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Abstract. In 2018, the USQCD Collaboration’s Executive Committee organized several subcommittees
to recognize future opportunities and formulate possible goals for lattice field theory calculations in sev-
eral physics areas. The conclusions of these studies, along with community input, are presented in seven
white papers. Here, we discuss opportunities for lattice QCD calculations related to the structure and spec-
troscopy of hadrons and nuclei. An overview of recent lattice calculations of the structure of the proton and
other hadrons is presented along with prospects for future extensions. Progress and prospects of hadronic
spectroscopy and the study of resonances in the light, strange and heavy quark sectors are summarized.
Finally recent advances in the study of light nuclei from lattice QCD are addressed and the scope of future
investigations that are currently envisioned is outlined.

Executive summary

Nuclear Physics is a diverse field with linkages to many ar-
eas of research and experimentation, including the struc-
ture of hadrons and the properties of the nuclei composed
of protons and neutrons. There are existing and new gen-
erations of experiments within the US, and also worldwide,
dedicated to explaining these properties as laid out in the
2015 NSAC Long Range Plan for Nuclear Physics. The
RHIC-spin program (BNL), the recent 12GeV upgrade of
Jefferson Lab (JLab) and the planned Electron Ion Col-
lider (EIC), amongst others, will peer into the internal
structure of hadrons and look for the possible existence of
exotic states of matter. The Facility for Rare Isotopes pro-
gram (FRIB) will clarify how subatomic matter organizes
itself and how nuclei emerge.

This impressive level of experimentation has resulted
in numerous discoveries that have led to the development
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of the fundamental theory that describes the strong inter-
actions —Quantum Chromodynamics (QCD). This the-
ory, when combined with the electroweak interactions,
underlies all of nuclear physics, from the spectrum and
structure of hadrons to the most complex nuclear reac-
tions. However, many aspects of nuclear physics are dic-
tated by the regime of QCD in which its defining feature
—asymptotic freedom— is concealed by confinement and
by the complicated structure of the quantum vacuum. The
numerical technique of Lattice QCD is the only known
way to perform ab initio QCD calculations of strong in-
teraction quantities in this regime. The ability to compute
the properties of matter, with quantifiable uncertainties,
is necessary to establish a bridge between theory and ex-
periments, and vital to progress in the field.

Lattice QCD (LQCD) is a technique in which space
and time are discretized and strong interaction quantities
are calculated by large-scale numerical Monte Carlo inte-
gration, and in which approximation effects can be system-
atically removed. The LQCD community has been at the
forefront of innovation in, and utilization of, high perfor-
mance computing for decades, and the ambitious plans put
forth in this white paper will require still larger computing
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capabilities. To this end, the SciDAC programs have been
essential to achieving high performance on new hardware
architectures, and LQCD calculations have led the devel-
opment and adoption of new computing paradigms, in-
cluding the use of graphical processing units. Local com-
puting resources under the USQCD Initiative have also
been essential to effectively using the leadership facilities.
In the near future, Exascale computing resources will be
required, and the software development efforts under the
Exascale Computing Project and SciDAC-4 program are
paving the way for new calculations beyond those cur-
rently possible.

This white paper provides a roadmap for on-going and
future science programs that will have a profound impact
on our understanding of hadrons and nuclei.

1 Introduction

Hadrons and nuclei make up the bulk of everyday mat-
ter and are the objects that are detected in experiments
at accelerators and colliders. Yet hadrons and nuclei are
complex composite objects that emerge from the under-
lying strong interactions between quarks and gluons, the
fundamental degrees of freedom of Quantum Chromody-
namcis (QCD). Describing this compositeness is challeng-
ing as the couplings between quarks and gluons become
large at the relevant energy scales, and the perturbative
approach that works well for QED and for QCD at high
energy breaks down. In this USQCD Collaboration white
paper, we discuss the application of the numerical tech-
niques of lattice QCD (LQCD) to calculations of the non-
perturbative properties of hadrons and nuclei. We summa-
rize the recent accomplishments of LQCD (and USQCD
in particular) in this domain and discuss future goals and
opportunities in the context of current and future exper-
iments. There are numerous synergies between the topics
discussed here and those discussed in the six companion
USQCD white papers [1–7]. which are highlighted in the
following.

2 Hadron structure

The study of the structure of the proton and other hadrons
is a central pursuit in nuclear physics. Since the 1920s,
probing this structure has revealed new aspects of nature
and ultimately led to the development of the Standard
Model. The pioneering experiments of Stern revealed the
non-point-like nature of the proton, those of Hofstadter
revealed the charge distribution of the proton and nu-
clei, while the deep-inelastic scatting (DIS) experiments
by Kendall, Taylor and Friedman at SLAC and those that
followed led to the development of QCD and have mapped
out the distributions of fundamental partonic (quark and
gluon) degrees of freedom in the proton. At present, these
studies are being complemented by new generations of ex-
periments such as those at the 12GeV upgrade of Jefferson
Lab and a potential Electron-Ion Collider (EIC) that seek

to map out the three-dimensional structure of the pro-
ton by determining generalized parton distributions and
transverse-momentum dependent parton distributions.

Lattice QCD studies of hadron structure were pio-
neered in the 1980s and have matured significantly. They
are now of a maturity where rigorous connection to exper-
iment is possible and the prospect of future calculations
that will support and complement modern experimental
investigations is exciting.

2.1 Charges, radii, electroweak form factors and
polarizabilities

The simplest aspects of hadron structure that are probed
in electroweak interactions are the various static “charges”
and moments corresponding to the coupling of bilinear
quark currents to the hadron. Generalising to currents in-
volving momentum transfer leads to the electroweak form
factors, with the small momentum behaviour character-
ized by the electromagnetic and weak radii that corre-
spond to the slopes of the appropriate form factors at
zero momentum transfer. These quantities can be deter-
mined from LQCD by calculating ratios of three-point and
two point correlations functions built from hadronic in-
terpolating operators and quark current operators. This
is by now a well-developed approach with various groups
around the world presenting results that are close to con-
trolling all systematic uncertainties. Over the next few
years, these systematic uncertainties will be further re-
duced and precision will be increased by performing high
statistics calculations with additional lattice spacings and
volumes. In addition, the full flavor-dependence of the mo-
ments, radii and form factors will be determined.

There are a number of particularly important cases in
this class of LQCD calculations.

– The axial charge of the nucleon is a benchmark quan-
tity that is known very precisely from experiment,
gA = 1.2723(23) [8]. LQCD calculations are also be-
coming more precise, with uncertainties at the few
percent level [9–12]. With the significant increase in
precision that will occur in the next few years, it is
possible that this will become a quantity that tests
the Standard Model; this is particularly relevant in
the context of current anomalies in different measure-
ments of the neutron lifetime. Recent calculations of
this quantity by USQCD Collaboration members are
becoming increasingly precise. The full set of flavor
separated contributions to the charge radius are also
being determined by various groups, although with less
precision than the isovector quantity.

– The scalar charge of the nucleon dictates the sensitivity
of searches for important classes of dark matter candi-
dates at direct-detection experiments. Along with the
tensor charge [13], the scalar charge [14] is also relevant
theory input to other searches for physics beyond the
Standard Model. These quantities are discussed fur-
ther in the companion white paper on Fundamental
Symmetries [3].
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– The proton charge radius is of significant phenomeno-
logical interest as there are very significant discrep-
ancies in its extraction from muonic hydrogen spec-
troscopy and from electronic hydrogen spectroscopy
and electron-proton scattering. Existing LQCD cal-
culations of the isovector charge radius of the pro-
ton [15–20] have ∼ 10% precision, assigning conserva-
tive estimates of the systematic uncertainties that are
not well-quantified. A percent-level LQCD calculation
of the isovector radius combined with existing precise
measurements of the charge radius of the neutron are
sufficient to determine the proton charge radius at a
level where LQCD calculations will have impact on the
discrepancy.

– The axial current form factors of the nucleon and nu-
clei are relevant for neutrino physics as discussed ex-
tensively in the accompanying white paper on lattice
QCD for neutrino physics [6].

These quantities are relatively simple to calculate and
have been analyzed by the community in ref. [21] and are
being included in the upcoming 2018 Flavor Lattice Av-
eraging Group (FLAG http://flag.unibe.ch) review of
LQCD calculations.

Second order responses to EM fields are quantified by
the electric and magnetic (and higher-order spin) polariz-
abilities of hadrons. LQCD calculations of polarizabilities
have used spectroscopy in fixed external fields [22–33] or
direct measurement of hadronic four point functions corre-
sponding to two current insertions [34]. Being somewhat
complicated observables, polarizability calculations with
close to physical quark masses and with explicit control of
all systematic uncertainties are lacking but will be possi-
ble with the levels of resources available in the next five
years.

2.2 Parton Distribution functions

The DIS experiments begun at SLAC in the late 1960s,
led the way to the observation of asymptotic freedom and
the development of QCD as a non-Abelian gauge theory.
Efforts to better determine the partonic structure seen
inside the proton have continued ever since. The parton
distributions functions (PDFs), which quantify the densi-
ties of quarks and gluons in a hadron as a function of the
longitudinal momentum fraction, x, are important inputs
for experiments at hadron colliders such as the LHC and
must be better constrained to fully exploit these exper-
imental programs. They are defined by matrix elements
in a hadron state of bi-local operators separated along
the light-cone and are intrinsically difficult to access from
LQCD calculations in Euclidean space [35–38].

2.2.1 Moments of Parton Distribution functions

The most well-established computations that address the
partonic structure of hadrons are based on calculations
of matrix elements of the local twist-two operators that

arise in the light-cone operator product expansion (OPE)
of DIS and related processes. These matrix elements deter-
mine the Mellin moments of the underlying parton distri-
butions; with a sufficient number of moments the PDF can
be reconstructed with controlled uncertainties. However,
the reduced symmetries of the spacetime lattice used in
LQCD calculations (typically, the hypercubic group H(4))
compared to the Lorentz group means that the OPE is
complicated by divergent mixing between operators. Lat-
tice operators corresponding to the lowest few moments of
the unpolarized, polarized and transversity distributions
can be chosen such that this mixing is absent at the ex-
pense of having nonzero matrix elements only in states
of nonzero three-momentum. LQCD calculations of these
matrix elements have been undertaken since the first cal-
culations of Martinelli and Sachrajda [39] in the 1980s. A
recent summary of the calculations of PDF moments is
given in [21].

To go beyond the lowest moments, operators involving
more complicated finite difference discretizations of the
derivative operators can be constructed following ideas de-
veloped in ref. [40] for three-dimensional discretizations of
interpolating operators of fixed angular momentum. By
using multiple copies of given irreducible H(4) representa-
tions (irreps), better approximations to operators trans-
forming irreducibly under SO(4) symmetries can be con-
structed. This approach is being actively investigated at
present [41] and offers the possibility of calculations of
sufficient numbers of moments that a parameterization of
the underlying PDF can be constrained.

