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Elastic scattering
Nucleon Form Factors

JµEM = F1γ
µ +

κ

2M
F2 iσµνqν

dσ
dΩ

=
σMott

ε(1 + τ)

h
τG2

M + εG2
E

i
τ =

Q2

4M2

Q2 = − (ki − kf )2 = −m2
γ∗

1
ε

= 1 + 2(1 + τ)tan2 θe

2
GE = F1 − τF2

GM = F1 + F2

Hofstadter Nobel prize 1961

”The best fit in this figure indicates an rms

radius close to 0.74± 0.24× 10−13 cm.”



Compton@12GeV

F.-X. Girod

Introduction

6 GeV
Hall-A

Hall-B

12 GeV
Hall-A 11 GeV

CLAS12

GPD extraction
procedures
Local fits of CFFs

Global fits of GPDs

Hybrid fits of GPDs

Conclusion

4

Elastic scattering
Nucleon Form Factors



Compton@12GeV

F.-X. Girod

Introduction

6 GeV
Hall-A

Hall-B

12 GeV
Hall-A 11 GeV

CLAS12

GPD extraction
procedures
Local fits of CFFs

Global fits of GPDs

Hybrid fits of GPDs

Conclusion

4

Elastic scattering
Nucleon Form Factors



Compton@12GeV

F.-X. Girod

Introduction

6 GeV
Hall-A

Hall-B

12 GeV
Hall-A 11 GeV

CLAS12

GPD extraction
procedures
Local fits of CFFs

Global fits of GPDs

Hybrid fits of GPDs

Conclusion

5

Deep Inelastic Scattering
Parton Distributions

lim
Q2→∞

σDIS(xB) =

1Z
xB

dξ
ξ

X
a

fa(ξ, µ)σ̂a
„

xB

ξ
,

Q
µ

«

SLAC-MIT group, 7-18 GeV electrons on

hydrogen

Friedman, Kendall, Taylor, Nobel prize 1990

xB =
Q2

2Mν

Optical theorem :
The total cross section is given by
the imaginary part of the forward amplitude
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Deep Inelastic Scattering
Parton Distributions

27.6 GeV lepton colliding with 820 GeV proton,
R L ∼ 180.6 fb −1
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Deep Exclusive Processes
Generalized Parton Distributions

γ∗p → γp′

Bjorken regime :
Q2 →∞,
ν →∞,

xB = Q2/2Mν fixed“
ξ → xB

2−xB

”
*γ γ

factorization

ξx+ ξx-

t
1P 2PGPDs

e-’

!

pe-

"*

 hadronic plane

leptonic plane

"

ep → epγ

Diehl, Gousset, Pire, Ralston (1997)

Belitsky, Müller, Kirchner (2002, 2010)

ALU =
d4σ→ − d4σ←

d4σ→ + d4σ←
twist-2≈ α sinφ

1 + β cosφ

α ∝
„

F1H + ξGMH̃ −
t

4M2
F2E
«

H(ξ, t) = π
X

q

Q2
q
ˆ
Hq(ξ, ξ, t)− Hq(−ξ, ξ, t)˜

AUL ∝
„

F1H̃ + ξGMH + GM
ξ

1 + ξ
E + · · ·

«
sinφ
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Observables sensitivities to GPD

Im Re

H ALU

σ , ALLH̃ AUL

E AUT , ALT

Meson Flavor

H̃,Ẽ
π+ ∆u −∆d

π0 2∆u + ∆d

η 2∆u −∆d + 2∆s

H,E
ρ+ u − d

ρ0 2u + d

ω 2u − d

φ s

DVCS DVMP

Only a global analysis of all observables can disentangle GPDs
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Interplay between spin and flavor decompositions

Process Flavor q/q̄/g

H,E,H̃,Ẽ
pDVCS 4u + d + s q + q̄ , αsg

nDVCS 4d + u + s q + q̄ , αsg (polarized) deuteron

H,E

ρ+ u − d q + q̄ , g

Im(HE∗ ) in AUT

ρ0 2u + d q + q̄ , g

ω 2u − d q + q̄ , g

φ s q + q̄ , g

J/ψ , Υ g

(π+π−)L=0 2u − d q − q̄ interfere with (π+π−)L=1

K∗0Σ+ , K∗+Σ0 d − s 2q − q̄ SU(3)

K∗+Λ 2u − d − s 2q − q̄ SU(3)

H̃,Ẽ

π+ ∆u − ∆d 2q − q̄

π0 2∆u + ∆d q − q̄

η 2∆u − ∆d + 2∆s q − q̄

K∗0Σ+ , K∗+Σ0 d − s 2q + q̄ SU(3)

