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Lattice QCD

JLab@12GeV

3D Image of nucleon and 
nuclei at the femtoscale

A New Opportunity in Hadron Structure



Virginia Center for Nuclear Femtography
• funded by Commonwealth to “…..to facilitate the application of 

modern developments in data science to the problem of 
imaging and visualization of sub-femtometer scale structure of 
protons, neutrons, and atomic nuclei” 

• Multi-disciplinary, bringing together nuclear theorists and 
experimentalists, mathematicians, computer scientists,… …
and architects and artists
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Center for Nuclear Femtography

Machine Learning and 
Statistics Visualization

Mesh-based Data 
Representation

Capability and Capacity 
Computing  



Data Visualization and New Initiatives in Doubly Virtual Compton Scattering 
Carl Carlson (WM), Marc Vanderhaeghen (Mainz) 
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Wigner Imaging

D. Heddle (CNU)



Inverse Problem

In deciphering the structure of hadrons, we are always 
dealing with sparse and incomplete data.  



This is common amongst many areas of science!

σ = ∫ H ⊗ fa ⊗ fb

Barry et al.,  
arXiv:1804.01965

Incomplete 
Cross section

PQCD Kernel PDF 

This is an ill-posed problem 
➡Need additional information

q(x) = Nxα(a − x)βP(x)
e.g. we assume a functional form:

There are no model-independent PDFs

Assuming 
factorization}



“To build the next generation of global QCD analysis 
tools using machine learning (ML) techniques to study 
the quantum probability distributions (QPD) 
characterizing the internal structure of the nucleon.”

 Slide from Nobuo Sato, CNF 2019

- Predictions for Future Experiments

- What datasets/points constrain 
distributions? 

- How do distributions depend on 
parametrization? 

- What additional measurements to 
contain distributions?

Cross sections Theory Distributions Parameters

Forward NN Mapper

Cross sections Theory Distributions Parameters

Backward NN Mapper

Machine Learning



N.Sato, EINN2019



GPDS KINEMATICS 

Accessed by cross sections 

Accessed by beam/target

 spin asymmetry 

t=0 

For 3D imaging, GPDs and PDFs, an even bigger challenge - 
less guidance on parametrization



Visualization

Computers can be pretty good 
cosmic-ray detectors - 
visualization for debugging

- Guiding analysis and error checking 
- Understanding 
- “Eye Candy”

Bronson Messer, ORNL, CNF2019
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slide from Kazu Akiyama 
- Femtography 2019





Bronson Messer, ORNL, CNF2019



Computation



New technology driving change
• Existing DAQ designs at JLab are based on several 

assumptions: 
– Experiments generate data at a bandwidth that is too high 

for an affordable system to acquire. 
– Even if the data could be acquired it could not be stored. 
– At these rates the data could not be processed by software 

in real, or near-real, time. 
• In recent years it has become clear to several groups, both at 

JLab and outside, that these assumptions are no longer true. 
• It is now possible to acquire data with minimal filtering in parallel 

streams to short term storage and process in near real time to 
reduce it to a volume that can be permanently archived. 

• This approach is known as streaming readout. 
– Much of what was formerly done online in custom 

electronics, firmware and embedded software is moved 
near/off-line.

Switched
Network

Online buffer

Detector

Front end
Buffer
and

preprocess

Switched
Network

Back end
preprocess

Detector

FE HW

Detector

FE HW

Detector

FE HW

Slide: Graham Hayes, SC19

Exploit HPC Opposite of Edge Computing?



