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Introduction

Particle physics

Experimental particle physics studies matter at the sub-atomic scale. The world at
these distance scales has its own laws of Nature. Whereas classical mechanics explains
the paths and interactions between macroscopic billiard balls on the table, processes at
the sub-atomic scale are described by relativistic quantum field theory. Over the past
decades, an elegant relativistic quantum field theory known as the Standard Model has
been developed, describing the building blocks of matter and their interactions at the
most fundamental level [1].

The Standard Model

All chemical elements consists of atoms, that build up molecules. An atom consists
of a tiny nucleus, surrounded by one or more electrons. In turn, the nucleus consists
of protons and neutrons. These protons and neutrons consist of even smaller particles
called quarks: a number of up-type quarks and a number of down-type quarks.

The building blocks for ordinary matter around us are: up-quarks (u), down-quarks
(d) and electrons (e). In addition, the electron has a partner, the electron neutrino (νe).
These four particles build up the first generation of matter particles of the Standard
Model, see Figure 1.

The second and third generation contain the heavier versions of the first generation
particles, which have the same properties (quantum numbers) except for their mass. The
second generation partner of the electron is the muon (µ), which is approximately 200
times heavier than the electron. The muon is, as all the heavy particles from the higher
generations, unstable and decays into lighter particles, in this case the electron. The
third generation partner of the electron is the tau lepton (τ), which in turn is heavier
than the muon. The muon neutrino (νµ) and the tau neutrino (ντ ) are the second and
third generation neutrino partners of the leptons respectively. The second generation of
quarks consist of the charm (c) quark and the strange (s) quark. The third generation
consist of the top (t) quark and the bottom (b) quark. The top quark is by far the
heaviest particle of the Standard Model, approximately 3.5 · 105 times as heavy as the
electron.

All these particles obey the Pauli exclusion principle as they have spin 1/2 ~ and
are called fermions. Where as all daily matter around us consist of the stable fermions
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Figure 1: The Standard Model of elementary particles.

from the first generation, heavier particles are produced in high-energetic processes of
the cosmos, or are produced in particle physics laboratories.

The Standard Model not only describes the fermions, it describes the interactions
between these particles as well. The interaction between the fermions, occurs via the
exchange of gauge bosons that have spin 1. The Standard Model incorporates three
fundamental forces:

� The Electromagnetic force is mediated by photons (γ).

� The Weak force is mediated by the massive gauge bosons W+, W− and Z0.

� The Strong force is mediated by gluons (g)

Gravity is not incorporated in the Standard Model. However, its strength it is many
orders of magnitude smaller than the other fundamental forces at the sub-atomic scale
and can therefore safely be neglected at particle accelerators.

All fermions interact via the weak force, i.e. they feel the presence of W and Z0

bosons. All the charged fermions, hence all matter particles except the neutrinos, in-
teract in addition via the electromagnetic force. On top of that, the quarks carry color
charge and hence interact also via the strong force. It turns out that quarks do not
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Figure 2: Electroweak global fit to the Higgs mass.

occur freely in nature but are confined to bound states that are color neutral. Such
states consist of either three quarks, called baryons (from which the proton and neu-
trons are examples), or a combination of a quark and an anti-quark, called mesons.
With these rules, many combinations of quarks can be built, and have been identified
experimentally. For example the J/ψ is a bound state of a charm and a anticharm
quark.

In over twenty years of experimenting, the predictions of the Standard Model have
been extensively tested and shown to accurately match the experimental observations,
often to astounding precision. However, successful as the Standard Model is, it is not
complete and a number of questions remain unanswered. Apart from the fact that
gravity is not included, the model is unable to predict the mass of particles in a direct
manner.

The Higgs boson

Particle masses are introduced into the Standard Model by the mechanism of sponta-
neous symmetry breaking. This mechanism was proposed in 1964 by Higgs, Englert and
Brout [2] [3]. In the simplest form, a new field with non-zero expectation value is intro-
duced. This field is assumed to interact with all particles of the Standard Model. The
masses of the particles appear as a consequence of their interactions with the ground
state of this so called Higgs field. The quantum mechanical excitation of the Higgs field
corresponds to a massive scalar particle called the Higgs boson. The mass of this particle
turns out to be a free parameter of the model.

Therefore the discovery of the Higgs boson and determination of its properties will
justify this picture and provides deep insight in the origin of particle masses in the
Standard Model.

Earlier experiments at particle accelerators searched for the Higgs boson. The Large

3



Introduction

m
H

[GeV]

Figure 3: Branching ratios of the Standard Model Higgs boson.

Electron Positron collider (LEP) at CERN has established a lower limit for the Higgs
boson mass of 114 GeV1 at a 95% confidence level [4]. The combined data of CDF and
D∅ at the Tevatron in Fermilab have excluded a Higgs boson mass between 160 GeV
and 170 GeV at 95% confidence level [5] [6]. Indirectly, high precision electroweak data
constrain the mass of the Higgs boson via their sensitivity to loop corrections. Figure 2
shows the χ2 curve of a global fit to precision electroweak data as function of the Higgs
boson mass [7]. In this figure the excluded masses from LEP and Tevatron are shown
as the darkly shaded areas. The associated bands in the plots represents the estimate
of the theoretical uncertainty. Clearly, a mass of the Higgs boson between 114 GeV and
160 GeV is favored in this picture.

