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Chapter 1

Particle physics: what and why?

1.1 Particle physics: what?

Particle physics is a field in science that studies the properties of and interactions between
the smallest particles that we know of. These elementary particles are not visible in
everyday life and are therefore unknown to most people. This is unfortunate as all
of the wonderful world around us is built up from these ‘invisible’ particles, like the
beautiful Victoria Falls shown in Figure 1.1.

Figure 1.1: Victoria Falls at the border of Zambia and Zimbabwe.

Let’s start with something that is known to everybody: water, like the water falling
down in Figure 1.1. Almost everybody learned that water molecules are denoted by
the chemical formula H2O. Many people know about the hydrogen (H) and oxygen (O)
atoms that build up the water molecules. A few have heard of protons and neutrons that
build up the core of the atoms, and of electrons that circle around this core. Even fewer
people know about the constituents of protons and neutrons, so-called quarks, and only
a tiny group op people study the behavior of these quarks. These people are particle
physicists. So why should society bother with this tiny group of interested specialists?
Surely there are more urgent issues to address (and finance) nowadays.
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Particle physics: what and why?

Let’s clarify things a bit further: from the water falling down the Victoria Falls we
zoom in to the water molecules and subsequently to the atoms that constitute these
molecules. From this point onwards you might start to feel uneasy. There is no need
for that. Figure 1.2 illustrates the next stages in our quest for the smallest building
blocks of matter. From the atom to the proton and neutrons in the atomic nucleus and
on to the quarks that form these protons and neutrons. Quarks together with leptons,
like the electron, are the elementary1 building blocks of all matter. The properties of
and interactions between these elementary particles are the subject of the field of study
known as particle physics.

Figure 1.2: Zooming into the atomic structure.

Since the beginning of the twentieth century particle physics has gone through major
developments, nicely and concisely described in ref. [2]. In 1910 Rutherford was the first
to observe that the atom consists of a small nucleus. This nucleus was found to contain
protons and neutrons, with electrons circling around it. As experimental techniques
evolved, and theoretical knowledge deepened, eventually the existence of quarks was
proven. Protons and neutrons were no longer classified as elementary particles but
as composite particles, consisting of quarks. By probing deeper and deeper into the
structure of atoms and their nuclei physicists needed to develop new technologies. The
key issue was always to probe the particle of study at higher energy. The way current
experiments achieve high energies sounds less sophisticated than it actually is: tiny
particles are accelerated to almost the speed of light and then smashed into each other.
The machines that do this are called particle accelerators. We will come to the largest
accelerator ever built in Section 1.3, after we have described some of the biggest puzzles
that currently exist.

1Elementary as far as we currently know. Another question is whether our knowledge actually
describes physical reality. Quoting Niels Bohr on this: “It is wrong to think that the task of physics is
to find out how nature is. Physics concerns what we can say about nature.” [1]
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1.2 Big questions about small particles

1.2 Big questions about small particles

We have learned many things about elementary particles in the history of science. But
by discovering new features about nature also new puzzles emerged. This is how science
works: answers create puzzles which need to be answered again. Today, several big
puzzles remain to be solved. Two puzzles will be explained here, others are discussed in
the literature, see e.g. ref. [2].

As mentioned above, all matter consists only of quarks and leptons. All detectable
matter that is. In 1980 measurements of velocity curves in spiral galaxies first showed
that there is much more matter in such galaxies than can be accounted for by direct
observation2 [4]. At this moment the amount of observable matter is believed to be only
4%. An astonishing amount of 96% remains unknown and is usually referred to as dark
matter and dark energy for 23% and 73%, respectively. To reveal the properties of dark
matter is an important motivation for various experiments in (astro)particle physics.

