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The	
  Challenge	
  

•  The	
  construcBon	
  of	
  an	
  image	
  implies	
  that	
  the	
  
object	
  being	
  observed	
  is	
  unaffected	
  by	
  the	
  
measurement	
  

•  The	
  proton	
  rms	
  charge	
  radius	
  ~	
  10–15	
  m	
  (1	
  fm)	
  
–  To	
  image	
  something	
  this	
  small	
  requires	
  that	
  it	
  absorb	
  
momenta	
  of	
  the	
  order	
  	
  
pc	
  >	
  ħc/(1	
  fm)	
  =	
  200	
  MeV	
  

–  But	
  the	
  proton	
  mass	
  Mc2	
  =	
  938	
  MeV	
  
–  Imaging	
  the	
  proton	
  requires	
  disturbing	
  the	
  proton	
  

•  Is	
  it	
  even	
  physically	
  sensible	
  to	
  talk	
  about	
  imaging	
  the	
  
proton?	
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ElasBc	
  Electron	
  ScaEering	
  on	
  the	
  
proton,	
  1950s	
  –	
  2010s	
  

•  Wave	
  equaBon	
  ☐Aµ	
 =	
 Jµ
–  Interaction  

•  An electron makes a transition 
from momentum state k to k’: 
– Current jµ(q) generates a vector 

potential Aµ(x) ~ e–iq•xjµ(q)/q2 
– This vector potential then 

interacts with the current density 
Jµ(x)  of the proton. 

k	
   k’

p	
   p’	
  

dxA(x) ⋅ J(x)∫
qµ = k − k '( )µ
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R.	
  Hofstadter,	
  et	
  al.,	
  Phys	
  Rev	
  1956	
  

•  Nobel	
  
Prize,	
  1961	
  

r2
Ch
= 0.7± 0.1 fm
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2014	
  PDG	
  review:	
  	
  	
  
•  (e,e’)	
  (Mainz…): 	
  	
   	
  rrms=	
  0.879(8)	
  fm	
  
•  H	
  Atomic	
  levels:	
   	
  rrms	
  =	
  0.877(5)	
  fm	
  
•  µp`Hydrogen’: 	
   	
  rrms	
  =	
  0.8409(4)	
  fm	
  

4	
  Dec	
  2015	
   4	
  



The	
  Proton	
  is	
  not	
  an	
  Elementary	
  ParBcle:	
  

•  Anomalous	
  MagneBc	
  moment,	
  	
  
Charge	
  and	
  Current	
  DensiBes,	
  	
  
–  General	
  EM	
  current	
  for	
  a	
  Dirac	
  spin-­‐1/2	
  nucleon	
  to	
  make	
  a	
  transiBon	
  from	
  

a	
  state	
  (p,s)	
  to	
  (p’,s’)	
  with	
  q	
  =	
  p’-­‐p	
  	
  	
  	
  	
  (Q2=-­‐q2>0):	
  	
  

•  Macroscopic	
  Limits	
  
–  F1(0)	
  =	
  1 	
  	
  F2(0)	
  =	
  κ

•  O.Stern 1933: κp=1.5±0.2
•  2014 PDG review κp= 1.792847356(023)

•  GM(Q2) = F1+F2 
•  GE(Q2) = F1–Q2/(4M2)F2 

J µ (q) =U(p ', s ') γ µF1(Q
2 )−

γ µ,γν"# $%qν
4M

F2 (Q
2 )

"

#
&
&

$

%
'
'
U(p, s)

k	
   k’

p	
   p’	
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ElasBc	
  Electron	
  ScaEering	
  Today	
  

JLab	
  

•  RaBos	
  to	
  `Dipole’	
  GD	
  =[1+Q2/Λ2]–2,	
  	
  Λ2	
  =	
  0.71	
  GeV2	
  

•  Extensive	
  
new	
  low-­‐Q2	
  
data	
  (Mainz,	
  
MIT,	
  JLab)	
  

•  	
  Experiments	
  
at	
  JLab	
  12	
  
GeV	
  (2016+)	
  
looking	
  for	
  
zero	
  crossing	
  
in	
  GE.	
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Form	
  Factors	
  and	
  DensiBes	
  
•  Naively,	
  GE(Q2)	
  is	
  the	
  Fourier	
  transform	
  of	
  the	
  charge	
  density.	
  	
  	
  

But	
  this	
  only	
  works	
  for	
  Q2<<Mp
2	
  

•  Consider	
  H(e,e)p	
  in	
  the	
  `Breit’	
  Frame:	
  	
  qµ
Breit

 = [0,	
  (Q2)1/2]	
  
	
  	
  P=–q/2,	
  	
   	
  P’=+q/2 	
   	
  	
  (zero	
  energy	
  transfer)	
  

•  At	
  each	
  |q|=[Q2]1/2,	
  GE(Q2)	
  samples	
  the	
  charge	
  distribuBon	
  of	
  a	
  differently	
  
boosted	
  proton.	
  	
  

Lorentz	
  contracted	
  protons:	
  
	
  

–q/2	
  

+q/2	
  

q	
  
γ

–q/2	
  

+q/2	
  

q	
  

γ
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Lepton	
  ScaEering	
  

II.  Deep	
  InelasBc	
  ScaEering:	
  e	
  +	
  p	
  à	
  e’	
  +	
  X	
  
Q2	
  =	
  –q2	
  =	
  (k-­‐k’)2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  xBj	
  =	
  Q2/(2p⋅q)	
  

k	
   k’

p	
  
X	
  

dσ =	
  

2	
  

=	
  

k

p	
  

k

p	
  

k’

q

k	
  

p	
  

dσ
dxBjdQ

2 →
4πα 2

xBjQ
4 1− y+

y2

2
&

'
(

)

*
+ 2xBjq f

2pdf f (xBj , lnQ
2 )&' )*

f
∑

k	
  

p	
  

xp	
  
pdff	
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The	
  proton	
  is	
  made	
  of	
  charged	
  
spin-­‐1/2	
  consBtuents	
  

•  M.	
  Breidenbach	
  et	
  al	
  PRL	
  23	
  (1969)	
  935	
  	
  
Friedman,	
  Kendal,	
  Taylor,	
  Nobel	
  Prize	
  1990	
  

•  Universal	
  behavior	
  of	
  the	
  cross	
  secBon	
  as	
  a	
  funcBon	
  of	
  
single	
  variable	
  ω = 1/x	
  =	
  2q•P/Q2	
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Protons	
  are	
  made	
  of	
  
Quarks	
  and	
  Gluons,	
  
described	
  by	
  QCD.	
  

•  Scaling	
  violaBons:	
  
As	
  Q2	
  increases:	
  
	
  

	
  

19. Structure functions 21

NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE REPRESENTATIVE DATA.

