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Abstract

With the ALICE detector at CERN, scientists are studying the matter of the early universe in the
laboratory. Nuclei are smashed onto each other, creating a new state of matter, called the quark-
gluon plasma. The hot �reball that is created expands and cools down creating many particles
that come in conical shapes called jets. ALICE measures these particles in order to study the
quark-gluon plasma. One of these particles is the D-meson carrying information about the quark-
gluon plasma transport properties. These jets contain many other particles than the D-mesons.
Good simulation models have to be created in order to compare with the distorted data. In this
thesis, proton-lead collisions at

p
sNN = 5:02 TeV are studied, which provide a reference for the

lead-lead analysis, in which the quark-gluon plasma is created. A model will be set up, which
can be compared with data coming from ALICE. Modi�cations are applied on the model and the
systematic uncertainties are assigned. The computational work was done using the ROOT and
AliRoot frameworks.
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Chapter 1

Introduction

1.1 The Standard Model

`By convention there is color, by convention sweetness, by convention bitterness, but in
reality there are atoms and empty space.' (Democritus, circa 400 BCE). As we know
now, Democritus was on the right path and far ahead of his time. Life around us consists
of elementary building blocks. Splitting a grain of sand will result in a smaller grain of
sand. But splitting these smaller pieces of sand will eventually lead to something that
cannot be split any further. Democritus called these particles `atoms', after the Greek
word atomos, meaning `that which cannot be split'. As we know now, atoms are not the
smallest building blocks of matter. There exists a whole new world in the regions smaller
than atoms: the subatomic world. Physics research, with the help of particle accelerators,
revealed the wide spectrum of the subatomic world. In order to explain how the particles
make up the essential building blocks of matter, physicists described these particles in a
universal model calledThe Standard Model of Particle Physics(�gure 1.1). From this
Standard Model, we can divide our world into di�erent particles: fermions and bosons.
Fermions are quarks and leptons. Gauge bosons are the force carrier particles, i.e. the
photon carrying a force between two interacting charged electrons.

Figure 1.1 { The Standard Model of Particle Physics, with each of the fundamental forces
linked to force carrier bosons. There are 6 di�erent `avours' of quarks: up, down,
charm, strange, top, bottom. Ordinary matter (protons and neutrons) consists of only
the up and down quark [1].
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The Standard Model describes three di�erent interactions. The best known being the
electromagnetic interaction, which describes the interactions between electrically charged
particles. The weak nuclear interaction is responsible for nuclear decay, and whose fun-
damental process is transforming a proton into a neutron, an electron and a neutrino.
The strong nuclear interaction is responsible for holding most ordinary matter together
because it con�nes quarks intohadrons, such as protons and neutrons. The interaction
length of the strong interaction is very short (10� 15 m), but has a relative high interaction
strength compared to the other fundamental interactions. Gravitation is not described
by the Standard Model, as the force carrying particle, the graviton, has not yet been
discovered [2].
Force carriers are particles that carry a force between di�erent interacting fermions. The
interaction between i.e. two negatively charged electrons can be visualized as one elec-
tron emitting a virtual photon, which gets absorbed by the other electron, causing a
momentum transfer between the electrons. A virtual particle exhibits some of the char-
acteristics of ordinary particles but it is a transient uctuation whose existence is limited
by the uncertainty principle [3]. Photons are the force carriers of the electromagnetic
interaction. The W and Z bosons, are the force carriers of the weak interaction. And �-
nally, the gluon is the strong force carrying particle. In the case of the strong interaction,
the particles (quarks and gluons) are calledpartons.

1.2 Quantum Chromodynamics

As mentioned before, the strong interaction is responsible for holding ordinary matter
together. The theory describing the strong interaction is called Quantum Chromody-
namics (QCD). QCD describes the behaviour of quarks and gluons, the building blocks
of hadrons: baryons and mesons [4]. Mesons are intermediate mass particles, which
are made up of a quark anti-quark pair (i.e. c�u). Three quark combinations are called
baryons (i.e. uud). Mesons are bosons (though not force carriers as the four gauge
bosons), baryons are fermions [5]. QCD started with the idea that hadrons consisted
of even smaller particles. Quarks were proposed, which would interact with each other
through gauge bosons, called gluons. High-energy collision experiments revealed the sub-
structure of hadrons through deep inelastic scatteringof electrons on protons carried out
at the Stanford Linear Accelerator Center (SLAC) [4].

Theory proposed that quarks move within the nucleons at nearly the speed of light. The
force keeping the quarks con�ned to the nucleus must be rather large to account for
this. Individual quarks and gluons were never detected, but experiments revealed the
substructure of hadrons. How can there be a force strong enough to con�ne the quarks
in the nucleons but weak enough to be detected by collision experiments?Gross, Politzer
and Wilczek (awarded the Nobel Prize in 2004) provided the answer, calledasymptotic
freedom. This is the property that at distances around the size of a nucleon (10� 15

m) the attraction between quarks large enough to keep them con�ned to the nucleon.
But at distances shorter than that, explored in high energy collisions, the attraction is
weaker [6]. The physical concept can be visualized using an elastic string which holds the
particles together (�gure 1.2). When the particles are pulled apart, the string pulls them
back together. If the particles are close together, not much of a force is applied in the
string. But if so much energy is used to pull the quarks apart, the string can brake and
form new quarks and anti-quarks using the released energy, resulting into new hadrons.
The strings in this illustration can be thought of as the gluons interacting with the
quarks and holding them together as mentioned in the previous section. It was proposed
that quarks had another degree of freedom calledcolor charge. Color charge of quarks
is similar to electrical charge in a sense that an equal number of positive and negative
charges results in a neutral net charge, and in the case of color charge, the particle is color
neutral. There are three colors and anti-colors: (anti-)red, (anti-)blue and (anti-)green.
All mesons (�rr; �bb;�gg) and all baryons (�r �g�b; rgb) are color neutral [7]. Gluons consist of
a combination of 8 di�erent color states. The color singlet state, where the gluon is color
neutral, and the color octet state where the gluon consist of a combination of two colors
and its anti-colors. The most striking feature of QCD is the color con�nement. Color
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