Another motivation takes us back to the 4% of matter that is known to us. Let us
refer to this 4% as ordinary matter. We mentioned the quarks and leptons that are the
building blocks of this ordinary matter. Although too small to see with the naked eye
these building blocks are in fact massive particles. This seems an obvious statement,
if you think of the fact that in everyday life we are used to massive objects like rocks,
cars, monkeys and people. That the building blocks of these objects themselves are
also massive seems trivial. However, this is in fact far from trivial when setting up a
formalism to describe particle interactions at the elementary level.

In the early 1960s a framework was in place to describe elementary particles and the
forces that govern them. One minor issue was that all particles were predicted to be
massless, which was in contradiction with many observations. It took some theoretical
gymnastics to elegantly solve this puzzle. Peter Higgs was, simultaneously with Robert
Brout and François Englert, one of the people that found a way out. His mechanism
predicts the existence of a yet undiscovered particle, now called the Higgs boson. The
discovery of this Higgs boson is referred to by some as the holy grail of particle physics.
However you wish to qualify this quest, it was a major motivation for the construction
of the Large Hadron Collider.

1.3 The Large Hadron Collider project

The Large Hadron Collider (LHC) is currently the largest and most powerful man-made
particle accelerator. It is located at the European Organization for Nuclear Research,
CERN3, near Geneva, Switzerland.

2Fritz Zwicky was way ahead of his time and reported about “missing mass” already in 1933 [3].
3In French: Conseil Européen pour la Recherche Nucléaire.
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Particle physics: what and why?

1.3.1 CERN

CERN was founded in 1954 with the aim of creating a research center that would not
only unite European scientists, but would also share the costs of constructing and oper-
ating technologically challenging experiments. The Netherlands were one of the twelve
founding member states. CERN conducts experiments in nuclear physics and particle
physics and has evolved from a European to a worldwide collaboration4.

The first particle accelerator that came into operation in 1957 at CERN was the syn-
chrocyclotron with a beam energy of 0.6 GeV (giga-electronvolt). It was soon replaced,
for particle physics experiments, by the proton synchrotron in 1959. Its beam energy of
28 GeV was at that moment record breaking. Today, the proton synchrotron is still in
operation. Not as the main accelerator, but as a supplier of particles to the LHC. This
reaches a beam energy of 7,000 GeV, i.e. about 11,000 times more powerful than the
first CERN accelerator. With higher collision energies the formation of particles with
large masses becomes possible according to Einstein’s famous equation E = mc2. That
is why, every time, an increase of collision energy marks an exciting new step in physics
research. Measurements are then about to show what nature has in store for us. On
several occasions nature proved to be much richer than our imagination.

Not only accelerator technologies have taken a giant leap forward at CERN. New
detection principles have been designed, tested and implemented at CERN experiments.
One famous example is the development of the multiwire proportional chamber by
Georges Charpak in 1968. This was the first detector that could make use of com-
puters and achieve a counting rate a thousand times higher than before. Today at the
LHC, detectors are needed that can cope with collision frequencies up to 40 MHz. A huge
challenge with currently available technologies, let alone with the detector technologies
available at the time of planning the LHC, some 25 years ago.

1.3.2 The LHC

The LHC is a circular accelerator with a circumference of about 27 km, located 100 m
below the ground close to Geneva, Switzerland. It accelerates proton beams in opposite
directions and collides them at four dedicated points along the accelerator ring.

Before reaching the LHC ring, the proton beams are formed and accelerated in several
other rings as shown in Figure 1.3. Proton beams enter the LHC ring with an energy
of 450 GeV and are currently accelerated up to 3,500 GeV (or 3.5 TeV) per beam.
Acceleration in the LHC is performed with electric fields within radiofrequency cavities.

To keep the proton beams in a circular path the beams are located within strong
superconducting magnets. The strength of these magnets is what limits the achievable
acceleration and thus the maximal collision energy. With equal bending power an even
larger circular accelerator would be needed to reach higher energies.

4Although the current twenty member states are still all European.
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1.4 The ATLAS detector

Figure 1.3: Schematic overview of the LHC (pre-)accelerator and the four experiments.

