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PDFs,	
  GPDs,	
  and	
  Form	
  Factors	
  

•  Forward	
  parton	
  distribu2ons	
  q(x)	
  
– Accessible	
  from	
  DIS	
  cross	
  sec2ons	
  

•  Generalized	
  parton	
  distribu2ons	
  H(x,ξ,t)	
  
•  Accessible	
  from	
  the	
  deep	
  excusive	
  scaLering	
  
amplitude	
  (DVCS,	
  mesons…)	
  

•  ξ fixed	
  by	
  kinema2cs,	
  ξ ≈ xB/(2-­‐xB)	
  
•  x	
  =	
  average	
  momentum	
  frac2on	
  
•  2ξ = skewness	
  

•  Form	
  factors:	
  
– Accessible	
  in	
  amplitude	
  of	
  elas2c	
  (e,e’)	
  	
  



Leading	
  Twist	
  and	
  Higher	
  Twist	
  

•  GPDs	
  and	
  PDFs	
  	
  are	
  the	
  leading	
  term	
  in	
  a	
  1/Q2	
  
expansion	
  of	
  the	
  cross	
  sec2on	
  (or	
  amplitude).	
  

•  Precision	
  cross	
  sec2ons	
  vs	
  Q2	
  are	
  essen2al	
  for	
  
isola2ng	
  the	
  leading	
  twist	
  terms.	
  
– Hall	
  A	
  data	
  suggests	
  Q2	
  ≥	
  2	
  GeV2	
  sufficient	
  for	
  DVCS	
  
– HERA	
  data	
  suggests	
  strong	
  correc2ons	
  for	
  finite	
  
meson	
  size	
  even	
  for	
  Q2	
  ~	
  10	
  GeV2	
  in	
  Deep	
  Meson	
  
•  Vector	
  meson	
  data	
  probably	
  easier	
  to	
  interpret	
  than	
  
pseudoscalar	
  produc2on	
  



Hall	
  A	
  E00-­‐110	
  H(e,e’γ)p	
  

•  C.	
  Muñoz	
  et	
  al.	
  
•  Azimuthal	
  

dependence	
  in	
  one	
  
bin	
  in	
  Q2,	
  xB,	
  t	
  

•  Δσ ~	
  Im[DVCS*BH]	
  
	
  	
  	
  	
  	
  ~	
  GPD(ξ,ξ,t)	
  

•  dσ ∼ |BH|2+	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  Re[DVCS*BH]	
  
	
  	
  	
  	
  	
  	
  	
  +|DVCS|2	
  
–  Separa2on	
  à	
  la	
  
“Rosenbluth”	
  in	
  
E07-­‐007	
  (2010)	
  



	
  GPD	
  Results,	
  Helicity-­‐Dependent	
  Cross	
  Sec2ons	
  
	
  (C.Muñoz	
  Camacho,	
  PRL	
  97:262002)	
  

• 	
  Q2-­‐independence	
  of	
  the	
  imaginary	
  	
  part	
  of	
  the	
  	
  interference	
  
• Dominance	
  of	
  Twist-­‐2	
  (GPD)	
  
• 	
  «	
  VGG	
  »	
  model	
  correct	
  to	
  30%	
  

ηCDVCS+Re[CI]	
  
	
  
ηCDVCS-Re[CI+ΔCI]	
  =	
  



Flavor	
  Separa2on	
  

•  u/d	
  separa2on	
  possible	
  with	
  p/n	
  DVCS	
  
–  nuclear	
  correc2ons	
  for	
  quasi	
  free	
  n(e,e’γ)n	
  on	
  D,	
  3He	
  
targets	
  

–  Exclusivity	
  challenges	
  to	
  separate	
  coherent	
  and	
  QF	
  DVCS	
  at	
  
low	
  t.	
  
•  Recoil	
  tagging	
  of	
  either	
  coherent	
  nucleus	
  or	
  spectator	
  protons	
  
•  Direct	
  neutron	
  detec2on.	
  
•  Are	
  either	
  op2ons	
  feasible	
  in	
  Hall	
  A/C	
  at	
  L>1036	
  ?	
  

