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GeneralizedParton Distributions - GPDs

ÅNucleonstructure studies: QCD at low energies, a non-perturbativeregime
ÅNeed structurefunctionsto describethe nucleon

GPDs quantify correlations of transverse position and longitudinal momentum of partons in a hadron

Å For the nucleon, there are 8 GPDs at leading-twist that describe the various

combinations between nucleon/quark helicity states

Å At leading order QCD, chiral-even (quark helicity is conserved), quark sector: 4

GPDs for each quark flavorὌȟὌȟὉÁÎÄὉ
Å GPDs can be accessed through exclusive leptoproduction reactions

Å GPDs depend on x, ɝand t = (pôīp) 2

Belitsky, Radyushkin, Physics Reports, 2005

Conserve nucleonôsspin Flip nucleonôsspin

Quark-helicity independent Quark-helicity dependent
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Properties of GPDs and Whytheyare important?

Å GPDs are well-constrained functions: Fourier transforms of non-local, non-diagonal QCD operators

Å They are universal: The same GPDs parametrize different processes: DVCS, DVMP, DDVCS, TCS (PRL 127, 262501, 2021 )

Nucleontomography Quark angularmomentum

M. Burkardt, PRD 62, 71503 (2000) X. Ji, Phy.Rev.Lett.78,610(1997)

Å The intrinsic spin of the quarks

can not explain the origin of the

spin of the nucleon (nucleon

Spin Crisis)

Å Intrinsic spin of the gluons

Å GPDs: quantify the contribution

of orbital angular momentum of

quarks to the nucleon spin

ρ

ς

ρ

ς
ɝɫ ɝὒ ɝὋNucleon spin:

R. Dupré, M. Guidal, M.Vanderhaeghen, PRD95, 011501 (2017) 
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Å Gravitational form factor

Å ὼ᷿Ὄὼȟ‚ȟὸὨὼ ὓ ὸ ‚Ὠ ὸ

ÅὨ ὸᶿ᷿ ”ὶὨὶ

V. Burkert, L. Elouadrhiri, F.X. Girod, Nature 557, 396-399 
(2018)

The pressure distribution insideproton
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ÅDVCS allows access to 4 complex GPDs-related 
quantities (only helicity-conserved terms are 
considered): 

ÅCompton Form Factors (Øȟ‚,t) (CFFs)

Åx cannot be accessed experimentally by DVCS: 
Models needed to map the x dependence 

DeeplyVirtual Compton Scatteringof leptons off nucleons

BH is purely electromagnetic and parametrised by FFs

Å The DVCS-BH interferenceterm (linear in CFFs)

Å Access the phase of the DVCS amplitude: isolate imaginary 
and real parts of CFFs.

ü Experimentallymeasuredobservables: Access to a combinations 
of CFFs

ü Separation of CFFs:measurement of several observables

ü Proton or Neutron: different sensitivity to the CFFs (GPDs)

ü Flavor separation of GPDs: need measurements on both nucleons
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DeeplyVirtual Compton Scattering: physicsobservables and their link to CFFs

Polarized beam, unpolarized taget

ɝ„ ͯÓÉÎ‰ᴑὊ╗ ‚Ὂ Ὂ ╗ ὯὊ╔ ȣ

Unpolarized beam, polarized target

ɝ„ ͯÓÉÎ‰ᴑὊ╗ ‚Ὂ Ὂ ╗
ὼ

ς
╔ ‚ὯὊ╔

polarized beam, longitudinal polarized target

ɝ„ ͯὃ ὄÃÏÓ‰ ᴘὊ╗ ‚Ὂ Ὂ ╗
ὼ

ς
╔ ȣ

unpolarized beam, transverse polarized target
ɝ„ ͯÃÏÓ‰ ÓÉÎ‰ ‰ᴑὯὊ╗ Ὂ╔ ȣ

g

f

Nô

eô

e

Different contributions from Ὂ and Ὂ for the different nucleons

e.g. (in experiment):

ɝ„
ρ

ὖέὰȢ

ὔ ὔ

ὔ ὔ

Computed as a function of the angle ‰
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Belitsky, Müller, Kirner, Nuc. Phys. B 629 (2002) 

