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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)
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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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Access to GPDs : the DVCS process
Observables in the Bjorken limit

γ∗p → γp′

Bjorken regime :
Q2 →∞,
ν →∞,

xB = Q2/2Mν fixed“
ξ → xB

2−xB

”

*γ γ

factorization

ξx+ ξx-

t
1P 2PGPDs

~ep → epγ

Diehl, Gousset, Pire, Ralston (1997)

Belitsky, Müller, Kirchner (2002)

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)˜

e-’

!

pe-

"*

 hadronic plane

leptonic plane

"



GPD results from
CLAS

F.-X. Girod

Overview

Introduction

CLAS

Pioneering
observations

Dedicated experiments
e1dvcs

Solenoid and Inner
Calorimeter

Flavor of analysis

Selected results

Polarized target
experiments

Towards GPDs extraction

Meson electroproduction

π0 andη
electroproduction

DVCS on 4He (eg6)
Projected results

Conclusion

5

Detector overview
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Pioneering observations
First DVCS BSA and TSA observations

ALU
1H target

polarisation ≈ 70%,
R L ≈ 1.3 fb−1

F1H + ξGMH̃ − t
4M2 F2E

Q2 = 1.3 GeV2, xB = 0.2,−t = 0.2 GeV2

A(φ) = α sinφ + β cos(2φ)

α = 0.202± 0.028stat ± 0.013syst

β = −0.024± 0.021stat ± 0.009syst

S. Stepanyan at al.,

PRL 87 (2001) 182002

AUL
15NH3 target, 60 to 80%

beam 5.7 GeV
R L ≈ 1.3 fb−1

F1H̃ + ξGM

“
H + ξ

1+ξE
”
− · · ·

S. Chen et al.,

PRL 97 (2006) 072002
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Solenoid and Inner Calorimeter
New design

Hydrogen target, beam polarisation ≈ 80%,
∫ L ≈ 45 fb−1

• Inner Calorimeter (IC) :
424 PbWO4 crystals
(16 cm length, 1.3 cm2 to 1.6 cm2)
X0 = 0.9 cm, RM = 2.0 cm
Truncated pyramidal stacking
Light collection : APDs
−2%/◦ ⇒ temperature
stabilisation
laser monitoring system

• Move target upstream w.r.t.
nominal CLAS center

• Superconductor solenoidal
magnet :
Cu+Nb/Ti alloy at 4.3 K
Original cryogenic system
Additional coil compensate
fringe field

Average field at the level of

the target 4.5 T at 534 A
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Solenoid and Inner Calorimeter
Solenoid
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Flavor of analysis
• kinematical coverage
• exclusivity cuts
• π0 subtraction
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Selected results
Proton BSA F1H + ξGMH̃ − t

4M2 F2E
)2

 (
G

eV
2

Q

1

2

3

Bx
0.1 0.2 0.3 0.4

 (deg)φ

B
S

A
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-0.2

-0.1

0

0.1

0.2
φ cosβ1+

φ sinα

(integrated)

e1-dvcs

VGG model

VGG + twist3

Laget model

CLAS (previous)

Hall-A

0
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F.-X. G. et al., PRL 100 (2008) 162002
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Selected results
Proton cross-section (preliminary) F1H + ξGMH̃ − t

4M2 F2E
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Proton DVCS
σ, BSA and TSA‖

• Increase statistics with
• better background conditions for σ and BSA
• charged particle tagging in the Inner Calorimeter

• Dedicated experiment for TSA‖ with IC

F1H̃ + ξGM

“
H + ξ

1+ξE
”
− · · ·
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Proton/Neutron DVCS
AUT and ALT

Conditionally approved experiment with HD-Ice target (2012)
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Combined fit to all data will allow separation of H, E and H̃
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Global analysis of CFFs
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Figure 8: Comparisons of the extracted ImH and ReH and the predictions of the VGG
model. The error bars include both statistical and systematics contributions. Since our
errors are dominated by systematics, we can only say that the true value of ImH and ReH
lie in the colored bands. Moreover, we estimated the systematic errors due to the neglect
of subdominant GPDs by averaging over the points where measurements are made, hence
enhancing the oscillating behaviour of the fitting curve (see text for more explanations).

