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Outline
• One-dimensional Pion Structure - Form Factors and PDFs 
• GPDs and 3D Images 
• Where are the gluons? 
• Summary
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Paradigm: Pion EM form factor
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Space-like 
momentum transfer

Lattice QCD free, isolated pion



X.Gao, N.Karthik et al., arXiv:2102.06047

Charge Radius
Partonic degrees of 
freedom

See Nikhil - QDA



Charge Radius
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FIG. 7. The comparison of e↵ective radius between CERN
and our lattice data as a function of Q2/m2

⇡. The bands are
the z expansion fit results of lattice data (blue, green and
orange).

fits of reff for mval
⇡ = 300 MeV for the two lattice spac-

ing agree within errors. While the individual lattice data
and the CERN data appear to agree within errors we also
see from the figure that there is a tendency for the CERN
data to lie higher than the lattice data. This leads so a
slight di↵erence in the pion charge radius as discussed
below.

The z-expansion provides an model independent way
to obtain the pion charge radius. In Table III we show
the charge pion radius for the three lattice spacings used
in our study obtained from the monopole fit and from the
z-expansion fit. The statistical error are often smaller for
the monopole fit, but this fit has larger systematic errors
compared to the fit based on z-expansion. Within the
estimated errors the two fit forms give consistent results.
Thus, the model uncertainty in our determination of the
pion charge radius is small. As expected the calculations
for the heavier quark mass give smaller pion charge ra-
dius. As our final estimate of the pion charge radius for
physical point we take the result from the z-fit:

hr2⇡i = 0.42(2) fm2
, (13)

where we added the statistical and systematic errors in
quadrature. This result is consistent the pion charge ra-
dius quoted by Particle Data Group (PDG), hr2⇡iPDG =
0.434(5) fm2 [79], which is averaged from determina-
tion from t-channel ⇡e!⇡e scattering data [34, 36, 80]
and s-channel e

+
e
�!⇡

+
⇡
� data sets [48, 81]. The

HPQCD determination that uses HISQ action both in
the sea and the valence sector in 2+1+1 flavor QCD
is hr2⇡i = 0.403(18)(6) fm2 [63]. The most precise lat-
tice determination of the pion charge radius in 2+1 fla-
vor QCD using overlap action in the valence sector and
domain wall action in sea has hr2⇡i = 0.436(5)(12) fm2

[62]. The 2+1 flavor domain wall calculation gives
hr2⇡i = 0.434(20)(13) fm2 [61]. Finally, the other 2+1
flavor lattice determinations of the pion charge radius
have significantly larger errors [59, 60]. We summarize
the comparison in Fig. 8.

Data nz hr2M i [fm2] hr2Zi [fm2]

a=0.076fm [1,3] 0.402(6)(23) 0.421(9)(20)

a=0.06fm [0,3] 0.339(4)(18) 0.311(3)(13)

a=0.04fm [1,3] 0.313(5)(27) 0.311(8)(11)

TABLE III. The charge radius computed from monopole fit
(hr2M i) and z-expansion fit (hr2Zi). The first error is statistical,
while the second error is systematic.

FIG. 8. The comparison of pion radius between determi-
nation from lattice QCD at physical point and the PDG
value. The shown lattice results come from this work (green),
HPQCD[63] (purple), Feng et al[61] (blue), �QCD[62] (red).

VI. CONCLUSIONS

In this paper we studied the pion form factor in 2+1
flavor lattice QCD using three lattices spacings a =
0.076, a = 0.06 and a = 0.04 fm. The calculations on
the coarsest lattice have been performed with the physi-
cal value of the quark masses, while for the finer two lat-
tices the valence pion mass was 300 MeV. We have found
that the pion form factor is very sensitive to the quark
mass, as expected. We showed that lattice discretization
e↵ects are quite small for lattice spacings smaller than
0.06 fm. For the physical quark masses our lattice re-
sults on the pion form factor appear to agree with the
experimental determinations. Unlike other lattice stud-
ies we also considered highly boosted pions in the initial
state using momentum boosted Gaussian sources. In ad-
dition we performed calculations also in the Breit frame.
We demonstrated that the calculations of the pion form
factor performed at di↵erent momenta of the pion as well
as in the Breit frame give consistent results. This is very
important for extending the calculations to pion GPDs.
An important outcome of our analysis is that the

