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1. Opening remarks

Unraveling the inner structure of nucleons through a multi-dimensional analysis of their con-
stituents is a frontier research of phenomenological studies at new-generation colliding machines.
The well-established collinear factorization, relying upon a one-dimensional vision of the pro-
ton content by means of collinear parton distributions functions (PDFs), has collected a long
series of achievements in describing data at hadron-hadron and lepton-hadron colliders. On the
other side, fundamental problems of the dynamics of strong interactions still wait to be answered.
Understanding the origin of mass and spin of hadrons requires a stretch of our viewpoint from
the collinear framework to a 3D tomographic treatment, genuinely provided by the transverse-
momentum-dependent (TMD) formalism. Our knowledge of the gluon-TMD sector is much more
limited with respect to the quark-TMD case. In [1] and then in [2—4] unpolarized and polarized
TMD PDFs were listed for the first time, whereas first exploratory studies on gluon-TMD phe-
nomenology were proposed in Refs. [5—12]. A striking difference between collinear and TMD
densities is the dependence on the gauge link. The sensitivity of TMD PDFs to the transverse
components of the gauge link makes them dependent on the process considered, while it does not
happen in the collinear case [13—15]. In particular, quark TMD PDFs depend on the process by
means of two main gauge links: the [+] staple link, which is related to the future-pointing direction
of the Wilson lines, and the [—] one, which is connected to the the past-pointing one. Conversely,
the gauge-link dependence of gluon TMD is much more intricate. This leads to a more diversified
kind of modified universality. There exist two principle gluon gauge links: the f-type and the
d-type structure, also known in the context of small-x studies as Weiszicker—Williams and dipole
types. The antisymmetric QCD color structure, f,p., is typical of the f-type T-odd gluon-TMD
correlator, whereas the d-type T-odd one embodies the symmetric color structure, d,p.. The f-type
(d-type) gluon TMD PDFs are sensitive to the [+, +] ([+, ¥]) gauge-link combination. A relation
between the unpolarized gluon TMD function and the BFKL unintegrated distribution [16—19] ex-
ists only at small-x and moderate- transverse momentum (for recent phenomenological applications
see Refs. [20—47]). Pioneering studies on quark TMD PDFs were done in Refs. [48, 49] in the
context of the spectator-model formalism. There, different spin states of di-quark spectators as
well as several form factors for the nucleon-parton-spectator vertex were considered. That work
was recently extended to leading-twist T-even gluon TMD densities in the proton [50-55]). We
present results for the T-even gluon Boer—Mulders function and a preliminary analysis on the f-type
T-odd gluon Sivers TMD PDF, both of them obtained within the spectator-model formalism. The
Boer—Mulders TMD has particular relevance at the LHC, since it is connected to the density of
linearly polarized gluons inside an unpolarized proton. Conversely, the Sivers function is the key
ingredient to study transverse single-spin asymmetries accessible at the future EIC as well as at the
planned LHCspin [56-58].

2. Spin-dependent gluon TMD PDFs in a spectator framework

We model the gluon correlator according to the spectator framework. From a parent nucleon
of four-momentum P and mass M a gluon with four-momentum p, transverse momentum pr, and
longitudinal fraction x, is struck. The remainders are portrayed as an effective on-shell particle, the
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spectator, with mass Mx and spin 1/2. The nucleon-gluon-spectator effective vertex embodies two
form factors, given as dipolar functions of p%. Choosing dipolar form factors allows us to quench
gluon-propagator singularities and dampen logarithmic divergences arising in the | pr|-integrated
correlator. All the spectator-model T-even gluon TMD PDFs at leading twist in the proton were
calculated in Ref. [50]. In that work the pure spectator approach was improved by weighing the
spectator Mx mass over a continuous range via a spectral function suited to collect both the small-
and the moderate-x dynamics. Model parameters encoded in the spectral mass and the nucleon-
gluon-spectator coupling were determined by making a simultaneous fit of the |pr|-integrated
unpolarized and helicity gluon TMD PDFs, flg and g‘f , to the corresponding collinear densities
provided by the NNPDF collaboration [59, 60] at the initial scale of Qg = 1.64 GeV. The impact
of the statistical uncertainty was assessed through the well-established replica method [61]. The
gluon correlator at tree level is not sensitive to the gauge link. Thus, our T-even TMD PDFs are
process independent. A T-odd density can be generated by going beyond the tree level for the
gluon correlator, and taking into account its interference with another channel. Making use of the
same strategy adopted in the quark-TMD case [48], we have considered the one-gluon exchange
in the eikonal approximation, which actually represents the truncation at the first order of the full
gauge-link operator. As a consequence, the resulting T-odd structures are now sensitive to the
gauge link. Therefore, they are process dependent. While, under gauge-link variation, a given
spectator-model T-even density, say the Boer—Mulders TMD PDF (hllg ), remains the same, two
distinct spectator-model T-odd functions, say two Sivers TMD PDFs ( flng ), exist. They are obtained
after suitably projecting the transverse component of the TMD gluon correlator. Thus one has the
following relations of modified universality for the T-odd case:

fi ) = - A ph) (1)
) = -t e pd)

We present results for the spectator-model gluon Boer—Mulders function, as well as preliminary
studies on the gluon Sivers TMD PDF. For the sake of consistency, values of model parameters are
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Figure 1: Transverse-momentum dependence of Boer-Mulders function at x = 1073 (left) and the |pr|-
weighted [+, +] Sivers function at x = 10~ (right), obtained in the spectator model at the initial scale of
Qo = 1.64 GeV. Black curve is for the most representative replica #11.
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the ones obtained via the fit to NNPDF parameterizations for flg and g;"’ integrated densities. Plots
of Fig. 1 exhibit the transverse-momentum dependence of the Boer-Mulders function at x = 1073
(left) and the | p7|-weighted [+, +] Sivers distribution at x = 10~! (right), and with the initial scale
setto Qo = 1.64 GeV. Both TMD PDFs clearly show a non-Gaussian p% behavior, with a decreasing
tail at high transverse momentum. The Boer—Mulders function starts from a finite value at p% =0
and goes down very fast as p2T increases. The Sivers function starts from a small, non-zero value
at p% = 0, then has a peak in the p% < 0.1 GeV? and then a larger flattening tail.

3. Closing statements

We reported progress on spin-dependent gluon TMD PDFs at leading twist via an enhanced
version of the spectator-model formalism, which permitted us to catch both the small- and the
moderate-x dynamics. We plan to complete the calculation of the T-odd gluon TMD PDFs soon.
These studies can serve a useful guidance to access the gluon-TMD dynamics in the proton at new-
generation colliding machines, such as the EIC [62-65], NICA-SPD [66], the HL-LHC [67-70] and
its extension to polarized fixed targets [56-58, 71-73], the Forward Physics Facility (FPF) [74-77].
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