THEY ARE NOT MEANT TO BE COMPLETE COMPILATIONS OF ALL THE WORLD’S RELIABLE DATA.
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Figure 19.8: The proton structure function F p
2 measured in electromagnetic scattering of electrons and

positrons on protons (collider experiments H1 and ZEUS for Q2 ≥ 2 GeV2), in the kinematic domain of the
HERA data (see Fig. 19.10 for data at smaller x and Q2), and for electrons (SLAC) and muons (BCDMS,
E665, NMC) on a fixed target. Statistical and systematic errors added in quadrature are shown. The data
are plotted as a function of Q2 in bins of fixed x. Some points have been slightly offset in Q2 for clarity.
The H1+ZEUS combined binning in x is used in this plot; all other data are rebinned to the x values of
these data. For the purpose of plotting, F p

2 has been multiplied by 2ix , where ix is the number of the x bin,
ranging from ix = 1 (x = 0.85) to ix = 24 (x = 0.00005). References: H1 and ZEUS—F.D. Aaron et al.,
JHEP 1001, 109 (2010); BCDMS—A.C. Benvenuti et al., Phys. Lett. B223, 485 (1989) (as given in [78]) ;
E665—M.R. Adams et al., Phys. Rev. D54, 3006 (1996); NMC—M. Arneodo et al., Nucl. Phys. B483, 3
(1997); SLAC—L.W. Whitlow et al., Phys. Lett. B282, 475 (1992).
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How	
  to	
  Image	
  the	
  Proton?	
  
•  A	
  relaBvisBc	
  proton	
  moving	
  in	
  the	
  +z-­‐direcBon.	
  
•  Illuminate	
  it	
  with	
  a	
  photon	
  moving	
  in	
  –z-­‐direcBon.	
  

§  Photon-­‐quark	
  scaEering	
  samples	
  the	
  proton	
  at	
  equal	
  light-­‐cone	
  Bmes	
  
x+	
  =	
  ct	
  +	
  z	
  

§  Astronomy,	
  the	
  farther	
  we	
  look	
  in	
  distance	
  	
  (+z),	
  the	
  farther	
  back	
  in	
  
Bme	
  we	
  are	
  observing	
  (–t).	
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QuanBze	
  at	
  equal	
  light-­‐cone	
  Bmes	
  x+,	
  	
  Dirac’s	
  Front-­‐form	
  dynamics.	
  
•  Hamiltonian	
  =	
  `P–	
  ‘,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M2	
  =	
  P2	
  è	
  	
  M2	
  =	
  2P+P–	
  –	
  P⊥	
  
•  Proton	
  has	
  definite	
  P+	
  =	
  (E+Pz)/√2,	
  	
  	
  
•  Proton	
  is	
  spaBally	
  	
  localized	
  in	
  transverse	
  plane	
  

t<0	
  
t>0	
  



Proton	
  structure	
  in	
  transverse	
  impact	
  
parameter	
  or	
  momentum	
  space	
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[P+,0⊥]	
  
(xi	
  P+,	
  bi	
  )	
  

	
  P–=M2/2P+	
  

Partonic	
  FluctuaBons	
  

(xi	
  P+,	
  k⊥i	
  )	
  
[P+,0⊥]	
  

	
  P–=M2/2P+	
  

Virtual	
  `Energy’	
  



•  Symmetrized	
  Bjorken	
  variable:	
  
	
  

•  Δ	
  =	
  (q-­‐q’),	
  Fourier	
  conjugate	
  to	
  impact	
  parameter	
  b	
  of	
  acBve	
  parton	
  

(x+ξ)P+ (x-ξ)P+

GPDg(x,ξ,t=Δ2) 

+ 

P-Δ/2 
GPDf(x,ξ,t=Δ2) 

P+Δ/2 

GPDf(x,ξ,t=Δ2) 

(x+ξ)P+ (x-ξ)P+ + 

€ 

ξ =
−(q + $ q )2

2(q + $ q ) ⋅P Δ2<<Q2
' → ' ' ' 

xB
2 − xB

(1–ξ)P+ (1+ξ)P+ 

e pàe p γ

P+Δ/2 P-Δ/2 

q  q’ 
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  Virtual	
  Compton	
  ScaEering	
  
	
  Generalized	
  Parton	
  DistribuBons	
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xB =
Q2

2p ⋅q

QCD	
  Scaling	
  limit,	
  Q2	
  large	
  



Imaging	
  Quarks	
  and	
  Gluons:	
  
Deeply	
  Virtual	
  Exclusive	
  ReacBons	
  

•  epàepγ,  epàeNπ, epàepV:	
  	
  V=ρωφ…
–  (e,e’) kinematics in DIS regime: 

•  Incoherent sum of partons (quarks and gluons) of momentum fraction 
fixed by electron kinematics (xBj = Q2/(W2–M2) 

•  Protonàproton (or neutron) elastic transition: 
–  Momentum transfer to target Δµ = (q-q’)µ  

Fourier transform of spatial density in transverse plane 
–  (1+2) Tomographic image: 

•  Distribution of quark momenta along one axis and the spatial density 
in the plane transverse to this axis  
[Generalized Parton Distributions = GPDs] 

–  J. Xi, A.Radyushkin 1997, D. Mueller et al, 1994 
–  Hermes, HERA, JLab, COMPASS (CERN) experiments 

•  Image gluons via epàepJ/Ψ, epàepφ
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GPDs: Correlations of Spatial, Momentum, and Spin d.o.f. 

€ 

xdx H f (x,ξ,0)+E f (x,ξ,0)[ ]
−1

1
∫ = 2J f

€ 

Vector :  H f (x,ξ,t),E f (x,ξ,t)⇐ eiP+z−dz−∫ P +Δ /2 Ψ (+z−)γ+Ψ(−z−) P −Δ /2

Axial :  ˜ H f (x,ξ,t), ˜ E f (x,ξ,t)⇐ eiP+z−dz−∫ P +Δ /2 Ψ (+z−)γ+γ5Ψ(−z−) P −Δ /2

Forward limits  

First Moments 
€ 

H f (x,0,0) = qf (x)
˜ H f (x,0,0) = Δqf (x)

Second Moments: 
€ 

dx[H ,E] f (x,ξ,Δ
2) = F1,F2[ ] f (−

−1

1
∫ Δ2)

X. Ji: Angular Momentum 
 Sum Rule € 

xdxH f (x,ξ,t) = +M2 f (t)+
4
5
ξ2d1 f (t)∫

xdxE f (x,ξ,t) = −M2 f (t)+
4
5
ξ2d1 f (t)∫ +2J f (t)

this situation in Fig. 3(c)—where, however, for better
visibility the ! functions in (60) are smeared out. This
corresponds to allowing the density in the drop to decrease
continuously from its constant inner value to zero over a
finite ‘‘skin’’ [of the size ! 1

10Rd in Fig. 3(c)].
Comparing the liquid drop picture to the results from the

CQSM we observe a remote qualitative similarity. In con-
trast to the liquid drop, the density ‘‘inside’’ the nucleon is
far from being constant, see Fig. 1(a), and one cannot
expect the pressure in the nucleon to exhibit a constant
plateau as in the liquid drop. Still the pressure exhibits the
same qualitative features. The shear forces become maxi-
mal in the vicinity of what can be considered as the ‘‘edge’’
of the object. This is the case, in particular, for the liquid
drop. However, the edge of the nucleon is far more diffuse,
and the distribution of shear forces s"r# is widespread. Of
course, the nucleon can hardly be considered a liquid drop.
Such an analogy might be more appropriate for nuclei [21].
Nevertheless this comparison gives some intuition on the
model results—in particular, about the qualitative shape of
the distributions of pressure and shear forces.

