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• Lecture 1 & 2: General Overview of QCD and imaging 
 – Introduction and importance of nucleon structure 

 

• Lecture 3 to Lecture 5: Valence quark imaging at JLab 

• Lecture 6: Future of imaging studies  

– Jefferson Lab – the place to study nucleon structure 
 

– Comments on experimental techniques, e.g., Compton 
Scattering and Deeply Virtual Meson Production 
 

– Opportunities at Future Facilities 

  Intro and Overview 

– From form factors to GPDs in electron scattering 

– Review of results and future prospects 
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  Physics News – June 8 

Einstein was right! 

“Scientists on Friday said that an experiment 
which challenged Einstein's theory on the speed 
of light had been flawed and that sub-atomic 
particles -- like everything else -- are indeed 
bound by the universe's speed limit.” – Phys.org 

No amount of experimentation can ever prove me right; a single 
experiment can prove me wrong - Einstein 
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 Deep Virtual Meson Production (DVMP) 

• Need good understanding of reaction mechanism 
– QCD factorization for mesons is complex (additional interaction of the 

produced meson) 

• Nucleon structure described by 4 (helicity non-flip) GPDs:   
– H, E (unpolarized),    ,     (polarized) H~ E~

• Quantum numbers in DVMP probe individual GPD components selectively 
– Vector : ρº/ρ+/K* select H, E 
– Pseudoscalar: π,η,K select the polarized GPDs,     and  H~ E~

pointlike? 

Nucleon GPDs: spin-flavor 

4 

Exclusive Reactions: BMN +→*γ
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Reaction dynamics of high-
Q2 meson production 

      Partonic mechanism at sufficiently high Q2 

– Q2>>hadronic scale: meson produced 
predominantly in a       configuration of 
transverse size r~1/Q 

– Q2→∞: pQCD interaction, factorization theorem 
[Collins, Frankfurt, Strikman 97] 

– GPDs: universal, process-independent 

• Physics interests 

– Transverse quark/gluon imaging of nucleon 
– Spin/flavor structure of GPDs 
– Meson structure 

     For reliable interpretation need experimental input, e.g., kinematic 
dependences, comparison of channels and model-independent tests of the 

reaction mechanism 

qq
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• The QCD scaling prediction is 
reasonably consistent with 
recent JLab π+ σL data, BUT σT 
does not follow the scaling 
expectation  T. Horn et al., Phys. Rev. C78, 058201 (2008) 

Hall C π+ production data at 6 GeV 

Q2=1.4-2.2 GeV2 
Q2=2.7-3.9 GeV2 

σL 

σT 

• To access physics contained in 
GPDs, one is limited to the 
kinematic regime where hard-soft 
factorization applies 

• A test is the Q2 dependence 
of the cross section: 

– σL ~ Q-6 to leading order 
– σT ~Q-8 

– As Q2 gets large: σL >> σT  

6 

High Q2: Q-n scaling of 
σL and σT  ep → e‘π+n 

     High quality σL and σT data for both kaon and pion would provide important 
information for understanding the meson reaction mechanism 
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 Vanderhaeghen, Guichon and Guidal, Phys. Rev. D60 (1999). PR12-11-102: Separated σL, σT for studies of scaling in neutral systems and 
relative importance of pole and non-pole contributions 

• GPD studies with pions require 
understanding relative contributions of 
σL and σT 

• Is the relative contribution of σL in π° 
production significant? 
– 12 GeV: Opportunity to compare to 

separated σL and σT in π+ production 
(E12-07-105) 

– Constrain the size of non-pole 
contributions 
o If smaller than anticipated may extract 

Fπ to higher Q2 

 

Relative contribution of σL 
and σT in πº production 

7 
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• Large set of exclusive VM production 
data on the proton in the valence quark 
region available from CLAS 

– ρ˚ [C. Hadjidakis et al 05, S. Morrow et al. 09] 
– ω [L. Morand 05] 
– φ [J. Santoro et al. 08] 
– ρ+ [A. Fradi 09+] 

Vector Mesons (VM) 

• Most of data from e1-6 experiment 
– Electron Energy 5.75 GeV 
– October 2001 – January 2002 

qq

  Some interesting questions 
– Distribution of sizes/configurations for a given Q2?  
– Effective QCD scale, finite size corrections 
– Role of different partons? Quark vs. gluon GPDs in ρ˚ 
– Scattering from quarks vs.      knockout? Are higher-twist effects same at all values of x? 
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Tanja Horn, Exclusive Meson Production at high Q2 and Factorization,  
Exclusive Reactions Workshop 2010 

