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We present novel analyses on accessing the 3D gluon content of the proton via spin-dependent
TMD gluon densities, calculated through the spectator-model approach. Our formalism embodies
a fit-based spectator-mass modulation function, suited to catch longitudinal-momentum effects in
a wide kinematic range. Particular attention is paid to the time-reversal-even Boer–Mulders and
the time-reversal-odd Sivers functions, whose accurate knowledge, needed to perform precise 3D
analyses of nucleons, motivates synergies between LHC and EIC communities.
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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 Weiszäcker–Williams and dipole
types. The antisymmetric QCD color structure, 𝑓𝑎𝑏𝑐, is typical of the 𝑓 -type T-odd gluon-TMD
correlator, whereas the 𝑑-type T-odd one embodies the symmetric color structure, 𝑑𝑎𝑏𝑐. 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 𝒑𝑇 , 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 𝒑2

𝑇
. Choosing dipolar form factors allows us to quench

gluon-propagator singularities and dampen logarithmic divergences arising in the | 𝒑𝑇 |-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 | 𝒑𝑇 |-integrated
unpolarized and helicity gluon TMD PDFs, 𝑓

𝑔

1 and 𝑔
𝑔

1 , to the corresponding collinear densities
provided by the NNPDF collaboration [59, 60] at the initial scale of 𝑄0 = 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 (ℎ⊥𝑔1 ), remains the same, two
distinct spectator-model T-odd functions, say two Sivers TMD PDFs ( 𝑓 ⊥𝑔1𝑇 ), 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:

𝑓
⊥ [−,−]
1𝑇 (𝑥, 𝒑2

𝑇 ) = − 𝑓
⊥ [+,+]
1𝑇 (𝑥, 𝒑2

𝑇 ) , (1)

𝑓
⊥ [−,+]
1𝑇 (𝑥, 𝒑2

𝑇 ) = − 𝑓
⊥ [+,−]
1𝑇 (𝑥, 𝒑2

𝑇 ) .

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 = 10−3 (left) and the | 𝒑𝑇 |-
weighted [+, +] Sivers function at 𝑥 = 10−1 (right), obtained in the spectator model at the initial scale of
𝑄0 = 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 𝑓
𝑔

1 and 𝑔
𝑔

1 integrated densities. Plots
of Fig. 1 exhibit the transverse-momentum dependence of the Boer–Mulders function at 𝑥 = 10−3

(left) and the | 𝒑𝑇 |-weighted [+, +] Sivers distribution at 𝑥 = 10−1 (right), and with the initial scale
set to𝑄0 = 1.64 GeV. Both TMD PDFs clearly show a non-Gaussian 𝒑2

𝑇
behavior, with a decreasing

tail at high transverse momentum. The Boer–Mulders function starts from a finite value at 𝒑2
𝑇
= 0

and goes down very fast as 𝒑2
𝑇

increases. The Sivers function starts from a small, non-zero value
at 𝒑2

𝑇
= 0, then has a peak in the 𝒑2

𝑇
≲ 0.1 GeV2 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].

Acknowledgments

This work was supported by the Atracción de Talento Grant n. 2022-T1/TIC-24176 of the
Comunidad Autónoma de Madrid, Spain.

References
[1] P. Mulders, J. Rodrigues, “Transverse momentum dependence in gluon distribution and frag-

mentation functions,” Phys. Rev. D63, 094021 (2001), hep-ph/0009343 .
[2] S. Meissner et al., “Relations between generalized and transverse momentum dependent parton

distributions,” Phys. Rev. D76, hep–ph/034002 (2007), /0703176 .
[3] C. Lorcé, B. Pasquini, “Structure analysis of the generalized correlator of quark and gluon for

a spin-1/2 target,” JHEP 09, 138 (2013), 1307.4497 .
[4] Daniel Boer et al., “Gluon and Wilson loop TMDs for hadrons of spin ≤ 1,” JHEP 10, 013

(2016), 1607.01654 .
[5] Zhun Lu, B.-Q. Ma, “Gluon Sivers function in a light-cone spectator model,” Phys. Rev. D94,

094022 (2016), 1611.00125 .
[6] J.-P. Lansberg et al., “Pinning down the linearly-polarised gluons inside unpolarised pro-

tons using quarkonium-pair production at the LHC,” Phys. Lett. B 784, 217–222 (2018),
1710.01684 .

