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Experimental probe of GPDs       Hard exclusive Processes 
Deeply Virtual Compton Scattering
• Theoretically the cleanest probe of GPDs 
• Theoretical accuracy at NNLO
• GPDs are accessed through convolution integrals with 
hard scattering amplitude
• Experimental observables: Azimuthal asymmetries, 
cross sections, cross section differences.
• Amplitudes depend on all GPDs   

Vector Mesons 
• Factorization for σL (to ρL, φL, ωL) only
• σL to σT suppressed by 1/Q 
• σT suppressed by 1/Q2 
• Experimental observables: cross sections, SDMEs, 
azimuthal asymmetries, Helicity amplitude ratios
• At leading twist → sensitive to GPDs     and
• Observables for different mesons provide a possibility 
of flavor tagging. 

Pseudoscalar mesons 
• Experimental observables: Cross sections, azimuthal  
asymmetries 
• At leading twist → sensitive to GPDs     and 

H E

eH eE

H,E, eH, eE

Aram Movsisyan, Baryons 2013, Glasgow 27.06.2013
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Exclusive Vector Meson Production
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Vector Meson 
Dominance

pQCD 

pQCD description of the process. 
I)   dissociation of the virtual photon into quark-antiquark pair
II)  scattering of the pair on a nucleon
III) formation of the observed vector meson

.

hermes e + p → e′ + p′ + V : Basics
e

W

p

V

γ ∗

t

2

Q 2

p

e

Kinematics:

ν = 3.5 ÷ 24 GeV,

Q2 = 1.0 ÷ 7.0 GeV2,

W = 3.0 ÷ 6.5 GeV,

xBj = 0.01 ÷ 0.35,

-t′ = (t − tmin)

-t′ = 0 ÷ 0.4 GeV2,

In the one photon approximation
≡ γ∗ + p → p′ + V

The amplitude of this process can be
factorized:
A = Φ∗

γ∗→qq̄ ⊗ Aqq̄+p→qq̄+p ⊗ Φqq̄→V .
In these three steps the interaction time of
(qq̄) with target is shorter than the time of
γ∗ fluctuation and formation of VM.
(Collins,Frankfurt and Strikman Phys.Rev
D56(1997)2982)

γ∗ + N → V + N ′ is a good tool to study
the helicity conservation:

helicity state of γ∗ is easy to
determine (QED)
helicity of VM from angular
distributions of decay products:
φ→ K+K− and ρ0 → π+π−

Witold Augustyniak, SINS MIT, JUNE 25th , 2011 – p. 3/29

0 < Q2 < few GeV 2 Q2 � 1 GeV 2

H E
eH eE

Natural Parity Exchange - described by GPDs     and  

Unnatural Parity Exchange - described by GPDs     and  

Aram Movsisyan, Baryons 2013, Glasgow 27.06.2013
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Experimental ObservablesExclusive Production:

K.Schilling & G.Wolf, Nucl.Phys.B61,381(1973): Formalism for longitudinal polarized beam, unpolarized target

I) (QED)

Spin-density matrix of

virtual photon:

II) (QCD)

Helicity amplitudes in c.m.s. of :

Vector-meson spin-density matrix:

!o

!o

" #

e

e’

lepton

scattering!plane

N’ N

*

!o

$
+

%

$

&

N’z

xy

+

$

$!

!

!production!plane #

!decay!plane

Z

Y X

Define here Spin Density Matrix Elements (SDMEs) to be:

Free parameters where with

If no transverse-longitudinal separation:

15 ‘unpolarized’ SDMEs & 8 ‘polarized’ SDMEs can be extracted

III) (Conservation of ) (Decay pion angular distribution)

Wolf-Dieter Nowak, DIS 2009, Madrid, April 28, 2009 – p. 4
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Cross Section

W = WUU + P`WLU + SLWUL + P`SLWLL + ST WUT + P`ST WLT

production and decay angular distribution

parameterization in terms of helicity amplitudes              or SDMES

11
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dxB dQ2 dt d⇥s d⇥ d cos⇤ d⌅
� d�

dxB dQ2 dt
W (xB , Q

2, t,⇥s,⇥, cos⇤,⌅)

!"production and decay angular distributions W decomposed:

W = WUU + PlWLU + SLWUL + PlSLWLL + STWUT + PlSTWLT

!"or alternatively by SDMEs:
!"parametrized by helicity amplitudes 

-Schilling, Wolf (1973)-

-Diehl  (2007)-

-Diehl  (2007)--Schilling, Wolf (1973)-

helicity amplitudes or SDMEs describe

!"the helicity transfer from virtual photon to the vector meson

! the parity of the diffractive exchange process 

     ! natural parity is related to 

     ! unnatural parity is related to �H and �E
H and E

Wednesday, September 28, 2011
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! the parity of the diffractive exchange process 
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     ! unnatural parity is related to �H and �E
H and E

Wednesday, September 28, 2011

W = WUU + P`WLU + SLWUL + P`SLWLL + ST WUT + P`ST WLT

15 
SDMEs

8 
SDMEs

30 
SDMEs

-Schilling, Wolf (1973)
-Diehl (2007)

Aram Movsisyan, Baryons 2013, Glasgow 27.06.2013
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SDME’s ρ0 

! no!statistically!significant!diffe"

rence between!proton!and!

deuteron

s"channel!helicity!conservation!

(conservation!the!helicity!of!"*!!in!

!"
# $ %"
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! s"channel!helicity!violation!
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# $ %"

& " non"zero!

elements!of!class!C,!not!so!

significant!!*'
# $ %'

& and!!"
# $ %'

&

" non"zero!elements!of!classes!D,E

SDMEs!for!#0 meson!production

Hierarchy!of!amplitudes!at!HERMES!kinematics!for!%&:

|T00|
2 < |T11|

2= |T01|
2 >|T10|

2 < |T#11|
2

EPJC 62 (2009) 659-694, arXiv:0901.0701

Unpolarized (white!areas)!and!beam"polarized!(green!areas)!SDMEs

13

Polarized
Unpolarized

|T00| ⇠ |T11|� |T01| > |T10| � |T1�1|

γ*L→VL && γ*T→VT (Class A & B)  

• SDMEs are significantly different from zero 
• SDMEs of Class B are smaller than SDMEs of 
Class A 

γ*T→VL (Class C)  

• some SDMEs are significantly different from 
zero (up to 10σ)
• Violation from SCHC 

γ*-T→VT (Class E)  

• SDMEs on Deuteron are consistent with zero 
• Small deviation from zero for SDMEs on 
hydrogen 

γ*L→VT (Class D)  

• Unpolarized SDMEs are slightly negative 
• Polarized SDMEs are slightly positive 

• Selected hierarchy of NPE helicity amplitudes 
is confirmed   
• No differences between proton and deuteron

Aram Movsisyan, Baryons 2013, Glasgow 27.06.2013
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SDMEs Φ

scaled SDMEs
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A:

B: Interference

C:

D:

E:

L VM→ 
L
*
γ

T VM→ T
*
γ

T VM→ 
T
*
γ & L VM→ 

L
*
γ

L VM→ 
T
*γ

T VM→ 
L
*
γ

T VM→ 
-T
*γ

HERMES Preliminary

HERMES, EPJC 62 (2009) 659
 proton0ρ

 deuteron0ρ

, W=5.34GeV2=2.5 GeV2Q
 protonφ

 deuteronφ

Unpolarized

Polarized

γ*L→VL & γ*T→ VT (Class A & B) 

• SDMEs are significantly different from zero 
• 10-20% difference between ρ and ϕ SDMEs 

• Selected hierarchy of NPE helicity amplitudes 
is confirmed   
• No significant differences between proton 
and deuteron

γ*T→VL (Class C)  

• SDMEs are consistent with zero
• SDMEs on deuteron are slightly negative 
• No strong indication of violation from SCHC 

γ*L→VT (Class D)  

• Unpolarized and Polarized SDMEs are 
consistent with zero for both hydrogen and 
deuteron

γ*-T→VT (Class E)  

• Unpolarized and Polarized SDMEs are 
consistent with zero for both hydrogen and 
deuteron

Aram Movsisyan, Baryons 2013, Glasgow 27.06.2013
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SDMEs ω
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HERMES PRELIMINARY

ω, deuteron
ω, proton

ρ0,  proton
ρ0,  deuteron

A: γ*
L→VML & γ*

T →VMT

B: Interference
γ*
L→VML & γ*

T →VMT

C: γ*
T →VML

D: γ*
L→VMT

E: γ*
 -T →VMT

Unpolarized

Polarized

• Selected hierarchy of NPE helicity amplitudes 
is not confirmed   
• No differences between proton and deuteron

