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GeneralisedGeneralised PartonParton DistributionsDistributions ((GPDsGPDs))

• Provide comprehensive description of 3-D partonic structure of the nucleon

one of the central problems of non-perturbative QCD

• GPDs can be viewed as correlation functions between different partonic states

(the simplest) example: Deeply Virtual Compton Scattering (DVCS)

perturbative

non-perturbative

Factorisation for large Q2 and | t | ‹‹ Q2

• ‘Generalised’ because they encompass 1-D descriptions by PDFs or by form factors

4 GPDs for each quarkquarkquarkquark flavourflavourflavourflavour
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for DVCS gluons contribute at higher orders in αs



GPDGPDs and HHard EExclusive MMeson PProduction

quark contribution

for VMs also gluon contribution

)/
4

3

3

1

3

2
(

2

1 )()(
0 xgdu EEEE ++= ++

ρ

)/
4

1

3

1

3

2
(

2

1 )()( xgdu EEEE +−= ++
ω

)/
4

1

3

1 )( xgu EEE +−= +
φ

Diehl, Vinnikov, PLB 609 (2005) 286



PKU-RBRC Workshop on Transverse Spin Physics, June 30, 2008PKU-RBRC Workshop on Transverse Spin Physics, June 30, 2008 F. BradamanteF. Bradamante

SM1

SM2

MuonWall

MuonWall

E/HCAL E/HCAL

RICH

50 m

beam
beam

COMPASS experiment at CERN

Basic Basic ingredientsingredients ofof versatileversatile COMPASS COMPASS experimentalexperimental setupsetup

� unique secondary beam line M2 from the SPS

delivers:   
• negative or positive hadron beams
• high energy polarised µ+ or µ- beams

+ calorimetry, µID, RICH

� two-stage forward spectrometer SM1 + SM2

≈ 300 tracking detectors planes – high redundancy

variety of tracking detectors to cope with different 
particle flux from θ = 0 to θ≈ 200 mrad

� flexible target area



PKU-RBRC Workshop on Transverse Spin Physics, June 30, 2008PKU-RBRC Workshop on Transverse Spin Physics, June 30, 2008

by by usingusing differentdifferent beamsbeams andand modifyingmodifying mainlymainly thethe targettarget regionregion

• spin structure of the nucleons and TMD studies

• hadron spectroscopy in diffractive and central hadron production
• Primakoff reactions and test of chiral perturbative theory

• polarised and unpolarised Drell-Yan scattering

• GPD studies; DVCS and hard exclusive meson production

Physics programs

FlexibilityFlexibility ofof thethe setup to setup to carrycarry out a out a diversediverse physicsphysics programsprograms



The COMPASS set-up for the GPD program (starting from 2012)



Transverse Extension of Partons in the Proton
probed by Deeply Virtual Compton Scattering



Selection of exclusive single photon events

µ, µ’ and vertex in the target volume

1 GeV2 < Q2 < 5 GeV2,     10 GeV < ν < 32 GeV

0.08 GeV2  < | t | < 0.64 GeV2

1 single photon with energy above DVCS threshold

sample for t-slope extraction

EEcal(0,1,2) > (4,5,10) GeV

Overconstrained kinematics =>  a number of „exclusivity cuts” allows to select the exclusive sample

Examples:

p
predT

p
measTT ppp ,, −=∆p

pred
p
meas Φ−Φ=∆Φ



Exclusive single photon production cross section

DVCS : Bethe-Heitler :



Azimuthal distributions for single γ events

DVCS dominates

BH and DVCS at the same level

BH dominates

study of dσDVCS/dt

access to DVCS amplitude
through the interference

excellent reference yield



Extraction of dσDVCSDVCSDVCSDVCS/dt

measure for µ+ and µ- beams

sum of µ+ and µ- cross sections )||(22 IDVCSBH dPddddd σσσσσσ µ−+=+≡ →−←+

Pµ beam polarisation

subtract calculable BH cross sections and integrate over ϕ

convert into cross section for virtual-photon scattering

Γ transverse virtual photon flux



DVCS cross section and t-slope

from 4 weeks of 2012 commissioning data

reviewing by PLB



for small xBj
(BMK)

