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Abstract. I discuss recent lattice QCD studies of the gluon structure of hadrons and light
nuclei. After very briefly highlighting new determinations of the gluon contributions
to the nucleon’s momentum and spin, presented by several collaborations over the last
year, I describe first calculations of gluon generalised form factors. The generalised
transversity gluon distributions are of particular interest since they are purely gluonic;
they do not mix with quark distributions at leading twist. In light nuclei they moreover
provide a clean signature of non-nucleonic gluon degrees of freedom, and I present the
first evidence for such effects, based on lattice QCD calculations. The planned ElectronIon Collider, designed to access gluon structure quantities, will have the capability to test
this prediction, and measure a range of gluon observables including generalised gluon
distributions and transverse momentum dependent gluon distributions, within the next
decade.

1 Introduction
A detailed picture of the quark structure of nucleons has emerged over the last half-century, through
increasingly precise measurements of quantities such as the nucleon electromagnetic form factors and
quark momentum distribution functions, as well as many spin-dependent aspects of nucleon structure [1, 2]. In concert, lattice QCD calculations of such quantities have become sophisticated and
precise, often with fully-controlled uncertainties. In contrast, the gluonic structure of nucleons (beyond the gluon density) remains relatively unexplored. Gluon structure quantities are much harder to
measure experimentally than their quark analogues, as the gluon does not couple to electromagnetic
probes and thus other approaches must be taken, for example using the Drell-Yan process. This lack
of information has inspired the proposal and planning of an Electron-Ion Collider (EIC), which was
the highest priority for new construction in the 2015 NSAC long range plan of the US nuclear physics
community [8]. The primary mission of this new experiment [9, 10] is to determine aspects of the
gluon structure of hadrons and nuclei with unprecedented precision. Complementary experiments
at Jefferson National Accelerator Facility [11] and at the LHC [12] also aim to study various gluon
distributions. In this light, lattice QCD calculations of gluon structure quantities have taken on new
importance, and there has been significant progress on this front over the last year [5, 13–16], expanding and building on pioneering lattice QCD studies of the unpolarised gluonic structure of the pion
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and nucleon [17–19]. On a decade-long timescale, such calculations will guide the design requirements of the EIC by revealing the magnitude of observables that are key targets of the experimental
program. These include the gluon generalised parton distributions (GPDs) and transverse-momentum
distributions (TMDs) of the nucleon, as well as nuclear physics quantities such as gluon analogues of
the EMC effect and ‘exotic glue’ observables which encode non-nucleonic gluon structure in nuclei.
Furthermore, there is the exciting possibility for fully-controlled lattice QCD calculations of these
gluon observables to serve as QCD predictions ahead of first data-taking at the EIC.
Here I discuss some of the recent progress in lattice QCD calculations of several aspects of the
gluon structure of hadrons and nuclei, addressing the questions:
• How much do gluons contribute to static properties of the nucleon, e.g., momentum, mass and spin?
• What is the three-dimensional distribution of gluons in the nucleon, i.e., TMDs, GPDs? How does
the ‘gluon radius’ of a nucleon compare with an equivalent ‘quark radius’ or the charge radius?
• How is the gluon structure of a nucleon modified in a nucleus i.e., what are the magnitudes of gluon
analogues of the EMC effect?

2 Gluon structure of the hadrons
Several collaborations have performed novel calculations of gluon structure observables in hadrons
over the last year. In particular, the gluon contributions to the nucleon’s momentum [5, 13] and
spin [5, 6] have been directly calculated at quark masses corresponding to the the physical value of
the pion mass, and the first lattice QCD calculations of moments of gluon GPDs [14, 15] have been
performed. These calculations are summarised in the following sections.
2.1 Nucleon momentum fraction

Since the 2016 lattice conference, there have been two direct calculations of the gluon light cone
momentum fraction xg in the nucleon at quark masses corresponding to the physical value of the
pion mass [5, 13]. Previously, a number of calculations of this quantity had been performed at largerthan-physical values of the quark masses, paving the way for these new results [18, 20, 21]. Notably,
Ref. [5] includes a complete decomposition of the nucleon’s momentum into quark and gluon connected and disconnected contributions, with the momentum sum rule not imposed, but found to be satisfied within uncertainties as shown in Fig. 1. The gluon contribution in the MS scheme at 2GeV was
found to be 27(3)%. This result is in slight tension with that from the phenomenological CT14NNLO
parton distribution fits [22]. This is also shown in Fig. 1, along with previous lattice QCD results and
the preliminary result from Ref. [13] which also includes calculations at quark masses corresponding
to the physical value of the pion mass. It will be interesting to see whether this tension persists as
calculations are further improved.
2.2 Nucleon spin