2.2.2 Quasi-distributions and pseudo-distributions

The formulation of lattice QCD in Euclidean space
severely restricts lattice calculations of partonic structure.
The analytic continuation of the matrix elements that de-
fine the PDFs to Euclidean space is highly non-trivial due
to the fact that these matrix elements are not local in
time. Recently, new ideas, known as the “Large Momen-
tum Effective Field Theory” (LaMET), have been pro-
posed that aim to circumvent this problem [42,43]. In this
approach, one computes a time local version of the matrix
element that defines the PDF in Euclidean space where
the external states have a suitably large momentum and
the bi-local quark insertion is separated by some spatial
distance. With these choices, the quasi-PDF is defined
by the Fourier transform over the spatial extent of the
equal-time matrix element of a spatially directed Wilson-
line between quark fields, at some lattice scale. To relate
this lattice quasi-PDF to the desired Minkowski light-cone
PDF, matching conditions are implemented within the
LaMET [42, 43] scheme after either perturbative or non-
perturbative [44] renromalization. Power corrections that
break the matching procedure from higher-twist effects are
suppressed at large nucleon momentum. This approach
has been recently used for quasi-PDFs in refs. [45–49]. A
recent determination of the isovector unpolarized and po-
larized PDFs of the nucleon is shown in fig. 1.
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Fig. 1. Left: unpolarized isovector nucleon PDF with com-
parison to the CTEQ parameterization [48]. Right: polarized
isovector nucleon PDF with comparison to the NNPDF pa-
rameterization [49].

An alternative approach, named the pseudo-PDF, con-
siders the ratio of the equal time matrix element of the
Wilson line between quarks with the rest-frame density
matrix element. The equal time matrix element is param-
eterized in terms of the product of the spatial momentum
with the spatial separation forming a Lorentz invariant
called the Ioffe time [50,51], and the ratio corresponds to
the Ioffe time distribution [52,53]. This ratio is free of UV
divergences and requires no renormalization. The key dis-
tinction between the quasi and pseudo PDF approaches
is that in the latter the Fourier transform over all spa-
tial separations is not, in practice, needed. Indeed, recent
work has shown that there can be large finite-volume ef-
fects within the spatial integration [54]. An observation
from initial lattice calculations using the pseudo-PDF ap-
proach [55,56] is that Ioffe-time distributions exhibit fac-
torization down to small distances in the spatial separa-
tion, where the small distance behavior of the pseudo-PDF
satisfies a perturbative evolution equation. Thus, rather
than computing the entire PDF as a function of Bjorken-
x, the PDF is parameterized as a function of x, similar
to approaches taken in phenomenological studies [57, 58].
As it was pointed out in [59], other approaches that do
not rely on explicit parametrization can be employed in
order to obtain the PDFs from these hadronic matrix el-

ements. These methods include, the Backus-Gilbert ap-
proach [60], the Bayesian Reconstruction [61], and a neu-
ral network parametrization approach introduced by the
NNPDF Collaboration [57, 62]. Larger lattice sizes with
smaller lattice spacing will allow for better probes of the
perturbative evolution scale, and better constraint of the
small-x region.

2.2.3 Good lattice cross sections

Analogous to extracting PDFs from QCD global fits of
high energy scattering data, PDFs can also be extracted
from analyzing “data” generated by LQCD calculation of
good lattice cross sections [63, 64]. A lattice cross section
is defined in refs. [63,64] as a single-hadron matrix element
of a time-ordered, renormalized nonlocal operator On(z):
σn(ν, z2, p2) = 〈p|T{On(z)}|p〉 with four-vector momen-
tum, p, antiquark quark-pair separation z, and ν ≡ p · z.
The values of p and z, and the choice of On, determine
the dynamical features of the lattice cross section. A use-
ful lattice cross section should have the following three
key properties: 1) calculable in LQCD in Euclidean time,
2) has a well-defined continuum limit as the lattice spac-
ing a → 0, and 3) has the same factorizable logarithmic
collinear divergences as that of PDFs, which connects the
good lattice cross sections to PDFs, just as high energy
hadronic cross sections are related to PDFs in terms of
QCD factorization.

A class of good lattice cross sections was constructed
in terms of a correlation of the product of two renormal-
izable currents (see also the following subsection). There
are many possible choices for the current, such as a vec-
tor quark current, or a tensor gluonic current [65]. Dif-
ferent combinations of the two currents help enhance the
lattice cross sections’ flavor dependence. If spatial sepa-
ration between the currents is sufficiently small, the lat-
tice cross section constructed from two renormalizable cur-
rents can be factorized into PDFs and perturbative hard
kernels [65], and the PDFs can be extracted from global
fits of lattice-QCD generated data for various lattice cross
sections σn(ν, z2, p2) with corresponding perturbatively
calculated coefficients. These methods have been applied
recently in order to obtain the pion valence PDF [66]. Al-
though these calculations employ LO matching kernel and
heavier than physical pion mass, results already compare
well with existing extractions of the PDF from experimen-
tal data.

The quasi-PDFs and pseudo-PDFs introduced above
are derived from choosing a single anti-quark quark pair
separated in space by a Wilson line. With two space sepa-
rated currents, modulo O(αs) and higher twist corrections,
one finds that a quasi-quark distribution is obtained when
a cross-section is computed for fixed momenta, while the
pseudo-quark distribution is object if the cross-section is
computed with fixed spatial separation of the currents.
That is, these two approaches for extracting PDFs are
equivalent if matching coefficients are calculated at the
lowest order in αs neglecting all power corrections, but
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different if contributions from either higher order in αs or
higher powers in z2 are considered.

2.2.4 Hadronic tensor methods

A variety of other approaches are also being investigated
to access hadronic structure based on computations of
the hadronic tensor [67–70]. In the first of these ap-
proaches [67, 70], partonic physics is accessed through a
discrete Laplace transform of the Euclidean hadronic ten-
sor. Various implementations of the challenging inverse
problem that is involved have been investigated in [71]. In
the second approach, a fictitious heavy quark field is in-
troduced and the corresponding hadronic tensor involving
heavy-light currents and resulting lattice correlation func-
tions are matched on to the relevant OPE to extract the
moments of regular parton distributions. This approach
requires very fine discretization scales, but first investi-
gations are now beginning [72]. An additional approach
based on transforms of the hadronic tensor is being pur-
sued in refs. [73].

2.3 Generalized Parton Distribution functions

Generalized parton distributions (GPDs) [74–77] provide
further insight into the quark and gluon structure of
hadrons, combining parton dependence on longitudinal
and transverse position (when viewed in their impact-
parameter space formulation [78]). GPDs are defined as
off-forward matrix elements of the same operators that
define parton distributions. Information about GPDs is
accessible from deeply virtual Compton scattering and
deeply-virtual vector meson production in particular. Ba-
sic aspects of these distributions have been investigated
at JLab, COMPASS and HERMES and a significant frac-
tion of the experimental program at the 12GeV upgrade
of Jefferson Lab is focused on revealing more information
about GPDs. Lattice calculations have focused on the gen-
eralized form factors (GFFs) that parametrize off-forward
matrix elements of local twist-two operators and corre-
spond to moments of GPDs [79–81].

For the unpolarized case GPDs also encode the spin de-
composition of the proton through Ji’s sum rule [82] that
separates quark spin, orbital angular momentum and the
total gluon angular momentum. A further decomposition,
known as the Jaffe-Manohar decomposition [83], is valid in
light-cone gauge. These decompositions of the proton spin
has recently been investigated in refs. [84, 85]. The n = 2
GFFs parameterize the matrix elements of the energy mo-
mentum tensor. As well as determining the momentum
distribution and spin, they also define the pressure and
shear distributions in the hadron [86].

The first calculations of the quark GFFs for n = 2, 3
were performed by USQCD Collaboration members [79]
with many subsequent improvements (see ref. [81] for a re-
view). The isovector combination of the unpolarized and
polarized GFFs have been studied at quark masses cor-
responding to mπ > 200MeV, but not yet at the physi-
cal point [80, 87–93]. In most calculations of the isoscalar

GFFs, the disconnected contractions have been omitted
with the notable exception of ref. [94], and mixing of
the quark operators with gluon operators has been ig-
nored given the small size of perturbative mixing coeffi-
cients [95]. Calculations in the next few years will address
these quantities with high fidelity, controlling all system-
atic uncertainties.

2.4 Transverse momentum-dependent parton
distributions

Transverse momentum-dependent parton distributions
[96] (TMDs) constitute one of the pillars on which the
three-dimensional tomography of hadrons rests. Together
with the three dimensional spatial information derived
from GPDs, they permit a comprehensive reconstruction
of hadron substructure and thus encode orbital angu-
lar momentum contributions to nucleon spin, and spin-
orbit correlations in hadrons. Through the selection of
particular parton spin and transverse momentum compo-
nents, a variety of TMDs can be probed, including naively
time-reversal odd (T-odd) quantities such as the Sivers
and Boer-Mulders functions. These latter TMDs exist by
virtue of initial or final state interactions in corresponding
physical processes, introducing a preferred chronology in
the description of the process.

In view of the fundamental importance of TMDs and
the rich spectrum of effects that can be probed, TMDs
have been, and continue to be the target of a variety of ex-
perimental efforts. Deep-inelastic scattering experiments
performed by COMPASS [97,98], HERMES [99,100] and
Jefferson Lab [101, 102] have yielded TMD data includ-
ing evidence for the T-odd Sivers effect. Complementary
Drell-Yan experiments at COMPASS [103] and Fermi-
lab [104] are envisaged, which could, in particular, test the
sign change between the SIDIS and DY processes. Related
transverse single-spin asymmetries have been measured at
RHIC in polarized proton-proton collisions [105,106]. Fur-
ther experimental efforts at RHIC are projected to provide
insight into strong QCD evolution effects expected for the
Sivers TMD [107]. TMDs furthermore constitute a central
focus of the proposed Electron-Ion Collider facility [108].

To complement and support these efforts, a sustained
project to calculate TMD observables within LQCD was
initiated and developed by USQCD Collaboration mem-
bers and their collaborators in refs. [81, 109–113]. TMDs
are formally defined through matrix elements of a bilocal
quark operator in which the quark fields are connected
through a gauge link along a staple-shaped path. Building
on the preliminary investigations of refs. [81,111], the first
full calculation of TMD observables using staple-shaped
gauge links was performed in [109], obtaining results on
the Sivers and Boer-Mulders shifts, a worm-gear shift, and
the generalized transversity. Figure 2 (left) displays a re-
sult for the Sivers shift, exhibiting its T-odd character and
the SIDIS and DY limits achieved for asymptotic staple
lengths.