K∗+Λ 2u − d − s 2q + q̄ SU(3)
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Physical content of GPDs :
Momentum distributions in the transverse plane

qX (x,~b⊥) =

Z
d2~∆⊥

(2π)2
H(x, 0, t)e−i~∆⊥·~b⊥ − 1

2M
∂

∂by

Z
d2~∆⊥

(2π)2
E(x, 0, t)e−i~∆⊥·~b⊥

M. Burkardt, Phys. Rev. D62, (2000) 071503
ξ 6= 0 in M. Diehl, Eur. Phys. J. C25 (2002) 223

QCDSF-UKQCD collaboration, Nucl. Phys. Proc. Suppl. 153 (2006) 146
(n = 1 and 2 Mellin moment w.r.t. x of distributions)

u and d quarks have opposite orbital motions in a transversly polarized proton



Compton@12GeV

F.-X. Girod

Introduction

6 GeV
Hall-A

Hall-B

12 GeV
Hall-A 11 GeV

CLAS12

GPD extraction
procedures
Local fits of CFFs

Global fits of GPDs

Hybrid fits of GPDs

Conclusion

9

Physical content of GPDs :
Energy-momentum tensor of q flavored quarks

〈p2|T̂
q
µν |p1〉 = Ū(p2)

"
Mq

2 (t)
PµPν

M + Jq (t)
ı(Pµσνρ+Pνσµρ)∆ρ

2M + dq
1 (t)

∆µ∆ν−gµν∆2

5M

#
U(p1)

To measure gravitational FFs : graviton scattering or GPDs identities :

Jq(t) =
1
2

Z 1

−1
dx x

ˆ
Hq(x, ξ, t) + Eq(x, ξ, t)

˜
, Mq

2 (t)+
4
5

d1(t)ξ2 =
1
2

Z 1

−1
dx xHq(x, ξ, t)

(Ji’s sum rule)
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FIG. 4: (a) r2p(r) as function of r from the CQSM at the physical value of mπ . The shaded regions have — within the numerical accuracy

of about half percent — the same surface areas. This shows how the stability condition
∫∞
0

dr r2p(r) = 0 in Eq. (57) is realized.

(b) The same as (a) but with an additional power of r2 and the prefactor 5πMN . 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. 4a.

where γ = 1
2 p0Rd denotes the surface tension. We show this situation in Fig. 3c — where, however, for better

visibility the δ-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. 3c).
Comparing the liquid drop picture to the results from the CQSM we observe a remote qualitative similarity. In

contrast to the liquid drop, the density “inside” the nucleon is far from being constant, see Fig. 1a, 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 maximal 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 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 [19]. 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. Fig. 4a shows r2p(r) as function of r. The shaded
regions have the same surface areas but opposite sign and cancel each other — within numerical accuracy

r0∫
0

dr r2p(r) = 2.61 MeV ,

∞∫
r0

dr r2p(r) = −2.63 MeV . (61)

-0.05

 0

 0.05

 0  0.5  1  1.5

  r
2
p(r)  in GeV fm

-1
 

r in fm

quark core
pion cloud

total

FIG. 5: The pressure p(r) as function of r for mπ = 140 MeV.
Dotted line: Contribution of the discrete level associated with
the quark core. Dashed line: Continuum contribution associ-
ated with the pion cloud. Solid line: The total result.

In order to better understand how the soliton acquires sta-
bility, 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. Fig. 5 shows that the
contribution of the discrete level is always positive. This con-
tribution corresponds in model language to the contribution
of the “quark core” and one expects a positive contribution
(“repulsion”) due to the Pauli principle. At large r the dis-
crete level contribution vanishes exponentially since the dis-
crete level wave-function does so [26].

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 pro-
vides a negative contribution to the pressure corresponding
to attraction. In the chiral limit the continuum contribution
exhibits a power-like decay which dictates the long-distance
behaviour of the total result for the pressure as follows

p(r) = −
(

3gA

8πfπ

)2 1
r6

and s(r) = 3
(

3gA

8πfπ

)2 1
r6

at large r. (62)

Stability ⇒
Z ∞

0
dr r2p(r) = 0

r < 0.57 fm⇒ p(r) > 0↔ repulsion (quark core)

r > 0.57 fm⇒ p(r) < 0↔ attraction (pion cloud)

K.Goeke,& al, Phys. Rev. D75 (2007) 094021
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Unified view of hadron structure
Wigner Distributions

FFs, PDFs, GPDs, TMDs, inflation of acronyms all related to the same Wigner distribution

• Most general one-parton
density matrix

• Not known how to measure
• Provides a unifying

description
• Constraints for model building

Unified framework for GPDs and TMDs within a 3Q LC picture of the nucleon

C. Lorcé et al, arXiv:1102.4704, JHEP 1105:041,2011
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Overview of the nucleon structure
Unpolarized quark in unpolarized nucleon

Quadrupole deformation of transverse position for quarks at large transverse momentum
Intuitive from a semi-classical picture of confinement

C. Lorcé et al, arXiv:1106.0139
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6 GeV dedicated experiments
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Hall-A E00-110, Scaling tests of σDVCS, F1H + ξGMH̃ − F2
t