monopole Ansatz can describe the pion form factor in
large range of Q

2, up to Q
2 = 1.4 GeV2. In the fu-

ture it will be important to extend the calculations to
even higher momentum transfer given the experimental
e↵orts in Jlab and EIC. To do this we should use boosted
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sults on the pion form factor appear to agree with the
experimental determinations. Unlike other lattice stud-
ies we also considered highly boosted pions in the initial
state using momentum boosted Gaussian sources. In ad-
dition we performed calculations also in the Breit frame.
We demonstrated that the calculations of the pion form
factor performed at di↵erent momenta of the pion as well
as in the Breit frame give consistent results. This is very
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monopole Ansatz can describe the pion form factor in
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2, up to Q
2 = 1.4 GeV2. In the fu-

ture it will be important to extend the calculations to
even higher momentum transfer given the experimental
e↵orts in Jlab and EIC. To do this we should use boosted

Challenges mirror those of experimental measurement.

F⇡(Q
2) =

kmaxX

k=0

akz
k
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z(t, tcut, t0) =

p
tcut � t�

p
tcut � t0p

tcut � t+
p
tcut � t0
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z-expansion



• You can’t place a chiral gauge theory on a discretized  lattice

A history of lattice QCD through no-go theorems

Domain-wall Fermions:  D.Kaplan, Phys.Lett.B 288 (1992) 342 
Overlap Fermions:  R.Narayanan, H.Neuberger, Nucl.Phys.B 443 (1995) 305

• You can’t investigate scattering on a Euclidean lattice 
“Luscher’s Method”:  M.Luscher, Nucl.Phys.B 354 (1991) 531 
See David Wilson, Tuesday and many parallel talks

• You can’t compute matrix elements of light-cone operators on a Euclidean lattice 
LaMET: X.Ji, Phys.Rev.Lett. 110 (2013) 262002

Transformed our ability to exploit internal structure of hadrons

Theorems did 
not fall - we 
found way to 
drive around 
them



Hadron Structure: No-go Theorem?
• First Challenge: 

– Euclidean lattice precludes calculation of light-cone/time-separated 
correlation functions

q(x, µ) =

Z
d⇠�

4⇡
e�ix⇠�P+

hP |  ̄(⇠�)�+e�ig
R ⇠�
0 d⌘�A+(⌘�) (0) | P i

So…. …Use Operator-Product-Expansion to formulate in terms of 
Mellin Moments with respect to Bjorken x.

hP |  ̄�µ1(�5)Dµ2 . . . Dµn | P i ! Pµ1 . . . Pµna
(n)

• Second Challenge: 
– Discretised lattice: power-divergent mixing for higher moments

Moment Methods 
– Extended operators: Z.Davoudi and M. Savage, PRD 86,054505 

(2012) 
– Valence heavy quark: W.Detmold and W.Lin, PRD73, 014501 (2006)

Recent work by ETMC - later

PDFs, GPDs, TMDs



Solution….

z 

x,y 
 

Large P 

Large-Momentum Effective Theory (LaMET)

X. Ji, Phys. Rev. Lett. 110, 262002 (2013). 
X. Ji, J. Zhang, and Y. Zhao,  Phys. Rev. Lett. 111, 112002 (2013). 
J. W. Qiu and Y. Q. Ma, arXiv:1404.686.

“Equal time” correlator

q(x, µ2, P z) =

Z
dz

4⇡
eizk

z

hP |  ̄(z)�ze�ig
R z
0 dz0 Az(z0) (0) | P >

+O((⇤2/(P z)2),M2/(P z)2))

q(x, µ2, P z) =

Z 1

x

dy

y
Z

✓
x

y
,
µ

P z

◆
q(y, µ2) +O(⇤2/(P z)2,M2/(P z)2)



Pseudo-PDFs
• Pseudo-PDF (pPDF) recognizing generalization of PDFs in 

terms of Ioffe Time. ⌫ = p · z
A.Radyushkin, Phys. Rev. D 96, 034025 (2017)

B.Ioffe, PL39B, 123 (1969); V.Braun 
et al, PRD51, 6036 (1995)

Lattice “building blocks” that of quasi-PDF approach.

