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QCD at Fermi Scale 

q  QCD	  landscape	  of	  nucleon	  and	  nuclei	  –	  Strong	  QCD!	  
Color	  Confinement	   Asympto;c	  freedom	  

Probing	  
scale	  

Q (GeV)

200	  MeV	  (1	  fm)	   2	  GeV	  (1/10	  fm)	  

New	  Horizon:	  Femto-‐science	  (0.1-‐10	  fm)	   Asympto<c	  
regime	  
PQCD	  
works	  

beau<fully!	  
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Strong	  QCD	  –	  QCD	  at	  the	  Fermi	  scale	  	  
is	  the	  most	  interes;ng,	  rich,	  and	  complex,	  	  

but	  mysterious	  and	  challenging	  regime	  of	  the	  theory!	  

All	  emergent	  phenomena	  depend	  on	  the	  probes	  	  
and	  the	  scale	  at	  which	  we	  probe	  them!	  

We	  do	  not	  see	  quarks	  and	  gluons	  in	  isola>on!	  
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We	  do	  not	  see	  quarks	  and	  gluons	  in	  isola>on!	  

Explore	  the	  QCD	  landscape	  of	  nucleon	  and	  nuclei	  by	  using	  controllable,	  shape,	  
local	  probes,	  but,	  “moving	  or	  scanning”	  them	  throughout	  the	  regime!	  

q  My	  talk:	  
bT

kT
xp



QCD at Fermi Scale 

q  QCD	  landscape	  of	  nucleon	  and	  nuclei	  –	  Strong	  QCD!	  
Color	  Confinement	   Asympto;c	  freedom	  

Probing	  
scale	  
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200	  MeV	  (1	  fm)	   2	  GeV	  (1/10	  fm)	  

q  Need	  to	  iden;fy	  observables	  with	  two-‐momentum	  scales:	  
Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

²  Hard	  scale:	  	  	  	  	  	  	  	  	  	  	  localizes	  the	  probe	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  par;cle	  nature	  of	  quarks/gluons	  

²  “SoU”	  scale:	  	  	  	  	  	  	  	  	  could	  be	  more	  sensi;ve	  to	  the	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  hadron	  structure	  ~	  1/fm	  

²  Hit	  the	  hadron	  “very	  hard”	  without	  breaking	  it,	  clean	  informa;on	  on	  the	  structure!	  	  

New	  Horizon:	  Femto-‐science	  (0.1-‐10	  fm)	  



QCD at Fermi Scale 

q  QCD	  landscape	  of	  nucleon	  and	  nuclei	  –	  Strong	  QCD!	  
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e	   p	  

�DIS(x,Q
2) =

2	  

q  Any	  cross	  sec;on	  with	  iden;fied	  hadron(s)	  is	  NOT	  perturba;vely	  calculable!	  

bT

kT
xp

bT

kT
xp

Power	  correc;ons	  
Approxima>on!	  

Factoriza;on	   Parton-‐distribu;on	  
Structure	  

Hard-‐part	  
Probe	  

⊗
1 O
QR
⎛ ⎞

+ ⎜ ⎟
⎝ ⎠

xP,	  kT	  ⇡ 1/Q !

Structure:	  in	  terms	  of	  quantum	  matrix	  elements/probabili>es,	  …	  

New	  Horizon:	  Femto-‐science	  (0.1-‐10	  fm)	  



QCD factorization works to the precision 
q Data	  sets	  for	  Global	  fits:	  

q Fit	  quality:	  

q Kinema;c	  coverage:	  



QCD factorization works to the precision 

SM:	  Electroweak	  processes	  +	  QCD	  perturba>on	  theory	  +	  PDFs	  works!	  



“See” the hadron structure 

bT

kT
xpBoosted	  partonic	  structure	  is	  encoded	  in	  probability	  distribu>ons:	  

	  PDFs,	  TMDs,	  GPDs,	  …	  non-‐perturba>ve!	  

Control	  of	  
the	  2nd	  scale!	  �

Boost	  =	  >me	  dila>on	  By	  collision	  	  
breaking	  	  
the	  hadron	  

By	  collision	  	  
keeping	  	  

hadron	  intact	  

Hard	  probe	  (t	  ~	  1/Q	  ~	  1/xp	  <	  fm)	   Probability	  to	  	  
“catch”	  the	  parton!	  

