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Electron lon Collider: 3D-Imaging the Nucleon
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Abstract. The Electron Ion Collider (EIC) is the project for a new US-based, high-energy,
high-luminosity facility, capable of a versatile range of beam energies, polarizations, and
ion species. Its primary goal is to precisely image quarks and gluons and their interactions
inside hadrons, in order to investigate their confined dynamics and elucidate how visible
matter is made at its most fundamental level. I will introduce the main physics ques-
tions addressed by such a facility, and give some more details on the topic of Transverse
Momentum Dependent parton distributions (TMDs).

1 Introduction

The Electron Ion Collider (EIC) is a US—based project to build the world’s first electron—nucleus
collider and the world’s first electron—proton collider with both polarized electron and proton beams.
The machine parameters were discussed in detail in the EIC White Paper [1, 2], and reviewed in
the 2015 Nuclear Science Advisory Committee (NSAC) Long Range Plan where for the first time
this project was established to be a priority for the entire nuclear physics community. They can be
summarized by stating that the EIC is a huge high—resolution microscope with the following features:

- highly polarized (70%) beams of electrons, protons and light nuclei,
- ion beams from deuteron to the heaviest nuclei (lead),

- a variable energy range in the center-of-mass (cm) of the collision between /s ~ 20 to 100 GeV,
upgradable to ~ 140 GeV,

- collisions at very high luminosity ~ 1033734 cm=2 571,
- possibility of more than one interaction region.

Electron beams are needed to count on the unmatched precision of the electromagnetic interaction
as a probe. High—energy and high—luminosity collisions are needed to construct a three—dimensional
imaging of the internal structure of nucleons and nuclei in terms of distributions of quarks and gluons
(collectively, partons) and their correlations. Polarization allows to explore the correlation of these
parton distributions with the nucleon spin, and the separate contribution of quarks and gluons to the
nucleon—nucleon interaction. Energy variability provides the tool to explore the transition from sea—
quark to gluon dominance, particularly in the nuclear environment. Finally, having a large set of
available ion beams opens the way to systematically study how this nuclear environment influences
the behaviour of partons, particularly of gluons at very large densities.
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The EIC science case is thus broad and diverse, but it can be summarized as the attempt of un-
derstanding how the structure of the visible matter in the universe comes about in the framework of
the Standard Model theory of strong interactions, the Quantum Chromodynamics (QCD). In QCD,
the quarks and gluons interact because they have a color charge. At variance with electromagnetism,
gluons carry color charge and can interact with each other. Hence, QCD is an intrinsically nonlinear
theory. While at very small separations quarks and gluons interact weakly and perturbative tech-
niques can be applied to solve QCD with spectacular results (see, for example, Ref. [3] and references
therein), the visible hadronic matter is formed by quark—gluon interactions at the typical scale of the
proton size, namely of one or few Fermi. At such separations, the quark—gluon force is so large that
QCD cannot be calculated from first principles. Neither lattice QCD (which tries to solve the non—
abelian gauge theory on a discretized space—time lattice) is the ultimate answer: parton distributions
are studied in the socalled light—cone kinematics, and lattice simulations cannot presently address this
dynamical regime. The most intriguing puzzle of the nonlinear QCD is color confinement, namely
the fact that free quarks and gluons (free color charges, in general) cannot be observed: partons are
permanently confined inside color—neutral hadrons. This evidence hampers any attempt of elucidat-
ing the microscopic details of such nonlinear dynamics. As a consequence, several questions are still
open that have large impact also on other fields in physics. The EIC project aims to address them in
detail.

2 Open questions in QCD

Perhaps the most relevant problem is understanding the origin of the nucleon mass. We know that in
the Standard Model the Higgs mechanism provides the mass of quarks, that are external parameters
to the QCD Lagrangian. For valence quarks (i.e., those which contribute to the quantum numbers of
the nucleon), these masses are nearly one hundredth smaller than that of the nucleon. Gluons carry
no mass. It is only thanks to the strong interaction of quarks and gluons with each other and with
the QCD vacuum that the generated energy transforms into the observed mass of the proton and the
neutron, the most common elements in the universe. The QCD dynamics of partonic fields is thus
responsible of approximately 99% of the mass of all visible matter [4]. Not only, it is responsible
also for the tiny difference between the proton and the neutron masses which is at the origin of the
nucleosynthesis and the formation of stars. Why is all this a problem? Because we are not able to
calculate this nonlinear dynamics at the scale of the proton size. Therefore, we cannot learn all details
that bring confined interacting partons to eventually produce the observed hadron masses. The same
argument applies also to other macroscopic properties of the nucleon like its size (for a review, see
Ref. [8]) and spin.

