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Abstract

We present the potential of 7, . production in proton
collisions to access the gluon transverse-momentum
dependent parton distributions (TMDs). In particu-
lar, we explore the phenomenology of the unpolarized
and linearly-polarized gluon TMDs in unpolarized col-
lisions for different kinematic settings, and the poten-
tial of a fixed-target experiment at the LHC.
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1 Gluon TMDs and quarkonia

Unveiling the inner dynamics of gluons and quarks in-
side nucleons is a frontier research of core studies at
new-generation colliding machines [1-22]. Finding an
answer to QCD fundamental questions, as the origin
of proton spin and mass, depends on our ability of re-
constructing the three-dimensional motion of partons
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inside parent hadrons. This requires going beyond the
standard approach based on collinear parton density
functions (PDFs) [6, 7, 23, 24]. Accounting for the dis-
tribution of partons in momentum space requires the
knowledge of transverse-momentum-dependent PDFs
(TMDs), defined via TMD factorization [25, 26]. Strik-
ing successes have been obtained in recent years in
the quark-TMD sector. The deep knowledge on their
formal properties has been corroborated by encourag-
ing results at the level of phenomenology. Conversely,
the gluon-TMD sector still represents an almost un-
charted territory. Spin-dependent gluon TMD distri-
butions were classified in Refs. [27-30]. The first phe-
nomenological studies appeared only recently [31-38].
At variance with collinear PDFs, TMDs are not uni-
versal [39-41]. From a formal perspective, their pro-
cess dependence is due to the structure of the Wil-
son lines. Gluon TMDs have a more diversified struc-
ture of modified universality than quark TMDs be-
cause different classes of reactions pick distinct gluon
gauge-link structures. Two major kinds of gluon gauge
links emerge: the f-type, also known as Weiszéacker—
Williams structure, and the d-type, known as dipole
structure [42-44]. At small  and large transverse mo-
mentum, the unpolarized (f{) and Boer-Mulders (hi-")
gluon TMDs are connected to the small-z unintegrated
gluon distribution (UGD), whose evolution is regu-
lated by the Balitsky—Fadin—Kuraev-Lipatov (BFKL)
equation [45, 46] (see Refs. [47-51] for formal studies
and Refs. [52-70] for phenomenological applications).
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The gluon Boer—Mulders function carries information
on linearly-polarized gluons in an unpolarized nucleon.
It is responsible of spin effects in collisions of unpolar-
ized hadrons [71-76]. Its weight is expected to become
more and more relevant as x becomes smaller. The
gluon Sivers TMD, ffaf’ , describes unpolarized gluons
in a transversely-polarized hadron. It allows us to ac-
cess transverse-spin asymmetries rising in processes
with polarized-proton beams. The QCD-Odderon con-
nection [77] makes it possible to study the gluon Sivers
function also via unpolarized electron-nucleon scatter-
ings.

Due to the lack of experimental data for gluon
TMDs, exploratory analyses through simple and flex-
ible models are needed. Pioneering studies were per-
formed by making use of the so-called spectator frame-
work [27, 31, 78]. Originally adopted to model quark
TMDs [28, 79-83], it assumes that a gluon is taken
from the struck hadron describing the residual sys-
tem as an effective on-shell spin-1/2 particle. Leading-
twist spectator-model T-even gluon TMD densities
were recently calculated [84] (see also Refs. [67, 85—
87]), while results for the T-odd ones are at a prelim-
inary level [88-90].

An intriguing perspective is offered by the study of
quarkonium states in proton-proton and lepton-proton
collisions. On the one hand, quarkonium detections
at low transverse momentum (see, e.g. Refs. [91-97])
allow one to measure the gluon polarization because
they are dominated by gluon-induced hard scatterings
already at the Born level. On the other hand, they are
a clean probe of the f-type gluon gauge link [98]. In
this work we present preliminary results for the .
production in TMD factorization. By making use of
kinematic cuts tailored on the current acceptances at
LHCb and on the nominal ones at a future LHC fixed-
target experiment [99-104], we highlight the potential
of exploring the phenomenology of unpolarized and
linearly-polarized gluon TMDs.

