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  DVCS

☛ theoretically the cleanest probe of GPDs

☛ experimentally probing Compton form factors
☛ theoretical accuracy at NNLO
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Sivers distribution function f⊥q
1T (x, p2

T ) gives the correlation between parton transverse

momentum and transverse spin of the nucleon

non-zero Sivers function implies non-zero orbital angular momentum

generates left-right (azimuthal) asymmetries
(M. Burkardt, ( ))

!"

b

!"
−b

uX (x,b⊥):

!"

-
0
.
4

-
0
.
2

0
0
.
2

0
.
4

-
0
.
4

-
0
.
20

0
.
2

0
.
4

b y

b x

x
=

0
.
3

-Ami Rostomyan- – p. 13

Ami Rostomyan                                            Partons in nucleons and nuclei, Morocco, 2011

γ∗ → γ : H,E, H̃, Ẽ
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single spin terms: 
☛ no pure Bethe-Heitler contribution
☛ project imaginary parts of Compton form factors
unpolarized and double-spin terms: 
☛ project real parts of Compton form factors
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azimuthal 
modulation relative  order

constant

γ∗(µ) → γ(µ′)
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cosφ, sinφ
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interference term:

☛ Fourier expansion in azimuthal angle
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unpolarized target

☛ longitudinally polarized target

☛ transversely polarized target
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☛ unpolarized target

☛ longitudinally polarized target

☛ transversely polarized target

☛ σL - σT  suppressed by 1/Q 
☛ σT  suppressed by 1/Q2

  meson production
☛ factorization in collinear approximation for 
                                   onlyσL( and ρL, ωL, φL)

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

F1H+
xB

2− xB
(F1 + F2)H̃ − t

4M2
F2E

t

4M2

[
(2− xB)F1E − 4

1− xB

2− xB
F2H

]

☛ unpolarized target

☛ longitudinally polarized target

☛ transversely polarized target

☛ σL - σT  suppressed by 1/Q 
☛ σT  suppressed by 1/Q2

  meson production
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factorization in collinear approximation for 
                                   onlyσL( and ρL, ωL, φL)

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

-Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t;µ2)⊗K(x, ξ, z; log(Q2/µ2)⊗ Φ(z, k⊥;µ
2)

☛ power corrections: k⊥ is not neglected}

γ∗
T → ρ0T☛                   transitions can be calculated 
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γ∗ → γ : H,E, H̃, Ẽ

H , E , H ,E

e
e '

N N '

xB

2− xB
(F1 + F2)

(
H+

xB

2
E
)

+F1H̃ − xB

2− xB

(
xB

2
F1 +

t

4M2
F2

)
Ẽ

F1H+
xB

2− xB
(F1 + F2)H̃ − t

4M2
F2E

t

4M2

[
(2− xB)F1E − 4

1− xB

2− xB
F2H

]

☛ unpolarized target

☛ longitudinally polarized target

☛ transversely polarized target

vector mesons 
at leading twist: 
higher twist:            

H and E
H̃ and Ẽ

H̃ and Ẽ
HT

pseudoscalar  mesons 
at leading twist: 
higher twist:            

transversely 
polarized targetunpolarized

 target

☛ σL - σT  suppressed by 1/Q 
☛ σT  suppressed by 1/Q2

  meson production
☛ factorization in collinear approximation for 
                                   onlyσL( and ρL, ωL, φL)

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

-Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t;µ2)⊗K(x, ξ, z; log(Q2/µ2)⊗ Φ(z, k⊥;µ
2)

☛ power corrections: k⊥ is not neglected}

γ∗
T → ρ0T☛                   transitions can be calculated 
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   hard processes at HERMES
ep → e′γX

M2
X = (p+ e− e′ − γ)2

☛ missing mass technique
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   hard processes at HERMES
ep → e′γX

M2
X = (p+ e− e′ − γ)2

☛ missing mass technique
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(recoil data)ep → e′γp′

☛ suppression of background from associated and               
semi-inclusive processes to a negligible level (~0.1%) 
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   hard processes at HERMES
ep → e′γX

M2
X = (p+ e− e′ − γ)2

☛ missing mass technique
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(recoil data)ep → e′γp′

☛ suppression of background from associated and               
semi-inclusive processes to a negligible level (~0.1%) 
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   hard processes at HERMES
ep → e′γX

M2
X = (p+ e− e′ − γ)2
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missing mass technique
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☛ 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semi-inclusive processes to a negligible level (~0.1%) 

!"#$%&'()*+,-#./0!#123(#3()#45675!#6)',28#.)3)'3,9 !"

