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bDipartimento di Fisica, Università di Pavia, via Bassi 6, I-27100 Pavia, Italy

cINFN Sezione di Pavia, via Bassi 6, I-27100 Pavia, Italy
dII. Institut für Theoretische Physik, Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany

eEuropean Centre for Theoretical Studies in Nuclear Physics and Related Areas (ECT*), I-38123 Villazzano, Trento, Italy
fFondazione Bruno Kessler (FBK), I-38123 Povo, Trento, Italy
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Abstract

The Spin Physics Detector (SPD) is a future multipurpose experiment foreseen to run at the NICA collider,

which is currently under construction at the Joint Institute for Nuclear Research (JINR, Dubna, Russia). The

physics program of the experiment is based on collisions of longitudinally and transversely polarized protons and

deuterons at
√

s up to 27 GeV and luminosity up to 1032 cm−2 s−1. The SPD will operate as a universal facility

for the comprehensive study of the unpolarized and polarized gluon content of the nucleon, using complementary

probes such as: charmonia, open charm, and prompt photon production processes.

The aim of this work is to provide a thorough review of the physics objectives that can potentially be addressed

at the SPD, underlining related theoretical aspects and discussing relevant experimental results when available.

Among different pertinent phenomena particular attention is drawn to the study of the gluon helicity, gluon Sivers

and Boer-Mulders functions in the nucleon, as well as the gluon transversity distribution in the deuteron, via the

measurement of single and double spin asymmetries.
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1. Introduction

Gluons, along with quarks, are the fundamental constituents of the nucleon. They play a key role in generation

of the mass of the nucleon and carry about half of its momentum in hard (semi)inclusive processes. The spin of the

nucleon is also defined by its constituents and is built up from the intrinsic spin of the valence and sea quarks (spin-

1/2) and gluons (spin-1), and their orbital angular momenta. Notwithstanding the progress achieved during the last

decades in the understanding of the quark contribution to the nucleon spin, the gluon sector is much less developed.

One of the difficulties is the lack of the direct probes to access the gluon content in high-energy processes. While the

quark contribution to the nucleon spin was determined quite precisely in semi-inclusive deep-inelastic scattering

(SIDIS) experiments like EMC, CLAS, HERMES, and COMPASS, the gluon contribution, determined through

the gluon helicity Parton Distribution Function is still not well-constrained experimentally and is expected to be

significant.

In recent years, the three-dimensional partonic structure of the nucleon, in particular the spatial and momentum

distributions of its constituents, became a subject of a careful study. Precise mapping of the three-dimensional

structure of the nucleon is crucial for our understanding of Quantum Chromodynamics (QCD). One of the ways

to go beyond the usual collinear approximation in the momentum space, is to take into consideration intrinsic

transverse-motion of partons in the nucleon i.e. assuming non-zero transverse momentum vector kT for partons.

Then the spin-structure of the nucleon in semi-inclusive hard processes is described by the so-called Transverse-

Momentum-Dependent Parton Distribution Functions (TMD PDFs) [1–6].

One of the most powerful tools to study quark TMD PDFs are the measurements of the nucleon spin (in)dependent

azimuthal asymmetries in SIDIS [1, 4, 5, 7, 8] and Drell–Yan processes [9, 10]. Complementary information

on TMD fragmentation process, necessary for the interpretation of SIDIS data, is obtained from e+e− measure-

ments [11]. Being an actively developing field, TMD physics triggers a lot of experimental and theoretical interest

all over the world, stimulating new measurements and developments in TMD extraction techniques oriented on ex-

isting and future data from lepton-nucleon, hadron-hadron and electron-positron facilities at CERN, DESY, JLab,

FNAL, BNL, and KEK. For recent reviews on experimental and theoretical advances on TMDs see Refs. [12–

19]. These efforts improved significantly the phenomenological modeling of quark Sivers, transversity and Boer-

Mulders TMD PDFs.

Recently a remarkable progress has been achieved in modeling of gluon TMD PDFs and phenomenological

calculations for azimuthal asymmetries in gluon-sensitive channels including e.g. open heavy-flavor and charmonia

production in hard processes, see Refs. [20–23] and the references therein. However experimental data relevant

for the study of gluon TMD PDFs are still scarce [24–29].
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Whereas the experimental efforts are mostly focused on the study of the partonic content of the proton, the

gluon structure of the deuteron hides interesting peculiarities. The simplest model of the deuteron describes it as a

weakly-bound state of a proton and a neutron mainly in the S-wave with a small admixture of the D-wave state [30].

This approach is not fully reliable in the description of the deuteron structure at large Q2 1. In particular, possible

non-nucleonic degrees of freedom in deuteron could play an important role in the understanding of the nuclear

modification of PDFs (the EMC effect [31]). Since the gluon transversity operator requires two-unit helicity-flip,

it cannot be defined for spin-1/2 nucleons [32]. Hence, proton and neutron gluon transversity functions can not

contribute directly to the gluon transversity of the deuteron. A non-zero deuteron transversity would then be an

indication of a non-nucleonic component, or some other exotic hadronic mechanisms within the deuteron.

Most of the existing experimental results on spin-dependent gluon distributions in nucleon are obtained in the

experiments at DESY (HERMES), CERN (COMPASS), and BNL (STAR and PHENIX). Study of polarized gluon

content of the proton and nuclei is an important part of future projects in Europe and the United States such as

AFTER@LHC and LHCSpin at CERN, and EIC at BNL [33–36].

Experiments with hadronic collisions are used to access gluons at the Born level without involvement of elec-

tromagnetic couplings, which is an important advantage over SIDIS measurements. The Spin Physics Detector

(SPD) project [37–40] at the NICA collider that is under construction at JINR (Dubna, Russia) aims to investigate

the nucleon spin structure and polarization phenomena in polarized p-p and d-d collisions. The planned center-

of-mass energy can reach up to 27 GeV while the luminosity L is expected to be of order of 1032 cm−2 s−1 in

p-p collisions at maximal energy [41]. The d-d collisions can be performed at
√

sNN ≤ 13.5 GeV with about one

order of magnitude lower luminosity. Asymmetric p-d collisions at
√

sNN ≤ 19 GeV are also under discussion.

It is planned to achieve beam polarization of up to 70%. The SPD experimental setup (see Fig. 1) is being de-

signed as a universal 4π-acceptance detector equipped with advanced tracking and particle identification systems.

The silicon vertex detector (VD) will provide good resolution for the vertex position (.100 µm) ensuring reliable

identification of secondary vertices of D-meson decays. The straw-tube based tracking system (ST) to be placed

in the solenoidal magnetic field (up to 1 T at the detector axis) will provide the transverse momentum resolution

σpT
/pT ≈ 2% for particles with momentum about 1 GeV. The time-of-flight system (PID in the Fig. 1) with a

time resolution of about 60 ps will provide 3σ π/K and K/p separation for hadrons with momenta up to about 1.2

GeV and 2.2 GeV, respectively. The usage of an aerogel-based Cherenkov detector could extend the momentum

range of the PID-system. The detection of photons will be performed by the sampling electromagnetic calorimeter

(ECal) with an energy resolution of 5%/
√

E/GeV. To reduce multiple scattering and photon conversion effects,

the detector material will be minimized throughout the inner part of the spectrometer. The muon (range) system

(RS) will be set up for muon identification. It can also act as a rough hadron calorimeter. A pair of beam-beam

counters (BBC) and zero-degree calorimeters will be responsible for the local control of polarimetry and luminos-

ity. To minimize possible systematic effects, SPD will be equipped with a triggerless data acquisition system [42].

Spin physics program at the SPD is expected to start after year 2025 and to extend for about 10 years.

This Review has the following structure. Section 2 describes peculiarities of gluon probes such as charmonium

(2.1), open charm (2.2), and prompt photon production (2.3) in the SPD kinematic domain. Section 3: subsec-

tion 3.1 serves as a theoretical and phenomenological introduction into physics of gluon TMD PDFs, in 3.2 heavy

quarkonium hadroproduction is discussed, in 3.3 peculiarities of TMD-factorization for heavy-quarkonium produc-

tion are addressed, while the proton spin problem from the point of view of contemporary lattice QCD is reviewed

in 3.4. Beam-polarization-independent measurements are discussed in section 4. In subsections 4.1, 4.2 and 4.3

we address the determination of the gluon PDFs at high x, linearly polarized gluons in unpolarized nucleon and

possible non-nucleonic content in deuteron, respectively. Section 5 is dedicated to beam-polarization-dependent

measurements that are feasible at SPD. Gluon helicity function ∆g(x) and related measurements are discussed

in 5.1. The study of TMD and twist-3 effects is the main topic of Sec. 5.2. Section 5.3 is dedicated to the gluon

transversity in deuteron. Gluon contribution to the tensor structure of deuteron is reviewed in 5.5. Section 6

summarizes the discussion on the physics program with gluons at the SPD.

2. Gluon probes at NICA SPD

Within perturbative QCD, the partonic content of a nucleon is described by (TMD)PDFs. To ensure the validity

of this description, one needs to restrict to hard inclusive reactions on nucleons. The hard scale (Q2 or µ2) in

1We use Q2 (or µ2) as a generic notation for the hard scale of a reaction: the invariant mass square of lepton pairs in Drell-Yan processes,

Q2, transverse momentum square p2
T

of produced hadron or its mass square M2.
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Figure 1: General layout of the SPD setup [42].

these reactions is provided for (SI)DIS by a) the virtuality of exchanged photon, Q2, or b) by the high transverse

momentum of selected final particle or jet, pT , or c) by the heavy mass of the observed hadron, for example mJ/ψ.

For the hadronic reactions, the selections b) and c) provide access to the partonic content of a nucleon.

The (un)polarized gluon content of the proton and deuteron at intermediate and high values of Bjorken x will be

investigated at the SPD using three main probes: the inclusive production of charmonia, open charm, and prompt

photons. The study of these processes is complementary to the usual approaches to access the partonic structure

of the nucleon in hadronic collisions such as the inclusive production of hadrons at high transverse momentum

and the Drell-Yan process. Unfortunately, the latter channel is unlikely to be accessible at SPD due to the small

cross-section and unfavourable background conditions. For an efficient detection of the aforementioned gluon

probes, the SPD setup is planned to be equipped with muon-identification system, an electromagnetic calorimeter,

a time-of-flight system, and a silicon vertex detector. Nearly a 4π coverage of the setup and a low material budget

in the inner part of the setup should provide a large acceptance for the detection of the desired final states. In

Fig. 2, the kinematic phase-space in x and Q2 to be accessed by the SPD is compared to the corresponding ranges

of previous, present and future experiments. The parameters of the experimental facilities planning to contribute

to gluon physics with polarized beams are listed in Tab. 1. Figure 3 illustrates the behavior of the cross sections for

the inclusive production of J/ψ, ψ′, D-mesons and high-pT prompt photons in p-p collisions as a function of
√

s.

2.1. Charmonium production

From the experimental point of view, for the SPD energy range, the hadronic production of charmonia seems

to be particularly suited to access gluon content in hadrons due to the clean signal from J/ψ → µ+µ− decay

(BF = 0.06). The production of prompt J/ψ-mesons looks most attractive, since the corresponding cross section

is experimentally known to be significant. A large data set of J/ψ → µ+µ− events is accumulated in beam-

dump experiments (where only a muon pair is detected) with proton and pion beams at
√

s close to 20 GeV.

However J/ψ-meson is not the cleanest probe of the proton structure, since a significant fraction of J/ψ-mesons
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Figure 2: The kinematic coverage, in the (x, Q2) plane, of the hadronic cross-section data used for determination of the NNPDFpol1.1 set of

the polarized PDFs [43]. The kinematic domains expected to be covered by the NICA SPD at
√

s = 27 GeV and AFTER [34] by charmonium,

open-charm and prompt-photon production are shown. The EIC kinematic domain for
√

s = 140 GeV and 0.01 ≤ y ≤ 0.95 is also presented

according to Ref. [36]. The figure is adapted from [43]© (2014) by Elsevier.

observed in hadronic collisions is produced indirectly through decays of χcJ and ψ(2S ) (the so-called feed-down

contribution). The feed-down fraction is pT and collision-system-dependent, it varies between 20% [46] in pA

and ∼ 40% in pp-collisions [47] (see the detailed discussion in Ref. [48]). Accounting for this contribution

introduces additional uncertainties into the theoretical calculations of inclusive J/ψ cross-sections. Hence, to

provide additional constraints to production models, it is important to study production of χcJ and ψ(2S ) separately,

through their decays χcJ → γJ/ψ (BF = 0.014, 0.343 and 0.19 for J = 0, 1 and 2) and ψ(2S ) → J/ψ π+π−

(BF = 0.347). The latter state is of special interest, because it is essentially free from feed-down contamination

from higher charmonium states, due to the proximity of D0D
0
-threshold. However, the separation of the χc0,1,2

signals is a challenging experimental task due to the small mass difference between the states, which requires good

energy resolution of the electromagnetic calorimeters for soft photons. The measurement of ηc-meson production

cross-section at SPD NICA, using ηc → pp̄ decay mode (BF = 1.45× 10−3) is also under discussion, but might be

challenging.

Besides, the task of accessing gluon distributions using heavy quarkonia is rather challenging also from the

theoretical point of view. The heavy quark-antiquark pair couples directly to gluons from initial-state hadrons
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Figure 3: Cross-section for open charm, J/ψ and ψ(2S ) production from CEM-NLO model (colour evaporation model combined with NLO

pQCD matrix elements) and prompt photon production cross-section for pT > 3 GeV as a function of center-of-mass energy. Model-

calculations are compared with available experimental data sets. The figure is adapted from Ref. [44] ©(2002) by The European Physical

Journal.

Table 1: Main present and future gluon-spin-physics experiments.

Experimental SPD RHIC [45] EIC [36] AFTER LHCspin

facility @NICA [41] @LHC [34] [35]

Scientific center JINR BNL BNL CERN CERN

Operation mode collider collider collider fixed fixed

target target

Colliding particles p↑-p↑ p↑-p↑ e↑-p↑, d↑,3He↑ p-p↑,d↑ p-p↑

& polarization d↑-d↑

p↑-d, p-d↑

Center-of-mass ≤27 (p-p) 63, 200, 20-140 (ep) 115 115

energy
√

sNN , GeV ≤13.5 (d-d) 500

≤19 (p-d)

Max. luminosity, ∼1 (p-p) 2 1000 up to 4.7

1032 cm−2 s−1 ∼0.1 (d-d) ∼10 (p-p)

Physics run >2025 running >2030 >2025 >2025

(Fig. 4(a)) and its production can be perturbatively calculated, because the hard scale of the process is limited

from below by the heavy quark mass, providing the direct access to polarized and unpolarized gluon distributions.

However, the process of the transition of the heavy quark-antiquark pair into a physical bound-state is presently
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Figure 4: Diagrams illustrating three probes to access the gluon content of proton and deuteron in polarized collisions at NICA SPD: production

of (a) charmonium (color-singlet model for J/ψ, ψ(2S )), (b) open charm, (c) prompt photons.

not well understood [48–51] and can become a source of significant theoretical uncertainties. We review modern

status of the theory of quarkonium production in more detail in Sec. 3.2 to explain the latter point.

Hence, quarkonium production can be used to study the structure of hadrons only with a great caution and

only if the results consistent with other probes will eventually emerge. The study of the hadronic structure and

the heavy quarkonium production mechanism should be treated as complementary analyses. The best strategy for

quarkonium measurements at SPD is to study the yields and the polarization of different quarkonium states in a

wide kinematic range, at various energies, both in polarized and non-polarized hadronic collisions. This would

serve as an input to develop and to constrain the theory and to validate or exclude various models. When the theory

of production of heavy quarkonia is firmly established, it will become an invaluable tool to study the details of

hadronic structure.

2.2. Open charm production

It is well known that the heavy flavor production offers direct probes of the gluon distributions in hadrons, see

e.g. [52] and references therein. The basic mechanism responsible for charm pair production in pp collisions is

the gluon fusion (GF, see Fig. 4(b)). In the framework of pQCD, the GF contributes to the hadron cross-section as

Lgg ⊗ σ̂cc̄, where the gluon luminosityLgg is a convolution of the gluon densities in different protons,Lgg = g⊗ g.

At leading order in pQCD, O(α2
s), the partonic cross-section σ̂cc̄ describes the process gg → cc̄. For different

theoretical estimates of pT and Feynman variable xF -differential D-meson hadroproduction cross-section an NICA

energies see the Fig. 5.

The GF contribution to the charmonia production in pp collisions has the form Lgg ⊗ σ̂(cc̄)+X ⊗Wcc̄. (For more

details, see recent review [48]). At the Born level, the partonic cross-section σ̂(cc̄)+X is of the order of α3
s because

its basic subprocess is gg→ (cc̄)+ g in the color-singlet model of charmonium production. Moreover, the quantity

Wcc̄, describing the probability for the charm pair to form a charmonium, imposes strong restrictions on the phase

space of the final state.2 For these two reasons, the αs-suppression and phase space limitation, the cross-sections

for charmonia production are almost two orders of magnitude smaller than the corresponding ones for open charm,

see Figs. 2 (b).

To analyze the kinematics of a DD pair, each of D-mesons has to be reconstructed. The decay modes D+ →
π+K−π+ (BF=0.094) and D0 → K−π+ (BF=0.04) can be used for that. In order to suppress the combinatorial

background at SPD, the D-meson decay vertices that are about 100 µm away from the interaction point (the cτ

values are 312 and 123 µm for the charged and neutral D-mesons, respectively) have to be selected. Identification

of a charged kaon in the final state can be done using the time-of-flight system. The production and the decay

of D∗-mesons can be used as an additional tag for open-charm events. Singe-reconstructed D-mesons also carry

reduced but still essential information about gluon distribution that is especially important in the low-energy region

with a lack of statistics.

