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

alsomesonproduction
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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)
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Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001) 

Real part        Imaginarypart
The amplitude DVCS at LT & LO in aS  (GPDH) :
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The amplitude DVCS at LT & LO in aS  (GPDH) :
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M. Polyakov, P. Schweitzer, Int.J.Mod.Phys. A33 (2018)
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Mappingin the transverse plane



Well known
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With bothm+ and  m- beamswe canbuild the SandD: 
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With bothm+ and  m- beamsat COMPASS we canbuild the SandD: 
½ ¾

Deeplyvirtual Compton scattering(DVCS) 

s1
I = Im FS¹ Č c1

I = ReFD¹ Č

F  = F1H  +x( F1 + F2)H -t/4m2 F2E " F1H
~

at smallxB

COMPASS domain

for proton



COMPASS :

a fixed target exp. at SPS, a versatile facility with
hadron (p°, K°Σ Ǉ Χύ & lepton (polarizedm°) beams

of high energy ~160 GeV

SPS

LHC



The DVCS experimentat COMPASS

COMPASS:Two stage magnetic spectrometer 

for large angular & momentum acceptance 
Particle identification with 

RICH, HCALs, ECALs and muon filters

NIM A 577 (2007) 455; NIM A 779 (2015) 69

DVCS :ɛp Ą ɛõ p g
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Muon 
Filter

Muon 
Filter

Muon 
Filter

SM2

SM1

RICH

ECAL0

ECAL1

ECAL2

CAMERA recoil proton detector 
surroundingthe 2.5m long  

LH2 target

Bothm+ and  m- beams
Polarisation ~°80% 
Momentum 160 GeV/c

½ ¾



New equipements:
ü2.5m LH2 target

ü4m ToFrecoil proton detectorCAMERA
24 inner& outer scintillatorsseparatedby ~1m
1 GHz SADC readout, 330ps ToFresolution

üECAL0 : 2 × 2 m2 
Shashlykmodules + MAPD readout
one module is made of 
9 cells (4³4 cm2)

= 194 modules or 1746 cells 

ECAL0

CAMERA

The DVCS experimentat COMPASS
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CAMERA recoil proton detector 
surroundingthe 2.5m long  

LH2 target

ECAL0

ECAL2

m°
"

ECAL1

|

+ SIDIS on unpolarizedprotons

2012:
1 month pilot run

2016 -17: 
2 x 6 month

data taking



COMPASS 2016-17 First insight                Exclusivityvariables

DVCS :ɛp Ą ɛõ p  g

1)
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Comparisonbetweenthe observables givenby the spectroor by CAMERA 
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COMPASS 2016-17 First insight                Exclusivityvariables

DVCS :ɛp Ą ɛõ p  g
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Comparisonbetweenthe observables givenby the spectroor by CAMERA 
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3) proton 

track
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Good agreement betweenm+ and  m- yields
Important achievementfor:

½ ¾

DCS,U  ¹

SCS,U  ¹

Challenging

Easier, donefirst



dsa|TBH| 2 + InterferenceTerm+ |TDVCS| 2
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Studyof DVCS cross section
Small BH contribution
whichcanbesubtracted

Reference yield

Studyof DVCS amplitude
via the interference

BHdominates DVCSdominates

SCS,U  ¹

COMPASS DVCS cross section at Em=160 GeV



dsa|TBH| 2 + InterferenceTerm+ |TDVCS| 2
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COMPASS 2016-17 DVCS cross section at Em=160 GeV

BH expected
to contribute
only. 
BH MC is
normalized
to this bin

0.005 < xBj < 0.01                                       0.01 < xBj < 0.03                                          xBj > 0.03              

Thanks to the BLUE WATERS sustained-petascalecomputing project (NSF and University of Illinois at Urbana-Champaign)

p0 contamination 
to be removed
a significant
DVCS contribution
will allow to study

dsDVCS/dt = e-B|t |

Reference yield
SCS,U  ¹



dsa|TBH| 2 + InterferenceTerm+ |TDVCS| 2
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COMPASS 2012 DVCS cross section at Em=160 GeV

0.005 < xBj < 0.01                                       0.01 < xBj < 0.03                                          xBj > 0.03              

(˒rad)                                                        (˒rad)                                                               (˒rad)

Pure BH
contribution

COMPASS PLB793 (2019) 188-194

DVCS > BH
MC:       BH normalisation basedon integratedluminosity

p° background contribution from SIDIS (LEPTO) + exclusive production (HEPGEN)

Reference yield
SCS,U  ¹



COMPASS 2012 DVCS cross section at Em=160 GeV

SCS,U  ¹

]=
calculable

canbe subtracted
All the other termsare cancelledin the integrationover f

Note
the symmetric
acceptance

At COMPASS usingpolarizedpositive and negativemuon beams:

Flux for transverse 
virtual photons

whenDVCS > BH
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COMPASS 2012Transverse extention of partons in the seaquark range

dsDVCS/dt= e-B|t | =

COMPASS
4 weeks in 2012

10 times more stat in 2016-17

Ψ

Ψ
 
 

17

<xBj> = 0.056

<Q2> = 1.8 GeV2

<W> = 5.8 GeV

COMPASS PLB793 (2019) 188-194



c0
DVCS _

COMPASS 2012Transverse extention of partons in the seaquark range

dsDVCS/dt= e-B|t | =

COMPASS
4 weeks in 2012

10 times more stat in 2016-17

Ψ

Ψ
 
 

<r̂ 2 (xB)  >º2B(xB)

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

At smallxBj and smallt:
: 

c0
DVCS

Dominance ofImH

(with respect of ReH and other CFF )

COMPASS PLB793 (2019) 188-194



COMPASS 2012Transverse extention of partons in the seaquark range

dsDVCS/dt= e-B|t | =

Ψ

10 times more stat in 2016-17

Ψ
 
 

<r̂ 2 (xB)  >º2B(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 )

c0
DVCS _c0
DVCS

COMPASS PLB793 (2019) 188-194



What will come next?
4 weeksin 2012
2 yearsof data in 2016-17 Č 10 times more stat

DCS,U  ¹

SCS,U  ¹

At COMPASS with polarizedpositive and negativemuon beams:

The sum of DVCS x-sectionsat small xB

mostly sensitive to    ImH (˅Σǘ)

Č transverse extension of partons

The difference of DVCS x-sectionat small xB

mostly sensitive to    ReH (˅Σǘ)

ImH (˅Σǘ) +  ReH (˅Σǘ)  Č D-term and pressure distribution
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Predictionswith
VGG 

KM10

2 yearsof data

ReH  > 0 at H1

< 0 at HERMES 
Value of xBj for the node?

Em= 160 GeV 1 <  Q2 < 8 GeV2

HERMES JLab

COMPASS

c1
I = ReF1H

BeamCharge and Spin Diff.  @ COMPASS

DCS,U  ¹

The knowledgeof
ReF1H  andIm F1H

isessentiel to playwith
the dispersion relation
to extractthe D-term



Now HEMP, 
pseudo-scalarmesonp0

vector mesonsw, rΣ Χ



GPDsand Hard Exclusive MesonProduction

Hq(x,x, t) Eq(x,x, t)

Quark contribution

Gluon contribution at the sameorder in aS

The mesonwavefunction
Is an additionalnon-perturbativeterm

4 chiral-evenGPDs: helicityof parton unchanged

For VectorMeson

Hq(x,x, t) Eq(x,x, t) For Pseudo-ScalarMeson
~ ~

Hq(x,x, t) Eq(x,x, t)

+ 4 chiral-oddor transversityGPDs: helicityof parton changed

Hq(x,x, t) Eq(x,x, t)
~ ~

(not possible in DVCS)

T

TT

T
Eq  

T Hq
T Eq

T= 2       +
~

Factorisation provenonly for sL

sT isasymptoticallysuppressedby 1/Q2 but large contribution observed
model of sT with transversityGPDs- divergenciesregularizedby kT of q
and q and Sudakovsuppression factor

M 0 -, + +

p ǇΩ
GPDs

ɔ* L

x +ɝ x - ɝ

Q2

qqmeson

qq
ɔ* LL

p ǇΩ
GPDs
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T
Q2

+
+

+ -

-

+ qqmeson

+

sensitive to Hq
T

and to a twist-3 mesonwavefunction

Vectormeson



A large impact of ET
shouldbeclearlyvisible in  sTT

and in the dip at small|t| of sT

e p Ą e p0 p 

but ºonlya few % of 

Leadingtwist shouldbedominant

The other contributions arise from couplingbetween
chiral-odd (quark helicityflip) GPDsto the twist-3 pion amplitude 

COMPASS 2012 Exclusive p0 production on unpolarizedproton  



sTT large (impact of ET)
sLTsmallerbut significantlypositive

?

