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Anatomy of hadrons.
GPDs and their golden channel.

Correlation of the longitudinal momentum and the
transverse position of a parton in a hadron.
DVCS recognized as the cleanest channel to access GPDs.

Deeply Virtual Compton Scattering (DVCS)

e−
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p p

γ
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factorization µF

t
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Transverse center
of momentum R⊥
R⊥ =

∑
i xir⊥i

24 GPDs Fi(x, ξ, t, µF) for each parton type i = g, u, d, . . .
for leading and sub-leading twists.
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Anatomy of hadrons.
GPDs and their golden channel.

Correlation of the longitudinal momentum and the
transverse position of a parton in a hadron.
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Anatomy of hadrons.
GPDs and their golden channel.

Correlation of the longitudinal momentum and the
transverse position of a parton in a hadron.
DVCS recognized as the cleanest channel to access GPDs.
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Anatomy of hadrons.
GPDs and their golden channel.

Correlation of the longitudinal momentum and the
transverse position of a parton in a hadron.
DVCS recognized as the cleanest channel to access GPDs.

Deeply Virtual Compton Scattering (DVCS)
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24 GPDs Fi(x, ξ, t, µF) for each parton type i = g, u, d, . . .
for leading and sub-leading twists.

H. Moutarde Strong QCD 2 / 29



Fits to deeply virtual Compton
scattering

. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .



GPDs from
experiments

Physical
content

DVCS fits
Experimental access

Fit status

Neural network fits

Complementary
analysis
Impact study: TCS

Impact study:
positrons

Internal pressure

Deconvolution
problem

DVCS off a pion
target

Ecosystem
Design

EpIC event
generator

GPD evolution

Conclusion
.

.

.
.
.

.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Exclusive processes of current interest.
Factorization and universality.
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Compton Form Factors.
DVCS amplitude in the Bjorken regime.

Bjorken regime : large Q2 and fixed xB ≃ 2ξ/(1 + ξ)

Partonic interpretation relies on factorization theorems.
All-order proofs for DVCS, TCS and some DVMP.
GPDs depend on a (arbitrary) factorization scale µF.
Consistency requires the study of different channels.

GPDs enter DVCS through Compton Form Factors :

F(ξ, t,Q2) =

∫ 1

−1
dx C

(
x, ξ, αS(µF),

Q
µF

)
F(x, ξ, t, µF)

for a given GPD F.
CFF F is a complex function.
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Many theoretical constraints on GPDs.
Constraints difficult to implement at the CFF level.

Reduction to PDFs or elastic form factors.

Implement a priori positivity and polynomiality. Still
uncommon in many models or parameterizations used for
phenomenology.

General solution starting from overlap of (potentially
effective) light front wave functions.

Use of evolution equations to implement further
constraints on the GPD functional form.

Work beyond leading-order and depart from the parton
model…

Systematic impact study or use of kinematic corrections
still missing.
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DVCS analysis and fits.
No global GPD fit has been obtained so far.

GPD fits only in the small xB region with a flexible
parameterization (kinematic simplifications).

Global fits of CFFs in the sea, valence and glue regions.

Some GPD models with non-flexible parameterizations
adjusted to experimental DVCS or DVMP data.

Kumerički et al., Eur. Phys. J. A52, 157 (2016)

H. Moutarde Strong QCD 7 / 29



GPDs from
experiments

Physical
content

DVCS fits
Experimental access

Fit status

Neural network fits

Complementary
analysis
Impact study: TCS

Impact study:
positrons

Internal pressure

Deconvolution
problem

DVCS off a pion
target

Ecosystem
Design

EpIC event
generator

GPD evolution

Conclusion
.

.

.
.
.

.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Almost all existing DVCS data sets.
2600+ measurements of 30 observables published during 2001-17.

Moutarde et al., Eur. Phys. J. C79, 614 (2019)
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Almost all existing DVCS data sets.
2600+ measurements of 30 observables published during 2001-17.
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Moutarde et al., Eur. Phys. J. C79, 614 (2019)
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Modeling of H, H̃, E and Ẽ .
Independent descriptions of real and imaginary parts.

Real and imaginary parts of CFFs parameterized by neural
networks.
Propagation of uncertainties through replica method and
evaluation of 68 % confidence levels.
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Moutarde et al., Eur. Phys. J. C79, 614 (2019)
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Assessing the universality of GPDs.
Intimate relation between TCS and DVCS due to analyticity.