Observable Proton Neutron 

ɝ„ ᴑ╗▬ȟὌȟὉ ᴑὌȟὌȟ╔▪

ɝ„ ᴑ╗▬ȟ╗▬ ᴑ╗▪ȟὉ

ɝ„ ᴘ╗▬ȟ╗▬ ᴘ╗▪ȟὉ

ɝ„ ᴑ╗▬ȟ╔▬ ᴑ╗▪
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The GPD E: a missingpiecein the puzzle

Observable Proton Neutron 

ɝ„ ᴑ╗▬ȟὌȟὉ ᴑὌȟὌȟ╔▪

ɝ„ ᴑ╗▬ȟ╗▬ ᴑ╗▪ȟὉ

ɝ„ ᴘ╗▬ȟ╗▬ ᴘ╗▪ȟὉ

ɝ„ ᴑ╗▬ȟ╔▬ ᴑ╗▪

Different contributions from Ὂ and Ὂ for the different nucleonsÅGPDE,oneof the leastconstrainedGPD

ÅDVCSwith an unpolarizeddeuterium target :

ÅScatteringoff neutron (nDVCS): GPDE

ÅThe unpolarizedcrosssection is sensitivemainly to the
realpart of CFFE

ÅBeamSpinAsymmetry(and the polarizedcross-section
difference)issensitiveto the imaginarypart of CFFE

ÅDeterminationof Jisumrule

ÅToget a clearunderstandingof the GPDE: the BSAfor nDVCS
is

ÅComplementaryto the TTSAfor pDVCSon transverse
target, aimingat E

ÅDependsstrongly on the kinematicsҦ wide coverage
needed

ÅSmallerthan for pDVCSҦ more beam time neededto
achievereasonablestatistics

Ju=.3, Jd=.1

Ju=.1, Jd=.1

Ju=.3, Jd=.3

Ju=.3, Jd=-.1

Model predictions(VGG) for differentvalues 

of quarksô angularmomentum
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The GPD E: previous experiments
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ÅHERMES measured DVCS off a transversely polarized proton target

ÅObservables sensitive to the GPD E: Transverse Target Spin Asymmetry 

A. Airapetian et al., JHEP 06 (2008) 066

Unpolarizedbeam, Transverse polarized target
ɝ„ ͯÃÏÓ‰ ÓÉÎ‰ ‰ᴑὯὊ╗ Ὂ╔ ȣ



The GPD E: previousexperiments

Å Previous pioneering measurement of nDVCS( JlabHall A @ 6 GeV)

Å Beam-energy« Rosenbluth» separationof nDVCSCS usingan LD2 targetand two differentbeamenergies

Å First observation of non-zeronDVCSCS
Å No neutron detection

Benali, M., Desnault, C., Mazouz, M. et al.Nat. Phys.16,191ς198 (2020)Q2=1.9 GeV2 and xB=0.36

+data from: Mazouz, M. et al. Phys. Rev. Lett. 99, 242501 (2007).
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The GPD E: previousexperiments
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ÅUse of Neural Networks (NN) to perform a model-independent 
CFF evaluations

Å Input are measurements of spin-dependent observables and cross 
section values

ÅProton and neutron data from Jlab(clas6 and Hall A)

ÅThe presence of CLAS6 neutron data allows a flavor separation

ÅUp and down contributions to CFF H separated 

ÅCFF E flavors are not separated, a significant sign ambiguity 
remains

M. ĻuiĺK. Kumericki et al. PhysRevLett.125.232005
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The CEBAF and CLAS at Jefferson Laboratory

CLAS12

TARGETA B C

D

Continuos Electron Beam Accelerator Facility

Å Up to 12 GeV electrons

Å Two anti-parallel linacs, with 

recirculating arcs on both ends

Å 4 experimental halls
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CLAS12: DVCS with an unpolarizeddeuteriumtarget

Å A 10.6/10.4/10.2 GeV electron beam

Å With an average polarizationof 86%

Å Scattering off an unpolarizedLiquid Deuterium targetof 5 cm length

Å The exclusivityof the event is insuredby:

Å Electron detection: Cerenkov detector, drift chambers and electromagnetic calorimeter

Å Photon detection: sampling calorimeter or a small PbWO4-calorimeter close to the beamline

Å Proton detection: Silicon and Micromegas detector OR Neutron detection: Central Neutron Detector

Å For Neutron Detection:

Å Machine Learning techniques are applied to improve the Identification and reduce charged particle contamination
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CLAS12: DVCS with an unpolarizeddeuteriumtarget

ÅThe nDVCS(pDVCS) final state isselectedwith the following

exclusivitycriteria: (N:nucleon)

