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Preface

The main goal of high-energy physics is to identify the fundamental constituents of matter and
to understand their mutual interactions. The persistent search for these elementary particles
has over the last 30 years lead to some of the most remarkable discoveries in modern science.
The constant strive to push the frontiers in particle physics further and further has resulted in
the construction of increasingly powerful accelerators throughout the last couple of decades.
By constantly increasing the collisions energy and the interaction rate of these accelerators is
has been possible to steadily uncover pieces of a puzzle that describes the fundamental forces
and building blocks of nature.

The standard model is a mathematical framework that joins together three out of the four
fundamental forces (the electromagnetic, the weak and the strong) in nature. The standard
model has ever since its formulation been extraordinary successful in describing and predicting
basically all observed phenomenon within the realm of particle physics.

The Large Hadron Collider (LHC) started operation in November 2009 by providing proton-
protons collisions at a center-of-mass energy of 900 GeV. The collision energy was later
increased to 7 TeV in the beginning of 2010 setting a new world record. The largest experiment
at the LHC is ATLAS (A Toroidal LHC ApparatuS) which is a general purpose experiment
optimized towards the discovery of the Higgs boson. Apart from the Higgs searches in the
various decay channels, ATLAS will also focus on a wider scientific program that stretches
from precision measurement of standard model parameters to the discovery of new physics
signatures beyond the standard model. Common for all of these topics is that there is a need
to not only maximize the collision energy but also the interaction rate. In the case of Higgs
searches and searches beyond the standard model, the production cross section is expected
to be very small and thus a high interaction rate is needed. Not only is it important to
achieve a high interaction rate but it is also important to obtain a precise measurement of the
luminosity which quantifies the interaction rate. A precise measurement of the luminosity at
hadron colliders is of the uttermost importance since it provides a prediction of the expected
event rate of processes with a known cross section. Furthermore a precise measurement of
the luminosity is needed to set limits on new processes under study. Once the existence of a
new process is settled the luminosity is needed to provide a measurement of the production
cross section. In many cases, the measurement of the luminosity will provide the dominating
uncertainty on the final cross section measurement. It is therefore crucial to be able to measure
the luminosity with high accuracy. Apart from physics studies, continuous measurements of
the luminosity will also assist in the monitoring of the accelerator performance and help
optimize the performance of the LHC.



2 CONTENTS

Outline of the thesis
The focus of this thesis and the work behind it can be divided into three topics:

1. The development and study of a Monte Carlo based model to describe the LUCID
detector in ATLAS (part IIT of the thesis).

2. The performance of LUCID as an ATLAS luminosity monitor (part IV of the thesis).

3. A study to estimate the possibility of using the production of Z bosons as an alternative
to measure the luminosity (part V of the thesis).

The first two topics are to a large extent connected in the sense that in order to study the
performance of the LUCID detector as a luminosity monitor it is crucial to have a realistic
Monte Carlo simulation of the detector. It is therefore important, not only to develop a
realistic simulation of the detector but also to track down areas where the simulation might
fail to describe the real data. In order to do so, the Monte Carlo description must first be
exposed to a series of self-consistency check both in stand-alone mode and as a part of the full
ATLAS detector simulation framework. This is both to validate the final design in terms of
expected performance and perhaps most importantly to identify possible sources of system-
atic uncertainty from the simulation. Especially the latter is important to study, since any
uncertainties being introduces by the Monte Carlo description of the detector will propagate
directly into the luminosity measurements and affect the ability to provide a precise result.
After the self-consistency check, the results from the detector simulation must be compared
to the response of the detector to real data. Only then will it be possible to estimate how
realistic the detector simulation really is. Another source of systematic uncertainty, which will
affect the precision of the luminosity measurement comes from the methods and algorithms,
which are used to calculate the luminosity.

In summary, the main aim of the thesis is:

To develop methods to measure the luminosity at ATLAS and to study the precision of these
methods. Emphasis in this study is put on methods using the LUCID detector but also on
the possibility to use Z boson production for luminosity measurements.