4M2 E + · · ·
C. Muñoz et al., Phys. Rev. Lett. 97 (2006) 262002

Eb = 5.75 GeV, Pb = 75.3%, L = 10× 1037 cm−2s−1,
R

dtL = 13294 fb−1 (3.26 C)

Introduction Non-dedicated results Dedicated experiments Near-future experiments (6 GeV) Conclusion

Hall A E00-110

E00-110 experimental setup

100-channel scintillator array

High Resolution Spectrometer

132-block PbF2 electromagnetic calorimeter

Carlos Muñoz Camacho LPC Clermont-Ferrand, CNRS/IN2P3 (France)

The GPD experimental program at Jefferson Lab 8

2

TABLE I: Experimental ep → epγ kinematics, for incident beam energy E = 5.75 GeV. θq is the central value of the q-vector
direction. The PbF2 calorimeter was centered on θq for each setting. The photon energy for q′ ‖ q is Eγ .

Kin k′ (GeV/c) θe (◦) Q2 (GeV2) xBj θq (◦) W (GeV) Eγ (GeV)

1 3.53 15.6 1.5 0.36 −22.3 1.9 2.14

2 2.94 19.3 1.9 0.36 −18.3 2.0 2.73

3 2.34 23.8 2.3 0.36 −14.8 2.2 3.33

k k'
electron

DVCS

p p'
proton

q'

+ +

Bethe-Heitler

FIG. 1: Lowest-order QED diagrams for the process ep →
epγ, including the DVCS and Bethe-Heitler (BH) amplitudes.
The external momentum four-vectors are defined on the di-
agram. The virtual photon momenta are q = k − k′ in the
DVCS- and ∆ = q− q′ in the BH-amplitudes. The invariants
are: W 2 = (q +p)2, Q2 = −q2 > 0, t = ∆2, xBj = Q2/(2p · q),
and the DVCS scaling variable ξ = −q2/(q·P ) ≈ xBj/(2−xBj),
with q = (q + q′)/2 and P = p + p′.

that the twist-2 and twist-3 contributions in the DVCS-
BH interference terms (the first two leading orders
in 1/Q) could be extracted independently from the
azimuthal-dependence of the helicity-dependent cross
section. Burkardt [7] showed that the t-dependence of the
GPDs is the Fourier conjugate to the transverse spatial
distribution of quarks in the infinite momentum frame as
a function of momentum fraction. Ralston and Pire [8],
Diehl [9] and Belitsky et al. [10] extended this interpreta-
tion to the general case of skewness ξ != 0. The light-cone
wave function representation by Brodsky et al [11] allows
GPDs to be interpreted as interference terms of wave
functions for different parton configurations in a hadron.

These concepts stimulated an intense experimental ef-
fort in DVCS. The H1 [12, 13] and ZEUS [14] collabora-
tions measured the cross section for xBj ≈ 10−3. The
HERMES collaboration measured relative beam helic-
ity [15] and beam-charge asymmetries [16, 17]. Relative
beam-helicity [18] and longitudinal target [19] asymme-
tries were measured at the Thomas Jefferson National
Accelerator Facility (JLab) by the CLAS collaboration.

Extracting GPDs from DVCS requires the fundamen-
tal demonstration that DVCS is well described by the
twist-2 diagram of Fig. 1 at finite Q2. This letter reports
the first strong evidence of this cornerstone hypothesis,
necessary to validate all previous and future GPD mea-
surements using DVCS. We present the determination of
the cross section of the "ep→ epγ reaction for positive and
negative electron helicity in the kinematics of Table I.

The E00-110 [20] experiment ran in Hall A [21] at
JLab. The 5.75 GeV electron beam was incident on
a 15 cm liquid H2 target. Our typical luminosity was
1037/cm2/s with 76% beam polarization. We detected
scattered electrons in one high resolution spectrometer
(HRS). Photons above a 1 GeV energy threshold (and γγ
coincidences from π0 decay) were detected in a 11×12 ar-
ray of 3×3×18.6 cm3 PbF2 crystals, whose front face was
located 110 cm from the target center. We calibrated the
PbF2 array by coincident elastic H(e, e′CalopHRS) data.
With (elastic) k′ = 4.2 GeV/c, we obtain a PbF2 resolu-
tion of 2.4% in energy and 2 mm in transverse position
(one-σ). The calibration was monitored by reconstruc-
tion of the π0 → γγ mass from H(e, e′π0)X events.