⇡

Q

Q
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²  Experiment	  +	  QCD	  factoriza;on	  +	  Global	  analysis/Phenomenology	  +	  Compu;ng	  

²  La`ce	  QCD	  +	  QCD	  factoriza;on	  +	  Global	  analysis/Phenomenology	  +	  Compu;ng	  

q  Tools	  to	  “see”	  the	  hadron’s	  partonic	  structure:	  

Complementary	  to	  each	  other,	  need	  each	  other,	  …	  	  



QCD needs lepton-hadron facility  

q  Hadrons	  are	  produced	  from	  the	  energy	  in	  e+e-‐	  collisions:	  

§  No	  hadron	  to	  start	  with	  
§  Emergence	  of	  hadrons	  

q  Hadrons	  are	  produced	  in	  hadron-‐hadron	  collisions:	  
§  Partonic	  structure	  	  
§  Emergence	  of	  hadrons	  
§  Heavy	  ion	  target	  or	  beam(s)	  	  

Also	  at	  the	  LHC	  
q  Hadrons	  are	  produced	  in	  lepton-‐hadron	  collisions:	  

Also	  at	  COMPASS	  &	  	  
future	  EIC	  

§  Colliding	  hadron	  can	  be	  
broken	  or	  stay	  intact!	  	  

§  Imaging	  partonic	  structure	  
§  Emergence	  of	  hadrons	  	  
§  Heavy	  ion	  target	  or	  beam	  One	  facility	  covers	  all!	  

JLab	  12	  GeV	   EIC	  
Valence	   Sea	  and	  glue	  



CEBAF 12 GeV Upgrade 

A	  Lepton-‐Hadron	  Facility	  has	  the	  highest	  luminosity	  

Project	  Comple>on	  Approved	  on	  September	  27,	  2017	  
All	  four	  Halls	  are	  in	  physics	  opera>ons	  

JLab	  12	  GeV	  science	  era	  is	  here!	  
A	  cri>cal	  step	  toward	  EIC!	  

Hall	  D	  

Hall	  B	  

Hall	  C	  

CEBAF	  



JLab12 Scientific Questions 
excited gluon field 

•  What	  is	  the	  role	  of	  gluonic	  excita;ons	  in	  the	  
spectroscopy	  of	  light	  mesons?	  Can	  these	  
excita;ons	  elucidate	  the	  origin	  of	  quark	  
confinement?	  

•  Where	  is	  the	  missing	  spin	  in	  the	  nucleon?	  
	  Is	  there	  a	  significant	  contribu;on	  from	  
valence	  quark	  orbital	  angular	  momentum?	  

	  
•  Can	  we	  reveal	  a	  novel	  landscape	  of	  nucleon	  
substructure	  through	  3D	  imaging	  at	  the	  
femtometer	  scale?	  

•  What	  is	  the	  rela;on	  between	  short-‐range	  N-‐N	  
correla;ons,	  the	  partonic	  structure	  of	  nuclei,	  
and	  the	  nature	  of	  the	  nuclear	  force?	  

	  
•  Can	  we	  discover	  evidence	  for	  physics	  
	  beyond	  the	  standard	  model	  
	  of	  par;cle	  physics?	  



JLab12 Scientific Capabilities 

Hall D – exploring origin of 
confinement by studying  

exotic mesons 

Hall B – understanding nucleon  
structure via generalized parton 
distributions (GPDs) and transverse 
momentum dependent distributions 
(TMDs) 

Hall C – precision determination of 
valence quark properties  

in nucleons and nuclei  

Hall A – short range correlations,  
form factors (SBS), hyper-nuclear physics,  
future new experiments (e.g., SoLID and MOLLER) 

V.D.	  Burkert’s	  talk	  on	  “Explore	  Strong	  QCD	  in	  the	  JLab	  Experiments	  …”	  	  	  



Strong QCD “Theory” at this conference 

Hall A 
Hall C 

Hall D 

Hall B 

Nucleon	  Resonance,	  Spectroscopy,	  Exo;cs	  
Hiller-‐Blin,	  Gothe,	  Segovia,	  Szczepaniak,	  Thiel,	  …	  	  

QCD	  Phenomenology	  	  
–	  QCD	  global	  analysis	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Andres,	  Radici	  

The	  Future:	  Electron-‐Ion	  Collider	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Milner	  	  

La`ce	  QCD	  meets	  
QCD	  Phenomenology	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Briceno,	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  Lin,	  Radyushkin,	  	  

Nucleon	  structure	  in	  3D	  
	  	  	  	  	  	  	  	  	  	  	  	  	  Vanderhaeghen,	  Ji,	  ..	  	  	  

