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Konrad Klimaszewski Measurement of G/G at COMPASS

How the proton spin is decomposed in terms

of parton’s spins (ΔΣ, ΔG) and orbital angular

momentum (Lq, Lg) is still one of the big

open questions in hadronic physics…
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GPDs provide a “3D” description

of the nucleon by encoding

CORRELATIONS between momentum

and position of partons
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Definition of variables:

q: exchanged photon four-momentum

x: average long. momentum - NOT ACCESSIBLE

𝜉: long. mom. difference ≃ xB/(2 − xB)

t: four-momentum transfer
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GPDs provide a “3D” description

of the nucleon by encoding

CORRELATIONS between momentum

and position of partons

Experimentally accessible through

correlation with lepton-parton scattering

→ Compton Form Factors (CFFs):

𝐈𝐦ℋ(𝝃, 𝐭) = 𝐇(𝐱 = 𝝃, 𝝃, 𝐭)

𝐑𝐞ℋ(𝝃, 𝐭) = 𝒫∫
𝐝𝐱 𝐇(𝐱, 𝐱 = 𝝃, 𝐭)

(𝐱 − 𝝃)
+ 𝒟(𝐭)

𝒟(t) connected to energy-momentum tensor (Polyakov, PLB 555 (2003) 57-62)
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COMPASS:  Versatile facility  to study QCD 
 with hadron (, K, p …) and lepton (polarized ) beams 
of 200 GeV for hadron spectroscopy and  
         hadron structure studies  using SIDIS, DY, DVCS, DVMP… 
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∼350 tracking detector planes

Main new equipments

Key features of COMPASS:

• Muon beams with opposite charge and polarization

∘ E𝜇 = 160 GeV

∘ ∼ 4 ⋅ 108 𝜇/spill, 9.6s/40s duty cycle

• Reconstruction of the full event kinematics

• Recoil proton momentum from target TOF detector

• Photon energy and angle from ECALs
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Transverse Nucleon Imaging at COMPASS
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< b2⊥(xB) > ≈ 2𝐁(𝐱𝐁)
b⊥ → distance between struck parton and

baricenter of momentum

Ansatz at small 𝐱𝐁:

𝐁(𝐱𝐁) ≃ 𝐁𝟎 + 𝟐𝜶′𝐥𝐧(𝐱𝟎/𝐱𝐁)

(inspired by Regge phenomenology)

Beam Charge and Spin SUM:

𝐒𝐂𝐒,𝐔 ≡ 𝐝𝝈(𝝁+←) + 𝐝𝝈(𝝁−→) ∝ 𝐝𝝈𝐁𝐇 + 𝐝𝝈𝐃𝐕𝐂𝐒𝐮𝐧𝐩𝐨𝐥 + 𝐊𝐬𝐈𝐧𝐭𝟏 sin𝝓

Integration over 𝜙 and BH subtraction→ 𝐝𝝈𝐃𝐕𝐂𝐒/𝐝|𝐭| ∼ 𝐞𝐱𝐩(−𝐁|𝐭|)
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Exclusive Photon Events Selection
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Reconstructed interaction vertex in target volume

One single photon above DVCS production threshold

Q2 > 1 (GeV/c)2, 0.05 < y < 0.9,

0.08 (GeV/c)2 < t < 0.64 (GeV/c)2

Exclusivity conditions:

• Δ𝜑 = 𝜑
proton
meas − 𝜑

proton
reco

• Vertex pointing (ΔZA)

• Transv. mom. balance:

ΔpT = p
proton
T,meas − p

proton
T,reco

• Four-momentum balance:

M2
x = (p𝜇in

+ ppin − p𝜇out
− ppout − p𝛾)

2
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𝜋0 Background Estimation
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M𝛾𝛾 distribution (”visible” 𝜋0)
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𝜋0s are one of the main background sources for excl. photon events

Two possible cases:

• visible (both 𝛾 detected, subtracted)

• invisible (one 𝛾 “lost”, estimated with MC)

∘ Semi-inclusive→ LEPTO

∘ Exclusive→ HEPGEN/𝜋0

(Goloskokov-Kroll model)

MC samples normalized to

M𝛾𝛾 peak in real data



Exclusive 𝛾 Azimuthal Distributions for DVCS
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Kinematically constrained

vertex fit applied
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• BH Monte Carlo normalization

based on integrated luminosity

• BH process dominant at small xBj

• 𝜋0 background contributing at large xBj

• clear excess of DVCS at large xBj

t-dependence of DVCS cross-section for xBj > 0.03:

• Subract BH contribution

• Subtract 𝜋0 background

• Experimental acceptance correction & luminosuty normalization

⇒ DVCS cross-section in 4 bins of |t|



DVCS x-section and t-slope extraction
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Kinematically constrained

vertex fit applied

2|t| (GeV/c)
0.1 0.2 0.3 0.4 0.5 0.6

-2
nb

 (
G

eV
/c

)
 

d|
t|

 p
)

γ 
→

*p
 

γ(σd

1

10

210

-2 (GeV/c) 0.25−
 0.09+ 0.62 ±B = 4.31 

2 < 5 (GeV/c)2 < Q21 (GeV/c)
 < 32 GeVν10 GeV < 

 = 0.056〉 
Bj

 x〈
2 = 1.8 (GeV/c)〉 2 Q〈

 = 5.8 GeV/c〉 W 〈

COMPASS 2012

Prelim
inary

2



Comparison with HERA results
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COMPASS OUTLOOK:

• Dedicated beam time for GPD studies in 2016-17

• xBj-dependence of t-slope parameter in sea-quarks domain
d DVCS /dt ~ exp(-B|t|)

as soft Pomeron

0.65 0.02 fm

H1  PLB659(2008)

1.

0.5

 

2
r

?
COMPASS

xB

< r
2 (xB) >   2 B(xB)

B(xB) = b0 + 2 α’ ln(x0/xB)

ansatz at small xB

inspired by 
Regge Phenomenology:

α’ slope of Regge traject

2 years of data = 40 weeks
160 GeV muon beam
2.5m LH2 target
global = 10%

Prediction with 40  weeks
in  2016-17

1rst bar= stat. error; 2nd = stat + syst. errors

Transverse imaging foreseen at COMPASS

HERA: ep 27/920 GeV
COMPASS:   200 GeV

’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’

• Real and imaginary parts of CFFℋ from interference term

• Complementary measurements with exclusive mesons:

𝜋0, 𝜌0, 𝜙, 𝜔…



Exclusive 𝜋0 production on unpolarized protons

A. Ferrero (CEA-Saclay/IRFU/SPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS 15/30

Exclusive 0 production on unpolarized proton  

A large impact of ET

should be clearly visible in  TT

and in the dip at small t of T

e p  e 0 p 

but  only a few % of 

Leading twist should be dominant

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

ET = 2H̃T − ET



Exclusive Events Selection

A. Ferrero (CEA-Saclay/IRFU/SPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS 16/30

Exclusive 0 production on unpolarized proton  

Selection of exclusive events
Background of semi-inclusive LEPTO
+ Kinematic fit

all the cuts
are applied except
on the variable
which is shown
in each plot



SIDIS Background Estimation

A. Ferrero (CEA-Saclay/IRFU/SPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS 17/30

Exclusive 0 production on unpolarized proton  

0

SIDIS background estimation

(only two photon clusters)
(more photon clusters)



𝜙Modulation of the 𝜋0 production cross-section

A. Ferrero (CEA-Saclay/IRFU/SPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS 18/30

Exclusive 0 production on unpolarized proton  

TT large (impact of ET)
LT smaller but significantly positive



t-dependence of the 𝜋0 production cross-section

A. Ferrero (CEA-Saclay/IRFU/SPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS 19/30

Exclusive 0 production on unpolarized proton  

The dip at small t 
indicates the large impact of ETbar

The GK model 
overestimates
by a factor 2

?



Conclusions and Outlook

A. Ferrero (CEA-Saclay/IRFU/SPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS 20/30

• COMPASS is measuring muon-induced exclusive reactions
in several channels

∘ Simultaneously opposite charge and long. polarization of the beam

∘ Access to exclusive 𝛾 (DVCS), 𝜋0 and vector mesons

• Pilot data taking in 2012

→ t-dependence of DVCS cross-section

→ t and 𝜙 dependence of excl. 𝜋0 cross-section

∘ analysis of vector meson production in progress

• Dedicated beam time in 2016 and 2017

∘ t-slope of DVCS xsec in several xBj bins

∘ Real and imaginary parts of CFFℋ

∘ Analysis of Deeply Virtual Meson Production from the same data

• Possibility to measure DVCS on a transversely polarized proton target

under study for a future extension of the COMPASS physics program
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Backup Slides



Experimental acceptance for DVCS events

A. Ferrero (CEA-Saclay/IRFU/SPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS 22/30
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Acceptance binning in Q2, 𝜈 and |t|



Experimental acceptance for DVCS events
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Valence quark imaging at Jlab

Guidal, 
Moutarde, 

Vanderhaeghen,  
Rept. Prog. Phys. 76 (2013)

Fit of 8 CFFs at  L.O and L.T.

s1
I = Im F1H

 VGG model
Fit A e-B’|t|

=0.20=0.067

 CLAS  and 
 HallA  and 
 CLAS AUL and ALL < b

2 >   4 B’

