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Appendix C

Summary

No problem is too small or too trivial if you can
really do something about it.

R. Feynman

The great challenge of modern physics is to discover the fundamental constituents
of the universe and explain how they behave and interact to eventually build the world
in the form we see it. Since the earliest days of the modern science history (which
dates back to the beginning of the 17th century when Galileo Galilei established the
scientific methods and started the scientific revolution), the interest for examining
deeper and deeper inside every object, in order to reach their building blocks, has
never stopped. The first tools constructed to zoom in an object were simple systems
of two curved lenses, but they soon were replaced by more sophisticated arrangements
of lenses that led to the first optical microscopes.

When people became able to almost “observe” the atoms, it was soon realized that
microscopes would have not allowed to diving into the subatomic matter, and some
other tools were needed to enter the scene. Scattering processes between molecules and
atoms were found to be perfect for accessing subatomic structures. The experiment of
Rutherford, in the first decade of the 20th century, is the first of this type and it led to
the discovery of the structure of the atom. Nowadays, a century after the Rutherford
experiments, the scattering of particles o↵ a target and the collisions between particles
are still the best magnifiers ever devised by mankind and the most used tool to access
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subatomic and subnuclear structures.

In this dissertation, we want to contribute to the field of hadronic physics by
studying the internal structure of subatomic particles called hadrons. They are not el-
ementary particles but they are built from elementary (point-like) constituents: quarks
and gluons. Despite being extremely small (about a hundred of million times smaller
than a human blood cell, for instance), in the landscape of the subatomic particles
hadrons are “large” objects and their internal structure deserves to be studied. At
least, we want to study hadrons such as protons and neutrons because they constitute
the nuclei and the great majority of the visible matter.

What is special about hadrons is that their “macroscopic” properties are deter-
mined by the elementary constituents in a way that is not directly calculable. Inter-
estingly enough, the mass of the proton originates from a rather complex interplay of
di↵erent dynamical contributions and cannot be explained as a simple “sum” of the
masses of its substructures. Quarks and gluons are confined inside their hadronic box
and they have never been observed experimentally as free particles.

The di�culty in describing the proton and the other hadrons in high-energy
scattering processes is due to the unicity of the interaction that governs its con-
stituents. The theory that describes this interaction is called Quantum ChromoDy-
namics (QCD). Loosely speaking, QCD describes the interaction between quarks and
gluons inside the hadrons, collectively called partons, through their color charge. This
is conceptually similar to describing the interactions between electrons by means of
their electric charge. The peculiarity of QCD is that the strength of the interaction
varies considerably with the distances, being large at large distances and progres-
sively becoming smaller as the distance decreases. If we could directly look inside
the hadrons at very small distances, we would see an infinite number of almost free
partons, that are oblivious of each other because their interaction is very weak. This
regime of QCD is called asymptotic freedom. As soon as the distance gradually in-
creases, asymptotically free partons are replaced by strongly coupled constituents, and
because the intensity of the interaction is very strong, the partons remain confined
inside the hadrons and they cannot escape. This phenomenon is called confinement.

The concept according to which a “macroscopic” object can manifest itself di↵er-
ently depending on the length scale at which it is observed is something that scientists
have always been familiar with. For instance, if we zoom in molecules and atoms (the
main objects studied by chemistry and atomic physics) new pictures can be resolved
in terms of electrons and nuclei. These constituents can be observed and measured
and they become the main elements in terms of which we can describe atoms and
molecules. Proceeding towards smaller distances inside the nuclei, we eventually en-
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counter the protons and nucleons, solid containers of the color interaction. Di↵erently
from the cases in which the substructures are free and can be observed through more
and more powerful magnifiers, in the case of QCD the partons live freely only in-
side the hadrons and cannot manifest themselves as free particles in the experiments.
When a scattering process occurs, the partons get kicked out from the parent hadron
very energetically, but as soon as they start interacting with each other they immedi-
ately recombine themselves into new hadrons. Reading out the information about the
hadronic structure from the results of the experiments is a bit of an art: one needs an
optimal interplay between the theoretical predictions and the experimental results,
and these two aspects feed each other continuously.