Lattice QCD
Capability Computing - 
Gauge Generation

Capacity Computing - 
Observable Calculation

“Desktop” Computing - 
Physical Parameters

e.g. Summit at ORNL e.g. GPU/KNL cluster at 
JLab, BNL, FNAL

e.g. Mac at your desk

P [U ] / detM [U ]e�SG[U ]

Several V, a, T, mπ
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X
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LQCD: Moving toward the exascale
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4.1x faster
on 2x fewer GPUs

~8x gain

10.2x faster
on 8x fewer GPUs

~82x gain

Hardware: 2.13x wall-time on 8x fewer GPUs = 17x

Algorithms, Software and Tuning: 4.79x

The USQCD Clover Gauge Generation
ECP FoM since 2016
using Chroma, QDP-JIT + QUDA on Summit 81.6x 

overall gain



LQCD: Theory Advances
• 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)

• Discretised lattice: power-divergent mixing for higher moments

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 .ν = p ⋅ z
A.Radyushkin, Phys. Rev. D 96, 034025 (2017) B.Ioffe, PL39B, 123 (1969); V.Braun 

et al, PRD51, 6036 (1995)

M↵(p, z) = hp |  ̄�↵U(z; 0) (0) | pi
<latexit sha1_base64="MCl07JT2srlV8HQU8KqjtuC3224="></latexit><latexit sha1_base64="MCl07JT2srlV8HQU8KqjtuC3224="></latexit><latexit sha1_base64="MCl07JT2srlV8HQU8KqjtuC3224="></latexit><latexit sha1_base64="MCl07JT2srlV8HQU8KqjtuC3224="></latexit>

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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pseudo-PDF

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

1

2⇡

Z 1

�1
d⌫e�i⌫xM(⌫,�z23)
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⟹



pPDFs - II
To deal with UV divergences, introduce reduced distribution 𝔐 =

ℳ(ν, z2)
ℳ(0,z2)

M(⌫, z2) =

Z 1

0
duK(u, z2µ2,↵s)Q(u⌫, µ2)
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Perturbatively calculableComputed on lattice Ioffe-time Distribution

⟹

Q(⌫, µ) = M(⌫, z2)� ↵sCF

2⇡

Z 1

0
du


ln

✓
z2µ2 e

2�E+1

4

◆
B(u) + L(u)

�
M(u⌫, z2).
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Match data at different z

Q(⌫) =

Z 1

�1
dx q(x)ei⌫x

q(x) =
1

2⇡

Z 1

�1
d⌫ e�i⌫xQ(⌫)
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Inverse problem

Need data for all ν, or 
additional physics input

K. Orginos et al., 
PRD96 (2017), 
094503



Nucleon PDF

⟹

Ground-breaking quenched calculation: K. Orginos et al., PRD96 (2017), 094503

B.Joo et al., arXiv:1908.09771



For precision calculations 
- small lattice spacings 
- Large Spatial Volumes 
- Calculations at physical 

pion mass

Large Range in ν

We now know how to do the 
calculations.  Exascale 
computing means we can!



Experiment and Computation = Femtography



Transversity

H-W Lin et al., Phys. Rev. Lett. 120, 152502 (2018)

Precisely calculated in LQCD

LQCD: not testing but understanding QCD



Nature 557 (2018) no.7705, 396-399

V. Burkert, L. Elouadrhiri, F.X. Girod



Expt + Lattice
P. Shanahan, EINN 2019

LQCD can predict and complement: gluon 
structure, pion,…



Energy-Momentum Tensor

28

Tµ⌫ =
1

4
 ̄�(µD⌫) +Gµ↵G⌫↵ � 1

4
�µ⌫G

2; hP | Tµ⌫ | P i = PµP⌫/M

Trace Anomaly: Tµµ = �(1 + �m) ̄ +
�(g)

2g
G2

Yang et al., Phys. Rev. Lett. 121, 
212001 (2018)

How does mass decomposition 
change with quark mass?



Summary
• New era in hadron structure calculations driven by 

– New and upcoming experimental facilities 
– Theoretical advances 
– Approach to exascale computing 

• To capitalize on this we need a coordinated effort of 
experiment, theory and computation 
– Exploit developments in machine learning 
– Visualization to analyse and to learn 
– Development of new algorithms and methods for 

computation.


