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Introduction

Quantum Chromodynamics (QCD)

How are hadrons formed from their underlying quark and gluonic degrees
of freedom?

Confinement: in contrast to QED, we cannot observe the elementary
constituents.

Asymptotic freedom: the effective coupling constant αs become
very small (< 1) at small distances (< 0.2 fm).

Chiral symmetry: mass of the u and d quarks very small.
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Introduction

The proton: QCD at work!

What we know. . .

2 up quarks (qu = 2/3 e) + 1 down quark (qd = −1/3 e)

any number of quark-antiquark pairs & any number of gluons

|p〉 = |uud〉+ |uudqq̄〉+ |uudg〉+ . . .

Fundamental questions

Origin of proton mass?

Most of it comes from the motion of quarks & gluons
Only a small fraction comes from quark masses

Origin of proton spin?
1

2
=

1

2
∆Σ + ∆G+ Lz
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Introduction

Understanding the proton

Building blocks:

Quarks (u, d, s. . . , spin 1/2, mq small, 3 colors).

Gluons (spin-1, massless, 32 − 1 colors).

Relativistic, strongly coupled, quantum many-body problem

Theoretically, i.e. solving QCD:

Lattice QCD: numerical calculation.
Effective field theories: large Nc, chiral physics. . .

Experimentally:

Study of hadron structure
through low and high-energy scattering
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Introduction

Studying the structure of the nucleon experimentally

Elastic scattering
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C. Muñoz Camacho (IJCLab, CNRS/IN2P3) Nucleon 3D imaging 25/10/2022 6 / 26



GPDs & DVCS

Deeply Virtual Compton Scattering (DVCS): γ∗ p→ γ p

Handbag diagram

High Q2

Perturbative QCD

Non-perturbative
GPDs

Bjorken limit :

Q2 = −q2 → ∞
ν → ∞

}
xB =

Q2

2Mν
fixed
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GPDs & DVCS

Generalized Parton Distributions

Correlate between different partonic states

Correlate momentum and position of partons

Access to new fundamental properties of the nucleon

Contribution of the angular momentum of quarks to proton spin:

J =
1

2

∫ 1

−1
dxx[H(x, ξ, 0) + E(x, ξ, 0)]

DVCS cleanest process to access GPDs
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GPDs & DVCS

DVCS experimentally: interference with Bethe-Heitler

At leading order in 1/Q (leading twist) :

d5
→
σ −d5 ←σ = =m (TBH · TDV CS)

d5
→
σ +d5

←
σ = |BH|2 + <e (TBH · TDV CS) + |DV CS|2

T DV CS =

∫ +1

−1
dx

H(x, ξ, t)

x− ξ + iε
+ · · · =

P
∫ +1

−1
dx
H(x, ξ, t)

x− ξ︸ ︷︷ ︸
Access in helicity-independent cross section

− iπ H(x = ξ, ξ, t)︸ ︷︷ ︸
Access in helicity-dependent cross-section

+ . . .
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GPDs & DVCS

Accessing different GDPs

Polarized beam, unpolarized target (BSA)

dσLU = sinφ · Im{F1H+ xB(F1 + F2)H̃ − kF2E}dφ

Unpolarized beam, longitudinal target (lTSA)

dσUL = sinφ · Im{F1H̃+ xB(F1 + F2)(H̃+ xB/2E)− xBkF2Ẽ . . . }dφ

Polarized beam, longitudinal target (BlTSA)

dσLL = (A+B cosφ) · Re{F1H̃+ xB(F1 + F2)(H̃+ xB/2E) . . . }dφ

Unpolarized beam, transverse target (tTSA)

dσUT = cosφ · Im{k(F2H− F1E) + . . . }dφ
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GPDs & DVCS

Impact-parameter interpretation of GPDs
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DVCS @ JLab

Jefferson Lab: upgraded to 12 GeV

6-12 GeV longitudinally polarized (>85%) continuous electron beam

High intensity (>100µA): luminosities > 1038 s−1 cm−2

3 experimental Halls (A, B, C) w/ fixed target and dedicated detectors
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DVCS @ JLab Recent results

DVCS cross sections: azimuthal analysis

Q2 = 2.36 GeV2, xB = 0.37, −t = 0.32 GeV2

d4σ = T 2
BH + TBHRe(TDVCS) + T 2

DVCS

Re(TDVCS) ∼ cI0 + cI1cosφ + cI2cos 2φ

T 2
DVCS ∼ cDVCS

0 + cDVCS
1 cosφ

∆4σ =
d4−→σ − d4←−σ

2
= Im(TDVCS)

Im(TDVCS) ∼ sI1 sinφ + sI2 sin 2φ

M. Defurne et al. Phys. Rev. C92, 055202 (2015)
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DVCS @ JLab Recent results

DVCS cross sections: Q2–dependance

No Q2-dependance within limited range ⇒ leading twist dominance
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DVCS @ JLab Recent results

Hall B DVCS cross-section measurements
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Larger kinematic range
covered:
110 (Q2, xB, t) bins

Compatible with Hall A
results in overlap region

Leading twist models
describe the data within
uncertainties

H.S. Jo et al. PRL 115, 212003 (2015)
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DVCS @ JLab Recent results

First 3D-imaging of the proton from DVCS

From a simultaneous fit of JLab DVCS data:

Fast-moving partons
localized in the
center of the proton

Low energy and sea
quarks mostly in the
outer region

Phys. Rev. D95, 011501 (2017)

Much more results to come with JLab12 data:
neutron, polarized protons. . .