Transverse imaging of the proton using dσDVCS/dt

how good is this approximation ?

i)    measurement of t-dependence of the imaginary part of CFF H

ii)    skewness ξ = 0

Strict determination of requires (M. Burkardt)

spin- and ϕ-independent DVCS cross section

( * )

( * )Systematic uncertainties on         when using (‘model’ uncertainty)

a) correction due to contributions of real part of H and other GPDs ± 0.03

b) correction due to assumption ii)                          ± 0.02

Estimates based on models
Kumerički – Müller model

GK model in PARTONS framework



Comparison to HERA and model predictions

a hint for shrinking with increasing xBj

weak Q2 dependence of B (3 – 13%)



Hard exclusive π0 production on unpolarised protons
and chiral-odd GPDs
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GPDs in exclusive π0 production on unpolarised protons

at JLAB only few% of
leading twist

other contributions arise from coupling
of chiral-odd (quark helicity-flip) GPDs to twist-3 pion amplitude

and in a dip at small t’ of

An impact of should be visible inTE

TTT EHE += ~
2def.



Selection of exclusive π0 production events

1 GeV2 < Q2 < 5 GeV2,     8.5 GeV < ν < 28 GeV

background fraction

two photons with invariant mass consistent with π0

p
predT

p
measTT ppp ,, −=∆

kinematic fit applied to determine the most precise particle kinematics

example

and enhance purity of the sample

0.08 GeV2  < | t | < 0.64 GeV2

µ, µ’ and vertex in the target volume

Overconstrained kinematics =>  a number of „exclusivity cuts” allows to select the exclusive sample



Exclusive π0 production cross sections as a function of |t|

dt

d
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d
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d LT σεσσ +=

First measurement at low ξ

An impact of contribution inTE
dt

d Tσ

to be subm. to PLB 



Exclusive π0 production cross sections as a function of ϕ
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Spin Density Matrix Elements

for exclusive ω meson production on unpolarised protons



F helicity amplitudes; describe

transitions λγ,λN → λV, λ’N , 
depend on W, Q2 and pT

Vector meson spin-density matrix ρ(V)

(von Neuman)

helicities of virtual
photon γ and nucleon N

photon spin density matrix (µ→ µ+γ*); 
calculable on QED  

helicity of vector
meson V

Helicity amplitudes allows:

� test of s-channel helicity conservation ( λγ = λV )

� tests of GPD models

� decomposition into Natural (N) Parity and Unnatural (U) Parity exchange amplitudes

� in Regge framework NPE: JP = (0+, 1-, …) (pomeron, ρ, ω, a2 … reggeons) 

UPE: JP = (0-, 1+, …) (π, a1 , b1… reggeons) 

� e.g. for SCHC-violating transitions γT→ VL test sensitivity to GPDs

with exchanged-quark helicity flip (transversity GPDs) 



Experimental access to SDMEs

ΘΦ
∝

cosddd

d

φ
σ

SDMEs: „amplitudes” of decomposition of WU+L in the sum 
of terms of different angular dependences

15 unpolarised SDMEs (in WU) and 8 polarised (in WL)

Extraction of SDMEs

Unbinned ML fit to experimental WU+L

taking into account
• total acceptance
• fraction of background in the signal window
• anglar distribution of background WU+L

bkg

(determined either from LEPTO MC 
or real data side band)  



Results on SDMEs for exclusive ω production at COMPASS

Re

Re

Im

� SDMEs grouped in clasess: A, B, C, D, E  
corresponding to different helicity transitions

� SDMEs dependent on beam polarisation
shown within shaded areas

< Q2> = 2.13 GeV2, <W> = 7.6 GeV, <pT
2> = 0.16 GeV2

5 GeV < W < 20 GeV

0.01 GeV2  < pT
2 < 0.5 GeV2

1 GeV2 < Q2 < 10 GeV2



● all elements of classes C, D, E should be 0

Re

Re

Im

Tests of s-channel helicity conservation

SCHC  ( λγ = λV )