M↵(p, z) = hp |  ̄�↵U(z; 0) (0) | pi
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p = (p+, m2 /2p+,0T) z = (0,z−,0T) Ioffe-Time Distribution

M↵(z, p) = 2p↵M(⌫, z2) + 2z↵N (⌫, z2)
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⟹

Ioffe-time pseudo-Distribution (pseudo-ITD) generalization to space-like z

⟹
M(⌫, z2) =

Z 1

�1
dx ei⌫xP(x, z2)
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Lorentz covariant

pseudo-PDF

f(x) = P(x, 0) =
z2
3!0

1

2⇡

Z 1

�1
d⌫e�i⌫xM(⌫,�z23)
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⟹



“Good Lattice Cross Sections”
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where

Ma and Qiu, Phys. Rev. Lett. 120 022003

Calculated in perturbation 
theory (“process dependent”)Parton Distribution 

function

Calculated in 
LQCD

Short distance scale

Expressed in coordinate space

Flavor-changing

Encompasses qPDF/pPDF
Gauge-Invariant CurrentsOS(⇠) = ⇠4Z2

S [ ̄q q](⇠)[ ̄q ](0)

OV 0(⇠) = ⇠2Z2
V 0 [ ̄q⇠ · � q0 ](⇠)[ ̄q0⇠ · � ](0)

O(⇠) =  ̄(0)�W (0, 0 + ⇠) (⇠)

�n(⌫, ⇠
2, P 2) = hP | T{On(⇠)} | P i
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�n(⌫, ⇠
2, P 2) =

X

a

Z 1

�1

dx

x
fa(x, µ

2)Ka
n(x⌫, ⇠

2, x2P 2, µ2) +O(⇠2⇤2
QCD)
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+ analogous gluon operators
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Process, i.e. current, dependent
1

2
[�µ⌫

V,A(⇠, p) + �µ⌫
A,V (⇠, p)]
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Good Lattice Cross Section
in the Qweak experiment arises from the Gs

M(Q2). A precise estimate of Gs
M(Q2) can lead to

more/higher precision in the estimated value of proton weak charge Qp = (1� 4 sin2 ✓W ) in the

Qweak experiment. It is very important to know the value of Qp with greater precision because/as

this will constrain the possibility of Beyond Standard Model physics.

Discuss NuTeV anomaly from the second moment of the s(x)� s̄(x) asymmetry (from high-

lighted 10)

J1

J2
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Momentum  
projection

Momentum  
projection

Momentum conservation
Sequential-Source Approach

≡ ϵμναβξα pβT1(ν, ξ2) + (pμξν − ξμpν)T2(ν, ξ2)

Sufian et al., Phys. Rev. D 99, 074507 
(2019); arXiv:2001.04960

Perturbative kernel:

e�q(1)
V A (e!, q2) =

Z 1

0

dx

x
eK(1)(xe!, q2, µ2)f (0)

qv/q
(x, µ2)+

Z 1

0

dx

x
eK(0)(xe!, q2, µ2)f (1)

qv/q
(x, µ2).

<latexit sha1_base64="yIatF8twtEz9cdU8biqr82xeUQQ="></latexit>

N.B. We’re inconsistent !ω ↔ ν

Y-Q Ma



GLCS pPDF

qPDF
Same lattice 
building 
blocks

Analogous matching to light-cone PDFs

All methods rely on reaching high momentum.

All approaches should give same after: 
– Higher Twist 
– Discretization Uncertainies 
– …….



Lattice Cross Sections
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“Z-expansion fit”

“Ioffe Time Distribution”

Ioffe time



Inverse problem: extract PDF
“Inverse Problem” - ill-posed inverse Fourier transform.

Calculate on Lattice Calculate in PQCDExtract PDF?

Similar challenge to global fitting community!
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X
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NLO term well-controlled
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I. SUPPLEMENTAL MATERIALS

A. E↵ect of the Next-To-Leading Order Kernel on

the Io↵e Time Distribution

By choosing ↵s = 0.303 at µ = 2 GeV and �⇠
2
µ
2 = 1,

we compare in FIG. 5 the K
(0)(!)/! and K

(1)(!)/!
e↵ects for ! 6= 0. The NLO corrections are tiny at small
! and increase very slowly towards large !; this can be
partially understood from the ratio between K

(0) and
K

(1) around ! = 0:

K
(1)

K(0)
=

↵s

3⇡
+O(!2) ⇡ 0.03 +O(!2). (18)

FIG. 5. A comparison between K(0)(!)/! and K(1)(!)/!
for ↵s(µ = 2 GeV) = 0.303 and �⇠2µ2 = 1. The uncertainty
in K(1)(!)/! is obtained by a 10% variation in ↵s.