./0!#5:)*3#!)8)'32,*#123(#3()#6)',28#.)3)'3,9

;2*)<%32'#):)*3#=2332*>#3)'(*2?@)

A

 

B88#C#D%932'8)&#2*#=2*%8#&3%3)#E)3)'3)E#! F#',*&39%2*3&#=9,<##########

)*)9>GH<,<)*3@<#',*&)9:%32,*

A

 

!)8)'32,*#,=#)8%&32'#./0!#123(#(2>(#)==2'2)*'G#IJKFLM

A

 

B88,1&#3,#&@DD9)&&#N%'+>9,@*E#=9,<#%&&,'2%3)E#%*E###############

&)<2H2*'8@&2:)#D9,')&&)&#3,#%#*)>82>2N8)#8):)8#IJO"PLM

72&&2*>#<%&&#E2&392N@32,*

A

 

Q,#9)?@29)<)*3#=,9#6)',28

A

 

R,&232:)8G#'(%9>)E#6)',28#39%'+

A

 

;2*)<%32'#=23#D9,N%N2823G#S#PL

A

 

;2*)<%32'#=23#D9,N%N2823G#T#PL

]4/c2 [GeVX
2M

-4 -2 0 2 4 6 8 10 12 14
0

500

1000

1500

2000

2500

3000

.%3% M2
x = (Pe + Pp − Pe′ − Pπ+)2

☛ missing mass technique

ep → e′π+(n)

Nexcl = (π+ − π−)data − (π+ − π−)MC
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charged pion yield 
difference was used to 
subtract the non 
exclusive background
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 GPD H: unpolarized hydrogen target
-HERMES Collaboration- : JHEP 11 (2009) 083

AI
LU (φ) =

2∑

n=1

Asin(nφ)
LU,I sin(nφ)

ep → e′γX

!

(pre-recoil data)
σ(φ, P!, e!) = σUU (φ)×

[
1 + P!ADV CS

LU (φ) + e!P!AI
LU (φ) + e!AC(φ)

]

AC(φ) =
3∑

n=0

Acos(nφ)
C cos(nφ)
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 GPD H: unpolarized hydrogen target
-HERMES Collaboration- : JHEP 11 (2009) 083
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Aram Movsisyan, DIS, Newport News 14.04.2011 

AC(φ) =
(σ+→ + σ+←)− (σ−→ + σ+←)
(σ+→ + σ+←) + (σ−→ + σ+←)

11

Acosφ
C ∝ Re[F1H]

beam charge asymmetry
☛ strong t-dependence
☛ no xB or Q2 dependences

Wednesday, September 28, 2011



4Ami Rostomyan                                            Partons in nucleons and nuclei, Morocco, 2011

 GPD H: unpolarized hydrogen target
-HERMES Collaboration- : JHEP 11 (2009) 083
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AC(φ) =
(σ+→ + σ+←)− (σ−→ + σ+←)
(σ+→ + σ+←) + (σ−→ + σ+←)

11

Asinφ
LU,DVCS ∝ Im[HH∗ − H̃H̃∗]

Asinφ
LU,I ∝ Im[F1H]

charge-averaged beam helicity 
asymmetry
☛  consistent with zero

charge-difference beam helicity 
asymmetry
☛ large overall value
☛ no kin. dependencies
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AC(φ) =
(σ+→ + σ+←)− (σ−→ + σ+←)
(σ+→ + σ+←) + (σ−→ + σ+←)

11

Acosφ
C ∝ Re[F1H]

beam charge asymmetry
☛ strong t-dependence
☛ no xB or Q2 dependences
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e±d → e±dγ

  unpolarized deuterium target
☛ coherent: ☛ incoherent: e±d → e±pnγ

p

n

☛ target stays intact
☛ spin-1 targets described by 9 GPDs:  

Hq
1 , H

q
2 , H

q
3 , H

q
4 , H

q
5 , H̃

q
1 , H̃

q
2 , H̃

q
3 , H̃

q
4

☛ target brakes up
☛ spin-1/2 targets described  by 4 GPDs:

H,E, H̃, Ẽ

Data
Monte Carlo sum
incoherent BH + DVCS
coherent BH + DVCS
BH with resonance exc.
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coherent:
☛ contribution at small -t
incoherent:
☛ contribution at larger -t 
☛ contribution from coherent [0.06:0.7] GeV2 is 20 %
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    GPD H:  unpolarized deuterium target
-HERMES Collaboration-: Nucl. Phys. B 829 (2010) 1-27

☛ d and p results consistent
☛ no clear signatures of coherent  
contribution at low -t
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Nucl. Phys. B829 (2010) 1 Beam-charge &  Beam-helicity asymmetries (D,H)

Beam-charge & Beam-Helicity 
asymmetries

• Proton and Deuteron results 
are compatible at low and 
intermediate -t regions.