2 1p,. pseudoscalars in pp collisions

The dominant mechanism describing the production
of a quarkonium state at low transverse momentum
is the short-distance emission of a (QQ) heavy-quark
pair directly produced in the hard scattering, followed

by the nonperturbative hadronization. An effective de-
scription of such a mechanism is provided by the non-
relativistic QCD (NRQCD) framework [107-109]. It is
based on the assumption that all possible Fock states
contribute to the emitted quarkonium through a linear
superposition (|QQ), |QQyg), ...). All these factors are
calculated in terms of a double expansion in powers
of the strong coupling, a,, and of the relative velocity
of the two heavy quarks, v. Differential distributions
sensitive to the emission of a quarkonium are given
as a sum of partonic hard factors, each one corre-
sponding to the production of a given Fock state and
being multiplied by a long-distance matrix element
(LDME) encoding information about the nonpertur-
bative hadronization process. LHCb data for 7. pro-
duction at moderate transverse momentum are well
described by the color-singlet configuration only [105],
and the same holds for 7, mesons [99, 100, 106]. There-
fore, in our study we build the differential cross sec-
tion by combining the standard TMD formalism [25,
26] with the NRQCD color-singlet contribution for
pseudoscalar mesons. The leading-order TMD cross
section, differential in the rapidity y and transverse
momentum g7 of the produced pseudoscalar meson,
reads

do 2m3 a2 ey /1
- =5 ¢ 1
dy d2qT 9 m%C)bs H <0|01 ( SO)|O> ( )

x {CIF£) = Clwou b i)} |
where m,,, = 2.9836 GeV and m,, = 9.398 GeV are
the quarkonium masses, s is the center-of-mass energy,

H is the hard function (see, e.g., Eq. (14) of Ref. [110])
and

(007 (5)/0) = 2= |Rol?[1 + O] )

is the NRQCD matrix element for 7., produced in
color-singlet configurations, with N, the QCD color
number and Ry the radial wave function at the ori-
gin [105, 106]. The TMD convolution operator C and
the transverse-momentum weight wyy in Eq. (1), as
well as details on the next-to-leading order expres-
sion for the cross section, can be found in Refs. [110,
111]. In our analysis we describe the unpolarized gluon
TMD, f?, and the Boer-Mulders one, kY™, in terms
of the PVGlueMode120 model of Ref. [84] at the initial
scale. Their evolution is controlled by the standard
Collins—Soper—Sterman (CSS) equations [25, 26].
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Fig. 1 Transverse-momentum distributions of n. (left) and n, (right) produced at 7 TeV at LHCb (upper) and at 115 GeV
at AFTER (lower). Red and green bands for NLL and NNLL accuracy in the resummation of large logarithms from soft
gluon radiation, respectively. Orange band for NNLL contribution of Boer—Mulders only. Rp stands for the radial wave

function at the origin of the quarkonium state [105, 106].

In Fig. 1 we show the transverse-momentum dis-
tribution of 1. (left panels) and 7, (right panels) pro-
duced at /s = 7 TeV at LHCb (upper panels) and
at /s = 115 GeV at a fixed-target LHC experiment,
labeled as AFTER (lower panels). The rapidity of the
detected quarkonium is in the range 2 < y < 4.5,
as constrained by LHCb acceptances, or in the |y| <
In(1/7) window, with 7 = m,_,//s, for the fixed-
target case. Uncertainty bands are obtained by using
all 100 replicas of the PVGlueModel20 model calcula-
tion of f7 and hi? TMDs [34]. Red and green bands
correspond to next-to-leading-log (NLL) and next-to-
next-to-leading-log (NNLL) accuracies in the resum-
mation of large logarithms from soft gluon radiation,

respectively. Orange bands are for the NNLL Boer—
Mulders contribution only.

3 Future perspectives

We presented preliminary results for the 7, . hadropro-
duction in TMD factorization. By studying transverse-
momentum distributions tailored on the current ac-
ceptances of LHCb and on the nominal ones of a fu-
ture LHC fixed-target experiment, we highlighted the
potential of accessing the phenomenology of unpolar-
ized and linearly-polarized gluon TMDs. Future anal-
yses will extend this work to: (7) exploring the connec-



tion to emissions of quarkonium states at large trans-
verse momentum in proton-proton and lepton-proton
collisions [112-115], (i4) enhancing the description of
quarkonium production mechanisms in terms of shape
functions [116, 117], (iii) exploring common ground
with similar studies in the high-energy regime via the
recently discovered property of natural stability of the
high-energy resummation [118-132].
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