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1. Introductory remarks

Accessing the inner structure of hadrons via a multi-
dimensional study of their constituents represents a frontier
research of phenomenological analyses at new-generation ac-
celerators.

In the last decades the well-established collinear factor-
ization based on a one-dimensional description of the pro-
ton content through collinear parton density functions (PDFs)
has obtained a long series of successes in describing data at
hadron and lepton-hadron colliders.

On the other hand, essential questions on the dynamics of
strong interactions still do not have an answer. Unraveling the
origin of mass and spin of the nucleons calls for an enlarge-
ment of our point of view from the purely collinear picture to
a tomographic vision in three dimensions, naturally afforded
by the transverse-momentum-dependent (TMD) formalism.

Our knowledge of gluon TMDs is much more limited
than the one of quark TMDs. In [1] and then in [2–4]
(un)polarized TMD densities were classified for the first
time, while first attempt at phenomenological analyses can
be found in [5–12].

One of the major distinction between collinear and TMD
distributions is their dependence on gauge links. More in par-
ticular, the sensitivity of TMDs to the transverse part of the
gauge link leads to a process dependence which is instead not
present in the collinear case (see Refs. [13–15]). The process
dependence of quark TMDs is realized via the[+] and [−]
staple links, which are respectively connected the future- and

the past-pointing direction of Wilson lines. Gluon TMDs ex-
hibit a more intricate gauge-link dependence, which brings
to a more complicatedmodified universality. This comes out
from their sensitivity to a combination of two or more staple
links. There are two main gluon gauge-link structures: the
f -type and thed-type one, respectively known in the context
of small-x studies as Weiszäcker–Williams and dipole links.
The antisymmetric QCD color structure,fabc, is part of the
f -typeT -odd gluon-TMD correlator, while thed-typeT -odd
one contains the symmetric color structure,dabc. Thef -type
gluon TMDs are sensitive to the[±,±] gauge-link combi-
nations, whiled-type gluon TMDs are characterized by the
[±,∓] ones. More complicated gauge-link structures, given
in terms of box-loop combinations of[+] and[−] staple links,
are probed via reactions featuring multiple color exchanges
between the initial and the final state states [16]. For these
processes, however, it was proven that the TMD factorization
is violated [17].

In the small-x and moderate-pT regime the unpolarized
gluon TMD is connected with the BFKL unintegrated distri-
bution [18–20], of which several recent studies have appeared
so far [21–28]. Analyses on the dynamics of strong interac-
tions at high energies via the BFKL approach were recently
performed in [29–47].

A study of the proton content via quark TMDs calculated
in the spectator-model formalism was done in [48, 49], by
accounting for different polarization states of the di-quark
spectators and various form factors for the nucleon-parton-
spectator vertex. A common formalism was recently set up
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FIGURE 1. Transverse-momentum dependence of the[+, +] Sivers (upper) and linearity (lower) densities forx = 10−3 (left) andx = 10−1

(right), and at the initial scaleQ0 = 1.64 GeV. Black curves refer to the most representative replica #11.

up [50] (see also [51–55]) for all the leading-twistT -even
gluon TMD densities in the proton. Here, the standard spec-
tator model was improved to effectively capture effects com-
ing from the high-energy dynamics of QCD.

In this work we present results for theT -even unpolar-
ized gluon TMD and a preliminary study on thef -type T -
odd gluon Sivers distribution, both of them calculated in the
spectator-model approximation.

