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Accurate gluon densities at small x are essential for reducing theoretical uncertainties in col-
lider predictions, yet remain one of the least constrained ingredients in global analyses. We
report recent advances in the resummation of small-x logarithms in the gluon sector, focusing
on collinear distributions and their interplay with transverse-momentum-dependent formulations.
Particular attention is paid to the impact of gluon-proton spin correlations and to the emergence
of unintegrated gluon densities derived from resummed dynamics. These developments aim to

fill the current precision gap in the small-x region and enable robust applications to LHC and
future-collider observables.
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1. Hors d’cuvre

The precise determination of parton distribution functions (PDFs) [1-3] at small values of the
Bjorken variable x is a central objective in modern hadron collider phenomenology. Gluon densities,
in particular, dominate most high-energy processes, including (multi-)jet [4, 5] production, heavy-
flavour channels [6—14], Higgs boson dynamics [15-19], and (forward) Drell-Yan processes [20,
21]. Despite their relevance, gluon PDFs remain among the least constrained components in global
analyses, especially in the small-x regime, where experimental coverage is limited and theoretical
uncertainties are enhanced.

At small x, the growth of logarithmic terms of the type In(1/x) severely hampers the reliability
of fixed-order calculations. These logarithms originate from large rapidity separations and multiple
soft gluon emissions, and their systematic resummation [22, 23] is essential to restore perturbative
stability. Over the past two decades, considerable theoretical effort has been devoted to the inclusion
of small-x resummation within the collinear factorisation framework, allowing for more accurate
PDF fits and cross-section predictions [24-27]. Such improvements are particularly important in
the context of the LHC and of next-generation colliders, where processes initiated by small-x gluons
will play a leading role.

Beyond inclusive observables, precision in the small-x domain also requires a better grasp of
less inclusive quantities that depend on the transverse dynamics of partons. The transition from
traditional one-dimensional (1D) PDFs to three-dimensional (3D) distributions, such as transverse-
momentum-dependent PDFs (TMD PDFs) [28—30] and unintegrated gluon densities (UGDs) [31—
38], enables a richer description of hadronic structure. These formulations retain information
on partonic intrinsic motion, angular momentum, and polarisation, and are sensitive to spin-orbit
correlations that become increasingly relevant at low x.

Moreover, the small-x region is where novel QCD phenomena, such as parton saturation
and nonlinear dynamics, are expected to emerge. A refined understanding of gluon dynamics in
this regime is thus not only a matter of precision but also of principle, offering insights into the
fundamental mechanisms of colour coherence and gluon recombination in dense systems.

In this contribution, we summarise recent advances in the construction of small-x resummed
gluon distributions, with emphasis on their connection to transverse-momentum-sensitive formula-
tions. In particular, we highlight new strategies to extract UGDs from resummed collinear inputs,
and we outline the perspectives for their use in high-energy processes at the LHC and beyond.

2. From 1D to 3D tomography of the proton

The most effective theoretical framework for probing the internal structure of the proton is
the language of parton correlators. This formalism encodes the spatial, momentum, and energy
distributions of the proton’s elementary constituents—quarks and gluons, collectively known as
partons. Among these tools, TMD PDFs stand out for their ability to provide a genuine 3D imaging
of the proton. A TMD-based description is essential to address fundamental questions such as the
origin of the proton spin [39].

TMD PDFs generalise standard 1D collinear PDFs by incorporating the intrinsic transverse
momentum of the struck parton. They are essential to describe observables sensitive to the transverse
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recoil of the hard probe, typically observed in semi-inclusive processes where the final-state particles
exhibit transverse momenta or imbalances much smaller than the hard scale. TMD PDFs thus bridge
the gap between internal proton dynamics and experimentally accessible quantities.

The complete set of twist-2 gluon TMD PDFs for a spin-1/2 target includes both unpolarised
and polarised structures, following the naming conventions of Refs. [40, 41]. The diagonal entries
in this basis are flg , the unpolarised gluon density in an unpolarised proton, and g‘f , the distribution
of circularly polarised gluons in a longitudinally polarised proton. In the collinear limit, they reduce
to the well-known unpolarised and helicity gluon PDFs.

