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Abstract Lattice QCD is a theoretical tool that allows us to study the nonperturbative regime of QCD directly
with full systematic control. The approach is based on regularizing QCD on a finite four-dimensional Euclidean
spacetime lattice and is often studied using numerical computations of QCD correlation functions in the path-
integral formalism using national-scale supercomputers. To make contact with experimental data, the numerical
results are extrapolated to the continuum (with lattice spacing a — 0) and infinite-volume (L — 00) limits.
When the calculation is done using heavier-than-physical quark masses (to save computational time), one also

has to take the m, — mghys limit. In the past decade, there has been significant progress in the development
of efficient algorithms for the generation of ensembles of gauge-field configurations and tools for extracting
relevant information from lattice-QCD correlation functions. Lattice-QCD calculations have reached a level
where they not only complement, but also guide current and forthcoming experimental programs. In this
lecture, we will briefly describe the methodology of lattice calculations on the topics of hadron spectroscopy
and structure.

1 Lattice QCD in a Nutshell

Lattice QCD (LQCD) is an ideal theoretical tool to study the parton structure of hadrons, starting from quark
and gluon degrees of freedom. Lattice QCD discretizes four-dimensional continuum QCD to allow the study
of the strong-coupling regime of QCD, where perturbative approaches converge poorly, and some relevant
physics may not be captured correctly. As in continuum QCD, we calculate an observable of interest through
a path integral:

010G, ¥, HI0) = / [AANATIAYIO T, p, A)el [4x* Eaco@v.4) )

where Lqcp is the sum of the pure-gauge and fermion Lagrangian, O is the operator that gives the correct
quantum numbers for physical observable, and Z is the partition function of the spacetime integral of the QCD
Lagrangian. It is straightforward to carry out this path integral numerically within a finite spacetime volume

! The lattice spacing is often set by matching a physical quantity, such as a hadron mass, between the calculation and experiment.
For some observables where the LQCD determination is very precise, such as the strong coupling constant o [1], the scale-setting
procedure can be the largest source of uncertainty.
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and under an ultraviolet cutoff (the lattice spacing a). For observables that have a well-defined operator in the
Euclidean path integral for numerical integration, we can find their values in continuum QCD by taking the
limits lattice spacing a — 0,! spatial size L — oo and quark mass mg — mghys.

In order to make predictions using QCD on the lattice, we calculate observables corresponding to vacuum

expectation values of operators O, taking the form
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SG is the gauge action and Sy = ¥ M is the fermion action with Dirac operator M. The bilinear structure
of the fermion action allows the integration over the fermion fields to be done explicitly, bringing down a
factor of det M. This means that the anticommuting fermion fields (impossible to simulate on a computer)
are integrated out, leaving an integrand that depends only the values of the gauge fields. In the early days of
lattice QCD, the computational resources were insufficient to compute the fermionic determinant; instead, the
determinant was approximated by a constant. This is equivalent to removing quark loops from the Feynman
diagrams of a perturbative expansion, and this technique became known as the “quenched approximation”.
Quenching retains many of the important properties of QCD, such as asymptotic freedom and confinement,
and the computational cost is much cheaper. It can be useful to study large numbers of configurations or
much smaller lattice spacings to provide insights before moving to calculations orders-of-magnitude more
computationally costly with the up, down and strange quarks in the sea.

The discrete integral we have derived can be evaluated numerically using Monte-Carlo methods. Monte-
Carlo integration uses random points within the domain of gauge configurations to approximately evaluate the
integral. The “importance sampling” technique is introduced to perform this task more efficiently: instead of
choosing points from a uniform distribution, they are chosen from a distribution proportional to the Boltzmann
factor e~ U) which concentrates the points where the function being integrated is large.

Using this method, we accumulate an ensemble of gauge-field configurations (see the right-hand side of
Fig. 1 for an illustration), generated using a Markov-chain technique. Based on the current state of the gauge
configuration, a new configuration is selected. A transition probability P([U’] <— [U]) is determined based
solely on this new configuration and the current one. The new configuration is added to the ensemble or
rejected, according to the resulting probability. If the “detailed balance” condition

P([U'] < [UDe 51 = P([U] < [U')e5H ) @

is satisfied by this update procedure, then the canonical ensemble is a fixed point of the transition probability
matrix. Under this condition, repeated updating steps will bring the gauge-field distribution to the canonical
ensemble. These calculations require high-performance supercomputer centers with software developed by
and shared among the community. The right-hand side of Fig. 1 shows an example of commonly used software
from the US lattice community and their dependencies. Once the proper QCD vacuum is obtained, one can
move on to calculate QCD observables, such as spectroscopy and structure of hadrons.