[7] D. Gutierrez-Reyes et al., “Linearly polarized gluons at next-to-next-to leading order and the
Higgs transverse momentum distribution,” JHEP 11, 121 (2019), 1907.03780 .

[8] F. Scarpa et al., “Studies of gluon TMDs and their evolution using quarkonium-pair production
at the LHC,” Eur. Phys. J. C 80, 87 (2020), 1909.05769 .

[9] C. Adolph et al. (COMPASS), “First measurement of the Sivers asymmetry for gluons using
SIDIS data,” Phys. Lett. B 772, 854–864 (2017), 1701.02453 .

[10] U. D’Alesio et al., “Probing the gluon Sivers function in 𝑝↑𝑝 → 𝐽/𝜓 𝑋 and 𝑝↑𝑝 → 𝐷 𝑋 ,”
Phys. Rev. D96, 036011 (2017), 1705.04169 .

4

http://dx.doi.org/10.1103/PhysRevD.63.094021
http://arxiv.org/abs/hep-ph/0009343
http://dx.doi.org/10.1103/PhysRevD.76.034002
http://arxiv.org/abs//0703176
http://dx.doi.org/10.1007/JHEP09(2013)138
http://arxiv.org/abs/1307.4497
http://dx.doi.org/10.1007/JHEP10(2016)013
http://dx.doi.org/10.1007/JHEP10(2016)013
http://arxiv.org/abs/1607.01654
http://dx.doi.org/10.1103/PhysRevD.94.094022
http://dx.doi.org/10.1103/PhysRevD.94.094022
http://arxiv.org/abs/1611.00125
http://dx.doi.org/10.1016/j.physletb.2018.08.004
http://arxiv.org/abs/1710.01684
http://dx.doi.org/10.1007/JHEP11(2019)121
http://arxiv.org/abs/1907.03780
http://dx.doi.org/10.1140/epjc/s10052-020-7619-1
http://arxiv.org/abs/1909.05769
http://dx.doi.org/10.1016/j.physletb.2017.07.018
http://arxiv.org/abs/1701.02453
http://dx.doi.org/10.1103/PhysRevD.96.036011
http://arxiv.org/abs/1705.04169


P
o
S
(
E
P
S
-
H
E
P
2
0
2
3
)
2
4
7

Spin-dependent gluon TMD PDFs at the LHC and EIC Francesco Giovanni Celiberto

[11] U. D’Alesio et al., “Unraveling the Gluon Sivers Function in Hadronic Collisions at RHIC,”
Phys. Rev. D 99, 036013 (2019), 1811.02970 .

[12] U. D’Alesio et al., “Azimuthal asymmetries in semi-inclusive 𝐽/𝜓 + jet production at an EIC,”
Phys. Rev. D100, 094016 (2019), 1908.00446 .

[13] S. J. Brodsky et al., “Final state interactions and single spin asymmetries in semiinclusive
deep inelastic scattering,” Phys. Lett. B530, 99–107 (2002), hep-ph/0201296 .

[14] J. C. Collins, “Leading twist single transverse-spin asymmetries: Drell-Yan and deep inelastic
scattering,” Phys. Lett. B 536, 43–48 (2002), hep-ph/0204004 .

[15] X. Ji, F. Yuan, “Parton distributions in light cone gauge: Where are the final state interactions?”
Phys. Lett. B 543, 66–72 (2002), hep-ph/0206057 .

[16] F. Dominguez et al., “Universality of Unintegrated Gluon Distributions at small x,” Phys. Rev.
D 83, 105005 (2011), 1101.0715 .

[17] M. Hentschinski, “Transverse momentum dependent gluon distribution within high energy
factorization at next-to-leading order,” Phys. Rev. D 104, 054014 (2021), 2107.06203 .