• Simplifications at W>10 GeV 
– Gluon exchange dominant in ρ˚, φ, 

J/Ψ 

HERA Vector Meson Data 

Q2 (GeV2) 

9 

Mechanism in the gluon-
dominated region W>10GeV 

• Test approach to small-size regime 
– t slope measures transverse size of 

interaction region: decreases at large 
Q2, becomes universal 

– Seen in HERA data 

Approach to small size regime seems to work for vector mesons in gluon-
dominated region 
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Gluon-dominated region: 
GPD description 

• Two GPD-based calculations including finite-size effects 
– Dipole picture with size distribution [Frankfurt, Strikman, Koepf 95] 

– Hard scattering with intrinsic kT [VGG 98, Kroll, Goloskokov 05+] 

• φ:consistent with HERA in high-energy region, where VM mostly couples to gluon 
GPD; still gluon dominated at Jlab energies  [Frankfurt, Strikman 02] 

• ρ˚: models cannot account for rise in cross section at small W - quark 
exchange may still be significant  – new challenges 

Why does the handbag description work at high W, but fails at at lower W (in 
valence region)? 
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Quark exchange region: 
reaction mechanism 

     Compare channels with different 
quark-gluon GPD proportions, e.g.,  
ρ+ ↔ ρ˚ ↔ φ 

 

      Valence quark or       pair? 
– W-dependence at W<5 GeV suggests 

spin-0 exchange [Guidal, Morrow 07: modified 
D-term in GPD] 

– Chiral symmetry breaking: correlated 
spin-0 pairs in nucleon 

– Most likely       exchange with non-
perturbative interactions (soft 
mechanism) 

     Quark exchange! 
 

qq

qq
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t-slopes and their Q2 dependence 
– Interpretation more difficult: exponential fits dominated by large |t|~1-2 GeV2 
– t dependence becomes flatter as x increases – almost flat at largest x 
– Approach to small-size regime at large Q2? L/T separations 

Quark exchange region: 
reaction mechanism 

tmin=1.6 GeV2 
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Vector Mesons Summary 

     Motivations to go to higher Q2, but 
stay in valence region 

– If (power corrected) handbag in 
valence region, then same Q2 
dependence at low and large W 
o ρ˚ and φ should be different from ω 

and ρ+, the latter having higher 
twist t-channel exchanges 

– If higher twist contribution in valence 
region, cross section will drop faster as 
function of Q2 at low than at large W  

[Guidal 10] 
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Tanja Horn, Transverse Spatial Imaging Exclusive Meson Production, 
CIPANP 2012, St. Petersburg, FL 

non-pole 

π+ 

π° has no pole 
contribution! 

VGG GPD-based calculation 

pole 

π° 

Vector Mesons Pseudoscalar Mesons 

Q2 [GeV2] 
dσ

/d
t (

t=
t m

in
) [

nb
/G

eV
2 ] 

ρ˚ data 

JLab 12 GeV: Meson 
Reaction Mechanism 

“pole” 

• Understanding of  reaction mechanism 
– Role of qqbar pair knockout 
– Finite-size corrections 

• Feature: pole term in GPD 
• Understand relative importance of “pole 

and “non-pole” contributions 
14 
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• Exclusive meson production adds flavor to 
quark imaging studies 

– But one needs to test various pre-requisites 
– Demonstrate that, e.g., QCD factorization applies 

π, 
K, 
etc. GP

D 

Known 
process 

H H~ E E~

π, K, etc. 

• What about other exclusive processes like 
Compton scattering? 

– Factorization easier to achieve 
– But cannot learn about flavor 

15 

Feasibility ↔ Measurement 
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     Beam-spin-dependent BH-DVCS interference cross sections are 
independent of Q2 consistent with an early approach to Q2 scaling 

16 

     Leading twist QCD factorization may be applicable already at low Q2 of a 
few GeV2 

Compton Scattering 
and Factorization 

[C. Munoz-Camacho et al.,  
Phys. Rev. Lett. 97 (2006) 262002] 
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• Real Compton Scattering 
– Both photons are real 

 

• Deeply Virtual Compton Scattering (DVCS) 
– Outgoing photon is real 
– Simplest and cleanest process probing GPDs 

 

• Timelike Compton Scattering (TCS) 
– Incoming photon is real 
– Complementary to DVCS.  Allows more reliable GPD 

extraction, and interesting model comparisons. 
 