2.3. Prompt photon production

Photons emerging from the hard parton scattering subprocess, the so-called prompt photons, serve as a sensitive

tool to access the gluon structure of hadrons in hadron-hadron collisions. Inclusive direct photon production

2To form a charmonium, the momenta of the produced quark and antiquark should be sufficiently close to each other.
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(a) (b)

Figure 5: Theoretical predictions for pT (D)- (a) and xF -differential (b) inclusiive D-meson production cross-section in the LO of CPM, PRA,

GPM and NLO of CPM

proceeds without fragmentation, i.e. the photon carries the information directly from the hard scattering process.

Hence this process measures a combination of initial kT -effects and hard scattering twist–3 processes. There

are two main hard processes for the production of direct photons: gluon Compton scattering, gq(q̄) → γq(q̄)

(Fig. 4(c)), which dominates, and quark-antiquark annihilation, qq̄→ γg. Contribution of the latter process to the

total cross-section is small.
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WA70 pp

UA6 pp

E706 pp / 530

E706 pp / 800

UA6 pp
_

R110 pp

R806 pp

AFS pp

PHENIX preliminary pp

D0 pp
_

CDF pp→γX √s=1.8 TeV
_

4

3

0

2

1

D
a

ta
 /

 T
h

e
o

ry

0.01 0.1
x

T

INCNLO or JETPHOX

M=μ=MF=pt/2

CTEQ6M Λ=326 MeV

frag BFG II

(b)

Figure 6: (a) Prediction for prompt photon transverse momentum spectrum at
√

s = 27 GeV obtained in LO (dashed line) and NLO (dash-

dotted line) approximations of CPM and LO of PRA solid line). Uncertainty bands for PRA predictions are due to factorization/renormalization

scale variation only. (b) Data-to-theory ratio for the fixed-target and collider experiments. Reprinted figure with permission from [53]© (2006)

by the American Physical Society.

Theoretical predictions for transverse momentum spectrum for inclusive prompt photon production at the en-

ergy of
√

s = 27 GeV are shown in Fig. 6(a). Calculations are performed in LO and NLO approximations of

Collinear Parton Model (CPM), as well as in the Parton Reggeization Approach (PRA) [54], which is a QCD and

QED gauge-invariant version of kT -factorization. They include direct and fragmentation contributions, the latter

one is about 15-30 %. The K-factor between LO and NLO calculations in the CPM is about ∼1.8 and slightly

depends on pTγ [55]. LO prediction of PRA coincides with the result of NLO CPM calculation at moderate trans-
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verse momenta (pT < 4 GeV) while at higher pT PRA predicts somewhat harder pT -spectrum. Figure 6(b) [53]

presents the comparison of the pT spectra (xT = 2pT/
√

s) measured in a wide kinematic range of
√

s in different

fixed-target and collider experiments and the theoretical NLO calculations performed within the JETPHOX pack-

age [56]. While high-energy collider results exhibit rather good agreement with the expectations, the situation at

high-xT is complicated. The results from E706 (
√

s = 31.6 and 38.8 GeV) [57] and R806 (
√

s = 63 GeV) [58]

experiments diverge significantly from the theory and follow an evident trend, which could be an indication of

possible systematic effects that have not been fully understood yet.

Table 2: Expected cross-section and event counts (without the acceptance correction) for each of the gluon probes per one year of SPD running

(107 s). For ηc cross-section, the central LO PRA NRQCD (see Sec. 3.2) estimate for
√

s = 24 GeV is given, for other estimates see Fig. 9.

σ27 GeV, σ13.5 GeV, N27 GeV, N13.5 GeV

Probe nb (×BF) nb (×BF) 106 106

Prompt-γ (pT > 3 GeV/c) 35 2 35 0.2

J/ψ 200 60

→ µ+µ− 12 3.6 12 0.36

ψ(2S ) 25 5

→ J/ψπ+π− → µ+µ−π+π− 0.5 0.1 0.5 0.01

→ µ+µ− 0.2 0.04 0.2 0.004

χc1 + χc2 200

→ γJ/ψ→ γµ+µ− 3.0 3.0

ηc 400

→ pp̄ 0.6 0.6

Open charm: DD̄ pairs 14000 1300

Single D-mesons

D+ → K−2π+ (D− → K+2π−) 520 48 520 4.8

D0 → K−π+ (D̄0 → K+π−) 360 33 360 3.3

In experiments prompt photons are detected alongside with a much larger number of photons from decays of

secondary π0 and η mesons (minimum-bias photons). The main challenge is to subtract these decay contributions

and filter the photons directly emitted from hard collisions. This kind of background is especially important at small

transverse momenta of produced photons (pT ) and gives the lower limit of the accessible pT range. Therefore the

prompt-photon contribution with pT ≤ 2 − 3 GeV is usually unreachable in the experiment [59].

A pair of prompt photons can be produced in hadronic interactions in qq̄ annihilation, quark-gluon scattering,

and gluon-gluon fusion hard processes (at the leading, next-to-leading, and next-to-next-leading orders, respec-

tively). The double prompt photon production in nucleon interactions at low energies is not yet well studied

experimentally. The production cross-section for proton-carbon interaction at
√

s = 19.4 GeV/c has been mea-

sured by the CERN NA3 experiment [60]. Based on this result one can expect the cross-section of the double

photon production with pT > 2 GeV/c for each photon to be at the level of about 0.5 nb.

Estimations of the expected event rates are evaluated for p-p collisions at
√

s = 27 and 13.5 GeV for the

projected integrated luminosity 1.0 and 0.1 fb−1, respectively that corresponds effectively to one year of data

taking (107 s). The results are listed in Tab. 2.

3. Theoretical motivation

3.1. Gluon TMDs

The full list of leading-twist polarized gluon TMDs was first introduced in Ref. [61]. Tab. 3 contains the eight

leading-twist gluon TMDs that are defined for a spin-1/2 hadron, using the naming scheme proposed in Ref. [62],
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gluon pol.

n
u

cl
eo

n
p

o
l.

U circular linear

U f
g

1
h
⊥g

1

L g
g

1
h
⊥g

1L

T f
⊥g

1T
g

g

1T
h

g

1
, h
⊥g

1T

Table 3: Nucleon gluon TMD PDFs at twist-2. U , L, T describe unpolarized, longitudinally polarized and transversely polarized nucleons. U ,

‘circular’, ‘linear’ stand for unpolarized, circularly polarized and linearly polarized gluons. Functions h
⊥g

1
and g

g

1T
are T -even. Functions f

g

1

and g
g

1
are T -even and survive integration over the transverse momentum. Functions f

⊥g

1T
, h

g

1
, h
⊥g

1T
and h

⊥g

1L
are T -odd. For brevity functional

dependence on x and k2
T as well as hard-scale dependence is omitted.

analogous to that of quark TMDs (see also [63]). In Ref. [64], the study of gluon TMDs was extended to spin-1

hadrons, leading to the definition of 11 new functions.

The TMDs depend on the light-cone momentum fraction x and the parton transverse momentum kT . In Tab. 3

they are listed in terms of both the polarization of the gluon itself and of its parent spin-1/2 hadron. The two

gluon TMDs on the diagonal of the table have the simplest physical interpretation: f
g

1
(x, k2

T ) is the distribution of

unpolarized gluons inside an unpolarized hadron, and g
g

1
(x, k2

T ) is the distribution of circularly polarized gluons

inside a longitudinally polarized hadron. Upon integration over kT all TMD PDFs for spin-1/2 hadron vanish,

except f
g

1
(x, k2

T ) and g
g

1
(x, k2

T ), which correspond to the well-known collinear unpolarized f g(x) and helicity g
g

1
(x)

gluon PDFs, respectively. The collinear (kT -integrated) gluon transversity PDF, h
g

1
(x), which is equal to zero for

spin-1/2 hadrons, may be non-zero for spin-1 case (see Sec. 5.3 of this review). The collinear unpolarized gluon

PDF, f g(x), is at present the only gluon function that is known to a good extent, while we have a fair knowledge of

the helicity PDF g
g

1
(x), but still with large uncertainties [65] (see Sec. 5.1 for further discussion).

As for quarks TMDs, gluon TMDs receive contributions from the resummation of logarithmically-enhanced

terms in perturbative calculations. They could be called the ”perturbative part” of the TMDs. Much is known about

them [66–68], but very little is known about the nonperturbative components.

The distribution of linearly polarized gluons in an unpolarized nucleon, h
⊥g

1
(x, k2

T ), i.e. the gluonic counterpart

of the Boer-Mulders function, is particularly interesting because it gives rise to spin effects even in collisions of

unpolarized hadrons [17, 69–73]. Analogous effects are generated at high transverse momentum by perturbative

QCD: part of these contributions can be resummed and represent the perturbative part h
⊥g

1
(x, k2

T ) [67] (for further

discussion see Sec. 4.2).

The Sivers function, f
⊥g

1T
(x, k2

T ), which encodes the distribution of unpolarized gluons in a transversely polar-

ized nucleon, has a very important role in the description of transverse-spin asymmetries (see Sec. 5.2).

The precise definition of gluon TMDs should also take into account the fact that they can contain (at least)

two different gauge-link configurations. This leads to the distinction between f -type and d-type gluon TMDs, also

known as Weiszäcker-Williams (WW) and dipole TMDs [74–76]. In practice, each gluon TMD in Tab. 3 actually

represents two distinct TMDs.

The WW TMDs contain either [+,+] or [−,−] Wilson line gauge links3, while the dipole TMDs contain either

[+,−] or [−,+] gauge links. The WW type gluon TMDs occur in processes where the gluon interacts with a

color-singlet initial particle (e.g., a photon in a DIS process) producing two colored final states (e.g., two jets). In

processes where a gluon interacts with another gluon (color-octet state) and produces a color-singlet state (e.g.,

Higgs production), the relevant gluon TMDs have a [−,−] gauge link structure. TMD factorization is expected to

work in all these processes, and these relations are expected to follow from time-reversal invariance

f
g [+,+]

1
(x, k2

T ) = f
g [−,−]

1
(x, k2

T ) (T-even), (1)

f
g⊥[+,+]

1T
(x, k2

T ) = − f
g⊥[−,−]

1T
(x, k2

T ) (T-odd). (2)

The dipole gluon TMDs, instead, occur when a gluon interacts with a colored initial particle and produces a

colored final particle as, e.g., in photon-jet production in pp collisions. In this case, TMD factorization has not

been proven to work and may be affected by color-entanglement problems [77]. More complicated gauge-link

3Here + (−) indicates the direction of the future- (past-) pointing Wilson lines corresponding to final (initial) state interactions.
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structure are involved in processes where multiple color states are present both in the initial and final state [78]. In

these cases, TMD factorization can be even more questionable.

Experimental information on gluon TMDs is very scarce. First attempts to perform phenomenological studies

of the unpolarized gluon TMD have been presented in Refs. [18, 79, 80]. Experimental and phenomenological

results related to the gluon Sivers function can be found in Refs. [20, 22, 28, 29, 81].

At high transverse momentum and at low-x, the unpolarized and linearly polarized gluon distributions f
g

1
(x, k2

T )

and h
⊥g

1
(x, k2

T ) are connected [76] to the Unintegrated Gluon Distribution (UGD), defined in the BFKL approach [82–

85] (see Refs. [86–96] for recent applications).

Since the information on gluon TMDs is at present very limited, it is important to study some qualitative

features using relatively simple models. Pioneering work in this direction was done in the so-called spectator-

model approach [61, 97, 98]. Originally developed for studies in the quark-TMD sector [62, 99–103], this family

of models relies on the assumption that the struck nucleon emits a gluon, together with remnants that are treated

as a single, on-shell particle. With this model, it is possible to generate all TMD densities at twist-2 (Table 3). A

recent calculation for T -even distributions has been presented in Ref. [23]. In that work, at variance with previous

studies, the spectator mass is allowed to take a continuous range of values weighted by a spectral function, which

provides the necessary flexibility to reproduce both the small- and the moderate-x behaviour of gluon collinear

PDFs.

Predictions obtained in Ref. [23] for the unpolarized gluon TMD, x f
g

1
(x, k2

T ), and for the linearly-polarized

gluon TMD, xh
⊥g

1
(x, k2

T ), are shown in Fig. 7 as functions of the transverse momentum squared, k2
T , for x = 10−3

and at the initial scale, Q0 = 1.64 GeV (i.e., without the application TMD evolution). Predictions are given as a set

of 100 replicas, which are statistically equivalent and reproduce well the collinear PDFs f g(x) and g
g

1
(x). Each line

in the plot shows a single replica, with the black solid line corresponding to the most representative replica (n. 11),

which has the minimal quadratic distance to the mean values of parameters obtained in the fit. Apart from details,

it is important to note that: i) even if all replicas reproduce similar collinear PDFs, they predict very different

results for the TMDs, ii) each TMD exhibits a peculiar trend both in x and k2
T . For instance, the unpolarized

function presents a clearly non-Gaussian shape in k2
T , and goes to a small but non-vanishing value for k2

T → 0.

The linearly-polarized gluon TMD is large at small k2
T and decreases fast. Both of them are increasingly large at

small x.

(a) (b)

Figure 7: Examples of model calculations of the unpolarized(a) and Boer-Mulders (b) gluon TMDs as functions of k2
T , for x = 10−3 and at the

initial scale, Q0 = 1.64 GeV. The figures are adapted from Ref. [23]©(2020) by The European Physical Journal.

3.2. Hadron structure and mechanisms of charmonium hadroproduction

In this section, we give a short overview of the current status of the theory of heavy-quarkonium production

with an emphasis on possible applications of heavy-quarkonium measurements for studies of the gluon content of

hadrons.

The hadroproduction of heavy quarkonia proceeds in two stages: firstly, a heavy quark-antiquark pair is

produced at short distances, via gluon-gluon fusion but also with a non-negligible contribution of qq̄ and qg-

initiated subprocesses, depending on the collision energy. The second stage is represented by the hadronization
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process of the quark-antiquark pair into a physical quarkonium state, which happens at large distances (low en-

ergy scales/virtualities) and is accompanied by a complicated rearrangement of color via exchanges of soft gluons

between the heavy quark-antiquark pair and other colored partons produced in the collision. At present, two ap-

proaches aimed to describe hadronization stage are most well-explored: the Non-Relativistic QCD factorization

(NRQCD-factorization) [104] formalism and the (Improved-)Color-Evaporation Model (CEM) [105–114], see e.g.

recent reviews [48–51].

Let us first discuss the conceptually simpler CEM. In this model, inspired by the idea of (local) quark-hadron

duality, all color and angular-momentum states of cc̄-pair with invariant masses below the threshold of production

of open-charmed meson pair contribute to the production of charmonium-stateH = ηc, J/ψ, χc with some constant

probability FH , i.e. the ICEM cross-section is:

dσ(p + p→ H + X) = FH

2mD
∫

mH

dMcc̄

dσ(p + p→ c + c̄ + X)

dMcc̄

, (3)

where the cross-section dσ(p+ p→ c+ c̄+X) can be computed to any order in QCD perturbation theory and partic-

ular lower-limit of integration M
(min)
cc̄ = mH corresponds to ICEM [110–112], while in traditional CEM [107–109]

it has been set to 2mc. Also, due to Mcc̄ , mH , the three-momentum of cc̄-pair is different form the momentum of

produced charmonium, which in some approximation incorporates effects of soft-gluon emissions at hadronisation

stage. This recoil effect is usually [110, 113] taken into account using simple rescaling pH = pcc̄×mH/Mcc̄, which

is the correct prescription in the limit Mcc̄ − mH ≪ mH ≪ |pH | and assuming isotropic gluon emission, while in

some studies the soft-gluon recoil is neglected [111, 112]. Due to steep decrease of the pT -spectra, this kind of

small momentum shifts are important and may lead to O(10%) change of probabilities FH .

Despite its simplicity, the ICEM is remarkably successful in describing pT -dependence of ratios of yields

of different charmonium states [110], the general shape of pT -spectra of prompt J/ψ and ψ(2S ) production at

moderate transverse-momenta and even describes the unpolarized production of J/ψ at high-pT in agreement

with experimental data [112]. However the detailed shape of pT spectra, in particular at large pT , can not be

reproduced in this model even at NLO in αs for the short-distance cross-section dσ(p + p → c + c̄ + X), as it

was shown in recent studies [114, 115]. Moreover, when the CEM is applied to the charmonium pair-production

with hadronisation-probabilities, FH fitted to the prompt single-production data, it underestimates the total and

differential cross-sections in whole phase-space by up to two orders of magnitude [114]. A similar problem arises

with the estimation of e+e− → J/ψ + cc̄ cross-section in CEM [48]. We will discuss implications of latter findings

in the context of NRQCD factorization below.

The NRQCD-factorization framework is based on the Non-Relativistic QCD (NRQCD) effective field theory

which consists in a systematic expansion of usual QCD Lagrangian in powers of squared velocity of constituent

heavy-quarks in a bound state – v2. Simple potential-model estimates lead to v2 ≃ 0.3 for charmonia and ≃ 0.1 for

bottomonia (see e.g. Sec. A in Ref. [104]), so v2 is assumed to be a good expansion parameter. The degrees of free-

dom of NRQCD are fields (field-operators) of non-relativistic quarks (annihilation-operator) ψ(x) and anti-quarks

(creation-operator) χ(x), as well as fields Aµ(x) of long-wavelength gluons with virtualities much smaller than mc.

All the effects caused by short-wavelength gluons and light-quarks are incorporated into matching-coefficients in

front of local operators forming the NRQCD Lagrangian. The latter ones are perturbatively computable to any

order in αs. The production of cc̄-pair at short distance is also represented as a perturbative matching coefficient,

while the subsequent evolution of a cc̄ state into a quarkonium is described by Long-Distance Matrix-Elements

(LDMEs) of local operators, constructed from the NRQCD fields ψ(x), χ(x) and Aµ(x).