From	  neutron	  to	  stars	  
Liu;,	  …	  

Form	  factors,	  …	  
Cole,	  Kim,	  	  

Solve	  QCD	  with	  	  
controlled	  approxima;ons	  
Roberts,	  	  
Rodriguez-‐Quitero,	  Mezrag,	  ..	  

QCD:	  a	  50-‐year	  experience	  
Brodsky	  

Nuclear	  structure	  from	  QCD	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Draayer	  



LQCD – beyond the mass spectrum 

²  GlueX	  looking	  for	  exo;c	  hybrid	  mesons	  in	  photoproduc;on	  
² Might	  appear	  as	  enhancement	  in	  πππ	  ~	  πρ,	  πσ,	  πf0(980)…	  

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

Hadron Spectrum:  
     PRD83 (2011);  
     PRD88 (2013) 

Predicted	  

Exotics 

See	  talk	  by	  Briceno	  



LQCD – beyond the mass spectrum 

²  GlueX	  looking	  for	  exo;c	  hybrid	  mesons	  in	  photoproduc;on	  
² Might	  appear	  as	  enhancement	  in	  πππ	  ~	  πρ,	  πσ,	  πf0(980)…	  

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

Hadron Spectrum:  
     PRD83 (2011);  
     PRD88 (2013) 

Predicted	  

Exotics Decay	  	  
rate	  

Editor’s	  
sugges>on	  
PRD97,	  2018	  

Mo>va>on	  in	  GlueX	  PID	  	  
upgrade	  proposal	  

GlueX	  ac>vely	  calibra>ng	  in	  this	  channel	  

See	  talk	  by	  Briceno	  



Hadron Spectroscopy - JPAC 

“Determina;on	  of	  the	  Pole	  Posi;on	  of	  the	  Lightest	  Hybrid	  Meson	  Candidate”	  

Exo;cs	  in	  η(’)	  π	  –	  led	  to	  the	  1st	  Exo;c	  π1	  	  

²  For	  the	  first	  ;me	  pole	  parameters	  of	  the	  exo;c	  π1	  resonance	  were	  extracted	  
using	  a	  coupled	  channel	  fit	  to	  COMPASS	  η(’)	  π	  P-‐	  and	  D-‐waves	  

²  Results	  compa;ble	  with	  the	  existence	  of	  a	  single	  π1	  meson,	  which	  solves	  a	  
longstanding	  puzzle	  about	  two	  different	  π1(1400)	  and	  π1(1600),	  decaying	  
separately	  into	  ηπ	  and	  η’	  π	  	  

Mass:	  	  	  	  1564	  ±	  24	  ±	  86	  
Width:	  	  	  492	  ±	  54	  ±	  102	  

JPAC:	  	  1st	  Exo>c	  π1	  extracted	  from	  
COMPASS	  data	  –	  GlueX	  data	  next!	  

q  Searching	  for	  the	  Exo;cs:	   See	  talk	  by	  Szczepaniak	  



“See” the 3D hadron structure 

q 	  Two-‐scale	  observables	  are	  natural	  in	  lepton-‐hadron	  collisions:	  

Parton’s	  confined	  mo;on	  	  
encoded	  into	  TMDs	  	  	  

SIDIS:	  	  Q>>PT	  

²  Semi-‐inclusive	  DIS:	  

+	  …	  

Two	  scales,	  two	  planes,	  	  
Angular	  modula;on,	  …	  

Imaging	  quarks	  

²  Exclusive	  DIS:	  

+	  …	  

DVCS:	  Q2	  >>	  |t|	  

Parton’s	  spa;al	  imaging	  from	  Fourier	  
transform	  of	  GPDs’	  t-‐dependence	  