[18] F. G. Celiberto, “Unraveling the Unintegrated Gluon Distribution in the Proton via 𝜌-Meson
Leptoproduction,” Nuovo Cim. C42, 220 (2019), 1912.11313 .

[19] M. Nefedov, “Sudakov resummation from the BFKL evolution,” Phys. Rev. D 104, 054039
(2021), 2105.13915 .

[20] A. D. Bolognino et al., “Unintegrated gluon distribution from forward polarized 𝜌-
electroproduction,” Eur. Phys. J. C78, 1023 (2018), 1808.02395 .

[21] A. D. Bolognino et al., “Exclusive production of 𝜙 meson in the 𝛾∗ 𝑝 → 𝜙 𝑝 reaction at
large photon virtualities within 𝑘𝑇 -factorization approach,” Phys. Rev. D 101, 054041 (2020),
1912.06507 .

[22] L. Motyka et al., “Twist expansion of Drell-Yan structure functions in color dipole approach,”
JHEP 05, 087 (2015), 1412.4675 .

[23] D. Brzeminski et al., “Twist decomposition of Drell-Yan structure functions: phenomenolog-
ical implications,” JHEP 01, 005 (2017), 1611.04449 .

[24] F. G. Celiberto et al., “Forward Drell-Yan production at the LHC in the BFKL formalism with
collinear corrections,” Phys. Lett. B786, 201–206 (2018), 1808.09511 .

[25] I. Bautista et al., “BFKL evolution and the growth with energy of exclusive 𝐽/𝜓 and Υ
photoproduction cross sections,” Phys. Rev. D 94, 054002 (2016), 1607.05203 .

[26] A. Arroyo Garcia et al., “QCD evolution based evidence for the onset of gluon saturation in
exclusive photo-production of vector mesons,” Phys. Lett. B 795, 569–575 (2019), 1904.04394.

[27] M. Hentschinski, E. P. Molina, “Exclusive 𝐽/Ψ and Ψ(2𝑠) photo-production as a probe of
QCD low 𝑥 evolution equations,” Phys. Rev. D 103, 074008 (2021), 2011.02640 .

[28] A. Łuszczak et al., “Unintegrated gluon distributions from the color dipole cross section in
the BGK saturation model,” Phys. Lett. B 835, 137582 (2022), 2210.02877 .

[29] A. Cisek et al., “Exclusive production of 𝜌 meson in gamma-proton collisions: d𝜎/dt and the
role of helicity flip processes,” Phys. Lett. B 836, 137595 (2023), 2209.06578 .

[30] F. G. Celiberto, “Hunting BFKL in semi-hard reactions at the LHC,” Eur. Phys. J. C 81, 691
(2021), 2008.07378 .

[31] F. G. Celiberto, “Stabilizing BFKL via Heavy-flavor and NRQCD Fragmentation,” Acta Phys.
Polon. Supp. 16, 41 (2023), 2211.11780 .

[32] F. G. Celiberto, “BFKL phenomenology: resummation of high-energy logs in semi-hard
processes at LHC,” Frascati Phys. Ser. 63, 43–48 (2016), 1606.07327 .