Since the first measurement of the EMC collaboration [10], we know that only a small fraction
(< 30%) of the proton spin is carried by quarks. Only recently, we got the experimental evidence
that the gluon gives a nonvanishing contribution [11]. But the still large uncertainty in both the
experimental measurements and in the theoretical analysis makes it difficult to conclude that this
contribution does or does not saturate the proton spin sum rule. This means that in principle there
is room for other contributions coming from the orbital motion of partons inside the proton [12, 13].
Even if the sum of these contributions from different flavors would compensate and give a vanishing
share of the proton spin, still it would be interesting to study how the cancellation would come about.
At the quantitative level, we have only speculative calculations of the nucleon matrix elements of
the partonic orbital angular momentum operator either in models (see, e.g., Ref. [14]) or in lattice
QCD [15]. In fact, the definition of this operator is in general not unique in an interacting quantum
field theory like QCD [16]. An unambiguous formulation implies the use of new partonic correlation
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operators, the Wigner distributions of quarks and gluons [17], whose extraction from experimental
data is still under debate [18].

The nonlinearity of QCD is responsible also for a proliferation of the number of gluons when
we probe a hadronic target at very large cm energies /s (or, equivalently, at very small fractional
momenta x carried by partons). In fact, a colored gluon can split into two colored gluons. At small x,
the splitting is favored and the net result is a dramatic increase of the gluon density distribution. But
this rising cannot continue forever because it would violate the unitarity in the cross section. When
the density reaches some critical value, pairs of gluons must start to recombine into a single gluon at
a rate that balances the splitting. This phenomenon is called saturation [19]. Where does it set in?
The idea is that there should be a threshold scale depending on x, named saturation scale Q(x), that
separates the condensed and saturated gluonic matter from the dilute and confined quarks and gluons.
However, nobody has ever seen evidence of this new gluonic matter in the experimental data so far.
Does Q,(x) depend on the chosen hadron target or is it universal? In other words, is there a universal
gluonic matter (often referred to as the Color Glass Condensate — CGC — a new state of matter [19])
at very large densities? More generally, how does nuclear matter affect the quark—gluon interaction?

The possibility of using heavy ion beams at EIC could provide a precocious access to saturation
because the virtual photon would probe matter coherently over a length proportional to 1/x, which can
exceed the diameter of a Lorentz—contracted nucleus. Then, all gluons at the same impact parameter
would contribute to the probed density, reaching saturation at lower energies than with a electron—
proton collisions. Therefore, the EIC could be the first machine to provide experimental evidence of
saturated gluonic matter and to validate the CGC hypothesis. At the same time, with collisions at
high luminosity and with a high degree of polarization it will be possible to build a three—dimensional
picture of the internal motion of partons both in space and momentum. This sort of nucleon tomog-
raphy should elucidate many aspects of the nonlinear dynamics of gluons and of different flavors of
quarks, with particular emphasys on the spin—-momentum correlations contributing to the proton spin
sum rule. In this respect, the combination of high luminosity and wide reach in cm energy with high
polarization in both colliding beams, and with a large selection of ion beams, makes the EIC a unique
facility in the panorama of electron scattering machines of both fixed—target and collider types [2].

In the following, we focus on the new perspective of building a tomography of the nucleon. In par-
ticular, we consider the recent achievements in momentum space using new tools named Transverse—
momentum dependent parton distributions (TMDs).