• No clear signatures of 40%  
contribution from coherent 
process at low -t.  

• no significant xB and Q2 
dependencies.

• Difference at large -t (for beam-
charge asymmetry) might be 
caused by additional contributions 
from Neutron and its resonances. 
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AI
LU (φ) =

2∑

n=1

Asin(nφ)
LU,I sin(nφ)

AC(φ) =
3∑

n=0

Acos(nφ)
C cos(nφ)

Acosφ
C,coh ∝ Re[G1H1]

Acosφ
C,incoh ∝ Re[F1H]

Asinφ
LU,I,incoh ∝ IM[F1H]

Asinφ
LU,I,coh ∝ IM[G1H1]
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here it is not experimentally separable from the non-resonant data, it is treated as a part

of the signal.
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Figure 1: Amplitudes of the target-spin asymmetry AUL sensitive to a combination of the In-
terference and squared-DVCS terms, for positrons incident on longitudinally polarised protons, as
projections in −t, xB, and Q2. The leftmost column shows the asymmetry values when the extrac-
tion is performed in a single bin across the entire kinematic range of the data set. The error bars
(open red bands) show the statistical (systematic) uncertainties and the solid blue bands represent
the predictions from the “VGG Regge” GPD model described in Refs. [8, 31]. There is an addi-
tional 4.2% scale uncertainty due to the precision of the measurement of the target polarisation.
The fractional contributions from resonance production estimated from an MC model are presented
in the bottom panel.

All amplitudes presented correspond to Fourier coefficients described in Ref. [11] relat-

ing to the twist-2 and twist-3 CFFs shown in Table 2 with the caveat that this relationship

may be complicated by various cn terms in the denominators of Eqs. 1.7 and 1.9.

The first harmonic of the AUL, when the extraction is performed in a single bin from all

kinematics, exhibits the value Asin φ
UL = −0.073±0.032 (stat.)±0.007 (syst.). The kinematic

projections provide no evidence of strong dependences on −t, xB, or Q2. This asymmetry

amplitude receives a mixture of twist-2 and twist-3 contributions, as shown in Table 2.

The primary contributor is CI
LP, which is twist-2 and is expected to dominate the twist-3
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the predictions from the “VGG Regge” GPD model described in Refs. [8, 31]. There is an addi-
tional 4.2% scale uncertainty due to the precision of the measurement of the target polarisation.
The fractional contributions from resonance production estimated from an MC model are presented
in the bottom panel.
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Figure 2: Amplitudes of the double-spin asymmetry ALL sensitive to the Interference, squared-
DVCS and squared-BH terms in the scattering amplitude, for polarised positrons incident on lon-
gitudinally polarised protons, as projections in −t, xB, and Q2. The leftmost column shows the
asymmetry values when the extraction is performed in a single bin across the entire kinematic range
of the data set. The error bars (open red bands) show the statistical (systematic) uncertainties and
the solid blue bands represent the theoretical predictions from the “VGG Regge” GPD model de-
scribed in Ref. [8, 31]. There is an additional 5.3% scale uncertainty due to the precision of the
measurement of the beam and target polarisations. The fractional contributions from resonance
production estimated from an MC model are presented in the bottom panel.

contribution from CDVCS
LP .

The Asin(2φ)
UL amplitude has the unexpectedly large value Asin(2φ)

UL = −0.106 ± 0.032 ±
0.008 when extracted from the integrated kinematic range of the data set. The projections

across −t, xB and Q2 in Fig. 1 show no obvious features. This asymmetry amplitude is

expected to receive a mixture of quark twist-3 and gluon twist-2 contributions, and as such

could have been expected to be small in the HERMES kinematic range.

The CLAS collaboration also published extractions [32] of Asin φ
UL and Asin(2φ)

UL although

without projections in −t, xB and Q2 across the kinematic region covered by CLAS. In

Table 5, the signs of the CLAS results are suitable for comparison with HERMES results.