We present in Fig. 2 the missing mass squared ob-
tained for H(e, e′γ)X events, with coincident electron-
photon detection. After subtraction of an accidental co-
incidence sample, we have the following competing chan-
nels in addition to H(e, e′γ)p : ep→ eπ0p, ep → eπ0Nπ,
ep → eγNπ, ep → eγNππ . . .. From symmetric (lab-
frame) π0-decay, we obtain a high statistics sample of
H(e, e′π0)X ′ events, with two photon clusters in the
PbF2 calorimeter. From these events, we determine the
statistical sample of [asymmetric] H(e, e′γ)γX ′ events
that must be present in our H(e, e′γ)X data. The solid
M2

X spectrum displayed in Fig. 2 was obtained after sub-
tracting this π0 yield from the total (stars) distribution.
This is a 14% average subtraction in the exclusive window
defined by M2

X cut in Fig. 2. Depending on the bin in
φγγ and t, this subtraction varies from 6% to 29%. After
our π0 subtraction, the only remaining channels, of type
H(e, e′γ)Nπ, Nππ, etc. are kinematically constrained
to M2

X > (M + mπ)2. This is the value (M2
X cut in

Fig. 2) we chose for truncating our integration. Resolu-
tion effects can cause the inclusive channels to contribute
below this cut. To evaluate this possible contamination,
we used an additional proton array (PA) of 100 plastic
scintillators. The PA subtended a solid angle (relative to
the nominal direction of the q vector) of 18◦ < θγp < 38◦

and 45◦ < φγp = 180◦ − φγγ < 315◦, arranged in 5
rings of 20 detectors. For H(e, e′γ)X events near the
exclusive region, we can predict which block in the PA
should have a signal from a proton from an exclusive
H(e, e′γp) event. Open crosses show the X = (p + y)
missing mass squared distribution for H(e, e′γp)y events
in the predicted PA block, with a signal above an ef-
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Exclusivity
Missing mass squared ep→ eγX (E00-110)

!"#$#%!"&

!"#$#%!"#'

()!"#$#%!*+ , !"#$#%!*!- ./))0122134)05226

758))!"#$#%!*+ 0122134)05226 "59:#;)5<<1=#3:5>)2?@:;5<:1A3*B

C!"#$#%!&*)25D&>#$

EA;D5>1F#=):A)!"#$#%!*

$$$!"#$#%!&*)21D?>5:1A3

Exclusivity ensured by missing mass technique

Carlos Muñoz Camacho LPC Clermont-Ferrand, CNRS/IN2P3 (France)

The GPD experimental program at Jefferson Lab 10
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Hall A E00-110

DVCS cross section in the valence region (Hall A: E00-110)

! Helicity-dependent cross

section (
→
σ − ←σ ) at

Q2 = 1.5, 1.9 and 2.3 GeV2.

! Helicity-independent

cross section (
→
σ +

←
σ ) at

Q2 = 2.3 GeV2 only .
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Hall-A E00-110, Scaling tests of σDVCS, F1H + ξGMH̃ − F2
t

4M2 E + · · ·
C. Muñoz et al., Phys. Rev. Lett. 97 (2006) 262002

Eb = 5.75 GeV, Pb = 75.3%, L = 10× 1037 cm−2s−1,
R

dtL = 13294 fb−1 (3.26 C)

5

FIG. 4: (color online) Left: Q2 dependence of Im parts of
(twist-2) CI(F) and (twist-3) CI(Feff) angular harmonics, av-
eraged over t. The horizontal line is the fitted average of
Im[CI(F)]. Right : Extracted real and imaginary parts of
the twist-2 angular harmonics as functions of t. The VGG
model curves are described in the text. Note the sign of
−[CI +∆CI ](F) (data and VGG). Superposed points in both
panels are offset for visual clarity. Their error bars show sta-
tistical uncertainties.

of the DVCS2 terms to the BH-DVCS terms are below
1.2% for dΣ and below 4.5% for dσ. The cross-section
measurements we present are accurate, to the quoted
uncertainty, and not sensitive within statistics to the ne-
glected terms in their harmonic analysis.

Figure 4 (Right) displays the twist-2 angular harmon-
ics of Table II (Re and Im parts) as functions of t, to-
gether with the predictions from a model by Vander-
haeghen, Guichon and Guidal (VGG) [27, 28, 29]. The
VGG model (twist-2 contribution only, profile parameter
bval = bsea = 1, Regge parameter α′ = 0.8 GeV−2, GPD
Ef = 0) is in qualitative agreement with the Im[CI(F)]
data, but significantly under-predicts the principal-value
integrals (Re parts of the angular harmonics).

In summary, we present the first explicit demonstra-
tion of exclusivity in DVCS kinematics. We also present
the first measurements of DVCS cross section in the va-
lence quark region. From the Q2 dependence of the
angular harmonics of the helicity-dependent cross sec-
tion, we provide solid evidence of twist-2 dominance in
DVCS, which makes GPDs accessible to experiment even
at modest Q2. This result supports the striking predic-
tion of perturbative QCD scaling in DVCS [1, 2]. As a
consequence of this evidence for scaling in the exclusive
channel, and our separate determination of the helicity-
dependent and helicity-independent cross sections, we ex-
tract for the first time a model-independent combination
of GPDs and GPDs integrals.
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FIG. 2: (top) Helicity signal (Eq. 4) for D(e, e′γ)X and
H(e, e′γ)X events; H2 data are folded with a momentum dis-
tribution of the proton in deuterium, and scaled to the D2

data luminosity; the simulation curve is for the Fermi broad-
ened H(e, e′γ)p reaction. (bottom) Residual helicity signal
after H2 subtraction; the arrows indicate the M2