The aim is reflected in the general layout of the thesis. Chapter 1 gives a brief introduction
to the standard model with the intention to provide the reader with the basic concept to
understand the production of gauge bosons which will be used later in the thesis. A detailed
description of the LHC and the ATLAS experiment is given chapter 2 and 3. Emphasis is
put on the description of the muon spectrometer and the forward detectors since these are
used later in the thesis. The concepts of luminosity determination is given in chapter 4 which
also explains the difference between relative and absolute luminosity determination. Chap-
ter 5 gives a detailed description of the LUCID detector. Both the general layout of the
detector and the readout electronics are addressed in this chapter. Chapter 6 describes the
Monte Carlo model of LUCID as it has been implemented in the general ATLAS software
framework. The chapter presents results from a simulation study which has been carried out
to validate the description of the detector. At the end of the chapter the various sources of
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systematic uncertainty from the detector description are identified and the various contribu-
tions are estimated. The performance of the LUCID detector is addressed in chapter 7 where
results from the early 2010 data-taking period are compared to results from simulations. The
detection efficiency and the average hit multiplicity will also be addressed in this chapter
since they are needed later for the luminosity determination. Chapter 8 first introduces the
concepts of luminosity algorithms and later derives a set of online and offline algorithms. The
performance and precision of the different algorithms are tested using Monte Carlo simula-
tions. The precision of the luminosity measurements is further addressed at the end of the
chapter where the sources of systematic uncertainty from the algorithms are addressed. The
algorithms are in chapter 9 used to determine the luminosity for a selected list of runs taken
in 2010. Two different types of calibration are used to obtain the final results. Chapter 10 and
11 presents a feasibility study carried out to investigate the possibility of using Z° production
as a way to measure the absolute luminosity. Chapter 10 addressed the theoretical sources of
systematic uncertainties from the predictions of the Z° production cross section. Chapter 11
presents an event selection procedure designed to select Z — uu~ event. The performance
of the selection procedure is tested using Monte Carlo simulations and later applied to a real
data set recorded by the ATLAS detector. The results from this method are compared to the
results obtained by LUCID at the end of the chapter.

The author’s contribution

Unless otherwise stated, the results presented in this thesis are obtained based on studies
done by the author. However, it goes without saying that even though I would like to, I
cannot take credit for the formulation of the standard model or the design and construction
of the ATLAS experiment.

Every PhD student in ATLAS is asked to carry out a technical tasks in parallel to their
thesis work. I was lucky enough to be able to partially merge the two. My technical task
consisted in designing and implementing a Monte Carlo description of the LUCID detector in
the global ATLAS software framework, ATHENA. This work consisted of designing a realistic
description of the detector and through a series of tests described in the thesis to validate the
implementation. As part of a small team of developers my main task has been to revise and
greatly improve a simple stand-alone simulation of the LUCID detector. This also included a
complete redesign of the simulation of the beam pipe in ATLAS which is important for LU-
CID. Furthermore I was the main responsible for designing and implementing a simulation of
the readout electronics in LUCID. This also included implementing a trigger simulation and
a simulation of the reconstruction process for LUCID. Beside the work on simulation I have
also been heavily involved in the development and study of data-driven method to determine
the detection efficiency of LUCID. The successful use of these methods combined with the
complete implementation of the simulation for LUCID resulted in LUCID being selected in
early May 2010 as the preferred detector to provide the official luminosity measurement for
ATLAS.

The successful implementation of LUCID in the ATLAS software framework has been used
by myself and others to derive and study algorithms designed to determine the luminosity.
This includes various online algorithms and the introduction of a novel offline approach.
Furthermore I have also carried out one of the studies in ATLAS using real data to measure



CONTENTS

the absolute luminosity from the production of Z° bosons at /s = 7 TeV. This has been done
in parallel with the large effort in ATLAS to determine the W and Z° cross sections at 7
TeV with first data.

Papers and analysis that I have contributed to are summarized in the following list:

Publications in scientific journals

1.