The design collision energy of 14 TeV will not be reached before 2013. With the
current collision energy of 7 TeV the LHC reaches more than 3.5 times higher energies
than the former record holding collider, the Tevatron at Fermilab, near Chicago. At
7 TeV a search for the Higgs boson can be performed over a large mass range from 100
to 1,000 GeV.

The LHC experiments have been fully commissioned and are taking 7 TeV collision
data since March 2010. In this thesis we will discuss results from the ATLAS detector,
one of the four experiments located around the LHC ring.

1.4 The ATLAS detector

The ATLAS detector is a so-called general purpose detector. It aims at the detection of a
wide variety of physics processes that can occur after a proton-proton collision. ATLAS
is a cylindrical detector, 45 m long and 25 m high, with a layered structure. Each layer
is designed to detect a particular class of particles. This thesis focuses on the outer
detection layer of ATLAS where only muons5 are expected to be detected: the Muon
Spectrometer. Other particles are either stopped in the inner layers, e.g. electrons, or
are intrinsically undetectable for ATLAS, e.g. neutrinos.

1.4.1 The ATLAS Muon Spectrometer

The ATLAS Muon Spectrometer is designed to efficiently detect muons from collisions
and accurately measure their position, direction and momentum. Tracking chambers
provide precision measurements. Trigger chambers provide muon trigger information,
making it possible to select collisions with at least one muon in their decay products.

5Muons are like electrons but with higher mass. More on this in Chapter 2.
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Particle physics: what and why?

The Muon Spectrometer plays an important role in searches for the Higgs boson.
The Higgs boson is an unstable particle that will decay shortly after being produced.
One of the possible Higgs decays is to two Z bosons. Each Z boson can subsequently
decay to two muons, resulting in a final state with four muons. Efficient and accurate
muon measurements are vital for this analysis.

1.5 Particle physics: why?

We discussed developments in accelerators and detectors that seem to be of use restricted
to particle physics experiments, far from everyday life. This is far from being true. For
example, particle detection techniques developed in experiments (such as) at CERN
are applied for medical purposes all around the world. In its search for a global com-
munication platform Sir Tim Berners-Lee and Robert Cailliau from CERN created the
World Wide Web, something that seems indispensable in our everyday life. Many other
examples can be listed, but the pattern is more important: through the development
and construction of technologies applied in fundamental research (usually) unforeseen
applications make their way to ordinary life. It is as physicist Victor Weisskopf said:

“The problems at the frontier of science are exactly those that can not be solved
with established methods”.

The implications of current day Higgs searches for everyday life can not be predicted,
but nevertheless should not be underestimated. Experiences from the past teach us that
truly groundbreaking science is worth the effort that society puts into it. However, at
the moment of performing the research the emphasis should not be on the (short-term)
benefits for society. Instead, the driving force and motivation to solve the puzzles on
the frontier of science is curiosity. That is what puts the fun in fundamental research.

1.6 Thesis overview

The theory relevant for the scope of this thesis contains production and decay mech-
anisms for the Z and Higgs bosons. This will be the topic of the next chapter. The
detector technologies of ATLAS are discussed in detail in Chapter 3, with emphasis
on the Muon Spectrometer. A search for the Higgs boson in a four muon final state
will be presented in Chapter 7. The effectiveness of this search depends on a good un-
derstanding of the performance of the Muon Spectrometer. We have first studied this
performance with cosmic-ray data, before proton-proton collision data were available.
Results for these cosmic-ray studies are presented in Chapter 4. When collision data
became available the performance studies were continued with these data. Di-muon sig-
natures from Z boson decays were used to study the efficiency and momentum resolution
of the Muon Spectrometer. These results are discussed in Chapter 5. In addition to the
Higgs search and the muon performance studies Chapter 6 shows results for di-muon
analyses in heavy-ion collisions.
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