2 Hadron Spectroscopy on the Lattice

Some of the primary observables we study on the lattice are two-point correlation functions. A particle of
interest is created by an operator carrying the appropriate quantum numbers. For example, meson states can
be created with local bilinear operators as shown in Table 1. Baryons may be constructed in the same way;
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Fig. 1 (left) Ilustration of an example topological QCD vacuum of the Ny = 2 + 1 + 1 gauge field configurations (generated
by MILC collaboration). (right) The SciDAC Layers showing the modular software architecture; taken from USQCD software
website, https://usqcd-software.github.io

Table 1 Meson states created by local operators of the form v I"v, labeled in spectroscopic notation
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for example, for nucleon spin-1/2, we can write down 3 local-site (that is all 3 quarks resides within the same
lattice point) operators:

Xy (@) = € (uT (x) Cysa® (x))uc (x)
x5 (0) = € (uT (x)CaP (x)) ysu® (x)
X 0) = € (ul (x)Cysyad® () ul (x) (5)

More complicated hadrons (such as pentaquarks) and multiparticle states simply increase the number of quarks
and antiquarks involved.

For a meson created at a specific spacetime y = (y, 0) (point source) and annihilated at x = (x, ¢) (point
sink), the corresponding Euclidean two-point function is

_ 1 _ — _
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Whatif we want to get to even higher excited states with LQCD? Unfortunately, in Euclidean space, excited-
state contributions to correlation functions decay faster than the ground state, since each state contributes to
the two-point correlator proportional to e~£?, where E is the energy of the state and ¢ is Euclidean time.
Therefore, at large times, the signals for excited states are swamped by the signals for lower-energy states.
One way resolve this issue is to improve resolution in the temporal direction. An anisotropic lattice where the
temporal lattice spacing is finer than spatial spacings can provide better resolution while avoiding the increase
in computational cost associated with a similar reduction of all spacings.

One also needs large basis of independent operators that allow the maximal overlap with higher-spin
operators. The use of cubic-group irrep operators or operators constructed according to continuum symmetries
is needed to expand the reach of the lattice calculation. The variational method becomes quite reliable when
allowed to consider up to the 8th excited state.

Another important tool for extracting highly excited states is the variational method [2,3], which uses a
matrix of different source and sink operators to project more exactly onto the eigenstates of the Hamiltonian
and make the analysis more reliable. To use the method effectively, we need a large number of independent
operators that overlap well with excited states with desired quantum numbers and linearly independent of with
each other. Unfortunately, the single-site baryon operators of form given in Eq. 5 can only give us 3 different
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Fig. 2 The orientations of 3 quarks within a single baryon. The rightmost one involves all 3 spatial axes. The quark displacements
shown above use only quarks separated from the central core by one unit; however, larger displacements can be used to improve
overlap with higher orbitally excited states

operators. We need to expand our consideration to a bigger operator space to extract highly excited states
reliably.

The Hadron Spectrum Collaboration (HSC) has been investigating interpolating operators projected into
irreducible representations (irreps) of the cubic group [4,5] in order to better calculate two-point correlators
for nucleon spectroscopy. First, we construct various gauge-invariant baryonic operators by displacing (with
appropriate gauge parallel transport) the component quarks in spatial directions as shown in Fig. 2 and compose
them with the appropriate flavor structure, isospin and strangeness. This large basis of operators does not
respect rotational symmetry nor the subgroup of rotations that are also respected by the lattice. We apply
group-theoretical projections such that operators will transform according to an irreducible representation
under lattice rotations and reflections. Since the action of the lattice theory respects these symmetries, the
representation of a state is conserved as it propagates through the lattice gauge field; operators belonging
to different representations will not mix even as they move from source to sink. Using such a design for the
operators, we can create large correlator matrices, and the technique can be extended to meson and multi-hadron
computations.

In the cubic group Oy, for baryons, there are four two-dimensional irreps G 14, G 1, G2, G2, and two four-
dimensional irreps Hy and H,,. (The subscripts “g” and “u” indicate positive and negative parity, respectively.)

Each lattice irrep contains parts of many continuum states. The G| irrep contains J € {%, %, %, %, ...} states,
the H irrep contains J € {%, %, %, %, ...} states, and the G irrep contains J € {%, %, 12—1, ...} states. The

continuum-limit spins J of lattice states must be deduced by examining patterns of degeneracy between the
different Oy, irreps. For example, G| will be dominated by spin-1/2 baryons with some contribution from
highly excited spin-7/2 states. The H irrep will contain the spin-3/2 baryons (such as the ground-state Delta),
but it will also contain many closely spaced states from all higher spins. G will contain spin-5/2 and 7/2
states and serves as an important check of these spins in the A and G channels. Using these operators, we
construct an r X r correlator matrix and extract individual excited-state energies by applying the variational
method, as described above. More details on the baryon correlation functions evaluated using the displaced-
quark operators are described in Refs. [4,5]. Demonstrations of how these operators work using purely gluonic
vacuum with light valence quarks for nucleon and delta spectroscopy are reported in Refs. [6-8].

