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In this document, we summarize the status and challenges of calculating parton physics in lattice
QCD for the US Particle Physics Community Planning Exercise (a.k.a. “Snowmass”). While PDF-
moments calculations have been very successful and been continuously improved, new methods have
been developed to calculate distributions directly in x-space. Many recent lattice studies have been
focused on calculating isovector PDFs of the pion and nucleon, learning to control systematics asso-
ciated with excited-state contamination, renormalization and continuum extrapolations, pion-mass
and finite-volume effects, etc. Although in some cases, the lattice results are already competitive
with experimental data, to reach the level of precision in a wide range of x for unpolarized nucleon
PDFs impactful for future collider physics remains a challenge, and may require exascale supercom-
puting power. The new theoretical methods open the door for calculating other partonic observables
which will be the focus of the experimental program in nuclear physics, including generalized parton
distributions and transverse-momentum dependent PDFs. A fruitful interplay between experimental
data and lattice-QCD calculations will usher in a new era for parton physics and hadron structure.

I. INTRODUCTION AND EXECUTIVE SUMMARY

Feynman’s parton has become one of the most fundamental concepts for describing high-energy scattering of
hadrons at colliders searching for new physics beyond the standard model of particle physics. It has also provided
a basic language to describe the femto-structure of hadrons such as nucleons, pions, and heavy-flavored states from
the underlying theory of quarks and gluons: quantum chromodynamics (QCD). Calculating the partonic structure
of QCD bound states from the first principles with controlled accuracy remains an important unsolved problem in
the standard model. This white paper summarizes the status of efforts and challenges in lattice QCD calculations of
parton physics and the interplay of lattice calculations with phenomenological determinations of partonic structures
from experimental data, and highlights some future prospects for progress in the next five to ten years.
Precision determination of PDFs is not only important for probing the standard model, but also to advance

interpretation of high-energy experiments searching for signs of physics beyond the standard model. In addition to
energy-frontier experiments like the LHC, there are also many mid-energy experimental efforts around the world,
such as at Brookhaven and Jefferson Laboratories in the United States, GSI in Germany, J-PARC in Japan, or a
future EIC. These are set to explore the less-known kinematic regions of nucleon structure and more. The pursuit of
PDFs has led to collaborations of theorists and experimentalists working side-by-side to take advantage of all available
data, evaluating different combinations of input theories, parameter choices and assumptions, resulting in multiple
global-PDF determinations (see references within Refs. [1, 2] for example ).
The simplest quantities to calculate on the lattice are moments of the collinear parton distribution functions (PDFs),

which provide momentum-space “global” information about partons. It is, however, not easy to connect PDFs di-
rectly to a particular experiment in which particles of definite momentum are measured. A more desirable theoretical
approach is to access directly the x-dependence or “local” information in momentum space. Broadly speaking, two
approaches have been developed for lattice QCD in recent years. The first focuses on the short-distance factorization
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(SDF) in coordinate space, and the other is based on an expansion in terms of a large hadron momentum, large-
momentum effective theory (LaMET). Both methods require calculating coordinate-space correlation functions in
large-momentum hadron states. Extensive studies in the last few years have been made to validate these approaches,
and much has been learned about Monte-Carlo data generation and analysis, and various types of systematic uncer-
tainties to be controlled. Meanwhile, much lies ahead to bring these methods to bear on high-precision calculations
applicable for particle physics at high-energy colliders, and on theoretical predictions for the parton structure of
hadrons to be studied at Jefferson Lab 12 GeV and the future Electron-Ion Collider (EIC) at Brookhaven National
Lab.
Taking stock of the current status of lattice calculations of parton physics, we find:

• Extensive development in methods has been made for calculating collinear PDFs, generalized parton distribu-
tions (GPDs), TMD distributions and evolution kernels. While one-loop matching kernels are widely available,
high-precision calculations require two-loop (only available for isovector PDFs), or higher-order matching, as
well as quantitative understanding of renormalon uncertainties and higher-twist effects. Methods need to be
developed to overcome challenges in systematic uncertainties arising from inverse problems and coordinate-space
extrapolations at large distances.

• While many lattice exploratory studies have been undertaken, a large quantity of high-statistics lattice-QCD
data spanning different hadron momenta, quark masses, lattice spacing, volumes, valence and sea quarks, are
needed for systematic analysis. New methods are needed to increase the signal-to-noise ratio for hadronic matrix
elements, particularly for large hadron momentum and large spatial correlations. Criteria need to be established
to reduce the excited-state contamination, finite-volume effects, and the effects of nonzero lattice spacing.

• Extensive calculations have been carried out for isovector PDFs and distribution amplitudes (DAs). Precision
calculations requiring control over systematics from renormalization, continuum limit, inverse problem in SDF
and extrapolation to large lightcone distance in LaMET. Calibrations can be made against lattice moments and
high-precision experimental data. Closure tests with artificial data can be used to assess the robustness of the
current procedures. Development calculation of the 5% level (total systematics) isovector or better precision in
collinear PDFs and improvement the precision of the current PDF calculations including sea quark distributions
(as well as large x quarks and gluons) will require significant increase in computational resources to make an
impact in high-energy collider experiments.

• Exploratory calculations have been undertaken for quantities beyond the twist-2 collinear PDFs, including
GPDs, higher-twist PDFs, and new TMD-dependent quantities, such as the Collins-Soper rapidity evolution
kernel, and soft functions. Systematic lattice calculations of these observables will be crucial for the experimental
programs at JLab and the EIC.

• Lattice matrix elements are complementary to experimental data, and in certain cases they can be used together
to generate hybrid state-of-art parton distribution sets [3–6]. This is particularly important for three-dimensional
nuclear femtography, because extracting the GPDs from experimental data alone can be extremely challenging.
The connected-sea and disconnected-sea partons are innately coded in lattice calculations of the PDF, GPD and
TMD via the connected insertion and disconnected insertion. Such lattice calculations of the distributions at
small x and the moments are needed to help the global fitting of the connected-sea and disconnected-sea from
the experimental results. This separation is essential in understanding the origin of the “proton spin crisis” for
example.

We emphasize that just like published experimental data, it is important to standardize and share the raw lattice
QCD data from different collaborations to test theoretical ideas and benchmark different calculations and methods.
In the remainder of the white paper, we explain the above findings in detail.

II. LATTICE PARTON METHODS

Collinear PDFs have been traditionally studied on the lattice in terms of the matrix elements of local twist-2
operators, e.g., [7]

Oµ1µ2...µn

q = ψqγ
(µ1iDµ2 ...iDµn)ψq , (1)

where all Lorentz indices among (· · · ) are symmetrized and trace-subtracted, and the hadron states can have zero

momentum, ~P = 0. The above matrix elements yield the Mellin x-moments of PDFs. This approach follows from the
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QCD factorization theorems in which PDFs emerge as Fourier transformations of light-cone correlations of quark and
gluon fields in hadrons,

fq(x) =
1

2

∫
dλ

2π
eixλ〈P |ψq(0)W (0, λn)6nψq(λn)|P 〉 , (2)

where nµ = 0 is a light-like four vector, n2 = 0, and W is a light-cone gauge link. For a thorough review and
discussions on the achievements using this approach, see Refs. [1, 2]. The overall results support the expectation
that the parton structure of hadrons can ultimately be explained in terms of fundamental QCD. The limitations and
possible solutions for moment approaches have been studied by various groups over the years [8].