Such lattice TMD calculations face several challenges.
One such challenge is achieving the limit of large rapidity



Page 6 of 27 Eur. Phys. J. A (2019) 55: 193

Fig. 2. Top: proton Sivers shift as a function of staple length,
η, for fixed staple width, bT , and rapidity (Collins-Soper) pa-

rameter, ζ̂; η → ∞ defines the SIDIS limit [109]. Bottom: ex-
trapolation of the SIDIS limit data for the pion Boer-Mulders
shift to the physical limit of large ζ̂ at fixed bT [110]. Open sym-

bols represent a partial contribution that dominates at large ζ̂,
providing further insight into the approach to the asymptotic
regime.

difference between between struck quark and hadron rem-
nant in a deep inelastic scattering process, which is en-
coded in the space-time direction of the staple link. An
investigation of the Boer-Mulders shift in a pion dedicated
to elucidating this limit was reported in ref. [110]. A result
from this study is shown in fig. 2 (right), demonstrating
access to the large rapidity regime. Another challenge is
understanding renormalization, operator mixing and scal-
ing. Observables such as the Sivers shift are constructed
as ratios in which certain renormalization factors cancel
in continuum QCD; to test whether this pattern persists
in the lattice formulation, a comparison between TMD
calculations on clover and domain wall fermion ensembles
at approximately the same pion mass was performed and
reported in ref. [112], corroborating the cancellation of
renormalization factors expected from continuum QCD.
On the other hand, in the case of the worm-gear shift, op-
erator mixing is predicted for clover fermions [114], which
destroys the simple cancellation in ratios; evidence for
this was also seen in the data collected in [112]. A pre-
liminary study [115] with nearly physical pions indicates
that higher statistical precision is required to impact phe-

nomenology. New efforts that will be undertaken over the
next few years include the use of boosted nucleon sources
to access the large rapidity regime, as well as excited state
control through calculation for a range of source-sink sep-
arations.

In addition to the aforementioned calculations, which
concentrated on transverse momentum dependence while
integrating over longitudinal momentum fraction x, there
are explorations of the x-dependence of the Sivers shift,
achieved by adding a longitudinal separation in the bilocal
quark operator defining TMDs. Furthermore, the general-
ization of TMDs to non-zero momentum transfer (GT-
MDs) was explored in ref. [113], with a specific focus on
the direct calculation of quark orbital angular momentum
(OAM) in the proton. Considering non-zero momentum
transfer supplements the transverse momentum informa-
tion with transverse position information, thus yielding
direct information on OAM (as opposed to indirect access
as L = J − S via Ji’s sum rule). Moreover, this approach
allows one to not only determine the Ji OAM, but also
the Jaffe-Manohar OAM.

TMDs: Future opportunities. The investigations de-
scribed above provide the necessary foundation for the
controlled, precise prediction of selected TMD observables
from lattice QCD. The chief systematic challenges have
been explored, and a tentative roadmap of incremental
refinement of the calculations can be projected. The use
of boosted nucleon sources will allow access to the large ra-
pidity regime. Discretization effects will need to be quanti-
fied as momenta are increased. This, as well as a quantita-
tive treatment of the renormalization and QCD evolution
of lattice TMD observables, building on the initial study
of ref. [112] will necessitate a sequence of calculations with
decreasing lattice spacings.

In assessing the required resources for this program, it
should be noted that lattice TMD calculations are dom-
inated by the cost of the large number of contractions,
as opposed to the cost of the inversions needed to ob-
tain propagators. The large number of contractions results
from the multitude of staple-shaped gauge link geometries
that must be surveyed in order to perform the necessary
extrapolations to long staple length as well as large rapid-
ity difference between struck quark and hadron remnant
in a deep-inelastic scattering process.

A further aspect that remains to addressed is the fla-
vor separation of TMD observables and sea quark effects,
as targeted, e.g., by the Fermilab E-906/SeaQuest exper-
iment. This calls for the evaluation of disconnected dia-
gram contributions, which hitherto have not been stud-
ied in lattice TMD investigations. Efficient calculation of
these diagrams will be possible with the use of hierarchical
probing methods [116]. Future calculations will also need
to account for mixing of gluonic operators with flavor sin-
glet quark operators, which have not been considered.

Besides these improvements of the systematics of
lattice TMD calculations, the incorporation of further
physics objectives is also planned. To date, calculations
have focused on transverse nucleon polarization, with
which one can probe the particularly interesting Sivers and
Boer-Mulders effects. Nonetheless, the TMDs associated
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with longitudinal nucleon polarization are also of interest
and include a second worm-gear function in addition to
the one probed with transverse polarization. TMD calcu-
lations with longitudinal polarization are straightforward
to implement in the existing scheme. Furthermore, the ex-
tension of lattice calculations to include the x-dependence
of TMDs, already explored for the case of the Sivers shift
as noted above, must be continued to encompass a variety
of TMD observables.

In addition, the study of GTMDs, i.e., TMDs in the
presence of a momentum transfer, must be extended be-
yond the specific case of quark orbital angular momen-
tum [113]. For example, spin-orbit correlations of quarks
in the proton can be quantified through the GTMD G11

in the classification scheme of ref. [117]. Complementary
ways of accessing quark orbital momentum, e.g., through

the twist-3 GTMDs F27, F28, related to the GPD Ẽ2T ,
will also be explored [117].

2.5 Gluon aspects of hadron structure

While gluons and the QCD interactions they embody play
an essential role in the binding of hadrons, gluon contri-
butions to hadron structure observables are far less well
known than their quark analogues. Understanding the role
of gluons in hadron structure has become a major goal
of experimental facilities, such as COMPASS [118] and
STAR [119]. Furthermore, a primary mission of the pro-
posed Electron-Ion Collider [108,120], which is the highest
priority for new construction in the NSAC nuclear physics
long-range plan [121], is to image the gluon structure of
hadrons and nuclei. This program will access the three-
dimensional gluon structure of the nucleon and allow first
measurements of gluon GPDs and TMDs, complimenting
significant efforts at RHIC to measure the gluon contribu-
tion to the nucleon spin, potential experiments to study
gluon distributions at JLab [122–124], and those at the
LHC [125]. In this light, LQCD calculations of gluon struc-
ture quantities have taken on renewed importance. There
has been significant progress on this front over the last
five years [84, 85, 95, 126–128], expanding and building on
pioneering studies of the unpolarised gluon structure of
the pion and nucleon [94,129–131] over the last decade.

In particular, LQCD calculations have provided new
insight into the proton spin crisis —the realization that
quarks carry only a relatively small fraction of the pro-
ton spin— with calculations of the key and poorly-known
gluon contributions to the nucleon spin [84, 85]. As com-
pared to global analyses of polarized parton distribu-
tions [132], a significantly improved constraint on the to-
tal gluon helicity is included in ref. [84]. An important
component of these studies is the renormalization of the
gluonic operators, which is being achieved using perturba-
tive [85,133] and non-perturbative [134] approaches. Com-
plementing this direction, new understanding of the de-
compositions of the nucleon spin within LQCD has been
achieved, giving interpretation to the orbital angular mo-
mentum [113]. In another impressive success, the gluon
contribution to the nucleon’s momentum has been re-

Fig. 3. The quark and gluon contributions ot the total
pressure distribution in the proton from LQCD. Taken from
ref. [137]. The left panel corresponds to dipole parameterisa-
tions, while the right panel corresponds to the more general
z-parameterisation form.

solved at 10% precision, with the momentum sum rule
(including separate determinations of the quark and gluon
connected and disconnected contributions) found to be
satisfied at quark masses corresponding to the physical
value of the pion mass [85]. Extensions of this work will ri-
val the precision of phenomenological parton distribution
fits (e.g., CT14NNLO [135]) in the next few years [21].
First calculations of some of the moments of the gluon
GPDs [76] that describe the distribution of gluons in
hadrons both in the transverse plane and in the longi-
tudinal direction [126,127] have also been performed, pro-
viding insight into details of the three-dimensional gluon
structure of hadrons, albeit without full investigation of
systematic uncertainties. First calculations of the momen-
tum transfer dependence of the gluon energy-momentum
tensor form factors as well as the gluon contributions to
the pressure and shear distributions in the proton have re-
cently been performed [136, 137] (see fig. 3). These latter
calculations have been combined with recent experimental
studies of the quark contributions to the pressure [138],
leading to a first complete determination of this funda-
mental quantity. Moreover, aspects of the gluon structure
of nuclei have been studied for the first time, as described
in sect. 4.2.

Gluon structure: future opportunities. Exascale com-
puting resources and concurrent algorithm development
will facilitate LQCD calculations of static gluon structure
quantities with controlled statistical and systematic un-
certainties. Calculations on large lattice volumes that be-
come possible with such resources will achieve significant
precision gains through volume averaging and thereby re-
duce the gauge noise, which is a statistical challenge for
calculations of gluon observables. Nevertheless, these stud-
ies face large analysis costs and achieving controlled es-
timates for non-static quantities requires elimination of
excited states, and extrapolation to infinite volume as
well as to the continuum limit. This becomes especially
challenging for large nucleon momenta (as required to ex-
tract the x-dependence of PDFs, GPDs and TMDs) and
in the approach to the continuum limit. In the near term,
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precise calculations of moments of gluon distributions en-
coding the contribution of gluons to the mass, momentum,
and spin of the nucleon and of other hadrons will be re-
fined. In particular, one can expect calculations at quark
masses corresponding to the physical pion mass with fully-
controlled uncertainties at the level of 2–5% precision. To
achieve this level of systematic control, it is necessary to
precisely determine the renormalization factors, includ-
ing mixing between the gluon observables and the flavor-
singlet quark disconnected terms. This carries significant
computational cost in its own right.

The gluon radius of the nucleon is a quantity as fun-
damental as the charge radius. Currently, it is not known
quantitatively or qualitatively, from experiment or theory,
how the charge and gluon radii compare. Defined by the
slope of the spin-averaged gravitational form factor at zero
momentum transfer, the gluon density radius is related
via the operator product expansion to matrix elements
of the gluon part of the energy-momentum tensor. The
radii and Q2-dependence of the generalized gluon form
factors can be calculated using LQCD for both hadrons
and light nuclei [127,128]. On a few-year timescale, fully-
controlled calculations of gluon generalized form factors
for the nucleon, for low moments and to a scale of sev-
eral GeV2, can be expected. From experiment, compari-
son of nuclear quark and gluon radii will likely be possible
through measurements of the parton densities in 4He at
the JLab 12GeV program [123], or from direct measure-
ments of nuclear and nucleon gluon densities using heavy
quark production at the planned EIC [139].