Figure 3 shows the branching ratios of the possible decay channels of the Higgs
boson as function of the Higgs boson mass. For low masses, the H0 → bb̄ decay channel
is most abundant. Experimentally, this channel proves challenging to detect due to
large backgrounds in proton-proton collisions. The H0 → γγ decay channel has a
lower branching ratio, but a more controlled background and gives good prospects for a
detectable signal at the LHC.

For higher mass Higgs bosons, theH0 →W+W− andH0 → Z0Z0 channels dominate
the decay modes. The escaping neutrinos from the W boson decays will make the
precision of the mass peak measurement more difficult than the Z0 boson decay. The
decay of Z0 bosons into leptons provides a clean signal with low background. The golden
channel H0 → Z0Z0 → µ+µ−µ+µ− gives an especially clean experimental signature.

1In this thesis, natural units are used. In these units, c = 1 and particle masses are expressed in
units of GeV.
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Figure 4: Higgs boson production cross sections versus the Higgs boson mass.

Proton collisions

To produce and discover the Higgs boson, particle collisions with a very high center of
mass energy are needed. In addition, Higgs boson production cross sections are very
small, thus large number of collisions are needed. The Large Hadron Collider (LHC) at
CERN provides proton-proton (pp) collisions at an unprecedented center of mass energy
of 14 TeV and an exceptional high luminosity of 1034 cm−2s−1. With this rate and
energy, rare physics processes with small cross sections will be studied. Figure 4 shows
the Higgs boson production cross section as function of the Higgs boson mass at 14 TeV
center of mass energy [8]. At this energy, Higgs bosons will be predominantly produced
by gluon-gluon fusion.

Figure 5 shows the (pp) cross sections for several processes as a function of the
center of mass energy. On the right hand side of the figure, the event rate is shown
given an instantaneous luminosity of 1034 cm−2s−1. The dotted line indicates the center
of mass energy at which the LHC will operate. The production rate of Higgs bosons at
this energy is around nine orders of magnitude smaller than the total pp collision rate.
Identifying these rare Higgs events in the vast amount of collisions is one of the main
experimental challenges to be faced at the LHC.
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Figure 5: Cross sections of proton-proton collisions.

The muon roadmap to the Higgs boson

As mentioned, a Higgs boson decaying into four muons is a promising signal for its
discovery. From an experimental point of view, muons give a clear signature in the
detector. These leptons are capable of traversing the calorimeters and create hits in
the outer layers of the detector where the Muon Spectrometer is placed. One needs an
excellent muon reconstruction performance in order to detect Higgs bosons this way.

Thus one needs to understand the detector and optimize muon reconstruction in
order successfully detect the Higgs boson, if it exists. In practice this is done by first
studying other, known muon processes in the detector.

Before LHC operation starts, muons from cosmic rays provide an excellent mean to
commission the detector. Detecting these muons is the first step in understanding the
detector and to test the muon reconstruction.

When LHC will produce its first collisions, standard physics processes provide means
to further understand the detector performance and validate the muon reconstruction.
During the start of the experiment, the detector performance is far from optimal. Sev-
eral components need to be calibrated and aligned and detector channels may be non
functional. Furthermore, the detector energy and momentum scales are not yet fully
understood in the beginning.

Standard physics processes with muon final states will give deep insight into the
detector performance. The J/ψ mesons that decay into two muons is such a physics
process. Due to its large cross section, these particles will be produced copiously at
the LHC. This process represents one of the first physics processes that will be studied
when the LHC has first collisions. Measuring these particles when the data quality is
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not optimal will contribute to the reconstruction efficiency measurements for all future
measurements at the LHC.

A heavier known particle with a di-muon end state is the Z0 boson. As the prop-
erties of this particle are well known, measuring its mass, its width and decay modes
can be exploited to measure the detector momentum scale, its resolution and lepton
identification efficiency.

An important physics channel during the early days of data taking at the LHC is the
production of top quarks. At start-up, it is expected that the top quark signal can be
separated from the background, even with an imperfectly calibrated detector. The first
measurement of the top quark mass will provide feedback on the detector performance
such that they can be used to understand and calibrate the detector.Furthermore, top
quark events are background processes to other physics processes and therefore a good
understanding of top quark physics is essential.

Outline of the thesis

In this thesis, a new muon reconstruction algorithm is introduced, called MuTagIMO. This
algorithm provides robust and efficient muon reconstruction. The reader is introduced
to the ATLAS experiment, the ATLAS software framework and then to the ATLAS
reconstruction software. Furthermore, the performance of the new muon tagging algo-
rithm is compared to existing muon reconstruction packages on both cosmic ray muons
and simulated physics processes.

The outline of this thesis is as follows. In Chapter 1 the ATLAS experiment is
discussed. Chapter 2 covers the software framework deployed by the ATLAS experiment
and explains the generation of simulated events used in the studies throughout this
thesis. The reconstruction of tracks is explained in Chapter 3, where the reader is
introduced to the notion of a track, tools for tracking and the sets of muon reconstruction
algorithms available in the ATLAS software. Chapter 4 introduces the new muon tagging
algorithm MuTagIMO and discusses the algorithm in detail. Chapter 5 focuses on the
hardware commissioning and performance of part of the ATLAS Muon Spectrometer,
the muon stations constructed at the Nikhef institute in Amsterdam. In Chapter 6, the
muon tagging performance of the MuTagIMO algorithm on cosmic ray muons is discussed,
whereas in Chapter 7, the performance on simulated physics events is presented.
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