One drawback of calculations using these cubic-group operators is that they require multiple orientations
in order to maximally overlap with a wide range of quantum numbers, and generating so many correlators
is quite expensive. Furthermore, as we go to lighter and lighter pion masses, there will be increasingly many
decay modes open, even for the lowest energy at a specific quantum number. We need to extend the matrix
to include multiple-particle operators (so that we can further understand the nature of the “resonance” in
LQCD calculation) and “disconnected” operators. Further, we need to achieve better precision for each state
to distinguish among them.

An improved way to calculate timeslice-to-all propagators, “distillation”, has been proposed in Ref. [9].
The method is useful for creating complex operators, such as those used in the variational method, since it
reduces the amount of time needed for contractions and allows the structure of the operators to be decided after
performing the Dirac inversions. Rather than using pure noise in its estimators, distillation uses sources derived
from the eigenvectors of the gauge-Laplacian, giving better coverage of relevant degrees of freedom. Increasing
the number of sources in this scheme improves statistics faster than 1/+/N. Distillation can combined with
stochastic methods, which might be desirable if the number of sources needed to cover the volume becomes
too large.
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The distillation operator on time-slice ¢ can be written as

N
O = VOV () > Oy =Y oD@ o), (7)
k=1

where the V(¢) is a matrix containing the first through kth eigenvectors of the lattice spatial Laplacian. The
baryon operators involve displacements (D;) as well as coefficients (Sy;«,«5) in spin space:

xB(1) = € Sura; (D10 (D20}, (D30, (1), (8)

where the color indices of the quark fields acted upon by the displacement operators are contracted with the
antisymmetric tensor, and sum over spin indices. Then one can construct the two-point correlator; for example,
in the case of proton,

C(BZ)[fd’ Ty, Tu](t/v t) — (p(i,,i,k) (t/)ta(,l‘yi)(t/’ t)fu(j’j)(t/, t)TLSk’]E)(t/, t)(p(;a;s’;)*(t)
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where the “baryon elemental”
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can be used for all flavors of baryon and quark masses with the same displacements on the same ensemble,
and the “perambulator”

Tap(t' 1) = VT(t’)Ma_ﬂ] ', DOV () (11)

can be reused for different baryon (and meson) operators after a single inversion of the M matrix. There is alarge
factor of computational power saved by “factorizing” correlators in terms of elementals and perambulators,
and the same elementals and perambulators can be used to contract various different correlators.

A variations of the distillation Ref. [10-12], called stochastic LapH method, has been developed to improve
the efficiency when work on even larger volumes; a demonstration on the excited-meson and -baryon, and
pion-pion scattering phase shift are shown in these references.

A procedure called “pruning” can be used to reduce the number of operators when the size of a correlator
matrix begins to get out of hand. A practical procedure is to calculate the correlators with the same source
and sink operator (i.e., the diagonal elements of the full correlator matrix) and sort them according to some
metric of their “individuality”. One way to systematically prune is to take the matrix of inner products of the
effective masses of each correlator across all time slices and sort them from there. This measures a sense in
which the effective masses of different correlators have the same shape, implying that they also have the same
excited-state content, and takes advantage of the black-box nature of the effective mass to eliminate ambiguity.

As lattice calculations approach physical pion mass, increasingly many excited hadrons can decay to more
than one final state, as observed in experiments. This makes it desirable to compute the energy-dependence
of coupled-channel scattering amplitudes, which connect to the discrete spectrum of eigenstates of quantum
field theory in a finite volume, computed in LQCD [13-31]. This is very active area of research, where new
methods have been developed in recent years. Most study has been focused on meson cases. The simplest case
is elastic scattering, where in a limited energy region, only one hadron—hadron channel is kinematically open.
Resonances appearing in elastic scattering include the p and the o in 7 scattering, the K* in 7w K, and the
A in N, all of which have been considered in LQCD [32-48]. The scattering amplitude 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. Lattice calculations are made to achieve a robust determination of the discrete
spectrum of eigenstates via several lattice volumes; one can then simply map each discrete energy level in a
finite volume to a value of the elastic scattering phase shift at that energy (neglecting higher partial waves)
[3,13].

Going beyond the simplest case of elastic scattering, resonances will appear in the coupled-channel S-
matrix, and 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 [13]. Refs. [38,49-53] suggest studying multiple choices
of parametrization forms to fit the energy-dependence of coupled-channel amplitudes, and to use very many
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Fig. 3 Amplitude for the process 7y* — mw in P-wave computed in lattice QCD at M, =~ 400 MeV [54,55]. The figure shows
two values of the photon virtuality Q% and the corresponding amplitude for 77z — 77, which indicates that the p resonance is
contributing to both processes

discrete energy levels in multiple volumes and/or moving frames to constrain the free parameters. Refs.
[54,55] report the first explicit calculation of three-point vector current correlation functions corresponding to
the process y*n — m with J¥ = 17 at M,; &~ 400 MeV, as shown in Fig. 3. The effect of the p resonance in
the electromagnetic transition amplitude is observed. The dependence on the virtuality of current can be used
to determine the transition form factor of the unstable p resonance. This is a very active research area in the
lattice QCD; we refer interested readers to these selected reviews [56-59].