•  u/d/s	
  separa2on	
  in	
  principle	
  accessible	
  via	
  deep	
  meson	
  
produc2on	
  

•  Gluons	
  accessible	
  in	
  J/Ψ produc2on,	
  deep	
  φ,	
  and	
  QCD	
  
evolu2on	
  of	
  (p+n)	
  DVCS	
  
–  LOI	
  submiLed	
  (E.	
  Fuchey,	
  C.	
  Hyde)	
  for	
  Deep-­‐φ with	
  SBS	
  



QCD	
  Evolu2on	
  

•  Theory	
  is	
  well	
  understood.	
  
–  Incorporated	
  into	
  GPD	
  models	
  

•  Must	
  be	
  included	
  in	
  extrac2on	
  of	
  leading	
  twist	
  
•  A	
  ~	
  GPDs(lnQ2)	
  +	
  Σn HTn(lnQ2)	
  	
  /Q2n	
  	
  

•  Evolu2on	
  is	
  small	
  in	
  `sweet	
  spot’	
  of	
  JLab	
  
0.2	
  <	
  xB	
  <	
  0.5	
  



DVCS	
  at	
  12	
  GeV	
  
•  Cross	
  sec2ons	
  on	
  unpolarized	
  targets	
  vs	
  Q2	
  to	
  isolate	
  Leading-­‐

Twist	
  
•  Complete	
  measurements	
  with	
  longitudinally	
  and	
  transversely	
  

polarized	
  targets	
  
–  Isolate	
  all	
  four	
  	
  

proton	
  GPDs	
  on	
  
	
  “diagonal”	
  
H(ξ,ξ,t),	
  E(ξ,ξ,t),	
  

•  All	
  evidence	
  suggests	
  
the	
  importance	
  of	
  the	
  
precision	
  of	
  	
  
spectometers	
  

•  Con2nue	
  with	
  D,	
  3He	
  
–  Need	
  cross	
  sec2ons	
  on	
  

neutron	
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�-���������"�������DVCS	
  Interference	
  Terms,	
  Polarized	
  Target	
  



3He(e,e’γ)npp	
  7	
  days@1037	
  	
  ✕	
  HRS	
  
Polarized-­‐X	
  (sideways)	
  	
  

k=8.8	
  GeV,	
  	
  Q2	
  =	
  3	
  GeV2,	
  xB=0.36,	
  –t=0.21	
  GeV2,	
  Δt	
  =	
  0.1	
  GeV2	
  

Double	
  Spin	
  

Target	
  Single	
  Spin	
  



3He(e,e’γ)npp	
  7	
  days@1037	
  	
  ✕	
  HRS	
  
Polarized-­‐Y	
  (normal)	
  	
  

k=8.8	
  GeV,	
  	
  Q2	
  =	
  3	
  GeV2,	
  xB=0.36,	
  –t=0.21	
  GeV2,	
  Δt	
  =	
  0.1	
  GeV2	
  

Double	
  Spin	
  

Target	
  Single	
  Spin	
  



3He(e,e’γ)npp	
  7	
  days@1037	
  	
  ✕	
  HRS	
  
Polarized-­‐Z	
  (longitudinal)	
  	
  

k=8.8	
  GeV,	
  	
  Q2	
  =	
  3	
  GeV2,	
  xB=0.36,	
  –t=0.21	
  GeV2,	
  Δt	
  =	
  0.1	
  GeV2	
  

Double	
  Spin	
  

Target	
  Single	
  Spin	
  



Deep	
  Vector	
  
Meson	
  

•  Universal	
  approach	
  
to	
  scaling	
  in	
  t-­‐slopes	
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FIGURE 4. (a) Approach to the small–size regime in meson production (transverse view). (b) The
exponential t–slope, B, for several vector meson electroproduction channels measured at HERA, as a
function of Q2 [22]. (c) In the small–size regime, the measured t–dependence can be identified with that
of the gluon GPD.

