain cosmological problems (such as the hypothetical “dark matter” [43, 44, 45]).

Supersymmetric particles have not been observed. If supersymmetry exists (as su-

perpartners of Standard Model particles), it must be a broken symmetry, allowing

superparticles to be more massive than the corresponding particles.

No meaningful indications of the superpartners have been observed.

2.8.3 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) [46, 47, 48] is a prominent

candidate for physics beyond the Standard Model. In effect, it doubles the Standard

Model particle content. Two complex doublets in the MSSM contain a total of eight

degrees of freedom, as shown in table 2.4.
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Electroweak symmetry breaking through two complex Higgs doublets leads to five

physical states, two of which are charged (H+ and H−). A priori, the mass of the

charged Higgs bosons is not predicted by theory. At the tree level, the MSSM Higgs

sector is determined fully by two parameters: the charged Higgs boson mass mH±

and the ratio of the vacuum expectation values of the two Higgs fields, commonly

denoted as

tan β =
v2
v1
. (2.21)

It characterises the relative fraction that the two Higgs doublets contribute to the

electroweak symmetry breaking v2 = v21 + v22, where v ≃ 246 GeV [49].

Table 2.4: Degrees of freedom in the Minimal Supersymmetric Standard Model

G0 neutral Goldstone boson (used by Z)

G± charged Goldstone boson (used by W )

h0 light CP even Higgs boson

H0 heavy CP even Higgs boson

A0 CP odd

H± charged Higgs boson pair

36



2.9 Searches for Higgs Bosons

2.9.1 Early Searches for Higgs bosons

Some of the early searches for Higgs bosons and their respective results are shown in

table 2.5.

Table 2.5: Early searches for Higgs bosons

year search result references
1975 emission from stars mH > 0.7me [50, 51]
1974 neutron-electron scattering mH > 0.7 MeV [52, 53]
1975 neutron-nucleus scattering mH > 13 MeV [54]
1974 nuclear 0+ − 0+ transitions mH > 18 MeV [55]

2.9.2 Searches for Higgs bosons at the Large Electron-Positron

Collider

The CERN Yellow Report Physics with Very High-Energy e+ e− Colliding Beams [56]

offers a detailed description of searches for Higgs bosons at the Large Electron-

Positron Collider (LEP).

In brief, at the LEP collider, the principal processes used to constrain the mass of

the Higgs boson were e+e− → Z +H [36, 57] (associated production) and

Z → H + µ+µ− [58]. The first modern experimental estimations of the mass of the

Higgs boson were made on the basis of electroweak radiative corrections (which are

sensitive to massive particles) measured at the LEP collider [59]. After the discovery

of the t quark, the uncertainties were reduced significantly. The LEP Higgs boson ex-

clusion is shown in figure 2.4. The LEP searches did not show any conclusive evidence
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for the production of a Standard Model Higgs boson.

Figure 2.4: LEP Higgs boson exclusion (shown with LHC 2011 exclusion)

2.9.3 Searches for Higgs bosons at the Tevatron

In brief, at the Tevatron, the principal processes used to constrain the mass of the

Higgs boson were gluon fusion (gg → H) and Higgs boson production in association

with a vector boson (W±H or ZH). The Tevatron Higgs boson exclusion is shown

in figure 2.5.
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Figure 2.5: Tevatron Higgs boson exclusion (shown with LHC early 2012 exclusion)

2.9.4 Searches for Higgs bosons at the Large Hadron Collider

At the time of submission, the most stringent constraints on the mass of the Standard

Model Higgs boson are a lower limit of 114.4 GeV at the 95% confidence level, set

using the combined results of the four LEP experiments [60], and an excluded band

of 156 GeV to 177 GeV, from the combined results of the Tevatron experiments [61].

At the LHC, the principal processes used to constrain the mass of the Higgs

boson are gluon fusion (gg → H) [62, 63], Higgs boson production in association with

a vector boson (W±H or ZH) [64] or Higgs boson production with a t quark pair

(tt̄H) and the vector boson fusion process (qqH or qq̄H).

ATLAS combined upper limits on the Standard Model Higgs boson at the 95%

confidence level are shown in figure 2.6 for 100 GeV ≤ mH ≤ 600 GeV [65]. The

combined upper limits are also shown for 110 GeV ≤ mH ≤ 150 GeV in figure 2.7.

An excess of events is observed around mH ∼ 126 GeV with a local significance of
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2.5σ, where the expected significance in the presence of a Standard Model Higgs

boson for that mass hypothesis is 2.9σ.9
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Figure 2.6: 100 GeV ≤ mH ≤ 600 GeV ATLAS Higgs boson combined upper limits

for 2011 data

2.9.5 Search for Charged Higgs Bosons Decaying via

H+ → τlep. + ν in tt̄ Events

The search for charged Higgs bosons presented in this thesis considers the type-II

2HDM. For charged Higgs bosons with masses less than the t quark mass, the dom-

inant production mode for H+ at the LHC is through the t quark decay t→ bH+,

due to the large Yukawa coupling of the t. The dominant source of t quarks at the

9ATLAS and CMS have reported on the results of Higgs searches based on 5 fb−1 of 2011 LHC
data in several channels [66, 67, 68, 69, 70, 71]. The results give hints of the existence of a Higgs
boson with a mass of approximately 126 GeV manifesting in the diphoton h → γγ and 4 lepton
h → ZZ∗ final states.
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Figure 2.7: 110 GeV ≤ mH ≤ 150 GeV ATLAS Higgs boson combined upper limits

for 2011 data

LHC is through tt̄ production. The cross section for charged Higgs boson production

from single t quark events is much smaller and is not considered in this analysis. For

tan β > 3, charged Higgs bosons decay primarily via H+ → τν10 [72]. Experimental

limits tend to rule out lower values of tan β (at least for relatively light supersym-

metric partners). For the purposes of the analyses of this thesis, the assumption of

B (H+ → τν) = 1 is made.

In the search of this thesis, the charged Higgs bosons are searched for in tt̄ events

with one or two light charged leptons (electrons or muons, here represented by l) in

the final state (see figure 2.8). So, specifically, tt̄ events arising from gluon fusion

decay as t→ H+b→ τ+ντb and t̄→ W−b→ l−ν̄lb̄.

10In this thesis, the charged Higgs bosons are denoted as H+ and the decay of a charged Higgs
boson to a tau and a tau neutrino is denoted as H+ → τν (as opposed to H+ → τ+ντ ) for reasons
of brevity. Charge conjugated processes are implicitly included.
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Figure 2.8: Leading order Feynman diagram for the production of tt̄ events arising

from gluon fusion, where a t quark decays to a charged Higgs boson, followed by the

decay H+ → τν

If the charged Higgs boson arising from t→ bH+ decays solely to τν, a small

increase in the branching fraction for single lepton and two lepton decays of tt̄ pairs oc-

curs, as the t decays leptonically more often than the W boson:

B (H+ → τν → l +Nν) ≃ 35% while B (W → l +Nν) ≃ 25% (whereN indicates the

number of neutrinos). It is useful to identify discriminating variables that allow a dis-

tinction between leptons produced in τ → lνlντ (e.g., in decays ofW or charged Higgs

bosons) and leptons arising directly from W boson decays, rather than relying only

on the presence or absence of an excess of single lepton and two lepton tt̄ events.
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One discriminating variable is the invariant mass mbl of a b quark and a lepton l

coming from the same t quark, which can be described using cos θ∗l :

cos θ∗l =
2m2

bl

m2
t −m2

W

− 1 ≃ 4pb · pl
m2

t −m2
W

− 1,

with pb · pl = 2EbEl (1− cos θbl) = 4EbEl sin
2

(
θbl
2

)

,

(2.22)

where pb and pl are the four-momenta of the b quark and of the lepton l (which can be

chosen in any reference frame because cos θ∗l contains the invariant product p
b · pl) and

θbl is the angle between them. Both m2
b and m2

l are neglected, hence, m2
bl ≃ 2pb · pl.

While the cos θ∗l variable is used commonly to measure the polarisation of W bosons

in t quark decays, where θ∗l is the angle of the lepton momentum with respect to the

helicity axis in the W rest frame, it is used for other purposes in this analysis. If a

t quark decay is mediated through an H+ and the H+ is more massive than the W

boson, the b quark usually has a smaller momentum than in the case of a t quark

decay mediated through a W boson. Also, a lepton l arising from a τ decay is likely

to have a smaller momentum than a lepton arising directly from a real W boson. As

a result, the presence of a charged Higgs boson in a leptonic quark decay strongly

reduces the invariant product pb · pl, leading to values of cos θ∗l close to −1.

The event topology considered in this thesis belongs to a class of events in which

the presence of undetected particles in the final states prevents full reconstruction of

the mass of the particle that is sought after. Often in such cases it is possible to define

kinematic variables that are bounded by the unknown mass and, thus, the mass value

can be inferred from an edge in the distribution of a variable over many events. These

variables generally are referred to as transverse mass observables. In this analysis,
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transverse mass observables can be used to discriminate between leptons produced in

H+ → τν decays and leptons arising from W bosons [73]. Specifically, the charged

Higgs boson transverse mass can be used: mH
T is used for the single lepton events and

mH
T2 is used for the two lepton events.

2.9.5.1 Single Lepton Events

In single lepton tt̄ events in which aW boson decays directly into an electron or muon

and one neutrino, theW transverse mass is obtained by constraining the square of the

missing mass (pmissing)
2
to be zero, making the assumption that it comes only from

the massless neutrino associated with the direct W decay (that is, a minimisation

of the invariant mass
(
pl + pmissing

)2
is performed using the longitudinal momentum

and the energy of the neutrino):

(
mW

T

)2
= min

{

pmissing
z ,Emissing

(pmissing)
2
=0

}

[(
pl + pmissing

)2
]

= 2plTE
missing
T (1− cosφl,missing) ,

(2.23)

where pmissing
z and Emissing are the longitudinal momentum and the energy of the

neutrino, respectively, and plT and Emissing
T are the transverse momenta of the lepton

and the neutrino, respectively, with φl,missing being the azimuthal angle between them.

In the case of a leptonic τ decay either from a W of charged Higgs boson, this

constraint is not valid because the missing momentum arises from three neutrinos,

hence,
(
pmissing

)2 6= 0. However, if one of the two b quarks can be associated with

the leptonically decaying t quark, the charged Higgs boson transverse mass can be
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determined by performing a maximisation of the invariant mass
(
pl + pmissing

)2
using

the longitudinal momentum and the energy of the neutrinos in the single lepton tt̄

event:

(
mW

T

)2
= max







pmissing
z ,Emissing

(

pmissing+pl+pb
)2

=m2
t







[(
pl + pmissing

)2
]

.
(2.24)

Thus, the explicit expression for the charged Higgs boson transverse mass is as

follows:

mH
T =

√
√
√
√

(√

m2
t +

(

~p l
T + ~p b

T + ~p missing
T

)2

− pbT

)2

−
(

~p l
T + ~p missing

T

)2

. (2.25)
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2.9.5.2 Two Lepton Events

In two lepton tt̄ events, the final state includes two leptons and missing energy on

both ‘sides’ of the event, making its full reconstruction more complicated than the

single lepton tt̄ events. With one t quark decaying to b̄W and the other decaying to

bH+, there are the following size constraints:

(

pH
+

+ pb
)2

= m2
t ,

(

pl
−

+ pν̄l
)2

= m2
W ,

(

pl
−

+ pν̄l + pb̄
)2

= m2
t ,

(pν̄l)
2
= 0 and

~p H+

T − ~p l+

T + ~p ν̄l
T = ~p missing

T .