The distribution of linearly polarised gluons in an unpolarised hadron, 4%, is particularly
relevant because it leads to observable spin effects even in collisions of unpolarised hadrons with
an expected enhancement in the small-x region. TMD PDFs differ from their collinear counterparts
in being process-dependent due to the presence of gauge links (Wilson lines) in their operator
definitions [42], introducing additional theoretical complexity.

Although much is known about the perturbative resummation of transverse-momentum log-
arithms [43, 44], the genuinely nonperturbative content of gluon TMD PDFs remains largely
unknown. Their experimental exploration is still in its infancy, especially in the gluon sector. The
future Electron-Ion Collider (EIC) [45, 46] is expected to open a new era in this field, but current
efforts rely on flexible models to guide theory and phenomenology. These models provide essential
insight and offer a basis for constructing realistic TMD PDFs that incorporate known constraints
and anticipate small-x dynamics.

A key step towards modeling the small-x behavior of gluon TMD PDFs was achieved by
adopting a spectator-inspired framework, where the struck gluon is embedded in a parent proton
and its remnant is modeled as an effective on-shell particle [28, 29]. This approach allows for a
clean and flexible parameterization of spin-dependent TMD PDFs, through dipolar form factors
that regulate the transverse-momentum structure and mitigate endpoint divergences. The inclusion
of a spectral function over the spectator mass plays a crucial role in shaping the x-dependence of
the distributions, enabling a smooth interpolation between the small- and moderate-x regimes. All
leading-twist, T-even gluon TMD PDFs were computed in this formalism and connected to their
collinear counterparts through transverse-momentum integration.

Building upon this foundation, a subsequent step was taken to incorporate high-energy dynam-
ics via small-x resummation. Collinear gluon PDFs, both unpolarised and helicity, were obtained
using two distinct NLO inputs: the NNPDF3.1sx set [1], which includes small-x resummation
through the HELL formalism [24-27], and the NNPDFpoll.1 set [47], for the helicity channel.
These 1D distributions were used at the lowest common hadronic scale, before the respective evo-
lution schemes (DGLAP and TMD) cause a kinematic decorrelation between the collinear and
transverse sectors.

The unpolarised and helicity gluon TMDs were then fitted simultaneously to their collinear
counterparts through transverse-momentum integration. This fit procedure allowed for a consistent
determination of the spectral-mass profile and the dipolar form factors regulating the nonperturbative
content. Once the parameters were fixed, all T-even gluon TMD PDFs at leading twist were generated
within the same spectral framework, resulting in the first tomographic reconstruction of the proton at
small x based on resummed inputs. Work in Ref. [30] extended this study to the T-odd sector. These
results capture key features of 3D gluon dynamics at small x, combining theoretical consistency
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with flexibility, and offering a realistic basis for guiding future phenomenology and data-driven
extraction strategies in the pre-EIC era.

3. Towards precision UGDs at small x

The UGDs provide a powerful and versatile framework for describing the internal structure of
the proton in the small-x regime. These two-dimensional (2D) distributions, depending on both
the longitudinal momentum fraction x and the transverse momentum |I;T| of the gluon, serve as a
bridge between fully collinear PDFs and more elaborate, resummation-based or non-linear QCD
descriptions of hadronic dynamics at high energies.

We remark that UGDs and TMD PDFs are distinct objects, as they are defined within different
factorisation frameworks—the high-energy-factorisation approach in the former case, and the TMD
factorisation scheme in the latter. As a consequence, they obey different evolution equations and
encode complementary aspects of QCD dynamics, particularly in the small-x and moderate-x
regimes respectively.

In contrast to their 1D collinear counterparts, UGDs retain an explicit dependence on the gluon
transverse momentum, thereby capturing key features of transverse dynamics that are crucial for
forward and semi-inclusive processes. Their relevance spans a wide array of physical contexts,
ranging from high-energy factorisation approaches to gluon saturation phenomena, and they repre-
sent essential building blocks in calculations performed within the kp-factorisation formalism and
the colour-glass-condensate (CGC) effective theory [48].

Historically, the extraction of UGDs has been challenged by the limited theoretical control
over relevant observables beyond leading logarithmic (LL) accuracy, and by the scarcity of direct
experimental constraints in the small-x regime. Although the conceptual foundations of UGDs
are well established, their practical implementation in high-energy QCD analyses often relies on
simplified assumptions or phenomenological models, due to the absence of comprehensive NLL-
level descriptions for many processes sensitive to the (x, k7) dynamics.

