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q  Focus on 3 of  the 5 Research Areas identified in 2015 NSAC LRP Document: 

Area 1 – QCD and the structure of  hadrons and nuclei 
Area 3 – Nuclear structure and reactions 
Area 5 – Fundamental symmetries and neutrinos 

Hadron spectroscopy 
– LQCD:  Edwards, Dudek,  
Orginos, Richards	  

Hadron spectroscopy  
– JPAC:  Doring, Passimar,	  
Szczepaniak	  

Nuclear structure & 
Low energy EFTs: 
Goity, Melnitchouk, Schiavilla, 
Van Orden, Weiss	  

3D hadron structure 
– LQCD:  Edwards, 
Orginos, Richards, Shanahan	  

3D hadron structure 
– Global analyses: 
Accardi, Melnitchouk, 
Prokudin, Rogers 

3D hadron structure 
– QCD & EFTs: Accardi, 
Balitsky, Melnitchouk, 
Prokudin, Qiu, Radyushkin, 
Rogers, Weiss 

q  Support JLab12 with six coherent thrusts: 

Hall A 
Hall C 

Hall D 

Hall B 

q  Research with high performance computing: 

Lattice QCD, SciDAC4, Exascale computing, software supporting experiments, … 

JLab Theory Program 



Hadron spectroscopy – LQCD	  

(JLab’s Pioneering Work!) 

q  Focus on GlueX & CLAS12 @ JLab  &  COMPASS, BES, & LHCb 

Light quark meson + “exotics” & “hybrids” spectrum 

Exotics 

Predicted 

Explored at 

Recognized by 
Feature review 



Hadron spectroscopy – LQCD	  

q  New development: 

First Lattice QCD calculation  
– “discovery” of   “a0”, “σ”, …  

(Solving old mysteries – scalar sector)	  



Hadron spectroscopy – LQCD	  

q  Even newer development: 



Hadron spectroscopy – LQCD	  

q  Even newer development: 



Hadron spectroscopy – LQCD	  

q  Even newer development: 



Hadron spectroscopy – JPAC	  

q  Joint Physics Analysis Center: 

²  Established in 2013 by JLab & Indiana University agreement 

²  Joint efforts between theorists and experimentalists to work together to 
make the best use of  very precise data taken at JLab and in the world 

²  Providing strong support to CLAS12, GlueX, … JLab experiments 



Hadron spectroscopy – JPAC	  

q  Making successful predictions for GlueX: 

Separation meson from 
baryon resonance 
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Hadron spectroscopy – JPAC	  

q  Making successful predictions for GlueX: 

Separation meson from 
baryon resonance 

First paper from  
GlueX and JLab12  

upgrades 

(data	  Gluex	  J.	  Zarling,	  DNP	  2017)	  

Comparison with preliminary GlueX results 
 
²  Natural exchanges at high–t 
²  Sensitive to details of  p exchange (low-t) 
²  Same exchanges in production of  exotic, 

hybrid mesons. 
[JPAC: Phys. Lett. B779, 77, (2018)] 



Hadron spectroscopy – JPAC	  

q  Making successful predictions for GlueX: 

Predictions for (ρ,ω,Φ) photoproduction   
²  Spin Density Matrix Elements: detailed 

polarization information → isolation of  
exchanges [JPAC: arXiv:1802.09403)] 

[Data from  J. Ballam et al. Phys. Rev. D7, 3150 (1973)] 



Hadron spectroscopy – JPAC	  

q  Making successful predictions for GlueX: 

Predictions for (ρ,ω,Φ) photoproduction   
²  Spin Density Matrix Elements: detailed 

polarization information → isolation of  
exchanges [JPAC: arXiv:1802.09403)] 

[Data from  J. Ballam et al. Phys. Rev. D7, 3150 (1973)] 

²  Global analysis of  world data 
²  Leading Regge pole theory  
²  Small number of  parameters  
²  Compatible with data  

[JPAC: in preparation] 

Quasi two-body reactions 



Nuclear structure 	  

q  Light nuclei spectra from chiral dynamics: 

[Piarulli et al, Phys. Rev. Letts. 120, 052503 (2018)] 