Eur. Phys. J. C78 (2018)
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DVCS @ JLab Recent results

Pressure distribution inside the proton

Beyond 3D-imaging:

DVCS cross section is sensitive to
energy-momentum tensor and
gravitational form factors

One of them relates to the internal
pressure and shear force distribution

First data-driven extraction of
pressure distribution inside proton
(using global fits to extrapolate
into unmeasured regions)

Nature 557 (2018)
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JLab @ 12 GeV Hall A

JLab Hall A at 11 GeV

JLab12 with 3, 4, 5 pass beam
(6.6, 8.8, 11.0 GeV beam energy)

Bjx0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

)2
 (G
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2<4 GeV2W

 11 GeV≤
beam

Unphysical with E

= 6.6 GeVbeamE

= 8.8 GeVbeamE

= 11.0 GeVbeamE

= 5.75 GeVbeamE

DVCS measurements in Hall A/JLab

88 days
250k events/setting

1 year of operations in JLab/Hall A
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JLab @ 12 GeV Hall A

DVCS off the proton and neutron in Hall A

DVCS off the proton at xB=0.60

DVCS off the neutron and 
coherent deuteron (xB=0.36)

Extraction of proton Compton 
Form Factors as a function of xB

➢ Accurate DVCS cross-section measurements off proton and deuteron targets

➢ First measurements of DVCS off the neutron

➢ Local fit allows to constraint all 8 Compton Form Factors of the proton

Nature Physics 16, 191 (2020)

Phys. Rev. Lett. 128 (2022)

C. Muñoz Camacho (IJCLab, CNRS/IN2P3) Nucleon 3D imaging 25/10/2022 19 / 26



JLab @ 12 GeV Hall B

Time-like Compton Scattering (TCS) in Hall B

Time-reversal process of DVCS

As clean theoretically,
but more challenging experimentally

Test of universality of GPD description

Particularly sensitive to real part of the
Compton amplitude
(D-term, pressure distribution. . . )
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JLab @ 12 GeV Hall C

E12-13-010: DVCS in Hall C

HMS (p < 7.3GeV ): scattered electron

PbWO4 calorimeter: γ/π0 detection

Sweeping magnet
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JLab @ 12 GeV Hall C

E12-13-010: beam energy separation in Hall C

Resonance region 
W < 2 GeV 

Inaccessible 
with Eb<11 GeV 

Experiment running in 2023− 2024
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EIC

How about the gluons ?

3D structure of the nucleon is nontrivial 
 Far more than the simple valence quark structure 
 How proton properties arise from the elementary 

constituents?
How do gluons confine themselves into hadrons?

Gluon dynamics plays a large role in proton spin 
 Spin=intrinsic (parton spin) + motion (orbital angular momentum) 

Dynamical balance between gluon radiation and recombination 
Saturation of gluons? 
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EIC

The Electron-Ion Collider at Brookhaven National Lab

➢ Highly polarized electron / Highly polarized proton and light ions /Unpolarized heavy ions

➢ CME:  20−140 GeV

➢ Luminosity:  1033-34 cm-2s-1

❑ Polarized electron source and 400 MeV injector linac

❑ Polarized proton beams and ion beams based on existing RHIC facility 

❑ 2 detector interaction points capability in the design 

➢ Dec 2021: Detector design 

➢ Jan 2024: R&D completed (CD-2)

➢ Apr 2025: TDR completed (CD-3),    
start of construction

➢ 2030: Detector commissioning

➢ 2031: Pre-ops

➢ 2034: Start of physics program (CD-4)

EIC detector timeline
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EIC

3D imaging of gluons at EIC
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Conclusion

Exciting physics at the frontier of QCD:

3-D imaging of quarks inside protons and neutrons at JLab

DVCS golden channel to access GPDs experimentally, but also
accessible in:

Time-like Compton Scattering

Deep meson production, double DVCS. . .

Large and accurate set of data (cross-sections and asymmetries) is now
available in the valence region

Dominance of leading twist, but. . .

Necessity of higher twist corrections to explain high precision data

Compeling GPD program in the future at Jefferson Lab 12 GeV
in all 3 electron Hall A, B & C.

Gluon content of matter to be studied at the future EIC
C. Muñoz Camacho (IJCLab, CNRS/IN2P3) Nucleon 3D imaging 25/10/2022 26 / 26


	Introduction
	

	GPDs & DVCS
	DVCS @ JLab
	Recent results

	JLab @ 12 GeV
	Hall A
	Hall B
	Hall C

	EIC
	