γ*L→VL & γ*T→ VT (Class A & B) 

• SDMEs are significantly different from zero 
• Significant differences between ρ and ω 
SDMEs 

γ*T→VL (Class C)  

• SDMEs are consistent with zero on both 
targets

γ*L→VT (Class D)  

• Unpolarized SDMEs differ from zero
•  Small evidence for violation from SCHC 

γ*-T→VT (Class E)  

• Unpolarized and Polarized SDMEs are 
consistent with zero for both hydrogen and 
deuteron

Aram Movsisyan, Baryons 2013, Glasgow 27.06.2013
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Comparison with GPD models

13

comparison with a GPD model
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-Goloskokov, Kroll (2007)-

Q2-dependence calculated for 3 differ-

ent W values:

W = 5 GeV(HERMES)

W = 10 GeV(COMPASS)

W = 90 GeV(H1,ZEUS)

γ∗
L → ρ0

L and γ∗
T → ρ0

T

1 − r04
00 ∝ r1

1−1 ∝ −ℑr2
1−1 ∝ T11

describe data for various W -ranges

interference of γ∗
L → ρ0

L and γ∗
T → ρ0

T

r5
10 ∝ −ℑr6

10 ∝ T00 and T11 interference

model does not describe the data

model uses phase difference δ = 3.1 degree between T00 and T11

HERMES result: δ ≈ 30 degree

-Ami Rostomyan- – PACSPIN 2009,Yamagata, Japan – page 11

-Goloskokov, Kroll (2007)-
W = 5 GeV(HERMES)

W = 10 GeV(COMPASS)

W = 90 GeV(H1,ZEUS)

HERMES and GPDs

0

A
UTSDME

A
UT

SDME

A
UT

SDME

A
UT

cross

section

A
UL

0

-Ami Rostomyan- – PACSPIN 2009,Yamagata, Japan – page 22

ep � e� �0 p�
!"Q2-dependence calculated using models for GPD H,

                                                neglecting GPD 

��
L � ⇥0L ��

T � ⇥0T
1� r0400 ⇥ r11�1 ⇥ �Imr21�1 ⇥ T11

"""""""""""""""and

!

!"model describe the data 

! model does not describe the data

!"model uses phase !11=3.1 degree difference 

between T00 and T11

��
L � ⇥0L ��

T � ⇥0Tinterference between"""""""""""""""and

  r510 ⇥ �Imr610
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Fig. 6. The Q2 dependence of the phase difference δ11 (left panel) and δ01 (right panel, see Sec. 7.4) between the amplitudes T11

and T01, respectively, and T00 obtained for proton and deuteron data. Points show the phase differences δ11 and δ01 calculated
from ratios of amplitudes given in Tabs. 2 and 3 after averaging over −t′ bins. Inner error bars show the statistical uncertainty
and the outer ones show the statistical and systematic uncertainties added in quadrature. The fitted parameterization is given
by Eqs. (70) and (78) respectively for δ11 and δ01. The parameters of the curves are given in Tabs. 4 and 6 for combined proton
and deuteron data. The central lines are calculated with the fitted values of the parameters, while the dashed lines correspond
to one standard deviation in the uncertainty of the curve parameter.
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Fig. 7. The t′ dependence of Q ·Re(T11/T00) (left panel) and Im(T11/T00)/Q (right panel) for proton and deuteron data. Points
show the amplitude ratios from Tabs. 2 and 3 after averaging over four Q2 bins using Eqs. (67) and (68). The straight lines in
the left and right panel show the value of a and b, respectively, from Eqs. (66) and (69) while the parameters a and b are given
in Tab. 4. The meaning of the error bars and the explanation of the curves are the same as for Fig. 4.

-HERMES Collaboration-: 

EPJ C 71 (2011) 1609
tan �11 =

Im(T11/T00)

Re(T11/T00)

!"large phase difference !11=20 was measured by H1 collaboration

!"no model capable of explaining the value and Q2 dependence of !11

!"HERMES result: !11~31.5 ± 1.4 degree

�H

Wednesday, September 28, 2011

GPD model: S.Goloskokov, P. Kroll (2007) W=5 GeV (HERMES)
W=10 GeV (COMPASS)
W=90 GeV (H1,ZEUS)