ATLAS Collaboration, Luminosity determination at 7 TeV using the ATLAS detector
at the LHC, ATL-COM-LUM-2010-029, to be submitted to EPJC

ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider
chapters plots, JINST 3 S08003 (2008)

ATLAS Collaboration, The ATLAS Simulation Infrastructure, accepted by EPJC (sub-
mitted 20 May 2010)

ATLAS Collaboration, Performance of the ATLAS Detector using First Collision Data,
JHEP 1009:056,2010 (28 May 2010)

. ATLAS Collaboration, Measurement of the W — lv and Z/~* — Il production cross

sections in proton-proton collisions at \/s =7 TeV with the ATLAS detector, submitted
to JHEP (11 Oct. 2010)

Internally refereed ATLAS notes

1.

2.

J. Groth-Jensen et al., Luminosity determination during the 2009 run using the LUCID
detector , ATL-COM-LUM-2010-014

J. Groth-Jensen et al., Simulation of luminosity monitoring with LUCID in ATLAS ,
ATL-INT-LUM-2010-005

Contribution to conferences on these topics

1.

J. Groth-Jensen, LUCID in ATLAS , DIFF2010 - Diffractive and electromagnetic
processes at the LHC , ATL-LUM-SLIDE-2009-377

ATLAS Collaboration, Luminosity Determination Using the ATLAS Detector , ATLAS-
CONF-2010-060, 20 July 2010, Submitted to the 35th Int. Conf. on High Energy
Physics, Paris, France.

ATLAS Collaboration, Performance of the Minimum Bias Trigger in p-p Collisions at
Vs = 900 GeV ;, ATLAS-CONF-2010-025, 23 April 2010, Submitted to the 35th Int.
Conf. on High Energy Physics, Paris, France.

ATLAS Collaboration, Performance of the Minimum Bias Trigger in p-p Collisions at
Vs =T TeV , ATLAS-CONF-2010-068, 19 July 2010, Submitted to the 35th Int. Conf.
on High Energy Physics, Paris, France.
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5. ATLAS Collaboration, Measurement of the W — lv production cross-section and obser-
vation of Z — Il production in proton-proton collisions at \/s = 7 TeV with the ATLAS
detector , ATLAS-CONF-2010-051, 21 July 2010, Submitted to the 35th Int. Conf. on
High Energy Physics, Paris, France.

6. ATLAS Collaboration, Measurement of the Z — Il production cross section in proton-
proton collisions at \/s = 7 TeV with the ATLAS detector , ATLAS-CONF-2010-076,
23 July 2010, Submitted to the 35th Int. Conf. on High Energy Physics, Paris, France.
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Part I
Theory



Chapter 1

The Standard Model of Particle
Physics

The notion that all matter consists of fundamental and indivisible building blocks can be
traced back to ancient Greece in the 6th century BC. These ideas where studies by the
philosophers Epicurus, Democritus and Leucippus [1] who lay the ground to the doctrine of
atomism. They postulated that everything is composed of atoms which are physical entities in
empty space. By the nature of the doctrine these early ideas were founded in abstract, philo-
sophical reasoning rather than experimentation and empirical observation. In the early 19th
century, John Dalton an English chemist, could through his work on stoichiometry conclude
that a single and unique type of particle would give raise to the the elements of nature [2]. It
was believed that this particle was fundamental and indivisible and was therefore named atom
after the Greek word for indivisible. Towards the the turn of the century the discovery of
the electron, and subsequently the discovery of the atomic nucleus convinced physicists that
atoms were not the fundamental particles of nature but in fact, composed of even smaller
particles. Throughout the 20th century several experiments were caried out in the areas of
nuclear and quantum physics, culminating in the discovery of nuclear fusion [3] and nuclear
fission [4] in 1939. In the same spirit various scattering experiments were used during the
1950s and 1960 to uncover a larger variety of different particles. These were referred to as
the particle zoo. The lack of any apparent system to explain the relationships between the
hundreds of known strongly interacting particles (hadrons) lead to a confusing situation in
the late 1960s. However during the 1970s a large effort went into formulating a model in
which the large number of particles could be explained as combinations of a (relatively) small
number of fundamental particles. This model came afterwards to be known as the Standard
Model and is the cornerstone of modern particles physics.