18

H. Moutarde, PR D79 (2009) 094021



GPD results from
CLAS

F.-X. Girod

Overview

Introduction

CLAS

Pioneering
observations

Dedicated experiments
e1dvcs

Solenoid and Inner
Calorimeter

Flavor of analysis

Selected results

Polarized target
experiments

Towards GPDs extraction

Meson electroproduction

π0 andη
electroproduction

DVCS on 4He (eg6)
Projected results

Conclusion

12

Meson electroproduction
Flavor decomposition

• Factorization theorem for γL

• Additional gluon needed

π+ ∆u −∆d
H̃, Ẽ π0 2∆u + ∆d

η 2∆u −∆d
ρ+ u − d

H, E ρ0 2u + d
ω 2u − d

4 Exclusive processes in γ∗p scattering at small x

4.1 QCD factorization for hard exclusive processes

The concept of QCD factorization can be extended to certain exclusive channels in γ∗p scatter-

ing, namely processes of the type

γ∗L(q) + N(p) → “Meson”(q + ∆) + “Baryon”(p−∆), (13)

at large virtuality, Q2 ≡ −q2, and center–of–mass energy, W 2 ≡ (p + q)2, with fixed x =
Q2/(W 2 + Q2), and fixed small invariant momentum transfer, t ≡ ∆2. Examples include the

production of light vector mesons (ρ, ρ′) [21], heavy vector mesons (J/ψ, ψ′, Υ) [21], and real

photons (deeply–virtual Compton scattering, DVCS) [42, 43, 44, 45, 46, 47, 48]. Closely related

to these processes are certain hadron–induced reactions, such as the diffractive dissociation of

pions, π + T → 2 jets + T , where T denotes a hadronic target (nucleon or nucleus) [16]. These

exclusive processes probe the interaction of small–size color singlets with hadronic matter in

much more detail than inclusive DIS. They also provide new information about the transverse

spatial structure of the nucleon, contained in the so-called generalized parton distributions.

The basis for the analysis of exclusive processes (13) is the QCD factorization theorem [49],

which extends the initial analysis of Ref. [21] for the small–x limit. It states that the amplitude

can be represented as a convolution of three functions, as depicted in Fig. 7:

Aγ∗LN→M+B =
∑
i,j

∫ 1

0

dz

∫
dx1 fi/p(x1, x− x1, t; µ) Hij(x1, x, z, Q2; µ) φM

j (z, µ)

+ power corrections. (14)

Here, f is the generalized parton distribution (GPD), which describes the amplitude for the

nucleon to “emit” and “absorb” a parton with longitudinal momentum fractions x1 and x2 =

t

x
1

!xx
1

process
Hard scattering

amplitude
Meson distribution
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f
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Figure 7: Factorization of the amplitude of hard exclusive meson production, Eq. (14).
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Meson electroproduction
π0 BSA
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FIG. 3: (Color online) Distributions of the two-photon in-
variant mass, after the application of all cuts described in the
text, for the four configurations IC-IC, IC-EC, EC-IC, EC-
EC, from left to right. The shaded areas correspond to the
selected peaks (in green) and to the side-bands used in the
background subtraction (in red). Note the change of scale for
the last three configurations.

FIG. 4: (Color online) Left: kinematic coverage and binning
in the (xB, Q2) plane. Right: A(φ) for one of the 13 (xB, Q2)
bins and one of the 5 bins in t, corresponding to 〈xB〉 = 0.249,
〈Q2〉 = 1.95 GeV2 and 〈t〉 = −0.29 GeV2; the black dashed
curve corresponds to a fit with A $ α sin φ and the red solid
curve to the JML model discussed in the text.

mass spectra, for each beam helicity state and for each
of the elementary bins in (xB , Q2, t and φ).

III. π0 ASYMMETRY

The data were divided into thirteen bins in the (xB ,
Q2) plane (see Fig. 4), five bins in −t (defined by the bin
limits 0.09, 0.2, 0.4, 0.6, 1 and 1.8 GeV2) and twelve 30◦
bins in φ. The resolutions in all corresponding variables
are smaller than the bin sizes. Bin centering corrections
were applied.

Within statistical accuracy, the φ-distributions were
found to be compatible with A " α sinφ in each t-bin
(Fig. 4 right). The same compatibility was observed
when the φ-distributions were integrated in t. The deter-
mination of the asymmetry amplitude at 90◦ was stable
whether the terms in cosφ and cos 2φ in Eq. (1) were
included in the fit or not. Figure 5 gives the values

)
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FIG. 5: (Color online) Fit parameter α, as extracted from A $
α sin φ, as a function of −t. The location of each individual
plot corresponds to the approximate coverage in (xB, Q2),
except the upper left one ( an enlargement of the lower left
one) which indicates the scales common to all plots. The grey
areas indicate the maximal size of systematic uncertainties.
For selected kinematics, the red curves correspond to the JML
model discussed in the text.

of α in the 62 (xB, Q2, t) bins considered. By con-
servation of angular momentum, the helicity-flip trans-
verse amplitude, and thus A and α, are identically zero
as t reaches its kinematic limit t0, corresponding to π0s
emitted in the direction of the virtual photon. At small
xB, the value of −t0 is smaller than our first bin limit
0.09 GeV2 (corresponding to the proton-energy detec-
tion threshold), which is why A does not go to zero. The
increase of −t0 explains the missing t-bins at large xB .

