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Summary

Particle physics and the Standard Model

Throughout history, people have been making classifications of nature. The modern description of
atoms really started off in the 19th century, when Mendeleev wrote down a version of the periodic
table of elements [1, 2], although research on the topic has been performed by others as well. In
fact, even in the 21st century the periodic table of elements is still being expanded, since scientists are
synthesizing new elements that cannot be found in nature. In the periodic table all atoms are sorted in
rows and columns, depending on the (chemical) properties of the elements. Although unknown at the
time, the chemical properties of these atoms are understood to originate from their internal structure,
since atoms are composite objects. In the early 20th century, it was found through experiments
that an atom consists of an atomic nucleus, surrounded by electrons [4]. The electrons, already
discovered before [3], are responsible for binding atoms together into molecules and also play a role
in electromagnetic phenomena. Electrons are elementary particles, in the sense that they have no
internal structure; there are no other particles out of which the electron could be constructed.

Atomic nuclei are much smaller than atoms. Whereas molecules and atoms are held together by
electromagnetic forces, this is not the case for the atomic nuclei. The nuclei contain protons (with
positive electric charge) and neutrons (no electric charge). Particles with the same electric charge
repel each other. It turns out that at these small distance scales nuclear forces begin to play a role
that have to be stronger than the electromagnetic force at those distance scales in order to keep the
nuclei together. It is the strong nuclear force that is responsible for this and we will elaborate on
it further later on, since the research in this thesis is on physics involving this strong nuclear force.
There also exists a weak nuclear force, which, as the name already suggests, is significantly weaker
than the strong nuclear force. The weak nuclear force is for example responsible for the decay of
specific atoms, which is manifested in e.g. radioactive phenomena. Protons and neutrons in turn
are composite particles, formed from quarks and gluons. The latter two are to the best of current
knowledge elementary particles. Particle physics is about elementary particles and their interactions.
An overview of all elementary particles can be seen in Table E.1.

In essence, all visible matter in the universe (there also is dark matter and dark energy, but that
is a different subject altogether) is composed of three of these particles only, namely the electron e
and the u and d quarks. For some reason, there exist three generations of the elementary particles in
nature. The quarks in the second generation are heavier than the quarks in the first generation and the
quarks in the third generation, in particular the top quark t, are truly massive compared to the first
and second generation. A similar story holds for the heavier versions of the electron. Those heavier
particles are produced at particle colliders as well. All quarks and leptons are fermions, for which
corresponding antiparticles exist. For example, the positron e+ is the antiparticle of the electron,
whereas the anti-up quark u is the antiparticle of the up quark u.

A separate category of particles is formed by the gauge bosons. These particles mediate the
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Table E.1: Particles in the Standard Model. See the main text for an explanation.

fundamental forces in nature. For example, the electromagnetic force is mediated by photons γ.
Whenever something electromagnetic happens, photons are involved at the quantum level. The strong
nuclear force is mediated by gluons g, force carriers of the nuclear force and are described by quantum
chromodynamics (QCD). Another particle in the Standard Model is the Higgs boson (this is not a
gauge boson). Experimental verification of its existence came only very recent by measurements at
the LHC in the ATLAS and CMS experiments [5, 6], although its existence was already predicted in
the 1960’s [7–10]. The corresponding Higgs field is among other things responsible for giving mass to
the elementary particles. The Standard Model of particle physics is the field theoretical framework
that describes the particles in Table E.1, the interactions between these particles and the phenomena
that emerge from these interactions.

Nucleons: protons and neutrons

As said, protons are not fundamental particles, but rather composite objects constructed from quarks
and gluons. Since the world around us is three-dimensional, it is only natural to consider protons as
three-dimensional objects as well, albeit at a much smaller scale. Before we explain how to study the
three-dimensional structures, we have to clarify the meaning of three-dimensional. In this thesis, we
studied the three-dimensional structure of nucleons in momentum space.