Inclusive heavy-quarkonium production cross-section depends on LDMEs of operators [104]:

∑

X

∣

∣

∣〈X +H|ψ†(0)κiχ(0) |0〉
∣

∣

∣

2
= 〈0| O(H)

i
(0) |0〉 = 〈OH [i]〉 , (4)

where O(H)

i
(x) = χ†(0)κ

†
i
ψ(0)a

†
HaHψ

†(0)κiχ(0) with a
†
H (aH) being the creation(annihilation) operators for the

physical state H . The operators κi are polynomials in Pauli matrices, covariant derivatives and QCD field-

strength tensors, which project out a particular color-singlet (CS,(1)) or color-octet (CO,(8)) Fock-state of cc̄-pair

i = 2S+1L
(1,8)

J
where the spectroscopic notation for spin – S and orbital-momentum – L has been used. To ensure

the gauge-invariance of the LDMEs for color-octet states and the expected factorization properties of infra-red

divergences in NRQCD perturbation theory, Wilson-line factors depending on Aµ(x) should be added [116, 117] to

the operators O(H)

i
(x), making them non local. Further complications in the definition of NRQCD operators arise

when more than one heavy-quarkonium state is considered in the final-state [118].
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In contrast to Eq. (4), the inclusive decay rate of quarkoniumH depends on different kind of LDMEs:

∑

X

∣

∣

∣〈X|χ†(0)κ
†
i
ψ(0) |H〉

∣

∣

∣

2
= 〈0|aHχ(0)κiψ

†(0)χ†(0)κ
†
i
ψ(0)a

†
H |0〉 , (5)

which, for the case of color-octet states, cannot be related to LDMEs (4) without further approximations.

The velocity-scaling rules (VSRs) [104, 119] for LDMEs allow one to truncate to a desired order in v2 the

infinite tower of local NRQCD-operators which otherwise might contribute to the production of a stateH . As such,

they are the cornerstone of phenomenological applications of NRQCD factorization. These scaling-rules assign

specific scaling power in v to the NRQCD fields ψ(x), χ(x), Aµ(x) and to the covariant-derivative Dµ = ∂µ+igsAµ(x)

(see the Tab. 1 in Ref. [119]). The latter one is particularly important, because one factor of D enters into operator

κi for each unit of orbital momentum L, leading to (v2)L-suppression of LDMEs of states with high values of L.

Another key ingredient of the derivation of VSRs for LDMEs is the v2-expansion for the physical quarkonium

states, originating from the physical picture of non-relativistic bound-state in Coulomb gauge for gluon fields. The

latter expansion e.g. for J/ψ has the form (see the discussion in Sec. D of Ref. [104]):

|J/ψ〉 = a
†
J/ψ
|0〉 = O(1)

∣

∣

∣

∣

cc̄
[

3S
(1)

1

]〉

+ O(v)
∣

∣

∣

∣

cc̄
[

3P
(8)

J

]

g
〉

+ O(v3/2)
∣

∣

∣

∣

cc̄
[

1S
(8)

0

]

g
〉

+ O(v2)
∣

∣

∣

∣

cc̄
[

3S
(8)

1

]

gg
〉

+ . . . ,

where, by O(vn), we denote the order of velocity-suppression of the corresponding Fock-state. Therefore, an

additional v2 suppression, besides the v2-factor coming from the structure of operators κi, comes in for decay-

LDMEs (5) resulting into the intricate structure of v2-suppression for LDMEs with various labels i, shown in the

Tab. 4. It is further assumed that production LDMEs (4) follow the same pattern of v2-suppression as the decay-

LDMEs (5) and this assumption is supported by the results of higher-order perturbative calculations [116, 117]. The

color-singlet LDMEs in the LO of v2-expansion are proportional to the modulus-squared of the radial part of the

wave-function of potential model – |R(0)|2 (or |R′(0)|2 for P-wave states), thus connecting the NRQCD-factorization

with the original Color-Singlet Model of heavy-quarkonium production [120]. The numerical smallness of color-

octet LDMEs relatively to color-singlet also has been observed in global LDME-fits for charmonia [121–127] and

bottomonia [128–131].

Table 4: Velocity-scaling rules for LDMEs [132] in the NRQCD-factorization formalism.

1S
(1)

0
3S

(1)

1
1S

(8)

0
3S

(8)

1
1P

(1)

1
3P

(1)

0
3P

(1)

1
3P

(1)

2
1P

(8)

1
3P

(8)

0
3P

(8)

1
3P

(8)

2

ηc 1 v4 v3 v4

J/ψ 1 v3 v4 v4 v4 v4

hc v2 v2

χc0 v2 v2

χc1 v2 v2

χc2 v2 v2

The description of detailed shapes of pT spectra of prompt charmonia [121–124, 124–127] and bottomo-

nia [128–130] with pT > 3 − 5 GeV, produced in pp and pp̄ collisions at Tevatron and LHC in the framework

of global NRQCD fits at NLO in CPM is one of the main phenomenological achievements of NRQCD factor-

ization so far. The global NLO fit [121–124] which attempts to describe charmonium production cross-section

in e+e−, pp and ep collisions leads to the dominance of 3S
(8)

1
and 3P

(8)

J
states at pT ≫ MJ/ψ. At high-pT the

3S
(8)

1
state is typically produced in a fragmentation of an almost on-shell gluon g → cc̄

[

3S
(8)

1

]

, resulting into the

predominantly-transverse polarization of this state in the helicity frame. The 3P
(8)

J=1,2
-states also give significant

contribution to the transverse polarization of final quarkonium at NLO. There is no mechanism to de-polarize this

states at leading-order in v, since the polarization is carried by heavy-quark spin, so the transverse polarization of

produced quarkonium at high-pT for those fits in which 3S
(8)

1
and 3P

(8)

J
-states dominate at high pT is one of the

most solid predictions of NRQCD.
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Unfortunately, this prediction is by now clearly disfavored by experimental measurements of pT dependence

of charmonium [133] and bottomonium [134] polarization parameters at the LHC, see the Ref. [49] for a global

survey of heavy-quarkonium polarization data. All experimental data are consistent with unpolarized production

at high-pT , with ψ(2S ) data even consistent with small longitudinal polarization, in contradiction with predictions

of the fit [121–124]. On the other hand, if the consistency with unpolarized production is imposed, then agreement

of the fit with e+e− and photo-production data is lost [123, 124]. In the literature, this situation is called “heavy-

quarkonium polarization puzzle”.

Another prediction, based on the standard picture of VSRs in the NRQCD factorization is the relation between

LDMEs of Fock states different by the flipping of the spin of a heavy-quark – the so-called Heavy-Quark Spin

Symmetry (HQSS) relations, for example:

〈

Oηc

[

1S
(1/8)

0

]〉

=
1

3

〈

OJ/ψ
[

3S
(1/8)

1

]〉

+ O(v5),

〈

Oηc

[

3S
(8)

1

]〉

=
〈

OJ/ψ
[

1S
(8)

0

]〉

+ O(v4),
〈

Oηc

[

1P
(8)

1

]〉

= 3
〈

OJ/ψ
[

3P
(8)

0

]〉

+ O(v5),
〈

Ohc

[

1P
(1)

1
/1S

(8)

0

]〉

= 3
〈

Oχc0

[

3P
(1)

0
/3S

(8)

1

]〉

+ O(v3).

These relations had been confronted with phenomenology in Ref. [135] by taking CO LDMEs from several

available NRQCD-fits of J/ψ production, converting J/ψ LDMEs to ηc-ones and predicting the ηc transverse-

momentum spectrum, which can be compared with the measurement by LHCb [136, 137]. The firm result of

this investigation is, that LHCb data are perfectly compatible with predominantly direct production of ηc via CS
1S

(1)

0
-state. The feed-down from hc has been found to be negligible and addition of CO-contributions leads to

overestimation of high-pT cross-section by more than order of magnitude above experimental data. This findings

suggest the significant violation of VSRs for ηc LDMEs, since CO contributions for ηc are of the same order as for

the J/ψ (Tab. 4) and corrections to the HQSS relations are of higher-order in v. Nevertheless, in Refs. [138, 139] it

was shown that it is possible to improve the description of the J/ψ and ηc cross-sections as well as J/ψ-polarization

in common LDME fits compatible with the HQSS-relations if one discards the data with pT < 7 GeV from the

fit. However, besides the fact that there is no explanation for such a high value of the pT -threshold within the

NRQCD-factorization formalism, tensions in the data description either remain or are newly introduced: The

CS LDME values fitted in Ref. [138] differ from those obtained from potential models or decay widths, while the

LDME fit of Ref. [139] still leads to significant transverse J/ψ polarization at higher pT , see also related Ref. [140].

Comparing the CEM and NRQCD-factorization formalisms to each-other, one finds [132], that CEM can be

understood as NRQCD-factorization without v2-suppression between S -wave CS and CO LDMEs. This suppres-

sion is characteristic for NRQCD, see Tab. 4. The absence of the suppression is also clearly disfavored by recent

studies of J/ψ pair-production in NRQCD [141–143] and CEM [114]. These studies show that the bulk of the

double-J/ψ cross-section is explained by double-3S
(1)

1
CS-state production [144, 145], while the CEM prediction,

dominated by CO states of cc̄-pair, fails to describe the data.

Concluding our mini-review of heavy-quarkonium production theory we emphasize, that neither CEM, nor

NRQCD-factorization in its pure form can describe all available data on heavy-quarkonium production and polar-

ization, and probably some hybrid of this two models should be constructed. Presently, the study of the heavy-

quarkonium production mechanism is an active field of research, with new approaches, such as subleading-power

fragmentation [146] and soft-gluon factorization [147–149], being proposed recently.

Due to the theoretical problems described above and multitude of competing theoretical approaches and mod-

els available on the market, our lack of quantitative understanding of the mechanism of hadronization of charm

quarks into charmonium can become a source of significant theoretical uncertainties if charmonium production

is to be used as a tool to study the proton structure. The Fig. 8 provides an insight on this situation at NICA

SPD. In this figure, predictions of three models for the pT spectra of J/ψ (Fig. 8(a)) and ηc mesons (Fig. 8(b))

are compared. Furthermore, in the Fig. 10, predictions for the pT -dependence of the polarization parameter λθ in

the ŝ-channel helicity frame are presented. The dashed curve with solid uncertainty bend in Fig. 8(a) represents

the NLO calculation in collinear parton model (with LO being O(α3
s), see Fig. 4(a)) for the short-distance part of

the cross-section matched to the NRQCD-factorization formalism for the long-distance part, with LDMEs of the

latter tuned to charmonium production data in hadronic collisions, DIS and e+e−-annihilation [121–124]. For the

prediction represented by solid histogram in the Fig. 8(a), the short-distance part of the cross-section is calculated

in the LO (O(α2
s) for color-octet and P-wave contributions and O(α3

s) for color-singlet S -wave ones) of PRA [54],

while LDMEs in this calculation had been fitted to the charmonium hadroproduction data from RHIC, Tevatron
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Figure 8: Theoretical predictions for the inclusive J/ψ pT -spectrum (a) and the ηc pT -spectrum (b) in various models: NLO of CPM +

NRQCD-factorization (thick dashed line with solid uncertainty band) [121, 122], LO of PRA + NRQCD-factorization (thick solid histogram

with diagonally-shaded uncertainty band) [150, 151], and LO PRA [54] + Improved Color Evaporation Model (thick dash-dotted histogram

with horizontally-shaded uncertainty band) [112]. The contribution of the qq̄-annihilation channel to the central ICEM prediction is depicted

by the thin dash-dotted histogram. Uncertainty bands are due to the factorization/renormalization scale variation only.

Figure 9: Theoretical predictions for the rapidity-differential cross-section of ηc-production. Thin dashed and solid lines – LO and NLO CPM

+ NRQCD predictions with optimized factorization-scale choice [152, 153], uncertainty bands – PDF and renormalization-scale uncertainties

added in quadratures. Thick solid line – LO PRA + NRQCD, dash-dotted line – LO PRA + ICEM, full uncertainty bands. Last two predictions

performed with the same model as predictions in the Fig. 8(b).

and LHC [150, 151]. The thick dash-dotted histogram is calculated in the LO (O(α2
s)) of PRA with the same

unintegrated PDFs as for the LO PRA+NRQCD prediction, but interfaced with an improved Color-Evaporation

Model (ICEM) of Ref. [112] for description of hadronization. Non-perturbative parameters of the ICEM had been

taken from the Ref. [112] where they had been fitted to charmonium hadroproduction data at Tevatron and LHC

energies. Predictions of all three models for the inclusive J/ψ pT spectrum at NICA SPD appear to be consistent

within their uncertainty bands, see Fig. 8(a). However, the structure of this predictions is significantly different,

with NRQCD-based predictions being dominated by gluon-gluon fusion subprocess, while ICEM prediction con-

taining significant contamination from qq̄-annihilation, shown with the thin dash-dotted histogram in the Fig. 8(a).

The latter contribution reaches up to 50% at low pT < 1 GeV and contributes up to 10% at higher pT > 3 GeV.
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Figure 10: Theoretical predictions for the pT -dependence of polarization parameter λθ in various models: NLO of Collinear Parton Model +

NRQCD-factorization (dashed line with solid uncertainty band) [121, 122], LO of PRA + NRQCD-factorization (solid histogram with shaded

uncertainty band) [150, 151]. Uncertainty bands are due to the factorization/renormalization scale variation and the variation of LDMEs within

their fit-uncertainties.

Also ICEM tends to predict a significantly harder pT spectrum at pT > 5 GeV, than NRQCD-based PRA prediction

which had been performed with the same unintegrated PDFs.

The above discussion shows that the J/ψ pT -spectrum can be reliably predicted only in the limited range of

transverse momenta, approximately from 3 to 6 GeV at
√

s = 24 GeV. At higher pT the shape of the spectrum

becomes highly model-dependent and at lower pT < MJ/ψ the TMD-factorization effects (including possible vi-

olation of factorization, see [154, 155]) come into the game and the contribution of qq̄-annihilation subprocess

becomes uncertain. Nevertheless, predictions and measurements of the rapidity or xF-differential cross-sections

even in this limited pT -range could help to further constrain the gluon PDF, e.g. to rule-out the extreme values of

L in the x→ 1 asymptotic limit of the PDF ∼ (1 − x)L.

In the Fig. 8(b), we perform a similar comparison of model-predictions for ηc-production at SPD-NICA. Taking

into account results of Ref. [135] we include only CS 1S
(1)

0
-contribution to the NLO CPM and LO PRA NRQCD

predictions and neglect the possible feed-down from hc-meson decays. For comparison we also show the LO PRA

ICEM prediction for ηc transverse-momentum spectrum, with Fηc
= (1.8± 0.8)× 10−2 in Eq. (3) tuned to describe

LHCb data [136] in the same model. The LO PRA and NLO CPM predictions again agree nicely with each-other,

however ICEM-prediction has different slope and magnitude at SPD-NICA, while it describes the LHCb-data

as well as the NRQCD prediction. This comparison shows, that studies of ηc-production at SPD-NICA will be

instrumental for better understanding of its production mechanism. If the CS-dominated NRQCD-prediction turn

out to be correct, then ηc production becomes a unique instrument to study the gluon content of the proton without

introducing additional free-parameters, such as CO LDMEs, to the analysis.

Model predictions for rapidity-dependence of pT -integrated cross-section are presented in the Fig. 9. Here

the LO and NLO CPM NRQCD predictions are performed with the optimized value of factorization and renor-

malization scales: µR = µF = mηc
e−Aηc with Aηc

= 1/2 dictated by the high-energy behavior of NLO partonic

cross-section. This particular scale-choice allows one to avoid the problem of negative NLO cross-sections at

high energies [152, 153], however at NICA energies it leads to predictions for pT -integrated ηc-yield significantly

higher than predictions of other models. PRA predictions in the Fig. 9 are based on the same model as PRA pre-

dictions in the Fig. 8(b). The latter model allows one to calculate rapidity-differential cross-section, because PRA

cross-section is finite in pT → 0 limit due to pT -spearing from unintegrated gluon PDFs. We have used the same

scale-choice µR = µF =

√

m2
ηc
+ p2

T
(with 〈pT 〉 > 1 GeV, see Fig. 8(b)) for PRA predictions in both Figs. 8(b) and

9. The PRA ICEM cross-section in the Fig. 9 is almost order of magnitude smaller than PRA NRQCD prediction,

consistently with Fig. 8(b), thus even measurement of the total cross-section of ηc-production at SPD NICA will
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allow to exclude ICEM for this state.

Predictions of NLO CPM and LO of PRA for J/ψ-polarization parameter λθ (see the Fig. 10) are significantly

different, with PRA predicting mostly unpolarized production (λθ ≃ 0) while CPM predicts transverse polarization

(λθ = +1) at high pT . Disagreement of the predictions for polarization parameters mostly reflects the difference

of LDMEs obtained in two fits and their large uncertainty bands are due to significant uncertainties of LDMEs.

Measurements of heavy quarkonium polarization at NICA energies will provide additional constraints on models,

however due to well-known problems with description of polarization at high energies [123, 124] constraints

coming from the polarization measurements should be interpreted with great care and one should try to disentangle

conclusions for gluon PDF from the results related to heavy quarkonium polarization.

3.3. TMD factorization with gluon probes

The description of hard processes which involve hadrons is based on factorization theorems. In particular,

formulation of factorization theorems in terms of the TMD PDFs (see e.g. the monograph [156] or the review [6])

of quarks and gluons is the most important step towards studying the 3D structure of hadrons in momentum space

and the nature of their spins.

The field of TMDs has taken a big step forward in the last years. Both the theoretical framework [68, 156–

161], mainly focused on the proper definition of TMDs and their properties, and the phenomenological analyses

(see e.g. these recent extractions [162–168]), have been developed, together with the appearance of new higher-

order perturbative calculations (see e.g. [80, 169–174]). However this progress has mainly been done in the quark

sector, due to the difficulty to cleanly probe gluons in high-energy processes.