Since the original discovery of the so-called proton spin crisis—the realisation that quarks carry only
a relatively small fraction of the proton spin—by the European Muon Collaboration (EMC) [23], there
has been enormous effort to resolve this puzzle. Over the last year, important progress has been made
on this front from lattice QCD, with complete and fully-controlled determinations of various nucleon
spin contributions, including the poorly-known gluon contributions [5, 6].
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Figure 3. Figure taken from Ref. [14]. Reduced matrix element encoding the lowest moment of the forwardlimit gluon transversity distribution (unrenormalised), extracted from calculations at different boost momenta p2 .
Results in sections I, II and III of the figure are determined from vectors in different irreducible representations of
the hypercubic group (and can differ by discretisation artefacts). Different colours, offset on the horizontal access
for clarity, denote different vectors in each irreducible representation. The horizontal band is shown to guide the
eye.

hence provide a direct probe of gluonic structure [48]. In the nucleon (or in hadrons or nuclei with
spin < 1), the transversity GFFs decouple from the gluon matrix elements in the forward limit as a
result of angular momentum conservation. For this reason, the φ meson, as the simplest spin-1 system
(therefore having an accessible forward-limit transversity distribution), was chosen for this first investigation. Experimentally, the gluon transversity distributions can be probed through distinct angular
dependence of the cross-section in deeply-virtual Compton scattering (DVCS) [48].
In the forward limit, the magnitude of the gluon transversity distribution can be related to the magnitudes of the spin-independent and spin-dependent gluon distributions by a Soffer-type bound [49].
These bounds, which are positivity constraints arising from the positivity of the scattering matrix,
were first studied in moment space on the lattice in Ref. [50, 51] for the quark distributions of spin1/2 particles. It is found in Ref. [14] that the Soffer bound for the first moment of the gluon distributions [52–55] in the spin-1 φ meson is saturated to 80%–100% (subject to some caveats regarding
renormalisation of the GFFs), similar to the lattice QCD results found for the first two moments of the
quark distributions of the nucleon [50, 51]. Reference [14] also included a detailed study of different
irreducible representations of the hypercubic group (chosen such that the breaking of rotational symmetry does not induce mixing with lower or same-dimensional operators), illustrated in Fig. 3, which
suggested negligible discretisation artefacts. It was also found in that study that a smearing prescription, for example Wilson flow [56] or HYP smearing [57] applied to the links in the gluon operator,
was necessary to reduce noise in the calculation. While the results in Ref. [14] are unrenormalised, a
perturbative renormalisation has recently been computed for similar gluonic operators [18, 58].
Away from the forward limit, a large number of gluon GFFs contribute to the matrix elements
of local gluonic operators in the φ meson; there are 7 spin-independent gluon GFFs for the lowest
moment in the infinite tower that describes the full GPDs (with more contributing at each successive
rung in the tower), and there are 8 for the transversity case. Because of this large number of GFFs,
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Figure 4. Examples of generalised gluon form factors of the φ meson; figures taken from Ref. [15]. The
horizontal axes show the squared momentum transfer t in GeV2 , while the bands show fits to generalised dipole
forms.

not all could be determined from the lattice QCD calculations of Ref. [15]. In particular, at some
(discretised) values of the momentum transfer, some of the GFFs contribute to the calculated matrix
elements with coefficients suppressed by many orders of magnitude, and could not be extracted given
the statistical precision of the calculations. A complete extraction will require more precise data at
many different sets of initial and final momenta giving the same momentum transfer. Despite the
challenges of the calculation, the momentum-dependence (t-dependence) of one of the eight gluon
transversity GFFs, and three of the seven unpolarised gluon GFFs of the φ meson, was determined.
Examples of these are shown in Fig. 4. The dipole-like momentum-dependence of the form factors,
revealing qualitatively similar shapes as seen for the electromagnetic form factors which describe the
spatial quark distributions and charge radius, provides the first information about the extended gluonic
structure of the φ. All of the computational and analysis techniques developed in that study will carry
over to future calculations of gluon GFFs in the phenomenologically relevant case of the nucleon.
Based on the calculations of gluon GFFs in Ref. [15], we can return to the question of a gluonic
radius, and how such a radius compares with the corresponding quark radius. The clean dipolelike momentum-dependence of all of the form factors which could be obtained (including those not
reproduced here in Fig. 4) suggests that the familiar parameterisation of each radius in terms of a
dipole mass is sensible here. Moreover, the GFFs of the spin-independent quark distribution have
an identical decomposition to the gluon GFFs and so quark and gluon radii can be compared one-toone in a natural way. Making this comparison (see Fig. 5), it becomes clear that each of the three
gluon radii that were determined in Ref. [15] is different from the corresponding quark radius: one
larger, one smaller, and one approximately the same. Further interpretation will require a change of
the basis of GFFs used in Ref. [15] to a basis with more natural interpretations (e.g., a multipole
decomposition).