As a result, most UGDs currently available in the literature are obtained via indirect proce-
dures, typically by tuning model parameters to reproduce transverse-momentum spectra of forward
particles [31-34, 36, 37]. These approaches, while valuable for exploratory studies and qualitative
understanding, fall short of the rigour required for precision phenomenology. In particular, they
usually neglect a systematic treatment of theoretical uncertainties and are not guaranteed to be con-
sistent with collinear PDFs extracted from global fits. All this has hindered the development of a
unified and quantitatively reliable framework for describing gluon dynamics at small x, particularly
in applications requiring a precise control over both longitudinal and transverse degrees of freedom.

This has led to a fundamental issue: despite their central role in small-x physics, UGDs remain
among the least constrained and most poorly understood parton distributions. The gap between
their theoretical significance and practical determination has become increasingly evident in light
of high-luminosity experimental programmes and the growing need for accurate predictions in the
small-x domain.

To address this issue, we have initiated the development of a new strategy for constructing
precision UGDs directly linked to resummed collinear inputs. The central idea is to enforce a
consistent matching between the UGD and its integrated counterpart: by construction, integration
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over transverse momentum must yield the collinear gluon PDF at a fixed factorisation scale. This
requirement establishes a firm and theoretically controlled link between the two- and 1D descriptions
of the proton’s gluon content, forming the basis for a systematic, data-informed construction of
UGDs.

A crucial element of our strategy is the adoption of collinear gluon distributions that incor-
porate small-x resummation at next-to-leading logarithmic (NLL) accuracy, implemented through
the HELL formalism. This approach builds upon the foundational principles established by the
Altarelli-Ball-Forte (ABF) approach [49-51], ensuring a consistent treatment of high-energy loga-
rithms and the stabilization of the high-energy resummation kernel. As a result, the collinear input
used in our construction is both theoretically robust and phenomenologically reliable. The inclusion
of resummation leads to a stabilisation of the small-x behaviour, avoiding unphysical enhancements
and yielding controlled, realistic evolution down to very low values of x.

In this preliminary stage of development, these resummed collinear inputs are embedded into
a flexible parametrisation of the unintegrated gluon density, shaped by spectral functions that
regulate the transverse-momentum profile and ensure smooth integrability. The construction is
designed so that the integration over transverse momentum faithfully recovers the input collinear
gluon distribution within estimated uncertainties, which can then be propagated consistently to the
two-dimensional UGD level.

This methodology is currently under development, and early results are promising. For the
first time, we are able to generate UGDs that include rigorous uncertainty estimates, grounded in
resummed collinear fits and suitable for immediate application to high-energy QCD observables.

The resulting UGDs will be interfaced with the JETHAD [52, 53] framework, enabling direct
applications to forward observables at the LHC and future colliders. This includes studies of
decorrelation patterns, heavy-flavour production, and gluon-sensitive observables where a detailed
treatment of the (x, |I;T|) dependence is essential. Through JETHAD, we aim to systematically
explore the contributions of different kinematic regions to measurable cross sections and to assess
how resummation-induced effects shape forward distributions.

4. Summary and outlook

We have outlined a unified research strategy aimed at bridging complementary approaches to
the proton’s internal structure in the small-x regime. Starting from 1D collinear PDFs enhanced by
small-x resummation, we developed consistent methods to construct both 3D TMD distributions and
2D UGDs. Each of these frameworks offers a distinct window onto gluon dynamics, from inclusive
observables to angular correlations and forward spectra, and is grounded in robust theoretical
inputs and controlled uncertainty estimates. Throughout this programme, emphasis has been
placed on maintaining compatibility with global fits, leveraging high-energy factorisation tools,
and embedding the entire construction within a numerically efficient and phenomenologically
oriented environment.

The long-term vision is to realise a triangular strategy: one that simultaneously connects 1D
collinear PDFs, 3D TMD distributions, and 2D UGDs within a common, data-informed framework.
By correlating the nonperturbative parameters across these three descriptions and fitting them to
different classes of observables, we aim to achieve a multidimensional understanding of proton
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structure at small x. This integrated approach—combining rigour, flexibility, and high phenomeno-
logical reach—marks a decisive step toward precision QCD in the high-energy limit and opens the
path to a qualitatively new generation of fits.
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