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Generalized parton distributions

I am not supposed to explain those …

2



hermes
DVCS 2014 - Bochum - Feb. 10th, 2014gunar.schnell @ desy.de

Generalized parton distributions

I am not supposed to explain those …

… thanks to E. Etzelmüller for a number of (backup) slides

2



hermes
DVCS 2014 - Bochum - Feb. 10th, 2014gunar.schnell @ desy.de

Real-photon production
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Real-photon production
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Real-photon production
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Amplitude of Bethe-Heitler scattering is dominant at HERMES kinematics

DVCS amplitude is amplified by 
BH in the interference term
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Azimuthal dependences in DVCS/BH
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• beam polarization PB

• beam charge CB

• here: unpolarized target

|TBH|2 =
KBH

P1(�)P2(�)

2�

n=0

cBHn cos(n�)

Fourier expansion for φ:

calculable in QED 
(using FF measurements)
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bilinear (“DVCS”) or linear (“I”) in GPDs

Fourier expansion for φ:
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hermes The HERMES Spectrometer
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• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad

• Kinematic coverage: 0.02 ≤ x ≤ 0.8 for Q2 > 1 GeV2 and W > 2 GeV

• Tracking: 57 tracking planes: δP/P = (0.7 − 2.5)%, δΘ ≤ 1 mrad

• PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter

Gunar Schnell, HERMES Collaboration Warsaw, May 25
th
, 2004 – p. 11/36

HERMES (1998-2005) schematically

5

two (mirror-symmetric) halves
-> no homogenous azimuthal 
coverage 
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5

two (mirror-symmetric) halves
-> no homogenous azimuthal 
coverage 

Particle ID detectors allow for
- lepton/hadron separation
- RICH: pion/kaon/proton 
discrimination 2GeV<p<15GeV
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X=∆+

X=π0+…

hermes

ep -> e 𝛄 X 
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A wealth of azimuthal amplitudes
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A wealth of azimuthal amplitudes

7

 Beam-charge asymmetry: 
      GPD H

 Beam-helicity asymmetry: 
    GPD H

 Transverse target spin asymmetries: 
      GPD E from proton target

 Longitudinal target spin asymmetry: 
      GPD H 
 Double-spin asymmetry: 
    GPD H 

~ 

~ 

Beam-charge asymmetry: 
     GPD H

Amplitude Value

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

   
)!cos(2

LLA

      !cos 

LLA

   
)!cos(0

LLA

     )!sin(2

ULA

         !sin 

ULA

!cos  )s
!  - !cos(

LT,I
A

!sin  )s
!  - !sin(

LT,IA

   
)

s
!  - !cos(

LT,BH+DVCS
A

    
)

s
!  - !cos(

LT,IA

!sin  )s
!  - !cos(

UT,I
A

!cos  )s
!  - !sin(

UT,IA

   
)

s
!  - !sin(

UT,DVCSA

    
)

s
!  - !sin(

UT,IA

      )!sin(2

LU,IA

   
!sin 

LU,DVCSA

         !sin 

LU,IA

   
)!cos(3

CA

   
)!cos(2

CA

      !cos 

CA

   
)!cos(0

CA

HERMES DVCS Hydrogen

Deuterium

PRL 87 (2001) 182001

PRD 75 (2007) 011103

NPB 829 (2010) 1

PRC 81 (2010) 035202

JHEP 06 (2008) 066

JHEP 11 (2009) 083

JHEP 06 (2010) 019

NPB 842 (2011) 265

PLB 704 (2011) 15

JHEP 07 (2012) 032



hermes
DVCS 2014 - Bochum - Feb. 10th, 2014gunar.schnell @ desy.de

Integrated Overall

)
!

c
o

s
 (

0

C
A -0.1

0

0.1

Integrated Over All Kinematics

!
c
o

s
 

C
A

0

0.1

0.2

Overall

)
!

c
o

s
 (

2

C
A

-0.1

0

0.1

Overall

)
!

c
o

s
 (

3

C
A

-0.1

0

0.1

Overall

fr
a
c
ti

o
n

A
s
s
o

c
.