In modern particle physics the main focus is the study of elementary particles'. An
elementary particle or a fundamental particle is a particle without substructure which means
that it is not made up from smaller particles. As such the elementary particles must be
the fundamental building block of nature out of which all other particles are formed. In the

1Strictly speaking, the term particle is a misnomer because the dynamics of particle physics are governed
by quantum mechanics. As such, they exhibit wave-particle duality, displaying particle-like behavior under
certain experimental conditions and wave-like behavior in others.
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Standard Model, the quarks, leptons, and gauge bosons are elementary particles [5].

The basic tennet of the standard model is that all matter is composed of elemetrary spin—%
fermion constituents, namely the quarks and leptons. Quarks, unlike the leptons with integral
charge, carry fractional charge ( %e and —%e ) . These constituents can interact by exchange of
various spin-1 bosons which in the Standard Model are the mediators or carriers of the different
types of interactions. FElectromagnetic interactions account for the formation of atoms and
molecules by providing the binding force between the nucleus and the electron. Another
fundamental interaction is the Strong interaction or the strong nuclear force. The Strong
interaction is often considered as the most complicated of the interactions in the standard
model because of the way it varies with distance. On a smaller scale the residual force of the
strong interaction (strong nuclear force) is responsible for the formation of protons and other
hadrons by binding quarks together. On a larger scale the strong interaction is responsible
for binding the protons and neutrons together to form the nucleus of an atom. The third
interaction of the Standard Model is the Weak interaction. The weak force is responsible for
a wide range of nuclear phenomena e.g the slow process of radioactive f—decay of the nuclei.
In addition to the electromagnetic, strong and weak interaction between quarks and leptons,
there is a fourth force of nature - gravity. However, in comparison with the other three forces,
gravity is so weak that it can safely be ignored at the scales relevant for experimental particle
physics. Also no attempt has yet been successful in merging General Relativity, the theory
of gravity, with the standard model.

1.1 Inputs to the Standard Model

As mentioned above, the basic assumption of the Standard Model is that the fundamental
constituents of matter are the quarks and leptons. However, the Standard Model do not
explain the number of quarks and leptons or explain such properties as their mass. They
are as such taken at this level to be truly fundamental in nature and are thereby considered
as inputs to the Standard Model. As it turns out this is not an unreasonable assumption.
There are so far no experimental evidence that quarks and leptons have an internal structure
in terms of form factors or excited states.

1.1.1 Fundamental Particles

The fermionic part of the Standard Model consists of twelve fermions categorized into three
generations. Each fermion belongs to a generation according to its mass and charge. Particles
from the first generation are the lightest and do not decay; hence all ordinary (baryonic)
matter is made of such particles. Second and third generation charged particles decay with
very short half lives and are observed only in very high-energy environments. Neutrinos on
the other hand are stable but only interact weakly. Table 1.1 summarizes some properties of
the Standard Model fermions.

Leptons There are six flavors of leptons in the Standard Model along with their antiparti-
cles. Starting from the first generation, the members of the lepton families are: The electron
e and electron neutrino v, the muon p and the muon neutrino v,,, the tau 7 and tau neutrino
vr. The first lepton to be identified was the electron which was discovered by J.J. Thomson
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Generation Leptons Quarks
1 e Ve U d
(0.511 MeV) (~ 2 MeV) (~ 2 MeV)
2 n vy c s
(106 MeV) (1205 MeV) (95 MeV)
3 T Uy t b
(1777 MeV) (172x103 MeV) (4500 MeV)
Electromagnetic charge -1 0 % —%
Strong interactions no no yes yes
Weak interactions yes yes yes yes

Table 1.1: The basic fermions of the Standard Model included approximate observed masses [6].
Antiparticles such as e™, u etc have charges of opposite sign. The neutrinos v. , v, and v, are
per construction massless in the Standard Model but future experiment might provide unambigious
evidence for neutrino masses. Eletromagnetic charges are given as multiples of the proton charge e.

in 1897. After nearly 40 years the muon was then discovered by Carl D. Anderson in 1936. It
was originally believed that the muon was a meson on account of its relatively large mass. It
later became clear that the muon had to be a lepton similar to the electron due to its lack of
sensitivity to the strong force. The tauon or the 7 was discovered by Martin Lewis Perl and
his colleagues in a series of experiments from 1974 to 1977 at the Stanford Linear Accelerator
Center (SLAC). The neutrinos was first postulated by Wolgang Pauli in order to establish en-
ergy and momentum conservation in beta decay where an atomic nuclus decays into a proton,
an electron and a neutrino. All flavors of neutrinos were subsequently discovered by various
experiments [7] [8].