The sign of the Asinφ
UL (Asin(2φ)

UL ) amplitude has been inverted once (twice) to account for

– 12 –
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Acos(nφ)
LL cos(nφ) .
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UL ∝

{
DVCS : twist− 3
I : twist− 2

here it is not experimentally separable from the non-resonant data, it is treated as a part

of the signal.
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terference and squared-DVCS terms, for positrons incident on longitudinally polarised protons, as
projections in −t, xB, and Q2. The leftmost column shows the asymmetry values when the extrac-
tion is performed in a single bin across the entire kinematic range of the data set. The error bars
(open red bands) show the statistical (systematic) uncertainties and the solid blue bands represent
the predictions from the “VGG Regge” GPD model described in Refs. [8, 31]. There is an addi-
tional 4.2% scale uncertainty due to the precision of the measurement of the target polarisation.
The fractional contributions from resonance production estimated from an MC model are presented
in the bottom panel.

All amplitudes presented correspond to Fourier coefficients described in Ref. [11] relat-

ing to the twist-2 and twist-3 CFFs shown in Table 2 with the caveat that this relationship

may be complicated by various cn terms in the denominators of Eqs. 1.7 and 1.9.

The first harmonic of the AUL, when the extraction is performed in a single bin from all

kinematics, exhibits the value Asin φ
UL = −0.073±0.032 (stat.)±0.007 (syst.). The kinematic

projections provide no evidence of strong dependences on −t, xB, or Q2. This asymmetry

amplitude receives a mixture of twist-2 and twist-3 contributions, as shown in Table 2.

The primary contributor is CI
LP, which is twist-2 and is expected to dominate the twist-3
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the predictions from the “VGG Regge” GPD model described in Refs. [8, 31]. There is an addi-
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The fractional contributions from resonance production estimated from an MC model are presented
in the bottom panel.
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amplitude receives a mixture of twist-2 and twist-3 contributions, as shown in Table 2.
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DVCS and squared-BH terms in the scattering amplitude, for polarised positrons incident on lon-
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of the data set. The error bars (open red bands) show the statistical (systematic) uncertainties and
the solid blue bands represent the theoretical predictions from the “VGG Regge” GPD model de-
scribed in Ref. [8, 31]. There is an additional 5.3% scale uncertainty due to the precision of the
measurement of the beam and target polarisations. The fractional contributions from resonance
production estimated from an MC model are presented in the bottom panel.

contribution from CDVCS
LP .

The Asin(2φ)
UL amplitude has the unexpectedly large value Asin(2φ)

UL = −0.106 ± 0.032 ±
0.008 when extracted from the integrated kinematic range of the data set. The projections

across −t, xB and Q2 in Fig. 1 show no obvious features. This asymmetry amplitude is

expected to receive a mixture of quark twist-3 and gluon twist-2 contributions, and as such

could have been expected to be small in the HERMES kinematic range.

The CLAS collaboration also published extractions [32] of Asin φ
UL and Asin(2φ)

UL although

without projections in −t, xB and Q2 across the kinematic region covered by CLAS. In

Table 5, the signs of the CLAS results are suitable for comparison with HERMES results.

The sign of the Asinφ
UL (Asin(2φ)

UL ) amplitude has been inverted once (twice) to account for
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ep → e′γX

!

(pre-recoil data)

Asinφ
UL ∝ F1ImH̃

Asinφ
UL ∝

{
DVCS : twist− 3
I : twist− 2

Asin 2φ
UL ∝






I : quark twist− 3
or gluon twist− 2

DVCS : twist− 4

☛ unexpected large value

here it is not experimentally separable from the non-resonant data, it is treated as a part

of the signal.
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Figure 1: Amplitudes of the target-spin asymmetry AUL sensitive to a combination of the In-
terference and squared-DVCS terms, for positrons incident on longitudinally polarised protons, as
projections in −t, xB, and Q2. The leftmost column shows the asymmetry values when the extrac-
tion is performed in a single bin across the entire kinematic range of the data set. The error bars
(open red bands) show the statistical (systematic) uncertainties and the solid blue bands represent
the predictions from the “VGG Regge” GPD model described in Refs. [8, 31]. There is an addi-
tional 4.2% scale uncertainty due to the precision of the measurement of the target polarisation.
The fractional contributions from resonance production estimated from an MC model are presented
in the bottom panel.