γ*L→ ρ0L & γ*T→ρ0T  

1� r04
00 , r

1
1�1,�Imr2

1�1 / T11

    model is in agreement with data
interference γ*L→ρ0L & γ*T→ρ0T  
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Fig. 4. Left (right): The Q2 dependence of the phase difference δ11 (δ01) between the amplitudes T11 (T01) and T00 obtained for
proton and deuteron data. Points show the phase differences δ11 and δ01 calculated from ratios of amplitudes given in Tabs. C2
and C3 after averaging over t′ bins. Inner error bars show the statistical uncertainty, while the outer ones show the statistical
and systematic uncertainties added in quadrature. The fitted parameterization is given by Eqs. (63) and (70) respectively for
δ11 and δ01. The parameters of the curves are given in Tabs. 1 and 3 for combined proton and deuteron data. The solid lines
are calculated with the mean values of the parameters, while the dashed lines correspond to one standard deviation in the
uncertainty of the curve parameter.
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Fig. 5. Left (right): The t′ dependence of Q · Re(T11/T00) (Im(T11/T00)/Q) for proton and deuteron data. Points show the
amplitude ratios from Tabs. C2 and C3 after averaging over four Q2 bins using Eqs. (60) and (61). The straight lines in the left
and right panel show the value of a and b, respectively, from Eqs. (59) and (62), the parameters a and b are given in Tab. 1.
The meaning of curves and error bars are the same as for Fig. 2.

meson, the eikonal-like correction might be responsible for
the measured large phases observed in the present work.

Figure 5 shows the t′ dependence of the real and imag-
inary parts of the ratio t11. Since Re(t11) and Im(t11) de-

    model dose not describe the data
model uses phase difference     
between T00 and T11, δ11=3.1 deg.

tan �11 =
Im(T11/T00)
Re(T11/T00)

HERMES result δ11=31.5 ± 1.4 deg.
 Large phase difference was observed          
also by H1 (δ11=20)  

Aram Movsisyan, Baryons 2013, Glasgow 27.06.2013
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UPE Contribution ρ0
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!"the combinations of SDMEs expected to be zero in case of natural parity exchange dominance

HERMES and GPDs
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u1 = 1� r0400 + 2r041�1 � 2r111 � 2r11�1 u2 = r511 + r51�1 u3 = r811 + r81�1

!"direct helicity amplitude ratio analysis: U11/T00

at large W and Q2, this transition should be suppressed by a factor of MV/Q 
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! no signal of unnatural parity exchange 

 !"expected since dominant contribution to 

the production is from two gluon exchange

SDME method
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Fig. 8. The dependences of |U11/T00| on Q2 and t′ for proton and deuteron data. The points show the amplitude ratios given in
Tabs. 2 and 3 after averaging over −t′ (Q2) bins in the left (right) panel. The inner error bars show the statistical uncertainty
and the outer ones show the statistical and systematic uncertainties added in quadrature. The results fitting the combined data
set with a constant (central line), |U11/T00| = g, are given in Tab. 5. The dashed lines correspond to one standard deviation in
the total uncertainty.

target ratio g δg χ2/Ndf

proton |U11/T00| 0.400 ±0.020 0.60

deuteron |U11/T00| 0.383 ±0.017 0.40

proton+deuteron |U11/T00| 0.390 ±0.013 0.49

Table 5. Results of fitting the ratio |U11/T00| to a constant for proton, deuteron and combined data sets. The values of
parameters with their total uncertainties are presented. The last column shows the value of χ2 per degree of freedom.

shown in Fig. 7 multiplied or divided by Q, respectively.
No noticeable t′ dependence is observed for Re(t11) and
Im(t11). Since the differential cross section of the pro-
cess in Eq. (1) for high energies and small |t′| is usu-
ally described by an exponential factor exp{βt′}, the he-
licity amplitudes should have exponential factors T00 ∝
exp{βLt′/2} and T11 ∝ exp{βT t′/2}. The absence of a t′

dependence of the ratio T11/T00 means that the slope pa-
rameters βL and βT for the amplitudes T00 and T11 are
close to each other. For very small |t′|, it is reasonable to
use the linear approximation

Re(T11/T00) =
a

Q
exp{−1

2
∆β1t

′}

≈ a

Q
(1 +

1

2
∆β1|t′|), (71)

Im(T11/T00) = bQ exp{−1

2
∆β2t

′}

≈ bQ(1 +
1

2
∆β2|t′|). (72)