Several processes have been proposed to access gluon TMDs in lepton-hadron collisions, like open charm

production [175–177] and dijet or high-pT charged dihadron production [178, 179]. However in hadron-hadron

collisions the production of a color neutral final state is a must for the TMD factorization not to be broken by

Glauber gluon exchanges [77, 180–184]. An example of a process which probes directly gluon TMDs in hadron-

hadron collisions is the Higgs boson production [68, 80, 185–187]. However the extraction of gluon TMDs from its

transverse momentum distribution is challenging due to the large mass of the boson and small available statistics.

In other words, genuine non-perturbative TMD effects are somehow hidden in the spectrum and are thus difficult

to constrain. All in all, quarkonium production processes seem to be the best tool at our disposal to probe gluon

TMDs, and they have indeed attracted an increasing attention lately [17, 18, 20, 21, 73, 79, 154, 155, 175, 176,

188–200].

The NRQCD factorization formalism, which is briefly reviewed in Sec. 3.2, can only be applied for transverse

momentum spectra when the quarkonium state is produced with a relatively large transverse momentum compared

to its mass, i.e. pT ∼ 2mQ, with mQ the mass of the heavy quark. This is because the emissions of soft gluons from

the heavy quark pair cannot modify the large transverse momentum of the bound state. The hard process generates

this pT , while the infrared divergences are parameterized in terms of the well-known long-distance matrix elements

(LDMEs) and integrated PDFs.

On the contrary, when quarkonium states are produced with a small transverse momentum, soft gluons can no

longer be factorized. Indeed, it was found that for quarkonium photo/lepto-production in the endpoint region [201–

203], processes which are sensitive to soft radiation and where NRQCD approach fails, the LDMEs need to be

promoted to shape functions [154, 155]. In the same way, in order to properly deal with soft gluon radiation at

small pT in a TMD spectrum of quarkonium production, it has recently been found that one needs to promote the

LDMEs to the so-called TMD Shape Functions (TMDShFs) [154, 155], which encode the two soft mechanisms

present in the process: the formation of the bound-state and soft gluon radiation.

As an example, let us consider the TMD factorization for single quarkoniumH production in hadronic colli-

sions, with mass mH and rapidity y, which reads

dσ

dydpT

=

∫

d2b⊥
(2π)2

e−i(pT ·b⊥)
∑

i∈{1S
[1]
0
,...}

H(i)(mH , y, s; µ) Fg/A(xA, b⊥; µ, ν) Fg/B(xB, b⊥; µ, ν) S
(i)

H (b⊥, µ, ν) + O
( pT

mH

)

,

(6)

where y is the quarkonium rapidity, xA,B = mHe±y/
√

s are the longitudinal momentum fractions, Fg/A(B) are

the gluon TMD PDFs, H(i) are the process-dependent hard-scattering coefficients and S
(i)

H are the polarization-

independent quarkonium TMDShFs (for more details see Refs. [154, 155]). µ and ν are the factorization/resummation

and rapidity scales, respectively, b⊥ is the Fourier conjugate of pT . The summation is performed over the various
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colour and angular momentum configurations. Similarly to LDMEs, the TMDShFs scale with the relative veloc-

ity, v, of the heavy quark-antiquark pair in the quarkonium rest frame. Therefore, the factorisation formula is a

simultaneous expansion in the relative quark-pair velocity v and λ = pT/mH .

The factorization theorem contains three or more non-perturbative hadronic quantities at low transverse mo-

menta: gluon TMD PDFs and the TMDShFs. Thus, the phenomenological extraction of gluon TMDs from quarko-

nium production processes is still possible, i.e., a robust factorization theorem can potentially be obtained in any

particular case of heavy meson production. However one also needs in principle to model and extract the involved

TMDShFs.

Finally, a couple of open questions remain with regard to the factorization formula just discussed. On one hand,

the double expansion in λ and v allows for, e.g., terms that are suppressed (i.e. sub-leading) in λ but at the same

time are numerically important due to the enhancement in v. Although this double expansion introduces theoretical

challenges, it is also an opportunity to observe the contributions to the cross-section from sub-leading factorization

or from the terms with higher twist. On the other hand, Glauber gluon exchanges when summing over colour octet

final-state channels can spoil the factorization (as in P-wave quarkonium production [204]). However this actually

represents an opportunity to quantify these effects in QCD, which connect long and short distance physics. Both

of these issues are present in studies of inclusive J/ψ and Υ(1S ) production in hadronic colliders. Anyhow, the

production of ηc/b [154], with leading contribution from the channel 1S
[1]

0
, could provide a clean channel for the

study of quarkonium TMDShFs.
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Figure 11: (a) Uncertainty of unpolarized gluon PDF based on HERA data (µ = 2 GeV). Reprinted figure with permission from Ref. [205]

© (2010) by the American Physical Society. (b) Comparison of the model-prediction for gluon PDF in the deuteron in comparison with the

nucleon. Reprinted figure from [206]© (2018) by Elsevier.

3.4. Gluon content of the proton spin from Lattice QCD

There are at least two different ways to define the gluon content in the nucleon [207, 208]. One is defined in

the light-cone frame with the light-cone gauge and the other is frame-independent. They are both measurable but

from different experimental observables. They are associated with the two different decompositions of the proton

spin and momentum in terms of the quark and gluon contributions that can be defined from the matrix elements of

the QCD energy-momentum tensor. There are, in principle, infinitely-many ways to define this decomposition. A

meaningful decomposition will depend on whether each component in the division can be measured experimen-

tally. As far as lattice calculations are concerned, it would be desirable if the components can be defined by matrix

elements of local operators.

The Jaffe-Manohar decomposition [207] is given as follows:

J =
1

2
∆Σ + LJM

q + ∆G + LG, (7)

where 1
2
∆Σ (∆G) is the quark (gluon) spin contribution, and LJM

q (LG) is the quark (gluon) Orbital Angular

Momentum (OAM) contribution. Contributions ∆Σ and ∆G are related to the corresponding helicity-PDFs as

∆Σ =
∫ 1

0
dx g

q

1
(x) and ∆G =

∫ 1

0
dx ∆g(x). This is derived from the canonical energy-momentum tensor in the
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infinite-momentum frame with A0 = 0 gauge (or light-cone frame with A+ = 0 gauge). Thus, this is superficially

gauge-dependent. Furthermore, while ∆G can be extracted from high energy experiments, it had been thought that

it cannot be obtained from a matrix element based on a local operator. This has posed a challenge for the lattice

approach for many years.

The Ji decomposition [208] is:

J =
1

2
∆Σ + LJi

q + JG, (8)

where 1
2
∆Σ is the same quark spin contribution as in Eq. (7), LJi

q is the quark OAM, and JG is the gluon angular

momentum contribution. This is derived from the energy-momentum tensor in the Belinfante form and each term

in Eq. (8) is gauge invariant and can be calculated on the lattice with local operators in the finite momentum frame.

The intriguing difference between these two decompositions and their respective realization in experiments

have perplexed the community for many years. The partonic picture of the gluon spin ∆G and OAM are naturally

depicted in the light-front formalism with ∆G extracted from high energy pp collisions and OAM from GPDs and

GTMDs. Unfortunately, the light-front coordinates are not accessible to lattice QCD calculation since the latter

is based on Euclidean path-integral formulation. To bridge the gap between the light-front formulation and the

lattice calculation, it was shown that the matrix elements of appropriate equal-time local operator, when boosted to

the infinite momentum frame, is the same as those of the gauge-invariant but non-local operator on the light-cone.

The proof was first carried out for the gluon spin ∆G [209]. It is also proven for the LJM
q and LG defined from

the generalized transverse momentum distribution (GTMD) [210]. After the usual continuum extrapolation of the

lattice results at large but finite momenta in the MS scheme at µ, a large momentum effective field theory (LaMET)

[209, 211, 212], which takes care of the non-commuting UV and Pz → ∞ limits, is suggested to match the matrix

elements of local operators to those of the non-local operators measured on the light-front.

It is instructive to have a comparison with QED at this point. Many years of experimental study of paraxial

light beam on matter has been able to distinguish the different manifestation of the spin and OAM of the beam

from the radiation-pressure force (a measure of OAM) and the torque (a measure of spin) on the probed dipole

particle [213]. The separation of spin and OAM is based on the canonical energy-momentum tensor in the physical

Coulomb gauge. As we learned before, this separation is frame-dependent. Since the light is always in the light-

front frame, it is the natural frame to define the spin and OAM of the optical beam. Likewise, boosting the proton

to the infinite momentum frame makes the gluons in the proton behave like the photons in the light beam. The

transverse size of the proton, like the width of the light beam, admits the existence of OAM of the gluon in the

proton. Recently, the experimental evidence for non-zero gluon helicity in the proton ∆g was found, see the Sec. 5.1

of this review for detailed discussion and references. These experimental results support the interest in theoretical

calculations of gluon contributions to the proton spin.

Following the suggestion of calculating ∆G on the lattice as discussed above, a lattice calculation is carried

out with the local operator SG =
∫

d3x Tr(E × Aphys), where Aphys transforms covariantly under the gauge trans-

formation and satisfies the non-Abelian transverse condition, DAphys = 0 [214]. Thus SG is gauge invariant. It

is shown on the lattice [210] that Ai
phys

is related to Ai
c in the Coulomb gauge via the gauge transformation, i.e.

A
µ

phys
(x) = gc(x)A

µ
cg−1

c (x)+O(a), where gc is the gauge transformation which fixes the Coulomb gauge. As a result,

the gluon spin operator

SG =

∫

d3x Tr(E × Aphys) =

∫

d3x Tr(Ec × Ac) (9)

can be calculated with both E and A in the Coulomb gauge. A lattice calculation with the overlap fermion action

is carried out on 5 lattices with 4 lattice spacings and several sea quark masses including one corresponding to the

physical pion mass. The result, when extrapolated to the infinite momentum limit, gives ∆G = 0.251(47)(16) [215]

which suggests that the gluon spin contribute about half of the proton spin. However, there is a caveat. It was found

that the finite piece in the one-loop large momentum effective theory (LaMET) matching coefficient is very large

which indicates a convergence problem for the perturbative series even after one re-sums the large logarithms. Due

to above-mentioned perturbative instability of the matching coefficient, the LaMET matching at current stage is

not applicable. In this sense, the gluon helicity calculation on the lattice is not completed.

Another approach is to calculate the polarized gluon distribution function ∆g(x) through the quasi-PDF ap-

proach [219] and then take the first moment to obtain ∆G.

To summarize existing LQCD studies regarding the gluon angular momentum contribution to the proton spin

(JG in Eq. (8)) we list obtained values of JG in Table 5. Also momentum fraction (〈x〉g or T1(0)) has been calculated;

whereas, the gluon angular momenta are the sum of T1(0) and T2(0), the anomalous gravitomagnetic moment. In

other words, Jg = 1/2 (T1(0) + T2(0)) [208]. We also show the percentage of the JG contribution to proton spin
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Table 5: Values of Jg from different lattice studies.

Pub. Lattice action Jg Scale (Q2)

[216] Quenched Fermionic action 28(8)% 4 GeV2

[217]
2-flavor Twisted-mass (+clover term)

27(3)% 4 GeV2

at physical pion mass

Preliminary (2+1)-flavor overlap fermion on Domain Wall
39(10)% 4 GeV2

[218] sea fermion at 400 MeV pion mass

(a)
(b) (c)

Figure 12: The angular momentum fractions from the quenched clover calculation (a), 2 flavor Twisted-mass (+clover term) fermion calculation

at physical pion mass (b), and the non-perturbative renormalized 2+1 flavor overlap fermion on Domain Wall sea with 400 MeV pion mass (c).

See Refs. [216–218]. Reprinted figures with permission from Refs. [216, 217]© (2015, 2017) by the American Physical Society.

together with the quark contributions in Fig. 12. It is worth emphasizing again that both 〈x〉g and Jg are gauge

invariant.

An exploratory LQCD study of the gluonic structure of the φ meson is presented in Ref. [220] that sets the

stage for more complex studies of gluonic structure in light nuclei with an exotic gluon.

4. Gluon content of unpolarized proton and deuteron

4.1. Gluons at large x and perturbative QCD

The available data constrain weakly the gluon distribution function in the proton, g(x, µF)4, for x greater than

0.5 [221, 222]. In the high-x region, the gluon density is usually parameterized as g(x, µF) ∼ (1− x)L, and values of

L extracted from global fits differ considerably from each other. In particular, obtained results for L vary from 3 to

11 at µ2
F
= 1.9 GeV2 [223]. In Fig. 13(a), the NLO gluon densities from the CT14, MSTW2008 and HERAPDF20

sets of PDFs are compared. One can see sizable difference between these predictions for large x. Note also that

the uncertainty bands resulting from the PDF fits are quite large in the region x > 0.5, see e.g. Fig. 11(a).

To improve the situation with large x, one needs precise data on the heavy flavor production at energies not

so far from the production threshold. Concerning the open charm production in pp collisions, the corresponding

cross-sections are poorly known for
√

s < 27 GeV [224, 225].5 In this region, only three hundred events on D me-

son production in pA collisions are presently available [224]. Unfortunately, these results have large uncertainties,

and we can only estimate the order of magnitude of the pp→ cc̄X cross-section at
√

s ≈ 20 GeV. For this reason,

future studies of the open charm production at SPD in pp, pd and dd collisions for
√

s ≤ 27 GeV are of special

interest. In particular, they will allow to reduce significantly the present uncertainties in the gluon density (as well

as in αs and c-quark mass, mc) at a GeV scale, especially for high x.

4Which is also referred to as f g(x, µ)
5On the contrary, the J/ψ production cross-section is known well enough practically down to the threshold, see Fig. 3.
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(a) (b)

Figure 13: (a) Ratios of the NLO MSTW2008 and HERAPDF20 predictions for the gluon density to the CT14 ones, g/gCT14 (x, µF), at µ2
F
=1.9

GeV2. (b) NLO QCD predictions for the total pp→ cc̄X cross-section as a function of
√

s using CT14, MSTW2008 and HERAPDF20 sets of

PDFs at µF = µR = 2mc.

In the framework of pQCD, the inclusive pp→ QQ̄X cross-section can be written as

σQQ̄(ρh) =
∑

i j

∫ 1

ρh

dz

z
Li j(z, µF) σ̂i j(ρh/z, µF , µR), (10)

Li j(z, µF ) = z

∫ 1

0

dx1

∫ 1

0

dx2 f i(x1, µF) f j(x2, µF ) δ(x1x2 − z), (11)

where i, j run over all the initial state partons, ρh = 4m2/s, m is the heavy-quark mass, µR and µF are the renor-

malization and factorization scales, while f i(x, µF) describes the parton i density in the proton (i = g, q, q̄). The

partonic total cross-sections, σ̂i j(ρ) with ρ = 4m2/ŝ and ŝ = (pi + p j)
2 = x1x2s, are expanded in αs ≡ αs(µR) as

follows:

σ̂i j(ρ, µF , µR) =
α2

s

m2

{

f
(0)

i j
(ρ) + αs

[

f
(1)

i j
(ρ) + f

(1,1)

i j
(ρ) ln(µ2

F/m
2)
]

(12)

+ α2
s

[

f
(2)

i j
(ρ) + f

(2,1)

i j
(ρ) ln(µ2

F/m
2) + f

(2,2)

i j
(ρ) ln2(µ2

F/m
2)
]

+ O(α3
s)

}

.

Main partonic subprocesses of the heavy flavor production are: gluon fusion, gg → QQ̄X, qq̄- annihilation,

qq̄→ QQ̄X, and quark-gluon fusion, qg→ QQ̄X. Presently, the total cross-sections of these processes are known

to NNLO in QCD, O(α4
s), see Refs. [226–228].6 The NLO results for σ̂gg, σ̂qq̄ and σ̂qg are presented in Ref. [229].

At LO in αs, the gluon fusion and qq̄- annihilation only contribute:

f (0)
gg (ρ) =

πρβ

192

[

1

β
(ρ2 + 16ρ + 16) ln

(

1 + β

1 − β

)

− 28 − 31ρ

]

, f
(0)
qq̄ (ρ) =

πρβ

27
(2 + ρ), f (0)

qg (ρ) = 0, (13)

where β =
√

1 − ρ.

Due to relatively low c-quark mass, the charm production cross-sections are usually calculated within pQCD

at µF = µR = 2mc. Such a choice makes it possible to improve convergence of the perturbative series for σcc̄.

Unfortunately, the NNLO predictions for the key gluon fusion process are presently available only for the case

of µF = m, i.e. the dimensionless coefficients f
(2,1)
gg and f

(2,2)
gg are unknown [228]. At the same time, it is well

known that the cross-section σcc̄ is very sensitive to the choice of the factorization scale in the region of a few GeV.

For this reason, although the NNLO predictions [226–228] are successfully used in the top quark phenomenology,

applicability of these results for description of the charm production is presently questionable. So, we restrict

ourselves by consideration of the NLO approximation only.

6At NNLO, three more fermion–pair–initiated partonic channels contribute to heavy flavor production: qq → QQ̄X, qq′ → QQ̄X and

qq̄′ → QQ̄X with q′ , q. However, these contributions are usually ignored due to their numerically negligible sizes.
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In Fig. 13(b), the NLO QCD predictions for the total pp → cc̄X cross-section are shown as a function of√
s using the CT14, MSTW2008 and HERAPDF20 sets of PDFs at µF = µR = 2mc. The experimental data are

taken from Ref. [224].7 We see essential differences between these predictions, especially at low energies. These

differences are due not only to the different threshold behavior of the PDF sets we compare. Main source of these

uncertainties are different values of the c-quark mass used in various analyses of the world data. In particular,

the mass mc varies from 1.3 GeV to 1.47 GeV in the PDF sets presented in Fig. 13(b).8 On the other hand, the

quantities αs(µR) and g(x, µF) are very sensitive to the values of µR and µF at a GeV scale. As a result, the pQCD

predictions for σcc̄ are crucially dependent on the value of c-quark mass in use. Therefore future precise data on the

total cross-section σcc̄ from NICA SPD should reduce uncertainties in the c-quark mass and improve essentially

description of the processes with charm production within pQCD.