Quarks The history of the quark model dates back to the beginning of the sixties when
Gell-Mann [9] and Zweig [10] proposed that the spectrum of the strongly interacting particles
could be accounted for by introducing some elementary constituents called quarks®. In the
quark model mesons were considered to be quark antiquark bound states and likewise baryons
as bound states of three quarks. The integer charge of the (then) known hadrons were
explained by assuming that the quarks could exist in three different flavors, up(u), down(d)
and strange(s) with fractional charge (see tab. 1.1). According to Fermi-Dirac statistics,
the existence of particles composed of three quarks has to be precluded, since three identical
fermions with their spins aligned cannot exist in a symmetric s-wave ground state. This led to
the idea that quarks carry an additional quantum number called color, a conjecture supported
by experimental observations. The color charge of a quark has three possible values: red(r),
green(g) and blue(b). Leptons do not carry color, and hence they do not participate in strong
interactions. The implication of the color charge of quarks are discussed in greater detail in
section 1.3.

2@ell-Mann found inspiration to the word quarks, from a passage in Finnegan’s Wake by James Joyce:
”Three quarks for Muster Mark”.
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1.1.2 Mathematical Framework

Symmetries have always played an important role in the development of physics. Not only
have they provided a useful tool when deriving solutions to a specific problem but additionally
the Noether theorem [11] establishes that symmetries implies conservation laws. A special
class of internal symmetries, called gauge-symmetries, arise when a mathematical description
of a quantum field posses unphysical degrees of freedom. More specifically, gauge symmetries
occur when the physical system described by a certain langrangian is invariant under a lo-
cal phase transformation. In the light of Noether theorem a natural question to ask would
be: upon imposing invariance of a physical system to a certain group of symmetries, would
it be possible to predict the form of the interactions between the particles in the physical
system? Or phrased in another way - do symmetries also imply dynamics? This is in fact
what happened in the case of Quantum ElectroDynamics (QED) in which electromagnetic
interactions between charged particles can be attributed to a gauge field - the photon - which
follow directly from the principles of invariance under local gauge transformations of the
U(1) group. This principle can likewise be generalized to other types of interactions. The
non-Abelian® groups SU(3)¢ and SU(2); x U(1)y represent respectively Quantum Chromo-
Dynamics. (QCD), the theory that describes the strong force, and electroweak theory, which
unifies the Electromagnetic and Weak forces. The complete symmetry group of the Standard
Model is thus:

SU(3)C X SU(?)[ X U(l)y (1.1)

where the subscripts C, I and Y refer to the conserved charges of each group: the color
charge, weak isospin and weak hypercharge.

Since the Standard Model is a quantum field theory it utilises a Lagrangian operator
to completely describe the particles and the interactions between them. In the following
sections the gauge field theories describing the Elecromagnetic, Strong and Weak forces and
the resulting Lagrangians will be described in more detail. For a more complete discussion
see, for example [12] [13] [14] and [15].

1.2 Quantum electrodynamics

Historically, Quantum electrodynamics was the first of the modern quantum field theories. It
is the most theoretically and experimentally well studied of the Standard Model sectors and
provides as such a good introduction to the Standard Model as well as to the notion that
symmetries can imply dynamics.

The structure of the QED Langrangian is obtained by requiring that the system remains
unchanged after a space time dependent phase transformation. The starting point to illustrate
this is the free Dirac Lagrangian for a free fermion field ¢ with mass m:

Ly =i —m)y (1.2)
which is not invariant under the local gauge transformation,
=) = e 0y (1.3)

3a non-abelian group is a group, in which the elements do not commute.
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since

Ly L= Lo+ ya(0"a) (1.4)

However if a gauge field is introduced trough a minimal coupling in terms of a covariant
derivative

