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Hard Exclusive Reactions at COMPASS at CERN

Exclusive photon (DVCS) and meson(HEMP)      production
at small transfer for GPD studies

Deeply Virtual Compton Scattering 
DVCS:ɛp Ą ɛõ põg

Ω˃
g

˃
ǇΩp

Pseudo-Scalar Meson : ɛp Ą ɛõ põp0

Vector Meson : ɛp Ą ɛõ põrorw
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Measurementof exclusive cross sections at 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

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

DVCS :ɛp Ą ɛõ põgat smalltransfer

Ω˃
g

˃
ǇΩp
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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
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Well known

lepton(Pǎ, eǎ) andf

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

With unpolarizedtarget: Belitsky, Müller, Kirner, NPB629 (2002) 

suppressedby aS
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p ǇΩ
GPDs
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LO,Twist-2

NLO,Twist-2
double helicity flip
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(+)(+,-)
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suppressedby 1/Q
HT,Twist-3

-

Deeplyvirtual Compton scattering(DVCS) 
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Deeplyvirtual Compton scattering(DVCS) 

With bothm+ and  m- beamswe canbuild:

¬beamcharge-spin sum

½ ¾

­difference

S¹ = 

D¹ =                      

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 target

and c0
DVCS´ (ImH ) 2
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LO,Twist-2

Compton FormFactor
linkedto the GPD H

GPD H

xºxB/2
x in the loop

+
+

+



COMPASS 2016 data Selectionof exclusive single photon production

DVCS :ɛp Ą ɛõ p  g

1)
2)
3)
4)

Comparisonbetweenthe observables givenby the spectroor by CAMERA 

applied
cut

applied
cut

2) proton 

momentum

1) proton 

azimuthal
angle

3) proton 

track
position

applied
cut

applied
cut

Good agreement betweenm+ and  m-

yieldsimportant achievementfor:

½ ¾

4) Energy

momentum
balance

m mΩ
gpΩ

¬

­

S¹

D¹
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Easier, donefirst
Mappingin Transverse plane

Challenging, but promising
Relatedto EMT and pressure



dsa|TBH| 2 + InterferenceTerm+ |TDVCS| 2

MC:       BH contribution evaluatedfor the integratedluminosity
p° background contribution from SIDIS (LEPTO) + exclusive production (HEPGEN)

Pure BH
contribution

DVCS abovethe BHcontrib.

xBjº0.0085
Q2º1.8 GeV2

y º0.75 

xBjº0.020
Q2º2 GeV2

y º0.3

xBjº0.063
Q2º2.1 GeV2

y º0.1

S= ds(m+) + ds(m-)
½ ¾

8/24

Data/BH=98.6 °1°4%

COMPASS 2016 data DVCS+BH cross section at Em=160 GeV



calculable
canbe subtracted

All the other termsare cancelledin the integrationover f

Flux for transverse 
virtual photons

9/24

givenby a binnedmaximum
likelihoodtechnique

COMPASS 2016 DVCS cross section for 10 < u< 32 GeV

SCS,U  ¹

]=

At COMPASS usingpolarizedpositive and negativemuon beams:

S ¹



dsDVCS/dt= e-B| t| = (́ImH )2 2016 analysedstatistics =  2.3 ³Ref
2016+2017 expectedstatistics = 10  ³Ref

2012 statistics=  Ref

from Kumericki& Mueller

from Goloskokov& Kroll

2016

2012

Improvements in 2016 analysis compared to 2012
ü sameintensitywith mu+ and mu- beamin 2016
ü more advanced analysis with 2016 data, still ongoing 
ü p0 contamination with different thresholds
ü better MC description of the evolutionin ˄
ü binning with 3 variables (t,Q2, )˄ or 4 variables (t,f,Q2, )˄
ü different binningin t 10/24

COMPASS 12-16Transverse extention of partons in the seaquark range

PLB793

ImH = H (x=x, x, t)
x = xºxB/2   close to 0  

H
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GPDsand Hard Exclusive MesonProduction

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

For Pseudo-ScalarMeson, as p0

chiral-evenGPDs: helicityof parton unchanged

chiral-oddor transversityGPDs: helicityof parton changed+

Eq  
T Hq

T Eq
T= 2       +

~
(as the Boer-MuldersTMD)    

Hq(x,x, t)T
(as the transversityTMD)

~ ~

sT shouldbeasymptoticallysuppressedby 1/Q2 but large contribution observed
GK model: kT of q and q and Sudakovsuppression factor are considered

Chiral-oddGPDswith a twist-3 mesonwavefunction

Quark contribution

The mesonwavefunction is
an additionalnon-perturbativeterm

p ǇΩ
GPDs

x +ɝ x - ɝ

Q2

qqMeson

Factorisation provenonly for sL

ɔ*
L

relatedin the forward limit to transversityand the tensorcharge

relatedto the distortion of the polarizedquark distribution
in the transverse plane for an unpolarizednucleon



m°p Ąm°p0 p COMPASS
<xB>= 0.10
e close to 1

Models: GKKrollGoloskokovEPJC47 (2011) AlsoGGL: GolsteinGonzalez LiutiPRD91 (2015)

