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The nucleons (proton and neutron) are the most important building block of our universe.
They are complex system of strongly interacting quarks and gluons.
They make up nearly 90% of the (normal) matter in the universe. 
9ƭŜƳŜƴǘŀǊȅ ǉǳŀǊƪǎ ŎƻƴǘǊƛōǳǘŜ ƻƴƭȅ ŦŜǿ ǇŜǊŎŜƴǘ ǘƻ ǘƘŜ ǇǊƻǘƻƴΩǎ ƳŀǎǎΦ 
Test the fundamental theory: Quantum ChromoDynamics(QCD)

What is the origin of its mass? 
What is the origin of confinement ?
Where does the spin of the nucleon come from?
How are the forces distributed in space to make the proton a stable particle?

The proton is a fascinating objet
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Proton picture:  from 1D
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accessible 
in SIDIS andDrell-Yan

accessible in exclusive reactions
DVCS: DeeplyVirtual Compton Scattering
HEMP: Hard Exclusive MesonProduction 

Quantum 
tomography
of the nucleon

Ji, PRL91 (2003)
Belitsky, Ji, Yuan, PRD69 (2004)
Lorcéet al, JHEP1105 (2011)
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goingto the mostcomplete
description of the nucleon
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mappingin the transverse plane
Impact parameterdistribution
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GPDsand Energy-Momentum Tensorand Confinement

2Jq =  limñx (Hq (x,x, t) +Eq (x,x, t) ) dx
t­0

Relation to OAM

Hq(x,x, t) ² q(x) or f1(x)

Eq(x,x, t)±² f1T (x,kT) -
Sivers: quark kT & nucleontransv. spin

ΨΩ9ƭǳǎƛǾŜΩΩ 

t­ 0
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q q

E 
L=1
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Ji sum rule: PRL78 (1997)

cited 1664 times
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GPDsand Energy-Momentum Tensorand Confinement

GPDs can provide an experimental answer 
by exploiting their equivalence 
to the gravitational form factors 
of the nucleon energy-momentum-tensor 
(fundamental nucleon properties)

2Jq =  limñx (Hq (x,x, t) +Eq (x,x, t) ) dx
t­0

Relation to OAM
Pressure 
Distribution

M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)

t

p p

q q

E 
L=1

H

In cQSM

mass & energy
distribution

Angular momentum 
distribution

Force & Pressure
distribution

2000       2005         2010       2015

Ji sum rule: PRL78 (1997)

cited 1664 times
repulsive

confining
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The GPDsdependon the followingvariables:

D. Mueller et al, Fortsch. Phys. 42 (1994) 
X.D. Ji, PRL 78 (1997), PRD 55 (1997) 

A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997) 

DVCS:ǎp­ǎΩ ǇΩ g
the golden channel
becauseit interfereswith
the Bethe-Heitler process

alsomesonproduction
ǎp­ǎΩ ǇΩ p, r,worfor J/y... 

Q²large, xB
ǎ

gg*

ǎô

small

GPDs
GeneralizedParton 

Distributions

hard

soft

Deeplyvirtual Compton scattering(DVCS) 
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The variables measuredin the experiment:

Eǎ, Q
2, xB~2x/(1+x),

t (or qg*g)  and f(ǎǎô plane/gg* plane)



ReH xȟὸ Ὠὼ
ImH ὼȟὸ

ὼ
Ὀὸ

Deeplyvirtual Compton scattering(DVCS) 

q(x)

ERBL

DGLAP

FromGoeke, Polyakov, Vanderhaeghen, PNPP47 (2001)

Real part        Imaginarypart
The amplitude DVCS at LT & LO in aS  (GPDH) :

ὸ, xfixed

Q²large, xB
ǎ

gg*

ǎô

small

GPDs
GeneralizedParton 

Distributions

hard

soft

In an experimentwe measure

Compton FormFactor H

H ᷿ Ὠὼ
ȟȟ

P᷿ Ὠὼ
ȟȟ

Ὥ“(ὼ xȟὼȟὸ

M. Polyakov, C. Weiss, Phys.Rev. D60 (1999) 114017
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The pastand future DVCS experiments

Gluons                Sea quarks            Valence quarks

Start 
2001

After
2016

After 2028?

