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COMPASS Generalized Parton Distribution (GPD) program
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• Contribution to the nucleon spin puzzle
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∫+1
−1 x[Hq +Eq]dx

. . . . . . . . . . . . . . . . . . . . . . . . (Phys.Rev.Lett.78 (1997))

• 3D nucleon tomography via GPD H

H(x ,ξ = 0, t) = ρ(x ,b⊥)
. . . . . . . . . . . . . . . . . . probability interpretation (Burkardt)
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• Contribution to the nucleon spin puzzle
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. . . . . . . . . . . . . . . . . . Jaffe&Manohar Nucl.Phys.B337 (1990)

• by constraining GPD H and E

Jq = 1
2

lim
t→0

∫+1
−1 x[Hq +Eq]dx

. . . . . . . . . . . . . . . . . . . . . . . . (Phys.Rev.Lett.78 (1997))

→ Exclusive vector meson production on transversely polarised protons and deuterons

→ Exclusive π0 production x-section on unpolarised protons

• 3D nucleon tomography via GPD H

H(x ,ξ = 0, t) = ρ(x ,b⊥)
. . . . . . . . . . . . . . . . . . probability interpretation (Burkardt)

→ t-dependence of pure DVCS x-section on unpolarised protons
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GPDs and Hard Exclusive Meson Production

GPDs
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Q2 = −q2

ν = P·q
M

lab.
= E−E ′

x : average longitudinal

momentum of quark

ξ : longitudinal momentum

transfer to quark

t : 4-momentum transfer

to target nucleon

(related to b⊥)

factorisation proven for σL

not proven for σT (but suppresed by 1/Q2)

additional non perturbative term:

wave function of meson (DA)



GPDs and Hard Exclusive Meson Production
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Chiral-even GPDs
helicity of parton conserved

Hq,g(x ,ξ , t)

H̃q,g(x ,ξ , t)

Eq,g(x ,ξ , t)

Ẽq,g(x ,ξ , t)

Chiral-odd GPDs
helicity of parton flipped

H
q
T (x ,ξ , t)

H̃
q
T (x ,ξ , t)

E
q
T (x ,ξ , t)

Ẽ
q
T (x ,ξ , t)

Flavour separation
constraints for parton specific GPDs

due to different partonic content of mesons

* Gluon contribution at same order of αs as from quarks



HEMP cross section
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Helicity dependent photoabsorption

x-sections and interference terms:

σ
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2 , t) ∝ ∑(M i
m)(M

j
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amplitude for subprocess γ∗p→ Vp:

M i
m

with photon helicity m

and target proton helicity i
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HEMP cross section (transverse target polarisation)
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transversely

plolarised target
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⇒ 5 single spin

asymmetries

⇒ 3 double spin asymmetries

Exclusive ρ0 and ω production on transversely polarised protons and deuterons



Asymmetries for µ++ p↑→ µ++ p +ρ0
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• Asymmetries compatible with zero, except A
sin(φS)
UT

• Indication of HT “transversity GPD” contribution

∼ E , ∼ H, ∼ HT , ∼ ET = 2H̃T −ET , ∼ H̃,

5 single spin asymmetries

3 double spin asymmetries

σ0: unpolarised cross section



Azimuthal asymmetries for µ++ p↑→ µ++ p +ω
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Comparison to modified GPD model of GK

with π0 pole exchange added

p p

γ* V0

π0

Goloskokov and Kroll (GK)

predictions for COMPASS

(private communications)

no pion pole

positive πω transition

negative πω transition

• unbinned maximum

• likelihood method

• NPB 915 (2017) 454

• extraction of 8 asymmetries
• (5 single spin asymmetries shown)