QCD interactions between quarks and gluons involve charges. For comparison, electric charges are
used in electromagnetic interactions, where particles could either have a positive or negative electric
charge, or are electrically neutral altogether. For the strong nuclear force charges are involved as well,
although in that case we need color charges. This ‘color’ has nothing to do at all with the color of
light. In QCD, there is a complication though, in the sense that there is not just one type of charge,
but three of them simultaneously, where for every charge there also exists an ‘anticharge’. The color
charges of the quarks are referred to as ‘red’, ‘green’ and ‘blue’, whereas the charges of the antiquarks
are referred to as ‘antired’, ‘antigreen’ and ‘antiblue’. The mathematics is described by the SU(3)
group. Quarks have exactly one of the three color charges. Gluons, the force carriers, carry both a
color charge and an anticolor charge and act as transporters for color charges. A collective name for
all particles that are build from quarks and gluons is ‘hadrons’.

The crucial observation at this point is that all objects that can exist freely in nature at the energy
levels of our current universe are colorless, in the sense that they are color-charge-neutral. They either
do not contain any color charges at all, like electrons, or they contain the color charges in such a way
that the effects cancel at larger distances. From group theory (mathematics) it follows that there are
two ways to make a colorless object in QCD when using colored building blocks as starting point. The
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Figure E.1: (a) The elementary colors for light, where the combination of red, green and blue gives a white
(colorless) result. (b) A proton consists of three valence quarks, hold together by gluons. Since protons are
colorless, the three quarks need to have different QCD color charges. (c) Suppose that the yellow blob is a
proton that moves in the direction of P , the longest arrow. Now consider a quark inside this proton. Since
this quark has a momentum component inside this proton, part of its momentum is in the so-called transverse
directions. These directions are in the plane perpendicular to the motion of the proton, for example along the
arrow labeled pT .

first way is to combine a colored particle with an anticolored particle, since not only matter exists,
but antimatter as well. Particles of this type are called mesons. However, if one would take three
quarks, each with a different color charge, so one ‘red’ quark, one ‘green’ quark and one ‘blue’ quark,
the combination is colorless too. It is therefore possible to make a colorless or color-neutral object in
nature by combining the three different charges. Particles of this type are called baryons, of which
protons and neutrons are examples.

There exists an analogy for this QCD color behavior in a different context, namely when combining
light of different colors with each other. This time, with color I really mean color as we see it with our
eyes. If one would look at an old television screen or at an LCD screen, it is noticeable that the screen
does not emit white light whenever there is a white image on television, but rather red, green and blue
light, which manifests itself together as white light. Color is present at the smaller level, but at the
larger level it appears as colorless or white. The situation for mixing colors with light is illustrated
in Fig. E.1a. Coupling everything back to QCD color, from group theory, it follows that protons, the
particles that were introduced in the previous section, can be constructed from three (valence) quarks,
each having a different color charge, which is illustrated in Fig. E.1b. We refer to them as ‘valence
quarks’ rather than just ‘quarks’, since in principle quark-antiquark pairs could be created inside the
proton all the time, leaving the number three only as a net result.

A challenge in the description of protons is the presence of polarization. There are two spin states
for protons. These can be combined to describe the spin in the longitudinal and transverse direc-
tions. For a bunch of protons (for example in a particle beam), the polarization is determined by the
fraction of individual protons spins that are aligned in the same direction. Whenever a significant
fraction of the spins are aligned one could speak of a longitudinally or transversely polarized beam. In
case the directions of the individual spins are arbitrary the proton beam is unpolarized. The quarks
have multiple polarization modes as well, so there could be unpolarized, longitudinally polarized and
transversely polarized quarks, while for gluons the situation is slightly different. By combining the
polarization modes of the proton on the one hand and the quarks and gluons on the other hand, eight
leading contributions appear, since some combinations do not have a leading contribution. Lead-
ing contributions are illustrated in the Tables 2.1 and 2.2 in this thesis. Each polarization mode is
represented by a function, describing its properties. Therefore, each specific polarization mode corre-
sponds to a different function (later called TMDs), which experimentalists in principle could extract
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Figure E.2: Illustration of two colliding particles. See the main text for an explanation.

independently. Such experiments are pursued in several laboratories worldwide.