In vector meson production at Q2 ∼ few GeV2 the data indicate substantial contribu-
tions from finite–size configurations in the produced meson. This is confirmed by the-
oretical calculations which account for the finite meson size by including the intrinsic
quark transverse momentum in the partonic scattering process (higher–twist corrections)
[23, 24, 25]. They describe well the high–energy data (W > 10GeV, HERA), where vec-
tor meson production couples mainly to the gluon GPD (see Fig. 4c) [23]. The model
of Ref. [25] also reproduces the φ production cross section data at lower energies, in-
cluding CLAS [26] (see Fig. 5a). Interestingly, none of the present calculations includ-
ing quark GPDs can account for the fast rise of the ρ0 production cross section below
W < 4GeV, seen in the recent CLAS [27] and other data (see Fig. 5b). Whether this is
due to shortcomings of the present quark GPD forms or inadequate modeling of higher–
twist/finite–size corrections is presently under investigation. Model–independent tests
of short–distance dominance through measurement of t− (ΔΔΔ2⊥−) slopes (see above), as
well as comparison of vector meson channels involving gluon and quark GPDs in differ-
ent proportion (φ : mostly gluons; ρ0: gluons and singlet quarks; ρ+: non-singlet quarks,
no gluons) will help to distinguish between the two possibilities.
In the regime where small–size configurations dominate, meson production data can

be used to extract information about the GPDs. The analysis of absolute cross sections is
generally challenging, as the theoretical predictions depend on the detailed treatment of
the hard scattering process (effective scale, higher–order QCD corrections; see Ref. [28]
for a recent discussion) as well as on the GPD parametrization/model. One way of
simplifying the analysis is to consider ratios of cross sections in which the uncertainties
associated with the hard scattering process cancel, and one is left only with ratios of
the the GPDs or their integrals. An example is the transverse target asymmetry in
γ∗L p → ρ0p, which is sensitive to the Pauli form–factor type GPD E figuring in the
angular momentum sum rule [1]. A similar asymmetry can be studied in γ∗L p→K∗+Λ by
measuring the recoil polarization of the produced Λ [29]; this process probes the p→ Λ
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•  Finite	
  meson	
  size	
  
correc2ons	
  to	
  
perturba2ve	
  t-­‐channel	
  
amplitude	
  



Extrac2on	
  of	
  σL	
  from	
  decay	
  angular	
  
distribu2on	
  

•  Dominance	
  of	
  σL	
  at	
  large	
  Q2.	
  
– ArXiv	
  0907-­‐1217	
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Figure 30: Reaction γ∗p → V p: the density matrix element r04
00 as a function of

Q2/M2
V for V = ρ0, φ, J/Ψ (bottom); from ZEUS.
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Figure 31: For γ∗p → ρ0p the ratio R = σL/σT as a function of Q2; the data
from H1 were determined for W = 75 GeV, those from ZEUS for W = 90 GeV.
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Deep	
  φ	
  Produc2on	
  

•  Gluons	
  dominate	
  over	
  
s-­‐quarks	
  

•  Evidence	
  for	
  two	
  gluon	
  
exchange,	
  but	
  with	
  
large	
  correc2ons	
  for	
  
finite	
  size	
  of	
  φ-­‐meson	
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Deep	
  Phi	
  Hall	
  A	
  2009	
  LOI	
  HRSxSBS	
  
E.	
  Fuchey	
  et	
  al	
  

•  30	
  days	
  
each	
  
se�ng	
  

•  1037	
  
•  p=n	
  for	
  
gluons	
  	
  



Conclusions	
  

•  Cross	
  sec2ons	
  are	
  essen2al	
  for	
  realis2c	
  analysis	
  
of	
  GPD	
  data	
  

•  More	
  work	
  needed	
  for	
  targets/detectors	
  for	
  
“neutron”	
  targets	
  D,	
  3He	
  

•  Approved	
  program	
  is	
  a	
  good	
  start.	
  
– Needs	
  to	
  run	
  early	
  

•  A	
  full	
  program	
  is	
  required	
  to	
  fully	
  deliver	
  on	
  the	
  
promise	
  of	
  spa2al	
  imaging.	
  

•  A	
  full	
  program	
  can	
  extract	
  all	
  GPDs	
  on	
  the	
  
diagonal	
  x=ξ.	
  