3 Hadron Structure on the Lattice

Lattice QCD is an ideal theoretical tool to study the parton structure of hadrons, starting from quark and gluon
degrees of freedom. To study the structure of a hadron, one also starts with a QCD vacuum, creating a hadron
at a “source” location using choices of the operator described above and inserting a “probe” (can be a local
or nonlocal operator) before annihilating the hadron at the end “sink” location. One can have the initial and
final hadron at rest (preferred setup for typical charges and leading-moment calculations), at different initial
and final momenta (to obtain form factors), or in Breit frame with equal-time nonlocal spatial Wilson-line for
Bjorken-x dependence of the generalized parton distribution (GPDs) (see an example of the lattice setup in
the left-hand side of Fig. 4).

The progress of lattice hadron calculations has long been limited by computational resources, but recent
advances in both algorithms and a worldwide investment in pursuing exascale computing has led to exciting
progress in LQCD calculations. Take the nucleon tensor charge, for example. Experimentally, one gets the tensor
charges by taking the zeroth moment of the transversity distribution; however, the transversity distribution is
poorly known and such a determination is not very accurate. On the lattice side, there are a number of
calculations of isovector nucleon calculation of g7 [60-68]; some of them are done with more than one
ensemble at physical pion mass with high-statistics calculations (about 100k measurements) and some with
multiple lattice spacings and volumes to control lattice artifacts. Such programs would have been impossible
5 years ago. As a result, the lattice-QCD tensor-charge calculation has the most precise determination of this
quantity, which can then be used to constrain the transversity distribution and make predictions for upcoming
experiments [69]. Reference [69] uses the lattice-averaged isovector g7 to constrain the global-analysis fits of
SIDIS charged-pion-production data from proton and deuteron targets, including their x, z and P, dependence,
with a total of 176 data points collected from measurements at HERMES and COMPASS. This gives in principle
eight linear combinations of transversity TMD PDFs and Collins TMD FFs for different quark flavors, from
which we attempt to extract the # and d transversity PDFs and the unflavored Collins FFs, together with
their respective transverse-momentum widths, as shown on the right-hand side of Fig. 4. Without the lattice
constraints, the distribution is consistent with zero within 2 sigma; with the constraint from the lattice tensor
charge, the results are greatly improved and can make predictions at large-x transversity for both up and down
quarks for upcoming measurements at Jefferson Lab and other facilities. Note that the lattice g7 only provides
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Fig. 4 (left) Illustration of an example matrix-element calculation for a generalized parton distribution, depicted on top of the
lattice QCD vacuum. (right) LQCD g7 constraint on transversity PDFs h'f’d for SIDIS with (red/blue) and without (yellow) lattice
inputs at 0% = 2 GeV?, compared with the SIDIS-only fit uncertainties (yellow bands) [69]

information on the integrated difference between the up and down /| function; by itself it does not tell us
any information about the shape of the transversity distribution. Only when one combines both lattice and
experimental data does such a prediction become possible. One can imagine that many of the quantities less
known from experiments can greatly benefit from lattice-QCD predictions and constraints. Due to the page
limit, we refer interested readers to read these recent reviews for more details on lattice moments [70,71]. For
the rest of the lecture, we will focus on selected results with the new methods that enable lattice calculations
to determine the Bjorken-x distribution of hadrons.

3.1 Nucleon PDFs

There has been rapid progress calculating the Bjorken-x dependence of PDFs on the lattice since the proposal
of large-momentum effective theory (LaMET, also called the “quasi-PDF” method) [72,73]. LaMET relates
equal-time spatial correlators, whose Fourier transforms (FTs) are called quasi-PDFs, to PDFs in the limit of
infinite hadron momentum. For large but finite momenta accessible on a realistic lattice, LaMET relates quasi-
PDFs to physical ones through a factorization theorem, the proof of which was developed in Refs. [74-76].
Since the first lattice x-dependent PDF calculation [77], much progress has been made and calculations done.
For recent reviews, see Refs. [70,78-80]. Here, we highlight a few calculations at physical pion mass.