(2.26)

where l denotes an e, a µ or a τ and pH
+

and pν̄l are the unknown quantities in the

event. This system of constraints leaves two free parameters over which the charged

Higgs boson mass is maximised in order to obtain the generalised charged Higgs boson

transverse mass. If one of the free parameters is chosen to be the z component of

the charged Higgs boson momentum, the generalised charged Higgs boson transverse

mass can be determined by performing a maximisation using the result from the single

lepton case:

mH
T2 = max

{constraints (equation 2.26)}

[

mH
T

(

~p H+

T

)]

, (2.27)

where
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mH
T

(

~p H+

T

)

=

√
(√

m2
t +

(
~p H+

T + ~p b
T

)2 − pbT

)2

−
(
~p H+

T

)2
. (2.28)

The maximisation over the remaining parameter is performed numerically after having

assigned each of the two b quarks to its corresponding lepton.

The transverse masses mH
T and mH

T2 are larger than the charged Higgs boson mass

mH+ and smaller than the t quark mass mt used in the constraints. Therefore, they

can serve as discriminants between t quark decays mediated by a W and t quark

decays mediated by a charged Higgs boson, based on their different masses.
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Chapter 3

Statistical Methodology

3.1 Introduction

This chapter offers a brief, practical description of the statistical theory used in the

H+ → τlep. + ν charged Higgs boson search of this thesis. Initially, the concepts of

hypotheses (in a statistical sense), statistical tests etc. are discussed. Then, the

profile likelihood ratio and modified frequentist confidence level CLs statistical tools

are described. The Bayesian approach to statistics is outlined and, finally, there is

a brief description of software used in the statistical and limit setting aspects of the

search.

3.2 A Search as a Statistical Test

The general procedure used to search for some new phenomenon in the context of a

frequentist statistical test is outlined in this section. The task is to make a statement

about how well observed data stands in agreement with given predicted probabil-
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ities, i.e., a hypothesis. For the purposes of discovering a new signal process, one

defines the null hypothesis, H0, as describing only known processes, designated here

as background. This hypothesis is tested against the alternative hypothesis, H1, which

includes both the background and the sought after signal. In setting limits, the model

consisting of the signal and background acts as the null hypothesis, H0, which is tested

against the model consisting of only the background, H1. The outcome of a search

such as this quantifies the level of agreement of the observed data with a hypothesis

H by computing a p value (i.e., a probability), under the assumption of H, of finding

data of equal or greater incompatibility with the predictions of H. The hypothesis is

regarded as excluded if its p value is below a specified threshold.

In particle physics, the p value is often converted into an equivalent significance,

defined such that a variable with a Gaussian distribution found a certain number of

standard deviations above its mean has an upper tail probability equal to p. Following

from this, it is often useful to describe the sensitivity of an experiment as the expected

(median) significance that can be obtained with a measurement under the assumption

of various hypotheses. In ATLAS, a 3σ result conventionally is taken as evidence

of a possible discovery and a 5σ result conventionally is taken as a discovery. A

detailed analysis would involve consideration of the look elsewhere effect (LEE) [74].

Essentially, this effect involves the likelihood of seemingly finding something in an

entire probed region being greater than the likelihood of seemingly finding something

in a subregion selected especially for the signal; there is a type of ‘probability boost’

arising from searching in many places. The ‘boost factor’ arising due to the LEE

is approximately the ratio of difference between the lower and upper mass points of

the entire mass region to the signal width. Depending on the details of the specific
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search, this could result easily in a factor of 10–100. In general, as the search range

is increased, the p value increases because more possibilities are opened. The 5σ

convention was conceived with effects such as the LEE considered: 5σ is rare enough

that, even accounting for the LEE, it is probably something significant.

Consider an experiment in which the values of kinematic variables are measured

for each selected event and, thus, the resulting data is represented by histograms. A

variable x is measured for each event in the signal sample and these values are used

to construct a histogram:

~n = (n1, . . . , nN ) , (3.1)

which is simply the set of values for the number of entries in each of the N bins. The

expectation value of ni can be given as

E [ni] = µsi + bi, (3.2)

where the mean number of entries in the bin of index i from signal and background

are given by the following:

si = stot.

∫

bini

fs

(

x; ~θs

)

dx; (3.3)

bi = btot.

∫

bini

fb

(

x; ~θb

)

dx. (3.4)
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The parameter µ determines the strength of the signal process; µ = 0 corresponds

to the background only hypothesis and µ = 1 corresponds to the nominal signal hy-

pothesis. The functions fs

(

x; ~θs

)

and fb

(

x; ~θb

)

are the probability density functions

(PDFs) of the variable x for the signal events and background events, respectively,

with ~θs and ~θb representing parameters that characterise the shapes of the probability

density functions. The quantities stot. and btot. are the total mean number of events

for the signal and the background respectively. All nuisance parameters are denoted

as follows:

~θ =
(

~θs, ~θb, btot.

)

. (3.5)

The signal normalisation, stot., is fixed to the value predicted by the nominal signal

model (as opposed to being an adjustable parameter).

In addition to the measured histogram, subsidiary measurements can be made in

order to help constrain the nuisance parameters. For example, a control sample in

which mainly background events are expected may be selected. From these events, a

histogram of some chosen kinematic variable could be constructed:

~m = (m1, . . . ,mM) . (3.6)
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The expectation value of mi can be given as

E [mi] = ui

(

~θ
)

, (3.7)

where ui are quantities calculable depending on the parameters ~θ. This measurement

is constructed often in order to provide information on the background normalisation

factor, btot., and possibly on the signal and background shape parameters.

3.3 Profile Likelihood Ratio

A likelihood ratio test is a statistical test used to compare the fit of two models, one

of which (the null model) is a special case of the other (the alternative model). The

test is based on the likelihood ratio, which expresses how many times more likely

the data are under one model than the other. This likelihood ratio, or equivalently

its logarithm form, can then be used to compute a p value. When the logarithm

form of the likelihood ratio is used, the statistic is known as a log likelihood ratio

test statistic and the probability distribution of this test statistic, assuming that the

null model is true, can be approximated using Wilks’ theorem [75]. In the case of

distinguishing between two models, each of which has no unknown parameters, use

of the likelihood ratio test can be justified by the Neyman-Pearson lemma [76, 77],

which demonstrates that such a test has the highest power among all competitors.
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The likelihood function is the product of Poisson probabilities for all bins:

L
(

µ, ~θ
)

=
N∏

j=1

(µsj + bj)
nj

nj!
e−(µsj+bj)

M∏

k=1

umk

k

mk!
e−uk (3.8)

In order to test a hypothesised value of µ, the profile likelihood ratio is considered:

λ (µ) =

L
(

µ,
ˆ̂
~θ

)

L
(

µ̂, ~̂θ
) . (3.9)

ˆ̂
~θ is the value of ~θ for which L is maximised for the specified µ; i.e., it is the conditional

maximum likelihood estimator of ~θ and, thus, is a function of µ. The denominator

is the maximised (unconditional) likelihood function; i.e., µ̂ and ~̂θ are the maximum

likelihood estimators. The presence of the nuisance parameters broadens the profile

likelihood as a function of the µ signal process strength parameter relative to the

likelihood if their values were fixed. This corresponds to the loss of information

about µ arising from the systematic uncertainties.

In the equation for the profile likelihood ratio (equation 3.9), the values for λ can

range from 0 to 1, with a value of λ near 1 implying good agreement between the

data and the hypothesised value of µ. Thus, it can be convenient to use the statistic

tµ = −2 lnλ (µ) (3.10)

as the basis of a statistical test. For this test statistic, increasing values of tµ corre-

spond to increasing incompatibility between the data and the hypothesised value of
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µ. The level of disagreement can be quantified using the p value:

pµ =

∫ ∞

tµ, obs.

f (tµ|µ) dtµ, (3.11)

where tµ, obs. is the value of the test statistic tµ observed from the data and f (tµ|µ)

denotes the PDF of tµ under the assumption of the signal strength parameter µ. In

using the test statistic tµ, a data set may result in a low p value in two distinct ways:

the estimated signal strength µ̂ may be found to be greater than the hypothesised

value µ or it may be found to be less than µ. Thus, the µ values rejected because

their p values are less than a specified threshold α may lie on either side of those

values not rejected, i.e., a two sided confidence interval for µ may be obtained.

Using results by Wilks [75] and Wald [78], a paper by Cowan, Cranmer, Gross

and Vitells [79] outlines the derivation of a comprehensive set of asymptotic formulae,

based on the profile likelihood, for use in searches for new physics. A technique intro-

duced in the paper is the Asimov dataset, which is, in a sense, the most representative

dataset of an ensemble. When it is used to evaluate the estimators for all parameters,

it provides the true parameter values. Asimov datasets can be used to simplify the

estimation of measurement sensitivities and to compute Jeffrey’s prior [77].

Likelihood based statistical approaches enable statistical tests in searches for pro-

cesses that have been predicted but not yet seen, such as the production of Higgs

bosons. The statistical significance of an observed signal can be quantified by means

of a p value or its equivalent Gaussian significance. Finding both the significance

and the expected significance for a data set can involve extensive Monte Carlo calcu-
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lations1. The approximate methods reported here allow the calculation of both the

significance for given data as well as the full sampling distribution of the significance

under the hypothesis of different signal models without the requirement of Monte

Carlo calculations 2.

3.4 Modified Frequentist Confidence Level CLs

3.4.1 Significance Level 1−CLb

The p value under the assumption of a background only hypothesis can be described

as follows:

pb =

∫ qobs.

−∞
f (q|b) dq, (3.12)

where f (q|b) is the probability density function for the log likelihood ratio, q, under

the assumption of the background only (null) hypothesis. This p value is known as

1− CLb.

1Monte Carlo methods are stochastic techniques, meaning they are based on the use of random
numbers and probability statistics to investigate problems. The use of Monte Carlo methods allows
for the modelling of physical problems for which more direct models are computationally unfeasible.
With Monte Carlo methods, a large system can be sampled in a number of random configurations
and the resulting data can be used to describe the system as a whole.

2See section 6.7.6 for the methodological application of the profile likelihood.
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3.4.2 Discovery Potential 1−CLs+b

The p value under the assumption of a signal and background hypothesis can be

described as follows:

ps+b =

∫ −∞

qobs.

f (q|s+ b) dq, (3.13)

where f (q|s+ b) is the probability density function for the log likelihood ratio, q,

under the assumption of a signal and background (alternate) hypothesis. This p

value is known as 1− CLs+b. This is a standard frequentist confidence limit. For

example, with CLs+b ≤ 0.05, the signal and background hypothesis is excluded at the

95% confidence level.

3.4.3 Approximate Confidence CLs

The standard frequentist confidence limit is acceptable in most cases, however, the

spurious downward fluctuation of the background is a possibility that could lead to an

invalid exclusion of a certain Higgs mass; that is, an exclusion limit may be computed

for a mass at which the experiment is not sensitive, simply due to a spurious downward

fluctuation in the background. In order to deal with this possibility, CLs [80, 81] is

defined as the ratio of the confidences CLs+b and CLb:

CLs ≡
CLs+b

CLb

≡ ps+b

1− p0
. (3.14)
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CLs, the modified frequentist confidence level, allows for consideration of the confi-

dence in the signal alone. While a signal can be said to have been excluded with a

confidence level equal to 1− α when CLs < α (for an exclusion at the 95% confidence

level), this value should not be thought of as a confidence level; it is a log likelihood

ratio test which uses the CLs value to imply exclusion or the 1− CLb value to esti-

mate the significance of a possible discovery. Essentially, 1− CLs+b corresponds to

discovery potential, CLs+b corresponds to the false exclusion rate, CLb corresponds

to the exclusion potential and 1− CLb corresponds to the false discovery rate (which

corresponds to significance level). Thus, CLs may be considered as an approximate

confidence in the signal only hypothesis. What is generally wanted is the exact confi-

dence in the signal hypothesis, but as long as there is background in the experiment

this does not exist. If the signal and background hypothesis is well separated from

the background hypothesis, then CLs ≃ CLs+b.

3.5 ATLAS Statistical Methods

ATLAS searches, for the most part, investigate some signal in a sample of events

dominated by other background physical sources. The events are the output of the

detector, filtered by reconstruction algorithms which construct objects such as elec-

trons and jets. Simulations are used to tune calibrations, characterise the event

reconstruction and compare the outcome of an experiment with theoretical models.