5

http://dx.doi.org/10.1103/PhysRevD.99.036013
http://arxiv.org/abs/1811.02970
http://dx.doi.org/10.1103/PhysRevD.100.094016
http://arxiv.org/abs/1908.00446
http://dx.doi.org/10.1016/S0370-2693(02)01320-5
http://arxiv.org/abs/hep-ph/0201296
http://dx.doi.org/10.1016/S0370-2693(02)01819-1
http://arxiv.org/abs/hep-ph/0204004
http://dx.doi.org/10.1016/S0370-2693(02)02384-5
http://arxiv.org/abs/hep-ph/0206057
http://dx.doi.org/10.1103/PhysRevD.83.105005
http://dx.doi.org/10.1103/PhysRevD.83.105005
http://arxiv.org/abs/1101.0715
http://dx.doi.org/10.1103/PhysRevD.104.054014
http://arxiv.org/abs/2107.06203
http://dx.doi.org/10.1393/ncc/i2019-19220-9
http://arxiv.org/abs/1912.11313
http://dx.doi.org/10.1103/PhysRevD.104.054039
http://dx.doi.org/10.1103/PhysRevD.104.054039
http://arxiv.org/abs/2105.13915
http://dx.doi.org/10.1140/epjc/s10052-018-6493-6
http://arxiv.org/abs/1808.02395
http://dx.doi.org/10.1103/PhysRevD.101.054041
http://arxiv.org/abs/1912.06507
http://dx.doi.org/10.1007/JHEP05(2015)087
http://arxiv.org/abs/1412.4675
http://dx.doi.org/10.1007/JHEP01(2017)005
http://arxiv.org/abs/1611.04449
http://dx.doi.org/10.1016/j.physletb.2018.09.045
http://arxiv.org/abs/1808.09511
http://dx.doi.org/10.1103/PhysRevD.94.054002
http://arxiv.org/abs/1607.05203
http://dx.doi.org/10.1016/j.physletb.2019.06.061
http://arxiv.org/abs/1904.04394
http://dx.doi.org/10.1103/PhysRevD.103.074008
http://arxiv.org/abs/2011.02640
http://dx.doi.org/10.1016/j.physletb.2022.137582
http://arxiv.org/abs/2210.02877
http://dx.doi.org/10.1016/j.physletb.2022.137595
http://arxiv.org/abs/2209.06578
http://dx.doi.org/10.1140/epjc/s10052-021-09384-2
http://dx.doi.org/10.1140/epjc/s10052-021-09384-2
http://arxiv.org/abs/2008.07378
http://dx.doi.org/10.5506/APhysPolBSupp.16.5-A41
http://dx.doi.org/10.5506/APhysPolBSupp.16.5-A41
http://arxiv.org/abs/2211.11780
http://arxiv.org/abs/1606.07327


P
o
S
(
E
P
S
-
H
E
P
2
0
2
3
)
2
4
7

Spin-dependent gluon TMD PDFs at the LHC and EIC Francesco Giovanni Celiberto

[33] A. D. Bolognino et al., “Hadron-jet correlations in high-energy hadronic collisions at the
LHC,” Eur. Phys. J. C 78, 772 (2018), 1808.05483 .

[34] A. D. Bolognino et al., “Inclusive hadron-jet production at the LHC,” Acta Phys. Polon. Supp.
12, 773 (2019), 1902.04511 .

[35] A. D. Bolognino et al., “High-energy resummation in heavy-quark pair hadroproduction,” Eur.
Phys. J. C 79, 939 (2019), 1909.03068 .

[36] F. G. Celiberto et al., “High-energy resummed distributions for the inclusive Higgs-plus-jet
production at the LHC,” Eur. Phys. J. C 81, 293 (2021), 2008.00501 .

[37] F. G. Celiberto et al., “Diffractive production of Λ hyperons in the high-energy limit of strong
interactions,” Phys. Rev. D 102, 094019 (2020), 2008.10513 .

[38] A. D. Bolognino et al., “Inclusive production of a heavy-light dĳet system in hybrid high-
energy and collinear factorization,” Phys. Rev. D 103, 094004 (2021), 2103.07396 .

[39] F. G. Celiberto et al., “High-energy resummation in Λ𝑐 baryon production,” Eur. Phys. J. C
81, 780 (2021), 2105.06432 .

[40] F. G. Celiberto et al., “Bottom-flavored inclusive emissions in the variable-flavor number
scheme: A high-energy analysis,” Phys. Rev. D 104, 114007 (2021), 2109.11875 .

[41] F. G. Celiberto, M. Fucilla, “Diffractive semi-hard production of a 𝐽/𝜓 or a Υ from single-
parton fragmentation plus a jet in hybrid factorization,” Eur. Phys. J. C 82, 929 (2022),
2202.12227 .

[42] F. G. Celiberto et al., “Mueller–Navelet Jets at LHC: BFKL Versus High-Energy DGLAP,”
Eur. Phys. J. C 75, 292 (2015), 1504.08233 .