A dip at smallt would indicatea large impact of ET

e p Ą e p0 p 

COMPASS 2012 Exclusive p0 production on unpolarizedproton  

hep-ex/1903.12030, subm. to PLB



COMPASS 2012 Exclusive wproduction on unpolarizedproton  

23 SDMEsin 5 classes  A, B, C, D, E
dependingon helicity transitions

SDMEsdependenton beampolarisation
Shownwithin shadedareas

COMPASS 2012
Preliminary



If sCHC( ɔ˂= ˂ V)                  measurements:

FromGoloskokovand Kroll, 
EPJC74 (2014) 2725

Alreadyclearlyobserved
in exclusive r0, wproduction
with transvers. polar. target
COMPASS 2004-7-10 data
COMPASS, NPB865 [2012) 1-20
COMPASS, PLB731 (2014) 19
COMPASS, NPB915 (2017) 454-475

COMPASS 2012 Exclusive wproduction on unpolarizedproton  

All the other SDME in classes C,D, E shouldbe 0
not observedfor class C

impact of ET  and  HT

COMPASS 2012
Preliminary



Conclusions
From 2016-17 data
sum and difference of DVCS x-sections with polarized m+ and m-
Č transverse extension of partons as a functionof xBj

Č ImH (˅Σǘ) and  ReH (˅Σǘ)  for  D-term and pressure distribution

HEMPp0, r, w, f,  J/yČ universalityof GPDs- transverse GPDs- flavordecomposition

28



The pastand future DVCS experiments

Gluons                Sea quarks            Valence quarks

Start 
2001

After
2016

EIC after 2029
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Letterof Intent - Draft 1.0: https://arXiv.org/abs/1808.00848

Beamline unique with polarisedm+ and m-
and high intensity pion beam

Possible RF separatedbeam
for high intensity antiproton and K beams

Versatile apparatus(Upgrade ++)

Proton Radius
MesonPDF ςgluon PDF
Proton spin structure
3D imaging(TMDsand GPDs)
Hadron spectroscopy
Anti-matter cross section

COMPASS++/AMBER starting in 2022

https://arxiv.org/abs/1808.00848
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GPDsand TMDs

H  ±² q

E  ±² f1T
^

HT±² h1

2HT +ET±² h1
~ ^ET =

Chiral-even

Chiral-odd -

-

-

Sivers: quark kT

and nucleontransv. Spin

Transversity: quark spin  
and  nucleontransv. spin 

Boer-Mulders: quark kT

and quark transverse spin

the HolyGrail: to revealOAM
Ji: 2Jq = ñx (HqόȄΣ˅Σлύ+EqόȄΣ˅Σлύ) dx



ECAL0:  2 × 2 m2 
Shashlykmodules + MAPD readout
one module is made of 9 cells (4³4 cm2)

= 194 modules or 1746 cells 

New equipements:
ü2.5m LH2 target
ü4m ToFBarrelCAMERA
üECAL0 

The DVCS experimentat COMPASS

DVCS :ɛp Ą ɛõ p g

Ω˃
g

˃
p

CAMERA
L=4m 
Å=2m 
24 inner & outer scintillatorsseparatedby about 1m
1 GHz SADC readout, 330ps ToFresolution

6
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Comparisonbetweenthe observables givenby the spectroor by CAMERA 

COMPASS 2012 Selectionof exclusive evtswith recoil detection

1) For the 
proton 
momentum

applied
cut

2) For the 
proton 
azimuthal
angle

applied
cut

3) For the
proton track

applied
cut

applied
cut

xBj > 0.03     10< u<32GeV
withp0 contamination

DVCS :ɛp Ą ɛõ p  g

1)
2)
3)
4) 1)

4)
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p0  are one of the main background sources for excl. photon events.

Twopossible case:
Á Visible(bothgdetectedČ subtracted)

the DVCS photon after all exclusivitycutsiscombinedwith all detectedphotons 

belowthe DVCS threshold:  4,5,10 GeVin ECAL0, 1, 2

Á Invisible(one glostČ estimatedby MC)

ü Semi-inclusive LEPTO 6.1

ü Exclusive HEPGEN p0 

(Goloskokov-Krollmodel)

Releasing the cutsand comparingthe two components to the data 
allowsthe determinationof their relative normalisation.
The  sumof the 2 components is
normalizedto the visible p0 contamination in the Mggpeak

Visible leakingp0 in the data

COMPASS 2012 p0 background estimation



mainlydominatedby H(x=x, x, t)

0.65 °0.02 fm

H1  PLB659(2008)

1.

0.5

><^

2r

?
xB

COMPASS

B(xB) =  ½ < r̂2 (xB) > .Ω(xB) = 1/4 < b̂2 (xB) >
distance betweenthe active quark                                    distance betweenthe active quark
and the center of momentumof spectators and the center of momentumof the nucleon

Impact ParameterRepresentation

q(x, b̂ ) <->  H(x,x=0, t)

Transverse size of the nucleon

Note 0.65 fm = Õ2/3 ³0.8 fm

< r^> ~<b >̂/ (1-x)

DeeplyVirtual Compton ScatteringCan we compare all the Proton «radii »?

dsDVCS/ dt ~ exp(-B| t| ) ADVCS linked to ImH ~ exp(-BΩμt| )