1
(D,) =0y —ieA, requiring that A, — AL =A,+ gé?”a (1.5)
the Langrangian from eq 1.2 now transforms as:
Ly — ,C;, =Ly — eillj’ylui/)A‘u (1.6)

canceling the extra term in eq. 1.4 thus leaving £, invariant under U(1) gauge transforma-
tions. From eq. 1.6 it is seen that the coupling between 1 (e.g electrons) and the gauge field
A, arises naturally when it is required that the kinetic terms of the free fermion Lagrangian
are invariant under local gauge transformations - illustrating the point that symmetries do in
fact imply dynamics. Apart from the fermionic part, the QED Langrangian also includes a
pure gauge term due to the fact that gauge fields are truly propagating fields:

1
La= _ZFWFW where Fj,, =0,A, — 0, A, (1.7)

This Lagrangian together with 1.6 describes Quantum electrodynamics

ﬁQED = _EFMVF!W + T/Z(Up - m)w (18)

1.3 Quantum chromodynamics

Quantum chromodynamics, the modern description of the strong interactions, contains quarks
as its basic degrees of freedom instead of electrons as is the case for QED. As mentioned above,
quarks carry color charge and can as such be seen as a physical manifestation of SU(3)c.
Hence, quarks of the same flavor are fundamental representations of SU(3)¢ , i.e. a triplet
q = (9,44, qp), where r,g,b denote the color quantum numbers of the quarks. Apart from
the quarks, QCD also contains an additional set of particles. These are the force carriers
and unlike QED where the force is mediated by a single boson, QCD has eight force carrying
bosons called gluons. Since the gluons also belong to SU(3)¢ which is non-Abelian, gluons
can couple to the quarks as well as to each other.

Just as for QED, the functional form of the QCD Lagrangian is derived by requiring that
the interacting system of quarks and gluons must be invariant under the gauge group of the
theory, namely SU(3)¢:

1 a v 0q(;
Locp = = Fu FlY + ) i (iBjx — m7o) Y] (1.9)
q
where,
Fljl/ = a/iAg - aVAZ + QMfabcAZAi (110)

(Du)ij = 6176# — ’L'\/ﬂ'Oés)\;-leZ (111)
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Here oy represents the strength of the strong interaction, f,,. are the structure constants
of the SU(3) symmetry group. The subscripts a, b, ¢ take values from 1 to 8. Aj; are the
generators of the SU(3) group and ¢ are 4-component Dirac spinors describing quarks of
color 7 and flavor q. Ajj are the eight gauge bosonic gluon fields.

One of the great triumphs of QCD is the discovery that the strong coupling constant depends
on the separation between the interacting particles. This dependence makes the strong in-
teraction constant a running coupling constant. At relatively large distances or low energy,
the coupling constant is large. As a result no free quarks have ever been observed, a fact
which is known as quark confinement. At short distances, on the other hand, the coupling
is small and the theory is said to be asymptotically free. It should be noted that also the
electroweak coupling is running, but its dependence on the scale is reversed. This difference
is the non-abelian nature of QCD, which gives rise to the last term in eq. 1.10. It is this third
term which distinguishes QCD from QED, leading to triplet and quadratic gluon self-coupling
and ultimately to asymptotic freedom.

Asymptotic freedom In QED the charge of the electron appears smaller at large distances
due to screening of its electric charge by vacuum polarization. In QCD the same thing hap-
pens, only here the explanation is not so simple and the consequences dramatically different.
In contrast to QED where the electrons only carry electrical charge, in QCD the virtual quark
pairs also carry color charge which makes the inclusion of gluons into the picture unavoidable.
Since each gluon carries both a color and an anti-color charge the net effect is to polarize the
vacuum by means of virtual gluon pairs. However, because of the nature of the gluon this does
not lead to a screening of the field but rather to augment it and affect its color - a so-called
anti-screening effect. This effect diminishes as one gets closer to the quark and as a result the
effective charge and thereby also o, decreases with decreasing distance. Asymptotic freedom
can be derived by calculating the beta-function that describes the variation of the theory’s
coupling constant under the renormalization group. To the lowest order in «y the variation
at a certain momentum scale @ is given by

das(Q?) 2 1 2/2

— = ~ ———(33 -2 1.12

St = P(n(@) = ~ 1533~ 2n)al(@?) (112)
where ny are the number of quark flavours. Since there are 6 quark flavours within QCD it
can be seen that o, will decrease with increasing Q?. In fact QCD will exhibit asymptotic

freedom as long as ny < 17.