• Double DVCS 
– Both photons are virtual 
– The general Compton process can provide most information 
– Experimentally challenging 

γ γ* 

DVCS TCS 

pp +→+ ** γγ

17 

Compton Scattering 

→Talks by F.-X. Girod 
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• Both spacelike DIS and timelike Drell-Yan processes factorize into a partonic cross 
section and a Parton Distribution function (PDF) 

• DVCS: similar factorization at amplitude level into perturbative coefficient 
function and Generalized Parton Distribution (GPD) 

18 

Universality of GPDs 

Measurement of both spacelike DVCS and Timelike Compton Scattering (TCS) can test 
the universality of GPDs 
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(Im, x=ξ)  
DVCS: spin asymmetries 
HERMES, CLAS, Hall A  

(|Re|2) 
DVCS: cross sections 
 H1, Hall A  

(Im, x ≠ ξ, x < |ξ| ) 

DDVCS,   CLAS12 ? 

(|Re|) 
TCS: azimuthal asymmetry 
CLAS 
DVCS: charge asymmetry 
HERMES  DIS: PDFs at ξ = 0  

19 

Probing GPDs through 
Compton scattering 
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2
2'

pMs
Q
−

=τ

[Calculation by V. Guzey, 2010] 

is the equivalent of Bjorken x in TCS  
CLAS 

Model predictions similar for Im H, but large differences for Re H 

Reliable measurements of real part are needed! 

20 

Q'2 = 5 GeV2 and t = 0 

Q'2 = M2
e+e- is the virtuality of the 

outgoing photon  

GPD models sensitive to 
real part at large x  
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[E. Berger et al., Eur. Phys. J. C23, 675 (2002)] 

Eγ=13 GeV, Q'2 = 5 GeV2 

• TCS cross section is small compared with Bethe-Heitler for all 
kinematics 

– cannot be accessed directly 
 

• The interference term is, however, larger and easy to isolate 

21 

TCS 

BH 

|t| [GeV2] 

dσ
/(d

Q
’2 d

t) 
[p

b 
/ G

eV
4 ] 

Photoproduction of Lepton 
Pairs 
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22
2

4
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d
B

+•+≈ϕ
σ

• Under reversal of the lepton charge: 
– Compton and BH amplitudes are even 
– Interference term is odd 
– Observables that change sign project out only the interference term 

• Example: azimuthal angular distribution of the lepton pair 

22 

TCS Bethe-Heitler (BH) 

+ 

TCS-BH Interference 
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• p,p’ = momentum of the incoming and scattered proton 
• q,q’=momentum of the incoming and scattered photon 
• k,k’=momentum of e-, e+ 

• θ = angle between the scattered proton and the electron 
• φ = angle between lepton scattering and reaction plane 

23 

TCS kinematics 
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circular polarization of incoming photon 

To leading order, in terms of helicity amplitudes: 

24 

Interference term - 
amplitudes and GPDs 
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• Example: 

First results from 6 GeV Jlab [R. Paremuzyan 
thesis, compared to calculations by V. Guzey]  

∫

∫

′

′
= π

π

ϕ
ϕ

ϕ
ϕϕ

2

0
2

2

0
2c o s2

d t dQd
d Sd

d t dQd
d Sd

R

• Numerator is proportional to M- -  

Weighted by ratio of lepton propagators 

• R can be compared directly with GPD 
models 

 

• Sensitive to Polyakov-Weiss D-term 
in the ERBL region (-η<x<η), where 
the γ* is formed from a qq-bar pair 

25 

Azimuthal e+e- 
asymmetries in TCS 
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• 6 GeV data were important for developing methods 

26 

• 12 GeV Jlab will provide 
− Significantly larger kinematic reach in s and Q’2 

− Higher luminosity and more statistics for multi-dimensional binning 
− A possibility to avoid meson resonance in the e+e- final state – can 

take date in the resonance-free region between ρ’ and J/Ψ 

6 GeV kinematics limited  to Me+e-<2 GeV 

12 GeV extends this mass range up to 3 GeV 

2 GeV<Me+e-<3GeV 

From 6 to 12 GeV 
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p Xeee p −+→

27 

• Low Q2 events are reconstructed by applying cuts on the transverse 
momentum of the missing beam electron 

• Exclusivity is ensured by detection of all produced final-state particles 
and applying a missing mass cut 

Exclusive Quasi-real 
photoproduction 
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     CLAS12 has very good acceptance for photoproduction of lepton pairs 
with a large invariant mass over wide range in s and t 

CLAS12 Acceptance 
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• Uncertainties in R’ integrated over the CLAS12 acceptance for two bins 
in photon energy for the lowest Q’2 bin above the ρ’ resonance 

• Four-fold differential TCS-BH cross section provides input for global 
analysis of Compton Form Factors 

PR12-12-001: TCS at 12 
GeV 
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