Next let us discuss how the stability condition (57) is
satisfied. Figure 4(a) shows r2p"r# as a function of r. The
shaded regions have the same surface areas but opposite
sign and cancel each other—within numerical accuracy

 

Z r0

0
drr2p"r# $ 2:61 MeV;

Z 1
r0

drr2p"r# $ %2:63 MeV:
(61)

In order to better understand how the soliton acquires
stability, it is instructive to look in detail how the total
pressure is decomposed of the separate contributions of the
discrete level and the continuum contribution. Figure 5
shows that the contribution of the discrete level is always
positive. This contribution corresponds in model language
to the contribution of the ‘‘quark core’’ and one expects a
positive contribution (‘‘repulsion’’) due to the Pauli prin-
ciple. At large r the discrete level contribution vanishes

exponentially since the discrete level wave-function does
so [28].

The continuum contribution is throughout negative—as
can be seen from Fig. 5 and can be understood as follows.
The continuum contribution can be interpreted as the effect
of the pion cloud which in the model is responsible for the
forces binding the quarks to form the nucleon, i.e. it
provides a negative contribution to the pressure corre-
sponding to attraction. In the chiral limit the continuum
contribution exhibits a powerlike decay which dictates the
long-distance behavior of the total result for the pressure at
large r as follows:

 p"r# $ %
!

3gA
8"f"

"
2 1

r6 ; s"r# $ 3
!

3gA
8"f"

"
2 1

r6 ; (62)

where for completeness we quote also the result for s"r#.
For m" ! 0 the continuum contribution exhibits an expo-
nential decay at large r due to the Yukawa tail of the soliton
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FIG. 5 (color online). The pressure p"r# as a function of r for
m" $ 140 MeV. Dotted line: contribution of the discrete level
associated with the quark core. Dashed line: continuum contri-
bution associated with the pion cloud. Solid line: the total result.
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FIG. 4 (color online). (a) r2p"r# as a function of r from the CQSM at the physical value ofm". The shaded regions have—within the
numerical accuracy of about half percent—the same surface areas. This shows how the stability condition

R1
0 drr2p"r# $ 0 in Eq. (57)

is realized. (b) The same as (a) but with an additional power of r2 and the prefactor 5"MN . Integrating this curve over r yields d1

according to (17). The plot shows that one obtains a negative sign for d1 as a consequence of the stability condition (16) shown in
Fig. 4(a).
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Exploiting the harmonic structure of DVCS with polarization 

The difference of cross-sections is a key 
observable to extract GPDs 
 
 
With polarized beam and unpolarized target: 
 
 
 
With unpolarized beam and Long. polarized target: 
 
 
 
With unpolarized beam and Transversely polarized target: 

~ 

~ 

€ 

ΔσUL

Separations of CFFs H(±ξ,ξ,t), H(±ξ,ξ,t), E(±ξ,ξ,t),… 

~ 
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Measuring	
  GPDs	
  
•  HERA	
  	
  

(2001	
  –	
  2007)	
  
•  HERMES	
  

	
  (2001	
  –	
  2007)	
  
•  JLab	
  6	
  GeV	
  

	
  (2001	
  –	
  2012)	
  
•  JLab	
  12	
  GeV	
  

	
  (2014	
  –	
  
•  COMPASS	
  

	
  (2016	
  –	
  
•  EIC	
  

	
  (2025+?	
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P+Δ/2 P-Δ/2 

q  q’ 

e pàe p γ

P+Δ/2 P-Δ/2 

q-q’  

q’ 

P+Δ/2 P-Δ/2 

q-q’  

q’ 
k’ 

k 
+

+

Virtual	
  	
  
Compton	
  
ScaEering	
  
(VCS)	
  

Bethe-­‐
Heitler	
  
(BH)	
  



HERA	
  DIS	
  Event	
  epàνX	
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HERA-­‐H1:	
  Sample	
  VCS-­‐dominated;	
  and	
  	
  
BH-­‐dominated	
  events	
  

e+	
  

p	
  

e+ 

e+	
  

e+ 

γ

γ

`Bethe-­‐Heitler’	
  

`VCS’	
  

epàeγX	
  
X	
  is	
  ultra-­‐forward	
  (lezß)	
  
No	
  visible	
  energy:	
  
dominated	
  by	
  exclusive	
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HERA	
  DVCS,	
  fits	
  by	
  D.Müller	
  et	
  al.,	
  2012	
  
good DVCS fits at good DVCS fits at LOLO, , NLONLO, and , and NNLONNLO with flexible GPD ansatz with flexible GPD ansatz 

3

•  DVCS	
  fits	
  at	
  LO,	
  NLO,	
  NNLO	
  
•  Flexible	
  GPD	
  ansatz	
  
•  Dominated	
  by	
  Hglue	
  
a)  SpaBal	
  imaging	
  
b)  Q2-­‐Dependence:	
  	
  ValidaBon	
  of	
  

QCD	
  factorizaBon	
  
c)  Longitudinal	
  momentum	
  fracBon	
  	
  

x	
  =	
  Q2/(W2–M2)	
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32 M. Contalbrigo 

The experiment 

Internal gaseous target 
(no nuclear effects) 
 

96-00 (H/D)  Lpol + Upol 

02-05 (H)     Tpol + Upol 
06-07 (H/D)  Upol+Recoil 

27.6 GeV e+/e- HERA beam Electron and Hadron ID Access to valence and sea  

Data taking: 95-07 

 DIS 2011, 13th April 2011, Newport News 
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HERMES	
  
summary	
  	
  

•  averaged	
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  Q2	
  and	
  t	
  

•  Transversely	
  
polarized	
  H–

target	
  à	
  
sensiBvity	
  to	
  
E(ξ,ξ,Δ2),	
  
ξ≈0.1	
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(e,e’)X	
  HRS	
  
	
  trigger	
  
	
  