Imaging	  the	  glue	  only	  at	  EIC	  
Need	  JLab12	  to	  establish,	  …	  

Heavy	  quarkonium:	  	  Q2+M2	  >>	  |t|	  

Imaging	  gluons	  

J/Ψ,	  Φ,	  …	  



Theory is solid for matching parton to hadron 

q  Wigner	  distribu;ons	  in	  5D	  (or	  GTMDs):	  

Momentum	  
Space	  
	  
TMDs	  

Coordinate	  
Space	  
	  
GPDs	  

Confined	  
mo;on	  

Spa;al	  
distribu;on	  

Two-‐scales	  observables	  

bT

kT
xp

f(x,kT)	  

∫d2bT	   ∫	  d2kT	  

f(x,bT)	  

q  TMDs	  &	  SIDIS	  as	  an	  example:	  
²  Low	  PhT	  (PhT	  <<	  Q)	  –	  TMD	  factoriza;on:	  

²  High	  PhT	  (PhT	  ~	  Q)	  –	  Collinear	  factoriza;on:	  
�SIDIS(Q,Ph?, xB , zh) = Ĥ(Q,Ph?,↵s)⌦ �f ⌦Df!h +O

✓
1

Ph?
,
1

Q

◆

²  PhT	  Integrated	  -‐	  Collinear	  factoriza;on:	  
�SIDIS(Q, xB , zh) = H̃(Q,↵s)⌦ �f ⌦Df!h +O

✓
1

Q

◆

�SIDIS(Q,Ph?, xB , zh) = Ĥ(Q)⌦ �f (x, k?)⌦Df!h(z, p?)⌦ S(ks?) +O

Ph?
Q

�

�SIDIS(Q,Ph?, xB , zh) =
X

abc

Ĥab!c ⌦ ��!a ⌦ �b ⌦Dc!h +O
✓

1

Q
,

Q

Ph?

◆²  Very	  high	  PhT	  >>	  Q	  –	  Collinear	  factoriza;on:	  



First comprehensive study of the confined motion - JLab 

q  Quantum	  correla;on	  between	  hadron	  spin	  and	  parton	  mo;on:	  

o	  Observed	  
par;cle	  

Polarized	  
hadron	  

Hadron	  spin	  influences	  	  
parton’s	  transverse	  mo;on	  

Sivers	  effect	  –	  Sivers	  func;on	  

q  SIDIS	  is	  ideal	  for	  probing	  TMDs:	  
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q  Quantum	  correla;on	  between	  parton’s	  spin	  and	  its	  hadroniza;on:	  
Observed	  
par;cle	  

Transversity	   Parton’s	  transverse	  polariza;on	  
influences	  its	  hadroniza;on	  	  

Collins	  effect	  –	  Collins	  func;on	  

Another	  strength	  of	  lepton-‐hadron	  machine!	  



First comprehensive study of the spatial imaging - JLab 

q  No	  color	  elas;c	  nucleon	  form	  factor! 

Spa>al	  distribu>on	  of	  quark/gluon	  densi>es	  –	  GPDs	  	  

q 	  Quark	  “form	  factor”:	  

with	  

P P 0

Gauge	  link:	  

q 	  Kinema;cs:	  

H̃q(x, ⇠, t, Q), Ẽq(x, ⇠, t, Q)Two	  more	  for	  quarks:	  
with	  	   � · n �! � · n �5

Mueller	  et	  al.,	  94;	  	  
Ji,	  96;	  	  
Radyushkin,	  96	  



Definition of GPDs 
Mueller	  et	  al.,	  94;	  	  
Ji,	  96;	  	  
Radyushkin,	  96	  

q 	  Gluon	  “form	  factor”:	  

with	  the	  two	  gluon	  field	  strength	  contracted	  an;-‐symmetrically	  	  	  

Two	  more	  for	  gluons:	   H̃g(x, ⇠, t) Ẽ

g(x, ⇠, t)

q 	  Forward	  limit	  –	  connec;on	  to	  collinear	  PDFs:	  