A typical simulation consists of a few different steps. Initially, the result of the

primary particle interaction is simulated using an event generator. Usually, only one

specific process of interest is considered (e.g., Higgs boson production with a specific
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channel). Different Monte Carlo productions are then organised to obtain a variegate

set of processes which can be considered either signal or background depending on

the analysis. The next step is to simulate the effects of the passage of the produced

particles and decay products through the detector. Finally, the detector response is

simulated: for each energy deposition into an active material, another Monte Carlo

process produces the electronic signal. This is processed in a way which closely follows

the design of the front end electronics, obtaining the simulated detector output in the

same format as the data coming from the real detector.

Statistical uncertainties can arise from fluctuations in the energy deposition in

the active materials and from electronic noise. Systematic uncertainties due to the

limited knowledge of the real detector performance and to the details of the offline

reconstruction also contribute to the final uncertainty and need to be addressed indi-

vidually. Theoretical uncertainties in the physical models need also to be accounted

for.

In searches for new phenomena, the p value is interpreted as the probability to

observe at least as many events as the outcome of our experiment in the hypothesis

of no new physics. Most discovery claims in high energy physics are based on p value

calculations. A p value threshold of 0.05 corresponds to the significance ∼ 1.64σ.

This is used commonly in high energy physics for setting upper limits with a 95%

confidence level [82].
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3.6 Bayes’ Theorem

3.6.1 Some Formulae from Probability Calculus

Let X and Y be propositions or events.

p (∼X) = 1− p (X) . (3.15)

The probability of anything other than X happening is equal to the total probability

of anything happening less the probability of X happening.

p (X ∧ Y ) = p (X) p (Y |X) = p (Y ) p (X|Y ) . (3.16)

In general, the probability of X and Y happening is equal to the probability of X

happening multiplied by the probability of Y happening, given that X is happening

and is also equal to the probability of Y happening multiplied by the probability of

X happening, given that Y is happening.

X and Y are said to be independent if p (X|Y ) = p (X) and p (Y |X) = p (Y ).

Thus, if X and Y are independent,

p (X ∧ Y ) = p (X) p (Y ) = p (Y ) p (X) and (3.17)

p (X ∨ Y ) = p (X) + p (Y )− p (X ∧ Y ) . (3.18)
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The probability of either X or Y happening, but not both together, is simply the

probability of X happening added to the probability of Y happening less the proba-

bility of both X and Y happening together.

p (X) = p (X ∧ Y ) + p (X ∧ ∼Y ) = p (Y ) p (X|Y ) + p (∼Y ) p (X|∼Y ) . (3.19)

The probability of X happening is equal to the probability of X happening with

Y added to the probability of X happening without Y . X and Y are said to be

disjoint if they cannot both be true at the same time: p (X ∧ Y ) = 0, p (X|Y ) = 0

and p (X|Y ) = 0.

Let X1, . . . , XN be propositions or events. Then, in general, the probability of all

X events happening is given by the following formula:

p

(
n

Λ
i=1

Xi

)

= p (X1)
n∏

i=2

p

(

xi|
i−1

Λ
j=1

Xj

)

, (3.20)

where Λ is defined as the logical and iterative operator
n

Λ
i=1

xi = x1 ∧ ... ∧ xn. If the

operator has no arguments, then the evaluation is truth, ⊤, because truth is the

identity for the logical and operation. This may be known as the empty and. If

Xi are independent of each other, then the probability of all X events happening

simplifies to

p

(
n

Λ
i=1

Xi

)

=
n∏

i=1

p (Xi) . (3.21)
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3.6.2 Bayes’ Theorem

Following from the law of conjunction (see equation 3.16),

p (X|Y ) = p (X)
p (X|Y )

p (Y )
. (3.22)

This formula, known as Bayes’ theorem, is useful for reasoning between causes and

effects [83]. Considering burglary as a cause of an alarm, it is natural to think in

terms of what proportion of burglaries trigger the alarm. That is p (alarm|burglary).

This corresponds to the frequentist approach. However, in practical terms, when the

alarm goes off, one is interested in knowing the probability of its cause. That is

p (burglary|alarm). For this example, Bayes’ theorem may be used in the following

manner:

p (burglary|alarm) = p (burglary)
p (alarm|burglary)

p (alarm)
. (3.23)

A variant of Bayes’ theorem takes into account background knowledge B. It

allows reasoning about the probability of a hypothesis H, given evidence E, all in the

presence of background knowledge B:

p (H|E ∧ B) = p (H|B)
p (E|E ∧ B)

p (E|B)
. (3.24)
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3.6.3 Discovery

Discovery can have many meanings, from discovery of an anticipated entity such

as the Higgs boson, to discovery of unanticipated new physics. Bayesian analysis is

relevant to both of these types of discovery, but, here, focus is placed on the discovery

of anticipated events because it typically reduces to Bayesian hypothesis testing. The

Bayesian approach to discovery is essentially the Bayesian approach to hypothesis

testing. A major difficulty in the implementation of Bayesian hypothesis testing is

the choice of the needed prior distributions of unknown parameters.

Discovery is taken to mean finding and verifying a rare signal against a noisy

background. There are many variants and formulation is critical. Key elements

include:

• the reference frame in which signals are defined,

• the statistical properties of the noise,

• the temporal sequence of data collection,

• the statistical character of the signal,

• the frequency of occurrence of signals and

• the multistage character of the search process.

The reference framework may be an ordered set of histogram bins, for example. Typ-

ical noise processes are either Gaussian processes or Poisson processes and it can be

important to allow for errors in estimating their properties. Observation may be in
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one step or by the gradual accretion of frequencies over time. The signal may be a

single blip or a set of occurrences at nearby points in the reference frame.

Concerning the presence of signal, there are two main situations to consider: there

may be no signal present or just one. In the second situation, there are likely to be a

limited nonzero number of signals present and the challenge is to find as many of them

as possible with few false results. The first situation generally is more appropriate

for current issues in particle physics.

3.7 Software

3.7.1 ROOT

ROOT [84] is an object oriented data analysis framework aimed at solving data

analysis challenges in high energy physics. While ROOT is simply a name, a possible

acronym for the system could be “Rapid Object-Oriented Technology” [85]. ROOT

was developed in the context of the NA49 experiment at CERN. NA49 generated data

of approximately 10 TB per run. This rate of data provided a test environment for

the development of ROOT, as the next generation of data analysis. ROOT features

CINT, a C++ interpreter.

63



3.7.2 RooFit and RooStats

The RooFit [86] library provides a toolkit for modelling the expected distribution

of events in a physics analysis. Models can be used to perform unbinned maximum

likelihood fits, produce plots and generate Monte Carlo samples for various studies.

The core functionality of RooFit is to enable the modelling of ‘event data’ distri-

butions, in which each event is a discrete occurrence in time and has one or more

measured observables associated with it. Experiments of this nature result in datasets

obeying Poisson (or binomial) statistics. The natural modelling language for such dis-

tributions is probability density functions that describe the probability density of the

distribution of observables x in terms of the function parameter p.

In RooFit, every variable, data point, function and PDF is represented in a C++

object. So, for example, in constructing a RooFit model, the mathematical compo-

nents of the model map to separate C++ objects. Objects are classified by the data

or function type that they represent, not by their respective role in a particular setup.

All objects are self documenting.

The full complexity of an individual channel’s respective likelihood functions are

packaged using RooFit/RooStats [87, 88] workspaces. A combined probability model

is formed by identifying nuisance parameters associated with common systematic ef-

fects. In order to perform a combined search, the results from each of the search

channels are brought together and form one overall statistical model of the data.

One of the most difficult aspects of this process is the fact that a single source of

systematic uncertainty in how a detector works can have an effect on multiple search

channels. The treatment of these correlated systematic uncertainties requires some
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coördination between the individual search channels. The statistical tools of RooFit

and RooStats, in particular, the workspace, are designed to handle this type of com-

plexity. Specifically, accounting simultaneously for systematic effects on various dif-

ferent components is possible using HistFactory, a tool used for a coherent treatment

of systematics. HistFactory and the workspace are standard statistical software tools

in ATLAS.
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Chapter 4

Large Hadron Collider

4.1 Large Hadron Collider

The Large Hadron Collider (LHC) is an experimental facility at the European Organ-

isation for Nuclear Research (CERN) near Geneva. The CERN accelerator complex

is depicted in figure 4.1.

The LHC is a synchotron particle accelerator built in a ∼ 27 km circular tunnel as

deep as 175 m below the surface. It produces two counter rotating beams of protons

which collide at four points around its circumference. The current centre of mass

energy is 8 TeV (an energy of 4 TeV per beam), with future plans for an increase

to 14 TeV. The centre of mass energy produced during collisions facilitates the pro-

duction of heavy particles while the luminosity, a measure of the intensity of the

beams, enables a large number of interesting interactions to take place in laboratory

conditions. This high energy, high luminosity (with respect to previous experiments)

environment will enable the exploration of important questions concerning the origin
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Figure 4.1: CERN accelerator complex
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of mass for gauge bosons, the measured predominance of matter over antimatter and

more detailed descriptions of mass particles and their interactions.

The LHC utilises many preexisting CERN facilities, including the full range of

CERN proton machines serving as the injector chain and the ∼ 27 km tunnel previ-

ously used by the Large Electron Positron (LEP) collider.

4.1.1 General Description of LHC operation

The journey of the proton particles in the LHC begins with the Linac 2 linear acceler-

ator, which accelerates protons from the proton source to an energy of 50 MeV. The

protons then proceed to the Proton Synchrotron Booster (PSB), the first and smallest

circular proton accelerator in the accelerator chain of the LHC. The PSB accelerates

the protons from 50 MeV to 1.4 GeV. Protons are injected then into the Proton

Synchotron (PS), which is the first major particle accelerator at CERN (originally

built as a 28 GeV proton accelerator). The PS accelerates the protons to 25 GeV,

before the protons are injected into the Super Proton Synchotron (SPS). The SPS

has been used to accelerate protons and antiprotons, electrons and positrons (for use

in the LEP) and heavy ions. As a proton-antiproton collider, it supplied accelerated

particles for the UA1 and UA2 experiments which resulted in the discovery of the

mediator bosons of the weak interaction, theW and Z bosons. The SPS is used in the

CERN Neutrinos to Gran Sasso (CNGS) experiment to produce a neutrino stream

for the Gran Sasso laboratory, where neutrinos are detected promptly by the detector

of the Oscillation Project with Emulsion Racking Apparatus (OPERA) experiment.

The SPS is the final injector for the LHC (as it was for the LEP) and accelerates the
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protons to 450 GeV. Once inside the LHC, the protons are guided and accelerated by

the LHC dipole magnets and radio frequency (RF) cavities to energies of several TeV.

The LHC beam pipe is stored in a cryostat, at a temperature of 1.9 K, facilitating

the function of the superconducting magnets to direct the proton beams around the

ring of the LHC. The RF cavities, which are also superconducting, ensure that the

∼ 1011 protons in each bunch in the beam occur every 50 ns1. At the LHC full design

luminosity, there should be twenty-three interactions in every bunch crossing. The

effect of multiple collisions in a crossing is known as pileup and adds complexity to

analyses. A cross section of the LHC beam pipe is shown in figure 4.2, while a three

dimensional representation of a cryodipole is shown in figure 4.3

4.1.2 Luminosity

In an experiment, the number of events observed in a certain time is given by the

product of the cross section of the process under observation (the effective area which

governs the probability of some scattering or absorption event) and the instantaneous

luminosity;

Nevents = Lσevent, (4.1)

where σevent is the cross section and L is the luminosity. Luminosity is a measurement

of the number of collisions that can be produced in a detector per centimetre squared

per second. The luminosity can be obtained semiqualitatively from

1It is planned for the bunch spacing to decrease to 25 ns in the future.
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Figure 4.2: Cross section of LHC superconducting cryodipole
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Figure 4.3: Three dimensional representation of LHC superconducting cryodipole
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• the number of protons (N2, because each particle in a bunch may collide with

any particle in the opposing bunch),

• the time between bunches, t, and

• the section effective of collision, seff., that depends on the cross section of the

bunch (effective because the profile of the beam does not have a sharp edge).