208 PbF2 Digital Trigger  
Validation 

16chan VME6U: ARS 
128 samples@1GHz 

DVCS:	
  JLab	
  Hall	
  A	
  2004,	
  
2010,	
  2014-­‐2016	
  
	
  
L	
  ≥	
  1037	
  cm2/s	
  
Precision	
  cross	
  secBons	
  
•Test	
  factorizaBon	
  
•Calibrate	
  Asymmetries	
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Hall	
  A	
  Results:	
  	
  Scaling	
  Tests	
  

•  Q2=2.3	
  GeV2,	
  xBj=0.36,	
  
t=–0.23	
  GeV2	
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PRL97:262002 (2006)  
C. Muñoz Camacho, et al., 
PRC	
  92,	
  055202	
  (2015)	
  
M.Defurne,	
  et	
  al., E00-110 EXPERIMENT AT JEFFERSON LAB HALL A: . . . PHYSICAL REVIEW C 92, 055202 (2015)

FIG. 22. (Color online) Unpolarized (top) and helicity-
dependent (bottom) cross-section extraction for the Kin3 bin
−t = 0.32 GeV2. The error bars on the data points are statistical
only. The shaded areas represent the statistical uncertainty for each
contribution.

section extraction. By construction, this term is φ independent,
in contrast to the BH and interference contributions which
contain the P1(φ)P2(φ) electron propagators as shown in
Eq. (6). The precision of the data is such that contributions
other than the BH are obviously necessary to explain the
observed cross section. The helicity-dependent cross section is
dominated by the twist-2 interference term, as noticed before in
this experiment [30] and elsewhere [28,34]. These conclusions
extend to all bins in our analysis, whose results are shown
in Sec. VII D. Table VI lists the χ2/DOF resulting from the
extraction method for all kinematics settings.

TABLE VI. χ 2/DOF resulting from the extraction method for all
kinematics settings. The subscript “pol” stands for polarized cross
sections, “unp” for unpolarized cross sections. The polarized cross
sections are extracted using 109 degrees of freedom; the unpolarized
cross section are extracted using 104 degrees of freedom.

Settings χ 2
pol/DOF χ 2

unp/DOF

Kin1 0.88 –
Kin2 1.00 1.16
KinX2 0.96 0.82
Kin3 1.15 0.99
KinX3 1.08 1.28

A. Scan in Q2

The combinations of effective CFFs which have been
extracted from the fitting procedure for Kin1–3 using the
formalism developed in Ref. [41] are shown integrated over t
in Fig. 23. With the choice of parameters used to describe the
kinematical dependence of the cross sections (as explained in
Sec. IV F), the contribution associated with the |T DVCS|2 term
is large for the unpolarized case. The twist-2 interference term
is significant and the contribution of the twist-3 interference
term is often found to be small, with large systematic
uncertainties. For the polarized case, the twist-2 interference
term is dominant, the twist-3 contribution is small, again with
large systematic uncertainties.

Overall, the extracted parameters show no Q2 dependence
for either the helicity-dependent or the helicity-independent
cases over our Q2 range. Note that the logarithmic Q2

evolution can safely be neglected within this Q2 lever arm
at this xB .

The full set of results for settings Kin1–3 are presented in
Figs. 24–28 in Sec. VII D.

B. Scan in xB

The results from KinX2 and KinX3 showing the
xB dependence of the cross sections are presented in
Figs. 29–32 in Sec. VII D. KinX3 has a limited acceptance
close to 0◦, which increases the correlation between the
different fit parameters describing the azimuthal dependence
of the cross section. Indeed, the separation of the real part of
the twist-2 interference and |T DVCS|2 contributions in the fit is
particularly sensitive to the relative value of the cross section
measured around both φ = 0◦ and 180◦. These difficulties
have basically no impact on the determination of the cross
sections themselves. The measured xB dependence will set
interesting constraints on GPD models and parametrizations,
especially thanks to the relatively high precision of our
data.

C. Comparison with GPD models

In Fig. 33, we compare our results with various models
and previous fits to data. We have chosen to use two different
kinds of double-distribution GPD models, namely the VGG
[65] and KMS12 [66] models. Note that, in contrast to VGG,
the KMS12 model was tuned using vector meson data at low
to very-low xB and is not considered adapted yet to the valence
quark region. In any case, one observes that both models
overshoot the helicity-dependent cross-section data in this
Kin2 bin, whereas VGG is more adequate for the unpolarized
data.

In addition, we have compared our data with the KM10a
model [67], which fits some of its parameters to all DVCS
data available worldwide except for the previously pub-
lished results from a subset of the present experiment.
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•  Empirical	
  extracBon	
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  terms	
  

•  Test	
  Q2-­‐independence	
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  GPD	
  terms	
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Re

Im Im
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FIG. 23. (Color online) Combinations of effective CFFs extracted from the fitting procedure described in Sec. IV F using the formalism
developed in Ref. [41], integrated over t and plotted as a function of Q2. The top three plots show the effective CFFs resulting from
the unpolarized cross-section fit (Kin2 and Kin3), whereas the bottom plots show the effective CFFs resulting from the helicity-dependent
cross-section fit (Kin1–3). The shaded areas represent systematic uncertainties.

FIG. 24. (Color online) Unpolarized cross sections for Kin2. Each t-bin corresponds to slightly different average (xB,Q2) values; their
range is indicated in the legend, their specific values are listed in the data tables. Error bars are statistical only. The light blue area represents the
point-to-point systematic uncertainties added linearly to the normalization error. The KM10a model along with its modified version (including
the TMC effects) are shown as dotted blue and solid green curves, respectively. The BH contribution is represented as a dashed red line.
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FIG. 23. (Color online) Combinations of effective CFFs extracted from the fitting procedure described in Sec. IV F using the formalism
developed in Ref. [41], integrated over t and plotted as a function of Q2. The top three plots show the effective CFFs resulting from
the unpolarized cross-section fit (Kin2 and Kin3), whereas the bottom plots show the effective CFFs resulting from the helicity-dependent
cross-section fit (Kin1–3). The shaded areas represent systematic uncertainties.

FIG. 24. (Color online) Unpolarized cross sections for Kin2. Each t-bin corresponds to slightly different average (xB,Q2) values; their
range is indicated in the legend, their specific values are listed in the data tables. Error bars are statistical only. The light blue area represents the
point-to-point systematic uncertainties added linearly to the normalization error. The KM10a model along with its modified version (including
the TMC effects) are shown as dotted blue and solid green curves, respectively. The BH contribution is represented as a dashed red line.
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FIG. 25. (Color online) Unpolarized cross sections for Kin3. Error bars are statistical only. The light blue area represents the point-to-point
systematic uncertainties added linearly to the normalization error. The KM10a model along with its modified version (including the TMC
effects) are shown as dotted blue and solid green curves, respectively. The BH contribution is represented as a dashed red line.