The	  factoriza;on	  scale	  dependence	  is	  suppressed	  	  

Founda;on	  for	  the	  imaging	  and	  proton	  “radius”	  of	  quarks/gluons	  	  	  



Properties and Importance of GPDs 

q 	  QCD	  energy-‐momentum	  tensor:	  

with	  

q 	  Form	  factors:	  

q 	  Light-‐cone	  helicity	  operator:	  
with	  

q 	  Connec;on	  to	  the	  proton	  spin:	  
Ji,	  PRL78,	  1997	  

See	  talks	  by	  Elouadrhiri	  and	  Liu;	  	  
for	  connec;on	  to	  pressure	  	  



Spatial imaging from GPDs 

q(x, b?, Q) =

Z
d2�?e

�i�?·b?Hq(x, ⇠ = 0, t = ��2
?, Q)

q 	  Impact	  parameter	  dependent	  quark	  distribu;on:	  
M.	  Burkdart,	  PRD	  2000	  

Unpolarized	  proton	  



Hunting for GPDs – Exclusive DIS 

q 	  Experimental	  access	  to	  GPDs:	  

+ + 

GPD 

+ … 
J/Ψ, Φ, … 

DVCS: Q2 >> |t| DVEM: Q2 >> |t| EHMP: Q2 >> |t| 

t=(p1-p2)2 

g-GPD 

q 	  Much	  more	  complicated	  –	  (x,	  ξ,	  t)	  variables:	  

²  Challenge	  to	  derive	  GPDs	  from	  data	  

q 	  GPDs	  could	  tell	  us:	  	   How	  far	  does	  glue	  	  
density	  spread?	  

How	  fast	  does	  	  
glue	  density	  fall?	  

²  Orbital	  contribu;on	  to	  proton’s	  spin	  
²  Proton	  radius	  of	  quark	  &	  gluon	  density	  
²  Hints	  for	  color	  confining	  radius/mechanism	  

²  Origin	  of	  nuclear	  force,	  …	  
²  …	  

Mueller	  et	  al.,	  94;	  	  
Ji,	  96;	  	  
Radyushkin,	  96	  



QCD factorization – Theory is solid 

q 	  Deep	  Virtual	  Compton	  Sca�ering	  (DVCS):	  

A(�⇤
p ! �p) =

X

i

Z 1

�1
dxT

i(x, ⇠, ⇢, Q2)F ;(x, ⇠, t)

q 	  Factoriza;on:	  

⇢ = �(q + q0)2/2(p+ p0) · (q + q0)

q 	  Deep	  Virtual	  Meson	  Produc;on	  (DVMP):	  

q 	  Factoriza;on:	  

q 	  Evolu;on:	  

⇥

Factoriza;on	  na;onally	  lead	  to	  evolu;on	  equa;ons	  for	  GPDs	  



Data: Just the beginning 



JLab E12-06-114 DVCS/Hall A Experiment at 11 GeV 

xB=0.36 xB=0.48 xB=0.60 

Sample	  of	  cross-‐sec;on	  results:	  



JLab DVCS/Hall B Experiment at 11 GeV 

Nature 557, 396-399 (2018) 

CLAS12	  (projected)	  

Hall	  A	  DVCS	  
scaling	  check	  
completed	  
	  

Hall	  B	  DVCS	  on	  
H	  50%	  complete	  



DVCS at future EIC (White Paper) 

q  Spa;al	  distribu;ons:	  

q  Cross	  Sec;ons:	  



Imaging the gluon (White Paper) 

q 	  Exclusive	  vector	  meson	  produc;on:	  

t-‐dep	  

J/Ψ,	  Φ,	  …	  

d�

dxBdQ
2
dt

²  Fourier	  transform	  of	  the	  t-‐dep	  

Spa;al	  imaging	  of	  glue	  density	  

²  Resolu;on	  ~	  1/Q	  or	  1/MQ	  

q 	  Gluon	  imaging	  from	  simula;on:	  

Only	  possible	  at	  the	  EIC	  
Proton	  radius	  of	  glue	  (x)?	  

How	  spread	  	  
at	  small-‐x?	  

