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Jefferson	
  Lab	
  12	
  GeV	
  Science	
  Program	
  

  The	
  physical	
  origins	
  of	
  quark	
  confinement	
  (GlueX,	
  meson	
  and	
  baryon	
  spectroscopy)	
  

  The	
  spin	
  and	
  flavor	
  structure	
  of	
  the	
  proton	
  and	
  neutron	
  (PDF’s,	
  GPD’s,	
  TMD’s…)	
  

  The	
  quark	
  structure	
  of	
  nuclei	
  

  Probe	
  poten7al	
  new	
  physics	
  through	
  high	
  precision	
  tests	
  of	
  the	
  Standard	
  Model	
  

  Defining	
  the	
  Science	
  Program:	
  	
  

➥  Six	
  Reviews:	
  Program	
  Advisory	
  Commiaees	
  (PAC)	
  30,	
  32,	
  34,	
  35,	
  36,	
  37,	
  38	
  

➥  2006	
  through	
  2011	
  
➥  Results:	
  48	
  experiments	
  approved;	
  4	
  condi3onally	
  approved	
  

Exci3ng	
  slate	
  of	
  experiments	
  for	
  4	
  Halls	
  planned	
  for	
  	
  
ini3al	
  five	
  years	
  of	
  opera3on!	
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Hall	
  B	
  –	
  understanding	
  nucleon	
  structure	
  via	
  generalized	
  
parton	
  distribu7ons	
  and	
  transverse	
  momentum	
  distribu7ons	
  

Hall	
  C	
  –	
  precision	
  determina7on	
  of	
  valence	
  quark	
  
proper7es	
  in	
  nucleons	
  and	
  nuclei	
  	
  

Hall	
  A	
  –	
  short	
  range	
  correla7ons,	
  form	
  factors,	
  hyper-­‐nuclear	
  
physics,	
  future	
  new	
  experiments	
  (e.g.,	
  MOLLER,	
  PVDIS,	
  SIDIS)	
  

12	
  GeV	
  Scien7fic	
  Capabili7es	
  
Hall	
  D	
  –	
  exploring	
  origin	
  of	
  confinement	
  by	
  studying	
  

exo7c	
  mesons	
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Spin Structure in the Valence Region :  
Helicity Dependent Parton Distributions at Large x 
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Parton	
  Distribu7ons	
  Func7ons	
  at	
  Large	
  x	
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Understand the nucleon structure in the 
valence quark region 

  What is required? 
  Complete knowledge of parton distribution 

functions (PDFs). 
At Large x 

  large x  exposes valence quarks 
 - free of sea effects  

-  no explicit hard gluons to be  included 

 x->1  behavior – sensitive test of  
    spin-flavor symmetry breaking 

  important for higher moments of  
    PDFs - compare with lattice QCD 

  intimately related with resonances,  
   quark-hadron duality 

  n = 2,4,.. 



Kinema7cal	
  reach	
  at	
  JLab	
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Inclusive DIS 
•  Unpolarized structure functions F1(x,Q2) and 

F2(x,Q2) 
  Proton & neutron measurements provide d/u 

distributions ratio  

•  Polarized structure functions  
  g1(x,Q2) and g2(x,Q2) 

  Proton & neutron measurements combined 
with d/u provide the spin-flavor 
distributions Δu/u & Δd/d  

Q2	
  :Four-momentum transfer 
x : Bjorken variable	
  
	
  	
  	
  	
  :	
  Energy transfer	
  
M	
  :	
  Nucleon mass	
  
W	
  :	
  Final state hadrons mass	
  

L 

T 

U 
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Virtual photon-nucleon asymmetries 

In the quark-parton model: 

g1(x, Q2) = 1

2

∑
f e2∆qf (x, Q2)F1(x, Q2) = 1

2

∑
f e2qf (x, Q2)
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A1
n and Helicity-Flavor Decomposition  
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Effect of quark orbital angular momentum 
Inclusive Hall A and B and Semi-Inclusive Hermes 

BBS	
  

BBS+OAM	
  

Avakian, Brodsky, Deur and Yuan 
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A1
n at 11 GeV 