< 
b


2
  (


) 
> 

 (
fm

2
)



Deeply Virtual Compton ScatteringProton « radius » measured at JLab

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

x= and 0

HERMES 
+ 8 points from JLab



Kinematic Distributions for DVCS
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< xBj > = 0.056

< Q2
Bj > = 1.8 (GeV/c)2

< W > = 5.8 GeV/c2



The GPD Physics Programme at COMPASS
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2008: Very short test run, short LH2 target

∘ Observation of exclusive photon production

∘ Confirmed the global efficiency ≃ 10% used for projections

2009: 10 days, short LH2 target

∘ Coarse binning in xB

∘ First hint of DVCS at large xB

2003-10: Exclusive 𝜌0 and 𝜔0 meson production on a

transv. pol. target and no recoil detector

2012: 4 weeks, full-scale LH2 target and recoil detector

2016-7: 2 x 6 months with LH2 target and recoil det. → GPD 𝐇

>2018: DVCS with transv. pol. target and

recoil detector→ GPD 𝐄

Future addendum to COMPASS-II proposal
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Introduction to GPDs

A. Ferrero (CEA-Saclay/IRFU/SPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS 27/30

“GPDs are non-perturbative

objects entering the description of

hard exclusive leptoproduction”

P P’P

H, E, . . .

q q ’

t

𝛾,
𝜌
0 , 𝜌

+ , 𝜔
, 𝜙
…

Definition of variables:

q: exchanged photon four-momentum

x: average long. momentum - NOT ACCESSIBLE

𝜉: long. mom. difference ≃ xB/(2 − xB)

t: four-momentum transfer
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Introduction to GPDs
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“GPDs are non-perturbative

objects entering the description of

hard exclusive leptoproduction”

They encode CORRELATIONS between the

long. mom. 𝐱 and the transv. position of partons

Experimentally accessible through

Compton Form Factors (CFFs):

𝐈𝐦ℋ(𝝃, 𝐭) = 𝐇(𝐱 = 𝝃, 𝝃, 𝐭)

𝐑𝐞ℋ(𝝃, 𝐭) = 𝒫∫
𝐝𝐱 𝐇(𝐱, 𝐱 = 𝝃, 𝐭)

(𝐱 − 𝝃)
+ 𝒟(𝐭)

𝒟(t) connected to energy-momentum tensor (Polyakov, PLB 555 (2003) 57-62)
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Introduction to GPDs

A. Ferrero (CEA-Saclay/IRFU/SPhN) for the COMPASS Coll. DVCS and DVMP at COMPASS 27/30

“GPDs are non-perturbative

objects entering the description of

hard exclusive leptoproduction”

They encode CORRELATIONS between the

long. mom. 𝐱 and the transv. position of partons

They allow to perform so-called

”nucleon tomography”:

𝐝𝝈𝐃𝐕𝐂𝐒/𝐝|𝐭| ∼ 𝐞𝐱𝐩(−𝐁|𝐭|)

< b2⊥(xB) > ≈ 2𝐁(xB)

b⊥: distance between the struck parton and center of momentum

P P’P

H, E, . . .

q q ’

t

𝛾,
𝜌
0 , 𝜌

+ , 𝜔
, 𝜙
…

Definition of variables:

q: exchanged photon four-momentum

x: average long. momentum - NOT ACCESSIBLE

𝜉: long. mom. difference ≃ xB/(2 − xB)

t: four-momentum transfer



Towards a 3D Picture of the Nucleon…
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F. Giordano,  A. Bacchetta, M. Contalbrigo, M. Stolarski

The proton structure

4

GPDs (x, bT) TMDs (x, kT)
x

zy

kT

S

xp

xz

y

xp

bT

PDFs (x)

∫ TMDs(x,kT) ... dkT∫ GPDs(x,bT) ... dbT

Form Factors (t)

Fourier transform (bT) 
& ∫ GPDs(x, t) ... dx

∫ dkT ∫ db⊥

Wigner
Distributions

PDFs→ ΔΣ, ΔG TMDs, GPDs→ {
nucleon″tomography″

Lq,g
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A. Bacchetta

Transverse plane

↑

k+ = xP+

Longitudinal momentum

11

partons

PDFs: 1-D structure

(𝑥𝐵, 𝑄
2)

(Baryon 2013 Conference)
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A. Bacchetta

Transverse plane

↑

k+ = xP+

�kT

�bT

see, e.g., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11)

Wigner distributions
�(x,⇥kT ,⇥bT )

Longitudinal momentum

Transverse momentum

Transverse
 position

11

partons

5-D correlations

(𝑥𝐵, 𝑄
2)

(Baryon 2013 Conference)
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