3 Nucleon tomography

There are different starting points to explore the internal structure of the nucleon. Spectroscopy is the
doorway to explore QCD at work when combining quarks and gluons to form bound states, including
unexpected exotic configurations like glueballs, tetraquarks and pentaquarks. Alternatively, elastic
scattering with large cm energies allows to catch inner details of the hadron structure. The typical
adopted regime is called Deep-Inelastic Scattering (DIS), where the space-like 4-momentum ¢ trans-
ferred to the target becomes larger and larger while keeping the ratio xz = Q%/2P - g fixed, with P the
target 4-momentum and Q> = —¢* > 0. The kinematics is highly relativistic and it is useful to describe
the system in terms of Light-Cone (LC) variables (a 4-vector a is represented as a = {a*, a~, ar}, with
a* = (a° + a;)/ V2). In fact, if the target is initially at rest, after absorbing the virtual photon it gets
boosted along the direction of the spatial momentum transfer, say Z. Since Q — oo, the target momen-
tum has a dominant component, P* ~ Q, while P~ ~ 1/P* is suppressed and can be neglected. The
target gets squeezed as a disk along the boost direction by Lorentz contraction, and it can be approxi-
mated as an assembly of partons traveling collinearly with the parent hadron, with "LC-longitudinal"
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momenta p* = xP* and negligible transverse momenta |k7| < p*, with x ~ xg. This highly rela-
tivistic framework, conventionally named Infinite Momentum Frame (IMF), is the framework where
ordinary Parton Distribution Functions (PDFs) are defined and extracted from data as functions of the
partonic fractional momentum x and of the hard scale Q.

However, in the previous section we have already come across an experimental evidence that this
picture is not exhaustive: the possibility that "spin—orbit" correlations can have a nonvanishing share
of the proton’s spin points out the dynamical relevance of the transverse momentum k; of partons
with respect to the parent hadron momentum. Therefore, we need to go beyond the simple mono—
dimensional picture where details of parton dynamics come only from the PDFs as functions of the
collinear partonic momentum fraction x.

In principle, the maximum information available about the dynamics of partons moving inside the
nucleon in the IMF is contained in the socalled Wigner distributions WS,Sq(x, kr, b), which describe
the correlation between the transverse momentum k and position b of a parton with helicity S, and
"LC-longitudinal" fraction x of the momentum of the parent nucleon with helicity S [20]. The trans-
verse distance b (or impact parameter) is measured relative to the center of mass R in the transverse
plane, which can be localized to zero by constructing a superposition of nucleon states with transverse
momenta Py < P* (in order to comply with the IMF interpretation of the nucleon as an assembly of
many collinear partons) [21].

By construction, the 5-dimensional W is not positive—definite, i.e. it is not a probability den-
sity. But it is not constrained by the Heisenberg principle because b is not the conjugate variable
of kr but rather of the variation of transverse nucleon momentum in the scattering process, namely
q = P} — Py [22]. As such, the Wigner distributions are defined as matrix elements between different
nucleon states of various nonlocal quark and gluon operators, depending on the parton and/or nucleon
polarization state. At present, it is not clear whether there is a process where the Wigner distributions
could be extracted from; suggestions have recently appeared in the literature [18] and are being scruti-
nized. The quark orbital angular momentum (OAM) operator can be defined starting from the Wigner
distribution for an unpolarized quark ¢ in a longitudinally polarized nucleon [17],

zg:fdb

where (k%.)(b) is the average transverse momentum carried by a quark g at a certain transverse position
b. The OAM is then built by generalizing its classical definition, and the IZ operator satisfies the
canonical commutation relations.

b x f dxdkr kr WY (x, kT,b)] f db [bx (k5)®)). (1

Z

By integrating the kr—dependence of the Wigner distributions W, we can build new partonic
densities in configuration space, namely the impact-parameter distributions g(x, b) [22]. They describe
the probability density for a parton with flavor ¢ and "LC-longitudinal" momentum x to be located in
the transverse plane at distance b from the transverse center-of-mass R = 0. Hence, for each x we can
build a snapshot of the nucleon in the transverse plane: we can make a nucleon tomography.

By integrating the b dependence of the Wigner distributions W, we can build new partonic densi-
ties in momentum space, the Transverse—momentum dependent parton distributions g(x, k7) (TMDs).
They describe the probability density of finding a parton with flavor ¢ (and polarization S ;) carrying
a "LC-longitudinal" momentum x and a transverse momentum k7 at the hard scale Q>. We stress that
the TMDs ¢g(x, k7) are not simply the Fourier transform of the impact-parameter distributions g(x, b)
because k7 is not conjugated to b. Hence, the information delivered by TMDs is indeed independent
and complementary. In the following, we summarize our current knowledge about TMDs.
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4 Transverse momentum distributions