The section effective of collision can be given as follows:

seff. = 4πσ2, (4.2)

where σ is the transverse size of the bunch at the interaction point. Consideration

can be given also to the geometric luminosity reduction factor, F , due to the crossing

angle at the interaction point, however, for the LHC, this factor is very near unity,

so

L ≃ N2

tseff.
(4.3)

The beam size can be expressed in terms of two quantities, one termed the trans-

verse emittance, ǫ, and the other termed the amplitude function, β.

The transverse emittance is a beam quality parameter reflecting the process of

bunch preparation, extending all through the injector chain to the source of hadrons.

A low emittance particle beam is a beam in which the particles are confined to a small

distance and have similar momenta. In a colliding beam accelerator, keeping the
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emittance small, keeps the likelihood of particle interactions high, resulting in higher

luminosity. Emittance could be thought of as the smallest aperture a beam could fit

through and also thought of as a measurement of the parallelism of a beam. Emittance

is measured in units of length, but is considered usually as a length multiplied by

an angle. The emittance measured in the spatial dimension parallel to the motion

of a particle is called the longitudinal emittance while the emittance measured in

perpendicular dimensions are referred to as the transverse emittances. The emittance

changes as a function of beam momentum; increasing the beam energy reduces the

emittance.

The amplitude function is determined by the accelerator magnet configuration

(the quadrupole magnet arrangement) and the powering. Expressed in terms of the

cross sectional size of the bunch, σ, and the transverse emittance, the amplitude

function is

β =
πσ2

ǫ
(4.4)

So, the amplitude function is approximately the width of the beam squared divided

by the emittance. Of particular significance is the value of the amplitude function

at the interaction point, β∗. In order to increase the number of collisions at the

interaction point, it is desirable to minimise the value of the amplitude function at

the interaction point.
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Using the bunch crossing frequency, f , the luminosity can be expressed as

L ≃ fN2

4πσ2
(4.5)

and considering different numbers of protons per crossing bunches, and x and y com-

ponents of σ separately, it can be expressed as

L ≃ fN1N2

4πσxσy
. (4.6)

From equations 4.4 and 4.5, the luminosity can be expressed in terms of the emittance

and amplitude function in the following way:

L ≃ fN2

4ǫβ∗ (4.7)

There can be further considerations of the luminosity (involving, for example, the

relativistic Lorentz factor γ), but, essentially, in order to achieve high luminosity,

high population bunches of low emittance should be made to collide at high frequency

at locations where the beam optics provides the the lowest possible values of the

amplitude function. The nominal luminosity of the LHC is 1× 1034 cm2s−1. A sample

of LHC nominal beam parameters is given in table 4.1.
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Table 4.1: LHC nominal beam parameters

parameter value
LHC circumference 26.66 km
beam energy 7 TeV
dipole magnetic field strength 8.33 T
dipole magnet temperature 1.9 K
particles per bunch 1.15× 1011

bunches per beam 2808
bunch crossing frequency 40 MHz
bunch length (σz) 7.5 cm
bunch width (σx) 15.9 µm
luminosity 1× 1034 cm−2s−1

The integrated luminosity is a number used to determine the total luminosity (or,

equivalently, the number of events) detected over a certain time:

L =

∫

L.dt. (4.8)

4.1.3 LHC Experiments

Four main experiments are located around the ring of the LHC: A Large Toroidal LHC

Apparatus (ATLAS) and the Compact Muon Solenoid (CMS) are general purpose

detectors, A Large Ion Collider Experiment (ALICE) is a heavy ion detector designed

to exploit the lead-lead runs of the LHC and the Large Hadron Collider Beauty

experiment (LHCb) is an experiment designed to investigate CP violation using b

quarks.
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4.1.3.1 A Large Ion Collider Experiment (ALICE)

ALICE is an experiment designed to study heavy ion collisions at the LHC. Peri-

odically, the LHC accelerates and collides lead ions. The main aim of the ALICE

Collaboration is to study the quark-gluon plasma (a state of matter consisting of

asymptotically free quarks and gluons) produced in these collisions, in effect, study-

ing conditions similar to those before the Hadron epoch in the early universe.

4.1.3.2 A Large Toroidal LHC Apparatus (ATLAS)

ATLAS is described in detail in chapter 5.

4.1.3.3 Compact Muon Solenoid (CMS)

The CMS is a general purpose detector build to complement and compete with AT-

LAS. Some of the main goals include exploration of physics at the TeV scale, discov-

ery or exclusion of Higgs bosons and the search for evidence of physics beyond the

standard model, such as supersymmetry and extra dimensions. The CMS detector

electromagnetic calorimeter is made of lead tungstate crystals which are ideal for high

precision measurements in the H → γγ decay channel.

4.1.3.4 Large Hadron Collider Beauty (LHCb)

LHCb is a layered detector, built with subdetectors stacked behind one another. Some

of the main goals of the LHCb Collaboration are the study of CP violation (which

is possibly the primary cause of the matter-antimatter asymmetry observed in the

universe) and the study of rare decays in the b and c sector.
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Chapter 5

A Large Toroidal LHC Apparatus

5.1 ATLAS

5.1.1 General Description of ATLAS Operation

ATLAS [89, 90] (depicted in figure 5.1) is a general purpose detector designed to

exploit the full potential of the LHC proton-proton collision programme. Some of

the unexplored aspects of the Standard Model within the scope of ATLAS are the

mechanism of spontaneous symmetry breaking (which manifests Higgs bosons), the

decay modes of the t quark and precise determination of its mass and CP violation,

which may be observable in many decays involving the b quark. Many models beyond

the standard model (BSM) are open for study using data from ATLAS, including su-

persymmetry, extra dimensions, quantum gravity, technicolour, little Higgs, no Higgs,

grand unified theory, hidden valleys, leptoquarks, compositeness, heavy neutrino, and

fourth generation particle models.
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Figure 5.1: ATLAS detector

78



ATLAS is also designed to probe for the more general framework of supersymme-

try. Two predictions of supersymmtery are

• the existence of at least five different Higgs bosons, often within the mass range

accessible to ATLAS and

• a large number of new particles produced at a mass scale that ATLAS can often

establish and measure with high precision.

The discovery of the W+, W− and Z0 particles of the electroweak interactions

was a large advancement in the description of fundamental interactions. ATLAS is

capable of discovering and measuring particles with similar properties but with masses

up to ∼ 50 times greater than those of the W+, W− and Z0 particles.

ATLAS is designed for a large discovery potential and for precision measure-

ments [90]. An experiment with these ambitions should detect clean signals and

perform accurate measurements of

• charged leptons,

• largely hidden particles1,

• hadronic jets,

• b quarks and

• photons.

1These largely hidden particles, such as neutrinos, may be detected through missing energy
measurements.
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In addition, ATLAS should provide reconstruction of complete final states, such as

the decay products of B hadrons at low luminosity. The general design concept to

achieve these goals includes three main detector systems: a tracker, a calorimeter and

a muon spectrometer.

• The tracker consists of semiconductor pixel and strip detectors for high accuracy

measurements of charged particle trajectories, followed by a straw tube detector

producing images of events and independent identification of electrons. A thin

superconducting solenoid coil provides a 2 T magnetic field for the tracker.

• The calorimeter consists of an electromagnetic calorimeter in liquid argon tech-

nology (for high resolution, calibration precision and stability), followed by a

hadronic calorimeter consisting of steel with scintillating tiles.

• The high precision muon spectrometer surrounds the calorimeter. A supercon-

ducting air core toroidal magnet system provides the magnetic field for the

muon spectrometer.

All detection systems of ATLAS have large solid angle coverage in order to opti-

mise the efficiency for detection of low rate signals from multiparticle decays.

The initial flow of information from the detectors is reduced by a dedicated se-

lection system, the trigger. It is based on hierarchical decision making, where the

lowest level is based on coarse calorimeter and muon spectrometer information and

higher levels use data from the full experimental apparatus. A data acquisition system

merges the information from the different systems and stores it for further processing

and analysis. Software is used to reconstruct stored detector signals in order to ac-

cess the physical properties of detected particles. It also simulates ATLAS in detail
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in order to correct for small distortions in measurements induced by the apparatus

and to estimate the expected background levels.

The detector systems of ATLAS are controlled by the Detector Control System

(DCS) [91]. By monitoring detector hardware, it is capable of flagging unusual be-

haviour in ATLAS subsystems and of applying corrective measures in some instances.

The Detector Control System also handles communications between the LHC, CERN

technology services, the magnet systems of ATLAS and the detector safety system.

5.1.2 ATLAS Detector

5.1.2.1 ATLAS Coördinate System

The origin of the coördinate system is defined as the centre of the detector at the

nominal interaction point. The z axis is oriented parallel to the beam line with the

positive sense in the anticlockwise direction. The positive sense of the x axis points

from the origin to the centre of the LHC accelerator ring and the positive sense of

the y axis points upwards (perpendicular to the x and z axes). The detector has

an approximate cylindrical geometry, most frequently described using the (R, φ, z)

coördinates. The polar angle θ is defined as the angle measured from the beam axis

in the xz plane and the azimuthal angle φ is defined as the angle measured in the xy

plane around the z axis (clockwise when viewing in the positive sense of the z axis).

The polar angle θ is used in the Lorentz invariant measure of position in the detector

known as pseudorapidity, η.
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Rapidity is defined relative to a beam axis as

ϕ =
1

2
ln
E + pzc

E − pzc
, (5.1)

where E is energy, c is the maximum speed in special relativity and pz is the compo-

nent of momentum along the beam axis. Rapidity, in the context of special relativity,

is essentially a hyperbolic angle that differentiates a moving frame of reference from

a fixed frame of reference associated with distance and time coördinates.

For a particle with a speed close to c, the rapidity is approximated by the pseu-

dorapidity, η, which is defined as

η = ln tan

(
θ

2

)

, (5.2)

where θ is the angle between the particle momentum and the beam axis.

Generally, the transverse energy ET , momentum pT and missing transverse energy

��ET are defined in the xy plane. Often it is useful to consider the distance between

objects in the detector in the ηφ plane. This distance is defined as

∆R =
√

∆η2 +∆φ2, (5.3)

where ∆η is the difference in pseudorapidity and ∆φ is the difference in azimuthal

angles of two objects under consideration.
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5.1.2.2 Inner Detector

The Inner Detector (ID) of ATLAS (shown in figure 5.2) begins a few centimetres

from the beam axis and extends to a radius of 1.15 m, providing full tracking over a

region of |η| < 2.5. It has a length of 7 m and is contained within a magnetic field

of strength 2 T. It is composed of three mechanically separate components, a barrel

section that occupies ±80 cm along the beam axis and two endcaps. In the barrel

region, the high precision detectors are mounted on concentric layers around the beam

axis.

The Inner Detector consists of three distinct subsystems (shown in figure 5.3),

together designed to perform tracking. Specifically, precision measurements of par-

ticle momentum above 0.5 GeV for charged tracks between the beam pipe and the

electromagnetic calorimeter are provided. Secondary vertex identification using re-

constructed tracks and information on impact parameters can be used to indicate the

presence of short lived particles such as τ leptons and b quarks.