A1
p at 11 GeV 

Inclusive measurements of asymmetries 

W>1.2 
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Leading	
  hadron	
  originates	
  with	
  large	
  probability	
  from	
  struck	
  quark	
  	
  

Dq
h(z):=	
  Fragmenta7on	
  func7on	
  (FF)	
   z	
  =	
  Eh/ν	
  

Targets:	
  H,	
  D	
  ;	
  h	
  =π±,	
  K±,p	
  	
  

Measure	
  hadron	
  asymmetries	
  

Quark	
  helicity	
  distribu7ons	
  from	
  Semi-­‐Inclusive	
  DIS	
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� 

q∑

  Spin-flavor decomposition of valence and sea quarks by tagging 
hadron (e.g. π, K) in current fragmentation region 
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Flavor decomposition 	
  
  Asymmetry	
  measurements	
  with	
  different	
  hadrons	
  

(π+,π-)	
  and	
  targets	
  (p,n)	
  allow	
  flavor	
  separa7on	
  	
  
	
  Ee	
  =11	
  GeV	
  	
  NH3	
  and	
  3He	
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12	
  GeV	
  Projected	
  results	
  for	
  g2n	
  and	
  d2n	
  

Projected g2n points are 
vertically offset from zero 
along lines that reflect 
different (roughly) constant 
Q2 values from 2.5—7 GeV2.   

•  g2	
  	
  for	
  3He	
  is	
  extracted	
  directly	
  
from	
  L	
  and	
  T	
  spin-­‐dependent	
  
cross	
  sec7ons	
  measured	
  within	
  
the	
  same	
  experiment.	
  

•  Strength	
  of	
  SHMS/HMS:	
  	
  
	
  nearly	
  constant	
  Q2	
  (but	
  

less	
  coverage	
  for	
  x	
  <	
  0.3)	
  



Beyond one dimensional View	



7/16/12	
   NNPSS	
  2012,	
  Santa	
  Fe,	
  NM	
  



    Wp
u(x,kT,r	
  )	
  	
  Wigner	
  distribu7ons	
  

d2kT	
  

PDFs	
  	
  
f1u(x),	
  ..	
  h1u(x)�	
  

d3r	
  	
  	
  	
  

TMD	
  PDFs	
  f1u(x,kT),	
  ..	
  
h1u(x,kT)�	
  

3D imaging 

6D Dist. 

Form	
  
Factors	
  
GE(Q2),	
  	
  
GM(Q2)�	
  

d2rT	
  	
  	
  	
  
dx	
  &	
  
Fourier	
  Transforma7on	
  	
  	
  	
  	
  

1D 

Unified View of Nucleon Structure 

GPDs	
  

d2kT	
  drz	
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3-­‐Dimensional	
  view	
  of	
  the	
  nucleon	
  

 Generalized	
  Parton	
  Distribu7ons	
  	
  
➥ Matrix	
  elements	
  of	
  non-­‐local	
  operators	
  with	
  quarks	
  and	
  gluon	
  field	
  

➥ Depend	
  	
  on	
  two	
  longitudinal	
  momentum	
  frac7ons	
  

➥ For	
  unpolarized	
  quarks	
  we	
  have	
  two	
  distribu7ons:	
  
	

Hq     conserves	
  proton	
  helicity	
  

	
  Eq	
  	
  	
  	
  	
  	
  flips	
  proton	
  helicity	
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p, s p�, s�

x
+

ξ

x
−

ξ

t

�p|O|p�

x, ξ and t = (p− p�)2

Introduction Quarks and gluons Impact parameter Spin Conclusions

Generalized parton distributions in a nutshell

� GPDs ↔ matrix elements �p�|O|p�

O = non-local operator with
quark/gluon fields

� p �= p
� � depend on two longitud. momentum fractions x, ξ

and on t = (p− p
�)2

� for unpolarized quarks two dist’s:
• H

q conserves proton helicity
• E

q responsible for proton helicity flip

� if p = p
� � ordinary parton densities

H
q(x, 0, 0) =

�
q(x) for x > 0

−q̄(x) for x < 0

M. Diehl QCD in hard exclusive processes 3

p = p� =⇒



Nucleon Angular Momentum Sum Rule 
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Introduction Quarks and gluons Impact parameter Spin Conclusions