A. Current-current Correlator and Short-Distance Factorization for Collinear PDFs

To go beyond individual moments, the deep-inelastic scattering (DIS) hadron tensor and related Compton ampli-
tude, and more generally current-current correlators in Euclidean space,

〈P |Jµ(0)Jν(z)|P 〉 (3)

where z is a Euclidean four-coordinate, have been exploited to generate an ensemble of twist-2 operators. These
methods typically use either a large-momentum transfer to the currents that generates an operator product expansion
(OPE) or short distance factorization (SDF) directly in coordinate space. These methods include:

• Hadronic tensor approach. The physical hadronic tensor Wµν(q, ν) (q is the four-momentum flowing through
currents, ν = P · q) can be reconstructed by analytical continuation in ν or time through Bayesian or maximum
entropy etc. methods [9, 10]. In the Bjorken limit, in which the momentum flowing through the currents
asymptotically approaches the light-cone, the structure functions Wi scale to the PDFs such as fq(x). The
main challenge in this approach is the inverse spectral decomposition problem from the Laplace transformation
in recovering large ν. It will require small lattice spacing [11, 12].

• Compton amplitude approach or “OPE without OPE”. The physical Compton tensor Tαβ(q, ν) can be calculated
through analytical continuation in the region where ω = 2ν/Q2 ≤ 1 [13, 14]. Through a fixed-Q2 dispersion
relation, one can relate this amplitude to an integral over Wαβ(ν). A Taylor expansion of Tαβ in the complex
plane of ω around the origin (OPE) generates all the moments of physical structure functions or PDFs in the
large-Q2 limit, and the radius of convergence is at |ω| = 1. Therefore, one can, in principle, invert the dispersion
integral to extract the PDFs [15] if the Compton tensor at large Q2 is known for all ω ∈ [0, 1], which is a
challenge for ω ∼ 1. A variation of the above approach is to use intermediate scalar or heavy quark to improve
the convergence of the OPE to get the lowest few moments [13, 16, 17].

• Current-current correlators. Current-current correlators in Euclidean space provide a short distance factorization
in the tower of twist-2 operators when z2 ≪ 1/Λ2

QCD [18, 19]. The coordinate space correlation in λ = P · z at

fixed small z2 can be matched to a sum of terms proportional to convolution of perturbatively calculated kernels
with physical PDFs. This approach to PDFs avoids engineering a large momentum transfer through currents,
as required for the Compton or hadron tensor approaches. The method can also be naturally used to calculate
higher moments of PDFs or amplitudes through Taylor expansion at small λ [20–22]. To obtain the x-space
PDFs from a limited range of λ, which arises because z is restricted to perturbative distances at a finite P ,
requires solving an inverse problem like extracting PDFs from experimental data with limited collision energies
and range of momentum transfer [23].

• Pseudo-PDF approach. SDF can also be used for Wilson-line operators [24] which are made of two spatially-
separated QCD fields connected by straight Wilson lines in Eq. (4) [25], and the x-space matrix element with
fixed z2 has been called the pseudo-PDF [26]. Features and limitations using Pseudo-PDFs are similar to the
current-current correlators above, except might be computationally cheaper and have smaller finite volume
effects.

All of these approaches provide constraints on collinear PDFs beyond individual moments. The lattice data on a range
of coordinate-space correlations (“Ioffe-time distribution”) can be used to constrain PDFs through solving the inverse
problem: either through a parametrization or neural network fit as in the standard phenomenological extraction of
PDFs from hard scattering data. They can also be used together with experimental data to provide start-of-art
constraints on partonic observables (see Sec. VI).
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B. Large-Momentum Expansion for Parton Observables

An alternative approach to parton physics on the lattice follows from Feynman’s original conception of partons as
constituents of hadrons travelling at the speed of light [27]. In this formulation, parton observables are the physical
observables of quarks and gluons in hadrons with P∞ = Pz → ∞. For example, the collinear quark PDFs can be
written as [25]

fq(x) ∼

∫
d2~k⊥nq(k

z = xP∞, ~k⊥) =
1

2

∫
dλ

2π
eixλ〈P∞|ψq(0)γ

0W (0, z)ψq(z)|P∞〉 , (4)

where nq(~k) is the ordinary time-independent momentum distribution function of a quark in the hadron and can
be directly calculated on a Euclidean lattice. The Fourier transformation of the spatial correlation distance λ =
limPz→∞,z→0 zPz yields the momentum fractions x. This approach is entirely equivalent to the standard twist-2 oper-
ator definition above [28], but applies to all parton observables including the collinear PDFs, TMD-PDFs and light-
front wave functions, which are Fourier transformations of pure spatial (Euclidean) correlations 〈P∞|O(~z1, ..., ~zn)|P∞〉
and 〈0|O(~z1, ..., ~zn)|P∞〉, where ~zi are spatial coordinates of fields. The infinite-momentum limit is taken before ul-
traviolet (UV) regularization is imposed, and as such, partons in field theories with UV divergences are effective
objects in the sense that they require an additional UV renormalization procedure to define. Usually, dimensional
regularization and (modified) minimal subtraction is used to define the UV properties of partons.
In practical calculations, a finite large momentum Pz is used to approximate P∞, and a large-momentum expansion

is carried out, with systematic power corrections characterized by the expansion parameter, Λ2
QCD/(xPz)

2. This
follows from the physical picture of partons, which loose their meaning if their longitudinal momentum reaches the
soft non-perturbative scale ΛQCD (zero or soft modes instead of collinear ones). More importantly, the UV cut-off ΛUV

is always taken to be much larger than Pz , and the lattice matrix elements have to be matched to the standard light-
cone parton distributions to account for different UV behavior. This approach to partons is similar to heavy-quark
effective theory in which heavy-quark masses are taking to infinity, and has been called large momentum effective
theory or LaMET [29, 30].

III. THEORY AND COMPUTATIONAL CHALLENGES

Computing lattice matrix elements suitable for parton physics faces a number of challenges beyond the broad
requirements of most lattice calculations for small lattice spacing, large volume, and physical pion mass. First and
foremost is the large momentum necessary in hadron/Compton tensor currents (qµ) or in hadron states (Pµ). The
second, relevant to Wilson-line operators, is renormalization of Wilson-line operators that have linear divergences
requiring high-precision control of UV physics. The third is the long-range correlations in coordinate space necessary
for small and large x partons and for TMD impact-parameter space calculations in LaMET. Fourth, in extracting
x-dependent PDFs in SDF approaches, reliably estimating systematics in inverse problem is a challenge. Finally,
in calculations involving large Pz and z, gluonic observables, and quantities depending on multi-variables such as
GPDs and TMDs, poor signal-to-noise ratios ensure that significant computational resources are required, and thus
new methods that can accelerate the standard calculations need to be systematically developed. Before getting into
more details, we comment that most lattice calculations of PDFs in both SDF and LaMET used NLO matching or
equivalently the NLO Wilson coefficients [24, 30–32]. However, also NNLO matching exists [33, 34], and has been
used in the lattice calculations of the valence pion PDF [35]. Two-loop matching are not yet widely available.