The most studied x-dependent structures are the nucleon unpolarized isovector parton distribution functions
(PDFs) where the gluon and quark “disconnected” loops are cancelled due to the isospin symmetry of the up
and down quark masses in most lattice hadron-structure calculations. The right-hand side of Fig. 5 shows a
state-of-the-art lattice calculation of the nucleon isovector unpolarized PDFs calculated. Most of the calculated
are performed at one single ensemble (see Fig. 7 in Ref. [80]) excepting the results from MSULat group [81].
The lattice results are calculated using ensembles with multiple sea pion masses with the lightest one around
135 MeV, three lattice spacings a € [0.06,0.12] fm, and multiple volumes with M, L ranging 3.3-5.5.
A simultaneous chiral-continuum extrapolation is performed on the RI/MOM-renormalized nucleon matrix
elements with various Wilson-link displacements to obtain the physical-continuum matrix elements. Then apply
one-loop perturbative matching to the quasi-PDFs to obtain the lightcone PDFs, and compare the LQCD results
with a selection of global-fit PDFs. The lattice nucleon isovector PDFs (with statistical and estimated systematic
errors shown as inner/outer band) has nice agreement with those obtained from global fits, CT18NNLO [82],
NNPDF3.INNLO [83], ABP16 [84], and CJ15 [85]. The errors increase toward the smaller-x region for both
lattice and global fitted PDFs, but overall, they agree within two standard deviations.

The middle and right panels of Fig. 5 show a summary of the lattice nucleon isovector helicity and
transversity PDFs at the physical pion mass, respectively, obtained from Refs. [61,86—88]. The helicity lattice
results are compared to two phenomenological fits, NNPDFpoll.1 [89] and JAM17 [90], exhibiting nice
agreement. The lattice results for the transversity PDFs has better precision than the global analysis by PV18
and LMPSS17 [69]. Note that none of these current polarized lattice calculations have taken the continuum
limit (¢ — 0) and have remaining lattice artifacts (such as finite-volume effects); disagreement among the
lattice results in the obtained distributions is not unexpected. Further studies of the systematic uncertainties,
including multiple lattice spacings and volumes, from each collaboration will be needed.

The first lattice-QCD calculations of the strange and charm parton distributions using LaMET approach
were also reported in Ref. [96]. The study found that the renormalized real matrix elements are zero within the
statistical errors for both strange and charm, supporting the strange-antistrange and charm-anticharm symmetry
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Fig. 5 (left) The first lattice calculation of continuum-physical limit nucleon isovector unpolarized PDFs [80] is compared with
global fits from Refs. [8§2-85] and DSE’22 [91] Summary of the lattice calculation of isovector helicity (middle) and transversity
(right) with LP3 and ETMC isovector quark taken from LP318 [61,88], ETMC18 [87,92], and global fits from NNPDFpoll.1
[89], JAM17 [90], DSSVO08 [93] (helicity), MEX19 [94], PV18 [95], LMPSS17 [69] (transversity)

assumptions commonly adopted by most global PDF analyses. The imaginary matrix elements are proportional
to the sum of the quark and antiquark distribution, and we clearly see that the strange contribution is about a
factor of 5 or larger than the charm ones. They are consistently smaller than those from CT18 and NNPDF3.1,
possibly due to the missing contributions from the mixing with gluon matrix elements in the renormalization.
Higher statistics will be needed to better constrain the quark-antiquark asymmetry.

3.2 Meson PDFs

The first lattice-QCD calculation of the pion and kaon valence-quark distribution functions was reported in
Ref. [97,98]. The latest calculation is performed with multiple pion masses with the lightest one around
220 MeV, two lattice spacings a = 0.06 and 0.12 fm, (M;)minL =~ 5.5, and high statistics ranging from
11,600 to 61,312 measurements. We perform chiral-continuum extrapolation to obtain the renormalized matrix
elements at physical pion mass, using a simple ansatz to combine the data from 220, 310 and 690 MeV:
hiR(PZ, Z,My) =co; + cuM]% + cqa® with i = K, . Mixed actions, with light and strange quark masses
tuned to reproduce the lightest sea light and strange pseudoscalar meson masses, can suffer from additional
systematics at O (a?); such artifacts are accounted for by the ¢, coefficient. We find all the ¢, to be consistent
with zero.

Figure 6 shows the final results for the pion valence distribution at physical pion mass (u] +) multiplied
by Bjorken-x as a function of x. The inner bands indicate the statistical errors while the outer bands account
for systematics errors from parametrization choices in the fits, the dependence on the maximum available
Wilson-line displacement, etc. We evolve the LQCD results to a scale of 27 GeV? using the NNLO DGLAP
equations from the higher-order perturbative parton evolution toolkit (HOPPET) to compare with other results.
The LQCD result approaches x = 1 as (1 — x)!! and is consistent with the original analysis of the FNAL-
E615 experiment data. On the other hand, there is tension with the x > 0.6 distribution from the re-analysis
of the FNAL-E615 experiment data using next-to-leading-logarithmic threshold resummation effects in the
calculation of the Drell-Yan cross section (labeled as “ASV’10”), which agrees better with the distribution
from Dyson-Schwinger equations (DSE) [99] and earlier estimate of the parton limit of QCD [100,101]; all
prefer the form (1 — x)? as x — 1. An independent lattice study of the pion valence-quark distribution [102],
also ezzxtrapolated to physical pion mass, using the “lattice cross sections” (LCSs), reported similar results to
ours.