Hadron structure – JLab12 to EIC	  

q Coherent three-pronged approaches: 
Theory, Phenomenology and Lattice QCD – unique strength of  JLab 

q  Form Factors: 

Also for nucleons,  
and other hadrons 

q  Landscape of  hadrons: 

Momentum 
Space 
 
TMDs (3D) 

Coordinate 
Space 
 
GPDs (3D) 

Confined 
motion 

Spatial 
distribution 

bT

kT
xp

f(x,kT)

∫d2bT ∫  d2kT

f(x,bT)

f(x, µ2)
PDFs (1D) 

Probability distributions 
∫  d2kT ∫d2bT



Form factors – LQCD	  

q  Pion EM form factors: 

Chakraborty, Richards, … In progress, … 



Form factors – LQCD	  

q  Pion scalar radius: 



Form factors – LQCD	  

q  Pion scalar radius: 



Form factors – LQCD	  

q  Strange quark magnetic moment of  the nucleon: 

(at physical pion mass with domain wall fermions) 

Raza Sufian, Phys. Rev. Letts. 118, 042001 



Form factors – Low energy EFTs 	  

q  Accurate form factors from chiral EFT: 



3D hadron structure – LQCD	  

q  PDFs, TMDs, GPDs, … from Lattice QCD: 

z	  

t	  

0	  

ξ-‐	  PDFs: /

Cannot be calculated directly in LQCD! 

New Idea and great potential: 

Calculate quasi-PDFs è  Normal PDFs   when Pz è∞  

Major challenges: 

²  Ability to calculate in LQCD 
²  Renormalization of  quasi-DPFs 
²  Factorization to PDFs 

Ma, Qiu 2014, 
Phys. Rev. Lett. 

120, 022003 (2018) 

TMD collaboration 

q  Renormalization:	  

Complete proof  for the renormalization of  quasi-DPFs 

Completely multiplicative - No mix with other flavors or gluon! 

Ishikawa, Ma, 
Qiu, Yoshida 
Phys. Rev. D96,  
094019 (2017) 

X. Ji, 2013 z	  

t	  

0	  

z	  



3D hadron structure – LQCD	  
Radyushkin, 2017 

at Q = 2.15 GeV

q  Pseudo-PDFs = generalization of  PDFs: 

² Definition: 

M↵(⌫ = p · ⇠, ⇠2) ⌘ hp| (0)�↵�v(0, ⇠, v ·A) (⇠)|pi

⇠2 < 0

⌘ 2p↵Mp(⌫, ⇠
2) + ⇠↵(p2/⌫)M⇠(⌫, ⇠

2) ⇡ 2p↵Mp(⌫, ⇠
2)

P(x, ⇠2) ⌘
Z

d⌫

2⇡
e

ix ⌫

1

2p+
M+(⌫, ⇠2)

²  Interpretation: 

Off-light-cone extension of  PDFs:  f(x) = P(x, ⇠2 = 0)

q Quasi-PDFs: 
⇠µ = (0, 0?, ⇠z)

q̃(x, µ2
, p

z

) =

Z
d⌫

2⇡
e

ix⌫

1
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z
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z

⇠

z

,�⇠

2
z
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No longer Lorentz invariant 

q  TMDs: 
⇠µ = (0+, ⇠�, ⇠?)

with ⇠µ = (0+, ⇠�, 0?)

P(x,�⇠

2
?) ⌘

Z
d

2
k? e

i~k?·~⇠?F(x, k2?)
TMDs with a straight 

gauge link 



3D hadron structure – LQCD	  

q  Pseudo-PDFs: 

M↵(⌫ = p · ⇠, ⇠2) ⌘ hp| (0)�↵�v(0, ⇠, v ·A) (⇠)|pi
⌘ 2p↵Mp(⌫, ⇠

2) + ⇠↵(p2/⌫)M⇠(⌫, ⇠
2) ⇡ 2p↵Mp(⌫, ⇠

2)

² Model quasi-PDFs: with	  

²  Lattice calculation with              : ↵ = 0

P(x, ⇠2) ⌘
Z

d⌫

2⇡
e

ix ⌫M
p=p

0(⌫, ⇠2)/M
p=p

0(0, ⇠2)

⇠µ = (0, 0?, ⇠z)
Remove UV! 

q  First numerical results: 
Orginos, et al,  
PRD96, 094503 (2017) 

at Q = 2.15 GeV

Radyushkin, 2017 

One-loop matching recently 
Completed! 