1.4 Electroweak Theory

All through the history of modern particle physics there have been several attempts to con-
struct a gauge theory for the electroweak interaction. One of the first attempts was proposed
by Swinger [16] in 1957 with a model based on the group O(3) with a triplet of gauge fields
(VO,V*+, V™). Here the neutral gauge field V° was associated with the photon and the two
charged fields with the weak gauge bosons. This model laid the foundation for the later
formulation and incorporation of the V' — A structure in a gauge theory for the Weak inter-
actions by Buldman [17] [18] in 1958. His model, based on the weak isospin group SU(2) ,
also required the existence of three vector bosons. However as opposed to Swingers model
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the neutral gauge boson was now associated with a massive vector boson and not the photon.
A hypothesis which meant that weak interactions could be propagated not only by charged
gauge bosons but also by a neutral gauge boson. The so-called neutral current was later
discovered in a CERN neutrino experiment [19] in 1973.

In 1961 Glashow [20] noted that it was needed to go beyond SU(2) to successfully unify the
electromagnetic and weak interactions. In order to account for both the weak isospin and
the leptonic hypercharge, he suggested the gauge group SU(2); x U(1)y. A theory based on
this group now requires the presence of four gauge bosons: a charged triplet (W1, W2 W?3)
associated to the generators of SU(2) and a neutral boson (B) related to U(1) . In this model,
and in a similar model proposed by Salam and Ward [21], the physical gauge bosons of the
theory (W* and Z°/v) now appear as linear combinations of the W13 and B fields. These
theories have, however, one major drawback. Since they do not account for the mass terms
of the W and Z bosons these had to be put in ”by hand”. Such terms would explicitly break
the gauge invariance and in turn also ruins the prospect of making the theory renormalizable.
To preserve gauge invariance and give mass to the weak bosons Weinberg [22] and Salam
[23] employed the idea of spontaneous symmetry breaking and the Higgs mechanism. The
Glashow-Weinberg-Salam model has had immense success during the past decades and is now
referred to as the Standard Model of electroweak interactions.

1.4.1 Chiral fermions

From experiments studying nuclear beta decay it has been observed that charged weak in-
teractions are only possible between fermions with left-handed helicity. In terms of SU(2)
representations this means that left-handed fermions are placed in weak iso-doublets , while
the right-handed part are placed in weak iso-singlets. Hence, the structure of the first gener-
ation? Standard Model fermions with respect to the weak force is given by:

(&

(Z)L up, dp (1.14)

In fact the subscript of SU(2) in eq 1.1 is sometimes replaced by a L to indicate that only
left-handed fermions participate in charged weak interactions. Another delimiting factor in
the structure of the weak interaction is the assignment of conserved quantum numbers. Just
as in QCD where the gluons couple to quarks by color charge, in electroweak theory the
gauge bosons couple to fermions by means of hypercharge and weak isospin. As a result the
assignment of quantum number like weak isospin Tyy3 and weak hypecharge Y (see table 1.2)
play an important role in categorizing the structure of the electroweak interactions.

Leptons o= <V6> €R (1.13)
L

Quarks 1 q

1.4.2 SU(2)r x U(1)y gauge invariant Langrangian

The Glashow-Weinberg-Salam Lagrangian divides naturally into three additive parts, namely
the gauge (G), fermion (F) and Higgs part (H):

Lows=La+Lr+ Ly (1.15)

4A similar structure is true for the two other generations.
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Leptons Tws Y ‘Quarks Tws Y

Ve /2 —1| wug /2 1/3
er -1/2 —-1| d, -1/2 1/3
(24 0 -2 UR 0 4/3

dr 0 —2/3

Table 1.2: SU(2), x U(l)y assingment of quantum numbers . A further constraint among these
number are that Y = 2(Q — Tws), where @ refers to the electric charge of the specific fermion.