It is also useful to study the e↵ect the NLO kernels
will have on various model PDFs in Io↵e time space. The
convolutions

K
(1,i)

⌦ q(!) =

Z
dx

1

x!
K

(1,i)(x!)q(x) (19)

with i = 0, 1 for a few PDFs are shown in FIGs. 6
and 7. Each of the convolutions have similar fea-

tures. These convolutions represent the di↵erence be-
tween the LCS and the Io↵e time distribution (ITD),
applying the appropriate factors proportional to ↵s and
ln(�⇠

2
µ
2
e
2�E/4). The convolutions all rise to a peak

around ! ⇠ 4.0 and begin to decay to 0. The NLO ef-
fects are most significant at the highest Io↵e time range
available to our calculations but the corrections will be
smaller for large Io↵e times. These convolutions demon-
strate an a reassuring feature of the position space match-
ing. These convolutions are at the largest O(1) which
means the NLO term will be O(↵s) for the entire region
of Io↵e time.
These convolutions can be compared with those for

matching the reduced pseudo-ITD to the PDF, shown in
FIG. 1 of [47]. In that work, the convolution with the
DGLAP kernel K(1,1) is referred to as B ⌦ ReM. The
scheme and operator dependent convolution is referred
to as L ⌦ ReM. Unlike for this LCS, this convolution
vanishes at ! = 0 due to its relation to the vector current.

FIG. 6. The convolution of the K(1,0) kernel with model
PDFs.

FIG. 7. The convolution of the K(1,1) kernel with model
PDFs.

6

Computing Project. C.E. is supported in part by the
U.S. Department of Energy under contract DE-FG02-
04ER41302 and a Department of Energy O�ce of Sci-
ence Graduate Student Research fellowship, through the
U.S. Department of Energy, O�ce of Science, O�ce of
Workforce Development for Teachers and Scientists, Of-
fice of Science Graduate Student Research (SCGSR) pro-
gram. Y. M. is supported in part by the National Nat-
ural Science Foundation of China under Grant Numbers
11875071 and 11975029. K.O. acknowledges support in
part by the U.S. Department of Energy through Grant
Number DE- FG02-04ER41302, by STFC consolidated
grant ST/P000681/1.

I. SUPPLEMENTAL MATERIALS

A. E↵ect of the Next-To-Leading Order Kernel on

the Io↵e Time Distribution

By choosing ↵s = 0.303 at µ = 2 GeV and �⇠
2
µ
2 = 1,

we compare in FIG. 5 the K
(0)(!)/! and K

(1)(!)/!
e↵ects for ! 6= 0. The NLO corrections are tiny at small
! and increase very slowly towards large !; this can be
partially understood from the ratio between K

(0) and
K

(1) around ! = 0:

K
(1)

K(0)
=

↵s

3⇡
+O(!2) ⇡ 0.03 +O(!2). (18)

FIG. 5. A comparison between K(0)(!)/! and K(1)(!)/!
for ↵s(µ = 2 GeV) = 0.303 and �⇠2µ2 = 1. The uncertainty
in K(1)(!)/! is obtained by a 10% variation in ↵s.

It is also useful to study the e↵ect the NLO kernels
will have on various model PDFs in Io↵e time space. The
convolutions

K
(1,i)

⌦ q(!) =

Z
dx

1

x!
K

(1,i)(x!)q(x) (19)

with i = 0, 1 for a few PDFs are shown in FIGs. 6
and 7. Each of the convolutions have similar fea-

tures. These convolutions represent the di↵erence be-
tween the LCS and the Io↵e time distribution (ITD),
applying the appropriate factors proportional to ↵s and
ln(�⇠

2
µ
2
e
2�E/4). The convolutions all rise to a peak

around ! ⇠ 4.0 and begin to decay to 0. The NLO ef-
fects are most significant at the highest Io↵e time range
available to our calculations but the corrections will be
smaller for large Io↵e times. These convolutions demon-
strate an a reassuring feature of the position space match-
ing. These convolutions are at the largest O(1) which
means the NLO term will be O(↵s) for the entire region
of Io↵e time.
These convolutions can be compared with those for

matching the reduced pseudo-ITD to the PDF, shown in
FIG. 1 of [47]. In that work, the convolution with the
DGLAP kernel K(1,1) is referred to as B ⌦ ReM. The
scheme and operator dependent convolution is referred
to as L ⌦ ReM. Unlike for this LCS, this convolution
vanishes at ! = 0 due to its relation to the vector current.