In the longer term, coinciding with the era of sustained
exascale computing, one can expect that the x-dependence
of gluon PDFs and TMDs will be determined from LQCD.
Defined on the light-cone, these quantities can not be cal-
culated directly on a Euclidean lattice but can be accessed
via rotations to “quasi” or “pseudo” PDFs, matched back
to the physical quantities in the large-momentum limit.
For the quark PDFs and TMDs these approaches have
shown great promise and early success [140,141] (see also
sect. 2.4). Ultimately, extending these calculations to in-
clude gluon distributions will allow a complete decompo-
sition of the three-dimensional quark and gluon structure
of the nucleon.

3 Hadron spectroscopy

The aim of hadron spectroscopy is to understand the ob-
served experimental spectrum of hadrons in terms of the
underlying theory of quarks and gluons, QCD. Tradition-
ally, attempts to decipher the regularities present in the
hadron spectrum have focussed on models having only lim-
ited connection to QCD; lattice QCD, which offers a first-
principles approach to the theory, has now matured to
the point where it is vital to efforts to understand excited
hadrons.

In broad terms, one aim of the field is to discover
how QCD arranges to have such regularity in the excited
spectrum of hadrons, where the bulk of observed meson
states can be understood as excitations of a qq̄ system

and baryons as qqq, and to understand whether or not
there are states dominated by configurations of higher
numbers of quarks (tetraquarks, pentaquarks), or configu-
rations featuring only glue (glueballs), or excited glue cou-
pled to quarks (hybrids). These latter possibilities, most
of which are not yet unambiguously observed in exper-
iments, come with potential smoking gun signatures of
exotic flavor and/or JPC quantum numbers not accessi-
ble to a simple qq̄ system [142] (J , P , C refer to the total
angular momentum, parity and charge conjugation prop-
erties respectively). Within the established hadron spec-
trum there are states which pose longstanding mysteries
such as the light scalar mesons, a0(980), f0(980), where di-
verse model-dependent explanations have been proposed
that include tetraquark configurations and meson-meson
molecular structure. Ultimately, an understanding of such
states must come from QCD.

Our understanding of the excited hadron spectrum
continues to be refined through data obtained in con-
temporary experimental programs (such as COMPASS,
GlueX, CLAS12, BES III, LHCb) which are collecting un-
precedented statistics with both established and novel pro-
duction mechanisms. Observations made by these experi-
ments are introducing new mysteries, such as the “XYZ”
states in the charmonium region which do not fit into the
previously successful modelling of charmonium [143,144].
Near future experiments like Belle II and PANDA promise
continued new information in particular in the bottomo-
nium and charmonium sectors, and LQCD studies of the
relevant spectra will continue to play a vital role in the
interpretation of the experimental results in the context
of QCD.

3.1 Light hadron spectroscopy

The lightest hadrons such as the neutron, proton, pion
and kaon are stable against decay within QCD, and their
mass and other properties can be computed with precision
within lattice QCD by controlling the systematic uncer-
tainties introduced through the lattice spacing, lattice vol-
ume and choice of quark mass. When the effects of electro-
magnetism are additionally accounted for, excellent agree-
ment is found between theory and experiment [145–151].

Unlike these lightest few states, the vast majority of
the hadrons which appear in the Particle Data Tables [8]
are unstable resonances, which decay rapidly to lighter
hadrons, and whose existence is inferred from enhance-
ments in multi-hadron final states. Decades of accumu-
lated data has led to an experimental spectrum in which
each state may be broadly characterized in terms of a
mass, a decay width, and branching fractions describing
how often the state ends up in each possible decay mode.

Earlier LQCD calculations considered the excited
hadron spectrum in a simplified manner —in the case
of mesons, a large basis of fermion bilinear operators
was used to construct a matrix of correlation functions,
which was diagonalized to yield a discrete spectrum of ex-
cited state energies. The resulting spectra, determined for
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Fig. 4. The spectrum of excited mesons of various JPC extracted from a lattice QCD calculation with light quark masses such
that mπ = 391MeV [153]. The lightest set of states identified as hybrid mesons appear with an orange outline.

isospin, I = 1, I = 0 (reproduced in fig. 4) and charmo-
nium [152–154] show many of the regularities present in
the experimental meson spectrum, but in addition show
something not yet unambiguously observed, a clear spec-
trum of hybrid mesons, some with exotic values of JPC .
Corresponding calculations of the baryon spectrum [155]
show the presence of a spectrum of hybrid baryons, and a
phenomenology has been built to describe these observa-
tions in QCD [156].

While these calculations, performed at heavier than
physical quark masses, give us a tantalizing glimpse of
what lattice QCD can tell us about the hadron spectrum,
they are not complete in that the hadronic decay physics
of the states is not present in any controlled way —the
excited states are appearing as though they were stable
states of definite mass rather than as resonances, and the
spectrum obtained is at best a guide to the presence of
relatively narrow resonances in a given energy region.

In order for a QCD calculation to be a faithful re-
flection the relevant physics, it must be capable of re-
solving excited hadrons as they truly are, as short-lived
resonances, typically decaying to more than one final-
state. This necessitates the computation of the energy-
dependence of coupled-channel scattering amplitudes, in
which the resonances will appear as enhancements. In
the past five years, USQCD Collaboration members have
made significant progress in determining such amplitudes,
making use of relations which connect them to the discrete
spectrum of eigenstates of quantum field theory in a finite-
volume, which can be computed in LQCD [157–176].

The simplest case is elastic scattering, where in a lim-
ited energy region only one hadron-hadron channel is kine-
matically open. Resonances appearing in elastic scattering
include the ρ and the σ in ππ scattering, the K⋆ in πK,
and the Δ in πN , all of which have been considered in

LQCD [177–193]. In the elastic case, the scattering ampli-
tude can be described by a single real energy-dependent
parameter, the phase-shift, which has a characteristic rise
through 90◦ if a narrow resonance is present. For elastic
scattering, there is a simple one-to-one mapping of each
discrete energy level in a finite-volume to a value of the
elastic scattering phase-shift at that energy (neglecting
higher partial waves) [157,194]. It follows that the lattice
calculation is required to have a robust determination of
the discrete spectrum of eigenstates, ideally in several lat-
tice volumes. Additionally, the use of moving frames [159]
and/or asymmetrical volumes [195, 196], can give access
to more energy values which can be used to map out the
energy dependence of the phase-shift. To more reliably ex-
tract the complete spectrum of eigenstates it proves nec-
essary to go beyond the kind of “single-hadron-like” op-
erator basis used in the simplified spectrum calculations
described above, and to also include a set of operators
which resemble the relevant hadron-hadron pair undergo-
ing the scattering process.

The LQCD technology of operator and correlation
function construction has been developed to a state where
these elastic scattering calculations are becoming a stan-
dard component of the USQCD program and are being
pursued by groups around the world [177–182, 184, 185,
197–201]. Recent examples are presented in fig. 5 for the
case of ππ scattering in I = 1 and I = 0, where the very
different behavior of the ρ resonance and the σ can be ob-
served. LQCD [187] has shown for the first time in a first-
principles approach to QCD, that the σ meson evolves
from being a broad resonance at light quark masses [188],
into a stable bound-state below the ππ threshold.

Going beyond the simplest case of elastic scattering,
resonances will appear in the coupled-channel S-matrix.
When more than one hadron-hadron channel is open, the
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Fig. 5. ππ elastic scattering phase-shifts from lattice QCD
calculations. (a) Isospin=1 P -wave computed with mπ ∼

236 MeV [185] showing the characteristic narrow ρ resonance.
(b) Isospin=0 S-wave at mπ ∼ 391 MeV and mπ ∼ 236MeV
where the σ meson appears as a bound-state, broad resonance
respectively [187].

lattice spectrum calculations require extension of the op-
erator basis to include hadron-hadron operators of the
relevant species, but the analysis to turn this spectrum
into information about scattering is less straightforward,
since there can no longer be a one-to-one mapping of
any given energy level into the multiple unknowns of a
coupled-channel scattering matrix at that energy [157]. A
successful approach [183,202–206] has been to parameter-
ize the energy-dependence of coupled-channel amplitudes,
and to use very many discrete energy levels in multiple
volumes and/or moving frames to constrain the free pa-
rameters. Potential bias introduced by explicit choice of
parameterization can be reduced by considering a range
of forms, and exploring to what extent the best-fit am-
plitudes vary with parameterization choice [183,202–206].
Increasingly more sophisticated approaches such as uni-
tarized chiral perturbation theory have also been consid-
ered [207,208].

Having explicit analytic forms for the amplitudes
has the advantage that it becomes possible to deter-
mine resonance properties by analytically continuing the
parametrized amplitudes into the complex energy plane,
with resonances appearing as pole singularities, and where
the couplings of resonance states to their decay channels
can be obtained from the pole residues. The real and imag-

inary parts of the pole position can be identified with the
mass and total width of the resonance, and the couplings
are related to the decay branching fractions. This method-
ology was recently used to find low-lying scalar and tensor
resonances in the coupled ππ, KK, ηη system with I = 0.
In ref. [206], a calculation with quark masses correspond-
ing to a pion mass ∼ 400MeV was presented where excited
state spectra were extracted from variational analysis of
correlation matrices computed in three lattice volumes, in
a range of moving frames. The resulting energies were used
to constrain the various amplitudes shown in fig. 6. The
scalar amplitude has a highly non-trivial behavior in which
a bound-state lying below ππ threshold interferes with an
f0(980)-like resonance singularity lying close to the KK
threshold, leading to a dip in the ππ → ππ amplitude
that is analogous to a feature seen in the experimental
amplitude. The resonance is found to have roughly equal
coupling strength to ππ and KK. The tensor amplitude
is quite different, being much closer to our expectations
for straightforward resonant enhancements, with two clear
peaks corresponding to two pole singularities, one coupled
dominantly to ππ and the other to KK; numerical esti-
mates are determined for the branching fractions from the
pole residues. These two resonances closely resemble the
experimentally well established f2(1270), f ′

2(1525) states.
This example illustrates the highly non-trivial dynamics
that can arise in hadron-hadron scattering from the non-
perturbative dynamics of QCD, and LQCD is for the first
time providing us a methodology to explore this dynamics
without recourse to approximations or assumptions whose
justification may not be clear.