COMPASS 2012 - 16 Exclusive p0 production on unpolarizedproton  

NEW Oct2023NEW Oct2023

1
2m°beamswith

opposite polarization

 + -
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m°p Ąm°p0 p COMPASS
<xB>= 0.13
e close to 1

NEW Oct2023NEW Oct2023

1
2m°beamswith

opposite polarization

13

In a larger(u, Q2) domain NEW Oct2023NEW Oct2023

 + -

COMPASS 2016 Exclusive p0 production on unpolarizedproton  
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m°p Ąm°p0 p COMPASS
<xB>= 0.13
e close to 1

1
2

 + -

sTT is negativeand large comparativelyto sT + esL

Č impact of ET  

sLTrather small

_

Wewill providethe evolutionwith 3 binsin uand 4 binsin Q2

NEW Oct2023

Fp0=2/3Fu + 1/3 Fd

COMPASS 2016 Exclusive p0 production on unpolarizedproton  
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COMPASS preliminary

The main systematicerror is the error on the evaluationof the p° background contribution from SIDIS (LEPTO)
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GPDsand Hard Exclusive MesonProduction

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

For VectorMeson, as r, w, fΧ

chiral-evenGPDs: helicityof parton unchanged

chiral-oddor transversityGPDs: helicityof parton changed+

Eq  
T Hq

T Eq
T= 2       +

~
(as the Boer-MuldersTMD)    

Hq(x,x, t)T
(as the transversityTMD)

Quark contribution

Gluon contribution at the sameorder in aS

The mesonwavefunction is
an additionalnon-perturbativeterm

p ǇΩ
GPDs

x +ɝ x - ɝ

Q2

qqMeson

qqɔ*
L

NeutralVector
Meson

Factorisation provenonly for sL

ɔ*
L

GPDs



HEMP with TransverselyPolarizedTarget without RPD

COMPASS, NPB 865 (2012) 1-20, PLB731 (2014) 19

16/24

Im(E* H)

2010
2007

COMPASS

4
E E E E

x

r0­ +̄ ̄ -

GK modelEPJC42,50,53,59,65,74

Im(E*ET) Sensibilityto EandHT

Im(E*ET - H*HT)



HEMP with TransverselyPolarizedTarget without RD

COMPASS, NPB 865 (2012) 1-20, PLB731 (2014) 19
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COMPASS, NPB 915 (2017)

wis more promising (seethe largerscale)
but there is the inherent pion pole contribution

Im(E* H) Im(E* H)

2010
2007

Eu and Ed of opposite sign

G(w­p0g) = 9³G(r0­p0g)

COMPASS

4
E E E E

x 4
EEEE
x

r0­ +̄ ̄ - w­ +̄ ̄ - 0̄ 

Samefor pwFF but signunknown

GK modelEPJC42,50,53,59,65,74



COMPASS 2012-16 exclusive VM production with UnpolarisedTarget and SDME

cos2f

eclose to 1, 
smallW L

no L/T separation

r0 ­p+ p-

Jp 1- 0- 0- A: gL* ­ VL

gT* ­ VT

C: gT* ­ VL

D: gL* ­ VT

E: gT* ­ V-T

B: interference

gL* ­ VL

& gT* ­ VT

experimentalangulardistributions:
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COMPASS
EPJC 83 (2023) 924

<Q2>=2.4 GeV2

<W>=9.9 GeV
<pT

2>= 0.18 GeV2

COMPASS
EPJC 81 (2021) 126

<Q2>=2.1 GeV2

<W>=7.6 GeV
<pT

2>= 0.16 GeV2

COMPASS 2012 Exclusive r0 and wproduction on unpolarizedproton  
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COMPASS 2012 Exclusive r0 and wproduction on unpolarizedproton  

SCHC

SSDME º0  for 
In eachyellow box

gL* ­ VL

gT* ­ VT

COMPASS
EPJC 81 (2021) 126

<Q2>=2.1 GeV2

<W>=7.6 GeV
<pT

2>= 0.16 GeV2

COMPASS
EPJC 83 (2023) 924

<Q2>=2.4 GeV2

<W>=9.9 GeV
<pT

2>= 0.18 GeV2
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COMPASS
EPJC 83 (2023) 924