SCHC implies:

0Im 2
11

1
11 =+• −− rr

0ImRe 6
10

5
10 =+• r

0ReIm 8
10

7
10 =−• rr

= - 0.010 ± 0.032 ± 0.047     OK

=   0.014 ± 0.011 ± 0.013     OK

= - 0.088 ± 0.110 ± 0.196     OK

not obeyed for transitions γ*
T →ωL

for γ*
L → ωT and γ*T →ω-T OK within errors



possible GPD interpretation Goloskokov and Kroll, EPJC 74 (2014) 2725

graph for amplitude F0-,++

example

Transitions γ*
T → ωL

contribution of amplitudes depending on transversity GPDs TTTT EHEH += ~
2,

]
2

1
Re[ **5

00 LLLTTLLLTT EHHEr 〉〈〉〈+〉〈〉〈∝●

COMPASS   preliminary

interplay of interference of transversity GPDs with GPDs H and E,  respectivelyTTTT EHEH += ~
2,



Unnatural parity exchange contribution

u1 > 0        UPE contribution

� decrease of UPE contribution with increasing W   

COMPASS   preliminary

numerator depends only on UPE amplitudes

still non-negligible contribution from pion-pole exchange even at W = 10 GeV/c2

GPD interpretation Goloskokov and Kroll, EPJA 50 (2014) 146
contribution of amplitudes depending on helicity GPDs HE

~
,

~
the former parameterised predominantly
by pion-pole exchange



Transverse target spin asymmetries for exclusive ρ0 and ω production



F. BradamanteF. Bradamante

Luminosity 5·10 32 cm -2s-1

COMPASS polarised target

3He - 4He dilution refrigirator (T~50 mK)

dipole magnet  0.6 T

solenoid            2.5 T

µ+ polarisation
≈ -80%



Spin-dependent cross section for exclusive meson leptoproduction

222

22

4
1

2
1

1

4
1

1

yyy

yy

γ

γ
ε

++−

−−
=

222 /)2( QMx pBj=γ



asymmetries small, compatible with 0, except

indication of transversity GPD HT contribution HT(x, 0, 0) = h1(x)

Transverse target spin asymmetries for exlusive ρ0 production on p↑

‹ xBj › = 0.039, ‹ Q2 › = 2.0 GeV2

‹ pT
2 › = 0.18 GeV2, ‹ W › = 8.1 GeV2PLB 731 (2014) 19



Transverse target spin asymmetries for exlusive ρ0 production on p↑

reasonable agreement with GK model 

predictions of GPD model of
Goloskokov-Kroll

(also for not-shown double spin asym.)  

ω production
larger effects expected for exclusive

ρ0

ω

K* 0

ρ+

W = 10 GeV
t’ integrated

GK model

contains twist-2 terms
depending on Eq,g

of contributions from Eu and Ed,  Eu ≈ -Ed
its small values due to approximate cancellation



Azimuthal asymmetries for exlusive ω production on p↑↑↑↑

Single spin asymmetries Nucl. Phys. B 915 (2017) 454

‹ xBj › = 0.049, ‹ Q2 › = 2.2 GeV2

‹ pT
2 › = 0.17 GeV2, ‹ W › = 7.1 GeV2

when ‘global’ comparison to the data  

comparison to modified GPD model of GK

with added π0 pole exchange

EPJ A50 (2014) 146

parameters constrained by HERMES SDMEs for ω
except sign of πω transition form factor
more sensitivity in azimuthal asymmetries

no pion pole
positive πω form factor
negative πω form factor

GK predictions for COMPASS, private com.

no clear preference for any version



Comparison to HERMES asymmetries for ω production on p↑

EPJ C75 (2015) 600 

no pion pole
positive πω form factor
negative πω form factor

HERMESCOMPASS

� Note: contribution of pion pole decreases with W 

� COMPASS uncertainties smaller by a factor > 2

each experiment to be compared to corresp. predictions

<W> = 8 GeV <W> = 4.8 GeV

� Future measurements at JLab12                   EPJ A48 (2012) 187

� within large errors combined HERMES data   compatible with all 3 scenarios

expected to resolve the issue of πω transition form factor



Prospects to separate GPDs Eu and Ed from TTS asymmetries

Section in PhD thesis of P. Sznajder, Warsaw 2015

In the framework of GK model an attempt to constrain Lu val and Ld val

due to limited statistics of COMPASS ω sample (1/40 of that of ρ0)
� constraints are rather weak