3 Gluon structure of nuclei
In the intensity-frontier era, where experiments such as long baseline neutrino programs and dark
matter direct detection experiments typically use nuclear targets, understanding the structure of nuclei
from QCD is of increasing importance. While it has been known for decades that the PDFs of large
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Figure 5. Figure taken from Ref. [15]. Ratios of a subset of the gluon spin-independent GFFs of the φ meson
to the corresponding quark spin-independent GFFs (from top to bottom, the bands correspond to the GFFs i =
{1, 2, 4}). The horizontal axes show the squared momentum transfer |∆2 | = t in GeV2 , while the bands show fits
1
to generalised dipole forms. The green band (lowest on the figure) has been re-scaled by a factor of 10
for clarity.

nuclei are not simply determined by a sum of the PDFs of the constituent nucleons [23], known as
the EMC effect, the QCD origins of the effect are not yet fully understood [59–65]. An analogue of
the EMC effect for gluons, in which the distributions of gluons in a nucleus differ from the sum of the
gluon distributions in the constituent protons and neutrons [66], should in principle exist but has not
been observed and would be a milestone discovery of the EIC [67]. A prediction of the magnitude of
this ‘gluonic EMC effect’ from lattice QCD would be influential in the planning of the EIC program.
Recently, the first lattice QCD calculation of aspects of the gluon structure of light nuclei was
performed [16]. That study presented results for the gluon momentum fraction of the nucleon, spin-0
dinucleon, spin-1 deuteron, and spin- 12 triton, using two ensembles with light quark masses chosen
such that mπ ∼ 450 MeV and mπ ∼ 806 MeV3 . Given that the magnitude of the EMC effect in the
quark momentum fraction of light nuclei from phenomenological parameterisations of the quark and
gluon distributions [22, 72, 73] is typically at the level of 5%, the momentum sum rule dictates that
the EMC effect in the gluon momentum fraction must be of the same magnitude and opposite sign.
Of course, at the larger-than-physical values of the quark masses used in the simulations of Ref. [16],
this effect could be larger or smaller than in nature. With the statistics of that work, no EMC effect
could be resolved (see Fig. 6). Resolving an EMC effect of the same magnitude as it is expected to
be in nature would require few-percent determinations of the proton and nuclear gluon momentum
fractions, corresponding to an order of magnitude more statistics. Higher moments of the gluon PDFs
could display larger (or smaller) EMC-type effects, not being constrained by momentum conservation.
These are more difficult to access from lattice QCD since they are related to matrix elements of local
gluonic operators with additional derivatives, but present promising avenues for further study.
The facility of lattice QCD, and the future EIC, to study gluon distributions of nuclei is not limited
to the momentum fraction. Measurements of exotic glue observables displaying non-nucleonic features of a nucleus are a particularly tantalising prospect. These effects, illustrated in Fig. 7, describe
contributions to nuclear structure from gluons that can not be associated with individual nucleons in a
nucleus. That is, while for many purposes nuclei can be described as a collection of modified nucle3 The

spectrum and many properties of light nuclei on these ensembles have been studied in detail previously [68–71].
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(a) Results at mπ ∼ 450 MeV.

2
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(b) Results at mπ ∼ 806 MeV.

Figure 6. Figures taken from Ref. [16], showing the ratios of the gluon momentum fraction in light nuclei to
the central value of that in the nucleon. The A = 1 results are for the nucleon, the spin-1 deuteron and spin-0
dinucleon are shown at A = 2, and the triton is shown at A = 3 on the horizontal axis. The blue circles and orange
diamonds denote results obtained using different lattice operator constructions. The EMC effect would present
as deviations of the A > 1 results from the dashed line shown at 1.

(a) Traditional picture of nuclear
structure, with gluon interactions
(represented by curly yellow lines)
confined to individual nucleons (figure taken from Ref. [9]).