Color	  confinement	  



Lattice QCD – ab initio Simulation of QCD 

q Baryon	  spectrum:	   arXiv:1704.02647	  	  

Reproduc;on	  of	  light	  baryon	  masses:	  	  
²  Agreement	  between	  la`ce	  discre;za;ons	  	  

²  Reproduc;on	  of	  experimental	  results	  	  

Predic;on	  of	  yet	  to	  be	  observed	  baryons	  	  
²  Agreement	  between	  la`ce	  

schemes	  	  

q La`ce	  “;me”	  is	  Euclidean:	   ⌧ = i t

Lahce	  cannot	  calculate	  PDFs,	  TMDs,	  GPDs,	  …,	  directly,	  whose	  
operators	  are	  >me-‐dependent!	  



q Moments	  of	  PDFs	  –	  matrix	  elements	  of	  local	  operators:	  

hxn(µ2)iq ⌘
Z 1

0
dx x

n
q(x, µ2)

Lattice meets Phenomenology: Moments 

q Unpolarized:	  

arXiv:	  1711.07916	  



q Polrized:	  

Lattice meets Phenomenology: Moments 

arXiv:	  1711.07916	  



q Transversity:	  

Lattice meets Phenomenology: Moments 

arXiv:	  1711.07916	  



Lattice meets Phenomenology:  Data accuracy  
Nocera	  
@EINN2019	  



Lattice meets Phenomenology: PDFs	  
q  Quasi-‐PDFs:	   Ji,	  arXiv:1305.1539 
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Idea	  –	  Large	  Momentum	  Effec;ve	  Theory	  (LaMET):	  

when	  q̃(x̃, µ2
R, Pz) �! q(x, µ2) Pz ! 1

Quasi-‐PDFs	  are	  not	  boost	  invariant.	  

Note:	   In	  La`ce	  QCD	  calcula;on,	  difficult	  to	  	  
take	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  limit	  	  Pz ! 1
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Proposed	  	  
matching:	   Ma,	  Qiu	  arXiv:1404.6860	  



Lattice meets Phenomenology: PDFs	  
q  Quasi-‐PDFs:	   Ji,	  arXiv:1305.1539 
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Idea	  –	  Large	  Momentum	  Effec;ve	  Theory	  (LaMET):	  

when	  q̃(x̃, µ2
R, Pz) �! q(x, µ2) Pz ! 1

Quasi-‐PDFs	  are	  not	  boost	  invariant.	  

Note:	   In	  La`ce	  QCD	  calcula;on,	  difficult	  to	  	  
take	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  limit	  	  Pz ! 1
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⌘ 2p↵Mp(⌫, ⇠
2) + ⇠↵(p2/⌫)M⇠(⌫, ⇠

2) ⇡ 2p↵Mp(⌫, ⇠
2)

P(x, ⇠2) ⌘
Z

d⌫

2⇡
e

ix ⌫M
p=p

0(⌫, ⇠2)/M
p=p

0(0, ⇠2)

²  Off-‐light-‐cone	  extension	  of	  PDFs:	  	   f(x) = P(x, ⇠2 = 0) with	   ⇠µ = (0+, ⇠�, 0?)

Fourier	  transform	  of	  	  	  	  	  	  	  ⌫

q  Pseudo-‐PDFs:	  

M↵(⌫ = p · ⇠, ⇠2) ⌘ hp| (0)�↵�v(0, ⇠, v ·A) (⇠)|pi
²  La`ce	  calcula;on	  with	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  ↵ = 0

⇠2 < 0with	  

⌫ = p · ⇠ ! �pz⇠zIoffe	  ;me:	  

A.	  Radyushkin,	  arXiv:1705.01488	  



LQCD/PQCD – hadron/nuclear structure  

q  	  Good	  la`ce	  cross	  sec;ons:	  
Ma	  and	  Qiu,	  arXiv:1404.6860	  

Corrections 
Approximation 

+⌦

�

+

2p+
�(x� k

+
/p

+)

Hard-part 
Probe 

Parton-distribution 
Structure 

O(⇠2⇤2
QCD)

Gauge	  link	  vs	  propagator	  

1st	  LQCD	  calcula>on	  of	  pion	  valence	  PDFs!	  

q  Tremendous	  poten;als:	  

Access	  to	  large-‐x	  region,	  …	  
Neutron	  PDFs,	  …	  (no	  free	  neutron	  target!)	  
Meson	  PDFs,	  such	  as	  pion,	  kaon,	  …	  	  
More	  direct	  access	  to	  parton	  flavor,	  …	  