In the DIS regime, the TMDs emerge as leading coefficients in the expansion of the scattering ampli-
tude in 1/Q? (leading twist). For a spin—% hadron (e.g., the proton), there are eight TMDs at leading
twist. They are grouped according to the unpolarized (U), longitudinal (L), or transverse (T) polar-
ization state of the parton or of the proton. By integrating their k7 dependence, we recover the three
independent PDFs (as functions of x) that fully describe the collinear partonic structure of the nucleon
at leading twist: the well known unpolarized momentum distribution f; and helicity distribution g,
and the less known transversity distribution %;, which has been extracted only recently by two inde-
pendent procedures [23-25]. The combinations corresponding to longitudinally polarized quarks in
unpolarized protons (LU) and viceversa (UL) are forbidden by imposing the invariance of the scatter-
ing amplitude under parity transformations. The TMDs involving transversely polarized quarks are
named chiral-odd because they are connected to processes where the quark helicity is flipped (at lead-
ing twist, helicity and chirality are the same). As such, the chiral-odd TMDs should be suppressed in
QCD where helicity is conserved up to terms proportional to (small) m/Q (with m the quark mass).
Nevertheless, they appear in scattering amplitudes at leading twist and are responsible of visible and
measurable effects.

The TMDs can be extracted only in processes with two scales: a hard one (Q?) that localizes the
probe and enables "to see" the partons, and a soft one that is sensitive to the transverse momenta of
partons confined at the scale of the proton size. The typical example is a Semi-Inclusive process in
the DIS regime (SIDIS) where one measures the azimuthal angle of the final-state products around a
reference axis defined in the lab frame. If the transverse momentum |P;7| of the outgoing particles
is much smaller than the hard scale Q of the process, a specific factorization proof has been put
forward that allows to isolate TMDs in the scattering amplitude [26, 27]. In this framework (called
TMD framework), the SIDIS cross section can be parametrized in terms of various structure functions
(depending on the polarization of the beam/target/final products), each one involving a specific TMD
(and a corresponding fragmentation function for the final products) [28]. Each structure function has
a peculiar dependence upon the azimuthal angle of the final products, as well as the azimuthal angle
of the various polarization vectors involved. Consequently, it can be isolated by constructing specific
azimuthal asymmetries, sometimes involving a spin flip of a polarized particle (in which case, we deal
with Single-Spin Asymmetries - SSAs).

Several experimental measurements of SIDIS azimuthal and spin asymmetries were performed
in the last 15 years, addressing each one of the eight TMDs (for a review of the current situation
see Ref. [29]). However, the collected amount of data is not yet sufficient to grant a knowledge
of TMDs comparable to what we have learnt so far about PDFs. Only recently, first attempts to
parametrize the unpolarized flq(x, k7) have appeared in the literature [30, 31], in order to explore
if and how the k7 dependence changes with flavor ¢ and with x. The ff(x, k1) occurs also in the
leading—twist part of the cross section for unpolarized proton—proton collisions leading to a final pair
of leptons (Drell-Yan process), if the transverse momentum g7 of the virtual decaying boson is much
smaller than the invariant mass Q of the lepton pair (the hard scale) [32]. Recent extractions of this
TMD from these data have been released with very sophisticated analyses [33-35]. Interestingly, it
emerges that the nonperturbative details of TMDs have a visible impact also on the low kr—tail of the
transverse momentum distribution for Z boson production at LHC [34], possibly affecting also some
Standard Model parameters like the W boson mass and, consequently, modifying some thresholds
and/or sensitivities to effects from New Physics beyond that. By comparing the available analyses of
both SIDIS and Drell-Yan processes, an explicit indication has been obtained that the average width
(k%> depends on the cm energy available in the process [36].
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But only recently the first attempt of extracting fl" (x, kr) from a global fit has been finalized [37].
The analysis has been carried out in the kinematic limits M2, P%T < Q? for SIDIS and q% < 0? for
Drell-Yan, at leading order (LO) in the strong coupling constant @, and resumming important QCD
radiative corrections at the next—to—leading logarithmic level (NLL). Within these approximations,
the SIDIS cross section is proportional to a convolution of f(x, k7) and the function D?_’h(z, P)) for
the fragmentation of a quark ¢ into a hadron 4 carrying fractional energy z and transverse momentum
P, . The Drell-Yan cross section simplifies to a convolution of fl" (x, k7) and flq (x, k7) for the cor-
responding antiquark in the annihilation. The evolution of TMDs from a starting scale Qy to a final
scale Q is better studied in configuration space introducing the dependence on the conjugate variable
£ [38]. In the LO and NLL approximation, it reads [37]