FIG. 26. (Color online) Cross-section differences for opposite beam helicities for Kin1. Error bars are statistical only. The light blue area
represents the point-to-point systematic uncertainties added linearly to the normalization error. The KM10a model along with its modified
version (including the TMC effects) are shown as dotted blue and solid green curves, respectively, except for the first t bin, which is outside
the prescribed range of this model.
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FIG. 23. (Color online) Combinations of effective CFFs extracted from the fitting procedure described in Sec. IV F using the formalism
developed in Ref. [41], integrated over t and plotted as a function of Q2. The top three plots show the effective CFFs resulting from
the unpolarized cross-section fit (Kin2 and Kin3), whereas the bottom plots show the effective CFFs resulting from the helicity-dependent
cross-section fit (Kin1–3). The shaded areas represent systematic uncertainties.

FIG. 24. (Color online) Unpolarized cross sections for Kin2. Each t-bin corresponds to slightly different average (xB,Q2) values; their
range is indicated in the legend, their specific values are listed in the data tables. Error bars are statistical only. The light blue area represents the
point-to-point systematic uncertainties added linearly to the normalization error. The KM10a model along with its modified version (including
the TMC effects) are shown as dotted blue and solid green curves, respectively. The BH contribution is represented as a dashed red line.
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DVCS	
  in	
  CLAS	
  @	
  6	
  GeV	
  THE CLAS DETECTOR 

� Toroidal magnetic field  
� (6 supercondicting coils) 
� Drift chambers (argon/CO2  
�  Gas, 35000 cells) 
� Time-of-flight scintillators 
� Electromagnetic calorimeters 
� Cherenkov counters  
  (e/p separation) 

� Performances: 
�  Nearly 4p acceptance 
�  Large kinematical coverage 
�  Detection of charged 
�  and neutral particles 
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•  H(e,e’γp)	
  
•  Longitudinally	
  

polarized	
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target.	
  

•  Add:	
  	
  
5 Tesla Solenoid 
420 PbWO4 crystals : 

 ~10x10x160 mm3  
APD+preamp 
readout 

Orsay / Saclay / 
ITEP / Jlab  
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FIG. 5. (Color online) Results of the CFF fit of our data
for H (upper panel) and H (lower panel), with only the
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CLAS: Longitudinally Polarized Protons 
Target-Spin Asymmetries 

AUL 

•  Spatial distribution of quark helicity 
•  On to to 11 GeV! 
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FIG. 19. (Color online) Target-spin asymmetry for the reaction ep ! e0p0� as a function of � for the various Q2-x
B

(rows) and
�t (columns) bins. The point-by-point systematic uncertainties are represented by the shaded bands. The solid black curve is
the fit with the function in Eq. (43). In the highest �t bin of the third (Q2-x

B

) bin, � was set to zero due to the limited �
coverage, while no fit is performed on the first �t bin of the highest (Q2-x

B

) bin, where only one data point is present. The
curves show the predictions of the VGG [23] (red-dashed) and KMM12 [26] (blue-dotted) models.
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FIG. 20. (Color online) t dependence, for each Q2-x
B

bin, of
the ↵UL term of the target-spin asymmetry. The curves show
the predictions of four GPD models for the TSA at � = 90o:
i) VGG [23] (red dashed), ii) KMM12 [26] (cyan dotted), iii)
GK [26] (blue dash-dotted), and iv) GGL [27] (orange dashed-
three-dotted).

FIG. 21. (Color online) Comparisons of the t dependences
of the sin� term of the ep� target-spin asymmetries for
the present data, integrated over Q2 and x

B

(black circles),
the previous CLAS experiment [13] (magenta triangles), and
HERMES [16] (green squares).

the t-dependence of this observable - predict this and
correctly reproduce it. The best match for this term is
provided by the VGG and GK models, which show size-
able di↵erences only at the highest �t values, where the
DVCS contribution is expected to start to play a role.
The models suggest a slight contribution from DVCS in
the cos� term but the statistical precision of the data
does not allow us to draw conclusions on which predic-
tion provides the better fit.

VIII. EXTRACTION OF COMPTON FORM
FACTORS

In recent years, various groups have developed and
applied di↵erent procedures to extract Compton Form
Factors from DVCS observables. The approach adopted
here [34–36] is based on a local-fitting method at each
given experimental (Q2, x

B

,�t) kinematic point. In this
framework, instead of four complex CFFs defined as in
Eq. 9, there are eight real CFFs defined as

F
Re

(⇠, t) = <eF(⇠, t) (46)

F
Im

(⇠, t) = � 1

⇡
=mF(⇠, t) = [F (⇠, ⇠, t)⌥ F (�⇠, ⇠, t)] ,

(47)
where the sign convention is the same as for Eq. (8).
These CFFs are the almost-free parameters - their values
are allowed to vary within ±5 times the values predicted
by the VGG model - that are extracted from DVCS ob-
servables using the well-established DVCS+BH theoret-
ical amplitude. The BH amplitude is calculated exactly
while the DVCS amplitude is taken at the QCD leading
twist. The expression of these amplitudes can be found,
for instance, in [23].
The three sets of asymmetries (BSA, TSA and DSA)

for all kinematic bins were processed using this fitting
procedure to extract the Compton Form Factors. In the
adopted version of the fitter code, Ẽ

Im

is set to zero, as
Ẽ is assumed to be purely real - it is parametrized in the
VGG model by the pion pole (1/(t �m2

⇡

)). Thus seven
out of the eight real and imaginary parts of the CFFs are
left as free parameters in the fit. Figure 25 shows H

Im

(black full squares) and H̃
Im

(red full circles), which are
obtained from the fit of the present data, as a function
of �t for each of our 5 Q2-x

B

bins. These are the two
CFFs that appear to be better constrained by the present
results. Given that the size of the error bars reflects
the sensitivity of the combination of observables to each
CFF, it is evident that, as expected, our asymmetries are
mostly sensitive to =mH̃.
The results for H