FIG. 6. The convolution of the K(1,0) kernel with model
PDFs.

FIG. 7. The convolution of the K(1,1) kernel with model
PDFs.

JLAB-THY-20-3131

Pion Valence Quark Distribution at Large x from Lattice QCD
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Using a short-distance collinear factorization, the pion valence quark distribution q⇡v (x) is ex-
tracted from spacelike correlations of antisymmetrized vector and axial-vector (V-A) currents, where
the employed perturbative hard coe�cient is derived to one-loop. Finite lattice spacing, volume,
and quark mass dependencies are investigated in a simultaneous fit of matrix elements computed
on four gauge ensembles, providing a physical limit Io↵e time distribution. Using two di↵erent
phenomenologically motivated parametrizations of q⇡v (x), the q⇡v (x) distribution is found to be in
very good agreement with that extracted from experimental data. At large x, a softer valence quark
distribution is slightly favored by the figure of merit of this calculation. These two distributions are
consistent within uncertainty and reproduce the extraction of q⇡v (x) from the experimental data in
the entire x-region, showing the robustness of our calculation.

Introduction: The pion, being both a Nambu-
Goldstone boson and the lightest bound state in Quan-
tum Chromo-Dynamics (QCD), highlights the challenges
in creating consistent theoretical and phenomenologi-
cal frameworks to describe its partonic structure. The
shape of the pion valence parton distribution functions
(PDFs) extracted from experimental data [1–5] in di↵er-
ent analyses [6–12] are in sharp contrast among them-
selves and with perturbative QCD (pQCD)-based frame-
works [13, 14] at large longitudinal momentum fractions
x. Central to the disparity is whether the pion PDF has
a softer (harder) (1�x)2 ((1�x)) fall-o↵ as x ! 1, and at
what x and Q2 pQCD predictions are matched - various
model calculations [15–20] exemplify this contrast.

The limited available phase space for partonic interac-
tions at large x localizes quantum fluctuations such that
large-x dynamics is constrained by confinement, in e↵ect
increasing parton correlations as x ! 1. As the quark
distribution at large x is sensitive to non-perturbative
quark-gluon dressing, a description of its behavior will
also elucidate our understanding of the generation of
mass in QCD through dynamical chiral symmetry break-
ing. Unraveling the complexities of the valence and sea
quark contents of the pion is spearheaded by several up-
coming experiments - Je↵erson Lab tagged deep-inelastic
scattering (DIS) experiments [21], Drell-Yan measure-
ments at the COMPASS experiment [22] and, also the
future Electron-Ion Collider (EIC) facility [23]. A first-
principles lattice QCD (LQCD) determination of the pion
valence PDF q⇡v (x) with controlled statistical and system-
atic uncertainties is particularly well-timed and solicits a
synergy of increasing importance between experimental
and theoretical e↵orts.

Experimental extraction of x-dependent parton
physics has blossomed through the application of the

QCD factorization theorem [24] and considerable ad-
vancements in global analyses [25–29] of experimental
data. Several LQCD methods [30–36] have also been
proposed and developed that probe the light-cone struc-
ture of hadrons non-perturbatively. These approaches
have led to significant achievements in recent years, es-
pecially in determinations of flavor non-singlet distribu-
tions [37–45]. A proper quantification and mitigation
of systematic errors and numerical artifacts present in
these calculations and related theoretical challenges still
require further insight and development (for a recent re-
view, see [46]). Incorporating LQCD calculated quan-
tities as a component of future global analyses remains
a goal of the pQCD and LQCD communities, providing
further impetus to overcome these challenges.

In this letter, we present a calculation of the q⇡v (x)
obtained from “Lattice Cross Sections” (LCSs) [34, 36],
specifically matrix elements of two local, spacelike-
separated, gauge-invariant currents within the pion.
The Lorentz covariant matrix elements of two currents
spatially separated by a quark propagator are com-
putable on a Euclidean lattice and have a well-defined
continuum limit as the lattice spacing a ! 0. In our
calculation, through the factorization of these hadronic
matrix elements, the collinear divergences of the par-
tonic scattering are absorbed into the non-perturbative
PDFs, leaving an infrared-safe and perturbatively
computable hard contribution, in direct analogy to the
factorization of inclusive DIS cross section measurements
in experiments. Calculations on four distinct lattice
ensembles allows for estimation of systematic errors
from finite lattice spacing, volume, and unphysical pion
mass extrapolations. These results are shown following
a derivation of the next-to-leading-order (NLO) per-
turbative kernel for an antisymmetrized vector-axial
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Sufian et al., Phys. Rev. D102, 05408 (2020)



Determine large-x behavior   need for finer resolution and reach in 
Ioffe time.