To probe the PDFs at high x, one needs to measure the differential cross-sections of the charmed particle

production in sufficiently wide region. In particular, the invariant mass of the cc̄ pair, M2
cc̄ = (pc + pc̄)2, should be

large enough because M2
cc̄

/

s < x1x2 < 1 for x1 and x2 in Eq. (11). Therefore to scan high values of x, we need

M2
cc̄

/

s ∼ x.

Detailed information on the gluon distribution at large x is very important for various phenomenological ap-

plications. For instance, it is of current interest to estimate the bb̄ pair production cross-section at NICA energies.

Such predictions are however presently unreliable due to their strong dependence on the exponent L which is poorly

known. Likewise, the threshold behavior of PDFs could be useful in search for various heavy particles beyond the

Standard Model. Another example is the DGLAP evolution of the PDFs. Using precise data on g(x, µF) (and αs) at

µF ∼ 2mc as boundary conditions in DGLAP equations, one could reduce essentially the uncertainties in evolution

of PDFs for higher values of µF .

From the theoretical point of view, the threshold behavior of cross-sections is closely related to the so-called

infrared renormalon problem. It is well known that radiative corrections to the production cross-sections contain

mass (or threshold) logarithms whose contribution is expected to be sizable near the threshold. These logarithms

are usually taken into account within the soft gluon resummation formalism [231–235]. Formally resummed cross-

sections are however ill-defined due to the Landau pole contribution, and few prescriptions have been proposed

to avoid the renormalon ambiguities [236–239]. Unfortunately, numerical predictions for heavy quark production

cross-sections can depend significantly on the choice of resummation prescription. Undoubtedly, anticipated data

from SPD on the charm production not so far from the production threshold could clarify the role of soft gluon

resummation in the description of heavy flavor production.

Another interesting problem for NICA SPD is to probe the intrinsic charm (IC) content of the proton [240, 241].

The IC contribution to open charm production is expected to be sizable near the threshold because its PDF, c(x, µF),

is predicted to be harder than the gluonic one. As a result, the IC density in the proton can be dominant at

sufficiently large x independently of its overall normalization [242]. To visualize the IC component, one needs to

collect enough events like DD̄ pair produced in pp→ DD̄ with a large overall xF . That events are predicted to be

very rare within the GF mechanism and would directly indicate the five-quark component in the proton, | uudcc̄〉.
Investigation of the open charm production in pp, pd and dd collisions might be one of the key points in the

NICA SPD program. The motivation is twofold. On the one hand, production of D-mesons in pp collisions is

practically unmeasured at NICA energies. On the other hand, these presently unavailable data on open charm

production rates are strongly necessary for determination of the gluon density g(x, µF) at large x where this PDF is

practically unknown. Future SPD measurements should also reduce uncertainties in the charm quark mass mc and

αs at a GeV scale.

Moreover, anticipated results on the open charm production are very important for many other current issues in

particle physics: from infrared renormalon ambiguities in cross-sections to intrinsic charm content of the proton.

4.2. Linearly polarized gluons in unpolarized nucleon

4.2.1. Parton-hadron correlators and TMD distribution functions

Search for the polarized quarks and gluons in unpolarized hadrons is of special interest in studies of the spin-

orbit couplings of partons and understanding of the proton spin decomposition. The corresponding intrinsic trans-

verse momentum dependent distributions of the transversely polarized quarks, h
⊥q

1
(x, k2

T ), and linearly polarized

7Note that σDD̄ = (0.78 ± 0.03)σcc̄. For more details, see e.g. [224] and references therein.
8In the recent edition of the Review of Particle Physics [230], the following value for the c-quark MS mass is presented: mc = 1.27 ± 0.02

GeV.
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gluons, h
⊥g

1
(x, k2

T ), in an unpolarized nucleon have been introduced in Refs. [3] and [61]. Unfortunately, both these

functions are presently unmeasured.

Information about parton densities in unpolarized nucleon is formally encoded in corresponding TMD parton

correlators. The parton correlators describe the nucleon→ parton transitions and are defined as matrix elements

on the light-front (LF) (i.e., λ+ = λ ·n = n2 = 0, where n is a light-like vector conjugate to the nucleon momentum,

P · n = 1). At leading twist and omitting process-dependent gauge links that ensure gauge invariance, the quark

correlator is given by [3, 72]

Φq(x, kT ) =

∫

d(P · λ)d2λT

(2π)3
eik·λ 〈P|ψ̄(0)ψ(λ)|P〉

LF

=
1

2

{

f
q

1

(

x, k2
T

)

P̂ + ih
⊥q

1

(

x, k2
T

) [k̂T , P̂]

2mN

}

, (14)

where mN and k = xP + kT + k−n. are the nucleon mass and parton momentum, respectively. f
q

1

(

x, k2
T

)

denotes

the TMD distribution of unpolarized quarks inside unpolarized nucleon. Its integration over kT reproduces the

well-known collinear momentum distribution,
∫

d2 kT f
q

1

(

x, k2
T

)

= q(x). The function h
⊥q

1

(

x, k2
T

)

, referred to as

Boer-Mulders PDF, is time-reversal (T-) odd and describes the distribution of transversely polarized quarks inside

an unpolarized nucleon. Similarly, for an antiquark correlator we have:

Φq̄(x, kT ) = −
∫

d(P · λ)d2λT

(2π)3
e−ik·λ 〈P|ψ̄(0)ψ(λ)|P〉

LF

=
1

2

{

f
q̄

1

(

x, k2
T

)

P̂ + ih
⊥q̄

1

(

x, k2
T

) [k̂T , P̂]

2mN

}

. (15)

Omitting process-dependent gauge links, the gluon-nucleon correlator has the form [61]:

Φ
µν
g (x, kT ) =

nρnσ

(P · n)2

∫

d(P · λ)d2λT

(2π)3
eik·λ 〈P|Tr[Fρµ(0)Fσν(λ)]|P〉LF

=
x

2











−g
µν

T
f

g

1

(

x, k2
T

)

+













g
µν

T
− 2

k
µ

T
kν

T

k2
T













k2
T

2m2
N

h
⊥g

1

(

x, k2
T

)











, (16)

with the gluon field strength F
µν
a (x) and a transverse metric tensor g

µν

T
= gµν − Pµnν+Pνnµ

P·n .

The TMD PDF f
g

1

(

x, k2
T

)

describes the distribution of unpolarized gluons inside an unpolarized nucleon, and,

integrated over kT , gives the familiar gluon density,
∫

d2 kT f
g

1

(

x, k2
T

)

= g(x). The distribution h
⊥g

1

(

x, k2
T

)

is gluonic

counterpart of the Boer– Mulders function; it describes the linear polarization of gluons inside unpolarized nucleon.

The degree of their linear polarization is determined by the quantity r =
k2

T h
⊥g

1

2m2
N

f
g

1

. In particular, the gluons are

completely polarized along the kT direction at r = 1. Note also that the TMD densities under consideration have

to satisfy the positivity bound [61]:

k2
T

2m2
N

∣

∣

∣h
⊥g

1
(x, k2

T )
∣

∣

∣ ≤ f
g

1
(x, k2

T ). (17)

To probe the TMD distributions, the momenta of both heavy quark and anti-quark, pQ and pQ̄, should be

measured (reconstructed). For further analysis, the sum and difference of the transverse heavy quark momenta are

introduced,

K⊥ =
1

2

(

pQ⊥ − pQ̄⊥
)

, qT = pQ⊥ + pQ̄⊥, (18)

in the plane orthogonal to the collision axis. The azimuthal angles of K⊥ and qT are denoted by φ⊥ and φT ,

respectively.

4.2.2. Probing the density h
⊥g

1
with heavy flavor production

Contrary to its quark version, the TMD density h
⊥g

1
is T - and chiral-even, and thus can directly be probed in

certain experiments. Azimuthal correlations in heavy-quark pair production in unpolarized ep and pp collisions as

probes of the linearly polarized gluons have been considered in Refs. [69, 72]. For the case of DIS, the complete

angular structure of the pair production cross-section has been obtained in terms of seven azimuthal modulations
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containing the angles φ⊥ and φT . However, in the considered kinematics, only two of these modulations are really

independent; they can be chosen as the cosϕ and cos 2ϕ distributions, where ϕ is the heavy quark azimuthal angle

[243]. Integrating over the anti-quark azimuth, the following result for the reaction l(ℓ) + N(P) → l′(ℓ − q) +

Q(pQ) + Q̄(pQ̄) + X was obtained:

dσlp ∝
[

1 + (1 − y)2
]

dσ2 − y2dσL + 2(1 − y) dσA cos 2ϕ + (2 − y)
√

1 − y dσI cosϕ, (19)

where σ2 = σT + σL, x, y,Q2 are usual Bjorken variables, m is the heavy-quark mass and z =
pQ ·P
q·P . The contribu-

tions of the linearly polarized gluons to dσi (i = 2, L, A, I) were analyzed in Refs. [244, 245].

First, the LO predictions for the azimuthal asymmetries (Acosϕ = dσI/dσ2 and Acos 2ϕ = dσA/dσ2) and Callan-

Gross ratio (R = dσL/dσT ) were discussed in the case when the unpolarized gluons only contribute, i.e. for

r =
q2

T
h
⊥g

1

2m2
N

f
g

1

= 0. It was shown that the maximal values of these quantities allowed by the photon-gluon fusion with

unpolarized initial gluons are sizable: Acos 2ϕ ≤ 1/3, |Acosϕ| ≤ (
√

3 − 1)/2 ≃ 0.366 and R ≤ 2
1+12λ

with λ = m2/Q2.

Then the contributions of the linearly polarized gluons to the above distributions were considered. As shown in

Refs. [244, 245], the maximal values of the discussed quantities, Ah
cos 2ϕ

, Ah
cosϕ and Rh, are very sensitive to the

gluon density h
⊥g

1
. In particular, Ah

cos 2ϕ
(r) = 1+r

3−r
and Rh(r) =

2(1−r)

1+r+4λ(3−r)
. The functions Ah

cos 2ϕ
(r) and Rh(r) are

depicted in Figs. 14(a) and 14(b) where their strong dependence on r is seen. Note also an unlimited growth of the

Callan-Gross ratio with Q2 at r → −1. This is because the transverse cross-section, dσT , vanishes at high Q2 for

r → −1.

(a) (b)

Figure 14: (a) Maximum value of the cos 2ϕ asymmetry with the contribution of linearly polarized gluons, Ah
cos 2ϕ

(r), as a function of r. (b)

Maximum value of the Callan-Gross ratio, Rh(r), with the contribution of linearly polarized gluons as a function of r. The figures are reprinted

from Refs. [244, 245]© (2018) by Elsevier.

So, we see that the azimuthal distributions and Callan-Gross ratio in heavy-quark leptoproduction are predicted

to be large and very sensitive to the gluon density h
⊥g

1
. Taking into account that the cos 2ϕ asymmetry and Callan-

Gross ratio are well defined in pQCD (they are stable both perturbatively and parametrically [246, 247]), one can

conclude that the considered quantities could be good probes of the linearly polarized gluons in unpolarized proton.

4.2.3. Azimuthal distributions in heavy-quark hadroproduction

In this Section, we discuss the contributions of the gluon density h
⊥g

1
to the azimuthal modulations anticipated

in the charm quark pair production in pp collisions at NICA SPD. Main goal is to estimate the upper bounds

of theoretical expectations for these azimuthal distributions. In our analysis, the effects of initial and final state

interactions (and, correspondingly, the problems with factorization) are ignored.9 We expect that (possible) fac-

torization breaking contributions are not able to affect essentially the parton model predictions for the order of

magnitudes of the azimuthal asymmetries under consideration.

The angular structure of the p(P1)+ p(P2)→ Q(pQ)+ Q̄(pQ̄)+X cross-section has the following form [69, 72]:

dσpp ∝ A(q2
T ) + B(q2

T )q2
T cos 2(φ⊥ − φT ) +C(q2

T )q4
T cos 4(φ⊥ − φT ). (20)

9For the details related to TMD factorization, see Sec. 3.3.
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Besides q2
T

, the terms A, B and C depend on other kinematic variables not explicitly shown: K⊥ =
1
2

(

pQ⊥ − pQ̄⊥
)

and M2
QQ̄
= (pQ + pQ̄)2. At LO in pQCD, O(α2

s), the quantities A and B are given by the sum of the gluon fusion,

gg→ QQ̄, and qq̄- annihilation, qq̄→ QQ̄, subprocesses: A = Agg + Aqq̄ and B = Bgg + Bqq̄. In particular,

Aqq̄ = A0

(

z,
m2

m2
⊥

)

{

C
[

f
q

1
f

q̄

1

]

+ C
[

f
q̄

1
f

q

1

]}

, (21)

Agg = A1

(

z,
m2

m2
⊥

)

C
[

f
g

1
f

g

1

]

+ A2

(

z,
m2

m2
⊥

)

C
[

w0 h
⊥g

1
h
⊥g

1

]

,

where the variables m2
⊥ = m2 + K2

⊥ and z are related to M2
QQ̄

as follows: z(1 − z)M2
QQ̄
= m2

⊥.

The TMD convolutions C [

w f g
]

are defined as

C [

w f g
]

=

∫

d2 k1T

∫

d2 k2Tδ
2(k1T + k2T − qT )w(k1T , k2T ) f (x1, k2

1T , µF)g(x2, k2
2T , µF ), (22)

where, at LO in αs, the light-cone momentum fractions x1,2 are related to the rapidities y1,2 and s = (P1 + P2)2 by

x1,2 =
m⊥√

s
(e±y1 + e±y2). In the considered reactions, the following weights are used:

w0 =
1

m4
N

[

2(k1T · k2T )2 − k2
1T k2

2T

]

, w1 =
1

m2
N

[

2
(qT · k1T )2

q2
T

− k2
1T

]

, (23)

w3 =
1

m2
N

[

2
(qT · k1T )(qT · k2T )

q2
T

− (k1T · k2T )
]

, w2 =
1

m2
N

[

2
(qT · k2T )2

q2
T

− k2
2T

]

,

and w4 = 2w2
3
− k2

1T
k2

2T
/m4

N
. Analogously to Eqs.(21), we have

q2
T Bqq̄ = B0

(

z,
m2

m2
⊥

)

{

C
[

w3 h
⊥q

1
h
⊥q̄

1

]

+ C
[

w3 h
⊥q̄

1
h
⊥q

1

]}

, (24)

q2
T Bgg = B1

(

z,
m2

m2
⊥

)

{

C
[

w1 h
⊥g

1
f

g

1

]

+ C
[

w2 f
g

1
h
⊥g

1

]}

.

Finally, the cos 4(φ⊥ − φT ) angular distribution of the QQ̄ pair is only due to the presence of linearly polarized

gluons inside unpolarized nucleon, C = Cgg:

q4
TCgg = C1

(

z,
m2

m2
⊥

)

C
[

w4 h
⊥g

1
h
⊥g

1

]

. (25)

The order α2
s predictions for the coefficients A0,1,2, B0,1 and C1 in Eqs.(21), (24) and (25) are presented in

Ref.[72]. Using these results, one can, in principle, extract the densities h
⊥q

1
(x, k2

T ) and h
⊥g

1
(x, k2

T ) from azimuthal

distributions of the DD̄ pairs produced in pp collisions.

Before discussing the anticipated values of the azimuthal asymmetries, we need to resort to models for descrip-

tion of the TMD distributions. It is well known that the heavy flavor production is dominated by the gg → QQ̄

subprocess. For this reason, it seems reasonable to begin from the contribution of the gluon fusion mechanism.

Usually the TMD density of unpolarized gluons is taken to be a Gaussian:10

f
g

1
(x, k2

T , µF ) =
g(x, µF)

π〈k2
T
〉

exp

(

− k2
T

〈k2
T
〉

)

, (26)

where g(x, µF) is the collinear gluon PDF and 〈k2
T
〉 depends implicitly on the scale µF .

For description of the linearly polarized gluons in unpolarized proton, we use the parameterization motivated

by previous TMD studies [188]:

h
⊥g

1
(x, k2

T , µF ) =
2m2

N

〈k2
T
〉

(1 − κ)
κ

g(x, µF)

π〈k2
T
〉

exp

(

1 −
k2

T

κ〈k2
T
〉

)

. (27)

10For more details, see Ref.[248] and references therein.
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The model-independent positivity bound (17) is satisfied by Eqs.(26) and (27) with κ < 1. Usually the value

κ = 2/3 is used that maximizes the second kT moment of h
⊥g

1
. With the choice (27), all the TMD convolutions

C [

wi f g
]

(i = 0–4) with gluon PDFs are simple analytical functions.

Another widely used parameterization of the PDF for linearly polarized gluons is

h
⊥g

1
(x, k2

T , µF) =
2m2

N

k2
T

f
g

1
(x, k2

T , µF). (28)

With this choice, one can estimate the upper bounds of the expected values of the azimuthal asymmetries. Through-

out this subsection, ”Model 1” will refer to the Gaussian form (27) with κ = 2/3 and ”Model 2” to the form (28)

saturating the positivity bound.

(a) (b)

Figure 15: (a) Gluon fusion contribution to the asymmetry R2(qT ) =
Bq2

T
A

in pp → DD̄X process at M2
DD̄
= 4(K2

⊥ + m2
D

) and K2
⊥ = m2

D
. (b)

Gluon fusion contribution to the asymmetry R4(qT ) =
Cq4

T
A

in pp→ DD̄X process at M2
DD̄
= 4(K2

⊥ + m2
D

) and K2
⊥ = m2

D
.

