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Hall-A: SBS & BB Hall-B: CLAS12

Hall-C: HMS & SHMS Hall-D: GlueX

Experimental Setups
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JLAB Physics program

Femtography-2024, ECT* August 5-9

• Cold nuclear matter, 
NN correlations, 
hadronization, color 
transparency… 

• Nucleon and nuclear structure 
studies, spatial and momentum 
tomography, form-factors …

Hall-B has a significant presence 
in all areas of JLAB physics.

• Low-energy test of the Standard 
Model and fundamental 
symmetries, and search for Dark 
Matter particles.

• Exploring origin of 
confinement – meson 
and baryon spectroscopy, 
exotics … 
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Electron scattering for Nucleon Tomography

Elastic Form 
Factors

DIS Parton 
Distribution 
Functions

Over the past two decades, advances in theory – the development of the 
formalism of Generalized Parton Distributions (GPDs) and Transverse 
Momentum Distributions (TMDs) – have laid the path towards 3-D imaging of 
the nucleon’s partonic structure and determination of nucleons’ fundamental 
properties using deep exclusive and semi-inclusive reactions.  

Femtography-2024, ECT* August 5-9

No information about 
the underlying 
dynamics of the system

No information on 
the spatial location 
of the constituents

Elastic and deep inelastic scatterings give us two orthogonal projections.
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GPD framework
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At leading-twist, there are four chiral-
even (parton helicity-conserving) GPDs:
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• GPDs, accessible in hard exclusive reactions (i.e., DVCS, TCS, DVMP), 
describe the internal dynamics of nucleon structure, forces inside, and its spin.

• They exhibit interesting properties, such as polynomiality, and are subject to 
several constraints:

§ in the forward limit (𝜉 → 0, 𝑡 → 0) 𝐻	and	 +𝐻 GPD 
reduce to quark, anti-quark, and gluon PDFs

§ and the first moments of quark GPDs are 
related to the Dirac, Pauli, axial, and 
pseudoscalar form factors
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GPDs and the form factors of the QCD EMT

Femtography-2024, ECT* August 5-9

The FF 𝐷!(𝑡), or D-term (M. Polyakov, C. Weiss, Phys. Rev. D 60, 114017), 
characterizes the distribution of the shear forces, 𝑠(𝑟), and the pressure, 𝑝(𝑟), 
inside the nucleon:

Ji, Phys. Rev. Lett 77 / Phys. Rev. D 55, 1997.
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The Mellin moments of GPDs linked to the FF of the QCD energy-momentum 
tensor (EMT) of the nucleon, and to the nucleon spin:

V.Burkert et al., Reviews of Modern Physics, volume 95, 2023.
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n The experimental observables, for example, asymmetries and cross sections 
in DVCS/TCS, are parametrized by complex-valued CFF. 

𝒯$%&'/)&'~ℱ 𝜉, 𝑡

n The CFFs are expressed as convolutions of complex-valued hard-scattering 
coefficient functions with the real-valued GPDs.
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n Therefore, extracting information on GPDs from experimental observables is 
not straightforward and is a two-step process: from observables to CFFs, 
then to GPDs.

n And, of course, we have to disentangle different flavor (𝒂, gluon and quark) 
contributions.  

Femtography-2024, ECT* August 5-9

From experimental observables to GPDs 



10

Femtography-2024, ECT* August 5-9

CLAS12 GPD program
• The subject of nuclear femtography is a central focus of the CLAS12 science 

program.
• Experiments, already underway, include the study of deeply virtual exclusive 

reactions using a variety of unpolarized and polarized targets and up to 11 
GeV longitudinally polarized electron beams. 

• These studies build on the successful GPD program at 6 GeV with CLAS on 
DVCS and DVMP and will provide many data points on cross sections and 
beam, target (L/T), and double spin asymmetries. 

• The whole program is encapsulated in several Hall-B run groups and has 
more than 400 PAC-approved days of beam running.   
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Time-like Compton Scattering 
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TCS Bethe-Heitler (BH)

+

CLAS12 measures the reaction: 
𝑒𝑝 → 𝑙*𝑙"𝑝+(𝑋) 

where the scattered electron escapes the 
detection and is identified in the missing 
momentum analysis, 𝑋 ≡ 𝑒!.
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First experimental results on TCS 
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P. Chatagnon, et al., CLAS Collaboration, Phys. Rev. Lett. 127, 262501 (2021). 
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2𝐸𝛾 = 7.29	𝐺𝑒𝑉;	 <𝑀𝑙𝑙 = 1.8	𝐺𝑒𝑉 2𝐸𝛾 = 7.23	𝐺𝑒𝑉;	 <𝑀𝑙𝑙 = 1.81	𝐺𝑒𝑉 2𝐸𝛾 = 8.13	𝐺𝑒𝑉;	 <𝑀𝑙𝑙 = 2.25	𝐺𝑒𝑉

Published data 50𝑓𝑏@A

• The currently available data for analysis is about 155𝑓𝑏"#	.
• The expected full data set will be 760𝑓𝑏"# (grey predictions on the plots).