< xBj >= 0.049

< Q2 >= 2.2(GeV/c)2

< p2
T >= 0.17(GeV/c)2

< W >= 7.1GeV/c2



Azimuthal asymmetries for µ++ p↑→ µ++ p +ω

Matthias Gorzellik Exclusive measurements at COMPASS April 2017 / IWHSS 7 / 25

1 2 3 4

0.5

0

0.5
1 2 3 4

0.5

0

0.5
1 2 3 4

0.5

0

0.5
1 2 3 4

0.5

0

0.5
1 2 3 4

0.5

0

0.5 COMPASS 2010 proton data

0 0.05 0.1

0.5

0

0.5
0 0.05 0.1

0.5

0

0.5
0 0.05 0.1

0.5

0

0.5
0 0.05 0.1

0.5

0

0.5
0 0.05 0.1

0.5

0

0.5

0 0.1 0.2 0.3

0.5

0

0.5
0 0.1 0.2 0.3

0.5

0

0.5
0 0.1 0.2 0.3

0.5

0

0.5
0 0.1 0.2 0.3

0.5

0

0.5
0 0.1 0.2 0.3

0.5

0

0.5

)
s

φ-
φ

s
in

(

U
T

A

0.5−

0

0.5

]2)c [(GeV/2Q

1 2 3 4

)
s

φ
+

φ
s
in

(

U
T

A

0.5−

0

0.5

)
s

φ-
φ

s
in

(2

U
T

A

0.5−

0

0.5

)
s

φ-
φ

s
in

(3

U
T

A

0.5−

0

0.5

s
φ

s
in

 

U
T

A

0.5−

0

0.5

Bjx

0 0.05 0.1

]2)c [(GeV/2

T
p
0 0.1 0.2 0.3

Comparison to modified GPD model of GK

with π0 pole exchange added

p p

γ* V0

π0

Goloskokov and Kroll (GK)

predictions for COMPASS

(private communications)

no pion pole

positive πω transition

negative πω transition

• unbinned maximum

• likelihood method

• NPB 915 (2017) 454

• extraction of 8 asymmetries
• (5 single spin asymmetries shown)

< xBj >= 0.049

< Q2 >= 2.2(GeV/c)2

< p2
T >= 0.17(GeV/c)2

< W >= 7.1GeV/c2



Comparison to HERMES for µ++ p↑→ µ++ p +ω
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COMPASS HERMES

< W >= 8GeV/c2 < W >= 4.8GeV/c2

no pion pole

positive πω form factor

negative πω form factor

]2)ct' [(GeV/
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0.5−

0
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COMPASS

HERMES

note W dependence!

within large errors

HERMES data compati-

ble with all 3 scenarios

[EPJC75 (2015) 600]

Future measurements at

JLab12 expected to re-

solve the issue

[EPJ A48 (2012) 187]

COMPASS uncertainties

smaller by a factor 2



HEMP cross section (transverse target polarisation)
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transversely

plolarised target
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HEMP cross section (unpolarised target)
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2.5 m long liquid
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HEMP cross section (unpolarised target)
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COMPASS II setup

Target ToF system
24 inner & outer scintillators

1 GHz GANDALF readout

goal 310 ps ToF resolution

ECAL0 Calorimeter
Shashlik modules

+ MAPD readout

2 × 2 m2 , 2200 channels



HEMP cross section (unpolarised target)

Charge-Spin-Sum
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HEMP cross section (unpolarised target)

Charge-Spin-Sum
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HEMP cross section (unpolarised target)

Charge-Spin-Sum
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after integration in φ :

dσT

dt
+ ε

dσL

dt

study φ dependence!

study t dependence!

Exclusive π0
production x-section extraction

on unpolarised protons

virtual photon

polarisation:

Transverse: −, +

Longitudinal: 0
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18 -10- 2012

ECAL2

µ±

ECAL1

2012 Pilot Run - 20 days

Partially equipped ECAL0
Full-scale CAMERA

recoil detector

and liquid H2 target



Exclusive π0 production event selection
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∆Z

µ in

γ out

µ out

inner scintillator

outer scintillator

target

vertex

reconstructed hit

reconstructed hit

proton

π0
out → γγ

Reconstructed interaction vertex in target volume

Two photons, one photon above threshold

1 (GeV/c)2 < Q2 < 5 (GeV/c)2, 8.5 GeV < ν < 28 GeV,

0.08 (GeV/c)2 < |t| < 0.64 (GeV/c)2
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Exclusive π0 production event selection
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Kinematically constrained fit for exclusive π0
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SIDIS background estimation
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signal region background region