1)  can	  be	  calculated	  in	  la`ce	  QCD	  with	  precision,	  	  
	  	  	  	  	  	  has	  a	  well-‐defined	  con;nuum	  limit	  (UV+IR	  safe	  perturba;vely),	  and	  
2)	  	  can	  be	  factorized	  into	  universal	  matrix	  elements	  of	  quarks	  and	  gluons	  
	  	  	  	  	  	  with	  controllable	  approxima>on	  

and	  with	   ! ⌘ P · ⇠, ⇠2 6= 0, and ⇠0 = 0;

and	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  define	  collision	  kinema>cs	  P !
p
s ⇠ ! 1/Q

q  	  QCD	  factoriza;on:	  



Lattice QCD calculated PDFs – Quasi-PDFs approach 

See	  also	  talk	  by	  Lin	  

q  Unpolarized:	  Both	  LP3	  and	  ETMC	  obtained	  their	  results	  at	  physical	  pion	  
mass!	  

u(x)� d(x) One-‐loop	  
matching	  

Target	  mass	  
correc;ons	  

[H.-‐W.	  Lin	  et	  al.	  (LP3),	  PRL	  121	  (2018)	  242003]	   [C.	  Alexandrou	  et	  al.	  (ETMC),	  PRL	  121	  (2018)	  112001]	  

q  Helicity	  distribu;ons:	  



Lattice QCD calculated PDFs – Quasi-PDFs approach 

q  Transversity	  distribu;on:	  

[Y.-‐S.	  Liu	  et	  al.	  (LP3),	  arXiv:1807.00232]	   [C.	  Alexandrou	  et	  al.	  (ETMC),	  arXiv:1807.00232]	  

See	  also	  talk	  by	  Lin	  

One-‐loop	  
matching	  

Target	  mass	  
correc;ons	  



Lattice QCD calculation of GPDs – Quasi-PDFs approach 
Scapeliato	  
@EINN2019	  



Lattice QCD calculation of GPDs – Quasi-PDFs approach 
Scapeliato	  
@EINN2019	  



La`ce	  QCD	  calculated	  PDFs	  –	  Pseudo-‐PDFs	  approach	  

See	  talk	  by	  Rudyshkin	  
q  Volume	  effect:	   [B.	  Joo	  et	  al.	  (JLab-‐W&M),	  arXiv:1908.09771]	  

Too	  strong	  “L”	  &	  “a”	  dependence	  	  
–	  limited	  the	  range	  of	  ν!	  

Nf=2+1	  clover	  fermions	  	  
(3	  ensembles):	  

q  Extract/fit	  PDF	  from	  la`ce	  data	  
with	  a	  func;onal	  form	  similar	  to	  
CJ	  and	  MSTW	  

Large	  error	  –	  few	  data	  

Challenges	  due	  to	  la`ce	  limita;on	  	  
Results	  are	  encouraging!	  

q  Discre;za;on	  effect:	  



La`ce	  QCD	  calcula;on	  of	  TMDs:	  
Engelhardt	  
@EINN2019	  

q  Sivers’	  sign	  change:	  

q  Adver;sement	  –	  x-‐dependent	  TMDs:	  



Lattice QCD calculated pion distribution 
q  “La`ce	  cross	  sec;on”:	  

[R.	  Sufian	  et	  al.	  (JLab	  -‐	  W&M),	  Phys.	  Rev.	  D	  99	  (2019)	  074507]	  
q  Pseudo-‐PDF:	  

[B.	  Joo	  et	  al.	  (JLab-‐W&M),	  arXiv:1909.08517]	  

q  Quasi-‐PDF:	  
[J.-‐H.	  Zhang	  et	  al.	  (LP3),Phys.	  Rev.	  D	  100,	  034505	  (2019)]	   [T.	  Izubuchi	  et	  al.	  (BNL-‐SBU-‐UConn),	  Phys.	  Rev.	  D	  100,	  034516	  (2019)]	  



Lattice QCD calculated pion distribution 



From JLab12 to EIC: 

DVCS SIDIS 

Imaging the Quarks 

Understand the glue that binds us all:  
The Next QCD Frontier in Nuclear Physics  

Imaging the Gluons 

Electron-Ion Collider 



The future for Strong QCD  

q  Electron-‐Ion	  Collider:	  	  the	  best	  future	  facility	  for	  Strong	  QCD:	  

…	  three	  profound	  ques;ons:	  
	  	  	  	  	  	  How	  does	  the	  mass	  of	  the	  nucleon	  arise?	  
	  	  	  	  	  	  How	  does	  the	  spin	  of	  the	  nucleon	  arise?	  
	  	  	  	  	  	  What	  are	  the	  emergent	  proper;es	  of	  dense	  systems	  of	  gluons?	  