Two observables:
• Photon helicity asymmetry, accessing the imaginary part of the CFF (similar to BSA in 

DVCS) – testing the universality of GPDs: 

• Forward-backward asymmetry, accessing the real part of the CFF – extracting the D-
term (QCD EMT FF 𝐷$(𝑡)): 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.262501
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Proton DVCS: BSA
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G. Christiaens, et al., CLAS Collaboration, Phys. Rev. Lett. 130, 211902 (2023). 

• The kinematic region overlaps with previously 
published CLAS data.

• KM15 parameters and AAN training use the 
available world dataset on DVCS. 

+
𝜎 𝑒𝑝 → 𝑒!𝑝!𝛾 = 𝜎"# + 𝜎$%&' + 𝜎()*

• Large phase space, total of 64 bins in Q2, xB, and t;
• Exclusivity is ensured by application of cuts on 𝜗++, 𝐸,-.., 𝑃,-..* , and 𝑀/!+0

1 .

• Kinematic bins that are reachable only with a ∼10 GeV 
electron beam.

• Comparisons with KM15, VGG, and GK models.
• A reasonable description of data in the unexplored region of 

phase space by VGG and GK. 
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Neutron DVCS
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Exclusivity cuts include 𝜗BB, 𝑃C, 𝑀D!EC
F , and 𝑀D!EBC

F .

• The first measurement of BSA for nDVCS in a fully exclusive reaction.
𝑒𝑑 → 𝑒!𝑛𝛾(𝑝)

<latexit sha1_base64="K981RuGiS/c7HIk++dD7dJgV0CU="></latexit>
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About 80k 𝑒!𝛾𝑛(𝑝) events were identified in a wide 
kinematic phase space.

A. Hobart et al., CALS collaboration, arxiv:2406.15539 (submitted to PRL).

• An important reaction for the flavor separation of GPDs.
• BSA is most sensitive to the CFF ℰ and provides access 

to the GPD E, one of the ingredients in Ji’s spin sum rule. 𝐴,- =
1
𝑃
𝑁* − 𝑁"

𝑁* + 𝑁"

https://arxiv.org/pdf/2406.15539
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Neutron DVCS: BSA
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J. = 0.35, J/ = 0.05, 
J. = −0.2, J/ = 0.15
J. = −0.45, J/ = 0.2

Fits to the 𝑄1, 𝑥2, and 𝑡 dependencies of 
𝐴34(905) with the VGG model. The best 
fits yielded:  

The flavor separation of both 𝐼𝑚ℋ	and	𝐼𝑚ℰ in global 
fits of CFF using neural networks (K. Kumericki et al.)

Credit to S.Niccolai
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DVMP and transversity GPDs
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Published data: The black curves show the 
theoretical prediction from the GPD-based 
Goloskokov-Kroll model. The other curves are:

A. Kim et al., CLAS collaboration, Phys. Lett. B 849 (2024) 138459.

• Deeply virtual exclusive production of 𝜋6 has an 
increased sensitivity to chiral-odd GPD, =𝐸7 = 2+𝐻7 + 𝐸7.

• The black dashed lines show 
the effect of the GPD 8𝐸𝑇 
multiplied by a factor of 0.5,

• the black dotted lines show 
the effect of the GPD 
𝐻*multiplied by a factor 0.5.

• The red curve shows the 
theoretical predictions from 
the Regge-based JML model.

• The sin𝜙 moment of BSA 
projects out ⁄𝜎37" 𝜎6:
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DVCS with longitudinally polarized targets

Femtography-2024, ECT* August 5-9

• The longitudinal target-spin asymmetry (𝐴43) gives access to the imaginary part of a 
combination of the CFF ℋ	and	 +ℋ. Double spin asymmetry (𝐴33) allows access to the 
real part of Compton amplitude.

• The experiment, CLAS12 RGC, collected 70% of the expected data. Part of the data is 
analyzed with preliminary results on 𝐴43 and 𝐴33 in a new kinematic domain.

• Asymmetries for proton (NH3) and neutron (ND3) targets has been measured and will 
be studied in a wide range of kinematics.

Credit to S.Niccolai
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Nuclear DVCS: ALERT program
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• Building on the successful program of studying coherent 
and incoherent DVCS using 4He gaseous target with 
CLAS (EG6), ALERT will expand measurements to larger 
kinematical phase space and to tagged final states. 

• Other physics targets include near-threshold J/y 
production, aiming to study the gluing structure of light 
nuclei.

• The experiment is scheduled to run next year.

