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• Euclidean lattice precludes the calculation of light-cone correlation functions 
– So… …Use Operator-Product-Expansion to formulate in terms of Mellin 

Moments

Introduction

• Moment Methods 
– Extended operators: Z.Davoudi and M. Savage, PRD 86,054505 (2012) 
– Valence heavy quark: W.Detmold and W.Lin, PRD73, 014501 (2006)

• Hadronic Tensor (HT)
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Introduction - II

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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Lattice Cross Sections
• Good “Lattice Cross Sections” (LCS)
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Ma and Qiu, Phys. Rev. Lett. 120 022003
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• Current-current correlators, e.g.

Lattice Cross Sections - II

OS(⇠) = ⇠4Z2
S [ ̄q q](⇠)[ ̄q ](0)

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

• Gauge-invariant 
• Renormalization straightforward

• Quasi- and Pseudo-distributions particular case
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Why the Pion? 

Discrepancy in large-x 
behavior of pion distribution

de Teramond, liu, Sufian, Dosch, 
Brodsky, Deur, PRL (2018)

• u distribution of FNAL E615 to leading order 
• C12-15-006 at Hall A will look at structure of pion 
• C12-15-006A at Hall A will look at structure of Kaon 
• No free pion target



• Pion less computationally demanding that nucleon 
– Larger signal-to-noise ratio

Why the Pion - II? 

Cp
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• Important constraint on systematic uncertainty is 
understanding operator renormalization 
– Operator renormalization “independent” of external 

states
• Admits simple computational methodology 

– Coordinate-space currents computationally 
demanding in lattice QCD



Quasi-Distribution of Pion
LP3, arXiv:1804.01483m⇡ ' 300MeV



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 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 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, “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, “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 )

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

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
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Preliminary Results

• 110 configurations 
• Single source point 

for current J1

J1 = V, J2 = A

• 2+1 Flavor clover-fermion action
a ' 0.12, 0.09 fm

m⇡ ' 400, 440MeV

Clear isolation of pion 
matrix element

m⇡ ' 400MeV, 323 ⇥ 96,

pmin ' 300MeV



Preliminary Results - II

Clear signal in real part to 
p around 1 GeV 

Imaginary part only to 
small values of p



Challenges/Questions
High spatial momentum and lattice systematics

Inverse Problem - common to all approaches

�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?

Boosted interpolating operators

Bali et al., Phys. Rev. D 93, 094515 (2016)
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Briceno, Guerrero, Hansen and Monahan, arXiv:1805.01304

m⇡L ' 4Typically

Future?

⇢
⇠ shortdistance
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⇡



Summary
• Calculation of current-current correlators for pion and 

kaon in progress for variety of local operators 
• Important to understand finite-volume effects 
• Extending calculation to close-to-physical  

• Application to nucleon  
– No straight-forward application of “sequential-

source” method 
– Alternative approaches in progress 

• Variety of lattice cross sections - including pseudo 
PDFs - on same ensemble of lattices.

m⇡ ' 170 MeV

643 ⇥ 128 Lattices