The middle of the Fig. 6 shows the ratios of the light-quark distribution in the kaon to the one in the
pion (uX ’ Jul +). When comparing the LQCD result with the experimental determination of the valence quark
distribution via the Drell-Yan process by NA3 Collaboration in 1982, good agreement is found between the
LQCD results and the data. The LQCD result approaches 0.4 as x — 1 and agrees nicely with other analyses,
such as constituent quark model, the DSE approach (“DSE’11” [104]), and basis light-front quantization
with color-singlet Nambu—Jona-Lasinio interactions (“BLFQ-NJL’ 19’ [105]). The LQCD prediction for xsé<
is also shown in Fig. 6 with the lowest three moments of sf being 0.261(8)stac(8)systs 0.120(7)stat(9)systs
0.069(6)stat (8)syst, respectively; the moment results are within the ranges of the QCD-model estimates from

2 Note that there are other lattice non-physical pion mass results which reach different conclusion: For example, another work
by HadStruc collaboration using 2 + 1-flavor QCD using the isotropic-clover fermion action at heavier than physical pion mass
416-MeV using pseudo-PDF method shows results found (1 — x)!93 [103].
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Fig. 6 Results on the valence-quark distribution of the pion (left), the ratio of the light-quark valence distribution of kaon to that
of pion (middle) and xEUK (x) as a function of x (right) at a scale of 27 GeV?Z, both labeled “MSULat’20”, along with results from
relevant experiments and other calculations [98] and recent DSE’20 results [91]. The inner bands indicate statistical errors with
the full range of z P, data while outer bands includes errors from using different data choices and fit forms
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Fig. 7 The unpolarized gluon PDF, obtained from the fit to the lattice data at pion masses M; = 135 (extrapolated), 310 and
690 MeV compared with the NNLO CT18 and NNPDF3.1 gluon PDFs. The x > 0.3 PDF results are consistent with the NNLO
CT18 and NNPDF3.1 unpolarized gluon PDFs at MS . = 2 GeV [114]. (right) The first lattice calculation of the x-dependent
pion gluon PDF [106] xg(x, u)/{x), as a function of x obtained from the fit to the lattice data from the 220-MeV ensemble,
along with results from JAM [116,117] and DSE [115], and xFitter [118]. The dependence on lattice spacing and pion mass is
also studied in Ref. [106]. (right) The kaon gluon PDF xg(x, it)/{x), as a function of x obtained from the fit to the lattice data
on ensembles with lattice spacing a ~ {0.12, 0.15} fm (inset plot), pion masses M, ~ 310 MeV ata ~ 0.12 fm, compared with
the kaon gluon PDF from DSE’20 [115] at u = 2 GeV in the MS scheme

chiral constituent-quark model (0.24, 0.096, 0.049) and DSE [99] (0.36, 0.17, 0.092). The pion gluon PDF
results can be found in Refs. [106,107].

3.3 Gluon PDFs of Nucleon and Mesons

The first exploratory study applying LQCD to gluon PDFs can be found in Ref. [108]. Since gluon quantities
are much noisier than quark disconnected loops, calculations with very high statistics are necessary. The
calculations were done using overlap valence fermions on gauge ensembles with 2 + 1 flavors of domain-
wall fermions at M = 330 MeV. The gluon operators were calculated for all spacetime lattice sites at
high statistics: 207,872 measurements were taken of the two-point functions with valence quarks at the light
sea and strange masses. The coordinate-space gluon quasi-PDF matrix element ratios are compared to the
corresponding ones of the gluon PDF based on two global fits at NLO: the PDFALHC15 combination [109]
and the CT14 [110]. Up to perturbative matching and power corrections at O(1/ PZZ), the lattice results are
compatible with global fits within the statistical uncertainty at large z. The gluon quasi-PDFs in the pion were
also studied for the first time in Ref. [108], showing features similar to those observed for the proton were
revealed. Finally, there have been recent developments in improving the operators for the gluon-PDF lattice
calculations [111-113], which will allow us to take the continuum limit for the gluon PDFs in future lattice
calculations. Figure 7 shows the follow-up on the attempt to extract the x-dependence of the PDFs of the
nucleon and pion (2 lattice spacings: 0.09 and 0.12 fm with M, ~ 220, 310 and 690 MeV) [106,114], as
well as the first kaon gluon PDF (right) at 310-MeV pion mass. The lattice pion and kaon gluon PDFs show
reasonable agreement in the mid-x region with DSE work [115].
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3.4 Generalized Parton Distributions (GPDs)

Generalized parton distributions provide hybrid momentum and coordinate space distributions of partons and
bridge the standard nucleon structure observables: form factors and collinear PDFs. More importantly, GPDs
provide information on the spin and mass structure of the nucleon. GPDs bring the energy-momentum tensor
matrix elements within experimental grasp through electromagnetic scattering and can be viewed as a hybrid
of parton distributions (PDFs), form factors, and distribution amplitudes. For example, the forward limit of the
unpolarized and helicity GPDs lead to the fj(x) and gj(x) PDFs, respectively. Taking the integral over x at
finite values of the momentum transfer results in the form factors and generalized form factors. In the case of
the unpolarized GPDs, for example, one obtains the Dirac (F7) and Pauli (F;) form factors. Several of these
limits of the GPDs have physical interpretations, for instance, the spin decomposition of the proton using Ji’s
sum rule [119].