Im

and H̃
Im

confirm what had been
previously observed in a qualitative way by direct com-
parison of the t-dependence of our TSAs and BSAs in
Section VII.2: the t-slope of =mH is much steeper than
that of =mH̃, hinting at the fact that the axial charge
(linked to =mH̃) might be more “concentrated” in the
center of the nucleon than the electric charge (linked to
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the predictions of four GPD models for the TSA at � = 90o:
i) VGG [23] (red dashed), ii) KMM12 [26] (cyan dotted), iii)
GK [26] (blue dash-dotted), and iv) GGL [27] (orange dashed-
three-dotted).
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the t-dependence of this observable - predict this and
correctly reproduce it. The best match for this term is
provided by the VGG and GK models, which show size-
able di↵erences only at the highest �t values, where the
DVCS contribution is expected to start to play a role.
The models suggest a slight contribution from DVCS in
the cos� term but the statistical precision of the data
does not allow us to draw conclusions on which predic-
tion provides the better fit.
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applied di↵erent procedures to extract Compton Form
Factors from DVCS observables. The approach adopted
here [34–36] is based on a local-fitting method at each
given experimental (Q2, x
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,�t) kinematic point. In this
framework, instead of four complex CFFs defined as in
Eq. 9, there are eight real CFFs defined as
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(47)
where the sign convention is the same as for Eq. (8).
These CFFs are the almost-free parameters - their values
are allowed to vary within ±5 times the values predicted
by the VGG model - that are extracted from DVCS ob-
servables using the well-established DVCS+BH theoret-
ical amplitude. The BH amplitude is calculated exactly
while the DVCS amplitude is taken at the QCD leading
twist. The expression of these amplitudes can be found,
for instance, in [23].
The three sets of asymmetries (BSA, TSA and DSA)

for all kinematic bins were processed using this fitting
procedure to extract the Compton Form Factors. In the
adopted version of the fitter code, Ẽ

Im

is set to zero, as
Ẽ is assumed to be purely real - it is parametrized in the
VGG model by the pion pole (1/(t �m2

⇡

)). Thus seven
out of the eight real and imaginary parts of the CFFs are
left as free parameters in the fit. Figure 25 shows H

Im

(black full squares) and H̃
Im

(red full circles), which are
obtained from the fit of the present data, as a function
of �t for each of our 5 Q2-x

B

bins. These are the two
CFFs that appear to be better constrained by the present
results. Given that the size of the error bars reflects
the sensitivity of the combination of observables to each
CFF, it is evident that, as expected, our asymmetries are
mostly sensitive to =mH̃.
The results for H

Im

and H̃
Im

confirm what had been
previously observed in a qualitative way by direct com-
parison of the t-dependence of our TSAs and BSAs in
Section VII.2: the t-slope of =mH is much steeper than
that of =mH̃, hinting at the fact that the axial charge
(linked to =mH̃) might be more “concentrated” in the
center of the nucleon than the electric charge (linked to

S.	
  Pisano,	
  et	
  al.,	
  
Phys.Rev.	
  D91	
  
	
  (2015)	
  5,	
  052014	
  



Global	
  analyses	
  of	
  GPD	
  data	
  

•  K.	
  Kumericki,	
  D.	
  Mueller,	
  M.	
  Murray,	
  	
  
§  arXiv:1301.1230	
  hep-­‐ph,	
  arXiv:1302.7308	
  hep-­‐ph	
  	
  

•  M.	
  Guidal,	
  H.Moutarde,	
  	
  
§  EPJA	
  42	
  (2009)	
  71.	
  

•  P.Kroll,	
  M.	
  Diehl	
  
§  Eur.Phys.J.	
  C73	
  (2013)	
  2397	
  

•  M.	
  Guidal,	
  	
  
§  PLB	
  689	
  (2010)	
  159,	
  PLB	
  693	
  (2010)	
  17.	
  

•  S.	
  Liu~,	
  G.	
  Goldstein,	
  	
  	
  
§  Phys.Rev.	
  D84	
  (2011)	
  034007	
  

•  LO	
  or	
  NLO	
  implemented	
  
•  Dynamic	
  twist-­‐3	
  formalism	
  known,	
  not	
  implemented	
  in	
  

global	
  analysis	
  yet.	
  
§  Finite	
  –t/Q2,	
  M2/Q2	
  correcBons	
  up	
  to	
  kinemaBc	
  twist-­‐4.	
  
V.	
  Braun,	
  et	
  al,	
  Phys.Rev.	
  D89	
  (2014)	
  074022.	
  

4	
  Dec	
  2015	
   C.E.	
  Hyde	
  	
  	
  	
  	
  	
  	
  UVa	
  Colloquium	
   29	
  



unpol. cross section 
+ 

helicity-dependent 
cross section 

χ2 minimization 

ΔσLU ~ sinφ Im{F1H + ξ(F1+F2)H -kF2E}dφ~ 
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χ2 minimization 

beam spin asym. 
+ 

long. pol. tar. asym 

ΔσUL ~ sinφIm{F1H+ξ(F1+F2)(H + xB/2E) –ξkF2 E+…}dφ~ ~ 
ΔσLU ~ sinφ Im{F1H + ξ(F1+F2)H -kF2E}dφ~ 

unpol. cross section 
+ 

helicity-dependent 
cross section 
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χ2 minimization 

beam spin asym. 
+ 

long. pol. tar. asym 

beam charge asym. 
+ 

beam spin asym 
+ 
… 

linearization 

~ ~ 

ΔσLU ~ sinφ Im{F1H + ξ(F1+F2)H -kF2E}dφ~ 
ΔσUL ~ sinφIm{F1H+ξ(F1+F2)(H + xB/2E) –ξkF2 E+…}dφ

unpol. cross section 
+ 

helicity-dependent 
cross section 
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unpol.sec.eff. 
+ 

beam pol.sec.eff. 

χ2 minimization 

beam spin asym. 
+ 

long. pol. tar. asym 

beam charge asym. 
+ 

beam spin asym 
+ 
… 

linearization 

VGG model 
KM10 model/fit 

Moutarde10 model/fit 
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As	
  xB	
  =	
  0.09	
  à	
  0.25	
  à	
  0.36	
  
t-­‐slope	
  flaEens	
  
Proton	
  shrinks!	
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Hall	
  B	
  @	
  11	
  GeV:	
  CLAS12	
  

•  Wide	
  kinemaBc	
  coverage	
  
•  Over-­‐complete	
  exclusivity	
  
•  High	
  mulBplicity	
  mesonic	
  final	
  states	
  

§  ρ èππ,   ω è πππ,    φ è KK 

•  Timelike	
  Compton	
  ScaEering	
  (TCS)	
  
§  γ	
  p	
  à	
  p	
  e+	
  e–,	
  	
  	
  	
  	
  (Quasi-­‐real	
  Photons)	
  	
  

§  γ	
  p	
  à	
  p	
  J/Ψ	
  
•  Cross	
  secBon	
  systemaBc	
  errors	
  5-­‐10%	
  
•  Longitudinally	
  polarized	
  NH3,	
  ND3	
  
•  Transversely	
  polarized	
  HD-­‐ice	
  	
  

target	
  in	
  development	
  

H1, ZEUS H1, ZEUS 

20
0 

G
eV

 

0.7 



GPDs	
  at	
  	
  JLab:	
  	
  Halls	
  A	
  &	
  C	
  @	
  11	
  GeV	
  

•  Hall	
  C:	
  	
  12	
  GeV:	
  	
  	
  HMS	
  x	
  SHMS	
  	
  
§  L/T	
  separaBons:	
  
	
  H(e,e’π+)n,	
  	
  	
  	
  	
  H(e,e’K+)Λ

•  Halls	
  A	
  &	
  C:	
  	
  
Spectrometer	
  ×	
  Calorimeter	
  
§  DVCS	
  &	
  Exclusive	
  π0.	
  

