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APPENDIX G

SUMMARY

If you want to build a ship,
don’t drum up people to collect wood

and don’t assign them tasks and work,
but rather teach them to long

for the endless immensity of the sea.
Antoine de Saint-Exupéry

A beautiful landscape

Protons and neutrons are among the building blocks of matter and they account for
almost all the mass of our world. Even if many efforts have been made to deepen
our knowledge about them, we are still far from a complete understanding of their
inner structure. Over the past few years, thanks to a fruitful synergy of theoreti-
cal and experimental progress, we have opened the study of new multidimensional
images of the structure of the proton, investigating the behavior of its fundamen-
tal constituents, the quarks and gluons (collectively called partons). The internal
structure of the proton is shaped by Quantum Chromodynamics (QCD) and it is
one of the most fascinating and yet unexplored natural landscapes. Despite not
being directly accessible by our eyes, we can still appreciate its beauty by means of
particle accelerators, which are the most powerful microscopes in the world. The
procedure described in Chap. 5 of this thesis works, in essence, as if we are taking
a photograph of the proton structure in momentum space. The energy transferred
by the flash is so high that the proton breaks and we can reconstruct pictures of
the proton structure by looking at the fragments.
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G. Summary

Confinement

When we shoot pictures with extremely high resolution, the constituents of the pro-
ton appear almost free. Instead, due to the nature of the strong force in QCD, when
we look at the proton with lower resolutions, quarks and gluons are inescapably con-
fined inside the proton. At present we are not able yet to fully understand math-
ematically the transition to this confined phase. Confinement is the most crucial
characteristic of QCD and represents one of the hardest physics problems of today,
listed as one of the Millenium Prize Problems by the Clay Mathematics Institute.
It also prevents us from calculating maps of the proton structure (and of hadron
structure more in general) from the first principles of the theory. One of the options
we are left with in order to study the proton is shooting “subatomic photographs”
employing the exchange of photons, which we can fully control.

Multidimensional maps of the proton

Studying the internal landscape of the proton and drawing maps of its structure is
one of the hot topics in particle physics. It is complementary to the searches of new
physics at the Large Hadron Collider (LHC) and it is not less important. Not only
it responds to our desire of knowledge and understanding the world, but it will also
have crucial impacts on some of the open problems in particle physics, such as to
unravel the various contributions to the proton spin [13,77,317].

The knowledge of the multidimensional structure of protons allows for the anal-
ysis of properties otherwise inaccessible. Diagnostic studies provide an effective
analogy: electrocardiography, for example, gives us one-dimensional information
about the heart activity. It is of great importance, but it does not give detailed
information about the multidimensional inner structure. Instead, more refined to-
mographies can open windows on the multidimensional structure and provide fun-
damental additional information.

Concerning the proton tomography, we know with good accuracy one-dimen-
sional maps in momentum space (see Fig. 1.2 and Chap. 4), the collinear parton
distribution functions (PDFs). They are the prime ingredient for studying any
process involving hadrons (such as the proton-proton collisions taking place at the
LHC), but from the point of view of nucleon tomography they are rather limited.
They describe the distribution of partons in a single dimension in momentum space,
namely assuming that the constituents move collinear with the parent hadron.
More informative objects are the so-called transverse-momentum-dependent distri-
butions (TMDs), which represent three-dimensional pictures in momentum space
(see Chap. 2).

The coordinates used to parametrize these maps are the momentum components
(usually divided in collinear and transverse) of the constituents and the energy
at which the picture of the proton has been shot. Fortunately, we can (almost
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completely) calculate the energy dependence of the map by means of QCD evolution
equations (see Chap. 3) and this allows us, for example, to use at the LHC the
pictures of the proton structure measured at the Hadron-Electron Ring Accelerator
(HERA). To this extent, one should be careful about the transverse momentum
dependence, which introduces a calculable process dependence for the maps [24].

Open questions

To first approximation, we can introduce eight different types of three-dimensional
maps for quarks and gluons in momentum space (see Chap. 2). This richness
emerges from all the possible correlations between the momenta and the spins of
the constituents and the proton itself. From a theoretical point of view, we know
how to define these maps by means of operators in QCD. Nonetheless, there are
many nontrivial questions concerning the TMDs that do not have a complete answer
yet. For example: “What does the transverse momentum dependence look like?”.

This thesis is focused on this question, in particular for the simplest three-
dimensional map for quarks, the unpolarized distribution. At present, we know that
experimental data from proton-proton and lepton-proton collisions point towards
Gaussian functional forms at low transverse momentum. Until recently, we did not
have any information on their flavor dependence, though (see Fig. G.1). Namely, are
up quarks moving in the nucleon with greater velocity than the down ones, or vice
versa? What about sea quarks? Are they faster than the other ones? The study
presented in Chap. 5 addresses these questions. From analyses of lepton-proton
and lepton-deuteron scattering data, we now know that sea quarks are likely to
be faster than up quarks, which are in turn faster than down ones. This result
is interesting also in order to describe other reactions where hadrons play a role,
for example electron-positron annihilation into pions and kaons (see Chap. 6) and
proton-proton collisions at the LHC (see Chap. 7). New effects have been observed
in both cases.

Concerning gluons instead, in Chap. 8 we investigate the interplay between
two of the three-dimensional distributions, namely the ones for unpolarized and for
linearly polarized gluons in unpolarized protons. For both, we study their definition
and the impact of evolution equations, selecting a process useful to better constrain
their properties.

Impact and outlook

In general, the interpretation of the huge amount of data collected at hadron col-
liders like the LHC relies on the knowledge of parton distribution functions, both
in one dimension (the PDFs) and in three dimensions (the TMDs). Until now, data
analysis of high-energy particle reactions has been performed assuming that all the
quarks move with the same average transverse momentum. Now that we know that
more general flavor-dependent scenarios are also likely, it will be important to test
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G. Summary

Figure G.1. Quarks and gluons are like fishes confined inside a fishbowl (the proton).
Each parton has its own collinear and transverse velocity, indicated by black and colored
arrows respectively. Different colors indicate different flavors for quarks and external
excitations (like photons) can extract partons from inside the proton.

their impact, as done in Chapters 6 and 7. Refining the knowledge of the pro-
ton structure will also improve the accuracy of searches for new physics at hadron
colliders.

Unpolarized TMDs for quarks and gluons are also interesting in order to study
all the other polarized distributions, because they affect their phenomenological
investigation. The possibility of accessing the orbital angular momentum of the
partons makes the tomography of hadron structure in momentum space a valuable
starting point to solve the spin puzzle of the proton.

New experimental programs, among which A Fixed Target Experiment at the
LHC (AFTER@LHC) in Europe and the Electron-Ion Collider (EIC) in the United
States, will provide us with the possibility of taking more powerful and precise
pictures of the proton inner landscape, helping in completing our knowledge of its
structure. Exciting times for physicists dealing with hadron physics are just ahead.
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For further introductory discussions on the open puzzles in hadronic physics
see, e.g., [13, 318], “The proton in 3D” (A. Bacchetta, M. Contalbrigo) and “Fem-
tostrutture: e pluribus unum” (A. Bacchetta, A. Signori; Italian only). Outreach
contributions about particle physics are available on Quantum Diaries, the blog of
the Interactions collaboration.
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