[43] F. G. Celiberto et al., “Mueller-Navelet jets at the LHC: Hunting data with azimuthal distri-
butions,” Phys. Rev. D 106, 114004 (2022), 2207.05015 .

[44] F. G. Celiberto, “The high-energy spectrum of QCD from inclusive emissions of charmed
B-mesons,” Phys. Lett. B 835, 137554 (2022), 2206.09413 .

[45] F. G. Celiberto, “Emergence of high-energy dynamics from cascade-baryon detections at the
LHC,” Eur. Phys. J. C 83, 332 (2023), 2208.14577 .

[46] F. G. Celiberto, “Vector quarkonia at the LHC with JETHAD: A high-energy viewpoint,”
Universe 9, 324 (2023), 2305.14295 .

[47] F. G. Celiberto, A. Papa, “A high-energy QCD portal to exotic matter: Heavy-light tetraquarks
at the HL-LHC,” (2023), 2308.00809 .

[48] A. Bacchetta et al., “Transverse-momentum distributions in a diquark spectator model,” Phys.
Rev. D78, 074010 (2008), 0807.0323 .

[49] A. Bacchetta et al., “Weighted azimuthal asymmetries in a diquark spectator model,” Eur.
Phys. J. A45, 373–388 (2010), 1003.1328 .

[50] A. Bacchetta et al., “Transverse-momentum-dependent gluon distribution functions in a spec-
tator model,” Eur. Phys. J. C 80, 733 (2020), 2005.02288 .

[51] A. Bacchetta et al., “A spectator-model way to transverse-momentum-dependent gluon distri-
bution functions,” SciPost Phys. Proc. 8, 040 (2022), 2107.13446 .

[52] F. G. Celiberto, “3D tomography of the nucleon: transverse-momentum-dependent gluon
distributions,” Nuovo Cim. C44, 36 (2021), 2101.04630 .

[53] A. Bacchetta et al., “Toward twist-2 𝑇-odd transverse-momentum-dependent gluon distribu-
tions: the 𝑓 -type Sivers function,” PoS EPS-HEP2021, 376 (2022), 2111.01686 .

[54] A. Bacchetta et al., “Toward twist-2 𝑇-odd transverse-momentum-dependent gluon distribu-
tions: the 𝑓 -type linearity function,” PoS PANIC2021, 378 (2022), 2111.03567 .

6

http://dx.doi.org/10.1140/epjc/s10052-018-6253-7
http://arxiv.org/abs/1808.05483
http://dx.doi.org/10.5506/APhysPolBSupp.12.773
http://dx.doi.org/10.5506/APhysPolBSupp.12.773
http://arxiv.org/abs/1902.04511
http://dx.doi.org/10.1140/epjc/s10052-019-7392-1
http://dx.doi.org/10.1140/epjc/s10052-019-7392-1
http://arxiv.org/abs/1909.03068
http://dx.doi.org/10.1140/epjc/s10052-021-09063-2
http://arxiv.org/abs/2008.00501
http://dx.doi.org/10.1103/PhysRevD.102.094019
http://arxiv.org/abs/2008.10513
http://dx.doi.org/10.1103/PhysRevD.103.094004
http://arxiv.org/abs/2103.07396
http://dx.doi.org/10.1140/epjc/s10052-021-09448-3
http://dx.doi.org/10.1140/epjc/s10052-021-09448-3
http://arxiv.org/abs/2105.06432
http://dx.doi.org/10.1103/PhysRevD.104.114007
http://arxiv.org/abs/2109.11875
http://dx.doi.org/10.1140/epjc/s10052-022-10818-8
http://arxiv.org/abs/2202.12227
http://dx.doi.org/10.1140/epjc/s10052-015-3522-6
http://arxiv.org/abs/1504.08233
http://dx.doi.org/10.1103/PhysRevD.106.114004
http://arxiv.org/abs/2207.05015
http://dx.doi.org/10.1016/j.physletb.2022.137554
http://arxiv.org/abs/2206.09413
http://dx.doi.org/10.1140/epjc/s10052-023-11417-x
http://arxiv.org/abs/2208.14577
http://dx.doi.org/10.3390/universe9070324
http://arxiv.org/abs/2305.14295
http://arxiv.org/abs/2308.00809
http://dx.doi.org/10.1103/PhysRevD.78.074010
http://dx.doi.org/10.1103/PhysRevD.78.074010
http://arxiv.org/abs/0807.0323
http://dx.doi.org/10.1140/epja/i2010-11016-y
http://dx.doi.org/10.1140/epja/i2010-11016-y
http://arxiv.org/abs/1003.1328
http://dx.doi.org/10.1140/epjc/s10052-020-8327-6
http://arxiv.org/abs/2005.02288
http://dx.doi.org/10.21468/SciPostPhysProc.8.040
http://arxiv.org/abs/2107.13446
http://dx.doi.org/10.1393/ncc/i2021-21036-3
http://arxiv.org/abs/2101.04630
http://dx.doi.org/10.22323/1.398.0376
http://arxiv.org/abs/2111.01686
http://dx.doi.org/10.22323/1.380.0378
http://arxiv.org/abs/2111.03567