•  Hall	
  A	
  2014-­‐2015	
  
§  H(e,e’γ)p	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  H(e,e’γγ)p	
  

•  Exclusivity	
  by	
  missing	
  mass	
  
§  dσ systemaBc	
  errors	
  ≤	
  4%	
  
§  Polarized	
  3He	
  (L	
  &	
  T)	
  possible	
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SHMS	
  

HMS	
  



	
  COMPASS	
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COMPASS

ZEUS
H1-HERA I
H1-HERA II

< Q2 >

< Q2 >
< Q2 >
< Q2 >

= 2 GeV2

= 3.2 GeV2

= 4 GeV2

= 8 GeV2

280 days at 160 GeV

α' = 0.125

α' = 0.26

Figure 6: Projections for measuring the xB dependence of the t-slope parameter B(xB)
of the DVCS cross section, calculated for 1 < Q2 < 8 GeV2. For comparison some Hera
results with similar hQ2i are shown [18, 53, 54], for which the horizontal dashed lines
indicate their xB range. The left vertical bar on each data point indicates the statistical
error only while the right one includes also the quadratically added systematic uncertainty,
using only ECAL1 and ECAL2 (first row) and also ECAL0 (second row). Two di↵erent
parametrisations are shown using ↵0 = 0.125 GeV�2 and 0.26 GeV�2.

For this purpose, only those bins indicated by an asterisk in Table 1 are used for which
NDV CS � 0.1⇥NBH is satisfied.

The dominant systematic uncertainty of the resulting DVCS contribution arises
from the subtraction of the BH contribution. The BH contribution dominates the one
of DVCS over a wide range in xB and Q2. In this region, the BH yield is obtained
from the calculated BH cross section, taking into account radiative corrections, lumi-
nosity and detection e�ciencies. Up to now, we assume that this BH yield will be known
within 3%. It turns out that in such a case the resulting systematic uncertainty, which
is 0.03 ⇥ NBH/NDV CS, is of relevance only for the first selected point in xB for each Q2

domain where the BH contribution is more than twice as large as the DVCS contribution.
When extrapolating the BH yield into the kinematic region where it has to be used for
subtraction, an additional uncertainty can originate from possible kinematic-dependent
detector e�ciencies.

As the DVCS cross section dominates the one of the BH process at larger values
of xB (Fig. 5), the accuracy of the t-slope measurement profits considerably from the
additional acceptance of a possible new large-angle calorimeter ECAL0. This becomes
evident when comparing the two sets of points in Fig. 6 which describe the projected
total uncertainties without and with ECAL0.

21

Proton	
  rms	
  size	
  vs	
  xB	
  

•  200	
  GeV	
  µ+↑, µ–↓

•  L = 1032	
  /cm2/s	
  
•  2016+	
  
Azer	
  Drell-­‐Yan	
  run	
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The Tomography of the Nucleon - Spa-
tial Imaging of Gluons and Sea Quarks
By choosing particular final states in elec-
tron+proton scattering, the EIC will probe
the transverse spatial distribution of sea
quarks and gluons in the fast-moving pro-
ton as a function of the parton’s longitudinal
momentum fraction, x. This spatial distri-
bution yields a picture of the proton that is
complementary to the one obtained from the
transverse-momentum distribution of quarks
and gluons, revealing aspects of proton struc-
ture that are intimately connected with the
dynamics of QCD at large distances. With
its broad range of collision energies, its high
luminosity and nearly hermetic detectors,
the EIC could image the proton with un-
precedented detail and precision from small
to large transverse distances. The accessible
parton momentum fractions x extend from
a region dominated by sea quarks and glu-
ons to one where valence quarks become im-

portant, allowing a connection to the precise
images expected from the 12 GeV upgrade
at JLab and COMPASS at CERN. This is
illustrated in Fig. 1.4, which shows the pre-
cision expected for the spatial distribution of
gluons as measured in the exclusive process:
electron + proton ! electron + proton +
J/ .

The tomographic images obtained from
cross-sections and polarization asymmetries
for exclusive processes are encoded in gen-
eralized parton distributions (GPDs) that
unify the concepts of parton densities and
of elastic form factors. They contain de-
tailed information about spin-orbit correla-
tions and the angular momentum carried by
partons, including their spin and their orbital
motion. The combined kinematic coverage
of the EIC and of the upgraded CEBAF as
well as COMPASS is essential for extracting
quark and gluon angular momentum contri-
butions to the proton’s spin.
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15.8 < Q2 + M2
J/ψ < 25.1 GeV2
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Figure 1.4: The projected precision of the transverse spatial distribution of gluons as obtained
from the cross-section of exclusive J/ production. It includes statistical and systematic uncer-
tainties due to extrapolation into the unmeasured region of momentum transfer to the scattered
proton. The distance of the gluon from the center of the proton is b

T

in femtometers, and the
kinematic quantity x

V

= x
B

(1 +M2

J/ 

/Q2) determines the gluon’s momentum fraction. The
collision energies assumed for Stage-I and Stage-II are E

e

= 5, 20 GeV and E
p

= 100, 250 GeV,
respectively.

6

•  JLab	
  and	
  BNL	
  designs	
  
§  s	
  =	
  2k(E+P)	
  ≥	
  4000	
  GeV2	
  

§  L	
  >	
  1033	
  /cm2/sec	
  	
  (proton)	
  

•  Longitudinal	
  and	
  transversely	
  polarized	
  light	
  ion	
  beams	
  
•  Unpolarized	
  from	
  H	
  to	
  U	
  
•  Spectator	
  tagging:	
  D,	
  3He	
  

§  Inclusive	
  and	
  Deep	
  virtual	
  
•  ArXiv	
  1212.1701	
  



Nuclei	
  Too!	
  	
  CLAS:	
  4He(e,e’γα)	
  

•  Only	
  one	
  GPD	
  on	
  spin	
  0	
  target	
  
§  H(ξ,ξ,t)=(4/9)Hu+(1/9)	
  Hu.	
  
§  GE=∫dx[(2/9)Hu-­‐(1/9)Hu].	
  	
