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Introduction
Working definition - calculation of x-dependent PDFs and QDAs (quark 
distribution amplitudes) from Euclidean-space lattice calculations.

X. Ji, Phys. Rev. Lett. 110 (2013) 262002 
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Quasi distributions approach light-cone distributions in limit of large Pz

¥ Quasi-PDF (qPDF) interpreted in LaMET (Large Momentum Effective Theory) 
was proposed by X.Ji

¥ Pseudo-PDF (pPDF) recognizing generalization of PDFs in terms of Ioffe 
Time.
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A. Radyushkin, PLB767 (2017); Braun et al., Phys.Rev. D51 (1995) 6036



Pseudo-PDF and Quasi-PDF
Relation between qPDF and pPDF approaches 

Ð Both integrals of Ioffe-Time Distribution Function 
Ð Computed matrix elements the same 

Ð Should yield same PDF after matching and systematic controls
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Require sufÞciently Þne lattice spacings



Good ÒLattice Cross SectionsÓ (LCS)
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where

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

Calculated in perturbation 
theory (Òprocess dependentÓ)

Parton Distribution 
function

Calculated in 
LQCD

Short distance scale

! = P á" , " 2P2

Expressed in coordinate space
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ÒHigher TwistÓ
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LCS - II

OS(⇠) = ⇠4Z2
S [ ̄q q](⇠)[ ̄q ](0)

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

Choice of Operators

O(! ) = "̄ (0)! W (0, 0 + ! )" (! )

Wilson line

Gauge-Invariant Currents:

Flavor-changing

¥ Straight-forward operator renormalization - matching + 
continuum Pert. Th. 

¥ ! can be off-axis

M(⌫, z2) =
M(⌫, z2)

M(0, z2)
<latexit sha1_base64="d3SGMoIwiw9uKe90F4D2HIobtak="></latexit>

Current-current (CC)
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Gluonic

c.f. Pion QDA, Braun et al, Phys. 
Rev. D 98, 094507 (2018)
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Calculate K at tree-level between quark states
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! ! / 2 ! / 2

! µ
l

k = xp k = xp

�⇠/2 ⇠/2

⌫ µ
l

Process, i.e. current, dependent
1

2
[�µ⌫

V,A(⇠, p) + �µ⌫
A,V (⇠, p)]

<latexit sha1_base64="FtSd2NpCIyLMl4QXUzqIm2QwgV0="></latexit><latexit sha1_base64="FtSd2NpCIyLMl4QXUzqIm2QwgV0="></latexit><latexit sha1_base64="FtSd2NpCIyLMl4QXUzqIm2QwgV0="></latexit><latexit sha1_base64="FtSd2NpCIyLMl4QXUzqIm2QwgV0="></latexit>

Perturbative Kernel 



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

ACKNOWLEDGMENTS

We thank the RBC and UKQCD Collaborations for providing their DWF gauge configura-

tions. This work is supported in part by the U.S. DOE Grant No. DE-SC0013065. This research

used resources of the Oak Ridge Leadership Computing Facility at the Oak Ridge National Lab-

oratory, which is supported by the O�ce of Science of the U.S. Department of Energy under

Contract No. DE-AC05-00OR22725. This work used Stampede time under the Extreme Sci-

ence and Engineering Discovery Environment (XSEDE) [10], which is supported by National

Science Foundation Grant No. ACI-1053575. We also thank National Energy Research Scientific

Computing Center (NERSC) for providing HPC resources that have contributed to the research

results reported within this paper. We acknowledge the facilities of the USQCD Collaboration

used for this research in part, which are funded by the O�ce of Science of the U.S. Department

of Energy.

[1] A. I. Signal and A. W. Thomas, “Possible Strength of the Nonperturbative Strange Sea of the

Nucleon,” Phys. Lett. B 191, 205 (1987).

[2] S. J. Brodsky and B. Q. Ma, “The Quark / anti-quark asymmetry of the nucleon sea,” Phys.

Lett. B 381, 317 (1996) [arXiv:hep-ph/9604393].