Interactions at 14 TeV would require excellent pattern recognition of ionising par-

ticle trails; high granularity is required this close to the beam pipe as this is where

track density is greatest. The Pixel Detector (PD) and Semiconductor Tracker (SCT)

are precision tracking detectors designed for this purpose. They are arranged in con-

centric cylinders around the beam axis in the barrel region of the detector. In the

endcaps, they are arranged in discs perpendicular to the beam axis (which can be

seen in figure 5.2).
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Figure 5.2: ATLAS Inner Detector
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Figure 5.3: Cross section of ATLAS Inner Detector
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5.1.2.3 Pixel Detector

The Pixel Detector is the innermost part of the inner detector and provides precise

tracking close to the interaction point. Each track transits approximately three pixel

layers, segmented in R− φ and z space. This provides three points in space for

reconstruction of the track. The first layer of the Pixel Detector is the vertexing

layer, which serves to resolve the secondary vertices of short lived particles.

5.1.2.4 Semiconductor Tracker

The Semiconductor Tracker is the middle component of the Inner Detector and is

similar in concept and function to the Pixel Detector but with silicon microstrips

instead of silicon pixels. The Semiconductor Tracker is critical for providing basic

tracking in the plane perpendicular to the beam axis.

5.1.2.5 Transition Radiation Tracker

The Transition Radiation Tracker (TRT) is the outermost component of the Inner

Detector and is a combination of a straw tracker and a transition radiation detector.

The detecting elements are drift tubes (straw tube detectors). Straw tube detectors

are intrinsically radiation hard and can operate at very high rates due to their small

diameter and the isolation of the sense wires within individual gas volumes. The

Transition Radiation Tracker covers naturally a larger volume than the Pixel Detec-

tor and the Semiconductor Tracker and is capable of detecting transition radiation.

Transition radiation is emitted when particles traverse the boundary between media

with different dielectric properties. Each straw is filled with a gas that can become
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ionised when a charged particle transits it. The probability of a photon of transition

radiation being emitted at a particular boundary is small so the straw tube detec-

tors are surrounded by materials designed to contain many such transitions. Since

the quantity of transition radiation is greatest for highly relativistic particles and

particles of a particular energy have a greater speed the less massive they are, par-

ticle paths with many strong signals can be identified as belonging to the lightest

observed charged particles, electrons. Basically, the radiated energy increases with

the Lorentz factor of the particle rather than the velocity. Particles with a sufficiently

high Lorentz factor, such as electrons, produce high threshold hits with reasonable

efficiency, thereby providing a high electron identification efficiency.

5.1.2.6 Calorimetry

While tracking detectors are designed to measure position while minimising the effect

this measurement has on the particle, calorimeters are designed to measure the energy

of the incident particle through total absorption. Using alternating layers of material

and detectors, particles traversing a calorimeter create showers and deposit energy

which can be used in measurement.

When a high energy electron or photon is incident upon matter, predominantly

it interacts through pair production and bremsstrahlung, producing a cascade of

secondary electrons and photons. As the shower develops, the number of secondary

particles increases and the average energy decreases. Such showers are characterised

longitudinally by the radiation length X0 and have a narrow transverse profile.

High energy hadrons interact predominantly through a succession of inelastic

hadron-nucleus collisions resulting in the production of secondary hadrons. Such
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showers have a lateral spread and nuclear interaction length λ that is approximately

an order of magnitude greater than the radiation length X0, depending on the mate-

rial.

Information such as the width of the shower and its depth in the detector is

used to determine whether the incident object is a jet or a lepton. To aid in this

determination, the calorimetry in ATLAS is accomplished using two main calorimetry

systems, the Electromagnetic Calorimeter (EMCAL) and the Hadronic Calorimeter

(HCAL). See figure 5.4 for a depiction of the calorimetry systems of ATLAS.

Together, the Electromagnetic Calorimeter and the Hadronic Calorimeter cover

out to |η| ≤ 4.9.

5.1.2.7 Electromagnetic Calorimeter

The Electromagnetic Calorimeter is a high granularity sampling calorimeter covering

out to |η| ≤ 2.5. It consists of alternating layers of lead, for production of showers,

and liquid argon, for particle detection. These layers are arranged in an accordion

geometry (see figure 5.5), providing continuous azimuthal (φ) coverage with minimal

density variations.

Essentially, the Electromagnetic Calorimeter absorbs energy from particles that

interact electromagnetically, which include charged particles and photons.

5.1.2.8 Hadronic Calorimeter

The barrel region of the Hadronic Calorimeter (often referred to as the Tile Calorime-

ter) consists of steel with scintillating tiles that sample the energy deposited. The

Hadronic Endcap Calorimeter (HEC) consists of liquid argon and copper.
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Figure 5.4: Calorimetry in ATLAS
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Figure 5.5: ATLAS liquid argon Electromagnetic Calorimeter

Essentially, the Hadronic Calorimeter absorbs energy from particles that pass

through the Electromagnetic Calorimeter and interact strongly. These particles are

mostly hadrons.

5.1.2.9 Muon Spectrometer

With no strong interactions and large mass, muons lose energy primarily in ionisa-

tion. With minimal energy loss, they pass through the calorimeters to the Muon

Spectrometer (shown in figure 5.6) for identification and momentum measurement.

The paths of muons in the detector are deflected in the magnetic field of the

superconducting air core toroid magnets and detected in the muon chambers. In

the barrel region of the muon detectors, the muon chambers are arranged in three

cylindrical layers around the beam axis, out to |η| ≤ 1.4. The deflection in the barrel

region of the muon detector is provided by the barrel toroid. In the endcap region

of the muon detectors, in the range 1.4 ≤ |η| ≤ 2.7, the deflection is provided by

two smaller magnets housed in the barrel toroid cryostat, aligned with the central
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Figure 5.6: Muon Spectrometer
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solenoid. The chambers in the endcap region of the muon detectors are perpendicular

to the beam axis, also arranged in three layers.

The Muon Spectrometer is composed of two types of muon detector, the Moni-

tored Drift Chambers (MDTs) and the Cathode Strip Chambers (CSCs). The Mon-

itored Drift Chambers provide coverage over most of the pseudorapidity range of

the muon detectors and provide precision measurement of track coördinates from the

mechanically isolated sense wires in the detector. The Cathode Strip Chambers pro-

vide measurement of the pseudorapidity of the muons in the first layer of the muon

spectrometer.

5.1.2.10 Magnet System

ATLAS uses two large superconducting magnet systems to deflect charged particles

for the purpose of momentum measurement. Deflection is described by the Lorentz

force which is proportional to velocity. The particles from LHC collisions will be

travelling at close to c generally and, thus, the Lorentz force imparted on particles of

different momenta approximately is uniform. Hence, particles with high momentum

curve little and particles with low momentum curve significantly. The curvature of

the deflection can be measured and the particle momentum can be determined from

this curvature.

The inner solenoid produces a magnetic field of strength 2 T surrounding the Inner

Detector. The outer toroidal magnetic field is produced by eight air core supercon-

ducting barrel loops and two endcaps, all located outside the calorimeters and within

the muon system.

92



5.1.2.11 Forward Detectors

Three additional detectors are located in the very forward region of ATLAS, far from

the interaction point, in the LHC tunnel.

Luminosity measurement using Cherenkov Integrating Detector (LUCID), located

at ±17 m from the interaction point (one detector in each endcap region of ATLAS),

measures inelastic pp scattering at very small angles in order to measure the integrated

luminosity and to provide online monitoring of the instantaneous luminosity and beam

conditions. The detectors are at a radial distance of approximately 10 cm from the

beam line.

Absolute Luminosity For ATLAS (ALFA), located at ±240 m from the interaction

point, is a scintillating fibre tracker detector inside Roman pots. Roman pots are

devices located very close to the beam line (inserted directly into the beam vacuum

pipe) in order to capture particles which scatter by very small angles. The ALFA

detector is as close as 1 mm to the beam. The purpose of the ALFA detector is

the measurement of elastic pp scattering and small angles in the coulomb nuclear

interference (CNI) region.

The Zero Degree Calorimeter (ZDC), located at ±140 m from the interaction

point, detects forward neutrons and photons with |η| > 8.3 in both pp and heavy ion

collisions. Neutral particles can be measured by the alternating layers of quartz rods

and tungsten layers in the Zero Degree Calorimeter. The Zero Degree Calorimeter

aids in determining the centrality of heavy ion collisions, which is strongly correlated

with the number of very forward (spectator) neutrons.
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5.1.2.12 Triggers and Data Acquisition

Data produced by the detectors of ATLAS are processed directly by the Triggers

and Data Acquisition (TDAQ) system. The system is comprised of subsystems that

correspond typically to subdetectors of ATLAS. The trigger consists of three levels,

Level 1 (L1), High Level and Event Filter (EF). Each level of the trigger reduces the

event rate recorded using decisions made about detected events.

The trigger Level 1, is based on electronics on the detector and the trigger High

Level and Event Filter run primarily on a computer cluster near ATLAS. After Level

1, about 100,000 events per second are selected. After the Event Filter, a few hundred

events per second remain. These events are stored for analysis.

After this event selection, event reconstruction is performed on the stored events,

constructing objects for physics analysis such as jets, photons and leptons.

5.1.2.13 Resolution

Table 5.1 shows the resolution performance goals [92] of the various subdetector com-

ponents, with E and pT measured in GeV.
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Table 5.1: ATLAS subdetector performance goals

detector component required resolution

tracking
σPT

PT
= 0.05% pT ⊕ 1%

electromagnetic calorimetry σE

E
= 10%√

E
⊕ 0.7%

hadronic calorimetry in barrel and endcaps σE

E
= 50%√

E
⊕ 3%

hadronic calorimetry forward σE

E
= 100%√

E
⊕ 10%

muon spectrometer
σpT

pT
= 10% at pT = 1 TeV
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Chapter 6

Search for Charged Higgs Bosons

Decaying via H+ → τlep. + ν in tt̄

Events

6.1 Introduction

This chapter describes the approach to the search for charged Higgs bosons in

H+ → τlep. + ν. The theoretical basis of the search is described in section 2.9.5.

Initially, the Monte Carlo and data samples used are described. Then, the re-

construction of physics objects is outlined. The data-driven approach used to derive

the contribution of background containing misidentified (fake) leptons is presented

next. Then, the measurements of cos θ∗l and the transverse mass mH
T are presented

for an analysis of H+ → τlep. + ν events with a single lepton in the final state and

for an analysis of H+ → τlep. + ν events with two leptons in the final state. With
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the assumption of the branching fraction B (H+ → τν) = 1, the results of the analy-

ses are presented as upper limits on the branching fraction B (t→ bH+) at the 95%

confidence level. These results are then discussed. Finally, a brief outline of recent

developments and comment on future searches is given.

6.2 Monte Carlo and Data Samples

This section describes briefly the Monte Carlo and data samples used in the analy-

ses. For greater detail, the ATLAS Conference Note [93] for this analysis should be

consulted.

Background processes considered in this analysis include tt̄→ bb̄W+W− produc-

tion, single t quark events, production of Z/γ∗ + jets and W + jets, diboson events

and QCD multijet events with fake leptons. Monte Carlo samples for tt̄ and single t

quark events are generated using the MC@NLO [94] generator. The parton shower

is simulated by HERWIG [95] and the underlying event is simulated by JIMMY [96].

Single vector boson production is simulated using ALPGEN [97] interfaced to HER-

WIG and JIMMY for the underlying event model. Diboson events (WW ,WZ and Z)

are generated and hadronised using HERWIG. For these events, inclusive decays are

used for both gauge bosons and a generator level filter is applied, requiring at least

one electron or muon with pT > 10 GeV and pseudorapidity |η| < 2.8. The Standard

Model samples used are summarised in table 6.1.
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Table 6.1: Standard Model background Monte Carlo samples

process generator cross section (pb)
tt̄ with at least one lepton (e, µ, τ) MC@NLO 89.7
single t quark Wt channel (inclusive) MC@NLO 14.6
single t quark t channel with lepton MC@NLO 21.3
single t quark s channel with lepton MC@NLO 1.4
W → lv + jets ALPGEN 3.1× 104

Z/γ∗ → ll + jets, m (ll) < 10 GeV ALPGEN 1.5× 104

WW HERWIG 17.0
ZZ HERWIG 1.3
WZ HERWIG 5.5

Three types of signal samples are produced with PYTHIA [98] for mH+ between

90 GeV and 160 GeV:

• tt̄→ bb̄H+W−,

• tt̄→ bb̄H−W+ and

• tt̄→ bb̄H+H−.