Relation between spacelike (DVCS) and timelike (TCS)
CFFs worked out at NLO:

TH LO
= SH∗ ,

TH NLO
= SH∗ − iπQ2 ∂

∂Q2
SH∗

,

with Q the virtuality of the incoming or outgoing photon.
Müller et al., Phys. Rev. D86, 031502 (2012)

Using a global CFF fit to DVCS measurements, the first
multi-channel data-driven analysis of exclusive processes
beyond LO becomes possible!
Allow detailed studies of sensitivity to higher-order
contributions.
Towards multi-channel fits to exclusive processes!
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From DVCS to TCS.
Prediction of TCS CFF at 68 % confidence level.

Spacelike and timelike CFFs depending on ξ at common
kinematics: Q2 = 2 GeV2 and t = −0.3 GeV2.
ξ range from EIC to Jefferson Lab kinematics.
Comparison with phenomenological model at LO (dashed)
and NLO (solid).
Large uncertainty reflecting our limited knowledge of
DVCS CFFs, especially of their Q2 dependence.
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Grocholski et al., Eur. Phys. J. C80, 171 (2020)
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DVCS with a positron beam at JLab.
Beam charge asymmetries and Bayesian reweighting of replicas.
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Dutrieux et al., arXiv:2105.09245 [hep-ph]
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DVCS with a positron beam at JLab.
Beam charge asymmetries and Bayesian reweighting of replicas.
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Gravitational form factors.
Definition of pressure.

Matrix element in the Breit frame (a = q, g):⟨
∆

2
|Tµν

a (0)| − ∆

2

⟩
= M

{
ηµ0ην0

[
Aa(t) +

t
4M2

Ba(t)
]

+ηµν
[
C̄a(t)−

t
M2

Ca(t)
]
+

∆µ∆ν

M2
Ca(t)

}
Anisotropic fluid in relativistic hydrodynamics:
Θµν (⃗r) = [ε(r)+pt(r)] uµuν−pt(r)ηµν+[pr(r)−pt(r)]χµχν

where uµ and χµ = xµ/r.
Define isotropic pressure and pressure anisotropy:

p(r) =
pr(r) + 2 pt(r)

3
s(r) = pr(r)− pt(r)

Lorcé et al., Eur. Phys. J. C79, 89 (2019)
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Mechanical properties of hadrons.
Pressure from gravitational form factors.

Write dictionary between quantum and fluid pictures:
εa(r)

M =

∫ d3∆⃗

(2π)3
e−i∆⃗· r⃗

{
Aa(t) + C̄a(t) +

t
4M2

[Ba(t)− 4Ca(t)]
}

pr,a(r)
M =

∫ d3∆⃗

(2π)3
e−i∆⃗· r⃗

{
−C̄a(t)−

4

r2
t−1/2

M2

d
dt

(
t3/2 Ca(t)

)}
pt,a(r)

M =

∫ d3∆⃗

(2π)3
e−i∆⃗· r⃗

{
−C̄a(t) +

4

r2
t−1/2

M2

d
dt

[
t d
dt

(
t3/2 Ca(t)

)]}
pa(r)

M =

∫ d3∆⃗

(2π)3
e−i∆⃗· r⃗

{
−C̄a(t) +

2

3

t
M2

Ca(t)
}

sa(r)
M =

∫ d3∆⃗

(2π)3
e−i∆⃗· r⃗

{
− 4

r2
t−1/2

M2

d2

dt2
(

t5/2 Ca(t)
)}

Lorcé et al., Eur. Phys. J. C79, 89 (2019)
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Connection to experimental data.
Gravitational form factors from generalized parton distributions.

Link between GPDs and gravitational form factors∫
dx xHq(x, ξ, t) = Aq(t) + 4ξ2Cq(t)∫
dx xEq(x, ξ, t) = Bq(t)− 4ξ2Cq(t)

Ji, Phys. Rev. Lett. 78, 610 (1997)
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Pressure forces from DVCS measurements.
A first-principle connection.

1 Expand D-term on Gegenbauer polynomials

Dq
term(z, t, µ2

F) = (1− z2)
∑

odd n
dq

n(t, µ2
F)C3/2

n (z)

2 Write dispersion relation for CFF

CH(t,Q2) = ReH(ξ)− 1

π

∫ 1

0
dξ′ ImH(ξ)

(
1

ξ − ξ′
− 1

ξ + ξ′

)
3 Compute subtraction constant at LO

CH(t,Q2) = 4
∑

q
e2q

∑
odd n

dq
n(t, µ2

F ≡ Q2)

4 Retrieve gravitational form factor

dq
1(t, µ2

F) = 5Cq(t, µ2
F)

H. Moutarde Strong QCD 17 / 29
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Pressure forces from DVCS measurements.
Working assumptions.