2 2 2 2 2
e, €,0%) = fl(x, ) & Wr@) SNeE) 102(Q0) # (1 £7). 2)

According to the CSS formalism [38], the resummation of soft gluon radiation is contained in the
exponential form of the Sudakov form factor S. The collinear PDF is evaluated at the scale y; which
depends on &2 such that it is always constrained between Qy and Q. When Q = Q,, there are no
evolution effects and the TMD falls back into the product of a collinear PDF at u;, = Qo multiplied by a
nonperturbative function of &. The latter contains free parameters that need to be fixed to experimental
data. It is made of two terms: the exponential form of a nonperturbative Sudakov form factor S np
and the arbitrary function finp. The former is usually chosen as Snp = —g2&2/2 with g a fitting
parameter. In Ref. [37], the latter is chosen as the normalized linear combination of two Gaussians
with the same width g;(x). An evolution equation similar to Eq. (2) holds also for the fragmentation
function D, whose Dnp is parametrized as a linear combination of Gaussians with different widths
93(2), g4(2). The coefficients of the two linear combinations are fitting parameters. Also g;(x) and
g34(z) contain fitting parameters, for a total of 11 free parameters. Their best values are determined
using the bootstrap method. A set of M replicas of the data points is created by altering them with a
Gaussian noise with the same variance as the experimental measurement. For each replica r, the set
of new points is fitted as if it were an independent experiment, thus producing a vector of parameters
V.. The number M is fixed by accurately reproducing the mean and standard deviation of the original
data points. In the following plots, it is used M = 200 and the uncertainty band is constructed by
taking the central 68% of the 200 replicas, namely by rejecting the largest and smallest 16% of them
for each experimental bin [37]. If the 200 theoretical outcomes were Gaussian—distributed, the central
68% would correspond to the standard 1o~ confidence interval.

The SIDIS data have been taken by the HERMES [39] and COMPASS [40] collaborations using pro-
ton and deuteron targets and detecting various types of final hadrons. The HERMES data set covers the
range 0.04 < x < 0.4, while for COMPASS 0.005 < x < 0.12. Several kinematical cuts were applied in
order to ensure that the TMD factorization framework is applicable and that only the current fragmen-
tation region is explored: Q2 > 1.4 GeVZ, P,y < min[0.2 0, 0.7z0]1+0.5GeV, and 0.2 < z < 0.74.
These cuts reduced the considered bins to 1514 and 6252 for HERMES and COMPASS, respectively. The
results are displayed in Fig. 1. Each box corresponds to a specific pair of (x), (Q*) bins. In each box,
the various curves are the Pj,r distributions for different (z) bins, where each curve is shifted by an
offset indicated in the legenda. Since the published COMPASS data are affected by normalization errors
(see the erraturm to Ref. [40]), the theoretical results are normalized to the first Py data point for
each (z) bin. The bands are the result of the global fit in Ref. [37].

The Drell-Yan data were collected at the Tevatron in different times, and are here organized in a
set with final lepton pairs at low invariant mass and another set at the Z mass. The first data set was
produced by the E288 [41] and E605 [42] collaborations. After imposing the cut gr < 0.2Q0 + 0.5
GeV to comply with the TMD factorization framework, the total amount of fitted bins reduces to
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Figure 1. SIDIS multiplicities of charged pions. Left panel: results from the HERMES collaboration [39] for proton
(upper two rows) and deuteron (lower two rows) targets. Right panel: results from the COMPASS collaboration [40]
for negatively charged hadrons off deuteron targets. Each box corresponds to specific ({x), (Q?)) bins. The curves
are Py distributions at different (z) bins, shifted by an offset specified in the legenda. The bands are the result of
the global fit from Ref. [37].