A. Large momentum currents and states

Large momentum is essential for parton calculations on lattice in all new approaches (in contrast to moment
calculations). The necessary condition for large momentum a fine lattice spacing. The smallest lattice spacing used in
the current calculations are on the order of 0.04 fm [22, 36, 37]. The large-momentum directly controls the expansion
parameter in LaMET approach and the range of calculable-x, and enables spatial correlations in SDF to extend to
large λ. However, even on a fine lattice, large-momentum states can still pose a number of challenges: First of all, the
excited state contamination becomes severe as the energy difference between neighbouring states diminishes at large
momentum. Moreover, the signal-to-noise ratio deteriorates at large momentum, due to statistical fluctuations.
Momentum smearing has been widely used to create large-momentum hadron states up to 3 GeV [38], and with

sufficient statistics it may be possible to reach 5 GeV for nucleons. A large-momentum method has also been suggested
for dilute stochastic sources [39]. To reach very small or large-x partons, new methods are perhaps needed to create
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even larger momentum states. For large momentum states, the discretization errors could be enlarged to aγ due to
boost effects, which can most easily be seen in the momentum-energy dispersion relation.

B. Renormalization of linear divergences

Wilson-line operators contain linear divergences that must be subtracted before the continuum limit can be taken.
Given the multiplicative renormalizability of the Wilson-line operator [40–42], several schemes have been proposed
to renormalize the corresponding quasi-PDF matrix element. They can be divided into three types. The first type is
to determine the Wilson line mass renormalization and the endpoint renormalization factors separately [43–45]. The
second type is to divide by the matrix element of the same operator in a different state, which can be chosen as the
off-shell parton state in an RI-MOM scheme [46–49], the zero-momentum hadron state in the ratio scheme [50], the
boosted hadron state in the ratio scheme [37], or the vacuum state in the VEV scheme [34, 51]. The third type is a
combination of the first two, such as the hybrid scheme [52].
RI-MOM schemes introduce additional operator mixing, because of the off-shell external states. This makes the

situation particularly complicated when gluon PDFs are considered, and is possibly related to the recent observation
that it fails to fully remove the linear divergence of the bare matrix element [53]. In addition, it shares the same
drawback as the ratio or the VEV scheme that the matrix element used in the renormalization procedure is non-
perturbative at large z, which invalidates the perturbative matching. The hybrid scheme overcomes this problem [52],
which is equivalent to the ratio scheme for z < zS (with zS being in the perturbative region, say smaller than ∼ 0.3 fm),
while for z > zS it is equivalent to the Wilson line mass renormalization scheme. The relevant UV divergence, in
particular, the linear divergence, can either be calculated using the self renormalization procedure [45] or from the
calculation of the static quark potential and the static quark free energy [35, 54].
The linear divergence contains a renormalon uncertainty that is cancelled by z-dependent matching coefficients.

Thus, any mass-subtraction procedure must be accompanied by properly renormalon-regularizedmatching coefficients.

C. Methods for signal-to-noise improvement

One of the biggest challenges for lattice calculations of correlation functions is the statistical noise at large Euclidean
times, and, for non-local operators, at large space-like field separations. These challenges are exacerbated for baryons,
which have significantly poorer signal-to-noise ratios than mesons, and at large external hadron momentum Pz.
Extracting the best signal-to-noise ratio from the computationally expensive gauge configurations requires sampling
algorithms that sample the configurations to the greatest degree possible. A widely adopted approach is that of low-
mode averaging [55, 56], in which the low modes of the Dirac operator are included exactly, whilst the higher modes
are computed stochastically. Many hadronic quantities are not dominated by the low-lying eigenvalues of the Dirac
operator and for these cases, all-mode averaging [57, 58] is a more efficient approach. The idea is to use covariant
symmetries to construct approximate correlation functions, which are cheaper to compute, to calculate expectation
values without introducing any systematic bias.
Smearing, such as the widely employed Jacobi [59] or Wuppertal [60] methods, have proved an invaluable tool

to improve the signal-to-noise ratio for interpolating operators, and the momentum-smearing method [38] has been
particularly important for hadrons with non-zero momentum. The distillation framework [61] is a further example
of smearing with the important benefit that it enables a momentum projection to be performed at each point in a
two-point or three-point function, thereby providing a more complete sampling of the lattice than is possible with the
Jacobi or Wuppertal frameworks. The efficacy of combining the more complete sampling of the lattice made possible
by distillation with the ability to reach higher momenta using momentum smearing [62] has been demonstrated in
the recent calculation of the unpolarized PDF using distillation [63], which showed improved precision in comparison
with an earlier work employing Jacobi smearing [64].
Another way to reduce the noise is to consider smaller separations between the hadron source and the hadron

sink. For small source-sink separation the excited state contamination is significant, but using several source-sink
separations, different types of sources it is possible to parametrize the contribution of excited states in a reliable
manner [22, 36, 65]. Adding more source-sink separations in the analysis increases the cost of computation, but this
increase is linear compared to the exponential increase of the cost that is needed to improve the signal at large-source
sink separations. In the future it may be interesting to explore the use of even more source-sink separation in such
analyses.
Gluon operators, in particular, suffer from significant signal-to-noise issues, and require gauge-field smearing tech-

niques to improve the signal. These techniques include the gradient flow [66–68], stout smearing [69, 70], and
HYP smearing [71–75]. Further improvement can be obtained through the cluster-decomposition error reduction
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method [76]. For operators with signal that decays exponentially with spacetime distance, integrating over all space-
time points necessarily includes a region of spacetime that is predominantly noise and can be omitted from the
integration region. CDER has been applied to the nonperturbative determination of the renormalization parameter
relevant to the gluon momentum fraction [77].

D. Method-Dependent Challenges

1. Inverse problems PDF extraction in SDF

The determination of light-cone PDFs from lattice simulations is subject in general to an inverse problem. This is
because the fields separation of the associated PDF correlation function is calculable in LQCD only away from the
light-cone direction. Fortunately, off-the-light-cone correlation functions can be factorized as a convolution of light-
cone PDFs and perturbative matching coefficients similar to factorization in hard processes in high-energy reactions.
Since the perturbative matching coefficients are distributions defined only under integration, it is not possible to find
a unique inverse function that deconvolutes the lattice correlation function. Moreover, the sensitivity on different
momentum fractions requires to have sufficient resolution in the computation of the correlation function as a function
of the field separation, which in practice is limited by the discrete nature of the lattice spacing and the lattice volume.

In order to solve the inverse problem, it is required to make assumptions for the PDFs in regions of momentum
fractions that are not sensitive to the lattice data. In this context, the Bayesian approach becomes the ideal framework
that allows us to define suitable priors to solve the inverse problem. The explicit specification of the priors used
becomes an important step in the solution of the problem. Here we recall some of the Bayesian approaches found in
the literature.

• Backus-Gilbert method. Given a discrete set of data points, one can use the Backus-Gilbert method to obtain
the x-dependent PDFs by regularizing the singular inversion matrix [78]. The result is equivalent to some
mathematical extrapolation and interpolation of the discrete data points. The dependence of the results on
specific pre-conditions needs be quantified. This method has been applied to the spectral decomposition of the
hadronic tensor [11]. This approach is found to better delineate broad structures.