Generalized parton distributions in a nutshell

� GPDs ↔ matrix elements �p�|O|p�

O = non-local operator with
quark/gluon fields

� p �= p
� � depend on two longitud. momentum fractions x, ξ

and on t = (p− p
�)2

� for unpolarized quarks two dist’s:
• H

q conserves proton helicity
• E

q responsible for proton helicity flip

�
�

dxx
n GPD(x, ξ, t) → local operators → form factors

�
q

eq

1�

−1
dx H

q(x, ξ, t) = F1(t) Dirac

�
q

eq

1�

−1
dx E

q(x, ξ, t) = F2(t) Pauli

M. Diehl QCD in hard exclusive processes 4

Ji	
  Sum	
  rule	
  (1997)	
  

Spin	
  of	
  quarks	
  
contribu7on	
   Orbital	
  angular	
  momentum	
  

of	
  quarks	
  
Total	
  angular	
  momentum	
  of	
  gluons	
  



Elas7c	
  Electron	
  Scaaering	
  
  Elas7c	
  e	
  p	
  	
  e	
  p	
  scaaering	
  is	
  like	
  an	
  	
  

	
  electron	
  microscope	
  to	
  inves7gate	
  nucleon	
  structure	
  

  In	
  1-­‐photon	
  exchange	
  approxima7on:	
  

	
  nucleon	
  structure	
  parameterized	
  by	
  two	
  form	
  factors	
  

  In	
  experiments	
  we	
  measure	
  the	
  Sachs	
  form	
  factors	
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Aµ
λλ� = �p +

1
2
q, λ� | Jµ(0) | p − 1

2
q, λ�

= ū(p +
1
2
q, λ�)

�
F1(Q2)γµ + F2(Q2)

i

2m
σµνqν

�
u(p − 1

2
q,λ)

���
�

l�l

q
γ∗

N N
F1, F2p− q/2 p + q/2

Dirac	
   Pauli	
  

F1	
  helicity	
  conserving,	
  	
  F2	
  helicity	
  flip	
  form	
  factors	
  
GE(Q2) = F1(Q2)− τF2(Q2)
GM (Q2) = F1(Q2) + F2(Q2)

Rosenbluth	
  Formula	
  
τ =

Q2

2M



Proton	
  electric	
  form	
  factor	
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Progress	
  on	
  the	
  Nucleon	
  EM	
  Form	
  Factors	
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E04-108 GE
P-III E08-007: High Precision Low Q2 GE

P	
  

E94-017:  GM
N	
  

E02-013:  GE
N	
  



Charge	
  and	
  magne7za7on	
  distribu7on	
  	
  

 Charge	
  and	
  magne7za7on	
  
distribu7on	
  as	
  Fourier	
  transform	
  
of	
  form	
  factors	
  

  	
  Extracted	
  using	
  the	
  Breit	
  (center	
  
of	
  mass)	
  frame	
  

 At	
  large	
  momentum	
  transfer	
  the	
  
method	
  of	
  extrac7on	
  has	
  been	
  
be	
  revisited	
  using	
  light	
  cone	
  
formalism	
  

 The	
  framework	
  	
  uses	
  the	
  
Generalized	
  Parton	
  Distribu7ons	
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3D	
  imaging	
  of	
  the	
  nucleon	
  	
  

Tool:	
  Generalised	
  Parton	
  Distribu7ons	
  	
  	
  	
  	
  	
  	
  

Form	
  factors:	
  

Fourier	
  transform	
  of	
  e.g.	
  a	
  
radial	
  charge	
  distribu7on	
  

Parton	
  DistrribuEon	
  FuncEons:	
  

Number	
  density	
  of	
  quarks	
  with	
  
longitudinal	
  momentum	
  
frac7on	
  x	
  	
  

GPDs:	
  

Generalized	
  descrip7on	
  in	
  2+	
  1	
  
dimensions	
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x + ξ x - ξ 

P - Δ/2 P + Δ/2 

* Qhard
2  large t = Δ2  

low –t process : 
-t << Qhard

2 

GPD (x, ξ ,t) 

Ji , Radyushkin 

(1996) 

at large Q2 : QCD factorization theorem       hard exclusive 
process can be described by 4 transitions (GPDs) : 