(b) Nucleus with ‘exotic’ multinucleonic glue effects highlighted.

Figure 7. Artist’s interpretation of ‘exotic’ observables describing multi-nucleonic contributions to the gluon
structure of a nucleus.

ons 4 , exotic glue observables directly quantify the breaking of this nucleon-based picture of nuclear
structure in nature. There is potential for experiments at Thomas Jefferson National Accelerator Facility [11] to measure exotic glue effects, in particular the gluon transversity structure function in spin
≥ 1 nuclei, imminently.
4 Indeed, from an EFT perspective such off-shell nucleon effects and two-nucleon interactions with extended currents are
related by unitary transformations [74, 75].
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Reference [16] recently presented the first lattice QCD determination of the gluon transversity
structure function in the spin-1 deuteron state using an ensemble with mπ = 806 MeV. While systematics including discretisation and finite-volume effects, as well as renormalisation and an extrapolation in pion mass, have not yet been addressed, that work provided the first definitive evidence
for multi-nucleonic glue effects in a nucleus, albeit at a larger-than-physical value of the pion mass.
The extracted result for the gluon transversity matrix element is non-zero to two standard deviations
(see Fig. 8), but the significance of the result is far greater; there is no effect other than exotic glue
that could cause the appearance of a signal (including the expected exponential contamination from
excited states) in the matrix element calculated. The matrix element is safe from mixing with quark
distributions at leading twist, and contributions from single nucleon states (even excited single nucleon states) necessarily vanish, unless those states interact and exchange momentum (therefore, a
multi-nucleonic effect). For that reason, the result of Ref. [16], although not completely controlled
quantitatively, gives a clear qualitative indication of exotic glue. It is also notable that the magnitude
of the result is consistent with expectations from large-Nc [76–80]; the ratio of the first moment of the
gluon transversity distribution to the same moment of the spin-independent gluon distribution in the
deuteron is suppressed by an additional factor of 1/Nc2 as compared with the ratio in a typical compact
spin-1 hadron such as the φ meson [14]. Extensions of this study with fully controlled uncertainties will provide valuable guidance to experimental programs [9, 11] seeking to observe this effect in
nature for the first time.

4 Conclusion
The construction of an electron-ion collider [9] will dramatically improve our ability to probe the
gluon structure of hadrons and nuclei, and will complement experimental programs at Thomas Jefferson National Accelerator Facility [11] and at the LHC [12]. In parallel, lattice QCD calculations of
gluon structure observables are advancing rapidly, with recent progress making direct calculations of
the gluon contributions to observables such as the momentum and spin of the nucleon, at the physical values of the quark masses and with controlled uncertainties, possible for the first time [5, 6, 13].
Complex aspects of the gluon structure of nucleons and nuclei are also being investigated, with the first
study of the gluon GFFs encoding moments of gluon GPDs in hadrons performed this year [14, 15],
and studies of the x-dependence of gluon PDFs and GPDs, as well as gluon TMDs, likely in the near
future. Moreover, aspects of the gluon structure of light nuclei have recently been studied from lattice
QCD for the first time [16]. Refinements of the calculations of the gluon momentum fraction in light
nuclei have the potential to reveal the magnitude of a gluonic analogue of the EMC effect. This effect
is a key target of the upcoming EIC program, and its discovery would represent a milestone achievement for that machine. Another particularly exciting recent result is the first definitive indication for
‘exotic’ multi-nucleonic gluon effects (albeit with uncertainties that are not fully quantified at this
stage), revealed through lattice QCD studies of the gluon transversity distribution [16]. It was first
pointed out in 1989 [81] that this particular distribution provides a uniquely clean window on gluon
effects in nuclei, and it is the target of several planned experimental investigations [9, 11].
In summary, lattice QCD calculations of the gluon structure of hadrons and light nuclei are advancing rapidly and complement and extend our understanding of the fundamental structure of nature from
experiment. Over the next decade, these results will be influential in the planning and development of
experimental programs including the EIC program, and the lattice community has the opportunity to
provide controlled QCD predictions for key gluon structure observables ahead of first measurements.
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Figure 8. Figure taken from Ref. [16], showing ratios of three-point to two-point functions that reduce to the
lowest moment of the gluon transversity distribution in the deuteron for 0  τ  t, with exponential contamination from excited states at other times. Blue circles and orange diamonds denote results using different
source-sink structures, while the red star indicates the sink time t. The green bands (repeated on each panel) show
the extracted results for the matrix elements from fits in the t–τ plane using a multi-exponential fit form.
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