A new generation of experiments are studying hadron
spectroscopy using novel production mechanisms —an ex-
ample being the GlueX experiment at Jefferson Lab, which
is producing meson resonances using a photon beam, with
a particular focus being the search for exotic JPC mesons
which may have an explanation as hybrids featuring an
excitation of the gluonic field. The anticipated huge data
set from this experiment motivates study of the cou-
pling of excited hadrons to photons, and in recent years
we have seen the development of a formalism to extract
the relevant amplitudes from finite-volume LQCD calcu-
lations [165, 171, 172, 209–216]. Indeed, the first explicit
calculation [217,218] computed three-point vector current
correlation functions corresponding to the quantum num-
bers of the process γ⋆π → ππ with JP = 1−, in which
the ρ resonance is expected to appear. The results of this
first calculation at mπ ∼ 400MeV are presented in fig. 7
where the effect of the ρ resonance in the electromag-
netic transition amplitude can be clearly observed, and
where the dependence on the virtuality of current can be
used to determine the transition form-factor of the un-
stable ρ resonance (see also [219]). The formalism for the
analysis of e+e− annihilation to meson-meson final-states
through a photon has also been applied to ρ → ππ de-
cays [220].

Over the past ten years LQCD has transformed theo-
retical hadron spectroscopy, moving it from being domi-
nated by model calculations, which while useful, had only
a limited connection to QCD, to being directly connected
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Fig. 6. ππ, KK coupled-channel scattering amplitudes in two partial-waves determined in a lattice QCD calculation with
mπ ∼ 400MeV [206]. (a) JP = 0+ sector found to contain a bound-state σ, but also a resonance pole near the KK threshold,
having strong coupling to both KK and ππ that may be associated with the experimental f0(980) meson. (b) JP = 2+ sector
found to contain two narrow tensor resonances.

Fig. 7. Amplitude for the process πγ⋆ → ππ in P -wave com-
puted in lattice QCD with mπ ∼ 400MeV [217, 218]. Shown
for two values of the photon virtuality, Q2, and also shown the
corresponding amplitude for ππ → ππ indicating that the ρ

resonance is contributing to both processes.

with QCD with only controlled approximations made. Ini-
tial successes mapping out the highly excited spectrum of
mesons and baryons, while excluding their decay proper-
ties, led to answers to longstanding questions about the
role of excited gluonic fields in the hadron spectrum. More
recently the field has begun computing excited hadrons as
they truly are, as unstable resonances in hadron scatter-
ing amplitudes, firstly for the simple case of elastic reso-
nances, and then for resonances which can decay into two
or three different final states. The coupling of unstable
resonances to external currents is now accessible in lattice
QCD calculations, in some cases this provides an observ-
able which can be compared to experiment, and in others
a set of form-factors which can be used to build a space-
time picture of the distribution of constituents within the
unstable hadrons, potentially allowing for a validation of
model-dependent claims that some states are e.g. diffuse
meson-meson molecules. We are only beginning to see the
possibilities of using lattice QCD to understand hadron

spectroscopy, as has been highlighted in the 2015 NSAC
Long Range Plan for Nuclear Science [121].

This physics progress comes about because of signifi-
cant technical advances that have been made by USQCD
in all aspects of LQCD calculations (see the compan-
ion white paper of computational LQCD [5]). Operators
have been developed which overlap efficiently with the
eigenstates of QCD in a finite-volume, either as “single-
hadron” operators or as constructions which resemble a
pair of hadrons and which respect the cubic symmetry
of the lattice. To compute the required correlation func-
tions, diagrams featuring quark-antiquark “annihilation”
lines are required, and techniques such as distillation [221]
and stochastic variants [222] have rendered these, which
were traditionally considered extremely challenging, now
quite run-of-the-mill. The use of anisotropic lattices, in
which the lattice spacing in the time direction is somewhat
finer than in the spatial directions, has allowed for rather
precise determinations of discrete energy spectra, through
fine resolution of the time dependence of correlation func-
tions. Anisotropic lattices have reduced the computational
cost of such studies relative to working on fine isotropic
lattices, particularly given the need to use relatively large
volumes. The need to compute large matrices of correla-
tion functions in order to accurately determine the discrete
excited spectrum of QCD eigenstates, has had the conse-
quence that the computation cost of the final stage of the
lattice calculation, in which the correlation functions are
constructed, has become a significant portion of the total
computational budget. Much ongoing effort is devoted to
identifying methods to reduce this cost.

Future opportunities. Looking forward, we expect to
see much more progress in understanding the light hadron
spectrum using lattice QCD methods. Early targets will
see the application of established two-body techniques to
channels that have not previously been explored. Proposed
calculations include some to study the experimentally es-
tablished axial meson resonances like a1, b1, which are
known to have dominant decays to πρ, πω. At heavier
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than physical light quark masses, the vector mesons in the
decay are stable, and the decay is two-body. There are still
novel challenges here associated with the additional spin
degree-of-freedom provided by the vector: for example, the
JPC = 1+± quantum numbers of the axial mesons can be
constructed with either an S-wave or a D-wave between
the pseudoscalar and the vector mesons. In a non-resonant
case of πρ scattering with I = 2 it has been shown that
the relative strength of these two channels, and the mixing
between them, can be determined in lattice QCD calcu-
lations [223]. These techniques, once established for the
axial meson resonances can be extended to other JPC ; an
important case is the exotic JPC sector in which hybrid
mesons are predicted to appear. The larger mass of these
resonances is such that several decay channels are kine-
matically accessible. The aim of the first calculations will
be to predict some properties of these states in advance of
the search within the GlueX data set, and in particular to
have first estimates for the mass, total decay width, and
the branching fractions to the various final states. This
can be used to offer guidance to experiments like GlueX
which have to select a particular set of final state particles
for analysis when searching for resonances.

There are opportunities, as well as challenges, to un-
derstanding the low energy resonant spectrum of baryons.
The first excitation of the proton —the “Roper”— is ex-
pected to be resonant in Nπ. At unphysical pion masses,
the splitting of Nπ, Nη and ΣK thresholds leaves only
a small window to consider the resonance in an elastic
region, thus it is expected that the use of the coupled
channel formalism will be essential to adequately address
this and other baryon systems.

While the expectation is for calculations to progres-
sively be done at lighter and eventually physical light
quark masses, in the short-term, some calculations at
heavier than physical quark masses will continue to be
warranted. By increasing the light quark mass, pions be-
come heavier, and three-meson thresholds correspondingly
lie higher, providing a larger energy region over which the
unique and well-studied two-body finite-volume formal-
ism can be applied rigorously. At present, the absence
of a complete formalism to describe three-hadron scat-
tering in a finite-volume is an important restriction. It
is clear that this must be remedied if calculations are
to proceed at lighter quark masses, where the bulk of
resonances lie above at least one three-hadron thresh-
old. On this front, a significant formal effort is under-
way [224–232] using a number of different approaches,
and there is work ongoing to understand the common-
alities in the results. On the practical lattice computa-
tional side, the extension of previous calculations is rel-
atively straightforward —three-hadron-like operators can
be constructed using the same techniques used to com-
bine single hadrons into two-hadron operators, and ap-
proaches like distillation [221] allow for the relevant cor-
relation functions to be computed without any additional
computation of propagator objects. The increased num-
ber of quark fields involved will naturally lead to a combi-
natoric increase in contraction costs, and algorithmic im-
provements under the LQCD Exascale Computing Project

and the LQCD SciDAC-4 project are being explored to re-
duce these costs.

While the development of a rigorous three-body (and
higher) formalism is vital to have confidence in the calcu-
lations of high-lying resonances, it is likely that explicit
calculations will show simpler behavior corresponding to
quasi-two-body decays in many cases. Experimentally res-
onances appearing in three-body and higher multiplicity
final state are observed to dominantly proceed through
intermediate two-body states featuring isobar resonances
which subsequently decay, e.g. a1 → ρπ → (ππ)π. It
may eventually prove possible to make use of this isobar
dominance to simplify somewhat the analysis of finite-
volume spectra in energy regions in which three hadron
and even higher multiplicity final states are kinematically
accessible.

Building on the first successful calculations involving
currents coupled to resonances, we will see extensions to
other resonant states. Transition form-factors evaluated
for photons with zero momentum transfer control the rate
of photoproduction at GlueX —first calculations (even for
unphysically heavy quark masses) of established mesons
can be compared to the first round of analysis of the
GlueX data set, and prediction estimates made for the
exotic JPC state production rates. Beyond electromag-
netism, we will see calculations of light quark resonances
appearing in weak heavy-flavor decays. This includes the
flavor-changing neutral-current process B → ℓ+ℓ− K∗

→֒Kπ
,

in which there are currently tensions between theory and
experiment that hint at physics beyond the Standard
Model, and the charged-current decay B → ℓ−ν̄ ρ

→֒ππ
,

which can provide new information on the |Vub| puzzle.
More detailed discussions of these weak decays can be
found in the accompanying white paper on quark and lep-
ton flavor physics [7].

As described in sect. 2, there are opportunities to use
the techniques developed for spectroscopic studies of reso-
nances to investigate their three-dimensional gluon struc-
ture described by gluon GPDs and TMD. These quantities
may provide insight from QCD into details of the nature of
exotic states. These calculations are extremely demanding
computationally and will also require continued theoreti-
cal development.

3.2 Heavy quarks and the XYZ states

Since the observation of the X(3872) in 2003 [233], an ever
growing family of unexpected enhancements in the ex-
perimental studies of charmonium region have been seen,
known colloquially as the “XYZ” states. These enhance-
ments, if interpreted as resonances, typically lie outside
the previously successful picture of charmonium in terms
of cc̄ bound-states, sometimes in extreme ways. For ex-
ample the Zc enhancements observed in final states like
J/ψ π+ are charged, and it is argued must have minimal
quark content cc̄ud̄. Further discoveries and refined mea-
surements of the properties of observed states continue
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in earnest at facilities like LHCb and BES III, with fur-
ther extension into the bottomonium sector expected at
Belle II.

Within the charm sector, the LQCD methods de-
scribed above can be brought to bear on the question
of flavor exotics and the other excess XYZ states. There
have been suggestions that at least some of the observed
experimental enhancements arise due to the kinematics of
the three-body production process (e.g. e+e− → π (πJ/ψ)
or B → K (ψ′π)), rather than being due to a true two-
body resonance [234, 235]. Lattice calculations have the
advantage here that in order to determine the resonant
content, they are not restricted to studying particular
higher-multiplicity production processes, but rather they
can compute the two-body scattering amplitude directly,
removing the effect of any kinematic singularities partic-
ular to the production mechanism.

The techniques for determination of coupled-channel
scattering matrices pioneered in the light-quark sector and
described in the previous section can be applied for heavy
quarks. The calculations are somewhat more technically
challenging as the small spin-splitting between D and D∗

mesons, and the lightness of the π compared to the en-
ergy gap between the J/ψ and the relevant excited states,
means that there are typically several kinematically ac-
cessible channels which must be considered.