• Maximum entropy method (MEM). The MEM method solves the inverse problem by adding reasonable physical
constraints [78]. This method and its improved version – Bayesian reconstruction, are good at identifying
discrete states while solving the inverse problem for the hadronic tensor [11].

• Parametrization based analysis. In this approach, one starts by modeling the PDFs using a flexible parametriza-
tion. These models range from simple traditional parametrizations inspired by Regge-physics and spectator
counting rules to more flexible parametrizations that can be realized via neural-net approach [4, 6, 78–80]. Re-
gardless of the modeling, the Bayesian posterior provides a mechanism to implement uncertainty quantification
for the PDFs. This approach offers the possibility to combine lattice and experimental information within a
unified Bayesian inference framework. [5]

2. Reaching long-range correlations in LaMET

LaMET performs calculations of the PDFs at a chosen x from the momentum densities of quarks and gluons in
a large-momentum hadron. This approach does not have the inverse problem described in the previous subsection,
but requires information for spatial correlations at all z-distance in order to carry out the Fourier transformation to
x-space. Because of QCD color confinement (or the absence of massless excitations) in lattice simulations, all spatial
correlation functions should decay exponentially at large distances, with the smallest decay exponent corresponding to
the lowest hadron mass of appropriate quantum numbers. In the case of non-singlet quark PDFs, this is a light-quark
and static-color-source bound state. After subtracting the linear-divergent mass counter-term with an IR renormalon
regularization, the decaying exponential corresponds to the light-quark binding energy of order ΛQCD. Therefore,
lattice correlation functions must have good signal up to the exponential decay region between 1 and 1.5 fm before
a reliable LaMET analysis can be carried out. For very small-x partons, new methods for calculating longer range
correlations must be developed.
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IV. BENCHMARKING AND PRECISION CALCULATIONS

In kinematic regions where experimental data are plentiful or overconstrained, such as the mid-x region of the
PDFs, there is consistency among different PDF sets. Thus any successful lattice calculations must be calibrated
against the precision phenomenological PDF sets, as well as the well-established moment approach.
Extensive calculations have been carried out for isovector PDFs and DAs using the Wilson-line operator, because

they are the easiest to implement. The twist-2 spin-independent, helicity, and transversity PDFs of the nucleon and the
pion have been calculated in both LaMET and SDF. Calculations have been performed using several lattice spacings,
which allows results to be extrapolated to the continuum, albeit at an unphysical pion mass [22, 36, 79, 81, 82].
Development of 5% level or better precision for isovector collinear PDFs for 0.2 < x < 0.6 and with improved
determination sea quark distributions and large-x quark and gluon distributions, may have important impacts in
high-energy collider experiments.
For collinear PDFs, the proton PDFs from global analyses can serve to calibrate lattice calculations. With systematic

uncertainties, such as excited-state contamination, renormalization and continuum limit, physical pion mass, finite
volume effects, perturbative matching and power corrections under control, one should expect agreement between
lattice determinations and global analyses in the kinematic regions that are robustly constrained by the data. The
flavor-singlet quark PDF, however, are more challenging as one has to include the disconnected diagrams and mixing
with the gluon PDFs, so a more reasonable target precision in this case may be 10-20% in practice.

• Excited state contamination The need to separate the matrix elements of the ground-state hadron from the
contributions of excited states that inevitably contribute to the computed correlation function is one of the
most severe challenges in precision lattice calculations. The challenges become increasingly severe as the spatial
momentum of the states is increased. First, for a given spectrum of states, the relative separation between their
energies narrows with increasing momentum. Second, the symmetry group governing the spectrum reduces to a
smaller little group, thereby increasing the number of states contributing to any correlation function. There have
been numerous efforts both to control the contribution of excited states to ground-state matrix elements [83–85].
Two approaches have been adopted to address these issues. The first aims to attenuate the time dependence
of the contribution of excited states through the use of the summation method. The second approach aims
to reduce the leading energy dependence of the excited-state contributions through the use of the variational
method and the solution of a generalized eigenvalue problem. The amalgam of these two approaches then leads
to the summed Generalized-Eigenvalue (sGEV) approach [86]. The goal is to enable the reliable extraction
of hadronic matrix elements with controlled contributions from excited states from correlation functions at
sufficiently short temporal separations that the signal-to-noise ratio remains acceptable.

The application of the variational method requires a basis of operators be constructed that respects the symme-
tries of the lattice, including for states in motion [87], and here the use of the related distillation [61] or stochastic
LaPH [88] frameworks affords a computationally efficient means of implementing such as basis. Notably, both
frameworks admit the straightforward inclusion of multi-hadron operators into the basis whose contribution is
expected to be notably significant in the case of the nucleon form factors [89, 90]. This framework together with
the use of the variational method has been applied to the calculation of the nucleon charges both for hadrons
at rest [91], and a non-zero spatial momentum [62]. The need for such approaches is particularly crucial for
quantities such as the flavor-singlet and gluonic distributions where the signal-to-noise ratio is already poor,
and key to the high precision obtained in the calculation of the gluonic matrix elements of Ref. [68].

• Renormalization and continuum extrapolation There have been some studies of the continuum extrapolation
of the quasi-PDF method in the pion and kaon distribution amplitudes [79] and in nucleon PDFs [81]; both
cases use three lattice spacings but a single heavy quark mass with Mπ > 300 MeV. Ref. [92] determines
valence-quark PDFs of the pion and kaon using two lattice spacings (0.06 and 0.12 fm) and 3 pion masses
(Mπ ∈ [220, 690] MeV). This work is the first study of lattice PDFs to take the continuum-physical limit
of the matrix elements with a sufficient number of lattice spacings and light pion masses, an important step
toward precision PDFs from lattice QCD. Ref. [82] calculated isovector nucleon PDF using three lattice spacings
a ∈ [0.06, 0.12] fm, pion massMπ ∈ [135, 318] MeV and box size L ∈ [2.9, 5.5] fm (which makeMπL ∈ [3.3, 5.5]).
Both O(a) and O(a2) continuum extrapolation are performed in the calculation with nucleon boost momentum
around 2.2 and 2.6 GeV; the final continuum-limit results are combined according to Akaike information criterion
(AIC), with reasonable agreements for mid- to large-x regions, and compatible within 2 standard deviations for
x < 0.4. The nucleon isovector moments < xn > are around 0.2, 0.06, and 0.04 for n = 1, 2, 3, respectively.
Work are still need to reduce the twist-4 systematics and improve the lattice determination of small-x and
antiquark PDFs. Another continuum limit calculation has also been done in the SDF approach [93], where
three lattice spacings, 0.048, 0.065, and 0.075 fm have been used in a two-flavor QCD calculation, all with
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pion mass around 440 MeV. Using the ratio approach to renormalize the correlation functions at small z, the
lattice-spacing dependence can be controlled very nicely. No noticeable variation in a has been found in the
calculation.