→



Pseudo-PDF Approach

⟹

After 
Matching

μ = 2 GeV

B.Joó et al., Phys. Rev. D 100, 114512 (2019).

As for GLCS, this is a short-distance expansion - have to map to scale μ



Pion PDF

T.Izubuchi et al., Phys. Rev. D 
100, 034516

J-H Zhang et al., Phys. Rev. D 
100, 034505

Crucial take-away - should aim for consistency after systematic 
uncertainties under control



What about the Kaon?

The hope is that some systematics 
cancel in ratio

H.W. Lin et al., PHYSICAL REVIEW D 103, 
014516 (2021) 

Need reach and resolution in Ioffe time



Moments revisited…..

• Recall another approach - use moments to recover distributions.  
What can we say with ⟨x⟩, ⟨x2⟩ and ⟨x3⟩ .

C. Alexandrou et al, arXiv:2104.02247

A rediscovered message - yes, providing you assume some (well-motivated) 
parametrization

Inverse problem - requires 
additional input 
LQCD + Expt - similar 
challenges



Hadron Tomography

Form Factors 
transverse quark 

 distribution in  
Coordinate space

Structure Functions 
longitudinal 

quark distribution 
in momentum space

GPDs 
Fully-correlated 

quark distribution in  
both coordinate and  
momentum space



Generalized Form Factors

Brommel et al., Pos LAT 2005, 360; Phys. Rev. Lett. 101, 122001 (2008)  

GFFs can be related to distributions of mass and OAM!

h⇡+(P +�/2) | ū(0)�{µiDµ1iDµ2 . . . iDµn}u(0) | ⇡ + (P ��/2)i

= 2P {µPµ1 . . . Pµn}An+1,0(�
2) + 2

nX

i=1,odd

�{µ�µ1 . . .�µiPµi+1 . . . PµnAn+1,i+1(�
2) ,

(1)
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Hadron Tomography
• Three-dimensional imaging of hadrons

Transverse Momentum Dependent distGeneralized Parton Distributions

ℳ(ν, ξ, t; z2) = eiξν ∫
1

−1
dx eixνℋ(x, ξ, t, z2)

A.Radyushkin, PRD100, 116011 (2019)  

pseudo-GITD pseudo-GPD

ν = (ν1 + ν2)/2 ξ =
ν1 − ν2

ν1 + ν2

Lattice is complementary 
to experiment and 
essential!

Thanks, Colin Egerer



J.-W. Chen, H.-W. Lin and J.-H. Zhang, Nucl. Phys. B 952, 114940



Flavor-singlet distributions
• Much more challenging - severe noise-to-signal ratio

Ioffe-Time Distribution

Tanjib Khan                                                                 13/14

Preliminary results for Nucleon…

Thanks, Tanjib Khan



h⇡(P +�/2)|G{µ
a↵G

⌫↵}
a | ⇡(P ��/2)i = 2PµP ⌫Ag(�

2) +
1

2
�µ�⌫Dg(�

2) .
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Gives rise to gluon gravitational form factor!

P. Shanahan and W. Detmold, Phys. Rev. D 99, 014511 (2019)



Future Electron-Ion 
Collider

Lattice QCD

JLab@12GeV

3D Image of nucleon and 
nuclei at the femtoscale

A New Opportunity in Hadron Structure



Summary
• Revolution in the study of x-dependent measures of hadron structure 

– Impact global fitting community?   
– First-Principles calculation 

• Solution of inverse problem: common to all attempts to extract PDFs.  
Appeal to global fitting community. Important activity within CNF 

• To control systematics 
– fine lattices - to ensure in perturbative regime 
– large momenta - to provide range in Ioffe time 
– Combined LaMET/pPDF/LCS - further control over systematics 

• New areas: 
– Flavor-singlet PDFs 
– GPD’s in pseudo-PDF approach: A.Radyushkin, Phys. Rev. D 100, 

116011 (2019). 
– Structure of Excited States 

X.Gao et al., arXiv:2101.11632



X.Gao et al., arXiv:2101.11632

f(x) = Nxα(1 − x)β



Reaching high momentum…

X.Gao et al., arXiv:2101.11632