[3] F. G. Cao and A. I. Signal, “Two analytical constraints on the eta - eta-prime mixing,” Phys.

Rev. D 60, 114012 (1999) [arXiv:hep-ph/9908481].

3

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

ACKNOWLEDGMENTS

We thank the RBC and UKQCD Collaborations for providing their DWF gauge configura-

tions. This work is supported in part by the U.S. DOE Grant No. DE-SC0013065. This research

used resources of the Oak Ridge Leadership Computing Facility at the Oak Ridge National Lab-

oratory, which is supported by the O�ce of Science of the U.S. Department of Energy under

Contract No. DE-AC05-00OR22725. This work used Stampede time under the Extreme Sci-

ence and Engineering Discovery Environment (XSEDE) [10], which is supported by National

Science Foundation Grant No. ACI-1053575. We also thank National Energy Research Scientific

Computing Center (NERSC) for providing HPC resources that have contributed to the research

results reported within this paper. We acknowledge the facilities of the USQCD Collaboration

used for this research in part, which are funded by the O�ce of Science of the U.S. Department

of Energy.

[1] A. I. Signal and A. W. Thomas, “Possible Strength of the Nonperturbative Strange Sea of the

Nucleon,” Phys. Lett. B 191, 205 (1987).

[2] S. J. Brodsky and B. Q. Ma, “The Quark / anti-quark asymmetry of the nucleon sea,” Phys.

Lett. B 381, 317 (1996) [arXiv:hep-ph/9604393].

[3] F. G. Cao and A. I. Signal, “Two analytical constraints on the eta - eta-prime mixing,” Phys.

Rev. D 60, 114012 (1999) [arXiv:hep-ph/9908481].

3

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

(x0 + ⇠, t)

(x0, t)

ACKNOWLEDGMENTS

We thank the RBC and UKQCD Collaborations for providing their DWF gauge configura-

tions. This work is supported in part by the U.S. DOE Grant No. DE-SC0013065. This research

used resources of the Oak Ridge Leadership Computing Facility at the Oak Ridge National Lab-

oratory, which is supported by the O�ce of Science of the U.S. Department of Energy under

Contract No. DE-AC05-00OR22725. This work used Stampede time under the Extreme Sci-

ence and Engineering Discovery Environment (XSEDE) [10], which is supported by National

Science Foundation Grant No. ACI-1053575. We also thank National Energy Research Scientific

Computing Center (NERSC) for providing HPC resources that have contributed to the research

results reported within this paper. We acknowledge the facilities of the USQCD Collaboration

used for this research in part, which are funded by the O�ce of Science of the U.S. Department

of Energy.

[1] A. I. Signal and A. W. Thomas, “Possible Strength of the Nonperturbative Strange Sea of the

Nucleon,” Phys. Lett. B 191, 205 (1987).

[2] S. J. Brodsky and B. Q. Ma, “The Quark / anti-quark asymmetry of the nucleon sea,” Phys.

Lett. B 381, 317 (1996) [arXiv:hep-ph/9604393].

3

in the Qweak experiment arises from theGs
M (Q2). A precise estimate ofGs

M (Q2) can lead to

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

Qweak experiment. It is very important to know the value ofQp with greater precisionbecause/as

this will constrain the possibility of Beyond Standard Model physics.

Discuss NuTeV anomaly from the second moment of thes(x) � øs(x) asymmetry (from high-

lighted 10)

J1

J2

(x0 + ⇠, t)

(x0, t)

ACKNOWLEDGMENTS

We thank the RBC and UKQCD Collaborations for providing their DWF gauge conÞgura-

tions. This work is supported in part by the U.S. DOE Grant No. DE-SC0013065. This research

used resources of the Oak Ridge Leadership Computing Facility at the Oak Ridge National Lab-

oratory, which is supported by the O! ce of Science of the U.S. Department of Energy under

Contract No. DE-AC05-00OR22725. This work used Stampede time under the Extreme Sci-

ence and Engineering Discovery Environment (XSEDE) [10], which is supported by National

Science Foundation Grant No. ACI-1053575. We also thank National Energy Research ScientiÞc

Computing Center (NERSC) for providing HPC resources that have contributed to the research

results reported within this paper. We acknowledge the facilities of the USQCD Collaboration

used for this research in part, which are funded by the O! ce of Science of the U.S. Department

of Energy.