0

0.2

0.4

)2 (GeVc-t

-2
10

-1
10

-0.1

0

0.1

)2 (GeVc-t

-210 -110

0

0.1

0.2

KM09 (a)

KM09 (b)

)
2

 (GeV
c

-t

-2
10

-1
10

-0.1

-0.05

0

0.05

0.1

)
2

 (GeV
c

-t

-2
10

-1
10

-0.1

-0.05

0

0.05

0.1

]2-t [GeV

-210 -110

0

0.1

0.2

0.3

0.4

Bj
x

-1
10

-0.1

0

0.1

Bj
x

-110

0

0.1

0.2

GGL11

Bj
x

-1
10

-0.1

-0.05

0

0.05

0.1

Bjx

-1
10

-0.1

-0.05

0

0.05

0.1

Bx

-110

0

0.1

0.2

0.3

0.4

)
2

 (GeV
2

Q
1 10

-0.1

0

0.1

)2 (GeV2Q
1 10

0

0.1

0.2

)
2

 (GeV
2

Q
1 10

-0.1

-0.05

0

0.05

0.1

)
2

 (GeV
2

Q
1 10

-0.1

-0.05

0

0.05

0.1

]2 [GeV2Q
1 10

0

0.1

0.2

0.3

0.4

Beam-charge asymmetry

8

constant term:

[higher twist]

[gluon leading twist]

ep � e�+�
Resonant fraction:

⇥ �Acos�C

� Re[F1H]

[Airapetian et al., JHEP 07 (2012) 032]

complete data set!
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A wealth of azimuthal amplitudes
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[higher twist]

ep � e�+�

Resonant fraction:

� Im[F1H]

complete data set!
[Airapetian et al., JHEP 07 (2012) 032]
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[higher twist]
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Resonant fraction:

� Im[F1H]

complete data set!
[Airapetian et al., JHEP 07 (2012) 032]
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[higher twist]

ep � e�+�

Resonant fraction:

� Im[F1H]

complete data set!
[Airapetian et al., JHEP 07 (2012) 032]

Resonant fraction:
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X=∆+,… 
hermes

ep -> e 𝛄 X 
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HERMES detector (2006/07)

1

0

2

−1

−2

TARGET
CELL

Recoil
Detector

m

LUMINOSITY

CHAMBERS

DRIFT

FC 1/2

DVC

MC 1−3
MONITOR

BC 1/2

BC 3/4 TRD

PROP.
CHAMBERS

FIELD CLAMPS

PRESHOWER (H2)

DRIFT CHAMBERS

TRIGGER HODOSCOPE H1

0 1 2 3 4 5 6 7 8 9 10

RICH
270 mrad

270 mrad

MAGNET

m

140 mrad

140 mrad
CALORIMETER

e+

27.5 GeV

STEEL PLATE

HODOSCOPE H0

SILICON

detection of 
recoiling proton

12
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Enables the measurement of the recoiling charged particle and 
therefore full ep→epγ event reconstruction

13

The HERMES Recoil detector
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kinematic fitting

HERMES detector (2006/07)

– All particles in final state detected → 4 constraints from energy-momentum conservation

– Selection of pure BH/DVCS (ep→epγ) with high efficiency (~83%)

– Allows to suppress background from associated and semi-inclusive processes to a negligible 
level (<0.2%)
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s  i  m i  l  a  r       b a c k g r  o u n d
s a m e     k i n e m a t i c     a c c e p t a n c e

pure ep→eγpassociated processes (ep→eγΔ⁺)

f o r w a r d  s p e c t r o m e t e r  o n l y m e a s u r e d
p r o t o n

Missing mass:

Exclusivity with recoil detector
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16

basically no 
contamination 

-> clear interpretation

A. Airapetian et al., JHEP (in press), arXiv:1206.5683
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A. Airapetian et al., JHEP (in press), arXiv:1206.5683
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good agreement with models

Single-charge BSA with recoil proton 

17
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KM10 - K. Kumericki and D. Müller, Nucl. Phys. B 841 (2010) 1
VGG   - M. Vanderhaeghen et al., Phys. Rev. D 60 (1999) 094017

[A. Airapetian et al., JHEP 10 (2012) 042]
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GPDs - a nice success story!