COMPASS acceptance for exclusive π0 production
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4D-Acceptance binning (3D projection shown):

s- Q2 and ν : d3σ µp

dQ2dνdt
= Γ dσ γ∗p

dt

spa with the virtual photon flux Γ = Γ(Q2,ν)

s- |t| and φπ0



Exclusive π0 production cross section as a function of |t|
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first and only measurement at low ξ
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a factor of ∼ 2 discrepancy to

Goloskokov&Kroll model

dip indicates

contribution of ET

first and only measurement at low ξ



Exclusive π0 production cross section as a function of φπ0
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Deeply Virtual Compton Scattering
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t-dependence of pure DVCS x-section on unpolarised protons



Bethe-Heitler & DVCS Cross Sections at 160GeVDVCS
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Exclusive γ Azimuthal Distributions for DVCS
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• normalisation of BH Monte Carlo to

• the data using beam flux

• dominant BH process at small xBj

• clearly visible

• π0 background contributing

• at large xBj

• clear excess of DVCS at large xBj



π0 Background Estimation
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Invisible π0 background:
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Transverse Nucleon Imaging at xBj > 0.03
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Measure SCS,U = (dσ+←+dσ−→) SCS,U ∝ dσBH +dσDVCS
unpol +eµPµ Im I

note:

dσDVCS
unpol ∝ cDVCS

0 + cDVCS
1 cosφγ∗γ + cDVCS

2 cos2φγ∗γ

Im I ∝ sI
1 sinφγ∗γ + sI

2 sin2φγ∗γ



Transverse Nucleon Imaging at xBj > 0.03
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Transverse Nucleon Imaging at xBj > 0.03
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Measure SCS,U = (dσ+←+dσ−→)
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Transverse Nucleon Imaging at xBj > 0.03
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Measure SCS,U = (dσ+←+dσ−→)

Subtract Bethe-Heitler (BH)
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Transverse Nucleon Imaging at xBj > 0.03
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Transverse Nucleon Imaging at xBj > 0.03
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Measure SCS,U = (dσ+←+dσ−→)

Subtract Bethe-Heitler (BH)

Integrate over φγ∗γ

dσDVCS
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DVCS x-section and t-slope extraction
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Comparison with HERA
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H1: “B increases as Q2 decreases”

B

H1/ZEUS ↑ as Q2 ↓
(COMPASS measurement might

indicate decrease of B with xB )

but: large gluon contribution

at H1/ZEUS vs COMPASS



Comparison with HERA + JLab/HERMES
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Model independent extraction
(from x-section measurements )

σ ∝ eBt ∝ H 2
Im +H 2

Re ≈H 2
Im ∝ e2Bt t

Self consistent extraction

HIm(ξ , t) = H+(ξ ,ξ , t) ∝ eBt t

[Phys. Rev. D 95, 011501(R)]

gluon sector sea quarks valence

quarks

Bt = B/2

≈ xB

2−xB



Nucleon tomography
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nucleon radius: < b2
⊥ > (X)≈ 4h̄2Bt(X)

(up to small but model dependent corrections)

ansatz for the valence GPD H_ at ξ = 0:

H_(x ,ξ = 0, t) = ∑q eq qv (x)e
B0(x)t

with Regge type B0 :

B0(x) = aB ln(1/x)

aB constraint to F
p
1 via first moment:

∫ 1
0 dx H_ = F

p
1

< b2
⊥ > “to be compared to” 4 d

dt
F

p
1 |t=0 = (0.44±0.01) fm2 6= 6 d

dt
G

p
E |t=0

[Phys. Rev. D 95, 011501(R)]

gluon sector sea quarks

valence

quarks

Valence
G

P
D

contr.

related
to

F p
1
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Summary:

• 5 single and 3 double spin asymmetries from exclusive ρ0

• and ω production on polarised protons and deuterons

• exclusive π0 production cross section for a proton target

• t-dependance of pure DVCS cross section on proton target

• extraction of SDMEs upcoming
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Summary:

• 5 single and 3 double spin asymmetries from exclusive ρ0

• and ω production on polarised protons and deuterons

• exclusive π0 production cross section for a proton target

• t-dependance of pure DVCS cross section on proton target

• extraction of SDMEs upcoming

Near future:

• Dedicated beam time for DVCS and HEMP 2016-2017

• ≈ a factor of 15 increase in statistics compared to pilot run

• Beam charge sum and difference extraction

• ⇒ GPD H extraction (real and imaginary part in case of DVCS)
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Kinematic distributions for DVCS
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-
-(DVCS/BH): based on phenomenological
- model of DVCS x-section∗

-π0: parametrisation∗ linked to
- Golosgokov & Kroll + LEPTO (shown seperately)

∗
HEPGen++: Andrzej Sandacz, Christopher Regali



Exclusivity variables for DVCS
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Kinematic distributions for exclusive π0
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Exclusivity variables for exclusive π0
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Background treatment for exclusive π0
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Kinematically constrained fit for DVCS

constrained χ2 minimisation with NDF=7

full 4-momentum conservation of the reaction µp→ µpγ

vertex constraints for µ ,µ ′ and p′ included in the fit
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Recoil particle Measurement in CAMERA
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What Makes COMPASS Unique?
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µ+ and µ− beams

momentum: 100−190 GeV/c

beam polarization: 80 %

opposite for µ+ and µ−

coverage of intermediate xB

→ low xB: pure BH

useful for normalization

→ high xB: DVCS predominance

 unexplored region between

ZEUS+H1 and HERMES+JLab

COMPASS covers the unexplored region between collider (H1+Zeus)

and low-energy fixed target (Hermes+JLab) experiments



DVCS: What Can We Learn?
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µ
µ ′ Phase 1: Polarized beam, unpol. target

xB-dependent transv. size of

nucleon

r⊥ parameter from slope of

dσDVCS/dt

DVCS dominance
at large xB

BH/DVCS interf. at intermediate xB

Interference between BH and DVCS

+ →”Boost” of DVCS

through int.

term

Measurement of ReH (ξ , t) and ImH (ξ , t)
via φ -modulation of cross section

ReH (ξ , t) = P
∫

dx H(x,ξ , t)/(x−ξ )

ImH (ξ , t) = H(x = ξ ,ξ , t)

Exp. constrain to GPD H



CAMERA Readout
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Time Resolutions Measured with Cosmics
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Time resolution



Summary of Present CAMERA Performances
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Past, Present and Future GPD Experiments
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COMPASS

JLab

          Gluons             Sea quarks        Valence quarks



Measurements of DVCS and BH Cross-sections
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dσ(μpμp) = dσBH   + dσDVCS
unpol 

   + Pμ 
dσDVCS

pol 
 

 

                   + eμ aBH Re ADVCS        + eμ Pμ 
aBH Im ADVCS 

 

cross-sections on proton for +, - beam  with opposite charge & spin (eμ& Pμ) 

Charge & Spin Difference  and Sum: 

           and    F1 Im H 

                                and        F1 Re H 
Intc

1,0

SCS,U  d( +)  + d( -)    
Ints
1

DCS,U 
 d( +)  - d( -)    cos10

IntInt
cc 

 sin.
10
IntDVCSBH sKcd 

  

Note:   dominance of H  with a proton target  

                  at COMPASS kinematics  

             only leading twist and LO 

Int
c1   Re  (F1 H  + ( F1 + F2 ) H   t/4m2 F2E ) 

 

 



COMPASS acceptance for DVCS
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COMPASS acceptance for DVCS
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Symmetric acceptance in φγ∗γ
not necessary to bin the acceptance in φγ∗γ
for the cancelation of the interference term



Selections for exclusive ρ0 sample (similar selections for ω)
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Selections for exclusive ρ0 sample (similar selections for ω)
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