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Summary. — We perform explorative analyses of the 3D gluon content of the
proton via a study of (un)polarized twist-2 gluon TMDs, calculated in a spectator
model for the parent nucleon. Our approach encodes a flexible parametrization for
the spectator-mass density, suited to describe both moderate and small-x effects.
All these prospective developments are relevant in the investigation of the gluon
dynamics inside nucleons and nuclei, which constitutes one of the major goals of
new-generation colliding machines, as the EIC, the HL-LHC and NICA.

1. – Introductory remarks

The search for clues of New Physics is a primary target of current and upcoming stud-
ies at the Large Hadron Collider (LHC) and at new-generation hadron, lepton and lepton-
hadron colliders. This is the best moment to deepen our understanding of strong inter-
actions and, notably, of the hadron structure in terms of parton distributions. Although
significant results were obtained concerning quark transverse–momentum-dependent dis-
tribution functions (TMDs), the deep knowledge of their formal properties being sur-
rounded by a rich and wealthy phenomenology, the gluon-TMD field represents an almost
uncharted territory.

Gluon-TMD densities were listed for the first time in ref. [1] and then classified in

refs. [2-4]. First phenomenological analyses of the unpolarized (fg
1 ) and Sivers (f⊥g

1T )
gluon-TMD functions were done in refs. [5-7] and [8-11], respectively. From a formal
point of view, it is widely recognized that different classes of processes probe distinct
gauge-link structures, thus resulting in a more diversified kind of modified universality
with respect to the quark case. This brings us to a distinction between f -type and
d-type gluon TMDs, also known in the context of small-x studies as Weiszäcker-Williams
and dipole TMDs [12-14]. The [+,+] and [−,−] gauge links emerge in f -type TMDs,

Creative Commons Attribution 4.0 License (https://creativecommons.org/licenses/by/4.0) 1

Francesco Giovanni Celiberto




2 FRANCESCO GIOVANNI CELIBERTO

whereas the [+,−] and [−,+] gauge links are the building blocks of the d-type ones.
More intricate, box-loop gauge links appear in processes where multiple color states are
present both in the initial and final state [15], thus leading, however, to factorization-
breaking effects [16]. At large transverse momentum and at small x, the unpolarized and

linearly polarized gluon TMDs, fg
1 and h⊥g

1 , are linked [14] to the unintegrated gluon
distribution (UGD), originally defined in the BFKL formalism [17-20] (see refs. [21-34]
for recent applications).

With the aim of fulfilling the need for a flexible model suited to phenomenology, we
present a common framework for all T -even and gluon TMDs at twist-2, calculated in
a spectator model for the parent nucleon and encoding effective small-x effects from the
BFKL resummation. At variance with respect to previous works, our approach embodies
a flexible parametrization for the spectator-mass spectral density, allowing us to improve
the description in a wide range of x.

2. – A spectator-model way to gluon TMD distributions

We have extended spectator-model calculations, done for quark TMDs [35,36], to the
case of unpolarized and polarized T -even gluon TMDs at twist-2. The assumption of
the model is that a nucleon (a proton, in our study) can emit a gluon with longitudinal-
momentum fraction x and transverse momentum pT , while the remainders are treated
as a single spectator particle. The nucleon-gluon-spectator coupling is described by an
effective vertex containing two form factors, given as dipolar functions of p2

T . Dipolar
expressions are very useful, since they permit us to cancel the gluon-propagator singu-
larity, dampen the effects of high transverse momenta where the TMD formalism cannot
be employed, and quench logarithmic divergences emerging in pT -integrated densities.

We have enhanced the standard spectator-model description by allowing the spectator
mass, MX , to be in a range of values weighed by a spectral function. We fit model pa-
rameters by reproducing the gluon-unpolarized and helicity-collinear parton distribution
functions (PDFs), obtained in global fits, at the initial scale, Q0 = 1.64 GeV. A detailed
description of our model as well as technical aspects of our fit are given in ref. [37].

We present a selection of results of our gluon TMDs for different combinations of
nucleon spin and emitted-gluon polarization. In particular, we focus on the tomographic
imaging in the pT -plane of the so-called ρ-densities. For an unpolarized nucleon with
mass M , we define the unpolarized density

(1) xρ(x, px, py) ≡ xfg
1 (x,p

2
T )

as the probability distribution of finding an unpolarized gluon at given x and pT . Anal-
ogously, we identify the Boer-Mulders density,

(2) xρ↔(x, px, py) ≡
1

2

[
xfg

1 (x,p
2
T )−

p2y − p2x
2M2

xh⊥g
1 (x,p2

T )

]
,

as the probability of finding a gluon linearly polarized in the transverse plane, as a
function of x and pT . Contour plots in fig. 1 show the pT -behavior of xρ(x, px, py) (left
panel) and x ρ↔(x, px, py) (right panel) for x = 10−3, the color code identifying the size
of the oscillation of each density along the px,y directions. Ancillary 1D panels below
each contour plot ease the visualization of these oscillations on the px-axis, at py = 0.
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Fig. 1. – Tomographic imaging of the unpolarized (left) and Boer-Mulders (right) gluon TMD
densities as functions of pT ≡ (px, py), for x = 10−3 and at the initial energy scale, Q0 = 1.64
GeV. Ancillary 1D plots show the density at py = 0.

Since xρ(x, px, py) describes unpolarized gluons inside an unpolarized proton, it exhibits
a cylindrical symmetry around the direction of motion of the nucleon pointing towards
the reader. Conversely, the description of linearly polarized gluons inside an unpolarized
nucleon leads to a dipolar shape for xρ↔(x, px, py).

3. – Closing statements

We have developed a consistent framework, based on a spectator-model descrip-
tion, where all the leading-twist T -even gluon distributions are concurrently generated.
Moderate- and small-x effects are embodied in our densities by weighing the spectator-
system mass via a flexible spectral function. At the present stage, our model is valid for
both the f -type and d-type gluon TMDs. An extension to the case of leading-twist T -odd
gluon TMDs is underway. Our results for the tomography in the momentum space of
(un)polarized gluons inside (un)polarized protons can represent a useful guidance on the
exploration of observables sensitive to gluon-TMD dynamics at new-generation collid-
ers, as the Electron-Ion Collider (EIC) [38], the High-Luminosity Large Hadron Collider
(HL-LHC) [39], and NICA [40].
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