3D hadron structure – LQCD	  

q  Lattice “cross sections”: 

² Go beyond quasi- or pseudo-PDFs 
²  Any single-hadron matrix elements satisfies: 

Lattice calculable, reliable continuum limit, pQCD factorizable   

Ma, Qiu 2014, 
Phys. Rev. Lett. 

120, 022003 (2018) 

PDFs 

DGLAP-Evolution 

e�Lattice(x̃, Q, P ⇠ p
s) ⇡

X

f

Z
dx

x

Cf
✓
x
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,
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2
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2
,↵s(µ);P

◆
f(x, µ2) +O


1

Q

2

�

Key: controllable hard scale! 

�n(⇠
2,!, P 2) = hP |T{On(⇠)}|P i



3D hadron structure – LQCD	  

q  Lattice “cross sections”: 

² Go beyond quasi- or pseudo-PDFs 
²  Any single-hadron matrix elements satisfies: 

Lattice calculable, reliable continuum limit, pQCD factorizable   

Ma, Qiu 2014, 
Phys. Rev. Lett. 

120, 022003 (2018) 

PDFs 

DGLAP-Evolution 
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Key: controllable hard scale! 
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2,!, P 2) = hP |T{On(⇠)}|P i

q  Many choices for the operator: 
² Doing experiments on the lattice! 

Oj1j2(⇠) ⌘ ⇠dj1+dj2�2 Z�1
j1

Z�1
j2

j1(⇠) j2(0)

jV 0(⇠) = ⇠Z�1
V 0 [ q� · ⇠ q0 ](⇠),

jG(⇠) = ⇠3Z�1
G [�1

4
F c
µ⌫F

c
µ⌫ ](⇠)

Oq(⇠) = Z�1
q (⇠2) q(⇠) � · ⇠�(⇠, 0) q(0)

�(⇠, 0) = Pe�ig
R 1
0 ⇠·A(�⇠) d�

Module O(αs) corrections 
And HT corrections 

! = �|~⇠||~P | cos(✓)



3D Hadron structure – Global analyses	  

q  First global QCD analysis of  transversity distribution  
      – using Monte Carlo methodology with lattice QCD constraints 
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3D Hadron structure – Global analyses	  

q  First MC global QCD analysis of  pion PDFs: 

Using	  Fermilab	  DY	  data	  and	  HERA	  leading	  neutron	  produc;on	  data	  



3D Hadron structure – NNLO	  

q  SIDIS at JLab: 

q  Hall B (E12-06-112): 

Sensi=ve	  to	  Boer-‐Mulders	  func=ons	  &	  Collins	  FFs	  –	  how	  does	  spin	  influence	  hadroniza=on?	  



3D Hadron structure – NNLO	  

Stay tuned … 

Rogers, et al. 



3D Hadron structure – NNLO	  

Stay tuned … 
Balitsky, et al. 

q  TMD factorization at 1st power correction level: 



31	  

Hadron structure – EIC	  

•  Developed theoretical framework for DIS 
on deuteron with spectator nucleon tagging 
at EIC, e + d -> e’ + p + X. 
Strikman, Weiss arXiv:1706.02244  

•  Calculated final-state interactions in new 
approach based on space-time picture  
of hadron formation in DIS. Appropriate for 
EIC kinematics.  

•  Extension to polarized deuteron DIS and 
small-x diffractive scattering in progress 
Strikman, Weiss, Cosyn, Sargsian 

•  Enables precise measurements of neutron 
structure with EIC: On-shell extrapolation 
EIC simulations performed in 2014/15 LDRD 
project, PI Weiss, https://www.jlab.org/theory/tag/	  

Weiss et al 



Nuclear and hadron structure + machine learning	  

P. Shanahan et al. 



Summary and outlook 

Thank you! 

q  Support with leadership to the national nuclear theory 
research effort  

Theory Center Mission: 

q Help motivate, promote, stimulate, support and contribute 
to the JLab12 program 