Systematic uncertainties arise from the event selection,
as well as from the choice of the fit function used to ex-
tract α. Together, they were estimated at 0.016. The
comparison between two separate analyses led to increase
this value for two points in Fig. 5. The beam polariza-
tion measurements induce an additional overall relative
uncertainty of 3.5%. The data set may be found in [18]

IV. DISCUSSION OF THE RESULTS

As seen in Fig. 5, the measured beam spin asymmetries
are systematically of the order of 0.04 to 0.11, over a wide
kinematic range in xB , Q2 and t. In particular, there is
no evidence of a decrease of α(t) as a function of Q2.
This is a clear sign of a non-zero LT ′ interference among
the amplitudes describing the γ∗p→ pπ0 reaction.

In the GPD formalism, only the longitudinal ampli-

R. de Masi et al., Phys. Rev. C77 (2008) 042201

Significant LT’ interferences
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Meson electroproduction
π0 cross section

-t=0.4-0.6GeV
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Meson electroproduction
π0 cross section
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Meson electroproduction
η cross section

-t=0.6-1GeV
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Meson electroproduction
η cross section
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DVCS on a scalar nucleus
Only one twist-2 GPD, real and
imaginary parts of the CFF can be
fitted from the BSA simultaneously

EMC effect :

• Fermi motion ?
• Shadowing ?
• Off-shell effects ?
• · · · ?

Non-forward EMC effect provides
additional constraints to the models
4He is dense and simple enough for

exact calculations at the proton and

neutron level

Gomez et al., PRD49, 1994

Medium Modification

!A/!D
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DVCS on a scalar nucleus
Only one twist-2 GPD, real and
imaginary parts of the CFF can be
fitted from the BSA simultaneously

EMC effect :

• Fermi motion ?
• Shadowing ?
• Off-shell effects ?
• · · · ?

Non-forward EMC effect provides
additional constraints to the models
4He is dense and simple enough for

exact calculations at the proton and

neutron level

Gomez et al., PRD49, 1994

Medium Modification

!A/!D

ing an enhancement of signals of nuclear effects with respect to the forward
case (Fig. 2).

R
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Gomez et al., PRD49(1994)
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Fig. 2. Off-forward EMC effect in 4He. Theoretical predictions at t = 0.1 GeV2

from both “conventional” binding models and within a diquark picture for nuclear
modifications are shown. For comparison we show the effect at t = 0 along with the
experimental data [37] (adapted from Ref. [38]).

In addition, a number of interesting relationships were found by studying
Mellin moments in nuclei: the A-dependence for the D-term of GPDs was
estimated within microscopic approaches [8,35], and compared with the cal-
culation of Ref. [39] using a liquid drop model; a connection was made in
Ref. [8] with the widely used approaches that relate the modifications of “par-
tonic” parameters such as the string tension, or the confinement radius, to
density dependent effects in the nuclear medium (see Ref. [13] and references
therein).

All of the above theoretical ideas and experimental results designate nuclear
GPDs as a potentially important new tool to investigate in-medium modifi-
cation effects and related phenomena, which are vital for interpreting both
current and future data on hard processes in nuclei.

For a nuclear target there exist two distinct processes:

(1) the scattering proceeds coherently, i.e. the target nucleus recoils as a
whole while emitting a photon with momentum q′ (Fig. 3a);

(2) the scattering proceeds incoherently, i.e. the nucleus undergoes a breakup
and the final photon is emitted from a quasi-elastically scattered nucleon
(Fig. 3b).

9
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Projected results BSA and CFF
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Conclusion

Summary

• 3-D imaging and spin structure of the nucleon via GPDs
• CLAS first expriments pioneered the way to study hadron

structure with exclusive reactions
• First dedicated experiments have provided us with

important insights
• Aiming at a common framework for a global analysis, with

different complementary approaches
• CLAS12 will participate crucially in this program
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