P
o
S
(
E
P
S
-
H
E
P
2
0
2
3
)
2
4
7

Spin-dependent gluon TMD PDFs at the LHC and EIC Francesco Giovanni Celiberto

[55] F. G. Celiberto, “Phenomenology of the hadronic structure at small-𝑥,” (2022), 2202.04207 .
[56] C. A. Aidala et al., “The LHCSpin Project,” PoS DIS2019, 233 (2019), 1901.08002 .
[57] M. Santimaria et al., “The LHCspin project,” (2021), 2111.04515 .
[58] B. Passalacqua et al. (LHCb), “The LHCspin project: A polarized fixed target for LHC,”

Nuovo Cim. C 45, 121 (2022).
[59] R. D. Ball et al., “Parton distributions with small-x resummation: evidence for BFKL dynamics

in HERA data,” Eur. Phys. J. C78, 321 (2018), 1710.05935 .
[60] E. R. Nocera et al. (NNPDF), Nucl. Phys. B887, 276–308 (2014), 1406.5539 .
[61] S. Forte et al., “Neural network parametrization of deep inelastic structure functions,” JHEP

05, 062 (2002), hep-ph/0204232 .
[62] R. A. Khalek et al., “Science Requirements and Detector Concepts for the Electron-Ion

Collider: EIC Yellow Report,” Nucl. Phys. A 1026, 122447 (2022), 2103.05419 [physics.ins-
det] .

[63] R. A. Khalek et al., “Snowmass 2021 White Paper: Electron Ion Collider for High Energy
Physics,” 2022 Snowmass Summer Study, (2022), 2203.13199 .

[64] R. Abir et al., “The case for an EIC Theory Alliance: Theoretical Challenges of the EIC,”
(2023), 2305.14572 .

[65] A. D. Bolognino et al., “Exclusive production of 𝜌-mesons in high-energy factorization at
HERA and EIC,” Eur. Phys. J. C 81, 846 (2021), 2107.13415 .

[66] A. Arbuzov et al., “On the physics potential to study the gluon content of proton and deuteron
at NICA SPD,” Prog. Part. Nucl. Phys. 119, 103858 (2021), 2011.15005 .

[67] E. Chapon et al., “Prospects for quarkonium studies at the high-luminosity LHC,” Prog. Part.
Nucl. Phys. 122, 103906 (2022), 2012.14161 .

[68] S. Amoroso et al., “Snowmass 2021 whitepaper: Proton structure at the precision frontier,”
Acta Phys. Polon. B 53, A1 (2022), 2203.13923 .

[69] M. Begel et al., “Precision QCD, Hadronic Structure & Forward QCD, Heavy Ions: Report of
Energy Frontier Topical Groups 5, 6, 7 submitted to Snowmass 2021,” (2022), 2209.14872 .

[70] A. Bacchetta et al., “Phenomenology of gluon TMDs from 𝜂𝑏,𝑐 production,” (2022),
2208.06252 .