The proton results are ∆β1 = (−1.02 ± 0.85) GeV−2 and
∆β2 = (−0.91± 2.00) GeV−2, while the fit for the deute-
ron data gives ∆β1 = (0.58 ± 0.80) GeV−2 and ∆β2 =
(−1.96 ± 1.58) GeV−2. The results of the fits show that
all four numbers are consistent with one another. We now
assume that, within experimental accuracy, the slope pa-
rameters for the real and imaginary parts of the ratio
coincide across both target types. In this case we have
∆β1 ≈ ∆β2 ≈ βL − βT . Combining these four numbers
making use of Eqs. (67) and (68) we get an estimate for
βL − βT = (−0.4 ± 0.5) GeV−2. This result on βL − βT

is in agreement with the prediction published in Ref. [54],
which ranges from −0.7 GeV−2 at Q2 = 0.8 GeV2 to −0.4
GeV−2 at Q2 = 5 GeV2.

7.3 Kinematic Dependence of |U11/T00|

The unnatural-parity-exchange amplitude, U11, describes
the transition from a transversely polarized photon to a
transversely polarized ρ0 meson (γ∗

T → ρ0
T ). At large W
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target ratio g δg χ2/Ndf

proton |U11/T00| 0.400 ±0.020 0.60

deuteron |U11/T00| 0.383 ±0.017 0.40

proton+deuteron |U11/T00| 0.390 ±0.013 0.49

Table 5. Results of fitting the ratio |U11/T00| to a constant for proton, deuteron and combined data sets. The values of
parameters with their total uncertainties are presented. The last column shows the value of χ2 per degree of freedom.

shown in Fig. 7 multiplied or divided by Q, respectively.
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The proton results are ∆β1 = (−1.02 ± 0.85) GeV−2 and
∆β2 = (−0.91± 2.00) GeV−2, while the fit for the deute-
ron data gives ∆β1 = (0.58 ± 0.80) GeV−2 and ∆β2 =
(−1.96 ± 1.58) GeV−2. The results of the fits show that
all four numbers are consistent with one another. We now
assume that, within experimental accuracy, the slope pa-
rameters for the real and imaginary parts of the ratio
coincide across both target types. In this case we have
∆β1 ≈ ∆β2 ≈ βL − βT . Combining these four numbers
making use of Eqs. (67) and (68) we get an estimate for
βL − βT = (−0.4 ± 0.5) GeV−2. This result on βL − βT

is in agreement with the prediction published in Ref. [54],
which ranges from −0.7 GeV−2 at Q2 = 0.8 GeV2 to −0.4
GeV−2 at Q2 = 5 GeV2.

7.3 Kinematic Dependence of |U11/T00|

The unnatural-parity-exchange amplitude, U11, describes
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• u values are consistent with zero.    
• Process dynamics is dominated by    
two-gluon exchange mechanism.  

• Significantly large value for u1 
• Process dynamics is dominated by    
quark exchange mechanism.  
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Transverse SDMEs of ρ0
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Transverse SDMEs of ρ0
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Fig. 4. Left (right): The Q2 dependence of the phase difference δ11 (δ01) between the amplitudes T11 (T01) and T00 obtained for
proton and deuteron data. Points show the phase differences δ11 and δ01 calculated from ratios of amplitudes given in Tabs. C2
and C3 after averaging over t′ bins. Inner error bars show the statistical uncertainty, while the outer ones show the statistical
and systematic uncertainties added in quadrature. The fitted parameterization is given by Eqs. (63) and (70) respectively for
δ11 and δ01. The parameters of the curves are given in Tabs. 1 and 3 for combined proton and deuteron data. The solid lines
are calculated with the mean values of the parameters, while the dashed lines correspond to one standard deviation in the
uncertainty of the curve parameter.
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Fig. 5. Left (right): The t′ dependence of Q · Re(T11/T00) (Im(T11/T00)/Q) for proton and deuteron data. Points show the
amplitude ratios from Tabs. C2 and C3 after averaging over four Q2 bins using Eqs. (60) and (61). The straight lines in the left
and right panel show the value of a and b, respectively, from Eqs. (59) and (62), the parameters a and b are given in Tab. 1.
The meaning of curves and error bars are the same as for Fig. 2.

meson, the eikonal-like correction might be responsible for
the measured large phases observed in the present work.

Figure 5 shows the t′ dependence of the real and imag-
inary parts of the ratio t11. Since Re(t11) and Im(t11) de-