The calculation of the radiative decay of the XYZ
states can address the speculations of the “XYZ”-s are
“molecular” in origin. First calculations could target the
open-charm systems as well as the more challenging I = 0
DD̄ decays. There are hints already that some of the ex-
perimentally observed enhancements may not have a res-
onant origin. In ref. [236] (see also [237]), a lattice calcula-
tion of the spectrum of states with the quantum numbers
of the Zc(3900), using a large basis of operators containing
many resembling the expected finite-volume meson-meson
states as well as several having tetraquark-like structure,
showed no significant deviations from the spectrum ex-
pected if interactions are only weak, and no resonance is
present.

While the first LQCD studies suggest that double
charm and hidden charm tetraquarks do not appear as
entities in the spectrum, there is significant evidence from
lattice calculations that double beauty tetraquarks are
actually bound [238–240] (see also refs. [241, 242]). Such
states, if they can be produced experimentally, would be
observed through their weak decay. Further LQCD calcu-
lations, utilizing the diverse operator bases already shown
to be capable of reliably extracting the complete low-
energy spectrum, are warranted to investigate systematics
and determine the properties of these states with higher
precision.

The spectrum and dynamics of hadrons containing
heavy quarks are constrained by approximate heavy-quark
flavor and spin symmetries [243, 244]. A particularly in-
teresting symmetry emerges for doubly heavy baryons
and doubly heavy tetraquarks: in the large-mass limit,
the two heavy quarks are expected to form a point-
like diquark that acts like a single heavy antiquark, and

the light degrees of freedom behave as in a singly-heavy
hadron [245–249]. With the current operation of the LHC,
charm and bottom baryons are being produced in unprece-
dented quantities. This has led to several discoveries in the
last few years [250–258], with many more expected in the
future. LQCD can predict the masses, can help assign JP

quantum numbers, and can also provide information on
the structure and decay rates [259–268]. Including the ef-
fects of electromagnetism and isospin breaking even allows
estimates of charge splittings for stable states [147].

The LHCb Collaboration has reported the observation
of three narrow J/ψ p pentaquark resonances, Pc(4312),
Pc(4440), and Pc(4457), in Λb → J/ψ pK decays [269,
270]. Studying these resonances on the lattice is challeng-
ing due to the many open channels, including channels
with more than two hadrons. Charmonium-nucleon inter-
actions have been investigated in lattice QCD at low en-
ergies [271–274], and recently also in the Pc energy re-
gion [275]. The interactions near threshold were found
to be slightly attractive, with an increasing attraction
at unphysically heavy up and down quark quark masses,
where bound states were seen [274]. The recent study of
charmonium-nucleon interactions at higher energies [275]
did not find any Pc resonance, but the inclusion of addi-
tional channels (such as Σ+

c D̄0(∗)) is expected to be im-
portant.

4 Nuclear spectroscopy, interactions and

structure

Beyond the physics of single hadrons described in the pre-
vious sections, the complexity of the nuclear landscape
emerges from QCD and the other forces of the SM. From
the point of view of QCD, this emergence is an interesting
phenomena, with the various effective degrees of freedom
in nuclei (nucleons, α clustering, shells, resonances) all
being extremely non-trivial consequences of QCD dynam-
ics that beg for explanation. The first steps in addressing
this complexity from LQCD have been made over the last
decade, and we anticipate that LQCD will become an in-
creasingly important part of nuclear theory in the com-
ing years. Since the SM forms the foundation of nuclear
physics, LQCD can be used to study the forces that bind
nucleons into nuclei and govern their interaction, as well as
to investigate how nuclear systems interact with external
electroweak probes and possible physics beyond the Stan-
dard Model. While there has been remarkable progress in
this area over the last decade, it is clearly an area where
major opportunities for new developments exist and ma-
jor challenges await.

4.1 Nuclear spectroscopy

Determining the ground state energies and bindings of
light nuclei is a central challenge for LQCD in nuclear
physics. The very first LQCD calculations of nuclei (ob-
jects with baryon number greater than one) are less than
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a decade old and significant advances in the study of nu-
clear systems have occurred over the last five years. Al-
though no bound states were determined in earlier studies
of baryon-baryon systems [276–280], these works devel-
oped the necessary contraction and analysis techniques
for efficient study of two-body systems. The first calcula-
tions of bound systems with baryon number A ≥ 2 were
of the doubly-strange H-dibaryon system at unphysical
quark masses [281–283]. Studies of the two-nucleon chan-
nels [284] and other exotic channels were performed sub-
sequently [285–287]. These studies used the same Lüscher
method discussed above in sect. 3, converting finite vol-
ume energy eigenvalues into determinations of infinite vol-
ume bound state pole positions. Bound states have also
been found using the HAL potential method [288] based
on refs. [157,210], although issues with the validity of cur-
rent applications of the method have been raised [289–293]
and it is only recently that systematics have begun to be
addressed in this method [294]. A series of studies of sys-
tems of many mesons [295–297] allowed the extraction of
a three-particle interaction from LQCD for the first time.
Calculations of systems up to atomic number A = 4 have
followed [298–300], with almost physical quark mass cal-
culations being currently performed by the PACS-CS Col-
laboration [300]. The authors of refs. [301] have suggested
that systematic issues exist in the extractions of energies
in many of these studies. While such issues can potentially
exist they require careful investigation on a case-by-case
basis and many aspects of the criticism are refuted for
particular calculations in refs. [293,302,303].

Spectroscopy of nuclear systems is particularly chal-
lenging for LQCD for multiple reasons, some physical and
others technical. The first challenge stems from the fact
that the physics of nuclei is complicated, with low-energy
excitations possible through many different mechanisms;
understanding even the simplest aspects completely re-
quires precise control of spectroscopy. Existing studies are
at some level saved by the finite lattice volumes and the
heavier than physical quark masses that were used which
lead to a simpler spectrum. However future calculations in
large volumes and with physical quark masses must con-
front these issues (ref. [298] highlights just how formidable
this challenge is). A second challenge arises from the
Monte Carlo techniques used for LQCD calculations. As
emphasised by Parisi and Lepage [304–306], single baryon
correlation functions exhibit a signal-to-noise ratio that
degrades exponentially with the temporal separation. For
nuclear systems, the problem only becomes more chal-
lenging [279, 280] and extraction of the eigenenergies is
consequently difficult. A number of methods have been
developed that aim to ameliorate this issue, either defin-
ing better-behaved estimators [307–311] or new analysis
strategies that optimize the ratio of signal to noise [312].
None of these methods has completely solved the signal-to-
noise problem, but they have proved sufficient for studies
of the lightest few nuclei. Finally, at least naively, the com-
plexity of contractions grows factorially with the system
size; calculations for 4He are at first sight 6!6!/2 ∼ 260, 000
times more difficult than for a proton. Efforts to reduce
these costs via construction of enumerative [313,314] and

recursive [315, 316] algorithms have enabled the progress
described above. Given the exponentially hard nature of
these challenges, new techniques making use of machine
learning and also quantum information science will po-
tentially have transformative impact in many body lattice
QCD in particular. Some new directions are discussed in
the companion White Paper on Computational Lattice
Field Theory [5].

There are many opportunities for increased effort in
this area as well as many technical challenges that exist in
studying larger nuclei and performing calculations at the
physical quark masses. Extending existing calculations to
even moderately larger A will have significant impact as
nuclei that require p-shell configurations become accessi-
ble. These systems depend on more complicated aspects
of the nuclear forces than the A ≤ 4 nuclei that have been
studied and new lattice calculations will constrain differ-
ent spin and isospin components of these forces. Larger
nuclei also exhibit interesting collective effects such as halo
structures (e.g., 6,8He), cluster structures (e.g. 8Be, 12C)
and deformations that would be very instructive to see
emerge from LQCD calculations, although significant al-
gorithmic advances will be required to reach such systems.
Extension of the current calculations to excited states of
nuclear systems will also provide renewed insight into the
nature of nuclei, but will require exascale computing and
advanced variational techniques such as those discussed
in sect. 3. By using a large basis of operators of different
symmetries and structures, this would allow a detailed un-
derstanding the nature of these excitations and the origin
of collectivity in nuclei.

As well as efforts towards controlled calculations of
nuclear physics to understand and interpret experiment,
LQCD offers the possibility of investigating nuclei away
from the physical quark masses, or for different gauge
and fermion content of the theory, as an intellectual pur-
suit of its own. These systems cannot be studied in ex-
periment, but can provide a broader perspective on the
nature of gauge filed theories and promise concrete an-
swers to questions related to the naturalness of nuclear
physics [317–320]. With the possibility of strongly inter-
acting gauge theories other than QCD occurring in the
context of dark matter and hidden valley models, it is also
interesting to understand how ubiquitous nuclear physics
is and whether there are QCD-like theories that do not
exhibit nuclear physics. In a first step in this direction,
refs. [321, 322] consider Nf = Nc = 2 QCD and examine
the nuclear physics and phenomenological consequences of
a putative dark matter sector based on this theory. Sur-
prisingly these studies, and studies of Nc = 3 QCD at un-
physical quark masses suggest that the shallow binding of
nuclei is a fairly generic phenomenon in theory space. Fur-
ther investigations of theories such as those with multiple
matter representations [323] may display fundamentally
different nuclear phenomena.

4.2 Nuclear structure

Exploration of the structure of the nuclei found in LQCD
calculations from the underlying quark and gluon degrees
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Fig. 8. A summary of the magnetic moments [325] (left
panel) and polarizabilities (right panel) of the nucleons and
light nuclei calculated with LQCD at a pion mass of mπ ∼

805 MeV [27].

of freedom offers opportunities for new insight into the
complexities of nuclear physics, as well as additional chal-
lenges. Phenomenologically, the spectroscopy and decay
patterns of excitations of nuclei have been an important
source of structure information. However, interactions of
nuclei with electroweak probes have provided the most
precise information we have about the internal dynam-
ics of nuclei. In particular, the magnetic moments, higher
multipole moments, and polarizabilities have enabled a
static picture of nuclei to be determined. The electromag-
netic form factors of nuclei have revealed their charge and
current distributions and have further developed our un-
derstanding of nuclear structure. Nuclear parton distribu-
tions extracted from deep-inelastic scattering on nuclear
targets have provided a different perspective on the par-
tonic substructure of nuclei. Based on this phenomenology,
nucleons are seen to be effective degrees of freedom inside
nuclei, leading to the success of the phenomenological shell
model and many-body approaches based on nucleon de-
grees of freedom in describing many aspects of nuclear
structure. However, there are many ways in which nuclei
reveal that non-nucleonic degrees of freedom are impor-
tant inside the nucleus. The EMC effect [324], discovered
in 1983, is perhaps the most striking; it shows that the dis-
tribution of quarks and gluons in a nucleus differs at the
O(20%) level from the incoherent sum of the distributions
in the nucleon. Understanding these and other aspects of
nuclear structure from QCD is an important challenge.