9



The pastand presentexperiments

HERA: H1and ZEUS
Polarised27 GeVe-/e+ 
Unpolarized920 GeVproton 
~Full eventreconstruction

Collidermode e-p forward fast proton

HERMES:Polarised27GeVe-/e+
Long, Trans polarisedp, d target
Missingmass technique
2006-07 with recoildetector

Jlab: Hall A, C, CLAS High LuminosityPolar. 6 & 12 GeVe-
Long, (Trans) polarisedp, d target
Missingmass technique (A,C) and completedetection(CLAS)

COMPASS @ CERN:Polarised160 GeVm+/m-
p target, (Trans) polarisedtarget
with recoildetection

CLAS

Hall A, C

spectrometers

Large acceptance
detector

Fixedtarget mode slow recoil proton

recoilproton
detector
CAMERA 

Rejection of background: SIDIS, exclusive 0̄/DVCS, dissociation of the proton 10



DeeplyVirtual Compton Scattering

Well known

ɔɔ* Q2

p ǇΩ
GPDs

x +ɝ x - ɝ
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ɔ

GPDs

ɔ*

x +ɝ x - ɝ

ǇΩ
Twist-3

p

ɔ

GPDs

ɔ*

x +ɝ x - ɝ

ǇΩ
LO,Twist-2

Twist-2, NLO
double helicity flip

lepton(Pǎ, eǎ) andf

s1
I = Im F F  = F1H + ɝ(F1+F2)H + t/4m2 F2 E

~ChangingPǎČ c1
I = ReFChangingeǎ PǎČ

ds= |TBH| 2 +             | TDVCS| 2 + InterferenceTerm



2001: First DVCS BeamSpin Asymmetriesat Hermesand Jlab

Validatethe dominance of the handagcontribution

Fit and VGGmodel: Vanderhaeghen, Guichon, GuidalΣΧ 
PRL80(1998), PRD60(1999), PPNP47(2001), PRD72(2005)

A
L
U

PRL87 (2001) 182001
PRL87 (2001) 182002

e+ 27GeV e-4 GeV
D

D

x=0.11
Q2=2.6
t=-0.27

x=0.19
Q2=1.25
t=-0.19

Jlab/Clas

´ s1
I = Im F
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Re( F1H + ɝ(F1+F2)H + kF2E )

k = t/4M 2

AC
Charge

ALU

Long Pol Beam

Im ( F1H + ɝ(F1+F2)H + kF2E )

AUT

ALT

AUL

ALL
Re( F1H+ɝ(F1+F2)(H +ɝ/ (1+ɝ)E ))

Im ( F1H+ɝ(F1+F2)(H +ɝ/ (1+ɝ)E ))

~

~

~

~

Re( k(F2H + F1E ))

Im ( k(F2H + F1E ))

H

E

H

HERMES 27 GeVprovided
a completeset of observables

2001: 1st DVCS publication as CLAS & H1
2007: end of data taking
2012: still important publications 

JHEP 07 (2012) 032 ACALU

JHEP10(2012) 042 ALU 

with recoildetection(2006-7)
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2001-2012: A completeset of DVCS asymmetriesat Hermes
on the proton

Note:  the neutron allows
V flavordecomposition

V accessto E
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6 GeV

e p Ą e gp E00-110 pioneerexperimentin 2004 with magneticspectrometer

2004-2016: BeamSpinSumand Diff of DVCS  - HallA

xB=0.36 Q2= 1.5, 1.9, 2.3 GeV2 

xB=0.34, xB=0.39    Q2= 2.1 GeV2

xB=0.36, Q2= 2.3 GeV2,, -t= 0.32 GeV2

Unpolarizedcross section

HelicityDependentcross section

ĄFurtherDVCS/Interferenceseparation with
different beamenergies(with 2010 data)

First analysis: Munoz et al. PRL97, 262002 (2006)
Final analysis: Defurneet al., PRC92, 055202 (2015)



2010-2017: BeamSpinSumand Diff of DVCS  - HallA
E07-007 Hall-A experimentin 2010 with magneticspectrometer

Defurneet al., Nature Communications 8 (2017) 1408

xB=0.36, Q2= 1.75 GeV2,, -t= 0.30 GeV2

Ebeam=5.55 GeV

2 solutions: higher-twist OR next-to-leadingorder

Unpolarizedcross section

HelicityDependentcross section
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2005-2015: BeamSpinSumand Diff of DVCS  - CLAS 
21 binsin (xB, Q