There has also been a first next-to-next-to-leading order (NNLO) accuracy [35] lattice calculation of the pion
valence quark PDF with a reliable determination of the PDF for 0.03 <∼ x <∼ 0.80 with 5-20% (mostly statistical)
uncertainty at pion momentum 2.42 GeV In this calculation, the lattice results at different pion momenta start
to converge at moderate x when Pz ≥ 1.45 GeV, which corresponds to a Lorentz boost factor of ∼ 5. Therefore,
for the proton PDF one may expect a 5% lattice determination for 0.1 <∼ x <∼ 0.8 with proton momentum ∼ 5
GeV at physical pion mass. Since the isovector PDF is the most studied quantity so far, it is likely to reach
this target precision within the next few years. The agreement with global analysis in the antiquark region
is particularly important as at x = 0.1 the flavor-asymmetry of the antiquark distribution already becomes
important.

Continuum extrapolation is also important for LaMET due to potential operator mixing in the nonlocal opera-
tors. The nonlocal operators for the quasi-PDFs can mix with a tower of higher-dimensional operators at O(a),
even if all symmetries (including chiral symmetry) are restored [41, 94, 95]. This is different from the situation
for local operators, where mixing can occur at O(a2) if a chiral lattice fermion action is used. To ensure that
such operator mixings do not contaminate the final results of the lattice PDF calculations, it is important to
take the continuum limit.

• Pion mass. To make direct comparison with experimental measurements or globally fitted PDFs, lattice cal-
culations must either be directly calculated at or reliably extrapolated to the physical pion mass. Since the
computational cost of evaluating the fermion contribution to the path integral increases with a large inverse
power of the quark mass, many lattice-QCD calculations are performed at unphysically heavy pion masses. In
recent years, with the help of hardware and software advancements, there are increasingly many results pub-
lished using direct calculation at the physical pion masses. However, such direct calculations still yield larger
statistical uncertainty. For example, Ref. [21] studies nucleon isovector matrix elements using SPDF method
with Mπ ∈ [172, 358] MeV; the result at their lightest pion mass has much larger errors compared with heavier
pion mass (Fig. 1 in Ref. [21]). No pion-mass dependence is observed outside the uncertainty in this study.
The isovector nucleon matrix elements calculated also shows mild pion mass dependence, as seen in Fig. 4 in
Ref. [82] with Mπ ∈ [130, 310] MeV at small Wilson-line displacement with LaMET method. Similar behavior
is also observed in the valence-quark PDFs of the pion and kaon in Ref. [92] for pion mass below 310 MeV, and
that of pion from LSC method [23]. There is no surprise here; even with the traditional local-operator moment
method, having accuracy of 10% error or larger, the calculation at different pion masses usually agrees within
1–2σ (see, for example, Figure B.1 in Ref. [2]). However, tension occurs when the precision is improved to the
few-percent level, such as in the case of axial charge (as seen in Fig. 3 of Ref. [96]). Future study with improved
precision in x-dependent methods will shed more light on the role of pion mass in PDF calculations.

• Finite volume. To further improve the lattice computations at physical pion mass, the remaining lattice system-
atics must be treated, by extrapolation to infinite volume and the continuum limit. The possibility of enhanced
finite volume effects for non-local operators was first studied in [97], but numerical evidence suggests that the
finite-volume effects for Wilson-line operators are negligible at current lattice precision. In the quasi-PDF ap-
proach, a first study of finite-volume systematics was undertaken in Ref. [98] with isovector both polarized and
unpolarized nucleon PDFs; three lattice volumes (2.88, 3.84, 4.8 fm) were studied at pion mass 220-MeV and
nucleon momenta 1.3 and 2.6 GeV, and no noticeable finite-volume dependence was found. This is consistent
with a later study in chiral perturbation theory (ChPT) [99], which showed that momentum boost reduces the
finite-volume effect, since the length contraction of the hadron makes the lattice effectively bigger. ChPT also
showed that for nucleon momenta greater than 1 GeV and the lattice size times pion mass greater than 3, then
the finite-volume effect on the isovector nucleon PDF is less than 1%. This conclusion is consistent with the
numerical findings of Ref. [98] and with the study of finite volume effects in the Wilson-line renormalization
parameter in Ref. [100]. Some evidence for non-negligible finite volume effects in current-current correlators was
found in Ref. [23].

• Perturbative Matching. In most existing lattice calculations, the perturbative matching has been implemented
up to NLO, and the missing higher-order contribution is an important source of systematic uncertainty. So
far, the NNLO matching is only available for the unpolarized isovector quark PDF [33, 34], both in coordinate
space and in momentum space. The calculation is done in the RI/MOM and the VEV scheme, thus the result
needs to be adapted so that it can be applied to hybrid or self-renormalized matrix elements. In Ref. [35], the
pion valence quark distribution was extracted up to NNLO in the hybrid scheme, where the NNLO matching
effect can reach ∼ 10% in the moderate x region. There is also evidence that the NNLO effect is of similar
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size for the meson DA [101]. To target a 5% precision, it is desirable to go beyond NNLO. In Ref. [102], the
anomalous dimension of the spatial quark bilinear operator has been calculated to three-loop accuracy, which
is independent of the Dirac structure in the operator. The calculation is also done for the gluon operator to
two-loop accuracy in the same paper. Besides, a subset of diagrams with fermion bubble chains has been worked
out to all-orders in perturbation theory in Ref. [51]. The techniques used in these calculations can be helpful
to the calculation of the NNLO matching. Moreover, the use of hybrid or self-renormalization also facilitates
the calculation, as one needs to work with dimensional regularization and on-shell states only. We expect the
NNLO matching for all leading-twist partonic quantities, including the PDFs, GPDs, DAs, and even TMDs and
light-front wave functions to be available in the next few years.

• Calibrating with Mellin moments. The first important check for x-dependent lattice PDF calculations at the
continuum limit is to reproduce moment results. There has been an attempt to rate lattice calculations beyond
the nucleon charges collected in the FLAG report [103], and recent surveys of the lattice moments and PDF
calculations and their benchmarks in the nucleon sector can be found in Ref. [1, 2]. The coordinate-space
correlations can be Taylor expanded near the origin; the coefficients are the moments of the PDFs. One can use
the direct calculations of the moments to calibrate the correlation functions near the origin.

• Computational Challenges. Summarising the various sources of systematic errors that have been discussed in
the previous subsections, we can estimate the size of simulations that would allow a comparison with global
analyses at the 5% level. In order to perform a controlled extrapolation to the continuum limit at least three
lattice spacings are desirable; the discussion above on renormalization and the continuum limit suggests that the
finest lattice spacing should be approximately a = 0.05 fm (corresponding to a−1 ≈ 4 GeV.) Even though the
dependence on the pion mass seems to be mild, simulations for precision benchmarks should aim to be run at the
physical pion mass, Mπ = 139 MeV. This in turn sets the size of the physical volume, a conservative estimate
based on existing studies would suggest to achieve at leastMπL = 3, for which we would require lattices of linear
size L = 4.5 fm and therefore a number of lattice sites L/a ≈ 90. A safer option of MπL = 4 would increase the
cost proportionally. To have a reliable calculation, we need nucleon momenta of P ≈ 2.6 GeV, as discussed in
earlier subsection, corresponding to Pa ≃ 0.65. While there is some hierarchy between the momentum and the
cutoff scale, this number may turn out to be too small to control lattice artefacts due to the nucleon momentum.
Finer lattice spacings would involve new challenges, related to the critical slowing down of topological modes,
and would result in lattice with an inversely-proportional larger number of sites. These type of simulations will
be perfect candidates for exascale computations on forthcoming machines.