18

Goloskokov, Kroll (2007)  

exclusive meson production
modified perturbative approach -Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t; µ2) ⊗ K(x, ξ, z; log(Q2/µ2) ⊗ Φ(z, k⊥; µ2)

t

−2ξ

x + ξ x − ξ

at leading-twist: H, E, eH, eE
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

quantum numbers of final state selects different GPDs

vector mesons (γ∗
L → ρL, ωL, φL): H, E

pseudoscalar mesons (γ∗
L → π, η): eH, eE

factorization for σL (and ρL, ωL, φL ) only

σL − σT suppressed by 1/Q

σT suppressed by 1/Q2

power corrections: k⊥ is not neglected

regulate the singularity in the transverse

amplitude

γ∗
T → ρ0

T transitions can be calculated

(model dependent)

-Ami Rostomyan- – p. 2

H,E, H̃, Ẽ, . . .
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exclusive meson production
modified perturbative approach -Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t; µ2) ⊗ K(x, ξ, z; log(Q2/µ2) ⊗ Φ(z, k⊥; µ2)

t

−2ξ

x + ξ x − ξ

at leading-twist: H, E, eH, eE
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

quantum numbers of final state selects different GPDs

vector mesons (γ∗
L → ρL, ωL, φL): H, E

pseudoscalar mesons (γ∗
L → π, η): eH, eE

factorization for σL (and ρL, ωL, φL ) only

σL − σT suppressed by 1/Q

σT suppressed by 1/Q2
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regulate the singularity in the transverse
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γ∗
T → ρ0

T transitions can be calculated

(model dependent)
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H,E, H̃, Ẽ, . . .

Our results for the beam spin asymmetry Asinφ
LU,I are shown in Fig. 4-left and compared to

the HERMES data [97]. The agreement between predictions and data is not as good in this
case, our results differ by about 40% (≃ 0.1 in absolute value) from experiment. Recently
the HERMES collaboration has published data on the sinφ harmonic of the beam spin
asymmetry using a recoil detector and a positron beam [98]. In this experiment all three
final state particles are detected and therefore the resonant background severely reduced.
In so far the recoil data are closer to the exclusive process lp → lpγ to which our theory
applies. The data were taken at about the same average values of xB and Q2. In order
to compare to recoil data, we computed A+

LU using Eq. (49) with ALU,I and AC from the
non-recoil data and ALU,DV CS = 0 (exact at twist 2 and in agreement with experimental
results from Ref. [97]). Then the sinφ coefficient is :

A+sinφ
LU ≃

Asinφ
LU,I

1 + Acos 0φ
C

(58)

On the right hand side of Fig. 4 we therefore show both A+sinφ
LU from the non-recoil and

the recoil data. We observe that the recoil data are significantly larger in absolute value,
yielding very good agreement with our predictions. Similar effects for other DVCS ob-
servables may occur but with the exception of the beam spin asymmetry, there are no
measurements with the recoil detector available. The effect of the resonant background in
other observables is unknown. Note that Asinφ

LU vanishes for forward scattering, t = tmin.
The trend towards zero is however only visible for t of order tmin = −4m2ξ2/(1− ξ2) which
is very small, about −0.02 GeV2 for HERMES kinematics.

Figure 4: Left plot: Asinφ
LU,I as a function of −t measured by the HERMES collaboration

[97]–Tab. 5. Right plot: A+,sinφ
LU versus −t obtained from the non-recoil data on Asinφ

LU,I and

Acos 0φ
C measured by the HERMES collaboration [97] –Tab. 5 and 6 (solid circles, see text

for details) and the more recent recoil data [98] (open squares). For other notations and
the values of the averaged kinematic variables, refer to Fig. 3.

The CLAS collaboration published accurate data on the beam helicity asymmetry in a

21

[P. Kroll, H. Moutarde, F. Sabatie, 
EPJ C73 (2013) 2278]
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Besides a better understanding of the unresolved sample, associated 
DVCS in principle also allows further access to GPDs.

In the large-Nc limit the remaining N→Δ GPDs can be related to the 

N→N iso-vector GPDs:

19

Beam-spin asymmetries ep→eγNπ
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Associated DVCS/BH (ep→eγpπ⁰) 85 ± 1
Elastic DVCS/BH (ep→eγp)  4.6 ± 0.1
SIDIS (ep→eXπ⁰) 11 ± 1

20

Shown amplitudes corrected for background 
(only overall fractions are listed here):
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[A. Airapetian et al,  JHEP 01 (2014) 077]
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Associated DVCS/BH (ep→eγnπ⁺) 77 ± 2
Elastic DVCS/BH (ep→eγp)   0.2 ± 0.1
SIDIS (ep→eXπ⁰) 23 ± 3