2)  or 110 bins(xB, Q
2 t) 3 monthsdata takenin 2005 

Girod etal. PRL100(2008) 162002,   Jo et al. PRL115, 212003 (2015)

models:

VGGVanderhaeghen, 

Guichon, Guidal
PRL80(1998),PRD60(1999), 
PPNP47(2001), PRD72(2005)

1rst model of GPDs
improvedregularly

KMS12Kroll, Moutarde, 

Sabatié, EPJC73 (2013)

usingthe GKmodel
Goloskokov, Kroll, 
EPJC42,50,53,59,65,74 

for GPD adjustedon
the hard exclusive 
mesonproduction at 
smallxB

ΨΩuniversalityΩΩ of GPDs

---BH only

e p Ą e gp 

Unpolarizedcross section

HelicityDependentcross section

KM10a --- (KM10 ΧΧΦΦύ  Kumericki, Mueller, NPB (2010) 841

Flexible parametrizationof the GPDsbasedon both a Mellin-Barnes representation
and dispersion integral whichentangleskewnessand t dependences

Global fit  on the world data rangingfrom H1, ZEUS to HERMES, JLab 16



Č nucleontomographyin the valence domain

~ ~ ~ ~ 

Fit ImH = A e-B|t |

Jo et al. PRL115, 212003 (2015)

VGGmodel

Valence quarks at centre
Seaquarks spread out towardsthe periphery

Bgivesinformation on the

transverse extension of the partons

B becomessmallerat higherxBj

Fit of 8 CFFsat  L.O and L.T.
(ImH, ReH, ImE, ReE, ImH, ReH, ImE, ReE)

Guidal, 
Moutarde, 

Vanderhaeghen,  
PNPP 76 (2013)

xBj=0.32xBj=0.13



2009-2015: Single Spinand Double Spin- CLAS 

ALU (UL) = ALL =
e p  Ą e gp 

2009: LongitudinallypolarizedNH3 target

Seder et al. PRL114, 032001 (2015)

Pisano et al. PRD91, 052014 (2015)

Vanderhaeghen, Guichon, Guidal
Kumericki, Mueller, Murray
Goloskokov, Kroll
Goldstein, Gozalez, Luiti
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Č nucleontomographyin the valence domain
Fit of 8 CFFsat  L.O and L.T.
(ImH, ReH, ImE, ReE, ImH, ReH, ImE, ReE)~ ~ ~ ~ 

Axial charge ismore concentrated
than electromagneticcharge

Seder et al. PRL114, 032001 (2015)

Pisano et al. PRD91, 052014 (2015)

Č electromagneticcharge distribution

Č axial charge distribution
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Fit of 8 CFFsat  L.O and L.T.

s1
I = Im F1H 

Fit A e-B|t |

x

Dupré, Guidal, Nicolai, Vanderhaeghen,
PRD95, 011501(R)(2017)

Eur.Phys.J. A53 (2017)

HERMES
+ 8 data 
from JLab

ÄCLAS sand Ds
pHallAsand Ds
¸CLAS AULand ALL

Ċ VGGmodel

< b̂ 2 >  º4 B

x = x~xBj/2 and x®0

is the best constrained

Č nucleontomographyin the valence domain



DVCS at higherbeamenergy
dsa|TBH| 2 + InterferenceTerm+ |TDVCS| 2

Eǎ=160 GeV

Onlyfor H1, ZEUS, COMPASS

DVCS dominates- Studyof dsDVCS/dtBH dominates
Reference yield

DVCS ampl. via interference

Jlab, HERMES, 
H1, COMPASS

ʊ(rad)                                                          ˒ ˒COMPASS 4 weeks2012 pilot run



W=82 GeV

= 0.65 °0.02 fm><^

2r< r̂ 2 (xB) >  º2 .ΩόxB)

<Q2> = 10 GeV2

DVCS

dsDVCS/dt= e-.Ωμt|

Â

Aaron et al., H1 Coll, PLB659 (2008)

.Ω isrelatedto the transversedsize of the scatteringobject

B= 5.45 °0.19 °0.34 GeV2

<xB> = 6.2 10-3     2. 10-3       1. 10-3Ψ
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ψ

Č nucleontomographyin the gluon domainat HERA

Dominance ofImH

p
F

dt
d

1
4 =     0.67 °0.01 fm

t=0
to be comparedto 

ZEUS-H1
Data collected
1995-2007



dsDVCS/dt= e-.Ωμt| =

COMPASS
4 weeks in 2012

10 times more stat in 2016-17

Ψ

Ψ
 
 