(x + ξ) and (x - ξ) : longitudinal momentum fractions of quarks 

H (x, ξ ,t) 

E (x, ξ ,t) 

H (x, ξ ,t) 

E (x, ξ ,t) 

~ 
~ 



The	
  handbag	
  dominance:	
  

k	
   k’	
   q’	
  

FactorizaEon	
  
Theorem	
  

GPDs	
  

x+ξ	

 x-­‐ξ	



t	
  

k	
  

p	
   p’	
  

k’	
  
q’	
  

p	
   p’	
  
amplitude	
  

Deeply	
  Virtual	
  Compton	
  ScaLering	
  
is	
  the	
  simplest	
  hard	
  exclusive	
  
process	
  involving	
  GPDs	
  

Model	
  by	
  
Goeke,	
  Polyakov,	
  
Vanderhaeghen	
  

Generalized	
  Parton	
  Distribu7ons,	
  Deeply	
  Virtual	
  Compton	
  Scaaering	
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Fourier transform of GPDs  : 
simultaneous distributions of quarks w.r.t. longitudinal momentum x P and 
transverse position b 

theoretical parametrization needed : 

double distributions, dual param. (Guzey), conformal param. (Müller) 

( M. Burkardt )  



Generalized Parton Distributions (GPDs) 

Unprecedented	
  set	
  of	
  Deeply	
  Virtual	
  Compton	
  Scaaering	
  data	
  
accumulated	
  in	
  Halls	
  A	
  and	
  B	
  and	
  more	
  to	
  come	
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Upgraded JLab has 
complementary 
& unique capabilities 

High xB only reachable 
with high luminosity  H1, ZEUS 
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DVCS	
  program	
  at	
  JLab	
  12GeV	
  upgrade	
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t

hard	
  ver7ces	
  

A = Δσ	


2σ	



σ+ - σ-	


σ+ +σ-	

 = 

Unpolarized	
  beam,	
  transverse	
  target:	
  

ΔσUT~ sinφ{k(F2H – F1E)}dφ E(x,t)	
  

ΔσLU~ sinφ{F1H+ ξ(F1+F2)H+kF2E}dφ 
~ 

Polarized	
  beam,	
  unpolarized	
  target:	
  

H(x,t)	
  

ξ=xB/(2-xB)  

Unpolarized	
  beam,	
  longitudinal	
  target:	
  

ΔσUL~ sinφ{F1H+ξ(F1+F2)(H+ξ/(1+ξ)E)}dφ 
~ H(x,t)	
  

~ 

Cleanest	
  process:	
  Deeply	
  Virtual	
  Compton	
  Scaaering	
  

k = -t/4M2  

ep         epγ	





L = 1x1035 

T = 2000 hrs 
ΔQ2 = 1 GeV2 

Δx = 0.05 

E = 11 GeV 

Selected Kinematics 
ΔσLU~sinφIm{F1H+..}dφ 

e p        epγ   Projected results 

NNPSS	
  2012,	
  Santa	
  Fe,	
  NM	
  

CLAS12	
  

7/16/12	
  



upgraded CLAS @ JLab12GeV Avakian, Weiss 

Projected 
results 
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Nucleon	
  Transverse	
  Profile:	
  Projec7ons	
  

7/16/12	
   NNPSS	
  2012,	
  Santa	
  Fe,	
  NM	
  



e p        epγ   

Longitudinally polarized target 

~ 

L = 2x1035 cm-2s-1 

T = 1000 hrs 
ΔQ2 = 1GeV2 

Δx = 0.05 

CLAS exclusive DVCS data 
PRL97, 072002 (2006) 

Projected results 
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Δσ~sinϕIm{F1H+x(F1+F2)H...}dϕ 



  Asymmetry highly sensitive 
to the u-quark contributions to 
proton spin. 

Transverse polarized target 

e p        epγ   

Δσ ~ sinϕIm{k1(F2H – F1E) +…}dϕ 

Q2=2.2 GeV2, xB = 0.25, -t = 0.5GeV2 E = 11 GeV 
Projected results 

AUTx Target polarization in scattering plane 

AUTy Target polarization perpedicular to  
         scattering plane 
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2Δ (Im(AB*))/π  T 	



|A|2(1-x2) - |B|2(x2+t/4m2) - Re(AB*)2x2	


AUT = - 	



 A ~  2Hu + Hd 
B ~  2Eu + Ed 

ρ0 

Q2=5 GeV2 

Eu, Ed  needed for 
angular momentum  
sum rule.  