X average po-
sition of n-DVCS and d-DVCS events for < t >=−0.3 GeV2;
the simulation curves, integrated over the complete exper-
imental acceptance and obtained for the arbitrary values
"m

[
CI

n

]exp
=−"m

[
CI

d

]exp
=−1 (Eq. 5), illustrate the sensi-

tivity of the data to the neutron and deuteron signals.

ing of the calibration and the resolution of the calorime-
ter. A 1% uncertainty on the calorimeter calibration was
estimated from the differences between π− and π0 cali-
brations. The final state of the D("e, e′γ)X reaction was
selected via the squared missing mass M2

X=(q + p− q′)2

reconstructed from the virtual and real photons.
The three-momentum transfer |"∆| to the target varies

within 0.4-0.8 GeV/c in our acceptance. In this range,
the impulse approximation (IA) is expected to accurately
describe the inclusive yield. Within the IA, the cross sec-
tion for electroproduction of photons on a deuterium tar-
get may be decomposed into elastic (d-DVCS) and quasi-
elastic (p-DVCS and n-DVCS) contributions following

D("e, e′γ)X = d("e, e′γ)d+n("e, e′γ)n+p("e, e′γ)p+. . . (3)

where meson production channels are also contributing as
background. Cross sections are obtained from D("e, e′γ)X
events after subtraction of the proton quasi-elastic contri-
bution deduced from measurements on a liquid H2 target:
the Fermi motion of bound protons is statistically added
to the squared missing mass M2

X |0 of free proton data
following M2

X=M2
X |0−2"pi · ("q− "q′) where "pi is the initial

proton momentum in the deuteron from [29]; this leads
to a 3% relative increase of the M2

X spectrum resolution.
The helicity signal (Sh) is defined according to

Sh =
∫ π

0

(N+ −N−) d5Φ−
∫ 2π

π

(N+ −N−) d5Φ (4)

where d5Φ = dQ2dxBdtdφedφγγ is the detection hyper-
volume; the integration boundaries in Eq. 4 define the
limits in the azimuthal angle φγγ [30]; N± are the num-
ber of counts for ± beam helicity, corrected for random
coincidences, and integrated over a particular bin in M2

X .
The helicity signal for D2 and H2 targets from ("e, e′γ) co-
incident detection is displayed in Fig. 2 (top) as a func-
tion of the squared missing mass. For our purposes, M2

X

is calculated with a target corresponding to a nucleon
at rest, leading to the kinematic ∆M2

X " t/2 separa-
tion between deuteron elastic and nucleon quasi-elastic
contributions. Pion production channels (eA → eAγπ,
eA → eAπ0π . . .) are strongly suppressed by the kine-
matical constraint M2

X < (M + mπ)2=M2
X |cut. Their

contribution to the helicity signal of p-DVCS, induced
via resolution effects below M2

X |cut, was found to be neg-
ligible on the proton as illustrated by the comparison
between H2 data and scaled simulations (Fig. 2 top).
Figure 2 (bottom) shows the subtraction (D−H data)
of the two spectra of Fig. 2 (top). The residual helic-
ity signal for M2

X < M2
X |cut is compatible with zero. It

corresponds to the sum of the coherent d-DVCS and in-
coherent n-DVCS processes (Eq. 3). Asymmetric decays
of π0 (in eA→ eAπ0), where only one photon is detected
in the calorimeter, mimic DVCS events. The contamina-
tion due to this background was treated as a systematic
error estimated from the number of detected π0 events,
corresponding to primarily symmetric decays [25].

The H2 results [25] show that the handbag mechanism
(Fig. 1) dominates the p-DVCS helicity-dependent cross
section difference at our kinematics. As a consequence,
only twist-2 contributions are considered in this analy-
sis. The exp superscript in Eq. 5 reflects this restriction.
In the impulse approximation, we write the experimen-
tal helicity-dependent cross-section difference as the sum
of the (incoherent) neutron and the (coherent) deuteron
contributions, within the formalism of Refs. [17, 31]

d5ΣD−H

d5Φ
=

1
2

[
d5σ+

d5Φ
− d5σ−

d5Φ

]
(5)

=
(

Γ#d $m
[CI

d

]exp
+ Γ#n $m

[CI
n

]exp
)

sin(φγγ) .