The charged Higgs boson decay mode is always H+ → τν. When a t quark decays

into Wb, the W boson subsequently decays inclusively. For τ decays, TAUOLA [99]

is used and for photon radiation from charged leptons, PHOTOS [100] is used. Event

generators are tuned to describe ATLAS data: the parameter sets AMBT1 (ATLAS

Minimum Bias Tune 1) [101] and AUET1 (ATLAS Underlying Event Tune 1) [102]

are used respectively for the hadronised events with PYTHIA and HERWIG/JIMMY.

All Monte Carlo events are propagated through a GEANT4 (Geometry and Track-

ing 4) [103] simulation [104] of ATLAS and are then reconstructed using the same

algorithms as the sample data. Only data taken with all ATLAS subsystems fully

operational are used. This results in a data sample of 1.03± 0.04 fb−1 for a subset of
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the data from the 2011 data-taking period of pp collisions at 7 TeV in stable beam

conditions.

In order to account for pileup (overlapping signals in the detector from other

neighbouring bunch crossings), minimum bias events are added to the hard process

in each Monte Carlo sample. Prior to the analysis, simulated events are reweighted

to a given data sample using the average number of pileup interactions (∼ 6 for the

data subset used).

6.3 Object Reconstruction

6.3.1 Electron and Muon Triggers

The events used in this analysis pass a single lepton (electron or muon) trigger. In

order to ensure that electrons with a transverse energy greater than 25 GeV and

muons with a transverse momentum greater than 20 GeV are in the plateau region of

the trigger efficiency curve, the electron trigger has a transverse momentum threshold

of 20 GeV and the muon trigger has a transverse momentum threshold of 18 GeV.

6.3.2 Event Cleaning

Further event cleaning is performed by requiring that no jet be consistent with having

originated from detector effects, such as spikes in the endcap Hadronic Calorimeter,

coherent noise in the Electromagnetic Calorimeter or various backgrounds not caused

by collision events. Further cleaning of backgrounds not caused by collision events is

accomplished by considering only events with a reconstructed primary vertex with at
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least five associated tracks.

6.3.3 Electron Reconstruction

Electrons are reconstructed by matching clustered deposits of energy in the Electro-

magnetic Calorimeter to tracks reconstructed in the Inner Detector. They are required

to meet quality prescriptions based on the expected shower shape of electrons [105].

Electrons are required to have a transverse energy greater than 15 GeV and to be

isolated. Electrons are considered isolated when they have less than 3.5 GeV of trans-

verse energy, after corrections for pileup and leakage, in a cone of ∆R = 0.2 around

the electron (see equation 5.3), excluding the energy deposit from the electron itself.

Electrons are required to be in the fiducial volume of the detector, with |η| < 2.47

(the transition region between the barrel and endcap calorimeters is excluded).

6.3.4 Muon Reconstruction

Muons are reconstructed by matching a track reconstructed in the Muon Spectrometer

to tracks reconstructed in the Inner Detector [106]. They are required to have a

transverse momentum greater than 15 GeV, |η| < 2.5 and to be isolated. Muons are

considered isolated when the both the transverse energy deposited in the calorimeters

and the transverse momentum of all Inner Detector tracks amount to less than 4 GeV

in a cone of ∆R = 0.3, excluding the energy deposit from the muon itself. Muons are

rejected if they are found within ∆R < 0.4 of any jet with a transverse momentum

greater than 20 GeV.
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6.3.5 Jet Reconstruction

Jets are reconstructed using the anti-kt jet clustering algorithm [107] with the size

parameter value R = 0.4. This jet finding algorithm uses three dimensional noise

suppressed clusters in the calorimeters, reconstructed at the electromagnetic energy

scale. The jets are then calibrated at the hadronic energy scale with correction factors

based on Monte Carlo simulations [108] dependent on the transverse momentum and

the pseudorapidity of the jets. In order to avoid overlap between electrons and jets,

jets with an axis within ∆R < 0.2 or the direction of an electron are rejected.

Jets containing b hadrons (jets initiated by b quarks) are identified using a high

performance b tagging algorithm [109] combining impact parameter information with

the explicit determination of an inclusive secondary vertex. The cut point is deter-

mined to give a nominal efficiency of approximately 70% for b jets with a transverse

momentum of greater than 20 GeV in tt̄ events. The b tagging algorithm relies on in-

formation from the Inner Tracker, so the pseudorapidity acceptance region is |η| < 2.5.

6.3.6 Missing Transverse Energy Reconstruction

Missing transverse energy [110] is reconstructed using three dimensional noise sup-

pressed clusters in the calorimeters, calibrated at the electromagnetic energy scale,

and using muons reconstructed in the Muon Spectrometer. Clusters belonging to

jets with a transverse momentum greater than 20 GeV are then calibrated to the

hadronic energy scale. Calorimeter cells not associated with any object are also taken

into account and calibrated at the electromagnetic energy scale. Muons reconstructed

in the Inner Detector are used to recover muons in regions not covered by the Muon
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Spectrometer. The muon contribution to the missing transverse energy calculated

differently for isolated and non-isolated muons in order to deal appropriately with

the energy deposited by muons in the calorimeters.

6.4 Data Driven Estimation of Backgrounds with

Misidentified Leptons

While the lepton identification of ATLAS is largely reliable, there is a non-negligible

contribution from non-isolated leptons. These leptons (which arise from such pro-

cesses as the semileptonic decay of a b or c hadron, from the decay-in-flight of a π±

or K meson and, in the case of fake electron objects, from the reconstruction of a

π0, photon conversion and shower fluctuations) are called fake leptons, as opposed to

isolated leptons (which arise from such processes as the decays of W and Z bosons),

which are called real leptons.

Two data samples are defined: the tight sample, which contains mostly events with

real leptons, and the loose sample, which contains mostly events with fake leptons.

The data samples arise simply from different lepton identification criteria, specifically,

the loose sample arises by loosening the isolation requirement for the leptons.

In the single lepton events, QCD multijet events, in which a jet is misidentified as a

lepton, may constitute a non-negligible background. The number of events containing

one loose or one tight lepton can be given as follows:

NL = NL
f +NL

r , (6.1)
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NT = NT
f +NT

r , (6.2)

where Nr and Nf respectively are the numbers of events containing real and fake

leptons passing either a loose (L) or a tight (T ) selection. The rates for a real or fake

lepton to be identified as a tight lepton can be given as follows:

r =
NT

r

NL
r

, (6.3)

f =
NT

f

NL
f

. (6.4)

Then, the number of fake leptons passing the tight selection can be given as follows:

NT
f =

f

r − f

(
rNL −NT

)
. (6.5)

This is the total fake lepton contribution in the single lepton events.

In the two lepton events, fake leptons can originate from QCD multijet events and

from W (→ lνl) + jets. Due to the presence of two leptons in the event, one of the

leptons is required to pass the tight selection criteria while the other lepton is required

to pass either the loose selection criteria in the loose sample (which corresponds to

103



the number of events NTL) or the tight selection criteria in the tight sample (which

corresponds to the number of events NTT ). Derived in a similar manner as for the

case of the single lepton events, the total fake lepton contribution in the two lepton

events can be given as follows:

NTT
f =

f

r − f

(
rNTL −NTT

)
. (6.6)

Thus, the main pieces of information used for the data driven method of estimation

of the fake lepton contributions are the efficiencies for a true lepton to be identified

as a real lepton (r) and for a fake lepton to be identified as a real lepton (f).

The lepton identification efficiency r is measured using a tag and probe method in

Z → l+l− events with a dilepton invariant mass in the range 86 – 96 GeV (in which

one lepton is required to pass the tight selection criteria). The rate at which the

other lepton passes the same tight selection criteria defines r. On the other hand, a

control sample with fake leptons is selected by considering data events with exactly

one lepton passing the loose selection criteria. In order to select events dominated by

QCD processes, missing transverse energy is required to be in the range 5 – 20 GeV.

Following the removal of other Standard Model processes with leptons identified as

true, the rate at which a loose lepton passes the tight selection criteria defines f .

Any significant dependence on kinematic or topological observables such as the

transverse momentum and pseudorapidity of the lepton, the jet multiplicity, the num-

ber of b tagged jets etc. are taken into account in the final parameterisation of the r

and f efficiencies.
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6.5 Search with Single Lepton Events

6.5.1 Event Selection

In order to select single lepton (monoleptonic) tt̄ events for the search, the following

cuts are applied to the data and Monte Carlo samples:

• Exactly one trigger matched lepton is required with

◦ ET > 25 GeV for an electron and

◦ pT > 20 GeV for a muon.

• At least four jets with pT > 20 GeV and |η| < 2.5, including exactly two b tagged

jets are required.

• In order to select events with a large missing transverse energy while rejecting

those in which the large missing transverse energy arises from badly recon-

structed leptons (where the asimuthal angle φl,missing between the lepton and

the missing transverse energy is small), the following is required:

◦ ��ET > 40 GeV if |φl,missing| ≥ π
6
and

◦ ��ET × | sin (φl,missing) | > 40 GeV if |φl,missing| < π
6
.
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6.5.2 Jet Identification

Having selected single lepton events, the jets must be assigned correctly (in particular,

the b jet of the leptonic side of the event). In order to do this, the combination of

one b jet and two light quark jets (j) that minimises the test statistic of a χ2 test is

found by iterating over all selected jets:

χ2 =
(mjjb −mt)

2

σ2
t

+
(mjj −mW )2

σ2
W

, (6.7)

where σt and σW are respectively the assumed widths of the reconstructed t quark

and W boson, as estimated from correctly identified combinations in tt̄ events. The

corresponding assignment efficiency is 74%. At this stage, events are removed if

χ2 > 5. Events having a second lepton with ET > 15 GeV (electron) or pT > 15 GeV

(muon) are discarded.

6.5.3 Control Region

In the presence of a charged Higgs boson, the predicted cross section of 165 pb for tt̄ for

tt̄→ bb̄W+W− cannot be relied on. A control region enriched with Standard Model-

like tt̄ events is defined based on the discriminating variable cos θ∗l , where a fiducial

cross section, σbbWW , can be measured for the tt̄→ bb̄W+W− process. Events from

the tt̄→ bb̄H±W∓ and tt̄→ bb̄H+H− processes may be found in the control region

also, so the σbbWW cross section is considered as a free parameter when the upper limits

on the branching fraction B (t→ bH+) are calculated. With B ≡ B (t→ bH+), the

σbbHW and σbbHH cross sections for tt̄→ bb̄H±W∓ and tt̄→ bb̄H+H− respectively
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then are given by the following:

σbbHW = σbbWW × 2B

1−B
, (6.8)

σbbHH = σbbWW × B2

(1− B)2
. (6.9)

Table 6.2 shows how the event selection affects the Standard Model processes

and tt̄ events with at least one decay t→ bH+, assuming mH+ = 130 GeV and a

cross section of 38.7 pb, compared with 1.03 fb−1 of ATLAS data. A fitted value

of 165.1 pb is used for σbbWW (as obtained when setting the exclusion limit for that

mass) and B (t→ bH+) = 10%. Events passing the selection cuts are dominantly

single lepton tt̄ events.

Table 6.2: Events for simulated processes in the single lepton channel

process events
tt̄ (bbWW ) 3081
single t quark 88
W + jets 85
Z + jets 5.2
diboson 2.0
QCD 56
∑

SM 3317
data 3421
130 GeV H+, B (t→ bH+) = 10% 190
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6.5.4 Reconstruction of Discriminating Variables

The discriminating variable cos θ∗l can be calculated on the leptonic ‘side’ of the

event by using the charged lepton and the associated b jet. The cos θ∗l distribution

obtained in ATLAS data and Monte Carlo simulations is shown in figure 6.1 [93]. The

control region enriched with tt̄→ bb̄W+W− events is defined as 0.2 < cos θ∗l < 1. In

order to select a signal region enriched with tt̄→ bb̄H±W∓ and tt̄→ bb̄H+H− events,

cos θ∗l < −0.6 is required, as indicated by the arrow. In order to enhance decays of

charged W or Higgs bosons via τ → lνlντ , m
H
T < 60 GeV is required.