M. Hattawy et al., Phys. Rev. Lett. 119, 202004 (2017) M. Hattawy et al., Phys. Rev. Lett. 123, 032502 (2019)

𝑒4𝐻𝑒 → 𝑒+4𝐻𝑒+𝛾
𝑒4𝐻𝑒 → 𝑒+𝑝+𝛾𝑋

6 GeV CLAS results

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.202004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.032502
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DVCS with transversely polarized target

• The experiment is conditionally approved 
for 110 days of beam time. 

• Since 2021, collaboration has adopted 
dynamically polarized NH3 technology 
for the target. 

• Complications with the background due 
to the 5T field of the target magnet.

• Combinations of harmonics of 𝜙	and	𝜙; of single target 
spin (UT) and double spin (LT) asymmetry give access to 
imaginary and real parts of CFFs. 

• High sensitivity to the CFF ℇ and allows access to the 
GPD−𝐸 of the proton. Together with neutron DVCS, this 
experiment will provide data for flavor separation of 
GPD−𝐸. 

𝐴,)
012 3!"3 ∝ sin𝜙ℜ𝑚(𝐶)45 )
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Credit to P.Chatagnon

Proton gluonic structure 
• Charmonium production near-threshold region offers 

unique access to the gluonic structure of the nucleon. 
• Model-dependent approaches have been proposed to 

relate the near-threshold photoproduction of heavy 
quarkonium to gluonic FF of QCD EMT and the origin of 
the proton mass. 

• CLAS12 has comparable statistics to GlueX and J/y-
007 and will soon release complementary results to 
those already published by JLAB experiments. 

(K.A. Mamo and I. Zahed, PRD (2022), Y. Guo, X. Ji, and Y. Liu, PRD 
(2021), D. E. Kharzeev, PRD (2021) 
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Closing the loop on virtual Compton scattering

DDVCS

Both space-like and 
time-like photons can 
set the hard scale 

JLAB Flagship program – 
accessing GPDs through 
measurements of 
beam/target asymmetries 
and the cross sections of 
Compton processes (TCS 
and DVCS)

Hard scale is defined 
by time-like photons TCS

Access to the Re-part of 
the Compton amplitude 

First experimental measurement with 
CLAS12 PRL 127, 262501 (2021)

DVCSHard scale is defined by 
space-like photon 

Started in 2001, PRL 87, 182002. 
Now is the flagship physics program

Jefferson Lab at the 
luminosity frontier is the 
only place in the world 
DDVCS can be measured! 
µCLAS12 in Hall B and 
SoLID in Hall A are the two 
proposed facilities capable 
of carrying out such 
measurements.

s-DDVCS is three orders of magnitude smaller than s-DVCS

Femtography-2024, ECT* August 5-9
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CFFs and GPDs in Virtual Compton Scattering

Spin asymmetries (Im, 𝒙 = 𝝃) 
HERMES, CLAS, Hall A, JLAB12, COMPASS 

DVCS Cross sections  (|Re|2) 
H1, Hall A, JLAB12, COMPASS 

Charge asymmetry in DVCS (|Re|) 
HERMES, COMPASS, JLAB12 

Femtography-2024, ECT* August 5-9

DDVCS (Im, 𝒙 ≠ 𝝃) – JLAB12 at 
L ≥ 1037 cm-2 sec-1

Angular asymmetry in TCS (|Re|) 
JLAB12 

𝑅𝑒 part of CFFs provides a direct measurement 
of the D-term and access to the mechanical 
properties of the proton
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Kinematical coverage at 11 GeV
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• GRAPE event generator, 
BH only.

• The whole region is 
measured simultaneously.

• At 11 GeV, the interesting 
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asymmetry can be 
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test for GPDs.

Simulations from R. Paremuzyan
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Summary
n The description of the partonic structure of hadronic matter is a major thrust 

of the JLAB 12 GeV. 

n A comprehensive program of studying GPDs using deeply virtual exclusive 
processes is underway in Hall B using the CLAS12 detector and up to 11 
GeV polarized electron beams. 

n The first results, using only a fraction of the available data, are out and 
include the first-time measurement of TCS, DVCS BSA on the proton and the 
neutron in new, uncharted kinematic regions, and BSA in deeply virtual p0 
production. 

n More results, including data from polarized targets, on the nuclear DVCS and 
near-threshold charmonium production will be available soon.

n These data are crucially important yet limited for inferring information on 
GPDs from experimental observables. 

n The collaboration is working on the luminosity upgrade to measure the 
Double DVCS process, which allows the mapping of GPDs in the 𝑥-space. 

Femtography-2024, ECT* August 5-9
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CLAS12 in Hall-B at JLAB

Physics targets:
• LH2, LD2, LHe, LAr, D, 4He
• 12C to 208Pb
• Polarized NH3, ND3

Designed luminosity 10"#cm$%sec$&

FT-tracker

FT-hodor

FT-cal
DC: R1, R2, R3

ECal

FTOF

HTCC

LTCC