Let us discuss the gluon fusion contributions to the azimuthal asymmetries defined as

R2(qT ) =
Bq2

T

A
= 2〈cos 2(φ⊥ − φT )〉, R4(qT ) =

Cq4
T

A
= 2〈cos 4(φ⊥ − φT )〉. (29)

Our analysis of the functions A1,2

(

z,m2/m2
⊥
)

and B1

(

z,m2/m2
⊥
)

shows that the asymmetry R2

(

qT , z,m
2/m2

⊥
)

has

an extremum at z = 1/2 and m2/m2
⊥ = 1/2 (i.e., at M2

QQ̄
= 4(m2 + K2

⊥) and K2
⊥ = m2). This extremum value is

C[w1 h
⊥g

1
f

g

1
]

3C[ f
g

1
f

g

1
]−(1/8)C[w0 h

⊥g

1
h
⊥g

1
]
. One can see that the function R2 has a maximum at z = m2/m2

⊥ = 1/2 for all positive values

of the convolution C[w1 h
⊥g

1
f

g

1

]

independently of the form of h
⊥g

1
and f

g

1
densities we use.

The gluon fusion predictions for the asymmetry R2(qT ) = 2〈cos 2(φ⊥ − φT )〉 in pp→ DD̄X reaction at M2

DD̄
=

4(K2
⊥ + m2

D
) and K2

⊥ = m2
D

are presented in Fig.15(a). The solid line corresponds to the Model 1 described by the

gluon density (27) with κ = 2/3. The dashed line shows the predictions of the Model 2 saturating the positivity

bound (17). Both solid and dashed lines are given for 〈k2
T
〉=1.0 GeV2. The uncertainty bands result from the

variation of 〈k2
T
〉 by 0.3 GeV2. Note that the dashed line (Model 2) describes the largest cos 2(φ⊥ − φT ) asymmetry

allowed by the gluon fusion mechanism.

Our analysis of the quantity C1

(

z,m2/m2
⊥
)

indicates that the distribution R4

(

qT , z,m
2/m2

⊥
)

takes its maximum

value at M2
QQ̄
→ s, i.e. for x1x2 → 1. However, the heavy flavor production rates vanish at the threshold. For this

reason, the gluon fusion predictions for the asymmetry R4(qT ) = 2〈cos 4(φ⊥ − φT )〉 are also given in Fig.15(b) at

M2
DD̄
= 4(K2

⊥ +m2
D

) and K2
⊥ = m2

D
. One can see from Figs.15(a) and 15(b) that both the R2 and R4 distributions are

predicted to be sizable (of the order of 10%) within considered models for qT & 1 GeV.

Another processes proposed to probe the linearly polarized gluons in unpolarized proton are: pseudoscalar

C-even quarkonia (such as ηc and χc) [154, 188], di–gamma (pp → γγX) [249], J/ψ– pair (pp → J/ψ J/ψ X)

[18, 79] and J/ψ γ (pp → J/ψ γ X) [73] production. These reactions are TMD factorizable but, unfortunately,

strongly suppressed in comparison with pp→ DD̄X.
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4.3. Non-nucleonic degrees of freedom in deuteron

The naive model describes the deuteron as a weakly-bound state of a proton and a neutron mainly in S-state with

a small admixture of the D-state. However, such a simplified picture failed to describe the HERMES experimental

results on the b1 structure function of the deuteron [250]. Modern models treat the deuteron as a six-quark state

with the wave function

|6q〉 = c1|NN〉 + c2|∆∆〉 + c3|CC〉, (30)

that contains such terms as the nucleon |NN〉, ∆-resonance |∆∆〉 and the so-called hidden color component |CC〉
in which two color-octet baryons combine to form a color singlet [251]. Such configurations can be generated,

for example, if two nucleons exchange a single gluon. The relative contribution of the hidden-color term varies

from about 0.1% to 80% in different models [252]. The components other than |NN〉 should manifest themselves

in the high-Q2 limit. Possible contributions of the Fock states with a valent gluon like |uuudddg〉 could also be

discussed [206, 253].

The unpolarized gluon PDF of the deuteron in the light-front quantization was calculated in the Ref. [206] un-

der the approximation where the input nuclear wave function is obtained by solving the nonrelativistic Schrödinger

equation with the phenomenological Argonne v18 nuclear potential as an input. Gluon PDFs calculated per nu-

cleon are very similar for the proton ones in the range of small and intermediate x values while for x > 0.6 the

difference becomes large due to the Fermi motion (see Fig. 11(b)). A similar work was performed in Ref. [254]

for determination of spatial gluon distribution in deuteron for low-x that could be tested in the J/ψ production

at EIC. Today the gluon content of deuteron and light nuclei becomes the matter of interest for the lattice QCD

studies [255]. Apart from the general understanding of the gluon EMC effect, the measurement of the gluon PDF

at high-x for deuteron could provide a useful input for high-energy astrophysical calculation [206].

SPD can perform an explicit comparison of the differential inclusive production cross-sections dσ/dxF for all

three gluon probes: charmonia, open charm, and prompt photons using p-p and d-d collisions at
√

sNN = 13.5 GeV

and possibly below. Such results could be treated in terms of the difference of unpolarized gluon PDFs in deuteron

and nucleon.

5. Gluon content of polarized proton and deuteron

5.1. Gluon helicity with longitudinally polarized beams

The gluon helicity distribution function ∆g(x)11 is a fundamental quantity characterizing the inner structure

of the nucleon. It describes the difference of probabilities to find a gluon with the same and opposite helicity

orientation w.r.t. the spin of the longitudinally polarized nucleon. The integral ∆G =
∫

∆g(x)dx can be interpreted

as the gluon spin contribution to the nucleon spin, as it was discussed in Sec. 3.4. After the EMC experiment

discovered that only a small part of proton spin is carried by the quarks: ∆Σ ≈ 0.25, see Refs. [16, 256], the gluon

spin was assumed to be another significant contributor, see Eq. (7) in Sec. 3.4.

The first attempt to measure the gluon polarization in the nucleon was made by the FNAL E581/704 Collabo-

ration using a 200 GeV polarized proton beam and a polarized proton target [257]. They measured the longitudinal

double-spin asymmetries ALL for inclusive multi-γ and π0π0 production to be consistent with zero within their sen-

sitivities. In the following years a set of SIDIS measurements was performed by the HERMES [258], SMC [259]

and COMPASS [260–264] experiments. The production of hadron pairs with high transverse momenta and the

production of the open charm where the photon-gluon fusion mechanism dominates were studied. It was figured

out that with a large uncertainty the value of ∆G is close to zero. Nevertheless, for gluons carrying a large fraction x

of the nucleon momentum, an evidence of a positive polarization has been observed, see Fig. 16(a). The summary

of theoretical and experimental results for ∆G can be found in Ref. [265].

New input for ∆G estimation was obtained from the measurement of the ALL asymmetries in the inclusive

production of high-pT neutral [266–269] and charged pions [270], η-mesons [267], jets [271], di-jets [272, 273],

heavy flavors [274] and, recently, J/ψ-mesons [275] in polarized p-p collisions at RHIC. These results in general

are in agreement with the SIDIS measurements, which indicates the universality of the helicity-dependent parton

densities and QCD factorization.

At the moment the most recent sets of polarized PDFs extracted in the NLO approximation are LSS15 [276],

DSSV14 [277, 278], NNPDF-pol1.1 [43], and JAM17 [279]. To obtain them, different approaches, parameteriza-

tions, and sets of experimental data were used, see Ref. [65] for more details. Fit results for ∆g(x) from DSSV14

11Here we adopt historical notation for gluon helicity-PDF ∆g(x) which is also known as g
g

1
(x).
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Figure 16: (a) SIDIS data on ∆g(x)/g(x) extracted in LO [264]. With kind permission of The European Physical Journal (EPJ). (b) Global

fit results for the gluon helicity distribution ∆g(x). Reprinted figure from [278] © (2019) by the American Physical Society under Creative

Commons Attribution 4.0 International License.
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Figure 17: (a) Estimates of contributions of low-x and high-x kinematic ranges into ∆G for the DSSV series of the global fit. The 90% C.L.

areas are shown. Reprinted figure with permission from Ref. [277] © (2014) by the American Physical Society. (b) Partonic longitudinal

double-spin asymmetries âLL for different hard processes as a function of center-of-mass scattering angle [281].

and NNPDF–pol1.1 are presented in Fig. 16(b) [278]. The RHIC p-p data put a strong constraint on the size of

∆g(x) in the range 0.05 < x < 0.2 while a constraint on its sign is weaker since in some of the processes only

∆g squared is probed (see discussion below). The small x region remains still largely unconstrained and could be

covered in the future by measurements at EIC [36]. Region of high x is covered at the moment only by SIDIS

measurements which still lack a proper NLO description [280]. The uncertainty of the contribution to ∆G from the

kinematic range 0.001 < x < 0.05 vs. the corresponding contribution from the range x > 0.05 for the DSSV global

fits is shown in Fig. 17(a) [277].
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Figure 18: Longitudinal double spin asymmetry ALL for inclusive J/ψ production calculated using LO PDF set A form Ref. [282] for p-p

collisions at
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s = 39 GeV in the LO approximation as a function of a) transverse momentum pT and b) pseudorapidity η [283].
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Figure 19: Longitudinal double spin asymmetry ALL for inclusive prompt-photon production calculated for p-p collisions at
√

s = 39 GeV in

the LO approximation as a function of a) transverse momentum pT and b) rapidity η (pT = 6 GeV/c) [283]. The full line corresponds to the

NLO ’valence’ PDF set from Ref. [284], while the dashed line – to the set A form Ref. [282].

In case of the longitudinally polarized p-p collisions the asymmetry ALL is defined as

ALL =
σ++ − σ+−
σ++ + σ+−

, (31)

where σ++ and σ+− denote the cross-sections with the same and opposite proton helicity combinations, respec-

tively. For the prompt photons produced via the gluon Compton scattering

A
γ

LL
≈ ∆g(x1)

g(x1)
⊗ A1p(x2) ⊗ â

gq(q̄)→γq(q̄)

LL
+ (1↔ 2). (32)
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Here A1p(x) is the asymmetry well measured in a wide range of x and â
gq(q̄)→γq(q̄)

LL
is the asymmetry of the corre-

sponding hard process. The Fig. 17(b) shows the behavior of âLL for different hard processes as a function of the

center-of-mass scattering angle. For charmonia and open charm production via the gluon-gluon fusion process the

expression for the corresponding asymmetry reads

Acc̄
LL ≈

∆g(x1)

g(x1)
⊗ ∆g(x2)

g(x2)
⊗ â

gg→cc̄X

LL
. (33)

This asymmetry on the one hand is more sensitive to the gluon polarization than the corresponding one for the

prompt photons due to the quadratic dependence on ∆g. On the other hand the sign of the ∆g value can not be

determined from it. So the measurements with prompt photons and heavy-quark states are complementary. The

contribution of qq̄ annihilation processes to the above-mentioned asymmetries is negligible despite âLL = −1

because of the smallness of the sea-quark polarization in the nucleon.

It is important to emphasise that a sizable systematic uncertainty of ALL measurements in the inclusive J/ψ

production comes from our limited knowledge of charmonia production mechanisms including the feed-down

contribution. Each of them has different partonic asymmetries âLL [285]. For the ∆g estimation in Ref. [275] the

value of â
J/ψ

LL
has been forced to −1. The SPD setup will have the possibility to reconstruct χcJ states via their

radiative decays and resolve J/ψ and ψ(2S ) signals in a wide kinematic range and disentangle contributions of

direct and feed-down production mechanisms. The quality of the ∆g estimation could be significantly improved

by measuring ALL separately for each charmonium state.

Predictions for the longitudinal double-spin asymmetries ALL in p-p collisions can be found in Ref. [286] (J/ψ)

and [287] (prompt photons). They mostly cover the kinematic range of the RHIC experiments. Some estimates

for ALL in charmonia [283] and prompt-photon [283, 284, 288] production at
√

s = 39 GeV (see Figs. 18 and 19,

respectively) have been done in preparation of the unrealized HERA-N project.

The authors of the Ref. [289] proposed to extract information about the gluon helicity ∆g via studying of the

production of high-pT prompt photons accompanied by Σ+ hyperons. To do that the single longitudinal spin asym-

metry A
γΣ

L
and the polarization of the produced Σ+ hyperons should be measured. However, further elaboration of

this method is needed.

5.2. Gluon-related TMD and twist-3 effects with transversely polarized beams

One of the promising ways to investigate the spin structure of the nucleon is the study of transverse single-spin

asymmetries (SSAs) in the inclusive production of different final states in high-energy interactions. The SSA AN

is defined as

AN =
σ↑ − σ↓
σ↑ + σ↓

, (34)

where σ↑ and σ↓ denote the inclusive production cross-sections with opposite transverse polarization with respect

to the production plane, defined by momenta of polarized projectile and produced hadron (or jet). At the moment,

more than forty years after the transverse spin phenomena were discovered, a wealth of experimental data indicat-

ing non-zero AN in the lepton-nucleon and nucleon-nucleon interactions were collected, see e.g. [12–16, 290–292]

and references therein. However, our understanding of the SSA phenomenon is not yet conclusive.

Theoretically two dual approaches are used to explain transverse single-spin azimuthal asymmetries: the

collinear twist-3 formalism and the TMD factorization approach. In the first one at large transverse momenta

pT ≫ ΛQCD of a produced particle, the collinear factorization involving twist-3 contributions for three-parton

(Efremov-Teryaev-Qiu-Sterman) correlations Ref. [293–296] are used, for the review see Ref. [297].12An alterna-

tive approach, suitable also for less inclusive processes, is based on the TMD factorization, valid for pT ≪ Q, in

terms of transverse-momentum-dependent parton distributions. In this case, the SSAs originate from the initial-

state quark and Gluon Sivers Functions (GSF), which may be related to the mentioned twist-3 correlators, or the

final-state Collins fragmentation functions.

The Sivers function f
⊥,q(g)

1T
(x, k2

T ) is a TMD PDF that describes the left-right asymmetry in the distribution

of partons w.r.t. the plane defined by the nucleon spin and momentum vectors. Originating from the correlation

between the spin of the nucleon and the orbital motion of partons, it is an important detail of the three-dimensional

picture of the nucleon. This function is responsible for the so-called Sivers effect (for both quarks and gluons) that

was first suggested in Ref. [298] as an explanation for the large transverse single-spin asymmetries AN measured in

12Here ΛQCD ≈ 200 MeV is the QCD scale.
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the inclusive pion production off transversely polarized nucleons. More details on the theoretical and experimental

status of the transverse spin structure of the nucleon can be found in Refs. [14, 299, 300]. The first attempt to access

the GSF studying azimuthal asymmetries in high-pT hadron pair production in SIDIS off transversely polarized

deuterons and protons, was performed by COMPASS [28]. Using neural network techniques the contribution

originating from the Photon–Gluon Fusion (PGF) subprocess has been separated from the leading-order virtual-

photon absorption and QCD Compton scattering subprocesses. The extracted combined proton-deuteron PGF-

asymmetry was found to be negative and more than two standard deviations below zero, the possible existence of

a non-zero GSF. In the meantime, COMPASS did not see any signal for the PGF Collins asymmetry, which can

analogously be related to the gluon transversity distribution in nucleon. COMPASS studied the GSF also through

Sivers asymmetry in the J/ψ-production channel [29], again obtaining an indication of a negative asymmetry.

Several inclusive processes were proposed to access the gluon-induced spin effects in transversely polarized

p-p collisions. Single spin asymmetries for production of charmonia [22, 301] (RHIC, AFTER), open charm

[22, 302–305] (RHIC) [305] (AFTER), and prompt photons [295, 306] (E704), [307] (RHIC). The possible

gluon induced effects were estimated using both approaches TMD and the collinear twist-three approaches for the

experimental conditions of the past, present, and future experiments.

In Ref. [308] a first estimate of the GSF was obtained using the midrapidity data on AN , as measured in π0

production in pp collisions at RHIC [24]. The extraction was performed within the GPM framework, a phe-

nomenological extension of the TMD factorization scheme, where TMDs are assumed conditionally universal,

using the GRV98-LO set for the unpolarized PDF and available parameterizations for the quark Sivers functions

(SIDIS1 from Ref. [309] and SIDIS2 from Ref. [310]).

The GSF is parameterized assuming a factorized Gaussian-like form, as follows:

∆Nfg/p↑ (x, k2
T ) =

(

−2
|kT |
Mp

)

f
⊥ g

1T
(x, k2

T ) = 2Ng(x) fg/p(x) h(k2
T )

e−k2
T /〈k2

T 〉

π〈k2
T 〉

, (35)

where fg/p(x) is the standard unpolarized collinear gluon distribution, and

Ng(x) = Ng xα(1 − x)β
(α + β)(α+β)

ααββ
, h(k2

T ) =
√

2e
|kT |
M′

e−k2
T /M

′2
. (36)

We can also define a suitable parameter ρ = M′2/(〈k2
T 〉+M′2), with 0 < ρ < 1. By imposing |Ng| ≤ 1 the positivity

bound for the GSF is automatically fulfilled for any value of x and kT .

The first kT -moment of the GSF is also of relevance

∆Nf
(1)

g/p↑
(x) =

∫

d2 kT

|kT |
4Mp

∆Nfg/p↑ (x, k2
T ) ≡ − f

⊥(1)g

1T
(x) . (37)

Two different parameterization of the GSF were obtained using different sets for the fragmentation functions,

namely the Kretzer [311] and DSS07 [312] sets, which give significantly different results for gluons. The latter

point has a strong impact on the extracted GSF, especially in the low-x region, see Fig. 20, where the first moments

of the GSF are shown in Fig. 20(a) and 20(b), respectively for the SIDIS1 and SIDIS2 sets.