203. In the right panel of Fig. 2, from left to right the first three plots refer to the E288 results for
collisions of protons on Cu or Pt targets at three different cm energies /s = 19.4, 23.8, 27.4 GeV.
In each plot, the curves are the gy distributions at different values of the invariant mass (Q) of the
produced u*u~ pair. The rightmost plot contains the E605 results in the same notations for collisions
of protons on a copper fixed target at /s = 38.8 GeV. For clarity, each (Q) bin has been normalized
to the first data point and then shifted by an offset indicated in the legend. In the right panel, the data
points collected by the CDF and DO collaborations at the Tevatron are shown for two different runs
at s = 1.8 TeV [43, 45] and +/s = 1.96 TeV [44, 46], where a proton and an antiproton collide
producing e*e™ pairs with invariant mass Q ~ Mz. The same previous kinematical cut is applied on
qr so that the amount of fitted bins is 90. The theoretical curves are the result of the global fit from
Ref. [37], and are normalized according to the factors listed in Ref. [34] and obtained by comparing
the experimental total cross section with the one computed in Ref. [47].

In summary, the global fit of Ref. [37] considered a set of 8059 data points using a vector V of 11
free parameters for a total y? per degree of freedom equal to 1.55 + 0.05. Using the replica method,
the global fit produces V,, r = 1, ..,200, parameter vectors, from which we can construct any related
observable. In particular, the average transverse momentum (ki)(x) of the TMD in Eq. (2) and of
the related fragmentation function (P2 )(z) can be analytically computed and are shown in Fig. 3. We
recall that the uncertainty bands are formed from the central 68% of the 200 replicas of the average
values. These bands are the first example of hadron tomography in momentum space because they
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Figure 2. The Tevatron data for the Drell-Yan cross section. Left panel: results from the E288 collaboration [41]
at cm energies /s = 19.4, 23.8, 27.4 GeV (three leftmost plots) and from the E605 collaboration [42] at /s =
38.8. GeV. Right panel: results from Run I and Il at v/s = 1.8 and 1.96 TeV from the CDF [43, 44] and DO [45, 46]
collaborations, respectively. The curves are gr distributions of the final lepton pair at different invariant masses
(Q), shifted by an offset as indicated in the legenda. In the right panel, the invariant mass is Q ~ M. The bands
are the result of the global fit from Ref. [37].

1072 107! 1
X z

Figure 3. In the left panel, the average transverse momentum squared (k> ) of a quark confined in a proton as a
function of its longitudinal momentum fraction x. In the right panel, the same for the fragmenting quark with P
as a function of the fractional energy z of the detected hadron. The bands are the envelope at 68% confidence level
of the full set of best-fit curves [37]. The data used in the global fit approximately cover the range 0.005 < x < 0.5
and 0.2 $z<0.7.

show at 68% confidence level a snapshot of the average transverse momentum distribution of partons
for each different longitudinal fractional momentum (and similarly for the fragmenting parton).

5 Outlooks

Several improvements upon the theoretical approach used in the global fit discussed in the previous
section, should be explored in order to get more realistic results. In short, a flavor dependence should
be introduced in the fitting parameters to reflect the natural expectation that transverse momentum
distributions of different flavors should be different. The analysis is based on the assumption that
the functional form of TMDs is a linear combination of Gaussians: other forms should be explored,
also for the arbitrary nonperturbative part of the evolution operator. A more refined analysis of the
perturbative calculable part of TMDs should be attacked which would probably allow for a better
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description of data at larger transverse momenta, and would relax the tension in the normalization of
theoretical results to data points.

More experimental data are also needed for several reasons. The analysis of SIDIS data typically
returns a strong anticorrelation between the average tranverse momenta of TMD and of the corre-
sponding fragmentation functions [30, 37]. The discussed results show that including the Drell-Yan
data into the fit smooths this anticorrelation but it does not solve the problem. Only e*e™ data for
transverse momentum dependent fragmentation functions could provide the independent information
that would overcome anticorrelation. But these data are still missing. In general, more data are needed
to constrain the arbitrary nonperturbative part of TMD evolution [48]. From this point of view, a large
range in Q° should be spanned.

The discussed results concern quark TMDs. At present, almost nothing is known about gluon
TMDs because they typically require higher—energy scattering processes. Several promising measure-
ments have been proposed which include isolated photon—pair production at RHIC [49] and quarko-
nium production at LHC [50-52]. But the cleanest possibility perhaps would be to look for dijet and
heavy quark pair production in electron—proton collisions at the future EIC [53, 54]. The available
larger phase space in x, Q°, Pyr, z, really makes the EIC project a crucial step in the global deter-
mination of TMD and, more generally, in the 3—dimensional exploration of the internal structure of
hadrons in both configuration and momentum space.
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