ÅMissingmass

ÅŜ Ř  Ҧ Ŝ b ʴ  X 

ÅŜ b Ҧ Ŝ b ʴ X

ÅŜ b Ҧ Ŝ b ·

ÅMissingmomentum

ÅŜ Ř Ҧ Ŝ b ʴ X

ÅɲʊΣ ɲt, (̒ ,ɹX)

Å5ƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘǿƻ ǿŀȅǎ ƻŦ ŎŀƭŎǳƭŀǘƛƴƎ ʊ ŀƴŘ ǘ

ÅCone angle between measured and reconstructed 

photon

nDVCSsimulation

“ simulation

Sum of simulations

Data with “ contamination

“ backgroundcontaminationisestimatedusingsimulations
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0̄ background subtraction

Å Subtractionusingsimulations of the background channel

Å Monte Carlo simulations:

Å GPD-based event generator for DVCS/pi0 on deuterium

Å DVCS amplitude calculatedaccording to the BKM formalism

Å Fermi-motion distribution evaluated according to Paris 
potential

1. Estimatethe ratio of partiallyreconstructedeN 0̄(1 photon) decayto 
fully reconstructedeN 0̄ decaysin MC

2. This is done for each kinematic bin to minimize MC model dependence

3. Multiply this ratio by the numberof reconstructedeN 0̄ in data to get the 
numberof eN 0̄(1 photon) in data

4. Subtractthis numberfrom DVCS reconstructeddecaysin data per each
kinematicalbin

3ÉÍÕÌÁÔÉÏÎÓȡ2
.Åὔ“

ὔὩὔ“
Data: ὔὩὔ“ Ὑ ὔzὩὔ“

ὔὈὠὅὛὔὈὠὅὛ ὔὩὔ“

Å 0̄ background subtraction is also performed by statistical unfolding of 
contribution to the missing mass spectrum

M. Pivk and F.R. Le Diberder, NIMA 555 1 2005

The difference between the estimations of background from both methods is considered as a systematic

Signal from simulations Background from simulation

nDVCS data
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First-time measurement of nDVCSwith detection of the active neutron

Å Compared to the previousexperiment, CLAS12 provides:

Å The possibilityto scan the BSA of nDVCSon a widephase space

Å The possibilityto reachthe high ὗ high ὼ regionof the phase 
space

Å Exclusive measurementwith the detectionof the active neutron

Å Hall A @ JLAB: one measuredkinematicalpoint at 
Q2ҐмΦф DŜ±2 andxB=0.36

CLAS12: nDVCSwith an unpolarizeddeuteriumtarget

EINN 2025

77580 events 

after all cuts
-t bins

ὢbins

ὗbins
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CLAS12: nDVCSwith an unpolarizeddeuteriumtarget

ÅObservation of positive BSA for
nDVCS

ÅSystematicerrorsinclude:

ÅError due to beam
polarization

ÅErrordueto selectioncuts

ÅError due to residual proton
contamination

ÅError due to mergingof data
setswith different energies

ÅStatistics is expected to double
with remaining schedualedbeam
time and improvements with
reconstructionsoftware
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Ju = 0.35   Jd = 0.05 

Ju= ī0.2   Jd = 0.15 

Ju= ī0.45 Jd = 0.2 

VGG model predictions 

giving the smallest …

M. Vanderhaeghen, P.A.M. Guichon, and M. Guidal, PRD 60, 094017 (1999) 

ὃ ᴑὊ╗ ‚Ὂ Ὂ ╗ ὯὊ╔ ȣ
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Impact of nDVCSBSA data from CLAS12
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ÅModel-dependantextraction of Ju and Jd

ÅUse VGG model (PRD 60, 094017 (1999)) and generate a 
set of values for Ju and Jd

ÅLook for the 1 standard deviation error ellipse: defined as 
… … ρ

ÅCompatible with limits set before by pioneering Hall A 
measurement

ÅCompatible with Lattice QCD predictions

ÅShortcomings: 
Ånone of the considered sets of Ju and Jd reproduce 

correctly the distributions

ÅVGG has problems in reproducing proton data

ÅClosest-to-truth model-dependent representation of 
data.