For events in the signal region, mH
T is used as a discriminating variable to search

for charged Higgs bosons, as shown in figure 6.2 [93].

ATLAS data is found to agree well with the Standard Model expectations and

neither an excess of events (with respect to the prediction for tt̄→ bb̄W+W− events)

nor a significant deformation of the mH
T distribution is observed.

6.6 Search with Two Lepton Events

6.6.1 Event Selection

In order to select two lepton (dileptonic) tt̄ events for the search, the following cuts

are applied to the data and Monte Carlo samples:

• Exactly two trigger matched leptons, including at least one matched to the

single lepton trigger, are required with

◦ ET > 25 GeV for an electron and
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Figure 6.1: Reconstruction of cos θ∗l on the leptonic side of the single lepton events

Figure 6.2: Reconstruction of mH
T on the leptonic side of the single lepton events
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◦ pT > 20 GeV for a muon.

• At least two jets with pT > 20 GeV and |η| < 2.5, including exactly two b tagged

jets are required.

• For ee and µµ events, the dilepton invariant mass mll must be greater than

15 GeV and must satisfy |mll −mZ | > 10 GeV together with ��ET > 40 GeV.

• For eµ events, the scalar sum of the transverse energies of the two leptons and

all selected jets must satisify
∑
ET > 130 GeV.

6.6.2 Jet Identification

There is a four fold ambiguity in assigning the two leptons and the two b jets to

their parents. Only those events which have incorrect pairing that is easy to find are

selected in an attempt to determine the correct l - b pairing. These are identified

as having cos θ∗l > 1 for either of the two l - b pairs. For such events with a clear

incorrect pairing, the other l - b combinations are chosen, provided that they have

cosθ∗l < 1. For events with cosθ∗l < 1 for all pairings, the two l - b pairs that minimise

the sum of the distances ∆R (l, b)pair 1 +∆R (l, b)pair 2 in the ηφ plane are chosen. In

simulated tt̄ events, this assignment efficiency is 66%. The particles of the l-b pair

with the smallest value for cos θ∗l are assigned to the H+ ‘side’ and its partner pair to

the W ‘side’. In simulated events with mH+ = 130 GeV, this assignment efficiency is

62%. The events for which the numerical computation of mH
T2 does not converge are

discarded.
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6.6.3 Control Region

Again, as the predicted cross section of 165 pb for tt̄→ bb̄W+W− can not be relied

on, a control region enriched with Standard Model-like events is defined based on the

discriminating variable cos θ∗l , where a fiducial cross section σbbWW can be measured

for the tt̄→ bb̄W+W− process when the upper limits on B (t→ bH+) are derived. In

the two lepton channel, a downward fluctuation of data in the control region yields

fitted values of σbbWW lower than the Standard Model prediction.

Table 6.3 shows how the event selection affects the Standard Model processes and

the tt̄ events, compared with 1.03 fb−1 of ATLAS data. The expected number of

events for a Monte Carlo tt̄ sample with at least one decay t→ bH+ is also shown

in the last column, assuming mH+ = 130 GeV and a cross section of 35.3 pb. It

corresponds to a fitted value of 150.4 pb for σbbWW (as obtained when setting the

exclusion limit for that mass) and B (t→ bH+) = 10%. Events passing the selection

cuts are dominantly two lepton tt̄ events.

Table 6.3: Events for simulated processes in the two lepton channel

process events
tt̄ (bbWW ) 864
single t quark 18
Z + jets 1.5
diboson 0.3
QCD and W + jets 40
∑

SM 924
data 992
130 GeV H+, B (t→ bH+) = 10% 115
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6.6.4 Reconstruction of Discriminating Variables

The distribution of the discriminating variable cos θ∗l calculated on the H+ ‘side’ of

the event in ATLAS data and Monte Carlo simulations is shown in figure 6.3 [93]. The

control region enriched with tt̄→ bb̄W+W− events is defined as −0.4 < cos θ∗l < 1. In

order to select a signal region enriched with tt̄→ bb̄H±W∓ and tt̄→ bb̄H+H− events,

cos θ∗l < −0.6 is required, as indicated by the arrow.

For events in the signal region, the generalised transverse mass mH
T2 is used as a

discriminating variable to search for charged Higgs bosons, as shown in figure 6.4 [93].

Neither an excess of events (with respect to the prediction for tt̄→ bb̄W+W−

events) nor a significant deformation of the mH
T2 distribution is observed.

Figure 6.3: Reconstruction of cos θ∗l on the leptonic side of the two lepton events
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Figure 6.4: Reconstruction of mH
T on the leptonic side of the two lepton events

6.7 Limits on the Branching Fraction of t→ bH+

6.7.1 Systematic Uncertainties

Systematic uncertainties arising from the measurement of the integrated luminos-

ity [111] and the object reconstruction are considered. The uncertainties mostly are

related to trigger, reconstruction and identification efficiencies, as well as the energy

and momentum resolution and scale of various objects under consideration.

In order to examine the impact of most sources of systematic uncertainty on

analysis results, the selection cuts for each analysis are reapplied after shifting a

particular parameter by ±1 standard deviation of its uncertainty.

The systematic uncertainty arising from the generation of tt̄ events and the par-

ton shower model is estimated, the acceptance is computed for tt̄ events produced
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with MC@NLO interfaced to HERWIG/JIMMY, or POWHEG [112] interfaced to

PYTHIA. For the signal samples, which are generated with PYTHIA (i.e., at the

leading order only), no alternative generator is available. Instead, the systematic un-

certainty for the signal samples is set to the relative difference in acceptance between

tt̄ events generated with MC@NLO interfaced to HERWIG/JIMMY or AcerMC [113]

(which is also at the leading order only) interfaced to PYTHIA. The systematic un-

certainties arising from initial and final state radiation are computed using tt̄ samples

generated with AcerMC and PYTHIA, where initial and final state radiation param-

eters are set to a range of values not excluded by the experimental data. The greatest

relative differences with respect to the reference sample in the signal region are used

as the systematic uncertainties.

In the single lepton channel, a factor 2 up/down normalisation uncertainty is as-

signed to the Monte CarloW + jets background sample, with an associated log normal

constraint because theW + jets background is not predicted precisely, especially after

the b tagging requirement.

In the data driven methods used to identify events containing fake leptons, the

main systematic uncertainties arise from the sample dependence (the fake efficiencies

are calculated in a control region dominated by gluon initiated events, but are used

later in a data sample with a higher fraction of quark initiated events) and from

Monte Carlo samples used for the removal of real leptons in the determination of

the fake efficiencies, which are sensitive to the dominant instrumental systematic

uncertainties.

A summary of the systematic uncertainties considered in this study and their

treatment in the analysis are given in table 6.4.
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Table 6.4: Main systematic uncertainties considered in this analysis

source of uncertainty treatment in analysis

integrated luminosity ±3.7%
electron trigger efficiency ± (0.4%–1.0%), depending on η
electron reconstruction efficiency ± (0.7%–1.8%), depending on η
electron identification efficiency ± (2.2%–3.8%), depending on ET and η
electron energy scale ± (0.3%–1.8%), additional constant term, depending on pT and η
electron energy resolution ± (0.5%–2.4%), depending on pT and η
muon trigger efficiency ± (0.5%–7.9%), depending on pT , η, φ and the data taking period
muon reconstruction efficiency ± (0.4%–0.8%), depending on E, η and φ
muon identification efficiency scale factor = 1.0008± 0.0004
muon momentum scale and resolution up to ±1%, depending on pT and η
jet energy resolution (JER) ± (10%–30%), depending on pT and η

jet energy scale (JES)
± (2.5%–14%), depending on pT and η
+ pileup term (2%–7%) in quadrature

jet reconstruction efficiency randomly drop jets (2%) from events and symmetrise
b tagging efficiency ± (0.4%–1.0%), depending on η
b tagging mistag rate ± (0.4%–1.0%), depending on η
b jet jet energy scale ± (0.4%–1.0%), depending on η

missing transverse energy
uncertainties from object scale and resolution
+ 10% flat pileup contribution

event generation and parton shower
single lepton analysis: 5.1% for tt̄, 9.1% for the signal (in SR)
two lepton analysis: 6.2% for tt̄, 3.9% for the signal (in SR)

initial and final state radiation
single lepton analysis: 7.9%
two lepton analysis: 7.7%

W + jets (single lepton channel) factor 2 up/down with an associated log normal constraint

data driven methods used to identify events with fake leptons
single lepton analysis: 32%
two lepton analysis: 28%
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6.7.2 Methodology

With the assumption of B (H+ → τν) = 1, upper limits on the branching fraction

B ≡ B (t→ bH+) are extracted as a function of the charged Higgs boson mass. Since

the signal and the tt̄ background are correlated, the event rate of the tt̄→ bb̄W+W−

background is derived from the measurement in the control region (CR). In the single

lepton analysis, the region is −0.2 < cos θ∗l < 1 (with the mH
T < 60 GeV cut) and in

the two lepton analysis, the region is −0.4 < cos θ∗l < 1.

For any branching fraction B, the expected number of tt̄→ bb̄H±W∓ events, µH ,

is given by the following:

µH = µW × 2B

1−B
, (6.10)

where µW is the expected number of Standard Model-like tt̄→ bb̄W+W− background

events and µothers is the expected number of background events from other Standard

Model processes.

Other searches [114] suggest that t quarks decay into bH+ in less than 10% of the

cases, hence the contribution from tt̄→ bb̄H+H− is small. Given the small contribu-

tion of the process, it is not considered in the limit setting calculations. By not con-

sidering the tt̄→ bb̄H+H− events, the estimation of the upper limit on B (t→ bH+)

is somewhat conservative.
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6.7.3 Expected Events in the Control Region

The expected number of events in the control region of the cos θ∗l distribution is given

by the following:

µCR = µW ǫW + µHǫH + µCR
others = µW

(

ǫW +
2B

1−B
ǫH

)

+ µCR
others, (6.11)

where ǫW and ǫH are the corresponding acceptances of the Standard Model-like

tt̄→ bb̄W+W− events and of the signal tt̄→ bb̄H±W∓ events (derived from Monte

Carlo simulations).

6.7.4 Expected Events in the Signal Region

The expected number of events in the signal region is given by the following:

µSR = µW ǫW δW + µHǫHδH + µSR
others = µW

(

ǫW δW +
2B

1− B
ǫHδH

)

+ µSR
others, (6.12)

where δW and δH are scaling factors from the control region to the signal region (also

derived from Monte Carlo simulations).

6.7.5 Observed Events in the Control and Signal Regions

Let m and n be the number of observed events in the control and signal regions

of the cos θ∗l distribution, respectively. In the signal region, the simulated (gener-

alised) transverse mass distributions are described using a probability density func-
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tion fi (mT ). Thus, the expected and observed number of events in each bin i (of the

discriminating transverse mass variable distribution) are µSR
i = µSRfI (mT ) and ni,

respectively. The likelihood is given as follows:

L (B) = Poisson
(
m|µCR

)∏

i

Poisson
(
mi|µSR

i

)∏

j

p
(

θ̃j|θj
)

, (6.13)

where nuisance parameters are represented by θ. Nuisance parameters are used to de-

scribe the effect of systematic uncertainties and p
(

θ̃j|θj
)

are the Gaussian constraints

relating each parameter to its nominal estimate θ̃j.