[71] J.-P. Lansberg et al., “Quarkonium Physics at a Fixed-Target Experiment using the LHC
Beams,” Few Body Syst. 53, 11–25 (2012), 1204.5793 .

[72] J.-P. Lansberg, H.-S. Shao, “Double-quarkonium production at a fixed-target experiment at
the LHC (AFTER@LHC),” Nucl. Phys. B 900, 273–294 (2015), 1504.06531 .

[73] D. Kikoła et al., “Feasibility Studies for Single Transverse-Spin Asymmetry Measurements
at a Fixed-Target Experiment Using the LHC Proton and Lead Beams (AFTER@LHC),” Few
Body Syst. 58, 139 (2017), 1702.01546 .

[74] L. A. Anchordoqui et al., “The Forward Physics Facility: Sites, experiments, and physics
potential,” Phys. Rept. 968, 1–50 (2022), 2109.10905 .

[75] J. L. Feng et al., “The Forward Physics Facility at the High-Luminosity LHC,” J. Phys. G 50,
030501 (2023), 2203.05090 .

[76] F. G. Celiberto, “High-energy emissions of light mesons plus heavy flavor at the LHC and the
Forward Physics Facility,” Phys. Rev. D 105, 114008 (2022), 2204.06497 .

[77] F. G. Celiberto et al., “Ultraforward production of a charmed hadron plus a Higgs boson in
unpolarized proton collisions,” Phys. Rev. D 105, 114056 (2022), 2205.13429 .

7

http://arxiv.org/abs/2202.04207
http://dx.doi.org/10.22323/1.352.0233
http://arxiv.org/abs/1901.08002
http://arxiv.org/abs/2111.04515
http://dx.doi.org/10.1393/ncc/i2022-22121-9
http://dx.doi.org/10.1140/epjc/s10052-018-5774-4
http://arxiv.org/abs/1710.05935
http://dx.doi.org/10.1016/j.nuclphysb.2014.08.008
http://arxiv.org/abs/1406.5539
http://dx.doi.org/10.1088/1126-6708/2002/05/062
http://dx.doi.org/10.1088/1126-6708/2002/05/062
http://arxiv.org/abs/hep-ph/0204232
http://dx.doi.org/10.1016/j.nuclphysa.2022.122447
http://arxiv.org/abs/2103.05419
http://arxiv.org/abs/2103.05419
http://arxiv.org/abs/2203.13199
http://arxiv.org/abs/2305.14572
http://dx.doi.org/10.1140/epjc/s10052-021-09593-9
http://arxiv.org/abs/2107.13415
http://dx.doi.org/10.1016/j.ppnp.2021.103858
http://arxiv.org/abs/2011.15005
http://dx.doi.org/10.1016/j.ppnp.2021.103906
http://dx.doi.org/10.1016/j.ppnp.2021.103906
http://arxiv.org/abs/2012.14161
http://dx.doi.org/10.5506/APhysPolB.53.12-A1
http://arxiv.org/abs/2203.13923
http://arxiv.org/abs/2209.14872
http://arxiv.org/abs/2208.06252
http://dx.doi.org/10.1007/s00601-012-0445-8
http://arxiv.org/abs/1204.5793
http://dx.doi.org/10.1016/j.nuclphysb.2015.09.005
http://arxiv.org/abs/1504.06531
http://dx.doi.org/10.1007/s00601-017-1299-x
http://dx.doi.org/10.1007/s00601-017-1299-x
http://arxiv.org/abs/1702.01546
http://dx.doi.org/10.1016/j.physrep.2022.04.004
http://arxiv.org/abs/2109.10905
http://dx.doi.org/10.1088/1361-6471/ac865e
http://dx.doi.org/10.1088/1361-6471/ac865e
http://arxiv.org/abs/2203.05090
http://dx.doi.org/10.1103/PhysRevD.105.114008
http://arxiv.org/abs/2204.06497
http://dx.doi.org/10.1103/PhysRevD.105.114056
http://arxiv.org/abs/2205.13429

	Opening remarks
	Spin-dependent gluon TMD PDFs in a spectator framework
	Closing statements