“…	  answer	  science	  ques;ons	  that	  are	  compelling,	  
	  	  	  	  	  	  fundamental,	  and	  ;mely,	  and	  help	  maintain	  U.S.	  
	  	  	  	  	  	  scien;fic	  leadership	  in	  nuclear	  physics.”	  

…	   …	  

Explore	  the	  emergent	  phenomena	  of	  QCD	  –	  the	  Strong	  QCD!	  
Star>ng	  at	  JLab12,	  …	  

See	  talk	  by	  Milner	  



What EIC can do, but, HERA & other colliders cannot do?  

q  Why	  is	  so	  special	  about	  the	  Lepton-‐Hadron	  Collider?	  	  	  
Hit	  the	  proton	  with	  a	  well-‐controlled	  hard	  probe	  without	  breaking	  it!	  

q  Quantum	  imaging:	  
²  HERA	  discovered:	  15%	  of	  e-‐p	  events	  is	  diffrac;ve	  –	  Proton	  not	  broken!	  
²  US-‐EIC:	  	  100-‐1000	  ;mes	  luminosity	  –	  Cri>cal	  for	  3D	  tomography!	  	  

q  Quantum	  interference	  &	  entanglement	  –	  dual	  role	  of	  hadron	  spin:	  
²  US-‐EIC:	  	  Highly	  polarized	  beams	  –	  Origin	  of	  hadron	  property:	  Spin,	  …	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Direct	  	  access	  to	  chromo-‐quantum	  interference!	  

�(Q,~s) / + + + · · ·

2

p,~s k

 t ⇠ 1/Q

Quantum	  interference	   T

(3)(x, x) /�(s)� �(�s)

q  Nonlinear	  quantum	  dynamics	  –	  dual	  role	  of	  nuclei:	  
²  US-‐EIC:	  	  Light-‐to-‐heavy	  nuclear	  beams	  –	  Origin	  of	  nuclear	  force,	  …	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Catch	  the	  transi>on	  from	  chromo-‐quantum	  fluctua>on	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  to	  chromo-‐condensate	  of	  gluons,	  …	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Emergence	  of	  hadrons	  (femtometer	  size	  detector!),	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  –	  “a	  new	  controllable	  knob”	  –	  Atomic	  weight	  of	  nuclei	  



Summary and outlook 

q  EIC	  is	  a	  ul;mate	  QCD	  machine,	  could	  study	  major	  Nuclear	  Science	  issues	  
that	  other	  exis;ng	  facili;es,	  even	  with	  upgrades,	  cannot	  do	  

q  US-‐EIC	  is	  si`ng	  at	  a	  sweet	  spot	  for	  the	  rich	  QCD	  dynamics	  	  
	  	  	  	  	  	  	  	  	  	  	  –	  capable	  of	  exploring	  the	  science	  of	  nuclear	  femtography!	  

Thanks!	  

q  QCD	  needs	  the	  lepton-‐hadron	  facility:	  

q  QCD	  at	  the	  Fermi-‐Scale	  is	  the	  most	  interes;ng,	  rich,	  and	  complex,	  but	  
mysterious	  and	  challenging	  regime	  of	  the	  theory	  	  

²  Theory	  advances	  –	  controlled	  two-‐scale	  observables	  
²  La`ce	  QCD	  is	  now	  able	  to	  meet	  with	  phenomenology	  
²  Technology	  and	  Facility	  advances	  –	  JLab	  12	  to	  EIC	  
²  New	  emergent	  science	  –	  Nuclear	  femtography	  

Also	  facili;es	  from	  	  
other	  countries	  

q  It	  is	  a	  new	  era	  for	  the	  Strong	  QCD	  –	  QCD	  at	  the	  Fermi-‐Scale	  