[1] A. I. Signal and A. W. Thomas, ÒPossible Strength of the Nonperturbative Strange Sea of the

Nucleon,ÓPhys. Lett. B 191, 205 (1987).

[2] S. J. Brodsky and B. Q. Ma, ÒThe Quark / anti-quark asymmetry of the nucleon sea,ÓPhys.

Lett. B 381, 317 (1996)[arXiv:hep-ph/9604393 ].

3

in the Qweak experiment arises from theGs
M (Q2). A precise estimate ofGs

M (Q2) can lead to

more/higher precision in the estimated value of proton weak chargeQp = (1 ! 4 sin2 ! W ) in the

Qweak experiment. It is very important to know the value ofQp with greater precisionbecause/as

this will constrain the possibility of Beyond Standard Model physics.

Discuss NuTeV anomaly from the second moment of thes(x) ! øs(x) asymmetry (from high-

lighted 10)

J1

J2

(x0 + " , t)

(x0, t)

(y, 0)

(z, T)

ACKNOWLEDGMENTS

We thank the RBC and UKQCD Collaborations for providing their DWF gauge conÞgura-

tions. This work is supported in part by the U.S. DOE Grant No. DE-SC0013065. This research

used resources of the Oak Ridge Leadership Computing Facility at the Oak Ridge National Lab-

oratory, which is supported by the O�ce of Science of the U.S. Department of Energy under

Contract No. DE-AC05-00OR22725. This work used Stampede time under the Extreme Sci-

ence and Engineering Discovery Environment (XSEDE) [10], which is supported by National

Science Foundation Grant No. ACI-1053575. We also thank National Energy Research ScientiÞc

Computing Center (NERSC) for providing HPC resources that have contributed to the research

results reported within this paper. We acknowledge the facilities of the USQCD Collaboration

used for this research in part, which are funded by the O�ce of Science of the U.S. Department

of Energy.

[1] A. I. Signal and A. W. Thomas, “Possible Strength of the Nonperturbative Strange Sea of the

Nucleon,” Phys. Lett. B 191, 205 (1987).

3

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

(x0 + ⇠, t)

(x0, t)

(y, 0)

(z, T )

ACKNOWLEDGMENTS

We thank the RBC and UKQCD Collaborations for providing their DWF gauge configura-

tions. This work is supported in part by the U.S. DOE Grant No. DE-SC0013065. This research

used resources of the Oak Ridge Leadership Computing Facility at the Oak Ridge National Lab-

oratory, which is supported by the O�ce of Science of the U.S. Department of Energy under

Contract No. DE-AC05-00OR22725. This work used Stampede time under the Extreme Sci-

ence and Engineering Discovery Environment (XSEDE) [10], which is supported by National

Science Foundation Grant No. ACI-1053575. We also thank National Energy Research Scientific

Computing Center (NERSC) for providing HPC resources that have contributed to the research

results reported within this paper. We acknowledge the facilities of the USQCD Collaboration

used for this research in part, which are funded by the O�ce of Science of the U.S. Department

of Energy.

[1] A. I. Signal and A. W. Thomas, ÒPossible Strength of the Nonperturbative Strange Sea of the

Nucleon,ÓPhys. Lett. B 191, 205 (1987).

3

in the Qweak experiment arises from theGs
M (Q2). A precise estimate ofGs

M (Q2) can lead to

more/higher precision in the estimated value of proton weak chargeQp = (1 ! 4 sin2 ! W ) in the

Qweak experiment. It is very important to know the value ofQp with greater precisionbecause/as

this will constrain the possibility of Beyond Standard Model physics.