6.7.6 Profile Likelihood Statistical Analysis

A profile likelihood statistical analysis is performed with the branching fraction B

as one parameter of interest and µW as an additional nuisance parameter that is

constrained only by data in the control and signal regions. The profile likelihood test

statistic is as follows [79]:

qB = −2 log
L
(

B,
ˆ̂
θB, ˆ̂µW,B

)

B̂, θ̂, µ̂W

, 0 ≤ B̂ ≤ B, (6.14)

where
ˆ̂
θB and ˆ̂µW,B are the maximum likelihood estimators of the nuisance parameters

for a fixed branching fraction B and θ̂, µ̂W and B̂ are the global maximum likelihood

estimators of θ, µW and B, respectively. The limit is derived using the CLs criteria

based on a fully frequentist ensemble in which nI , m and θ̂j are randomised.
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6.8 Results

6.8.1 Single Lepton Analysis

The upper limits on the branching fraction B (t→ bH+) at the 95% confidence

level, obtained for an integrated luminosity of 1.03 fb−1, with the assumption of

B (H+ → τµ) = 1, is shown for the single lepton channel in figure 6.5 with all sys-

tematic uncertainties included.

Figure 6.5: Upper limits on B (t→ bH+) at the 95% confidence level in the single

lepton channel, as a function of charged Higgs boson mass, with the assumption of

B (H+ → τµ) = 1
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Solid lines denote the observed upper limits at the 95% confidence level and dashed

lines represent the expected upper limits at the 95% confidence level. The outer edges

of the green and yellow regions denote the 1σ and 2σ uncertainty bands, respectively.

The fitted values of µW (the expected number of Standard Model-like tt̄→ bb̄W+W−

background events) lies between 0.99 and 1.03 times the Standard Model prediction,

with uncertainties in the range 2% – 3%.

6.8.2 Two Lepton Analysis

The upper limits on the branching fraction B (t→ bH+) at the 95% confidence

level, obtained for an integrated luminosity of 1.03 fb−1, with the assumption of

B (H+ → τµ) = 1, is shown for the two lepton channel in figure 6.6 with all system-

atic uncertainties included.

A downward fluctuation of data in the control region yields fitted values of µW

between 0.78 and 1.06 times the Standard Model prediction, with uncertainties in

the range 5% – 25%. For a charged Higgs boson mass of 160 GeV, the b jets from

t→ bH+ are usually so soft that they are not likely to pass the transverse momentum

cut at 20 GeV, leading to a significant loss of sensitivity at that mass.
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Figure 6.6: Upper limits on B (t→ bH+) at the 95% confidence level in the two

lepton channel, as a function of charged Higgs boson mass, with the assumption of

B (H+ → τµ) = 1
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6.8.3 Combination

Since the two channels considered in this study are orthogonal, a combined exclu-

sion limit can be computed. For the purposes of this combination, the systematic

uncertainties for both channels are assumed to be 100% correlated. The combined

exclusion limit on the branching fraction B (t→ bH+) is shown in figure 6.7 and a

comparison between the upper limits on B (t→ bH+) for the single lepton channel,

the two lepton channel and the combination of both channels is shown in table 6.5.

Figure 6.7: Upper limits on B (t→ bH+) at the 95% confidence level in the combina-

tion of the single lepton channel and the two lepton channel, as a function of charged

Higgs boson mass, with the assumption of B (H+ → τµ) = 1
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Table 6.5: Observed and expected upper limits on B (t→ bH+) at the 95% confidence level for the single lepton channel,

the two lepton channel and the combination of both channels

mH+ (GeV) 90 100 110 120 130 140 150 160

single lepton channel
expected 11.1% 9.9% 9.3% 6.3% 5.8% 5.2% 4.2% 11.6%

upper limit on observed 11.6% 9.5% 9.7% 7.0% 7.2% 7.7% 5.3% 14.6%

B (t→ bH+)
two lepton channel

expected 20.0% 19.2% 20.7% 32.0% 18.8% 24.2% 22.7% 47.3%

at the 95% observed 24.7% 22.6% 22.4% 26.9% 19.8% 22.6% 19.0% 43.7%

confidence level
combination

expected 10.4% 9.8% 9.5% 7.7% 6.6% 7.1% 5.2% 14.1%

observed 10.2% 8.5% 8.9% 6.9% 6.7% 7.5% 5.2% 12.9%
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While the expected upper limit improves after the combination, the observed

combined upper limit on B (t→ bH+) is slightly worst than that for the single lepton

analysis alone. The single lepton analysis is more sensitive than the two lepton

analysis, thus, the combined upper limit is very close to the single lepton upper limit.

The compatibility with background is measured by p0 values, which range between

26% and 50%. Hence, no indication of a H+-like excess is found.

6.8.4 Results in the Context of the MSSM

The upper limits in the context of the mmax.
h scenario of the MSSM [115] in the

mH+ , tan β plane are shown in figure 6.8. Since the assumption B (H+ → τµ) = 1

significantly is not fulfilled at low values of tan β, upper limits are not calculated

in the region associated with low values of tan β (exclusion limits are not shown

above 140 GeV). The blue dashed lines indicate the theoretical uncertainties. The

relative uncertainties on the branching fraction B (t→ bH+) considered and added

linearly [72] are outlined in table 6.6.

6.9 Conclusions

6.9.1 Discussion on Results

This thesis presented the results of a search for charged Higgs bosons decaying via

H+ → τlep. + ν in tt̄ events based on 1.03 fb−1 of ATLAS proton-proton collision

data at a central of mass energy
√
s = 7 TeV using the single lepton and two lepton

channels in tt̄ decays with a leptonically decaying τ in the final state.
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Figure 6.8: Limits for charged Higgs boson production from t quark decays in the

context of the mmax.
h scenario of the MSSM, with the assumption of B (H+ → τµ) = 1
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Table 6.6: Relative uncertainties on B (t→ bH+) in the context of the mmax.
h scenario of the MSSM

source of uncertainty treatment in analysis

one loop electroweak corrections missing in calculations 5%

missing two loop QCD corrections 2%

∆b-induced uncertainties,
∼ 1% (depending on tan β)

where ∆b is a correction factor to the running b quark mass [116]
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Discriminating variables were identified in order to distinguish between leptons

produced in τ decays and leptons arising directly from W boson decays. In both the

single lepton and two lepton channels, the data agree well with the Standard Model

expectation. Assuming B (H+ → τµ) = 1, the upper limits on the branching fraction

B (t→ bH+) at the 95% confidence level are between 5.2% and 14.1% for charged

Higgs boson masses in the range 90 GeV ≤ mH+ ≤ 160 GeV.

6.9.1.1 Comparison with Previous Results

The results obtained in this search constitute an improvement over upper limits pro-

vided by Tevatron experiments [117]. Except for the 160 GeV mass, the exclusion

limits are comparable to (or somewhat higher than) results presented by the CMS

Collaboration [118] and by the ATLAS Collaboration [114].

The observed and expected upper limits on B (t→ bH+) at the 95% confidence

level for the single lepton channel, the two lepton channel and the combination for the

search described in this thesis are compared with recent CMS results [118] in table 6.7

while the observed and expected upper limits on B (t→ H+b)× B (H+ → τ+ν) at the

95% confidence level for charged Higgs bosons produced in t quark decays are shown

for recent ATLAS results [114] in figure 6.9 together with the best limit provided by

the Tevatron experiments [117].

In the context of the mmax.
h scenario of the MSSM, values of tan β greater than

30–56 are excluded in the mass range 90 GeV ≤ mH+ ≤ 140 GeV. In recent ATLAS

results [114], values of tan β greater than 22–30 were excluded in the mass range

90 GeV ≤ mH+ ≤ 140 GeV; the upper limits are shown in the context of the mmax.
h

scenario of the MSSM in the mH+ , tan β plane in figure 6.10.
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Table 6.7: Observed and expected upper limits on B (t→ bH+) at the 95% confidence level for the single lepton channel,

the two lepton channel and the combination of both channels of the search of this thesis and for recent CMS results

mH+ (GeV) 80 90 100 110 120 130 140 150 155 160

single lepton
expected 11.1% 9.9% 9.3% 6.3% 5.8% 5.2% 4.2% 11.6%

observed 11.6% 9.5% 9.7% 7.0% 7.2% 7.7% 5.3% 14.6%

upper limit on
two lepton

expected 20.0% 19.2% 20.7% 32.0% 18.8% 24.2% 22.7% 47.3%

B (t→ bH+) observed 24.7% 22.6% 22.4% 26.9% 19.8% 22.6% 19.0% 43.7%

at the 95%
combination

expected 10.4% 9.8% 9.5% 7.7% 6.6% 7.1% 5.2% 14.1%

confidence level observed 10.2% 8.5% 8.9% 6.9% 6.7% 7.5% 5.2% 12.9%

CMS [118]
expected 4.2% 3.8% 4.1% 4.1% 4.0% 4.0% 4.2%

observed 3.9% 3.5% 4.1% 4.5% 4.6% 4.9% 4.8%
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Figure 6.9: Exclusion limits on B (t→ H+b)× B (H+ → τ+ν) at the 95% confidence

level as a function of charged Higgs boson mass in recent ATLAS results, shown with

the best limit provided by the Tevatron experiments
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Figure 6.10: Limits for charged Higgs boson production from t quark decays in the

context of the mmax.
h scenario of the MSSM in recent ATLAS results
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6.9.2 Recent Developments and Future Searches

In this search, no evidence was found for charged Higgs bosons. Things change quickly

in physics and the search presented in this thesis has been updated recently with

4.6 fb−1 of pp collision data [119]. The search shall continue with greater amounts of

data. Recently, the LHC centre of mass beam energy has been increased to 8 TeV.

This is likely to lead to interesting discoveries in the very near future.
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Chapter 7

Epilogue

7.1 Discovery of a Neutral Boson

On July 4, 2012, the discovery of a neutral boson consistent with the Standard Model

Higgs boson hypothesis was announced by the ATLAS and CMS collaborations. The

particle is identified as a neutral boson by its decays to pairs of vector bosons whose

net electric charge is zero and the observation in the diphoton channel disfavours the

spin 1 hypothesis. While the results are compatible with the Standard Model Higgs

boson, more data are needed to assess its nature in detail. Recently, the ATLAS and

CMS results were published formally [120, 121].
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7.2 Consideration of the Mass of the Neutral Bo-

son in the Context of Asymptotic Safety of

Gravity

The Standard Model does not include gravity. General relativity may be viewed

as a low energy, large scale (compared to the Planck length) approximation of a

more fundamental quantum description of gravity. Asymptotic safety [122, 123] is

a mathematical method that allows gravity to be incorporated into quantum field

theory.

Asymptotic safety is an important consideration because if it is understood how

to incorporate gravity into the quantum field theories and if the masses of all of

the Standard Model particles except one have been measured, then the mass that

the remaining particle must be in order for the physics to remain accurate at all

energies can be predicted; requiring the universe to be stable constrains the last free

parameter, the mass of the Higgs boson, to be one value. If the mass appears to be

that value, it may be indicative that, if asymptotic safety is a valid idea, there are

no new particles in the universe that couple to the Standard Model. That is, there

would be no new particles to be found using colliders all up to Planck energies.

A mass of 126 GeV, with an uncertainty of a few GeV, was predicted in the

context of asymptotic safety of gravity in a paper by Shaposhnikov and Wetterich in

2009 [124]. This mass corresponds to the mass of the neutral boson recently discovered

at the LHC in the ATLAS and CMS experiments [120, 121].

So, if the asymptotic safety of gravity is valid and the newly discovered particle is
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the Higgs boson, it may be that the Higgs boson is the last unfound particle reasonably

accessible to particle colliders.

7.3 Current Studies and the Future

The LHC physics programme is planned to continue for the near future, with a

planned upgrade raising the centre of mass energies to 14 TeV and future possible

particle collider experiments currently are under consideration. Measurements of the

properties of the newly discovered particle currently are underway and it is likely

that a reasonably conclusive description of the particle’s properties shall be possible

in the very near future and, in the progress of physics, today’s sensation is tomorrow’s

calibration.
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