CLAS12 nDVCS
(model dependent)
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CFF extraction and flavor separation!
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ÅGlobal fits of CFF using neural networks 
(model-independent)
ÅK. Kumerickiet al., JHEP 07, 073531 (2011); 

M. Cuic, K. Kumericki, et al., Phys. Rev. Lett. 
533 125, 232005 (2020)).

ÅData used: 
ÅCLAS6 and HERMES pDVCSobservables

ÅCLAS12 pDVCSBSA and nDVCSBSA

ÅSame extraction method applied to nDVCS
Hall-A data, only separation for ImH

Clear quark-flavor separation of

both ImH and ImE thanks to

CLAS12 nDVCS data
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CFF extraction and flavor separation!
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ÅGlobal fits of CFF using neural networks 
(model-independent)
ÅK. Kumerickiet al., JHEP 07, 073531 (2011); 

M. Cuic, K. Kumericki, et al., Phys. Rev. Lett. 
533 125, 232005 (2020)).

ÅData used: 
ÅCLAS6 and HERMES pDVCSobservables

ÅCLAS12 pDVCSBSA and nDVCSBSA

ÅSame extraction method applied to nDVCS
Hall-A data, only separation for ImH

Clear quark-flavor separation of

both ImH and ImE thanks to

CLAS12 nDVCS data

Results extrapolated to t=0 GeV2
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Unpolarized nDVCScross section
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„
ὔ ᴼ

ὒẗ‐ ẗὠ

ÅLinked mainly to 
the real CFF of Ὁ

ÅOnly the 
statistical 
uncertainty is 
presented

ÅThe measured 
results are at the 
same level with 
the BH 
calculations

Credits: Li Xu



Polarized cross-section difference
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ɝ„
ὔ ὔ

ὒ ẗὖẗ‐ ẗὠ

ÅLinked to the imaginary 
CFF of Ὁ

ÅOnly the statistical 
uncertainty is 
presented

ÅnDVCSpredictions:    
VGG model with 
particular parameters 
ὐ πȢσand ὐ πȢρ

ÅThe measured results 
are consistent with the 
predictions given the 
large statistical 
uncertainties 

Credits: Li Xu



Coming on CLAS12: Transversely polarized target

EINN 2025

ÅNH3: Viable solution to prioritize physics (2-3 yr)

ÅConsolidated dynamically polarized technology

ÅDesigned based on already successful 
realizations 

ÅHall-A G2p-Gep target (replica optimized 
for HTCC ) 

ÅHall-C E12-15-005 magnet (replica 
optimized for recoil detection)

21M. A. HOBALLAH

Proposal: C12-24-RGH

Standard CLAS12Modified CLAS12



Coming on CLAS12: Transversely polarized target
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Å Unpolarized beam, transverse polarized target

Åɝ„ ͯÃÏÓ‰ ÓÉÎ‰ ‰ᴑὯὊ╗ Ὂ╔ ȣ

ÅHigh impact expected on the extraction of the GPD E
Å 1 year to get unprecedented access to elusive quark angular momenta

Å Supersede the only other AUT measurement from HERMES collaboration

ÅSuperior discrimination power between various OAM model hypotheses

ÅReduce by 2/3 the uncertainty on imaginary part of CFF E
Ju =   0.5   Jd =  0.1 

Ju= ī0.5   Jd = -0.1 

Ju =   0.2   Jd =  0.0

Black points: HERMES collaboration et al JHEP06(2008)066 
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More on GPD E: AFTER@LHC
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ÅConservation of total angular momentum: off-diagonal TMDs vanish in absence of orbital angular momentum

ɝʇҐόɤ ҍɤύҍόʇ ҍʇύ 0

ÅSome of these off-diagonal TMDs appear to be experimentally sizeable 

ÅThe quark SiversTMD Ὢ όȄΣƪύand the quark GPD Ὁ ὼȟ‚ȟὸcould be related by a chromodynamic lensing 
mechanism

ÅThe Siversfunction could then be used to constrain the GPD Ὁand hence the kinetic OAM via the Ji sum rule.

ÅPerformed previously by Bacchetta and Radici in Phys. Rev. Lett. 107, 212001 using proton data from 
HERMES, neutron and deuteron data from Jlab hall A and COMPAS

Physics Reports 911 (2021)

ɤḊinitial target light-front helicity

ɤᴂȡfinal target light-front helicity

‗Ḋinitial parton light-front helicity

‗ȡfinal parton light-front helicity

Hermes      Phys. Rev. Lett. 94 (2005) 012002

COMPASS Phys. Rev. Lett. 94 (2005) 202002

PHENIX      Phys. Rev. D 82 (2010) 112008

M. Burkardt Phys. Rev. D 66 (2002) 114005 and Nuclear Phys. A 735 (2004)

Lensing function Proton transverse spin
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More on DVCS at CLAS12
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ÅThe second half of Run Group B will run providing extra statistics.