Discuss NuTeV anomaly from the second moment of thes(x) ! øs(x) asymmetry (from high-

lighted 10)

J1

J2

(x0 + " , t)

(x0, t)

(y, 0)

(z, T)

p

p0

ACKNOWLEDGMENTS

We thank the RBC and UKQCD Collaborations for providing their DWF gauge conÞgura-

tions. This work is supported in part by the U.S. DOE Grant No. DE-SC0013065. This research

used resources of the Oak Ridge Leadership Computing Facility at the Oak Ridge National Lab-

oratory, which is supported by the O�ce of Science of the U.S. Department of Energy under

Contract No. DE-AC05-00OR22725. This work used Stampede time under the Extreme Sci-

ence and Engineering Discovery Environment (XSEDE) [10], which is supported by National

Science Foundation Grant No. ACI-1053575. We also thank National Energy Research ScientiÞc

Computing Center (NERSC) for providing HPC resources that have contributed to the research

results reported within this paper. We acknowledge the facilities of the USQCD Collaboration

used for this research in part, which are funded by the O�ce of Science of the U.S. Department

3

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

(x0 + ⇠, t)

(x0, t)

(y, 0)

(z, T )

p

p0

ACKNOWLEDGMENTS

We thank the RBC and UKQCD Collaborations for providing their DWF gauge configura-

tions. This work is supported in part by the U.S. DOE Grant No. DE-SC0013065. This research

used resources of the Oak Ridge Leadership Computing Facility at the Oak Ridge National Lab-

oratory, which is supported by the O�ce of Science of the U.S. Department of Energy under

Contract No. DE-AC05-00OR22725. This work used Stampede time under the Extreme Sci-

ence and Engineering Discovery Environment (XSEDE) [10], which is supported by National

Science Foundation Grant No. ACI-1053575. We also thank National Energy Research Scientific

Computing Center (NERSC) for providing HPC resources that have contributed to the research

results reported within this paper. We acknowledge the facilities of the USQCD Collaboration

used for this research in part, which are funded by the O�ce of Science of the U.S. Department

3

Computational Setup - Pion
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ei (p! .z " p.y ) ! øq" ⇧ q(z, T) øQ J2 Q(x0 + ⇠, t) øq J1 q(x0, t) øq" ⇧ q(y, 0)#
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X
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mu/d ! mQ ! ms

Straightforward computational setup using sequential-source 
method:

D(Z, T ;w)H(w;x0, t) =
X

y
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�ip·y�⇧G(y, 0;x0, t)

D(s;w)H̃(w;x0, t) =
X

z

e
ip·z�⇧H(z, T ;x0, t)

Momentum  
projection

Momentum  
projection

Momentum conservation

C4(T)



¥ Can compute both Wilson-line pPDF, and current-current correlators 
Ð CC allows both on- and off-axis separations 
Ð Wilson-line corrrelator allows more complete sampling of lattice - 

momentum projection at currents
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Colin Egerer, next talk

¥ Wilson-line calculation straightforward 
¥ CC: No straightforward implementation using 

Sequential Sources

Christian Zimmermann, 
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Feynman-Hellman



Inverse Problem
ÒInverse ProblemÓ - ill-posed inverse Fourier transform.

�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)

Calculate on Lattice Calculate in PQCDExtract PDF?

Similar challenge to that of global Þtting community!

Require additional information: 
¥ Bayesian Prior 
¥ Backus-Gilbert approach 
¥ Phenomenologically motivated parametrization

Q(! , µ2) =
! 1

! 1
dx ei ! x f (x, µ2)

<latexit sha1_base64="K9xum1UQiRy0gY22aM5uojapKZY="></latexit>

Or neural-network approach



Computational Details

¥ Programme is to use 2+1 isotropic clover lattices 
Ð Tadpole tree-level improved gauge 
Ð 1 iteration stout smearing 
Ð Used for many projects within USQCD