ρ0 

 A ~  Hu - Hd 

  B ~  Eu  - Ed ρ+ 

Goeke, Polyakov, Vdh (2001) 

Projected results 

data 
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����
γ

J/ψ

���
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���
��

Peter	
  Kroll	
  



Q2	
  

Factorization 

1	
  GeV2	
  

σh
l,S ∝

�

f

σqf ⊗ pdf(x)⊗ fragqf ,g→h(z)

• Beam	
  polarized	
  
• Target	
  polarized	
  transverse	
  (T)	
  or	
  longitudinal	
  (L)	
  



Transverse	
  Spin	
  Structure:	
  Leading	
  Twist	
  TMDs	
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f	
  1T⊥	
  =	
  

f1	
  =	
  

g1	
  =	
  

g1T	
  ⊥	
  =	
  

h1L⊥	
  =	
  

h1⊥	
  =	
  

h1T	
  =	
  

h1T⊥	
  =	
  

Nucleon	
  Spin	
  

Quark	
  Spin	
  

Quark	
  
/

Nucleon	
  

Quark	
  polarizaEon	
  

Un-­‐Polarized	
   Longitudinally	
  Polarized	
   Transversely	
  Polarized	
  

N
uc
le
on

	
  P
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Transversity	
  and	
  the	
  Tensor	
  Charge	
  
  	
  Quark	
  transverse	
  polariza7on	
  in	
  a	
  transversely	
  polarized	
  

nucleon:	
  

➥  Can	
  be	
  probed	
  in	
  Semi-­‐Inclusive	
  DIS,	
  Drell-­‐Yan	
  processes.	
  

➥ Does	
  not	
  mix	
  with	
  gluons,	
  has	
  valence	
  like	
  behavior.	
  

➥ Nucleon	
  tensor	
  charge	
  can	
  be	
  extracted	
  from	
  the	
  lowest	
  
moment	
  of	
  h1	
  and	
  compared	
  to	
  LQCD	
  calcula7ons	
  

Nucleon	
  Spin	
  
Quark	
  Spin	
  

h1T	
  =	
  

�PSψ̄σµνψPS� =
� 1

0
dx [δq(x) − δq̄(x)]

Tensor	
  Charge	
  
Intrinsic	
  property	
  
Like	
  axial	
  or	
  vector	
  
charge	
  

GDH	
  sum	
  rule	
  
Bjorken	
  Sum	
  rule	
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Courtesy	
  of	
  Prokudin	
  



TMDs program @ 12 GeV in Hall B and Dynamical Imaging 
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PAC	
  approved	
  experiments	
  &	
  LoI	
  

N	
  
q	
  

U	
  

L	
  

T	
  

  Complete	
  program	
  of	
  TMDs	
  studies	
  for	
  pions	
  and	
  kaons	
  

  Kaon	
  measurements	
  crucial	
  for	
  a	
  beaer	
  understanding	
  of	
  the	
  TMDs	
  
“kaon	
  puzzle”	
  

  Kaon	
  SIDIS	
  program	
  requires	
  an	
  upgrade	
  of	
  the	
  CLAS12	
  detector	
  PID	
  	
  
RICH	
  detector	
  to	
  replace	
  LTCC	
  
	
  Project	
  under	
  development	
  



  Total 1400 bins in x, Q2, PT and z for 11/8.8 GeV beam.!
  z ranges from 0.3 ~ 0.7, only one z and Q2 bin of 11/8.8 GeV is 

shown here.   π+ projections are shown, similar to the π- .!
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3-­‐D	
  momentum	
  structure	
  	
  the	
  nucleon:	
  Dipole	
  paaern	
  
due	
  to	
  Sivers	
  effect	
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(	
  Plot	
  from	
  Prokudin;	
  red:	
  posi7ve	
  effect,	
  blue:	
  nega7ve	
  effect)	
  



EIC; a natural extension of studies planned for JLab but to 
probe the glue and the sea 
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GPDs	
  and	
  TMDs	
  in	
  Nuclei	
  