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0

0.05

0.1

0.15

0.2

0.25

0.3

1.1 1.2 1.3

Ee = 27 GeV, Q2 = 2.5 GeV2, xB = 0.15, ta = -0.25 GeV2, \ = 90o

e- p A e- a /+ n

dm
/(d

Q
2 dx

B
dt

ad
\

dW
/N

) (
nb

/G
eV

5 ra
d)

e- p A e- a /0 p

e- p A e- a /+ n

W/N ( GeV )
B

SA e- p A e- a /0 p

W/N ( GeV )

0

0.05

0.1

0.15

0.2

0.25

0.3

1.1 1.2 1.3

0.1

Beam-spin asymmetries ep→eγnπ+

Shown amplitudes corrected for background 
(only overall fractions are listed here):

φ
s

in
 

L
U

A

-0.5

0

0.5

)φ
s

in
(2

L
U

A

-0.5

0

0.5

+∆
⏐+πnγ+ e→p +e

overall

-0.5

0

0.5

-0.5

0

0.5

]2-t [GeV

-110 1

-0.5

0

0.5

-0.5

0

0.5

Bx

-110

-0.5

0

0.5

scale uncertainty  1.96%

-0.5

0

0.5

]2 [GeV2Q
1 10

[A. Airapetian et al,  JHEP 01 (2014) 077]

opposite sign convention!

[Guichon et al., PRD 68 (2003) 034018]
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indication of larger amplitudes for
pure sample

-> assoc. DVCS in “traditional” 
analysis mainly dilution, supported by 
recent results from HERMES 
[JHEP 01 (2014) 077]:

DVCS at HERMES

22

data with recoil-proton detection 
allows clean interpretation

Amplitude Value
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assoc. DVCS results consistent with 
zero but also with model prediction
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5.8 cm away from lepton beam, 1.5 cm gap

sensor thickness 295 𝝻m - 315 𝝻m
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Schematic design of the 
scintillating fibre tracker (SFT)

25

Sketch of front- and backside of a 
silicon strip detector module (SSD)

The HERMES recoil detector
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The scintillating fibre tracker (SFT)

26

The silicon strip detector (SSD)

The HERMES recoil detector
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11.5 cm (18.5 cm) inner (outer) radius

1318+1320 (2198+2180) fibers with a diameter of 1 mm each

readout by 64-channel Hamamatsu H7546B MAPMTs

SFI

SFO
0°

0°

10°

10°

stereo

stereo

beam

parallel

parallel

particle track

SFI1
SFI2
SFI3
SFI4

parallel

stereo

in
ne

r
ba

rre
l

SFO1
SFO2
SFO3
SFO4

parallel

stereo

ou
te

r
ba

rre
l

SFT (scintillating fibre tracker)



hermes
DVCS 2014 - Bochum - Feb. 10th, 2014gunar.schnell @ desy.de

Scintillating fibre tracker (SFT) and silicon strip 
detector (SSD) complement each other

28

SFT

SSD

MC MC

Kinematic coverage of the HERMES RD
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taking energy loss into account improves momentum resolution for low p
azimuthal-angle resolution: 4 mrad
polar-angle resolution: 10 mrad          (for p>0.5 GeV)
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Recoil-detector tracking
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χ²-value of interest penalty term constraints

30
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• 4-momentum conservation as constraints

• lowest χ²-value in case of multiple 

recoil tracks per event

• minimum of 1 % fit probability required, 

which corresponds to χ² < 13.7

Kinematic event fitting
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discrimination between protons and positively charged pions

parent distributions were crucial and determined experimentally
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ep→eγp SIDIS

32

ep→eγpπ⁰

ep→eγpπ⁰ hypothesis ep→eγp hypothesis
χ²ep→eγpπ⁰ < 4.6 χ²ep→eγp > 50

Using powerful kinematic fitting of ep→eγp hypothesis
 is crucial for the ep→eγNπ analysis

Kinematic fitting for ep→eγpπ⁰
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ep→eγpπ⁰ ep→eγnπ⁺

Additional selection criteria:

• Recoil PID information

• Lower-cut on ep→eγp 

hypothesis

Uncharged particle 
remains undetected

Kinematic fitting in case 

of ep→eγNπ hypothesis 

therefore not as strong

Selection of associated events