The first steps towards understanding nuclear struc-
ture from LQCD have been taken, with isovector magnetic
moments [325–327] and magnetic polarizabilities [27] of
nuclei up to A = 4 being computed at heavier than phys-
ical quark masses using background field methods. Inter-
estingly, relations that exist between magnetic moments
in phenomenology are also apparent in the LQCD results
at heavy quark masses. For example, the magnetic mo-
ment of the triton is very close to the magnetic moment
of the neutron; this is in line with the simplest shell-model
configuration where the two protons in the triton spin-pair
to zero. The extracted magnetic moments and polarizabil-
ities are summarized in fig. 8 and, as seen in left panel,
the close agreement between the LQCD and experimental
magnetic moments is striking.

The Gamov-Teller (GT) contributions to the weak de-
cay of the triton [328] and the coupling on A ≤ 3 nuclei
to scalar and tensor currents [329] have also been investi-
gated using similar background field techniques. The weak
decay of the triton is the simplest nuclear probe of weak
interactions and the GT matrix element is most uncer-
tain contribution. As discussed extensively in the com-
panion white paper on Fundamental Symmetries [3], the
scalar current is relevant for interactions with nuclei in
many models of dark matter [330] and for searches for new
physics in precision spectroscopy [331,332], while the ten-
sor current determines the quark electric dipole moment
contribution to a nuclear electric dipole moment [333–335]
and is thus an important ingredient in searches for new
sources of time-reversal violation. The nuclear dependen-
cies of the various currents are shown in fig. 9.

While the quark structure of nucleons and nuclei is
relatively well probed by electron scattering experiments,
unraveling the gluon structure is more difficult. As dis-
cussed in sect. 2, the Electron Ion Collider [108], a major
new Nuclear Physics accelerator facility planned for con-
struction in the 2020s, will particularly target the gluon
structure of nucleons and nuclei. LQCD calculations can
play an important role in planning this facility and set-
ting benchmarks for first measurements of various gluon
structure quantities. To this end, a preliminary study of
the modification of the lowest moment of the unpolarized
gluon distributions in nuclei, the gluon momentum frac-
tion, has been performed [128], although nuclear effects
were bounded rather than resolved. In addition, the first
moment of the gluon transversity structure function was
investigated in the spin-1 deuteron. This latter quantity
corresponds to a target helicity flip by two units and so
vanishes for the nucleon; it is therefore intrinsically a nu-
clear effect.

Calculations of electroweak interactions with nuclei
that include momentum transfer from the currents will
determine the nuclear form factors necessary to constrain
elastic electron-nucleus and neutrino-nucleus scattering.
This will reduce the theoretical uncertainties inherent in
the coming long-baseline neutrino experimental program
as discussed in detail in the companion White Paper on
Neutrino Interactions [6]. Coupled to the calculations of
the proton charge radius described above, calculations of
the charge radii of the light nuclei d, 3He and 4He will
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Fig. 9. The differences of the scalar, axial and tensor current
matrix elements of light nuclei from single particle expecta-
tions [329]. Nuclear effects can be identified by the deviation
of the quantities shown from zero.

enable further insight into the discrepancies in nuclear
charge radii between muon spectroscopy and electron scat-
tering and spectroscopy [336].

Future calculations will explore the modification of
moments of parton distributions in light nuclei, thereby
probing the EMC effect from QCD. While these calcu-
lations will be in light nuclei for the foreseeable future,
effective field theory [337, 338] and phenomenology [339]
suggest that two-body correlations that can be determined
in the few nucleon sector are sufficient to describe the
EMC effect. LQCD can also help address more complex
questions such as the flavor and spin dependence of the
EMC effect that are hard to access from phenomenology.
Using the techniques described in sect. 2, the Bjorken-x
dependence of nuclear parton distributions will also be ac-
cessible, significantly expanding the connection of LQCD
to phenomenology in this area.

4.3 Nuclear interactions

Understanding the forces between nucleons that result
in their binding into nuclei is a central goal of nuclear
physics. As discussed in sect. 3 above, two-particle inter-
actions can be addressed using the finite volume formal-
ism of Lüscher [157,194] that translates finite volume en-
ergy levels into determinations of scattering phase shifts
up to inelastic thresholds. Over the last decade, calcula-
tions of scattering phase shifts for baryon-baryon systems
have become increasingly advanced, although they are still
far from the level of sophistication that has been achieved
in the meson sector. The two different nucleon-nucleon
spin channels have been studied over a range of quark
masses, with the most recent calculations performed at
quark masses corresponding to mπ ∼ 400MeV. Hyperon-
nucleon scattering parameters have also been extracted
and extrapolated to the physical quark masses. Knowl-
edge of the nucleon-hyperon (nΛ and nΣ) scattering phase
shifts is important in determining the equation of state
of neutron stars, as strongly attractive interactions make
it feasible for the dense core of neutron stars to relieve
degeneracy pressure through hyperon production [340].
However the unstable nature of hyperons makes it very
difficult to extract these phase shifts from experiment. Un-
like in the NN case, the scattering phase shifts extracted
from LQCD rival the precision of phenomenological de-
terminations and indicate that hyperons are potentially
relevant in the interior of neutron stars [287, 341]. With
recent detection of gravitational wave signatures of a neu-
tron star merger event by advanced LIGO and the asso-
ciated electromagnetic follow-up observations [342, 343],
and with the first release of observations from the NICER
satellite observatory expected soon [344], QCD input into
the nuclear equation of state has taken on a new impe-
tus. In the coming decade such scattering phase shifts will
be extracted with full control of systematic uncertainties;
calculations of the nucleon-nucleon interaction will bench-
mark LQCD, while those in more exotic channels will be
predictions that challenge experiment and act as input to
phenomenology. Future calculations will also include the
effects of QED in scattering analyses [345].

Three-nucleon forces can also be determined from fi-
nite volume spectroscopy. The complexity of the three-
body interactions, however, means that the amplitude-
based methods used for two-particle systems are challeng-
ing to apply. While the simplest aspects of the formalism
needed to extract interactions from three particle finite-
volume energies have been developed [224, 226, 346–350],
as yet the only systems that have been analysed numer-
ically are multi-meson system that interact weakly [295].
At present, analysis of three baryon systems must resort
to effective field theory based methods [351–356] in which
the finite volume eigenspectrum of QCD in the relevant
quantum number systems is matched to EFT calculations
in the same volume, thereby enabling extraction of the
relevant low energy constants. This approach makes use
of the full statistical power of the LQCD calculations, but
relies on the EFT to extract infinite volume physics. Ini-
tial EFT studies matching to multi-nucleon ground state
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Fig. 10. The short-distance correlated two-nucleon (meson-
exchange current) contribution to np → dγ [326].

binding energies have been undertaken [357–360], deter-
mining the LECs of the two and three-nucleon interac-
tions in pionless (at a set of unphysical quark masses) and
pionful EFTs. Having determined these LECs, the EFTs
have been used to extrapolate to larger systems such as
16O. LQCD calculations on magnetic properties have also
been used to constrain EFT approaches [361]. In the con-
text of nuclear structure, nuclear lattice effective field the-
ory [362] is a promising approach in which the effects of
quark mass variation on nuclear spectroscopy have been
recently summarised in ref. [363].

The electroweak interactions of two nucleon systems
are particularly important phenomenologically. Calcula-
tions of two-nucleon systems in external magnetic fields
were used to isolate the short-distance two-body electro-
magnetic contributions to the low-energy radiative cap-
ture process np → dγ, and the photo-disintegration pro-
cesses γ(∗)d → np [326], as shown in fig. 10 [326, 327]. In
nuclear potential models, such contributions are described
by phenomenological meson-exchange currents, while in
chiral perturbation theory and pionless effective field the-
ory these enter as two-body contact operators. These lat-
ter quantities were determined directly from the underly-
ing quark and gluon interactions through LQCD calcula-
tions of coupled neutron-proton systems in multiple back-
ground magnetic fields, at two values of the quark masses,
corresponding to pion masses of mπ ∼ 450 and 806MeV.
Assuming this is indicative of the weak mass dependence
of the two-body contact operator, the results were extrap-
olated to the physical pion mass, allowing the rate of the
low-energy inelastic process to be determined at the phys-
ical point albeit with large uncertainties. This is the first
LQCD calculation of an inelastic nuclear reaction.

The first LQCD calculations of the nuclear matrix el-
ement determining the pp → de+νe fusion cross section
and the Gamow-Teller matrix element contributing to tri-
tium β decay were presented in ref. [328]. Using a new
implementation of the background field method, the ma-
trix elements were calculated at the SU(3)-flavor symmet-
ric value of the quark masses, corresponding to a pion
mass of mπ ∼ 806MeV. Assuming that the short-distance

correlated two-nucleon contributions to the matrix ele-
ment (meson-exchange currents) depend only mildly on
the quark masses, as seen for the analogous magnetic in-
teractions, the calculated pp → de+νe transition matrix
element leads to a fusion cross section at the physical
quark masses that is consistent with its currently accepted
value, although further calculations are required to better
substantiate this conclusion. Moreover, the leading two-
nucleon axial counterterm of pionless EFT is determined
to be L1,A = 3.9(0.2)(1.0)(0.4)(0.9) fm3 at a renormaliza-
tion scale set by the physical pion mass, also in agreement
with the accepted phenomenological range.

For some specific nuclei, single β decay is energetically
forbidden, but double β decay is allowed. In the Stan-
dard Model, this decay occurs with the release of two
electrons and two anti-neutrinos, conserving lepton num-
ber (2νββ-decay). In many beyond-the-Standard-Model
scenarios, either with light Majorana neutrinos (particles
that are their own antiparticles) or with other forms of
lepton number non-conservation at high scales, a second
form of double β decay that involves no neutrinos in the
final state (0νββ-decay) can occur. Observation of this
latter process would be an unambiguous signal for new
physics. Understanding of the implications of such an ob-
servation, as well as optimizing the design of future ex-
periments seeking this decay mode, requires understand-
ing the relevant ΔI = 2 nuclear transition matrix el-
ements. This is a challenging task and state-of-the-art
nuclear theory calculations of these matrix elements dif-
fer by an order of magnitude. LQCD offers the prospect
of QCD input into this problem through calculations of
the relevant matrix elements in light nuclei that can be
used to control uncertainties in nuclear models. In the
last two years, the 2νββ process has been studied in the
pp → nn transition [29, 30], the pionic matrix elements,
〈π+|O|π−〉, of ΔI = 2 short distance operators [364], and
the π− → π+e−e− and π−π− → e−e− transitions in-
duced by a light Majorana neutrino [365, 366], have all
been investigated for the first time. Future refinements of
these calculations, even restricted to few nucleon systems,
have the potential to significantly impact experimental
design. Achieving precision calculations in the large nu-
clei relevant for 0νββ-decay experiments will also require
significant developments in EFT and many-body meth-
ods. Already, these finding suggests that nuclear models
for neutrinoful and neutrinoless ββ decays need to incor-
porate a previously neglected contribution if they are to
provide reliable guidance for next-generation neutrinoless
ββ-decay searches.