Exclusive	
  
Semi-­‐inclusive	
  
Ini7al	
  and	
  final	
  medium	
  effects	
  

Inclusive	
  
Sum	
  rules	
  and	
  polarizabili7es	
  

Generalized	
  Parton	
  Distribu7ons	
  

Exclusive	
  reac7ons	
  	
  

Elas7c	
  form	
  factors	
  
Deep	
  Virtual	
  Compton	
  

Scaaering	
  
Deep	
  Virtual	
  Meson	
  

Produc7on	
  

Transverse	
  Momentum	
  Distribu7ons	
  

Semi-­‐Inclusive	
  DIS	
  

Distribu7ons	
  and	
  	
  
Fragmenta7on	
  func7ons	
  

QCD	
  

Since	
  1998	
  

Since	
  2000	
  



Gluon Imaging with exclusive processes	



7/16/12	
   NNPSS	
  2012,	
  Santa	
  Fe,	
  NM	
  

Goal: Transverse gluon imaging of nucleon over wide range of x: 0.001 < x < 0.1	
  

Two-gluon exchange dominant for J/ψ,φ, ρ 
production at large energies  sensitive to 
gluon distribution squared! 

LO factorization  ~ color dipole picture 
 access to gluon spatial distribution in 
nuclei 

Fit with dσ/dt = e-Bt 

Measurements at DESY of diffractive 
channels  (J/ψ, φ, ρ, γ) confirmed the 
applicability of QCD factorization:	
  
•  t-slopes universal at high Q2	
  
•  flavor relations φ:ρ	



Hard exclusive processes 
provide  access to transverse 
gluon imaging at EIC! 

A.Levy(hep:0907.2178)	
  



ELIC presented at the LRP 
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Luminosity	
  ~	
  1035	
  cm-­‐1.s-­‐1	
  



Luminosity~	
  few	
  1034	
  cm-­‐1s-­‐1	
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EIC Kinematic Coverage 
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ep	
  mEIC:	
  11+60	
   eA	
  mEIC:	
  3+30/11+30	
  (0.04<y<0.6)	
  
eA	
  eLIC:	
  11+120	
  (y=0.6)	
  

EIC connects JLab and HERA kinematic region 



Summary	
  

 	
  There	
  are	
  important	
  observables	
  that	
  tell	
  a	
  “story”	
  about	
  the	
  
cons7tuents	
  of	
  the	
  nucleon	
  but	
  need	
  to	
  be	
  measured	
  with	
  precision.	
  	
  

 Spin	
  studies	
  in	
  the	
  valence	
  region	
  will	
  con7nue	
  at	
  Jefferson	
  Lab	
  in	
  
the	
  12	
  upgrade	
  era	
  

 A	
  new	
  program	
  to	
  extend	
  the	
  one	
  dimensional	
  view	
  of	
  the	
  nucleon	
  
into	
  a	
  2+1	
  	
  dimensional	
  will	
  be	
  carried	
  in	
  the	
  framework	
  of	
  GPDs	
  and	
  
TMDs	
  

 Access	
  of	
  the	
  	
  orbital	
  angular	
  momentum	
  carried	
  by	
  quarks	
  will	
  be	
  
will	
  be	
  possible	
  using	
  the	
  new	
  theore7cal	
  framework	
  and	
  DVCS	
  &	
  
DVMO	
  measurements	
  	
  

 EIC,	
  a	
  natural	
  extension	
  of	
  the	
  JLab	
  12	
  GeV	
  physics	
  program	
  of	
  
hadron	
  structure/QCD	
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Why ELIC/mEIC? 
However,	
  the	
  emphasis	
  is	
  not	
  the	
  valence	
  quarks	
  

but	
  	
  
Gluons	
  and	
  Sea	
  Quarks	
  in	
  the	
  valence	
  region	
  and	
  

beyond	
  

 This	
  requires	
  high	
  luminosity	
  and	
  good	
  center	
  
of	
  mass	
  energy	
  
➥ Luminosity	
  is	
  key	
  for	
  probing	
  rare	
  processes	
  

➥ Energy	
  reach	
  key	
  for	
  clean	
  interpreta7on	
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