2. Gluon TMD distributions in a spectator
model

In the spectator framework one models the gluon correlator
in the following way. From an incoming nucleon with mass
M and four-momentumP a gluon is emitted with longitudi-
nal fractionx, four-momentump, and transverse momentum
pT . What remains is effectively described as a single on-shell
spectator having massMX and spin-1/2. The model for the
nucleon-gluon-spectator vertex is the following

Γµ =
(

Ξ1(p2) γ µ + Ξ2(p2)
i

2Mσ µνpν

)
, (1)

the Ξ1 and Ξ2 functions taken as dipolar coupling in the
gluon transverse momenta. Having dipolar form factors per-

mits to dampen gluon-propagator divergences, quench large-
pT effects, and remove logarithmic singularities arising in
pT -integrated densities. Taking into account the correspond-
ing nucleon and parton polarization states, we calculated all
the T -even gluon TMD distributions at leading twist in the
proton in the spectator-model approach [50]. In that pa-
per the naive spectator formalism was enhanced by weight-
ing the mass of the spectatorMX over a continuous range
though a spectral function suited to catch both small- and
moderate-x effects. The values of model parameters embod-
ied in the spectral mass and in the nucleon-gluon-spectator
vertex were fixed via a simultaneous fitting procedure of the
|pT |-integrated unpolarized and helicity gluon TMDs,fg

1 and
gg
1 , to the corresponding collinear PDF distributions obtained

by the NNPDFcollaboration [56, 57] at the initial scale of
Q0 = 1.64 GeV. The impact of the statistical uncertainty was
evaluated via the well-known bootstrap method.

The gluon correlator at tree-level does not account for the
gauge link. Therefore, ourT -even TMD densities do not ex-
hibit any process dependence.T -odd structures can be gen-
erated by going beyond the tree-level approximation for the
gluon correlator, and considering its interference with a dis-
tinct channel. In the same way as quark TMDs [48], we have
accounted for the one-gluon exchange in theeikonalapprox-
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imation, which corresponds to the first-order truncation of
the complete gauge-link operator. As a major effect, the ob-
tainedT -odd densities become sensitive to gauge links, and
thus they depend on the process. For a given gauge link, two
Sivers TMDs (f⊥1T ) exist and are obtained after a suitable pro-
jection of the transverse component of the gluon correlator.
The following relations of modified universality hold

f
⊥ [+,+]
1T (x, p2

T ) = − f
⊥ [−,−]
1T (x, p2

T ) , (2)

f
⊥ [+,−]
1T (x, p2

T ) = − f
⊥ [−,+]
1T (x, p2

T ) .

We made a preliminary study of the[+,+] Sivers function
with a simplified formula for the nucleon-gluon-spectator
vertex, obtained by setting theΞ2 form factor in Eq. (1) to
zero. Here, by reason of consistency, we fitted again the
model parameters toNNPDFparameterizations by adopting
the simplified formula of the vertex.

Upper panels of Fig. 1 show the dependence on trans-
verse momentum of the unpolarized gluon TMD for two val-
ues of the longitudinal-momentum fraction,x = 10−1 and
x = 10−3, and with the initial scale fixed toQ0 = 1.64 GeV.
Lower panels contain the dependence of thepT -weighted
[+, +] Sivers distribution for the same values ofx andQ0.
Both the densities exhibit a non-Gaussianp2

T -behavior, with

a flattening tail at large transverse momenta and a small but
nonzero value whenp2

T → 0. This suggests that in the low-
pT limit both functions diverge at most as1/|pT |. The two
densities exhibit an opposite behavior inx. While the unpo-
larized TMD has a bulk that grows whenx diminishes, the
peak of the Sivers functions shrinks at lowx. This is an in-
dication that transverse single-spin asymmetries are expected
to be less significant in the low-x range. However, we stress
that results obtained for the Sivers density could change even
drastically when the full-vertex calculation will be afforded.

3. Conclusions

We calculated all leading-twistT -even gluon TMDs by the
hands of an enhanced spectator-model framework, which al-
lowed us to catch both the small- and the moderate-x range.
The full calculation of the leading-twistf -typeT -odd TMDs,
such as the Sivers function is underway. They can be used as
a useful guidance to unveil the gluon-TMD dynamics at new-
generation colliding facilities, such as the Electron-Ion Col-
lider (EIC) [58], NICA-SPD [59], theHigh-Luminosity Large
Hadron Collider (HL-LHC) [60], and theForward Physics
Facility (FPF) [61,62].
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