A promissing alternative method

Future combined analysis of TTS asymmetries for exclusive ρ0 production

on transversely polarised protons (1) and deuterons (2)

(1) existing measurements

(2) expected results from approved one-year data taking in 2021 

using COMPASS               for exclusive ρ0 and ω production

☺ -Lu val ≈ Ld val > 0        (as expected) 

☺ adding ω result reduces allowed region in (Lu val , Ld val ) space



Summary

t-slope of DVCS cross section

decrease of the proton transverse radius with increasing xBj

measurement of exclusive π0 leptoproduction

significant role of twist-3 contributions with transversity GPDs

SDMEs in exclusive ω leptoproduction

role of transversity GPDs and UPE 

asymmetries small, compatible with 0 except

indication of transversity GPD HT contribution



� results expected from the large data sample collected in 2016+2017

with LH2 target, RPD and wide-angle electromagneric calorimetry
collected statistic ~ 10 times larger than from 2012 test run   

Hard Exclusive Meson Production:   
� differential cross section for π0 vs. Q2, ν (W), t( pT

2), ϕ
� differential cross sections and SDMEs for VMs vs. Q2, ν (W), t ( pT

2)

Outlook 

Deeply Virtual Compton Scattering:   

� t-dependence of DVCS cross section vs. xBj („proton tomography”)
� mapping GPD H by measurments of real and imaginary parts of DVCS

via  ϕ-dependence the µ+ and µ- cross sections difference and sum

� results expected from the large data sample to be collected in 2021

Hard Exclusive Vector Meson Production on transversely polarised deuterons



Supplementary material



Estimate of π0 background

Two cases:

(HEPGEN MC based on Goloskokov-Kroll model) 

Major Major sourcesource ofof backgroundbackground for for exclusiveexclusive photonphoton eventsevents

Visible; detected second γ (below DVCS threshold) => events rejected from final sample

Invisible; one γ lost => estimated from MC normalised to π0 peak for ‘visible’ sample

‘Visible’ sample

Semi-inclusive (LEPTO MC) or exclusive

π0 contribution normalised to Mγγ peak

Relative contributions from both processes to π0 background estimated from combined fits

to the distributions of ‘exclusivity variables’ (MX
2, ∆ϕ, ∆pT) and Emiss = ν - Eγ + t/(2mp

2)

‘Invisible’ sample



Mounting of Recoil Proton Detector (‘CAMERA’) in clean area at CERN
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Extraction of DVCS cross section and amplitude

DDDDDDDDCSCS,,UU 2(eµ aBH Re ADVCS + Pµ dσDVCS
pol )≡≡≡≡ ddddσσσσ((((µµµµ ++++↓↓↓↓)  )  )  )  - ddddσσσσ((((µµµµ ----↑↑↑↑)))) ====

Beam Charge & Spin Difference

→ Re(Re(Re(Re(F1 1 1 1 HHHH))))
Intc 1,0

SSSSSSSSCSCS,,UU 2(dσBH + dσDVCS
unpol + eµPµ aBH Im ADVCS)≡≡≡≡ ddddσσσσ((((µµµµ ++++↓↓↓↓)  )  )  )  + ddddσσσσ((((µµµµ ----↑↑↑↑)))) ====

Beam Charge & Spin Sum

ImImImImHHHH (ξξξξ,t) = H(x= ξξξξ,ξξξξ,t) → dσDVCS////dttttDVCSc0 → ImImImIm((((F1 1 1 1 HHHH))))Ints1

ReReReRe HHHH (ξξξξ,t)= P P P P dx H(x,ξξξξ,t) = P P P P dx H(x,x,t) + DD (t)
x-ξξξξ x-ξξξξ∫∫