The fact that the information about the hadron internal structure is not easily
and readily accessible does not mean that we cannot do something about it. Building
a theoretical framework from first-principles and symmetry arguments allows the
physicists to characterize the hadrons and establish which portion of their internal
space is being probed in the high-energy process.

The quantities that contain the information about a specific portion of the hadron
space are multidimensional functions that depend on the kinematical variables of
the partons. For instance, the information about the momentum carried by each
parton along the direction of motion of the parent hadron is encoded in the par-
ton distribution functions (PDFs), while the complete information on the motion of
each parton in the three-dimensional momentum-space is contained in the transverse-
momentum-dependent parton distributions (TMDs). The above-mentioned functions
contain single parton information, and they neglect aspects deriving from looking at
multiple partons at the same time. The latter information is typical of the double
parton distributions (DPDs), which also take into account the distribution and cor-
relation between pairs of partons. DPDs are accessible in experiments in which two
partons from the same hadron are kicked out simultaneously to participate into two
distinct high-energetic scatterings.

Parton distributions also account for the fact that partons have quantum proper-
ties other than color charge. Most importantly for the purposes of this thesis, partons
carry spin, one of the most intriguing quantum mechanical properties of each parti-
cle. The spin of an elementary particle does not refer to any property in the physical
space (there is no actual rotation involved), but to the intrinsic nature of the particle.
However, with some caution one can visualize quarks and gluons inside the hadrons
as a bunch of “spinning” toys as in Fig. C.1. When they all spin randomly, no pre-
ferred rotational direction can be selected and the spin states are averaged out as if
none of the parton carried spin. On the other hand, when there is a neat majority of
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Figure C.1: A basket full of tops, like the partons that carry spin inside the proton. Their velocity
distributions in the three-dimensional basket space is described by the Transverse-momentum de-
pendent distribution functions (TMDs). The probability of being extracted pairwise from the basket
is described by the double parton distributions (DPDs)

partons whose spin states “point” towards a specific direction, i.e. they are polarized,
then their distributions and dynamics inside the parent hadron are actually modified.
The e↵ect of spin can generate distortions and asymmetries that can be studied and
characterized.

In this thesis, we focused on the TMDs and DPDs to study the properties of the
polarized quarks and gluons inside the hadrons. Throughout the chapters we have
presented our original results and in the following we summarize the most relevant
ones.

• TMDs: we have studied the TMD functions that describe the gluons inside
the hadrons. The quantities that are related to gluons are di�cult to study
thoroughly because the experimental information on them is currently very
limited. They become the dominant entities only when the energy increases.
At present, none of the existing facilities around the world is tailored to access
this regime of energies. For the first time, we have defined the TMD functions
that describe polarized gluons inside hadrons that have spin-1 (for example the
deuteron, which is a system of a proton and a neutron) and derived the relations
between these functions that will be useful for future experiments. We have also
predicted and shown that, when the energy drastically increases, only a few of
the numerous gluon functions survive and become relevant.
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• DPDs: we have studied the correlations between pairs of quarks inside the pro-
ton. Extending the description from a single to a double parton description is
a unique opportunity to grasp the structure of the hadrons with nonstandard
(multipartonic) eyes. Also in this case, the experimental information on the
double parton scattering processes is still very limited. We have focused on the
theoretical framework that describes inter-parton correlation and we have care-
fully analyzed the possibility of measuring for the first time quantities that will
be a clear sign of parton correlations at the Large Hadron Collider (LHC) in
the near future.

The result of the combination of di↵erent parton distributions is similar to a
mosaic: each piece comes from a di↵erent place and occupies a relevant position on
its own, but the final picture is complete only once all the tiles are combined.
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