1 Subtraction constant assumed equal to d1.
2 Equal values for light quark contributions duds

1 .
3 Radiative generation of gluon dg

1 and charm dc
1

contributions.
4 Tripole Ansatz for the t-dependence of d1.

Tripole Ansatz

0 0.2 0.4 0.6 0.8 1
-t [GeV2]

-10

-5

0

5

10

S
C

H
D

V
C
S

Parameter Value
duds
1 (µ2

F) −0.45± 0.92

dc
1(µ

2
F) −0.0020± 0.0041

dg
1(µ

2
F) −0.6± 1.3

Dutrieux et al., Eur. Phys. J. C81, 300 (2021)
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Pressure forces from DVCS measurements.
Working assumptions.

1 Subtraction constant assumed equal to d1.
2 Equal values for light quark contributions duds

1 .
3 Radiative generation of gluon dg

1 and charm dc
1

contributions.
4 Tripole Ansatz for the t-dependence of d1.

d1 from DVCS data

0.1 1
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0
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µF [GeV2]2

∑
d 1
q

q

Parameter Value
duds
1 (µ2

F) −0.45± 0.92

dc
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2
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dg
1(µ

2
F) −0.6± 1.3
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Pressure forces from DVCS measurements.
Working assumptions.

1 Subtraction constant assumed equal to d1.
2 Equal values for light quark contributions duds

1 .
3 Radiative generation of gluon dg

1 and charm dc
1

contributions.
4 Tripole Ansatz for the t-dependence of d1.

Summary of existing determinations

Dutrieux et al., Eur. Phys. J. C81, 300 (2021)
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From CFFs to GPDs.
Can we actually recover a GPD from the knowledge of a CFF?!

Assume CFF H is perfectly known. Solve inverse problem?

Hq(ξ,Q2) =

∫ 1

−1

dx
ξ

Tq
(

x
ξ
,
Q2

µ2
, αs(µ

2)

)
Hq(x, ξ, µ2)

Question raised about 20 years ago and has remained
essentially open. Evolution proposed as a crucial element.

Freund Phys. Lett. B472, 412 (2000)
There exist non-zero GPDs with vanishing forward limit
and vanishing CFF up to order α2

s .
The DVCS deconvolution problem is ill-posed.

Bertone et al., arXiv:2104.03836 [hep-ph]
Same conclusion holds for several other hard exclusive
processes.
Define and implement further criterions in fitting
strategies to select one solution among infinitely many.

H. Moutarde Strong QCD 19 / 29
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From CFFs to GPDs.
Shadow GPDs have null LO and NLO CFF.

Start with shadow GPD for flavor u at 1 GeV2.
Generate d, s and g while evolving up to 100 GeV2.
Compute resulting CFF.

Bertone et al., arXiv:2104.03836 [hep-ph]
H. Moutarde Strong QCD 20 / 29
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From CFFs to GPDs.
Different GPD models having CFFs with difference less than 10−5.

Bertone et al., arXiv:2104.03836 [hep-ph]
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DVCS off a pion target.
Towards an experimental probe of the 3D pion structure.

Morgado et al., in progress
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DVCS off a pion target.
Towards an experimental probe of the 3D pion structure.

Morgado et al., in progress
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Computing chain design.
Differential studies: physical models and numerical methods.

Large distance
First

principles and
fundamental
parameters

Small distance
Computation
of amplitudes

Full processes
Experimental

data and
phenomenology

GPD at µ ̸= µref
F

GPD at µref
F

DV
CS

TC
S

DV
M

P

DV
CS

TC
S

DV
M

P

PARtonic
Tomography
Of
Nucleon
Software

Perturbative
approximations.
Physical models.
Fits.
Numerical
methods.
Accuracy and
speed.

Evolution
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Generic exclusive event generators EpIC.
Modular structure compatible with the architecture of PARTONS.

Tezgin et al., in progress
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GPD evolution with APFEL++.
Connecting different computing codes for hadron structure.

Bertone et al., in progress
H. Moutarde Strong QCD 26 / 29
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GPD evolution with APFEL++.
Connecting different computing codes for hadron structure.

Bertone et al., in progress
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Conclusion and prospects.
New studies made possible with the development of new tools!

Engine for global CFF fits and impact studies.
Tools to systematically relate models to experimental
data in multi-channel analysis.
Development of an ecosystem of computing codes for
hadron structure: evolution, PDFs, TMDs, etc.
Design of future experiments and pioneering studies of
new channels, e.g. DVCS off the pion at EIC.
Concept of internal pressure well-defined and suitable for
phenomenological analysis.
The GPD deconvolution problem is ill-posed. Need for
multi-channel analysis beyond LO.
Benefiting from new inputs or constraints from
nonperturbative QCD is highly desirable!
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