We recall that the gluon Sivers function is expected to satisfy the positivity bound defined as twice the un-

polarized TMD gluon distribution. Although, some theoretical expectations are that the gluon Sivers function at

relatively high x should be about 1/3 of the quark one [300].

An extended version of the GPM, with inclusion of initial- and final-state interactions (ISIs and FSIs respec-

tively) under a one-gluon exchange approximation, was developed, limiting to the quark sector, in Refs. [313, 314]:

the so-called color-gauge-invariant GPM (CGI-GPM). In this approach, the effects induced by ISIs and FSIs, lead-

ing to the process dependence of the Sivers function, can be collected into modified color factors and moved to the

hard partonic parts. In this way, one can still consider a universal Sivers function, as extracted from SIDIS, but this

time convoluted with properly modified partonic cross-sections. Interestingly, these coincide with the correspond-

ing hard partonic parts appearing in the collinear twist-three formalism [313]. Moreover, this modified GPM allows

to get the expected opposite sign of the Sivers function when moving from SIDIS to DY processes [315, 316].

In Ref. [22] this approach was extended to the gluon Sivers contribution to AN for D-meson and J/ψ production

and, subsequently, in Ref. [81] to the case of inclusive pion and photon production. The main difference w.r.t. the

quark case is that for the gluon sector one needs to introduce two different classes of modified partonic cross-

sections, corresponding to the two different ways in which a color-singlet state can be formed out of three gluons,

i.e. either through an anti-symmetric or a symmetric color combination. Each one of them has to be convoluted with
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Figure 20: The first kT -moment of the gluon Sivers function [308] obtained using the SIDIS1 [309] – panel (a) and SIDIS2 [310] – panel (b)

extractions of the quark Sivers functions. Reprinted figures from Ref. [308] © (2015) Springer under the Creative Commons Attribution 4.0

International License.

a different gluon Sivers distribution. These two universal and independent distributions are named, respectively,

the f -type and d-type gluon Sivers functions [317]: the former is even under charge conjugation, while the latter

is odd.
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Figure 21: Allowed upper values for the first kT -moments of the gluon Sivers function in different approaches and scenarios at Q2 = 2 GeV2

[81]: GPM approach (dashed line), CGI-GPM d-type (N
(d)
g = 0.15, dot-dashed line) and f -type (N

( f )
g = 0.05, solid line). The positivity bound

(dotted line) is also shown.

In Ref. [81] a detailed phenomenological study was carried out, leading to the first preliminary determination

of the allowed upper bounds for the two GSFs entering the CGI-GPM approach. This was obtained by analysing

the mid-rapidity pion AN data together with those for D-meson production, from the PHENIX Collaboration [24,

27]. The main outcome of this study is that while pion SSAs are very sensitive to the f -type GSF, being the

d-type one dynamically suppressed, the opposite is true in the SSAs for D-meson production, at least at forward

rapidities. A combined extraction (in terms of allowed upper bounds) of these two GSFs was therefore possible.

The corresponding results for the first moments of the GSF are shown in Fig. 21.

Notice that, while in Ref. [308] a single value 〈k2
T 〉 = 0.25 GeV2 [318] was adopted for the unpolarized quark
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and gluon TMDs, in Ref. [81] for the unpolarized gluon TMD the authors used a different value, 〈k2
T 〉 = 1 GeV2.

This, indeed, gives a better account of the unpolarized cross-sections for J/ψ production at not so large pT values,

without spoiling the description of the inclusive pion production data. Moreover, a different set for the unpolarized

PDFs (the CTEQ6L1 set [319]) was employed. For these reasons, an updated extraction of the GSF within the

GPM was performed (still adopting the DSS07 set for the unpolarized collinear pion FFs), finding results very

similar to those reported in Ref. [308] for the first kT -moments of the GSF (SIDIS2 case), although with slightly

different parameters.

The SSA A
J/ψ

N
in the J/ψ production was measured by the PHENIX Collaboration in p-p and p-A collisions

at
√

sNN = 200 GeV/c [25, 26]. The obtained asymmetries A
J/ψ

N
are consistent with zero for negative and positive

xF values. Theoretical predictions [301] based on the Color Evaporation Model within a TMD approach and

employing the GSF from Ref. [320] for different center-of-mass energies are shown in Fig. 23(a) as functions of

the rapidity y. Since the J/ψ production mechanism is not well understood, the measurement of the A
J/ψ

N
may bring

a valuable input to that matter as well.

In this context, a comprehensive analysis adopting different mechanisms for quarkonium production, namely

the Color-Singlet Model and its extension to NRQCD, and two TMD schemes, the GPM and the CGI-GPM, has

been recently performed in Refs. [21, 197]. In Fig. 22 we show a comparison among these options, adopting

maximized gluon Sivers functions (that is by using Ng(x) = 1 and ρ = 2/3 for all GSFs), for AN at RHIC

kinematics,
√

s = 200 GeV and xF = 0.1 (a) and xF = −0.1 (b), vs. pT . This indeed could be a valuable tool to

quantify the potential role of the GSFs and the feasibility of their corresponding extraction. As one can see the

f -type contribution in NRQCD (solid lines) suffers from the most effective cancellations, coming from the relative

sign of the modified partonic cross-sections. The d-type one (thin dashed lines) is suppressed by the absence of

the gg channel, that dominates the unpolarized cross-section (this reflects also into the negligible contribution of

the quark Sivers function). On the opposite side the GPM approach, both within the CS model (thick dashed lines)

and in NRQCD (dotted lines), gives the potentially largest contributions. It is worth to remark that within the GPM

the differences coming from the production mechanism are small. Moreover, even if to a much lesser extent as

compared to the GPM, also within the CGI-GPM one can potentially put some constraints on the size of the f -type

GSF even with the few data points available.

These estimates can be certainly affected by uncertainties, intrinsic in the model and/or induced by the nonper-

turbative parameters used. On the other hand, the relative size of these maximized contributions to the asymmetry,

coming from different terms and models, is certainly under better control. One has to keep in mind that the ultimate

goal of this comparison is to estimate the impact of ISIs and FSIs in the computation of such SSAs.
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Figure 22: Maximized contributions to AN estimates as a function of pT for the process p↑p→ J/ψ+X at
√

s = 200 GeV and xF = 0.1 (a) and

xF = −0.1 (b) adopting the CGI-GPM and GPM approaches, within the CS model and NRQCD. Data are taken from [26]. Reprinted figures

from Ref. [21], ©(2020) by the American Physical Society under the Creative Commons Attribution 4.0 International License.

In Fig. 23(b) we show the analogous estimates for pp collisions at NICA energy,
√

s = 27 GeV, this time at

fixed pT as a function of xF . A word of caution is mandatory: at these energies the quark-initiated contribution to

the unpolarized cross-section, when adopting the NRQCD framework, is not negligible and, starting around pT ≃ 2

GeV, becomes comparable with the gluon-initiated ones. On the other hand, when employing the parametrizations

of the quark Sivers functions (as extracted from SIDIS data) their contribution to the SSA turns out to be completely
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negligible. Once again, in Fig. 23(b), we see that the largest maximized estimates are obtained within the GPM,

both in the CSM and in NRQCD. In the CGI-GPM, the only sizeable contribution comes from the f -type GSF in the

CS model. In this respect, a measurement of AN at NICA could represent an important tool to disentangle among

the different approaches and to constrain the GSF. Moreover, a detailed comparison with the analogous results

obtained at RHIC kinematics could help in better understanding the role of quark and gluon initiated subprocesses

both in the unpolarized cross-sections and in SSAs.
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Figure 23: (a) Predictions for A
J/ψ

N
for
√

s = 115 GeV (AFTER), 200 GeV and 500 GeV (RHIC) as a function of rapidity y. Reprinted figure

with permission from [301] © (2017) by the American Physical Society. (b) Maximized contributions to AN estimates as a function of xF for

the process p↑p → J/ψ + X at
√

s = 27 GeV and pT = 1.5 GeV adopting the CGI-GPM and GPM approaches, within the CS model and

NRQCD.

(a) (b)

Figure 24: Comparisons of NRQCD and ICEM predictions for A
J/ψ

N
as function of xF in p-p collisions at the energy

√
s = 27 GeV obtained in

CGI-GPM with D’Alesio et al. (a) and SIDIS1 (b) parameterizations of Sivers function.

Predictions for A
J/ψ

N
in proton-proton collisions at NICA energy

√
s = 27 GeV, obtained in GPM + NRQCD

approach, as function of xF and pT are shown in the Figure (24). For comparison, results are presented for SIDIS1

[309] and D’Alesio et al. [22, 197] parameterizations of proton Sivers function.

A measurement with open-heavy hadrons (both D- and B-mesons) was performed at RHIC (PHENIX,
√

s =

200 GeV) [27] using high-pT muons from their semileptonic decays. Obtained results are affected by relatively

large statistical uncertainties and do not exhibit any significant non-zero asymmetry. Nevertheless, the results do

not contradict the predictions of the twist-3 approach from Ref. [303]. The Sivers effect contribution to the AD
N

asymmetry calculated within the Generalized Parton Model for
√

s = 27 GeV is presented in Fig. 25.
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(a) (b)

Figure 25: CGI-GPM predictions for single-spin asymmetry in inclisive D-meson production with gluon Sivers function extracted in the

D’Alesio et.al. [22, 197] fit (a) and SIDIS1 [309] fit (b)

Measurement of the A
γ

N
for prompt photons provides a unique opportunity to study the Sivers PDF and twist-3

correlation functions , since the corresponding hard process does not involve fragmentation in the final state and

thus is exempt from the Collins effect. The first attempt to measure A
γ

N
at
√

s = 19.4 GeV was performed at

the fixed target experiment E704 at Fermilab in the kinematic range −0.15 < xF < 0.15 and 2.5 GeV/c < pT <

3.1 GeV/c. The results were consistent with zero within large statistical and systematic uncertainties [321]. Fig-

ure 26(a) shows the results of our calculations of A
γ

N
asymmetry as a function of xF for

√
s = 27 GeV based

on the SIDIS1 parameterization of the GSF. Quark and gluon contributions from the gluon Compton scattering,

dominating at positive and negative values of xF , respectively, are shown separately. The qq̄ annihilation contri-

bution is also presented. Dotted lines illustrate the twist-3 predictions for
√

s = 30 GeV and pT = 4 GeV/c for

negative [306] and positive [295] values of xF . The pT dependence of the A
γ

N
asymmetry at xF = −0.5 is shown

for different values of
√

s in Fig. 26(b).
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Figure 26: (a) xF dependence of the asymmetry A
γ

N
calculated adopting the SIDIS1 Sivers function for

√
s = 27 GeV and 4 < pT < 6 GeV.

Gluon and quark contributions are shown separately, see the legend in the plots. Dotted lines illustrate the twist-3 predictions for
√

s = 30 GeV

and pT = 4 GeV for negative [306] and positive [295] values of xF . (b) pT dependence of the A
γ

N
asymmetry for different values of

√
s at

xF = −0.5.

5.3. Gluon transversity in deuteron

The transversely polarized parton densities (called transversity distributions) within transversely polarized pro-

ton and deuteron are extensively investigated both theoretically and experimentally. A remarkable difference of the
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parton transverse distributions from the longitudinal ones is that the gluon transversity distribution does not exist

in the spin-1/2 nucleons. For this reason, the Q2- evolution of the quark transversity in a nucleon is independent

of the gluon contributions [322–324], whereas the quark and gluon helicities evolve with Q2 in a close relation to

each other according to the DGLAP equations [325].

The quark transversity PDFs are less constrained experimentally compared to the helicity functions [12], while

the gluon transversity is presently unknown [326]. The latter one can be potentially studied in experiments with

linearly polarized deuterons.13 Traditionally, the deuteron is considered as a weakly coupled spin-1 bound state of

a proton and neutron. Since proton and neutron themselves do not contain the gluon transversity, one could expect

vanishing gluon transversity in the deuteron. However, if sizable values for the gluon transversity are measured,

this might indicate the presence of new (different from |pn〉 state) degrees of freedom in the deuteron.

Figure 27: Parton-hadron forward scattering amplitude

AΛiλi , Λ f λ f
.

The longitudinally and transversely polarized quark dis-

tributions in a nucleon are defined as matrix elements on the

light-cone [326]14:

g
q

1
(x) =

∫

dξ−

4π
eixp+ξ− 〈 p sL| ψ̄(0)γ+γ5ψ(ξ) |p sL 〉ξ+=ξ⊥=0 ,

h
q

1
(x) =

∫

dξ−

4π
eixp+ξ−

〈

p sT j

∣

∣

∣ ψ̄(0) i γ5 σ
j+ψ(ξ)

∣

∣

∣p sT j

〉

ξ+=ξ⊥=0
,

(38)

where gauge links which ensure gauge invariance are omitted;

sL and sT indicate the longitudinal and transverse polarizations

of the nucleon, respectively. In Eqs.(38), the antisymmetric

tensor σµν is defined by σµν = i
2
(γµγν − γνγµ) while a± = (a0 ± a3)/

√
2.

According to the optical theorem, hadron structure functions are determined by the imaginary part of corre-

sponding forward scattering amplitudes. Such an amplitude, AΛiλi , Λ f λ f
, is illustrated in Fig. 27, where the ini-

tial and final hadron (parton) helicities are denoted as Λi and Λ f (λi and λ f ). The helicity conservation yields

Λi − λi = Λ f − λ f . The quark densities (38) are expressed in terms of helicity amplitudes as follows:

g
q

1
(x) = q+(x) − q−(x) ∼ Im (A++,++ − A+−,+−),

h
q

1
(x) = q↑(x) − q↓(x) ∼ Im A++,−− . (39)

The density g
q

1
(x) is determined by the distributions q+(x) and q−(x) which describe the quarks with spin oriented

parallel and anti-parallel to the longitudinal nucleon spin, as shown in Fig. 28(a). The quark transversity distribu-

tion is given by h
q

1
(x) = q↑(x) − q↓(x), where subscripts “↑” and “↓” indicate the quark polarizations which are

parallel and anti-parallel to the transverse nucleon spin, as illustrated in Fig. 28(b). The relation h
q

1
(x) ∼ Im A++,−−

indicates that the quark transversity distribution in a nucleon is described by the helicity-flip (λi = +, λ f = −)

amplitude. Note that the density g
q

1
(x) is a chiral-even function while the distribution h

q

1
(x) is a chiral-odd one.

(a) (b)

Figure 28: Schematic illustration for quark helicty (a) and transversity (b) distribution functions.

13In the case of the transversely polarized deuteron, one also needs to account for the contributions of the transverse and tensor spin compo-

nents, see Table 6 and discussion below.
14Functions g

q

1
and h

q

1
are also referred to as ∆q(x) and ∆T q(x) correspondingly.
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Figure 29: A
γ

T T
asymmetry for the prompt-photon production at 200

and 500 GeV coming from the qq̄ annihilation process calculated in

LO [327] and NLO [328]. Adapted figure from [328] ©(2003) by the

American Physical Society.

.5 We see that the helicity and transversity func-

tions, g
q

1
(x) and h

q

1
(x), have completely different na-

ture and properties. For this reason, their contribu-

tions to the spin asymmetries differ essentially from

each other. Possible way to access the transver-

sity are measurements of single transverse spin

asymmetries in lepton-proton and proton-proton

collisions with interference dihadron fragmentation

function used as a chiral-odd probe [329].

The transversity PDF may also be studied

through the measurement of the double transverse

spin asymmetry, ATT , defined analogously to the

double longitudinal spin asymmetry, ALL. This is

a unique opportunity for SPD NICA, where trans-

verse polarization of both colliding beams will be

available. Due to the absence of transversity gluon

contributions, the transverse asymmetries in pp

collisions are expected to be much smaller than the

longitudinal ones, ATT ≪ ALL. As an example, the

asymmetry A
γ

TT
in the prompt-photon production at 200 and 500 GeV coming from the qq̄ annihilation process

calculated in LO [327] and NLO [328] is shown in Fig. 29. Predicted values for the quantity A
γ

TT
are of the order

of one per cent. On the other hand, in case of pd or dd collisions a measurable value of ATT could be expected in

case of presence of sizable contributions of non-nucleon degrees of freedom in deuteron.

Note that the quark transversity distributions play important role in correct interpretation of data on the neutron

electric dipole moment (EDM), which is used in search for physics beyond the standard model (BSM). The current

experimental lower bound of the neutron EDM is close to the typical BSM predictions, 10−28–10−26 e·cm. For

more accurate comparison with data, one needs to convert the quark-level BSM results for EDMs to the neutron

one by using the quark transversity distributions [326]: dn =
∑

q dq h
q

1
, where h

q

1
≡

∫ 1

0
dx

[

h
q

1
(x) − h

q̄

1
(x)

]

and dq is

the quark EDM.

Let us discuss the polarized gluon distributions in the deuteron. The spin-1 states are described by the polar-

ization vectors E defined as

E± =
1
√

2
(∓1, −i, 0 ) , E0 = ( 0, 0, 1 ) , Ex = ( 1, 0, 0 ) , Ey = ( 0, 1, 0 ) . (40)

The vectors E+, E0, and E− correspond to the spin states with z component equal to sz = +1, 0, and −1; Ex and Ey

describe the linear polarization. The vector, S, and tensor, T i j, polarizations of a spin-1 particle can be expressed

in terms of vectors E as

S = Im ( E∗ × E ), T i j =
1

3
δi j − Re ( Ei∗E j ). (41)

We parameterize these polarizations in the form

S =(S x
T , S

y

T
, S L), T i j =

1

2
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TT
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xy
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y
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, (42)

where
{

S x
T
, S

y

T
, S L, S LL, S

xx
TT
, S

xy

TT
, S x

LT
, S

y

LT

}

is the full set of parameters describing the vector and tensor polariza-

tions.