Γ#n,d are kinematical factors with a φγγ dependence that
arises from the electron propagators of the BH amplitude;
in the t range of interest, the averaged Γ#n /Γ#d ratio vary
from 0.4 to 0.9 with increasing |t|. $m

[CI
n

]
depends on

the interference of the BH amplitude with the set F =
{H, E , H̃} of twist-2 Compton form factors (CFFs):

[CI
n]

exp " [CI
n] = F1H + ξ(F1 + F2)H̃ − t

4M2
F2E (6)

where F1(F2) is the Dirac(Pauli) form factor entering into
the BH amplitude. Similarly, $m

[CI
d

]
depends on the

different set of spin-1 CFFs of the deuteron [31]. The
imaginary part of twist-2 CFFs is determined by the x =

3
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FIG. 3: The t-dependence of the extracted sin(φγγ) moments
for coherent d-DVCS (top panel) and incoherent n-DVCS
(bottom panel). Error bars show statistical uncertainties; sys-
tematical uncertainties are indicated by the shaded bands.

±ξ points of the GPDs, with for example:

!m[E ] = π
∑

q

e2
q (Eq(ξ, ξ, t)− Eq(−ξ, ξ, t)) . (7)

where eq is the quark charge in units of the elementary
charge. While Eq. 6 for a proton is dominated by H and
H̃, it becomes essentially sensitive to E in the neutron
case following the small value of F1 and the cancellation
between u and d polarized parton distributions in H̃ [32].
!m

[CI
n

]exp and !m
[CI

d

]exp are simultaneously ex-
tracted in each t-bin from a global analysis involving
7×12×30 bins in t ⊗ φγγ ⊗M2

X ∈ [−0.5;−0.1] GeV2 ⊗
[0; 2π] ⊗ [0.; 1.15] GeV2. A Monte Carlo simulation
with the kinematic weights of Eq. 5 as a function of
(t, φγγ , M2

X) is fitted to the experimental distribution[
N+(t, φγγ , M2

X)−N−(t, φγγ , M2
X)

]
obtained after the

D−H subtraction. The two coefficients !m
[CI

n(ti)
]exp

and !m
[CI

d(ti)
]exp are the free parameters of the fit in

each bin ti. The binning in φγγ allows the determination
of the sin(φγγ) moments whereas the binning in M2

X al-
lows the separation of the d-DVCS and n-DVCS signals.
The simulation includes both external and real internal
radiative effects. It takes also into account detector res-
olution and acceptance. Finally, virtual and soft real
radiative corrections are applied with a global correction
factor of 0.91±0.02 to the experimental yields [33].

Figure 3 displays the experimental values (Tab. I) of

!m
[
CI

n,d(ti)
]exp

. At low |t|, the small kinematic sepa-
ration between d-DVCS and n-DVCS leads to a strong
anti-correlation between deuteron and neutron moments

< t > !m
[
CI

n(ti)
]exp !m

[
CI

d(ti)
]exp

αnd

-0.473 0.22 ± 0.17 ± 0.24 0.07 ± 0.23 ± 0.08 -0.72

-0.423 0.03 ± 0.38 ± 0.41 -0.60 ± 0.54 ± 0.19 -0.77

-0.373 -0.13 ± 0.35 ± 0.46 0.18 ± 0.51 ± 0.17 -0.80

-0.323 -0.10 ± 0.35 ± 0.42 0.18 ± 0.52 ± 0.24 -0.84

-0.274 -0.69 ± 0.38 ± 0.24 0.98 ± 0.57 ± 0.33 -0.88

-0.225 0.67 ± 0.48 ± 0.39 -1.22 ± 0.69 ± 0.40 -0.91

-0.166 -1.54 ± 0.80 ± 0.52 2.32 ± 1.04 ± 0.61 -0.95

TABLE I: Experimental values of the sin(φγγ) moments as a
function of t (in GeV2). The first error is statistical and the
second is the total systematic one resulting from the quadratic
sum of each contribution; αnd is the correlation coefficient
between the two extracted moments.

(Tab. I). The larger statistical errors on the extraction at
low |t|, in spite of higher absolute statistics, reflect this
feature. The systematical errors come essentially from
the t-dependent uncertainties on the relative calibration
between D2 and H2 data, and estimates of the bound
on π0 contamination; other contributions originate from
DVCS detectors acceptance and luminosity (3%), beam
polarization (2%) and radiative corrections (2%). As ex-
pected from Fig. 2, the moments are globally compatible
with zero. Experimental results are compared to model
calculations for deuteron [34, 35] and neutron [36, 37]
GPDs. The deuteron calculations exhibit a rapid de-
crease of the deuteron form factors with |t|. The n-DVCS
results are compared to two different models: one where
the GPDs parametrization is constrained by lattice cal-
culation of GPDs moments [36], and another where Eq

is parametrized by the unknown contribution of valence
quarks to the nucleon angular momentum [32]. Both ap-
proaches reproduce the rather flat t-dependence of the
data. Three examples of calculations corresponding to
different values of the u (Ju) and d (Jd) quark contri-
butions are shown. This comparison indicates that the
present data provide constraints of the GPD models, par-
ticularly on Eq.