!10

e.g. nucleon charges - matching Zs calculated for 
many lattices

Ð Lattice spacing a ~ 0.127 fm 

Ð Pion mass 460 MeV 

Ð 32(24)3 x 96 lattice 

4

Ensemble ID a (fm) M⇡ (MeV) � CSW amud ams L
3
⇥ T M⇡L

a127m285 0.127(2) 285(3) 6.1 1.24930971 -0.2850 -0.2450 323 ⇥ 96 5.85

a094m280 0.094(1) 278(3) 6.3 1.20536588 -0.2390 -0.2050 323 ⇥ 64 4.11

a091m170 0.091(1) 166(2) 6.3 1.20536588 -0.2416 -0.2050 483 ⇥ 96 3.7

a091m170L 0.091(1) 172(6) 6.3 1.20536588 -0.2416 -0.2050 643 ⇥ 128 5.08

TABLE I. Parameters of the 2+1 flavor lattices generated by the JLab/W&M collaboration [1] using clover-Wilson fermions
and a tree-level tadpole-improved Symanzik gauge action. The lattice spacing a is obtained using the Wilson-flow scale w0 and
is the dominant source of error in estimates of M⇡. The bare quark masses are defined as ami = (1/2i � 4). Note that the
ensemble labeled a094m280 here was labeled a081m315 in Ref. [24].

ID Method Analysis Smearing Parameters tsep Nconf N
HP

meas N
LP

meas

C1: a127m285 AMA 2-state {5, 60} 8, 10, 12, 14 1000 4000 128,000
C2: a094m280 (R1) AMA 2-state {5, 60} 10, 12, 14, 16, 18 1005 3015 96,480
C3: a094m280 (R2) LP VAR {3, 22}, {5, 60}, {7, 118} 12 443 0 42,528
C4: a094m280 (R3) AMA VAR {5, 46}, {7, 91}, {9, 150} 12 443 1329 42,528
C5: a094m280 (R4) AMA 2-state {9, 150} 10, 12, 14, 16, 18 1005 3015 96,480
C6: a094m280 (R5) AMA 2-state {7, 91} 8, 10, 12, 14, 16 1005 3015 96,480
C7: a091m170 AMA 2-state {7, 91} 8, 10, 12, 14, 16 629 2516 80,512
C8: a091m170L AMA 2-state {7, 91} 8, 10, 12, 14, 16 467 2335 74,720

TABLE II. Description of the ensembles and the lattice parameters used in the analyses. Results from the four runs, R1–R4,
on the a094m280 ensemble were presented in Ref. [24]. We have extended the statistics in runs R1 and R4 and added R5 to
further understand the dependence of the estimates on the smearing size, the e�cacy of the variational method and the 2-state
fit to data at multiple source-sink separations tsep. The smearing parameters {�, NGS} are defined in the text. AMA indicates
that the bias in the low-precision measurements (labeled LP) was corrected using high-precision measurements as described
in Eq. (10). VAR indicates that the full 3 ⇥ 3 matrix of correlation functions with smearing sizes listed was calculated and a
variational analysis performed to extract the ground state eigenvector as described in Sec. II C. Analysis of data with multiple
tsep to obtain the tsep ! 1 estimate is carried out using Eqs. (7) and (8).

sources are generated by applying (1+! 2! 2/ (4NGS))N GS

to a unit point source. Here ! 2 is the three-dimensional
Laplacian operator and NGS and ! are smearing pa-
rameters that are given in Table II for each calculation.
Throughout this paper, the notation Si Sj will be used to
denote a calculation with source smearing ! = i and sink
smearing ! = j . Variations of the parameter NGS over a
large range does not impact any of the results [24], and
it is dropped from further discussions since our choice
lies within this range. Before constructing the smeared
sources, the spatial gauge links on the source time slice
are smoothed by 20 hits of the stout smearing procedure
with weight " = 0.08. A more detailed discussion of the
e! cacy of source smearing used in this study is given in
Ref. [24].