COMPASS, hep-ex/1802.02739, subm. to PLB
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Č nucleontomographyin the seaquark domainat COMPASS



dsDVCS/dt= e-.Ωμt| =

COMPASS
4 weeks in 2012

10 times more stat in 2016-17

Ψ

Ψ
 
 

<r̂ 2 (xB)  >ºн.Ω(xB)

At COMPASS:
<xBj>=0.056; <Q2>=1.8 GeV2; 
t varies from 0.08 to 0.64 GeV2

At smallxBj and smallt:
: 

Dominance ofImH

(with respect of ReH and other CFF )

COMPASS, hep-ex/1802.02739, subm. to PLB

Č nucleontomographyin the seaquark domainat COMPASS

c0
DVCS _c0
DVCS



dsDVCS/dt= e-.Ωμt| =

Ψ

10 times more stat in 2016-17

Ψ
 
 

<r̂ 2 (xB)  >ºн.Ω(xB)

At COMPASS:
<xBj>=0.056; <Q2>=1.8 GeV2; 
t varies from 0.08 to 0.64 GeV2

At smallxBj and smallt:
: 

Dominance ofImH

(with respect of ReH and other CFF )

COMPASS, hep-ex/1802.02739, subm. to PLB

Č nucleontomographyin the seaquark domainat COMPASS

c0
DVCS _c0
DVCS



Č D-term and Pressure distribution in the proton

e p Ą e gp With all the data for Beam Spin Diff and Sum of DVCS  - CLAS@Jlab6 GeV

D(t)=0

FromKM 
parametrisation

DQ(0) = -1.47 ± 0.10 ± 0.22 
M2 =  1.06 ± 0.10 ± 0.15
ʰ =  2.76 ± 0.25 ± 0.50

DQ(0) < 0
This is a critical result, required for dynamical stability of the proton. 
Deeply rooted in chiral symmetry breaking.

Girod et al. PRL100(2008) 162002,   Jo et al. PRL115, 212003 (2015)

D(t)=0



M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)

D
Q
(t

)

-1.47 (10) (22 )

Global properties of the Proton

Comparisonof DQ(t) with theories

Em:

Weak:

Gravity:
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Č D-term and Pressure distribution in the proton



V.Burkert, L. Elouadrhiri, F.X. Girod
Nature 557 (2018) no.7705, 396-399

Data before CLAS
CLAS 
dataCLAS12 proj .

Expansion in Gegenbauerpolynomials 

next order terms <<

Repulsivepressure near center    p(r=0) ~1035 Pa 
Confiningpressure at r > 0.6 fm

Atmospheric pressure:  105 Pa
Pressure in the center of neutron stars ~1034 Pa

With the first sphericalBessel integral

M.V. Polyakovand C. Weiss, Phys.Rev.D60, 114017 (1999)

M.V. Polyakov, Phys. Lett. B555 (2003) 57    

Č D-term and Pressure distribution in the proton



Predictionswith VGG andKM10

2 yearsof data

ReH  > 0 at H1

< 0 at HERMES 
Value of xB for the node?

Em= 160 GeV 1 <  Q2 < 8 GeV2

HERMES JLab

COMPASS

c1
I = ReF1HDCS,U  ¹

next future:  BeamChargeand SpinDiff @ COMPASS

2016-17: 2x 6 months
of data taking

Analysison going

Impacton the D-term



next future:  BeamSpinSumand Diff @ JLab12

LH2 Target& Long. Pol. Target

E12-06-119
2018-19: LH2

2020: Long Pol Target

with high resolutionmagneticspectrometer
+ Calorimeter in Halls A and C

donein 2016-17: Hall A: E12-06-114
~2020: Hall C: E12-13-010

Differentbeam energiesfor a
Rosenbluth-like DVCS2/ Interf.  
separation

with CLAS12

NPS canteleveredof SHMS platform

Projection on p target



Projection for Jlab12 GeV

Transverse profile

r (fm)

P
re
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re
 r2 p

(r
) 

(G
e

V
fm

-1
) World data model fit result 

Predicted error band
˔v{a

Stability requires 
forces compensate 

E12-06-119 
E12-16-010Pressure Distribution

Dudeket al., EPJA48 (2012)

next future:  BeamSpinSumand Diff @ JLab12