Unfortunately, it is highly nontrivial to work with QCD at the energy levels of the proton mass,
since QCD requires an all-order description at those energies. This means that perturbative methods
cannot be used and as such, calculations for the studying the internal structure of protons are not al-
ways possible. For this reason, other methods were developed, leading to parton distribution functions
or PDFs. In this, the PDFs describe the distribution of quarks and gluons in a proton. The interaction
with another hadron or with an electron is then a quark-quark or electron-quark interaction for which
perturbative QCD is working. The PDFs have to be determined experimentally. When considering all
polarizations, the transverse momentum of the quarks and gluons becomes important. Whereas the
proton has a specific momentum, the quarks in a proton can move relative to the proton momentum
as well. For an accelerated proton, logically, when in a laboratory frame, the largest quark momentum
component is expected to be in the direction of the motion of the proton (which we will name the
collinear direction). Since protons are composite particles, part of the quark momentum is in direc-
tions perpendicular to the motion of the proton. This is illustrated in Fig. E.1c, where the collinear
momentum component is labeled xP and the transverse component pT . PDFs including transverse
directions are called transverse momentum dependent PDFs or TMDs.

Particles and their interactions are studied by using particle accelerators, like the Large Hadron
Collider (LHC), to collide protons or other particles at ultrarelativistic energies. In these collisions
new particles could be created, such as the Higgs boson that was recently discovered at the LHC in
the ATLAS and CMS experiments [5,6]. In hadronic interactions at least one hadron is involved. We
use Fig. E.2 as illustration for a collision of two protons in some particle collider. In the high-energy
collision the quarks and gluons from one proton interact with the quarks and gluons in the second
proton. These quarks and gluons, collectively called partons, can move relative to the motion of the
proton. Since the protons are accelerated along the beam pipe, this implies that transverse directions
are required to describe the quark and gluon momenta. Transverse in this context implies transverse
to the beam pipe.

In the particle collision, other particles are created, typically in the form of jets of particles. In
the example in Fig. E.2 there are two of them. Due to momentum conservation, one expects that
the projection of these jets on the transverse plane has to be back-to-back when considering proton
momenta only. This means that the angular directions of the jets should differ by 180 degrees when
looking at the projections of these jets on the transverse plane. Since protons are composite particles,
the jets have their origin in the interactions between quarks and gluons. These quarks and gluon have
transverse momentum components that are in the plane perpendicular to the motion of the protons.
Since quarks and gluons do not have to move in exactly the same directions as the protons, the jets
no longer have to be exactly back-to-back. Transverse momentum effects typically appear as angular
correlations between the produced particles, indicated in Fig. E.2 by the angle δφ.
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Hence, TMDs can experimentally be studied by looking at the angular correlations between jets
produced in the collisions from accelerated particles. From a theoretical point of view many other
complications have to be considered as well. As I will explain in the next section in more detail, the
research that I present in this thesis is on the theoretical description of hadrons, including effects of
color, polarization and transverse momentum pT .

This thesis

In this thesis we studied TMDs. One might expect that whenever TMDs are measured (or rather
extracted) in some hadronic process, the TMDs are determined once and for all and can be used
for all hadronic processes that will be studied from then on. Unfortunately this is not the case.
Consider for example the distribution of unpolarized quarks in a transversely polarized proton, which
goes by the name Sivers function. Suppose we would study two different processes: Drell-Yan, in
which two protons collide and a virtual photon is produced and SIDIS, where an electron scatters of a
proton. Measurements of the Sivers distribution would result in different results for the two processes
mentioned above (the experiments for Drell-Yan are underway). For clarification, if one would study
a specific process over and over, for example multiple measurement in the SIDIS process, one would
find the same function over and over. The before mentioned differences manifest themselves when
studying different type of reactions. Therefore, if one would study protons, their structure would look
different depending on the way one looks at it, i.e. depending on the process that is used to study it.
We refer to this phenomenon as process dependence.