B. Behavior of the Correlation Functions

Our goal is to extract the matrix elements of various
bilinear quark operators between ground state nucleons.
The lattice operator #, given in Eq. (1), couples to the
nucleon, all its excitations and multiparticle states with
the same quantum numbers. The correlation functions,
therefore, get contributions from all these intermediate

states. Using spectral decomposition, the behavior of
two- and three-point functions is given by the expansion:

C2pt (t f , t i ) =

|A 0|2e! aM 0 ( t f ! t i ) + |A 1|2e! aM 1 ( t f ! t i )+

|A 2|2e! aM 2 ( t f ! t i ) + |A 3|2e! aM 3 ( t f ! t i ) + . . . , (7)

C3pt
! (t f , $, t i ) =

|A 0|2"0|O! |0#e! aM 0 ( t f ! t i ) +

|A 1|2"1|O! |1#e! aM 1 ( t f ! t i ) +

|A 2|2"2|O! |2#e! aM 2 ( t f ! t i ) +

A 1A "
0"1|O! |0#e! aM 1 ( t f ! ! ) e! aM 0 ( ! ! t i ) +

A 0A "
1"0|O! |1#e! aM 0 ( t f ! ! ) e! aM 1 ( ! ! t i ) +

A 2A "
0"2|O! |0#e! aM 2 ( t f ! ! ) e! aM 0 ( ! ! t i ) +

A 0A "
2"0|O! |2#e! aM 0 ( t f ! ! ) e! aM 2 ( ! ! t i ) +

A 1A "
2"1|O! |2#e! aM 1 ( t f ! ! ) e! aM 2 ( ! ! t i ) +

A 2A "
1"2|O! |1#e! aM 2 ( t f ! ! ) e! aM 1 ( ! ! t i ) + . . . , (8)

where we have shown all contributions from the ground
state |0#and the first three excited states |1#, |2#and |3#
with masses M 1, M 2 and M 3 to the two-point functions
and from the first two excited states for the three-point

Yoon et al, Phys. Rev. D 95, 074508 (2017)

For today"
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Pseudo-PDF of Nucleon - I

K.Orginos, A.Radyushkin, J.Karpie, 

S.Zafeiropoulos, PRD96 (2017), 094503 

First implementation in quenched approximation to QCD



Pseudo-PDF of Nucleon - II
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Form reduced matrix element

M(⌫, z2) =

✓
M(⌫, z2)

M(⌫, z = 0)

◆
/

✓
M(0, z2)

M(0, z = 0)

◆
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Quark-field 
renormalization

Wilson line

Preliminary



ITD of Nucleon
Obtaining ITD can be considered two-step process: 

¥ Match to common separation z0: 

¥ Evolve to 
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M (! , z2
0) = M (! , z2) + ln

!
z2

z2
0

"
" sCf

2#
B ! M (! , z2)

<latexit sha1_base64="B+s4ay3P7gidrXxUyp2XYDuPL9k="></latexit>
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A. Radyushkin, Phys. Rev. D 
98, 014019 (2018)

Q(! , µ2) = M (! , z2
0) !

" sCf

2#

! 1

0
du

"
ln

#
z2

0µ2 e2! E +1

4

$
B (u) + L(u)

%
M (u! , z2

0)
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Nucleon PDF
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JAM Collaboration: 

f(x) = N(" , #, c, d)x" (1 ! x)#(1 + c x + dx)



Moments of ITD + PDF
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Larger than CJ - as expected!



Summary
¥ Calculation of ITD distributions provides an first-principles way of 

determining PDFs 

¥ Formulated in coordinate-space - factorization into PDF and 
perturbative kernel. 

¥ Encompasses both Wilson-line and gauge-invariant current-current 
correlators. 

¥ Calculation for lattice currents: VA + Wilson line for pion: Colin 
Egerer 

¥ Exploring methods for current-current correlators for nucleon 
¥ Program to study systematics: lattice spacing, volume, quark mass, 

higher-twist!. 

¥ Method admits calculation of three-dimensional picture of 
hadrons:  
Ð GPDs should be straightforward! 

Ð Operator renormalization independent of external states 
Projected calculations with  

!16
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GPDs (DVCS) TMDs (SIDIS/DY)

LQCD

Imaging the Quarks

EicC EIC

ÒUnderstanding the glue that binds us allÓ



BACKUP
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Finite Volume Effects
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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.
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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)
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