<Q2>=2.4 GeV2

<W>=9.9 GeV
<pT

2>= 0.18 GeV2

COMPASS
EPJC 81 (2021) 126

<Q2>=2.1 GeV2

<W>=7.6 GeV
<pT

2>= 0.16 GeV2

COMPASS 2012 Exclusive r0 and wproduction on unpolarizedproton  

SCHC

SSDME º0  for 
In eachyellow box

gL* ­ VL

gT* ­ VT

The other SDMEsshouldbe =0



COMPASS 2012 Comparisonr0 and wproduction

The pion pole exchange (UPE) is large for wcomparedto r0

G(w­p0 g) = 9  ³G(r0­p0g)   as for p0 VectorMesonFF 

r0
:  P~1 Č NPE dominance P~1

NPE with GPDsH, E

Natural (N) to Unatural (U) 
ParityExchange for  

COMPASSEPJC 81 (2021) 126

COMPASSEPJC  83 (2023) 924

w: P~0 Č NPE ~UPE

UPE dominance at smallW and pT
2

UPE with GPDsH, E  and the dominant pion pole~   ~

It playsan important role in 
wproduction for:

gT* ­ VT                                   
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COMPASS 2012 R = sL/sT for exclusive  r0 production

sL(gL* ­ V)
sT(gT* ­ V)

R=

R=

only if SCHC

for all the experimentswith Q2 > 1 GeV2

In COMPASS domain evaluationof Rand

R consideringviolation of SCHC (and onlyNPE)
~

COMPASS   EPJC  83 (2023) 924
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Q2/Mr
2

Deviationsfrom the pQCDLO predictionin Q2/Mr
2 due to QCD evolutionand qT

Transversizesize effectsof the mesonsmallerfor sL than for sT

COMPASS   EPJC  83 (2023) 924



V DVCSand the sum

Č c0 and s1 and constrainon ImH and  Transverse extension of partons

V DVCSand the difference

Č c1 and constrainon ReH (>0 as H1 or  <0 as HERMES) 

for D-term and pressure distribution

Summaryand perspective using2016 + 2017 data

PCross section or SDMEfor HEMP of  p0, r0, w, f, J/y
PTransversityGPDs
PGluon GPDs
PFlavordecomposition

S¹

D¹
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Thank you for your attention 
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The GPDsdependon the followingvariables:

x:    average
x: transferred

t: proton momentumtransfersquared
relatedto b^via Fourier transform

Q2: virtuality of the virtual photon

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... 

Deeplyvirtual Compton scattering(DVCS) 

The variables measuredin the experiment:

Eǎ, Q
2, xB~2x/(1+x),

t (or qg*g)  and f(ǎǎô plane/gg* plane)
26

Q²large, xB
ǎ

g*

ǎô

small

GPDs
hard

soft

(x +ɝ)P (x - ɝ)P
Factorization

GeneralizedParton 
Distributions

quark longitudinal 
momentumfraction

g



Deeplyvirtual Compton scattering(DVCS) 

q(x)

ERBL

DGLAP

Goeke, Polyakov, Vanderhaeghen, PPNP47 (2001) 

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

ὸ, xfixed

In an experimentwe measure

Compton FormFactor H

H ᷿ Ὠὼ
ȟxȟ
x Ὥʀ

P᷿ Ὠὼ
ȟxȟ
x

Ὥ“(ὼ xȟxȟὸ

ReH xȟὸ pρͅ Ὠὼ
ImH ὼȟὸ

ὼ x
Dὸ

Q²large, xB
ǎ

gg*

ǎô

small

hard

soft GPDs
GeneralizedParton 

Distributions
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ReH xȟὸ pρͅ Ὠὼ
ImH ὼȟὸ

ὼ x
Dὸ

Deeplyvirtual Compton scattering(DVCS) 

ERBL

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

ὸ, xfixed

In an experimentwe measure

Compton FormFactor H

H ᷿ Ὠὼ
ȟxȟ
x Ὥʀ

P᷿ Ὠὼ
ȟxȟ
x

Ὥ“(ὼ xȟxȟὸ

Pressure 
Distribution

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

In cQSMrepulsive

confining
r

1
x = 0.3

x = 0.1

x = 0.01

x

M. Burkardt, PRD66(2002)

Mappingin the transverse plane

q(x,b )̂
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COMPASS 12-16Transverse extention of partons in the seaquark range

dsDVCS/dt= e-B|t | = (́ImH )2

In the COMPASS kinematics, xBº0.06, dominance of
97% (GK model) 94% (KM model)

ImH

ImH = H (x=x, x, t)
x = xºxB/2   close to 0  

from Kumericki& Mueller

from Goloskokov& Kroll

q

2016

2012
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PLB793
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COMPASS 2016 Exclusive p0 production on unpolarizedproton  



COMPASSEPJC  83 (2023) 924

Comparisonr0 SDMEsat COMPASS and HERMES
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A: gL* ­ VL

gT* ­ VT

C: gT* ­ VL

D: gL* ­ VT

E: gT* ­ V-T

B: interference

gL* ­ VL

& gT* ­ VT

COMPASS 2012 R = sL/sT for exclusive  r0 production