  
§  EMC	
  effect	
  on	
  GPDs	
  
§  BoNuS	
  GEM	
  radial	
  TPC	
  

[t=0.0]	
  àEMC	
  effect,	
  	
  
[t=-­‐0.1]à	
  GPD	
  	
  
(LiuB	
  &	
  Taneja,	
  Guzey	
  &	
  
Strickman)	
  

€ 

HHe (x,0,t)
HN (x,0,t)
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Conclusions	
  
•  SpaBal	
  Imaging	
  is	
  possible	
  (in	
  1+2	
  dimensions)	
  
•  New	
  experimental	
  and	
  theoreBcal	
  tools	
  are	
  helping	
  
us	
  to	
  understand	
  how	
  QCD	
  generates	
  	
  
–  The	
  mass	
  of	
  ordinary	
  maEer	
  (98%)	
  
–  The	
  spin	
  of	
  the	
  hadrons:	
  proton,	
  neutron,	
  vector	
  mesons…	
  

•  proton	
  spin	
  ~25%	
  from	
  spin	
  of	
  quarks	
  
•  How	
  much	
  is	
  gluons?	
  	
  How	
  much	
  is	
  Orbital	
  Angular	
  Momentum.	
  

–  SpaBal	
  distribuBon	
  of	
  charge	
  and	
  maEer	
  in	
  hadrons.	
  
(non-­‐trivial	
  flavor,	
  momentum-­‐fracBon	
  dependence)	
  

–  Nuclear	
  Binding	
  	
  
•  Why	
  is	
  the	
  deuteron	
  (np)	
  bound	
  but	
  nn	
  not?	
  
•  Why	
  are	
  4He,	
  6He(β– 1sec),	
  8He(β– 0.1sec)	
  bound,	
  but	
  not	
  5He	
  ?	
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Backup	
  Slides	
  

TCS	
  
Deep	
  Virtual	
  Meson	
  ProducBon	
  



H1, ZEUS H1, ZEUS 
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0 

G
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Study of high xB 
domain requires 
high luminosity  
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DVCS, GPDs, Compton Form Factors(CFF), and Lattice QCD 

∫∫
+

−

+

−

+±−
±

+
+±

1

1

1

1

),,(),,(~),,(~ …… tHidx
x

txHPdx
ix
txHT DVCS ξξπ

ξ
ξ

εξ
ξ

Cross-section (σ), Beam-charge-
difference,  and Double-spin (ReT) 
integrate GPDs with 1/(x±ξ) weight 

Beam or target spin Δσ
contain only ImT, 

therefore GPDs at x = ξ and -ξ 

(at leading order:) 

D.R.	
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€ 

Lattice Moments

= xnH(x,ξ,t)dx∫
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Generalized Parton Distributions: Mueller, Ji, Radyushkin, 
Factorization:  Ji, Osborne, Collins, Freund… 

Spatial distributions and orbital angular momenta  of quarks: 
Deeply Virtual Compton Scattering (DVCS): N(e,e’γN) 

 
 
 
 
 
 
 

x+ξ x-ξ

t 

GPDs 

 
 
 
 
 
 

Handbag Diagram 

γ* γ
 
 
 
 
 
 

DVCS 

γ*
γ

x±ξ = initial/final 
momentum fractions 

  

€ 

TDVCS
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Non-Local Off-Forward Matrix Elements 

q+ = (q0 +q3) / 2

γ + = (γ 0 +γ 3) / 2

z− = (tc− z3) / 2



GPDs	
  at	
  JLab:	
  Future	
  
Upgrades	
  	
  

(Mostly	
  moBvated	
  	
  by	
  non-­‐GPD	
  topics)	
  
•  RICH	
  Detector	
  (parBal)	
  in	
  CLAS	
  12:	
  	
  
π/K	
  	
  id	
  
–  INFN	
  parBcipaBon	
  

•  Solenoidal	
  Large	
  Intensity	
  Detector	
  
	
  (SoLID)	
  in	
  Hall	
  A	
  (CLEO	
  Solenoid)	
  
–  TCS,	
  J/Ψ
–  Chinese	
  parBcipaBon	
  

•  Super	
  BigBite	
  Spectrometer	
  
–  Dipole	
  from	
  BNL	
  
–  Funded,	
  under	
  construcBon	
  
–  GEM	
  trackers	
  for	
  high	
  rates	
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ScaEering	
  
chamber	
  

Tracker	
  
Hadron	
  	
  
calorimeter	
  

Beam	
  line	
  

Pb	
  shield
	
  	
  	
  	
  	
  

CH2	
  
analyzer	
  

SBS-­‐Hall	
  A	
  

SOLID	
  -­‐	
  Hall	
  A	
  

CLAS12	
  RICH	
  	
  



Time-­‐Like	
  Compton	
  ScaEering:	
  γ+pà	
  e+e–p	
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Semi	
  Universal	
  behavior	
  of	
  exclusive	
  reacBons	
  at	
  
high	
  W2	
  

•  Two	
  views:	
  
§  ExtracBng	
  leading	
  twist	
  
informaBon	
  is	
  hopeless	
  for	
  
Q2+q’2<10	
  GeV2	
  

§  PerturbaBve	
  t-­‐channel	
  
exchange	
  even	
  for	
  modest	
  
Q2,	
  but	
  convoluBon	
  of	
  finite	
  
size	
  of	
  nucleon	
  and	
  probe.	
  

•  Fi~ng	
  data	
  requires	
  se~ng	
  
scale	
  of	
  gluon	
  pdf	
  µ2	
  <<Q2	
  
§  Finite	
  transverse	
  spaBal	
  
size	
  b≈1/µ	
  of	
  	
  γàV	
  
amplitude	
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Figure 28: The differential cross section dσ/d|t| for γ∗p → ρ0p as a function of
|t| for W = 90 GeVand fixed values of Q2. The lines represent exponential fits to
the data. The data stem from ZEUS.
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Figure 29: The slope b describing the t dependence of vectormeson production by
the form γ∗p → V p ∝ e−b·|t| as a function of (Q2 + M2

V ) where MV is the mass of
the vectormeson indicated; for DVCS MV = 0. The data stem from H1 and ZEUS.
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Tomography	
  with	
  Generalized	
  Parton	
  
DistribuBons	
  (M.	
  Burkardt)	
  

•  H(x,t)γµ	
  +	
  E(x,t)σµνΔν	
  
§  Proton	
  size	
  shrinks	
  as	
  xà	
  1.	
  
§  SpaBal	
  separaBon	
  of	
  up-­‐	
  	
  

and	
  down-­‐quarks	
  in	
  a	
  	
  
transversely	
  polarized	
  proton	
  

•  Spin-­‐Flavor	
  dependence	
  to	
  
Proton	
  size	
  &	
  profile.	
  
§  M.	
  Burkardt	
  
§  up	
  and	
  down	
  quarks	
  separate	
  in	
  

transversely	
  polarized	
  proton	
  

  dX(x,b  )   T       uX(x,b ) T    

Target polarization 

Flavor dipole 
ε f (x,b⊥ ) =

d
2Δ⊥

(2π )2
e
iΔ⊥⋅b⊥∫ Ef (x,Δ⊥ )

qX (x,b⊥ ) = hq (x,b⊥ )+
1

2M

∂

∂y
εq (x,b⊥ )

x 

y 
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