GPDs parametrize the quark and gluon correlation functions involving matrix elements of operators at a
lightlike separation between the parton fields [120],

W'l %/;’_;_eik*y’<p/, A (—%) ytu (—% %) W <%) | Py A)yt=yr=0

Ayt LAY 12
2P+(P [y H(X$t)+—ME(x,$,t)|P,A> (12)
Slytysl _ L [dY T ey / (__) ( y oy (X)
WAA’ = 2/27_[ e ( s A |¢ 14 )/5]/{ 2 2)¢’ ) | p, A)y+:yT:0

o (P

=>pT A). (13)

Two additional kinematic variables enter their definition besides the quark lightcone longitudinal momentum
fraction, x = kT/PT (with P = (p + p’)/2): the lightcone component of the longitudinal momentum
transfer between the initial and final proton § = —AT/Q2PT) ~ xpj/(2 — xpj) > 0 (with A = p’ — p),
and the transverse component, A7 = p’ — pr; the latter is taken into account through the invariant, r =

A? = M2¢g? /(1 — £2) — A2 / (11— 52) t < 0). At leading (twist-two) level, four-quark chirality-conserving

(chiral-even) GPDs, H, E, H and E defined in Egs. (12) and (13), parametrize the quark-proton correlation
functions.

Information on GPDs from lattice QCD has been available via their form factors and generalized form
factors, using the operator product expansion (OPE). As in PDFs, such information is limited due to the
suppression of the signal as the order of the Mellin moments increases and the momentum transfer between
the initial and final state increases. Significant progress has been made towards new methods to access the
x- and 7-dependence of GPDs (t = —Q?), which is driven by the advances in PDF calculations. In lattice
QCD, there are several challenges in calculating GPD using these new methods. The extraction of GPDs is
more challenging than collinear PDFs, because GPDs require momentum transfer, QZ, between the initial
(source) and final (sink) states. Another complication is that GPDs are defined in the Breit frame, in which the
momentum transfer is equally distributed to the initial and final states; such a setup increases the computational
cost, as separate calculations are necessary for each value of the momentum transfer.

The first lattice x-dependent GPD calculations were carried out in Ref. [121], studying the pion valence-
quark GPD at zero skewness with multiple transfer momenta with pion mass M, = 310 MeV. There is
a reasonable agreement with traditional local-current form-factor calculations at similar pion mass, but the
current uncertainties remain too large to show a clear preference among different model assumptions about
the kinematic dependence of the GPD. There has also been recent progress made in lattice QCD to provide
the Bjorken-x dependence of the isovector nucleon GPDs, H, E and H. Ref. [122] used LaMET to calculate
both unpolarized and polarized nucleon isovector GPDs with largest boost momentum 1.67 GeV at pion
mass M, ~ 260 MeV with one momentum transfer. This work also presented results at nonzero skewness,
with additional divergence near x = £ due to the matching. Refs. [123,124] reported the first lattice-QCD
calculations of the unpolarized and helicity nucleon GPDs with boost momentum around 2.0 GeV at physical
pion mass with multiple transfer momenta, allowing study of the three-dimensional structure and impact-
parameter-space distribution. Results for the moments of the integral of the H, E and H GPDs extracted from
the lattice are within a couple sigma of previous lattice calculations using OPE operators from traditional form
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factors and generalized form factors at or near the physical pion mass. Such lattice inputs can provide useful
constraints to the best determination of physical quantities using both theoretical and experimental inputs.

The zero-skewness limit of GPD function is related to the Mellin moments by taking the x-moments
[125,126]:

+1 n—1

fdx TUHGGE 0 = ) (<28) Ani(Q) + (=28)" Cro(Q7)n evens

el i=0, even

+1 n—1

/ dxx"VE(x, & 0N = Y (=28) Bui(Q) — (—26)" Coo(QD)n even »

el i=0, even

+1 n—1

fdx TUHEGE Q) = ) (=28) A, (0%) + (=28)" Cao(Q7)n even, (14)
el i=0, even

where the unpolarized (polarized) generalized form factors (GFFs) A,; (0?), Bni (0?) and Cy,; (Q?) (Am- (0%,
and Cy,; (0%))inthe &-expansion on the right-hand side are real functions. Whenn = 1 (n = 2), we get the Dirac
and Pauli electromagnetic form factors F1(Q?) = A10(Q?) and F>(Q?) = B1o(Q?) (GFFs {A, B}2(0?))
and axial form factors G 4 (Q?) = A 10(0?) (GFFs ANQ()(QZ)). The LaMET-calculated GPDs can now compare
with years of LQCD calculations using the OPE method.