The gauge fields which couple to the weak hypercharge and isospin are respectively B, and

_>
W“ = (W/}, Wi , WE’) The contribution from these fields to the gauge part of the Langranian
is:

1 1

Lg= _ZF;VFiW - EBWBW (1.16)

where F),, (i =1,2,3) is the SU(2) field strength:
Fl, = 0,W. - 0,W} — g2 "WIW} (1.17)
and By, is the U(1) field strength:
By = 0,B, — 0,B,, (1.18)

The fermionic sector of the Langrangian is constructed by including fermions with both right
and left handed chiralities. Summing over all the contributions from weak iso-doublets 1,
and weak iso-singlets ¥r , Lr can be obtained as:

Lp =Y ¢rilpr+Y driPir (1.19)
YL Yr

Since only left-handed fermions couple to iso-spin, the expression for the covariant derivative
will differ when acting on ¢, and ¥g. The covariant derivative for the SU(2); doublet is
given by:

H
Dyup = <I(8u + i%YBM) T Z’ggg : WM> b (1.20)

where gy is the SU(2) gauge coupling constant and the 2 x 2 matrices I, T are the unit matrix
and Pauli matrices respectively. The corresponding expression for the covariant derivative
when acting on the iso-single 15 is in principle the same as eq. 1.20. Since right-handed chiral
fermions do not couple to isospin the last term will be missing and the covariant derivative
is given by:

Dytbr = (9 +i5Y B)br (1.21)

As a remark it should be noted that eq. 1.21 serves to define the U(1) coupling constant g;
whereas g was defined already in 1.17.

The system defined by L& and L is consistent with a gauge theory of the weak isospin and
weak hypercharge. However this can not be the full story since due to the requirement of local
gauge invariance, the fields must be massless which inflicts the theory not to be physically
viable. A solution to this problem is to retain the gauge symmetry of the full Lagrangian but
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let the masses be generated by a breaking of the vacuum state symmetry. This phenomenon
is known as Spontaneous Symmetry Breaking and will be discussed further in Sect. 1.4.3.
To facilitate this type of symmetry breaking an additional sector must be added to L5 and
L to complete the full Glashow-Weinberg-Salam model. This is done by adding a complex
doublet of so-called Higgs fields to the theory:

d = (ZE) (1.22)

with hypercharge Y = +1, zero spin and electrical charge assignments as indicated. As a
result two new contributions to the full Lagrangian arises. One which contains the Higgs to
gauge field coupling Lo and one which contains the Higgs to fermions coupling L. The
former contribution can be written as:

Lyc = (D'®)*D,® — V(®) (1.23)
where
D,® = <I(8u +i2 Y By) +ig VT@) o (1.24)

and V denotes the self-interaction of the Higgs fields:
V(®) = —p2®T® 4+ A(®TD)? (1.25)

The parameter p and \ are positive but otherwise arbitrary.

Just as the Higgs potential, the part of the Lagrangian that contains the Higgs to fermion
coupling Lpr lie outside of the guiding principle of gauge invariance, since neither of them
includes any gauge fields. In fact, due to the absence of constraints from the gauge principle,
all of the parameters in V and Lpgp are arbitrary. The Standard Model on its own does
not contain any hints to the numerical value of these parameters and they will have to be
determined by experiments.

Denoting left-handed quarks and leptons doublets as g, and I;, , L can be written as:

Lur = —fuGr®ur — faqr®dr — fali®er + -+ h.c (1.26)

where ® = iTp®* is the charged conjugated ® and f, , fq ... denotes the coupling constants.
The Yukawa coupling between the Higgs field and a particular fermion in eq. 1.26 gives rise
to the experimentally observed phenomenon of quark mizing, a phenomenon in which a quark
from one generation changes flavor into a quark from another generation as seen from eq.
1.26. This is accounted for in the Standard Model by letting weak eigenstates be different
from the mass eigenstates.

1.4.3 Higgs mechanism and the W and Z mass

As hinted in the previous section, the mass generation for fermions and gauge bosons proceeds
by the means of Spontaneous Symmetry Breaking. In this type of symmetry breaking the
Lagrangian of the system is invariant under a given transformation but the vacuum state is
not. This will lead to an assignment of a non-zero vacuum expectation value to the fields
of the theory which in turn can be interpreted as a non-zero mass. A first example of
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(a) (b)

Figure 1.1: Scalar potenti