ÅThe combination of all neutron and proton DVCS data will allow quark-flavor separation of all CFFs in the valence region

Å¢ƘŜ WƛΩǎ ǎǳƳ ǊǳƭŜ ƛǎ ǘƘŜ ǳƭǘƛƳŀǘŜΣ ŀƳōƛǘƛƻǳǎ Ǝƻŀƭ ƻŦ ǘƘƛǎ ǇǊƻƎǊŀƳ
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Conclusions
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ÅThe beam -spin asymmetry for nDVCSis a precious tool 
to constrain the GPD E and for quark -flavor separation 
of GPDs 

ÅCLAS12 measured the BSA for nDVCSwith detected 
neutron for the first time

ÅThe first ~43% of the experiment ran in 2019 -2020 at 
Jlab

ÅA small but clear BSA was extracted 

ÅComparison with a model allows to put model-
dependent constraints on Jd

ÅThe data, together with the proton DVCS data, allow the 
quark -flavor separation of ImHand ImE
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Backups
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Longitudinal 
momentumTransverse 

momentum

Impact 
parameter

Multi-dimensionalmapping of nucleonstructure

EINN 2025

For a multi-dimensionalmappingof
the nucleon all these distributions
needto bemeasured
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ÅGPDsarepowerful tool to explorethe structureof the nucleonsandnuclei
ÅNucleontomography,quarkangularmomentum,distributionof forcesin the nucleon

ÅExclusivereactionscanprovideimportant informationon nucleonstructure
ÅDVCSvia the extractionof GPDs

ÅCLAS12 offers a wide kinematical reach over which the GPDsdependenceon different
kinematicalvariablescanbescanned
ÅDatato addconstraintson GPDsin unexploredregionsof the phasespace

ÅPossibilitiesto measurenew observablesusingdifferent experimentalconfigurations

ÅFlavorseparationof GPDs

ÅPromisingresultsfrom incoherentDVCSon deuteron(n andp channels)from CLAS12data
ÅFirstBSAmeasurementfrom neutron-DVCSwith taggedneutron

ÅFirstmeasurementof BSAfor proton-DVCSwith deuteriumtarget

ÅTobecomparedto free-proton DVCSBSAmeasuredby CLAS12

Summary 

G. Christiaens, M. Defurne, D. Sokhan V.Ziegler et al., Phys. Rev. Lett. 130 (21) 211902 (2023)
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Improving the neutron selection with ML techniques

Å The tracking of the CVT is neither 100% efficient nor uniform

Å In the dead regions of the CVT protonshave no associated track and thus can be misidentified as neutrons

Å Protons roughly account for more than >пл҈ ŎƻƴǘŀƳƛƴŀǘƛƻƴ ƛƴ ǘƘŜ άnDVCSέ signal sample Current approach, based on Machine Learning 
& Multi-Variate Algorithms:

ÅWe reconstruct nDVCSfrom DVCS experiment on proton requiring neutron PID : selected neutron are misidentified protons

ÅWe use this sample to determine the characteristics of fake neutrons in low- and high-level reconstructed variables

Å Based on those characteristics we subtract the fake neutrons contamination from nDVCS

Å As a « signal » sample in the training of the ML we use ὩὴO Ὡὲ“ events from DVCS experiment on proton 

nDVCSfrom DVCS on proton
n+pDVCSsimulations g

f

Nô

eô

e
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Improving the neutron selection with ML techniques

ÅUsing detector variables (CTOF and CND) and one 
exclusivity variable (ɝɮ)

ÅDirectly trained on data

ÅBetter optimization of signal to background ratio than 
straight cuts

ÅFew percent irreducible contamination corrected for in 
the final BSA

nDVCSdata 

True neutrons

Fake neutrons

31% contamination 4.5% contamination

Before cut on BDT response after cut on BDT response

ɝɮ ɝɮ
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First-time measurementof incoherentpDVCSon deuteron

CLAS12: pDVCSwith an unpolarizeddeuteriumtarget

Å Complementaryto previousexperimenton proton target:

Å Quantifymedium effectson GPDs

Preliminary Preliminary Preliminary
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