Figure 8 shows the n = 1 moments of MSULat’s x-dependent GPDs calculated at physical pion mass, along
side with prior LQCD OPE calculations. To compare with other lattice results, the Sachs electric and magnetic
form factors using Fi 2 as G£(0%) = F1(02) + ¢2F2(0%)/(2My)? and Gy (Q?) = Fi(Q?) + F2(Q?) is
plotted. The green band indicates results from x-dependent GPDs while the OPE calculated are shown in data
points. Once can see a nice agreements among the method and different LQCD calculations. Taking the n = 2
moment of MSULat’s x-dependent GPD results with those obtained from Generalized form factor at/near the
physical pion mass using OPE methods [127,128]. We note that even with the same OPE approach by the same
collaboration, the two data sets for Ayg in the ETMC calculation exhibit some tension. This is an indication
that the systematic uncertainties are more complicated for these GFFs. Given that the blue points correspond to
finer lattice spacing, larger volume and larger M,; L, we expect that the blue points have suppressed systematic
uncertainties. MSULat’s moment result A»o(Q?) is in better agreement with those obtained using the OPE
approach at small momentum transfer QZ, while Bog(Q?) is in better agreement with OPE approaches at large
Q?. The comparison between the N r = 2ETMC data and Ny = 2 RQCD data reveals agreement for Ao and
B»o. However, the RQCD data have a different slope than the ETMC data, which is attributed to the different
analysis methods and systematic uncertainties. Both MSULat’s results and ETMC’s are done using a single
ensemble; future studies to include other lattice artifacts, such as lattice-spacing dependence, are important to
account for the difference in the results.

MSULat group further took the Fourier transform of the non-spin-flip 9-dependent GPD H (x, £ = 0, 0?)

to calculate the impact-parameter-dependent distribution [140] f (chr—q)zH (x,E€=0,r= —qz)e’.q'b where b is
the transverse distance from the center of momentum [123]. Figure 9 shows the first LQCD results of impact-
parameter-dependent 2D distributions at x = 0.3, 0.5 and 0.7. The impact-parameter-dependent distribution
describes the probability density for a parton with momentum fraction x at distance b in the transverse plane,
providing x-dependent nucleon tomography using LQCD for the first time. Similar tomography results for

helicity GPD, ﬁ(x, £ =0, 0?%) can be found in Ref. [124].

4 Conclusion and Outlook

There will be more progress in understanding hadron spectroscopy using lattice-QCD methods and expanding
to states with two or more final hadrons. Many tools and techniques have been created to extract excited-
state spectroscopy at heavy pion masses. As the pion masses get lighter, multiple-particle final states will be
important to include to extract the correct spectroscopy. More and more collaborations have started to include
two-hadron final states to extract decay width and proprieties; future work will continue to push for more
complicated final states in the lattice calculations.
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Fig. 8 (top) The nucleon isovector electric (left), magnetic (middle) and axial (right) form factor results obtained from x-dependent
GPDs [123,124] (labeled as green bands in the plots) as functions of transferred momentum 02, and comparison with other lattice
works calculated near physical pion mass [129-139]. (bottom) The unpolarized nucleon isovector GFFs {A, B}QQ(QZ) A~20(Q2)
obtained from x-dependent GPDs [123,124] (labeled as green bands in the plots by taking n = 2 in Eq. 14, compared with other
lattice results calculated near physical pion mass as functions of transfer momentum Q2 [127,128]

x =03 x =05

Fig. 9 (left) Nucleon tomography: three-dimensional impact parameter-dependent parton distribution as a function of x and b
using lattice H at physical pion mass. (right) Two-dimensional impact-parameter-dependent isovector nucleon GPDs for x = 0.3,
0.5 and 0.7 from the lattice at physical pion mass [123]

This is an exciting era for using lattice QCD to study PDFs. The well-studied systematics of the traditional
moment method allow LQCD to provide precision structure quantities directly at the physical pion masses
with multiple lattice spacings. We are now also able to provide information on the Bjorken-x dependence
of parton distributions, and they are widely studied with more than just the “quasi-PDF” method mentioned
in this proceeding. Some lattice studies have begun to control systematics by using multiple lattice spacings
and volumes; many such calculations are planned for near-future updates to improve the current calculations.
We are also starting to address neglected disconnected contributions and taking a look into flavor-dependent
quantities, but much work remains ahead. Stay tuned for more updates from lattice QCD in the near future.
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