Process dependence of the functions describing the structure of protons is potentially very bad,
since predictivity is lost. It might result in measuring different functions for various processes, loosing
the interpretation of TMDs as a ‘property of a proton’. The solution to this problem resides in why
we have process dependence in the first place. As it turns out, there are gluons in protons that couple
to all other objects that they can find. In the high-energy interactions where a proton collides with
something else, it ‘glues’ the constituents of the proton with all other quark and gluons that are around
in the interaction. The Feynman diagrams in Chapter 3 of this thesis represent this. Without going
into the details of a treatment of such gluons, it can be said that gluons from the proton talk with
the other particles that are present in whatever hadronic interaction one is studying. Since different
processes involve different particles, the gluons ‘glue’ different in different processes. Calculations then
indicate that such contributions have an effect on the measurement of TMDs. Most noteworthy, these
additional gluons are not there to complicate life only, we really need them. They are required to
give a gauge-invariant description for protons and contribute to gauge links or Wilson lines, which are
discussed in detail in Chapter 3. For TMDs, these gauge links do give process dependence. This is
also calculable.

Coupling this back to the Sivers function mentioned before, by including Wilson lines it can be
calculated how the Sivers functions as appearing in different processes are related to each other. In
Drell-Yan and SIDIS different results will be obtained, but they involve a minus sign only. In essence
it is the same function, multiplied with some numerical factor that depends on the process under
consideration. For quarks, more TMDs are involved, since more polarization modes are allowed.
One of the other contributions is the pretzelosity TMD, corresponding to the tensor contribution
to transversely polarized quarks in a transversely polarized proton. It was thought to be process
independent. In this thesis, we have shown that this function is process-dependent as well. For Drell-
Yan and SIDIS the same object will be measured, but for more complicated processes this no longer is
the case. In contradiction to the Sivers function, where there only is one function that, depending on
the process, is multiplied with some numerical factor, there are three pretzelosity functions. Depending
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Figure E.3: Using color to zoom in on quarks and gluons in a proton. Protons are colorless, but quarks
and gluons are not. Zooming in on colorless objects therefore reveals color structures, like (for the expert)
the pretzelosity function h⊥1T . An analogy with something in the macroscopic world would be an LCD screen.
Whenever this screen projects a white color, the screen can be seen to be made up from red, green and blue
pixels when looking very carefully from nearby. Even though this is a different type of color (color as in ‘light’
versus color as in quantum properties), see the main text, it illustrates that colorless objects could contain
color structures.

on the process under consideration, they come in different linear combinations. As such, there still is
some form of TMD universality, although process dependence is allowed as well.

The reason as to why we have multiple functions rather than just one, has its origin in the color
configurations of the structures involved in the proton description. As it turns out, the pretzelosity
function has an operator structure that has just enough complexity to allow for multiple color struc-
tures with the desired properties. All of them have to be taken into account for a correct description
of the proton and as such we are left with three pretzelosities. It is exactly this phenomenon that
is illustrated in the figure on the cover of this PhD thesis. The pretzelosity function, symbolically
represented as h⊥1T , is studied. Objects in nature are colorless (white), but when you zoom in on the
quarks and gluons in the proton color plays a role. Due to the color-studies of the pretzelosity function
its process dependence can be investigated.

In this thesis, we not only studied the properties for the quark TMDs, we studied the gluon TMDs
as well. There, the situation is slightly more involved, since gluons have a richer structure when
considering color (they carry both a color and anticolor charge simultaneously, whereas quark carry a
color charge only). Also the Wilson line structures are more elaborate. Combining this information,
we have derived the universality properties of all quark and gluon TMDs and found that for the gluons
a number of TMDs have to be written as a linear combination of functions, multiplied with calculable
numerical factors. Results for all possibilities have been tabulated in this thesis. Furthermore, we have
shown that for specific processes an additional complication arises. Due to the color that is flowing
around in hadronic interactions, different color factors are obtained. Two explicit examples of this are
illustrated in Chapter 5.