If the agreement is met for both unpolarized and helicity isovector PDFs with 5% precision, then we will have much
confidence to use the lattice predictions for the transversity PDFs, as well as all PDFs in x regions or parton flavors
where experiments have not constrained so well. Besides, since the method for calculating GPDs is analogous to that
for the PDFs except for the dependence on extra kinematic variables, we can also expect the lattice predictions to
be reliable, which will offer much needed nonperturbative inputs for the experiments at COMPASS II, JLab 12 GeV
Upgrade and EIC.

V. NEW PARTONIC OBSERVABLES

Lattice parton methods have been extended beyond the standard twist-2 collinear parton distributions. In partic-
ular, they can be used to calculate GPDs and TMDs, as well as higher-twist collinear PDFs.

A. Generalized Parton Distributions (GPDs)

Generalized parton distributions provide hybrid momentum and coordinate space distributions of partons and
bridge the standard nucleon structure observables: form factors and collinear PDFs. More importantly, GPDs provide
information on the spin and mass structure of the nucleon. GPDs bring the energy-momentum tensor matrix elements
within experimental grasp through electromagnetic scattering and can be viewed as a hybrid of parton distributions
(PDFs), form factors, and distribution amplitudes. For example, the forward limit of the unpolarized and helicity
GPDs lead to the f1(x) and g1(x) PDFs, respectively. Taking the integral over x at finite values of the momentum
transfer results in the form factors and generalized form factors. In the case of the unpolarized GPDs, for example, one
obtains the Dirac (F1) and Pauli (F2) form factors. Several of these limits of the GPDs have physical interpretations,
for instance, the spin decomposition of the proton using Ji’s sum rule [104].
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Information on GPDs from lattice QCD has been available via their form factors and generalized form factors, using
the operator product expansion (OPE). As in PDFs, such information is limited due to the suppression of the signal
as the order of the Mellin moments increases and the momentum transfer between the initial and final state increases.
Significant progress has been made towards new methods to access the x- and t-dependence of GPDs (t = −Q2),
which is driven by the advances in PDF calculations. In lattice QCD, there are several challenges in calculating GPD
using these new methods. The extraction of GPDs is more challenging than collinear PDFs, because GPDs require
momentum transfer, Q2, between the initial (source) and final (sink) states. Another complication is that GPDs
are defined in the Breit frame, in which the momentum transfer is equally distributed to the initial and final states;
such a setup increases the computational cost, as separate calculations are necessary for each value of the momentum
transfer.
The first lattice x-dependent GPD calculations were carried out in Ref. [105], studying the pion valence-quark GPD

at zero skewness with multiple transfer momenta with pion massMπ ≈ 310 MeV. There is a reasonable agreement with
traditional local-current form-factor calculations at similar pion mass, but the current uncertainties remain too large
to show a clear preference among different model assumptions about the kinematic dependence of the GPD. There has
also been recent progress made in lattice QCD to provide the Bjorken-x dependence of the isovector nucleon GPDs,
H , E and H̃ . Ref. [106] used LaMET to calculate both unpolarized and polarized nucleon isovector GPDs with largest
boost momentum 1.67 GeV at pion mass Mπ ≈ 260 MeV with one momentum transfer. This work also presented
results at nonzero skewness, with additional divergence near x = ξ due to the matching. Refs. [85, 107] reported the
first lattice-QCD calculations of the unpolarized and helicity nucleon GPDs with boost momentum around 2.0 GeV
at physical pion mass with multiple transfer momenta, allowing study of the three-dimensional structure and impact-
parameter–space distribution. Results for the moments of the integral of the H , E and H̃ GPDs extracted from the
lattice are within a couple sigma of previous lattice calculations using OPE operators from traditional form factors
and generalized form factors at or near the physical pion mass. Such lattice inputs can provide useful constraints to
the best determination of physical quantities using both theoretical and experimental inputs.

B. Transverse Momentum Distributions (TMDs)

Transverse momentum distributions measure the parton transverse momentum kT with longitudinal momentum
fraction x, and are nonperturbative inputs for processes that follow TMD factorization, such as Drell-Yan and semi-
inclusive DIS (SIDIS). When kT ≫ ΛQCD, TMDs can be perturbatively matched onto the collinear PDFs, and thus
are predictable from the latter. But when kT ∼ ΛQCD, the TMDs are intrinsically nonperturbative and must be
determined from experimental measurement or first-principles calculations. TMDs depend not only on the renormal-
ization scale, but also on the so-called Collins-Soper (CS) scale, which is related to the parton energy. The anomalous
dimension for evolution in the CS scale, which is also known as the CS kernel, depends on bT , the Fourier conjugate
of kT , and becomes nonperturbative when bT ∼ 1/ΛQCD. At LHC, the Drell-Yan differential cross sections have been
measured at sub-percent level precision for final-state transverse momentum pT as small as 1 GeV [108, 109], which is
sensitive to the nonperturbative TMDs. The lack of knowledge of the CS kernel and the TMD in the nonperturbative
region limits theory predictions at low pT . The JLab 12 GeV and EIC will also provide a significant amount of SIDIS
data in the low-energy region sensitive to kT ∼ ΛQCD. Therefore, a systematic lattice QCD determination of these
quantities will provide opportunities for further precision tests of the Standard Model with LHC data and mapping
the instrinsic transverse-momentum structure of the proton at JLab 12 GeV and the EIC.
Like PDFs, TMDs are defined in terms of light-cone correlation functions, and they are challenging to calculate

directly in lattice QCD. However, the LaMET framework [25, 29, 30] provides a promising pathway towards the
determination of TMDs by matching calculations of equal-time correlation functions in large-momentum hadron states,
or the quasi-TMDs, to the light-cone correlation functions defining TMDs [110–117]. This, and related, approaches
have been implemented in recent years to provide the first first-principles calculations of aspects of TMDs [118–122].
a. Collins-Soper kernel. Determinations of the CS kernel from experimental data via simultaneous global fits

with TMDs reveal some discrepancies between different analyses, in particular in the region qT ≤ 500 MeV [123–128].
Improvements to the systematic understanding of the kernel via first-principles calculations have the potential to
significantly improve this situation, and thereby enable more precise determinations of TMDs and related processes.
Refs. [110, 112–114, 117] recently demonstrated how the CS kernel can be determined in lattice QCD from calculations
of the quasi-TMDs, and this approach, and variations thereof, has been implemented in Refs. [129–133].
With sufficient investment of computational resources, it is likely that the CS kernel can be determined nonper-

turbatively via lattice QCD calculations with few or sub-percent precision at bT <
∼ 0.5 fm or kT >

∼ 0.4 GeV in the
coming decade. This region, importantly, overlaps with the nonperturbative region that is relevant for constraining
global fits of TMDs, and it can be expected that the precision of such future fully-controlled lattice QCD calculations
will be sufficient to begin to differentiate the different behaviors observed in models of the kernel in this region and
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ultimately will be used as input to phenomenological analyses.
b. TMDs and soft function. The physical TMDs that enter the Drell-Yan and semi-inclusive DIS factorization

formulae include the beam and soft functions. Depending on how the rapidity divergences are regulated, there are
different schemes to define the beam and soft functions separately, and those that are amenable to lattice calculations
use off-the-light-cone Wilson lines in the TMD correlators, i.e., the Collins scheme. The Collins beam function can
be easily obtained from the equal-time TMD correlator, or quasi beam function, in a large-momentum hadron state.
The soft function, however, faces more challenges as it involves Wilson lines along two different off-the-light-cone
directions, which makes it impossible to obtain it from an equal-time correlator through a single Lorentz boost.
Recently, a breakthrough was made within the LaMET formalism of the lattice QCD calculation of the soft func-

tion [115]. This method has been applied in exploratory lattice calculations [130, 132], where the first results show
its robustness in obtaining the soft function for bT <