A correlated constraint on Ju and Jd can be extracted
from a fit of the VGG model [32, 37] to the neutron data
(Fig. 3), relying on the χ2 quantity

χ2 =
7∑

i=1

(
!m

[CI
n(ti)

]exp − !m
[CI

n(ti)
]V GG

Ju,Jd

)2

(δexp
stat)2 + (δexp

sys )2
. (8)

The condition χ2 ≤ χ2
min + 1 (χ2

min/DoF=6.6/5) defines
the band Jd + (Ju/5.0) = 0.18 ± 0.14 of Fig. 4. The
model dependence of this analysis should be stressed: n-
DVCS data involve GPDs at one point x=±ξ and t '= 0
while the Ji sum rule (Eq. 1) is an integral over x ex-
trapolated to t=0. A similar constraint obtained from
HERMES preliminary &p-DVCS data on a transversely
polarized target [38, 39] is also shown together with lat-
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Hall-B E01-113, DVCS BSA, F1H + ξGMH̃ − F2
t

4M2 E + · · ·
Solenoid and calorimeter

Hydrogen target, beam polarisation ≈ 80%,
∫ L ≈ 45 fb−1
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Hall-B E01-113, DVCS BSA, F1H + ξGMH̃ − F2
t

4M2 E + · · ·
Flavor of analysis

• kinematical coverage
• exclusivity cuts
• π0 subtraction
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Hall-B E01-113, DVCS BSA, F1H + ξGMH̃ − F2
t

4M2 E + · · ·
FXG et al., Phys. Rev. Lett. 100 (2008) 162002
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Hall-A E12-06-114, σDVCS, F1H + ξGMH̃ − F2
t

4M2 E + · · ·

Upagraded equipment has already run (E07-007) and is ready to take beam
“Rosenbluth” separation of inteference and DVCS squared
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Hall-A E12-06-114, σDVCS, F1H + ξGMH̃ − F2
t

4M2 E + · · ·

Upagraded equipment has already run (E07-007) and is ready to take beam
“Rosenbluth” separation of inteference and DVCS squaredE12-06-114: Projections and beamtime request 
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CLAS12 (11 GeV)

EPJ manuscript No.
(will be inserted by the editor)

CLAS12 and its Science Program at the Jefferson Lab Upgrade.

Selected Topics

Volker D. Burkert

Jefferson Lab, Newport News, Virginia, USA

July 29, 2008

Abstract. An overview of the CLAS12 detector is presented and the initial physics program after the
energy-doubling of the Jefferson Lab electron accelerator. Construction of the 12 GeV upgrade project is
anticipated to begin in 2009. A broad program has been developed to map the nucleon’s 3-dimensional
spin and flavor content through the measurement of deeply exclusive and semi-inclusive processes. Other
programs include forward distribution function to large xB ≤ 0.85 and of the quark and gluon polarized
distribution functions, and nucleon ground state and transition form factors at high Q2. The 12 GeV
electron beam and the large acceptance of CLAS12 are also well suited to explore hadronization properties
using the nucleus as a laboratory.

PACS. 1 1.55.Fv, 13.60.Le, 13.40.Gp, 14.20.Gk

1 Introduction

The challenge of understanding nucleon electromagnetic
structure still continues after more than five decades of
experimental scrutiny. From the initial measurements of
elastic form factors to the accurate determination of par-
ton distributions through deep inelastic scattering (DIS),
the experiments have increased in statistical and system-
atic accuracy. Only recently it was realized that the par-
ton distribution functions represent special cases of a more
general, much more powerful, way to characterize the struc-
ture of the nucleon, the generalized parton distributions
(GPDs) [1–4].

The GPDs are the Wigner quantum phase space dis-
tribution of quarks in the nucleon – functions describing
the simultaneous distribution of particles with respect to
both position and momentum. in a quantum-mechanical
system, representing the closest analogue to a classical
phase space density allowed by the uncertainty principle.
In addition to the information about the spatial density
(form factors) and momentum density (parton distribu-
tion), these functions reveal the correlation of the spatial
and momentum distributions, i.e. how the spatial shape
of the nucleon changes when probing quarks of different
wavelengths.

The concept of GPDs has led to completely new meth-
ods of “spatial imaging” of the nucleon, either in the form
of two-dimensional tomographic images, or in the form of
genuine three-dimensional images. GPDs also allow us to
quantify how the orbital motion of quarks in the nucleon
contributes to the nucleon spin – a question of crucial im-
portance for our understanding of the “mechanics” under-

lying nucleon structure. The spatial view of the nucleon
enabled by the GPDs provides us with new ways to test
dynamical models of nucleon structure.