4.4 Nuclear input for neutrino physics and
fundamental symmetries

Nuclei are used as targets in intensity frontier experiments
probing the neutrino sector and searching for physics be-
yond the SM. In particular, argon (Z = 18) is the target
material for a number of current neutrino experiments and
will be the target for the upcoming Deep Underground
Neutrino Experiment (DUNE), while a range of nuclei
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such as sodium (Z = 11) and xenon (Z = 54) are used
in dark matter direct detection experiments [330]. Charge
lepton flavor violation searches look for μ → e conversion
in the field of aluminium (Z = 13) [367], and precision
isotope-shift spectroscopy experiments consider a wide
range of nuclei ranging from hydrogen (Z = 1) to ytter-
bium (Z = 70) in order to constrain new physics [331,332],
both requiring knowledge of various nuclear matrix ele-
ments [329]. Finally, double-β decay (DBD) searches uti-
lize heavy isotopes to search for lepton number violation
through neutrinoless DBD [368,369] as discussed above.

All of the techniques discussed above in the study of
nuclear spectroscopy, structure and interactions are appli-
cable in these areas, coupled to EFT methods to reach the
experimentally relevant nuclei. We leave a full discussion
of these topics to the two companion USQCD white papers
on Neutrino-Nucleus Interactions [6] and on Fundamental
Symmetries [3].

5 Future opportunities

5.1 Hadron structure

Understanding the structure of the proton and other
hadrons is an important facet of nuclear science and has
led to revolutionary discoveries over the last century, in-
cluding that of QCD itself. The discrepancy in the ex-
perimental measurements of the charge radius of the pro-
ton [370] has spurred a flurry of new measurements and
phenomenological estimates. Current lattice QCD deter-
minations of the proton radius are challenging since the
derivative which defines the radius is extracted from mod-
eling the Q2 dependence of form factors from calculations
at the discrete values of momentum accessible in a finite
lattice volume. Indeed, the problems encountered mirror
those in electron-scattering experiments, where the form
factor is computed for a discrete, albeit closely spaced,
set of finite Q2, and the need to include dispersive meth-
ods in the analysis of the form factors over the values
of Q2 probed in experiment has been recently empha-
sized [371–373].

A method to avoid these uncertainties involves the
computation of coordinate-weighted moments of currents,
without the need to model the Q2 dependence [374]. An-
other recent approach [19] introduces a mass splitting be-
tween the up and down quarks, allowing to access time-
like as well as space-like four-momentum transfers close
to Q2 = 0. These calculations with statistical precision on
the order of a few percent, and at the physical quark mass
and several lattice spacings, are conceptually straightfor-
ward and achievable in the near term. The inclusion of
disconnected diagrams would allow the access to the pro-
ton and neutron charge radii directly.

The nucleon electric and magnetic form factors
GE,M (Q2) describe the distribution of charge and mag-
netization inside the nucleon [78, 375–377] as a function
of the momentum, Q, carried by the photon probe. They
have been extensively studied since the dawn of accelera-
tor technology, offering the first experimental evidence for

composite structure of nucleons [378], as well as the first
determination of the proton radius [379], and remain an
area of active experimental and theoretical research. The
high-momentum limit yields a “high-resolution” picture
of the nucleon, and is a subject of experiments at JLab.

Calculations involving hadrons with large momentum
introduce unique challenges in LQCD: in the Breit frame
one has to study nucleon states with high momentum re-
sulting in statistical noise as well as excited state contri-
butions due to the shrinking energy gap between the nu-
cleon states. New techniques, such as momentum smear-
ing [380, 381], have been shown to improve the signal for
boosted nucleon correlators by a factor of at least 10. The
efficacy of the approach suggests precision calculations of
nucleon form-factors are achievable, up to a few GeV2 in
a few years.

The recent development of techniques allowing for
the extraction of the Bjorken-x dependence of quark and
gluon distribution functions directly from Euclidean space
calculations [74] has opened the door to a new age of
hadronic and nuclear physics calculations. In particular,
these methods allow, in principle, the extraction of the
large-x dependence of quark and glue distributions that
are a subject of the 12GeV upgrade at JLab, and the
small-x dependence under study at RHIC experiment
at BNL and the proposed EIC facility. Near-term lat-
tice calculations will establish the techniques and quan-
tify systematic uncertainties for LQCD studies of the x-
dependence of PDFs within systems like the pion, kaon
and the nucleon. Establishing the flavor dependence of
such parton distribution functions is also a near term
goal. However, accessing the small-x dependence, where
the glue is expected to dominate, is a challenging goal, as
naively one expects that very large lattice sizes with small
lattice spacings are required. An intermediate approach
could use anisotropic lattices to decrease the lattice spac-
ing in a spatial direction.pertubative scaling regime.

5.2 Hadron spectroscopy

One goal of the spectroscopy program is establishing the
branching fractions for decays of hadrons, including pu-
tative exotic mesons. It is these decay couplings that can
inform and confront experimental analyses, such as those
within GlueX and CLAS12. A target within the next few
years is establishing the spectrum of the low-lying scalar,
vector and tensor resonances in the physical limit of QCD.
While these calculations must be mindful of potential
three body decays, they are achievable within the next
few years using resources available on leadership comput-
ing resources as well as USQCD resources.

Targeting exotic meson decays is more challenging,
particularly because three-body decays might well be im-
portant. First calculations will necessarily need to use un-
physically large quark masses where three-body thresh-
olds are pushed higher in the spectrum and away from
the resonance region of interest. These initial calculations
are tractable in the near term. However, the inclusion of
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three-body decays within searches for exotics is more chal-
lenging. The computational cost can be addressed with
anticipated improvements of algorithms, but the under-
standing of how three- and higher-body decay channels
can be included is more a conceptual question that needs
to be addressed.

Electromagnetic radiative transitions provide a probe
into the structure of resonant states, and while challeng-
ing, are experimentally accessible. One notable target is
the photo excitation of exotic mesons from pion exchange
off the proton, the experimental production mechanism
for the GlueX experiment. Thus, the extraction of the
photo-production rate of exotic mesons is an important
target for lattice calculations as they can inform the anal-
ysis of on-going experiments. The analytical formalism for
the study of composite states exists [215], and first studies
have been carried out; however, the analytic formalism is
not in place for systems with three body decays. To avoid
such complications, first calculations will proceed at un-
physical pion masses; these studies are achievable in the
near term. A successful extraction of a photo-coupling will
be an important step for phenomenology.

Beyond reproducing experimentally accessible reac-
tions, lattice calculations can also investigate physically
relevant quantities that cannot be determined experimen-
tally. First such calculations will include the elastic form
factors of hadronic resonances. Encoded in these is struc-
tural information, which will give further insight into the
true nature of these states, e.g., their size and shape. The
computational aspects are manageable, while the analytic
formalism for such systems is maturing [215,382].

A compelling question that remains unanswered in the
charmonium sector is the nature of the “XYZ” resonances.
They often appear in close proximity to thresholds leading
to wide-ranging speculations that some of these might be
“molecular” in origin. These questions can be tested by
studying the response of the state to variations of the po-
sition of the threshold induced by changing the light and
charm quark masses. In addition, the behavior of radiative
transition decays and form-factors, including the calcula-
tion of charge radii, will provide valuable insight into their
nature. Necessarily, the calculations will involve a range
of light and charm quark masses, both at and away from
their physical values. These computations are relatively
straightforward and achievable within the next few years.
However, some of the systems, such as the X(3872), are
very close to threshold thus potentially requiring the in-
clusion of isospin breaking effects as well as high statistical
precision.

5.3 Nuclear interactions

Since nuclei make up the majority of the visible matter
in the Universe, understanding their emergence from the
underlying theory of the strong interaction is a fundamen-
tal challenge bridging nuclear and particle physics. Large-
scale numerical calculations will allow us to address this
challenge and achieve a quantitative connection between
the Standard Model and nuclear phenomenology, opening

new directions in our quest to interpret the complexities
of nuclear physics and supporting experimental efforts to
use nuclei to reveal fundamental aspects of nature.

Determinations of the finite-volume energy levels of
few nucleon systems with physical quark masses will con-
strain the two- and three- nucleon forces in EFT meth-
ods, and, with concomitant developments in many-body
methods based on EFTs, will enable predictions of the
properties and interactions of larger nuclei. Calculations
of the spectrum of light nuclei with atomic number A ≤ 4
with quark masses close to the physical limit are achiev-
able in the near term, given O(106) quark propaga-
tor sources, coupled with techniques such as the varia-
tional method [383], improved estimators [307], along with
signal-to-noise optimization methods [312], all to enhance
the statistical signal. While not fully resolving all sys-
tematic uncertainties, however, these calculations are ex-
pected to represent a significant step forward in showing
how nuclei emerge from the intricacies of Standard Model
dynamics.

The extension to the larger p-shell nuclei will be im-
portant in the future as they are more sensitive to three
body nuclear forces than lighter nuclei. They also present a
new level of challenge for calculations as their structure is
more complicated. These systems will require significantly
more sophisticated constructions of interpolating opera-
tors such as determinant contraction methods [316, 384].
A large number of quark propagators will be required and
the resulting cost of the contractions of these propaga-
tors will be large as well. Current development efforts are
underway that will allow first tests of the efficacy of the
approach, initially at unphysical pion masses, in the near
term.

As outlined in this and accompanying white-papers,
there are strong phenomenological motivations for studies
of the scalar, axial and tensor current matrix elements
of light nuclei. Calculations of the matrix elements in
light nuclei up to A = 4 [128] at close-to-physical val-
ues of the quark masses, will constrain necessary inputs
for current and future experiments using nuclear targets
for searches for physics beyond the Standard Model. The
statistical requirements for each calculation will depend
on the magnitude of the signal in each channel, which is
currently unknown. First studies are expected to proceed
with the scalar current as it appears to have the strongest
nuclear effects. Connected contributions can use external
field techniques [29, 30, 328] while disconnected contribu-
tions are expected to be important. These calculations will
establish the baseline for the statistics required, and while
computationally challenging, are achievable in a few years
time.
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