∼ 0.5 fm or kT >
∼ 0.4 GeV. With the soft function available, one

can obtain the x and bT dependence of the TMDs with the calculation of the quasi beam function [116]. In this way,
the lattice QCD calculations can be used to predict the Drell-Yan cross sections at low pT for the LHC. Apart from
the unpolarized TMDs, the LaMET approach can also be used to calculate the spin-dependent TMDs, such as the
Sivers function [134], which could have a significant impact on experiments at the JLab 12 GeV upgrade, RHIC and
the EIC.
c. TMD wave function. Under light-cone quantization, the full information about the parton structure of a

hadron, including PDFs, TMDs, GPDs and Wigner distributions, can be obtained from the hadron’s Fock-space
TMD wave function. However, the drawback of this formalism is that one needs to obtain the wave functions for
an infinite number of Fock-space bases, and in practice a truncation is inevitable and not always under systematic
control. Currently, there is no experimental data on TMD wave functions, so a lattice QCD determination of even
the lowest Fock-state wave function can provide much needed information. With the LaMET approach, the method
for calculating the TMD wave function is similar to that for the TMDs [135], which involves the computation of the
same soft function. First efforts to employ this method are being carried out, and as a byproduct one can also extract
the CS kernel from them [130, 132].
The lattice results of these quantities will be particularly applicable to measurements of the Drell-Yan and semi-

inclusive DIS processes at low pT from ∼ 1–10 GeV, which are sensitive to the nonperturbative TMDs and their CS
evolution. Experiments at the JLab 12 GeV Upgrade and the future EIC will provide an enormous amount of data
in this kinematic regime over the next two decades. Global fits of TMDs have not reached the same consistency and
precision as those of the PDFs, so benchmarking lattice calculations relies more on the theory itself. Fortunately,
quantities such as the CS evolution kernel and the soft function are perturbatively calculable at bT ≪ 1/ΛQCD, which
offers accurate calibration for lattice calculations. According to recent calculations [129–133], it is feasible to target a
5% precision for bT ∼ 0.1 fm with contemporary available computing resources, which would require a very fine lattice
a <∼ 0.03 fm to suppress the discretization effects. Like the PDF calculations, this precision also requires large hadron
momentum to suppress the power corrections of O(1/(PzbT )

2). Agreement between lattice results and perturbation
theory within the small bT region, will all lattice systematics under control, will provide confidence in the predictions
at larger bT , which can be used as inputs for experimental analysis.

C. Higher-Twist Observables

The discussion so far has focused on the leading twist contributions, which capture the most important compo-
nents of the partonic structure of hadrons. In addition, twist-2 distribution functions are the easiest to isolate from
experimental data sets. Twist-3 contributions do not have a probabilistic interpretation, but contain important infor-
mation on quark-gluon correlations [136, 137]. Twist-3 contributions also appear in QCD factorization theorems for
various observables and some are related to properties such as the parton orbital angular momentum [138]. Twist-3
distributions therefore play an important role in characterizing the parton structure of hadrons in novel ways.
At the twist-3 level, the proton has three PDFs: the chiral-even gT (x), and chiral-odd e(x) and hL(x) [139, 140].

Semi-classically, gT (x) is connected to the transverse force acting on the active quark in a transversely polarized
nucleon, while e(x) is related to the transverse force acting on transversely polarized quarks in an unpolarized nu-
cleon [141]. Experimentally, gT (x) PDF can be extracted through the DIS structure function gs.f2 (or, equivalently
gs.fT ) [142, 143], while e(x) can be accessed in an unpolarized Drell-Yan process at twist-4 order [140], or through a
twist-3 single-spin asymmetry in semi-inclusive DIS [144], or di-hadron production in electron-proton collisions [145].
Limited data from semi-inclusive DIS have been obtained by the HERMES and CLAS collaborations [146–149], and
from di-hadron production in electron-proton collisions by the CLAS collaboration [150]. hL is relevant to a twist-3
double-spin asymmetry in Drell-Yan [139, 140, 151, 152]. Despite the importance of twist-3 PDFs, their study experi-
mentally is in its infancy. This situation worsens for twist-3 GPDs, where experimental data are basically non-existent.
Lattice QCD therefore provides the most promising source of information for understanding hadron structure beyond
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leading twist.
Recently, dedicated calculations of the x dependence of twist-3 PDFs and GPDs were performed in lattice QCD

using LaMET [153–155]. Calculations of twist-3 quantities are much more complex than twist-2 for a number of
reasons. The first challenge is the presence of mixing between 2-parton twist-3 contributions and quark-gluon-quark
contributions (genuine twist-3). As a result, the matching formalism discussed in Sec. III becomes a 2×2 mixing matrix
in the twist-3 case. Unlike the case of twist-2, at twist-3 the matching contains singular zero-mode contributions,
which have implications in Burkhardt-Cottingham sum rules [156–158]. First efforts on the matching for twist-3 PDFs
can be found in Refs. [159–162]. Computationally, extraction of quark-gluon-quark correlation are complicated due to
the presence of the gluon field strength tensor in the operator and two Wilson lines. This increases the computational
cost as these distributions depend on two momenta when Fourier transformed. In addition, gluon operators have
significantly decreased signal-to-noise ratio compared to the quark distribution functions.
The first lattice calculation of a twist-3 PDF was of gT (x), which serves as a proof-of-principle computation. The

work is performed at pion mass of about 260 MeV and momentum boost up to 1.67 GeV [153]. A calculation of the
hL(x) PDF using the same ensemble and momentum boost can be found in Ref. [154]. In these calculations, it was
confirmed numerically that gT (x) and hL(x) are as sizeable as the g1(x) and h1(x) PDFs. One of the most interesting
investigations regarding twist-3 PDFs is the Wandzura-Wilczek (WW) approximation [139, 140, 163], where the PDFs
gT (x) and g1(x) are connected, at a given x. An analogous relation exists for hL(x), in which the Mellin moments
of hL(x) can be split into a twist-2 and a twist-3 part. In the WW approximation, the twist three PDFs are fully
determined by their twist-2 counterparts. Investigations for the WW relation for both gT (x) and hL(x) reveals that
the approximation holds fora range of x, however violations are also observed. Besides twist-3 PDFs, twist-3 GPDs
are also being pursed in lattice QCD [155], is a totally unexplored research area experimentally.