CTOF

SVT

FTOF

HTCC

Solenoid

LTCC

Torus

EC

Region 1

Region 2

Region 3

Fig. 1. 3D view of the CLAS12 detector. The beam comes
from the left. The target is located inside the superconducting
solenoid magnet.
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Hall-B E12-06-119, proton DVCS, F1H + ξGMH̃ − F2
t

4M2 E + · · ·

80 days @ L = 1035 cm−2s−1 with 85% polarized beam

Statistical uncertainties from 1 % (low Q2) to 10 % (high Q2)
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Hall-B E12-06-119, proton DVCS, F1H + ξGMH̃ − F2
t

4M2 E + · · ·

80 days @ L = 1035 cm−2s−1 with 85% polarized beam

Statistical uncertainties from 1 % (low Q2) to 10 % (high Q2)
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Hall-B E12-06-119, proton DVCS, F1H + ξGMH̃ − F2
t

4M2 E + · · ·

80 days @ L = 1035 cm−2s−1 with 85% polarized beam

Dotted curve : no D-term, dashed-dotted : factorized t-dependence
Q2 = 3.3 GeV2, xB = 0.2 (left and middle), −t = 0.45 GeV2 (left and right)
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Hall-B E12-06-119, proton DVCS, F1H + ξGMH̃ − F2
t

4M2 E + · · ·
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Hall-B E12-06-119, longitudinally polarized proton DVCS AUL
F1H̃ + ξGMH + GM

ξ
1+ξE + · · ·

120 days @ L = 2× 1035 cm−2s−1 with 80% polarized NH3

Statistical uncertainties from 2 % (low Q2) to 10 % (high Q2)
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Hall-B E12-06-119, longitudinally polarized proton DVCS AUL
F1H̃ + ξGMH + GM

ξ
1+ξE + · · ·

120 days @ L = 2× 1035 cm−2s−1 with 80% polarized NH3
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Hall-B E12-06-119, longitudinally polarized proton DVCS AUL
F1H̃ + ξGMH + GM

ξ
1+ξE + · · ·

120 days @ L = 2× 1035 cm−2s−1 with 80% polarized NH3

Red solid line : E = Ẽ = 0, blue dashed line : H̃ = 0
Q2 = 4.1 GeV2, xB = 0.36 (left and middle), −t = 0.52 GeV2 (left and right)
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Hall-B LOI11-105, transversly polarized target DVCS AUT
More on angular momentum

DVCS with frozen HD-ice

xB ≈ 0.25

Q2 ≈ 2.6 GeV2

February 5, 2008 4:41 WSPC - Proceedings Trim Size: 9in x 6in talk

5
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Fig. 3. Projected transverse target asymmetry AUT for DVCS production off protons
at 11 GeV beam energy. The curves represent different assumptions on the u-quark
contributions to J(t).
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Fig. 4. The u-quark distribution in transverse space as extracted from projected DVCS
data with CLAS12.

A measurement of all 3 asymmetries will allow a separate determination
of GPDs H, H̃ and E at the above specified kinematics. Through a Fourier
transformation the t-dependence of GPD H can be used to determine the

Exclusive ρ0 production (hydrogen target)

AUT ∼ ∆⊥ImAB∗

A ∼ 2Hu + Hd

B ∼ 2Eu + Ed
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GPD extraction procedures
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Model independent extraction
Using only ALU and AUL with sensitivity to H and H̃

• CFFs varied within VGG model range

• Independence on Q2

• H̃(t) more flat thanH(t)
• Stable results
• Large uncertainties

M. Guidal, arXiv:1003.0307
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Global approach, holographic principle

D. Müller et al strategy to fit data
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Global approach, holographic principle

D. Müller et al global fit
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Global approach, holographic principle
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Hybrid fits of GPDs

Fit to CLAS6 or CLAS12 ALU 

Limited t range 
Limited t range 

ALU 

!"

(PRD79, 094021, 2009) 

0.5 

0 

-0.5 

0 90 180 270 360 

CLAS12 pseudo-data sample in : 
0.2 < xB < 0.5  ,  2 < Q2 < 5 GeV2 

0.25 < -t < 0.35 GeV2 

Global fits: 
-! Parametrization over 
    the full kinematical domain 

-! Use all kinds of data 
    from several experiments 

-! Include Q2 evolution 

Parametrized 
GPDs 

 

 
 

Lots of new 

developments in 

the next 5 years 

Q2 

xB 

H and H separation needs 

unpolarized and polarized 

proton data 

~ x10 accuracy 

improvement from 

CLAS6 to CLAS12 

           GPD 
parametrization 
needed for #=0 or 

t=0 extrapolations 

! 

H. Moutarde, F. Sabatié
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Beyond JLab
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Nucleon structure for hadron-hadron colliders

• Multiple hard processes in pp indicate
substantial correlations

• CDF 3 jet + γ consistent with ρ ∼ 0.3 fm
• Forward dipion production at RHIC
• Crucial at LHC
• Very hard to tune MC generators (many

parameters)
• Also underlying event physics

C. Weiss, L. Frankfurt, M. Strikman, Ann.Rev.Nucl.Part.Sci. 55 (2005) 403-465
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Conclusion
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Conclusion

• Unified framework for nucleon tomography
• First dedicated results on Compton Scattering
• Essential component of a long range plan to extract GPDs
• Interplay between spin and flavor decompositions requires also other reactions
• Also crucial for QCD backgrounds at LHC and beyond
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