For example, in the case of the polarization vector E+, Eqs. (41) lead to the following set of parameters:

S L =1, S LL =1/2, S x
T =S

y

T
= S xx

TT = S
xy

TT
= S x

LT = S
y

LT
= 0. (43)

The parameters of longitudinal, transverse, and linear polarizations of a spin-1 particle are listed in Table 6.

The polarization E+ means that the spin is directed along z axis, S L = 1. Note however that this polarization can

also be described by the tensor parameter S LL = 1/2.
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Polarizations E S x
T

S
y

T
S L S LL S xx

TT

Longitudinal +z 1√
2
(−1, −i, 0) 0 0 +1 + 1

2
0

Longitudinal −z 1√
2
(+1, −i, 0) 0 0 −1 + 1

2
0

Transverse +x 1√
2
(0, −1, −i) +1 0 0 − 1

4
+ 1

2

Transverse −x 1√
2
(0, +1, −i) −1 0 0 − 1

4
+ 1

2

Transverse +y 1√
2
(−i, 0, −1) 0 +1 0 − 1

4
− 1

2

Transverse −y 1√
2
(−i, 0, +1) 0 −1 0 − 1

4
− 1

2

Linear x (1, 0, 0) 0 0 0 + 1
2

−1

Linear y (0, 1, 0) 0 0 0 + 1
2

+1

Table 6: Longitudinal, transverse, and linear polarizations of the deuteron: vectors E and parameters of the vector, S, and tensor, T i j, polariza-

tions. All other parameters vanish for the considered cases, S
xy

T T
= S x

LT
= S

y

LT
= 0.

Figure 30: Gluon-hadron forward scattering amplitude

with the spin flip of 2.

As mentioned above, the gluon transversity distribution is

forbidden in the spin-1/2 nucleons; it however may contribute

to a spin-1 hadron [330]. Similarly to the quark distribution

(39), the gluon transversity15 is given by the helicity-flip am-

plitude:

h
g

1
(x) ∼ Im A++,−− . (44)

We see that the function h
g

1
(x) is associated with the spin flip

∆s = 2 amplitude as shown in Fig. 30. Therefore, in search for

the gluon transversity, one should use hadrons with spin ≥ 1.

The most appropriate candidate is the deuteron: it is stable and

can be polarized.

The gluon transversity distribution in the deuteron is defined in the matrix-element form as

h
g

1
(x) = ε

αβ

TT

∫

dξ−

2π
xp+ eixp+ξ−〈 p Ex

∣

∣

∣Aα(0) Aβ(ξ)
∣

∣

∣ p Ex 〉ξ+=ξ⊥=0, (45)

where Ex descries the linear polarization of the deuteron along the positive x-axis. The tensor ε
αβ

TT
in Eq. (45) is

defined by ε
αβ

TT
≡ εαxε

∗β
x − εαy ε

∗β
y , where εαx,y = (0, εx,y ) describe the linearly polarized gluons in the deuteron. So,

one needs the linearly polarized deuteron target (or beam) for measuring the gluon transversity h
g

1
(x). As shown in

Refs. [326, 331], measurements of the difference of cross-sections with the deuteron linearly polarized in ”x” and

”y” directions, dσ(Ex) − dσ(Ey), will allow to determine the function h
g

1
(x).

Presently, experimental data on the gluon transversity are not available. There is only the JLab Letter of Intent

[332] which proposes to measure h
g

1
(x) in the electron scattering off polarized deuteron [333]. The gluon-induced

Drell-Yan process qg→ qγ∗ → qµ+µ− was also proposed in Refs. [326, 331] as a way to access h
g

1
(x) in polarized

pd collisions in the SpinQuest experiment at Fermilab [334].

In Fig. 31, we present predictions for the asymmetry AExy
= [dσ(Ex) − dσ(Ey)]/[dσ(Ex) + dσ(Ey)] in the pd

Drell-Yan process with unpolarized proton as a function of M2
µµ. The results are given for the di-muon transverse

momenta qT = 0.2, 0.5, and 1.0 GeV at the azimuthal angle φ = 0 and rapidity y = 0. Note that, in these

predictions, the gluon transversity is assumed to be equal to the longitudinally polarized gluon distribution. For

this reason, the asymmetry |AExy
| presented in Fig. 31 may be overestimated. At NICA, the J/ψ production in pd

and dd collisions with a linearly polarized deuteron can be used to access the gluon transversity. The asymmetry

AExy
in these processes is expected to be of the same order of magnitude, i.e. of the order of one per cent.

15Denoted as h
g

1
or ∆T g.
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Figure 31: Spin asymmetry |AExy | for the proton-deuteron Drell-Yan

process.

In the above examples, the single spin asym-

metry in the reactions with linearly polarized

deuterons was discussed. In principle, non-

vanishing contributions of the gluon transversity

h
g

1
(x) to the double transverse spin asymmetry, ATT ,

are also possible. However, in the case of ATT , one

should take into account two more types of con-

tributions: quark and anti-quark transversities and

tensor-polarized PDFs. For this reason, the sin-

gle spin asymmetry in the processes with linearly

polarized deuterons, AExy
, seems to be most direct

way to probe the function h
g

1
(x) [326, 331].

5.4. Tensor-polarized gluon distribution in deuteron

The polarized ep DIS is described in terms of

four structure functions (F1,2, g1,2), whereas the ed

DIS contains eight functions. The additional four

structure functions, b1−4, can be measured using an unpolarized lepton beam [335, 336]. Among them, b1 and b2

are twist-2 structure functions which are related to each other by the Callan-Gross type relation b2 = 2xb1, while

b3 and b4 are higher-twist ones. In the LO in αs, the b1 (and b2) structure function can be expressed in terms of

tensor-polarized quark and anti-quark distribution functions δ
T
q and δ

T
q̄ as

b1(x,Q2)LO =
1

2

∑

i

e2
i

[

δ
T
qi(x,Q2) + δ

T
q̄i(x,Q2)

]

. (46)

The tensor-polarized PDFs are defined by

δ
T

f (x,Q2) ≡ f 0(x,Q2) − f +1(x,Q2) + f −1(x,Q2)

2
, ( f = q, q̄, or g), (47)

where f λ indicates an unpolarized parton distribution in the hadron spin state ”λ”. In practice, the deuteron is best

suited for measuring b1 because it is stable and simplest spin-one hadron. In the framework of the parton model,

the following sum rule was derived [337, 338]:

∫

dx b1(x)LO = −
5

24
lim
t→0

t FQ(t) +
∑

i

e2
i

∫

dx δ
T
q̄i(x), (48)

where FQ(t) is the electric quadrupole form factor of the considered hadron. Since the first term vanishes, non-zero

values of b1 could indicate nonvanishing tensor-polarized anti-quark distributions. Eq. (48) is an analogue of the

Gottfried sum rule which was derived for the unpolarized ep DIS [339, 340]:

∫

dx

x
[F

p

2
(x) − Fn

2(x)]LO =
1

3
+

2

3

∫

dx [ū(x) − d̄(x)]. (49)

This sum rule indicates that the light anti-quark distributions ū and d̄ are not identical if Eq. (49) deviates from

1/3. The first terms in r.h.s. of Eqs.(48) and (49) (0 and 1/3, respectively) differ essentially from each other because

the number of valence quarks depends on the flavor but is independent of the tensor polarization. The deviation of

the sum rule (49) from 1/3 was experimentally confirmed by the New Muon Collaboration (NMC) [341, 342] and

later pp and pd Drell-Yan measurements [343–345]. Since large deviation from 1/3 cannot be explained within

the perturbative QCD, the NMC result created a new field of hadron physics related to the flavor-asymmetric

anti-quark distributions [340, 346, 347]. Similarly, a new field of tensor-polarized anti-quark distributions could

be created if the b1 sum (48) will be non-zero. Such an indication was obtained in the HERMES experiment,
∫

dxb1(x) = 0.35 ± 0.10 (stat) ± 0.18 (sys) [250]. Furthermore, the conventional convolution calculations of b1

based on the standard deuteron model are very different from the HERMES measurements [250] in magnitude and

x dependence [348].
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Figure 32: Q2 evolution of the tensor-polarized PDFs.

The tensor-polarized quark and anti-quark dis-

tributions were fitted to the HERMES data in

Ref. [349]. The obtained results for the quark and

anti-quark densities at Q2 = 2.5 GeV2 (the av-

eraged value of the HERMES measurements) are

shown in Fig. 32 by dashed curves. Since ex-

perimental information on the gluon tensor po-

larization is presently unavailable, δ
T
g = 0 for

Q2 = 2.5 GeV2 has been assumed. However

the tensor-polarized PDFs satisfy the same stan-

dard DGLAP evolution equations as the unpolar-

ized ones [336, 350]. Due to this evolution, a non-

zero tensor-polarized gluon distribution will ap-

pear at large values of Q2 even if it does not ex-

ist at small Q2. The DGLAP predictions for δ
T

f

( f = q, q̄, g) at Q2 = 30 GeV2 are given in Fig. 32

by solid curves.

Further experimental studies of b1 will be

performed at JLab [351]. The tensor-polarized

deuteron target for this experiment is under development [333]. Tensor-polarized quark and anti-quark distri-

butions could be probed at Fermilab [334] using the proton-deuteron Drell-Yan process [350, 352, 353]. The

tensor-polarized gluon distribution could be studied at NICA using the tensor-polarized deuteron in prompt-photon

and J/ψ production processes.

5.5. Deuteron tensor polarization and shear forces

The availability of tensor polarized deuteron beam opens a possibility to study shear forces generated by quarks

and gluons [354]. The natural way to get the traceless part of the energy-momentum tensor related to a shear

is provided just by the tensor polarization, as the relevant tensor S µν is a traceless one by construction. The

contribution of the ”tensor-polarized” parton distribution CT [336, 337] (introduced as an ”aligned” one [355]) is

constrained by the zero sum rule [355] for its second moment (complementing the Close-Kumano sum rule [337])

which may be decomposed into quark and gluon components [356]:

∑

i=q,q̄

∫ 1

0

δTi(x.Q2)xdx = δT (Q2), (50)

∫ 1

0

δTG(x,Q2)xdx = −δT (Q2). (51)

As a result, the matrix elements of the energy momentum tensors of quarks and gluons look as

∑

i

〈P, S |T µν

i
|P, S 〉Q2 = 2PµPν(1 − δ(Q2)) + 2m2

NS µνδT (Q2) (52)

〈P, S |T µν
g |P, S 〉µ2 = 2PµPνδ(Q2) − 2m2

NS µνδT (Q2), (53)

where the second terms describe the average (integrated over transverse distance) shear force. Here mN is the

nucleon mass.

The zero sum rules (50) were later interpreted [357] as yet another manifestation of Equivalence Principle (EP),

as it was done earlier [358] for the Ji sum rules. In turn, the smallness of δT , compatible with the existing HERMES

data, was suggested [357] to be the new manifestation of the Extended Equivalence Principle (ExEP) [359–361]

valid separately for quarks and gluons in non-perturbative QCD due to the confinement and chiral symmetry

violation. It was originally suggested for anomalous gravitomagnetic moments [359, 361]. In particular, it provides

the rotation of spin in a terrestrial experiment with the angular velocity of Earth’s rotation. Let us stress, that it

may seem trivial if spin is considered just as a vector. However, it became highly non-trivial if one takes into

account that the device which measures the spin is rotating together with Earth. This is a particular example of the

practical importance of the quantum theory of measurement. Another example may be represented by the Unruh

radiation in heavy-ion collisions [362], which implies that the particles production may be also considered as a

quantum-mechanical measurement in a non-inertial hadronic medium.
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Recently, ExEP was also discovered for the pressure [363].

To check ExEP for the shear force, one may use future studies of DIS at JLab and of Drell-Yan processes with

tensor polarized deuterons [364] 16.

Note that tensor polarized parton distribution may be also measured in any hard process with the relevant

combination of deuteron polarizations, in particular, for large pT pion production, providing much better statistics.

The correspondent quantity can be the P-even single spin asymmetry

AT =
dσ(+) + dσ(−) − 2dσ(0)

dσ(+) + dσ(−) + dσ(0)
∼

∑

i=q,q̄,g

∫

dσ̂iδTi(x)
∑

i=q,q̄,g

∫

dσ̂i fi(x)
, (54)

where the differential cross-section with a definite deuteron polarization appears.

Note that since the polarization tensor is traceless, the sum rule is valid for the three mutually orthogonal

orientations of coordinate frame [355]:
∑

i

ρi
00 = 1;

∑

i

S ii = 0. (55)

As a result, the leading twist kinematically dominant ”longitudinal” tensor polarization can be obtained by accel-

erating transversely polarized deuterons which will be accessible at NICA.

6. Summary

In this Review we have discussed theoretical aspects of past and possible future measurements related to the

study of the (un)polarized gluon content of the proton and deuteron, particularly focusing on the opportunities

opening for the future Spin Physics Detector project at the NICA collider in Dubna. Proposed measurements at

SPD are foreseen to be carried out performing a high-luminosity p-p, p-d and d-d collisions at the center-of-mass

energy up to 27 GeV using longitudinally or transversely polarized proton and vector- or tensor-polarized deuteron

beams. The SPD will have a unique possibility to probe gluon content employing simultaneously three gluon-

induced processes: the inclusive production of charmonia (J/ψ and higher states), open charm production, and

production of the prompt photons. The kinematic region to be covered by the SPD is unique and has never been

accessed purposefully in polarized hadronic collisions. The data are expected to provide inputs for gluon physics,

mostly in the region around x ∼ 0.1 and above. The expected event rates for all three aforementioned production

channels are sizable in the discussed kinematic range and the experimental setup is being designed to increase the

registration efficiency for the final states of interest.

Despite certain phenomenological difficulties currently present in the heavy quarkonium production theory,

charmonium production is an invaluable tool to study the gluon content of (un)polarized protons. Future mea-

surements at the NICA SPD will provide complementary inputs for the study of heavy-quarkonium production

mechanisms and explicit hadron structure aspects. In particular, SPD data should help to validate and constrain

different theoretical models available on the market.

Precise data on the total cross-section of the open charm production at energies not so far from the production

threshold should significantly reduce the present uncertainties in the c-quark mass and αs at a GeV scale. This will

essentially improve description of the processes with charmed particles in the framework of perturbative QCD.

Measuring the cc̄ pair production with large enough invariant mass, we will probe the gluon density at high values

of x. Detailed information on the gluon distribution at large x is very important for various phenomenological

applications: from infrared renormalon ambiguities in cross-sections to intrinsic charm content of the proton.

One of the important measurements would be the extraction of the classic double longitudinal spin asymmetry

ALL, which provides access to the gluon helicity function ∆g(x). Due to the quadratic dependence of the asymmetry

on ∆g(x) in the charm production process and linear dependence in case of the prompt-photon production, the

corresponding measurements at SPD will be highly complementary and will help to determine both the sign and

the size of the gluon polarization.

A special attention should be drawn to the TMD observables. In particular, both the unpolarized gluon distri-

bution and the gluon Boer-Mulders functions can be probed in (un)polarized collisions at SPD. The gluon Sivers

function ∆
g

N
(x, kT ) and higher-twist effects are planned to be studied via measurements of the single transverse spin

asymmetry AN . Due to the relatively small
√

s, the SPD results will provide inputs for the investigation of possible

16Complementary probes are provided by vector mesons [360].
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application of the TMD factorization approach in the region of relatively large x. This, in turn, is related to gluonic

contribution in the valence region to spin structure of particular hadrons and nuclei (protons and deuterons).

Unpolarized gluon content of the deuteron can be studied from the explicit comparison of the differential cross-

sections for the p-p and d-d collisions for each of the probes. The effects related to possible non-nucleonic degrees

of freedom and the Fermi motion can be investigated at high x. Exploration of the deuteron, the simplest nuclear

system, is a bridge to another physics program at NICA – the study of hot and dense hadronic matter in heavy-ion

collisions [365]. The single spin asymmetry in pd collisions with linearly polarized deuterons, and the double

transverse spin asymmetry ATT in dd reactions provide unique opportunities to access for the first time the gluon

transversity function h
g

1
(x). The J/ψ and prompt-photon production measurements with tensor-polarized deuterons

at the SPD would help to determine the tensor-polarized gluon distribution.

Main proposed measurements to be carried out at the SPD are summarized in Table 7.

Table 7: Study of the gluon content in proton and deuteron at SPD.

Physics goal Observable Experimental conditions

Gluon helicity ∆g(x) ALL asymmetries pL-pL,
√

s =27 GeV

Gluon Sivers PDF f
⊥g

1T
(x, k2

T ), AN asymmetries, pT -p,
√

s =27 GeV

Gluon Boer-Mulders PDF h
⊥g

1
(x, k2

T ) Azimuthal asymmetries p-p,
√

s =27 GeV

TMD-factorization test Diff. cross-sections, pT -p, energy scan

AN asymmetries

Unpolarized gluon d-d, p-p, p-d

density g(x) in deuteron Differential
√

sNN = 13.5 GeV

Unpolarized gluon cross-sections p-p,

density g(x) in proton
√

s ≤ 27 GeV

Gluon transversity h
g

1
(x) Double vector/tensor asymmetries dtensor-dtensor,

√
sNN = 13.5 GeV

”Tensor porlarized” PDF CT
G

(x) Single vector/tensor asymmetries dtensor-d, p-dtensor

The study of the gluon content in the proton and deuteron at NICA SPD will serve as an important contribution

to our general understanding of the spin structure of hadrons and QCD fundamentals. The expected inputs from

the SPD will be highly complementary to the ongoing and planned measurements at RHIC, and future facilities

such as EIC at BNL and fixed-target LHC projects at CERN.

The physics program of the SPD facility is open for exciting and challenging ideas from theorists and experi-

mentalists worldwide.
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