VI. INTERPLAY WITH EXPERIMENTAL DATA

Phenomenological extractions of hadron structure from experimental data via the factorization theorem [164] are
subjected to an inverse problem, i.e., the inability to find a unique inverse function that solves quantities like PDFs
in terms of the experimental data. The standard approach is the use of Bayesian inference by introducing suitable
priors that allows us to regulate regions of parton’s d.o.f that are not accessible by the data. In some cases such as in
the GPDs sector, the inverse problem is more severe as their parton momentum fraction is effectively hidden in the
data and it is not possible to constraint it in a unique manner. Due to these limitations, lattice QCD calculations of
the PDFs and moments as alluded to in Sec. II provide additional constraints which have shown promising results in
helping global analyses. Future lattice calculation will providing more constraints in this regard.
In what follows we discuss specific cases where lattice QCD has the potential to expand our ability to delineate the

quark and gluon structures of nucleons and nuclei:

• Flavor separation of unpolarized and polarized PDFs is one the most challenging tasks in QCD global analysis,
specially in the strange sector which plays an important role in precision electroweak physics, such as the
determination of the W mass, as well as for QCD model builders. The sensitivity of existing experiments to
polarized and unpolarized strange PDF is rather weak even with the inclusion of Kaon production in ep and
pp reactions and W + c data from LHC for the case of unpolarized PDFs. In this area, LQCD can make
important contributions by providing extended correlation functions that are directly sensitive to the strange
PDF. Similarly, calculations that are sensitive to d/u at large-x is of great importance to supporting the existing
efforts at Jefferson Lab 12 program at high-x, which aim to understand nuclear effects in light nuclei [165].

• In the Euclidean path-integral formulation of the hadronic tensor [9, 10] it was shown that there are connected
and disconnected sea parton degrees of freedom along with the flavor dependence in the structure functions that
can be accessed with lattice calculation. While experimental data are not formally sensitive to such separation,
LQCD can provide new insights and constraints that can be integrated as part of QCD global analysis of hadron
structure in general. For instance, using LQCD calculation for moments of local operators, an exploratory
study was carried out in [166] where the input scale PDFs were parametrized in terms of the connected and
disconnected sea components subjected to the constraints of LQCD moments. Their analysis found indications
that the d̄− ū difference from the global analysis is associated with connected sea component in the path-integral
formulation and the errors on the strange distribution can be reduced. In view of these findings, it is possible
in the future to extend such analysis with LQCD computation of connected and disconnected sea components
of non-local operators and incorporate them within the global analysis efforts and have a better understanding
of the non-perturbative nature of hadron structure.

• Spin dependent PDFs such as helicity PDFs and transversity PDFs provide unique insights on the spin structure
of nucleons. However since these quantities are experimentally accessible from spin asymmetries which are
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statistically bounded compared to unpolarized observables, the precision at which they can be inferred is limited
relative to upolarized PDFs. LQCD can complement these efforts as shown in Ref. [5] where the precision of
existing lattice data provides constraints on helicity PDFs that are as competitive as the ones from experimental
data. These efforts really demonstrate that, even at the current, early, stage of lattice calculations of non-local
correlation functions, these can have a significant impact for the understanding of the spin structure of hadrons.
For instance, in a recent work [167], the current knowledge of gluon polarization was investigated finding that
in the absence of positivity constraints, the sign of ∆g is still unknown using experimental data alone. Having
direct LQCD calculations sensitive to gluon helicity will give the additional constraints that are needed to resolve
the role of gluon polarization in the spin-puzzle. In addition, lattice calculations have identified recently that the
smallness of the quark contribution to proton spin is due to the negative contribution in the DI corresponding
to the disconnected pseudoscalar density and topology terms in the anomalous Ward identity [172, 173]. Giving
these findings, it is a challenge for future global analysis to comprehend this aspect of the non-perturbative
nature of the spin dependent PDFs.

• TMDs are a class of hadron structures with increasing complexity in terms of its theoretical definition and its
connection with experimental observables. While tremendous theoretical efforts has been devoted in improving
the theoretical aspects such as the TMD evolution, yet the full realization of a TMD QCD global analysis is
still in its infancy relative to the state-of-the-art analysis of unpolarized collinear PDFs. Part of the difficulty
relies on the ability to disentangle pertubative contributions from intrinsic non-perturbative ones which is by
far more complicated that in the context of collinear physics. There are several approaches in the literature
that addresses these challenges with many model parametrizations that aim to describe simultaneously all the
available global data which are sensitive to TMDs. In this context, recent developments mentioned above
from LQCD to compute fundamental quantities such as the CS kernel in the non-perturbative regime is an
opportunity to guide TMD phenomenology. In this sense, a combined analysis of TMDs with lattice data will
be ideal in order to confirm, for instance, the universality of the CS kernel across all high-energy reactions as
well as the uniqueness of the non-perturbative hadronic components and their flavor dependence.

• An important task for the future Jlab and EIC program is to obtain reliable representations of GPDs using
the experimental data on Compton form factors (CFFs). However, the majority of the planned experiments
are insufficient to accomplish this task, because CFFs are two-dimensional functions, whereas GPDs are three-
dimensional ones. CFFs are convolutions of GPDs with complex kernels over a dimensionless kinematic vari-
able [138] where the kernels are described by a controlled approximation in perturbative QCD. The GPD inverse
problem can be in principle ill-posed if the estimator from the data extraction has a high variance. This prob-
lem can nevertheless be solved with a variety of theoretical constraints, particularly from lattice QCD. The
first-principle lattice QCD calculations on GPDs are complementary in many ways. Lattice calculations, in
fact, allow us to explore all of the kinematic dependence, including ξ, t, particularly the x dependence that
cannot be inferred directly from experimental data. On the other hand, they are not accurate in the end point
regions x = 0, 1,±ξ unless one can study an extremely large-momentum nucleon, something that is currently
not possible. Therefore, only a complementary use of lattice computation and experimental data will allow
realistic three-dimensional images of the nucleon to be generated.

VII. CONCLUSIONS AND OUTLOOK

Since the previous Snowmass process, there have been tremendous breakthroughs in LQCD that enable us to
compute from first principles the emergent quark and gluon structures inside nucleons and nuclei. These advances
are opening new venues to access parton degrees of freedom encoded in quantities such as PDFs, TMDs and GPDs.
In principle, such calculations have the potential to enable ab-initio predictions for hard processes in higher-energy
reactions that can be compared directly with experimental data and provide a better understanding of QCD’s emergent
phenomena, as well as more reliable Standard-Model inputs to aid new-physics searches in many NP/HEP frontiers.
However, currently, LQCD calculations are highly limited by the availability of computational resources and more

are needed to achieve the ideal ab-initio predictions that can be tested experimentally. In this document, we have
summarized the state of the art for such calculations and the associated computational challenges. We have also
discussed the potential complementary and synergistic combinations with QCD global analysis using current precision
LQCD calculations. Case studies found in spin physics show that even at this stage, some LQCD calculations are
competitive with experimental data and allows us to carryout a hybrid QCD global analysis, combining lattice and
experimental data within a suitable Bayesian inference framework. Similar synergies can be also found in the context
of meson structures relevant for future programs at AMBER at CERN and the tagged experiments at Jefferson Lab
and the future EIC. Moreover, for GPD studies, it is expected that LQCD inputs will become increasingly important
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to support programs for three-dimensional imaging of nucleons and nuclei at Jefferson Lab and the future EIC. With
sufficient computational support, LQCD calculations can reach precision comparable with experimental data, which
will greatly benefit the NP and HEP communities.
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