All amplitudes presented correspond to Fourier coefficients described in Ref. [11] relat-

ing to the twist-2 and twist-3 CFFs shown in Table 2 with the caveat that this relationship

may be complicated by various cn terms in the denominators of Eqs. 1.7 and 1.9.

The first harmonic of the AUL, when the extraction is performed in a single bin from all

kinematics, exhibits the value Asin φ
UL = −0.073±0.032 (stat.)±0.007 (syst.). The kinematic

projections provide no evidence of strong dependences on −t, xB, or Q2. This asymmetry

amplitude receives a mixture of twist-2 and twist-3 contributions, as shown in Table 2.

The primary contributor is CI
LP, which is twist-2 and is expected to dominate the twist-3
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tion is performed in a single bin across the entire kinematic range of the data set. The error bars
(open red bands) show the statistical (systematic) uncertainties and the solid blue bands represent
the predictions from the “VGG Regge” GPD model described in Refs. [8, 31]. There is an addi-
tional 4.2% scale uncertainty due to the precision of the measurement of the target polarisation.
The fractional contributions from resonance production estimated from an MC model are presented
in the bottom panel.
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may be complicated by various cn terms in the denominators of Eqs. 1.7 and 1.9.

The first harmonic of the AUL, when the extraction is performed in a single bin from all

kinematics, exhibits the value Asin φ
UL = −0.073±0.032 (stat.)±0.007 (syst.). The kinematic
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Figure 2: Amplitudes of the double-spin asymmetry ALL sensitive to the Interference, squared-
DVCS and squared-BH terms in the scattering amplitude, for polarised positrons incident on lon-
gitudinally polarised protons, as projections in −t, xB, and Q2. The leftmost column shows the
asymmetry values when the extraction is performed in a single bin across the entire kinematic range
of the data set. The error bars (open red bands) show the statistical (systematic) uncertainties and
the solid blue bands represent the theoretical predictions from the “VGG Regge” GPD model de-
scribed in Ref. [8, 31]. There is an additional 5.3% scale uncertainty due to the precision of the
measurement of the beam and target polarisations. The fractional contributions from resonance
production estimated from an MC model are presented in the bottom panel.

contribution from CDVCS
LP .

The Asin(2φ)
UL amplitude has the unexpectedly large value Asin(2φ)

UL = −0.106 ± 0.032 ±
0.008 when extracted from the integrated kinematic range of the data set. The projections

across −t, xB and Q2 in Fig. 1 show no obvious features. This asymmetry amplitude is

expected to receive a mixture of quark twist-3 and gluon twist-2 contributions, and as such

could have been expected to be small in the HERMES kinematic range.

The CLAS collaboration also published extractions [32] of Asin φ
UL and Asin(2φ)

UL although

without projections in −t, xB and Q2 across the kinematic region covered by CLAS. In

Table 5, the signs of the CLAS results are suitable for comparison with HERMES results.

The sign of the Asinφ
UL (Asin(2φ)

UL ) amplitude has been inverted once (twice) to account for

– 12 –

ALL(φ) =
2∑

n=0

Acos(nφ)
LL cos(nφ) .
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σ (P!, Pz, φ, e!) = σUU(φ, e!) [1 + Pz AUL(φ) + P! Pz ALL(φ) + P! ALU(φ)]

AUL(φ) !
3∑

n=1

Asin(nφ)
UL sin(nφ)

☛ no separate access to DVCS and interference terms

  GPD    : longitudinally polarized hydrogen targetH̃
- HERMES Collaboration- Nucl. Phys. B842 (2011) 265
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ep → e′γX

!

(pre-recoil data)

Asinφ
UL ∝ F1ImH̃

Asinφ
UL ∝

{
DVCS : twist− 3
I : twist− 2

Asin 2φ
UL ∝






I : quark twist− 3
or gluon twist− 2

DVCS : twist− 4

☛ unexpected large value

here it is not experimentally separable from the non-resonant data, it is treated as a part

of the signal.
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Figure 1: Amplitudes of the target-spin asymmetry AUL sensitive to a combination of the In-
terference and squared-DVCS terms, for positrons incident on longitudinally polarised protons, as
projections in −t, xB, and Q2. The leftmost column shows the asymmetry values when the extrac-
tion is performed in a single bin across the entire kinematic range of the data set. The error bars
(open red bands) show the statistical (systematic) uncertainties and the solid blue bands represent
the predictions from the “VGG Regge” GPD model described in Refs. [8, 31]. There is an addi-
tional 4.2% scale uncertainty due to the precision of the measurement of the target polarisation.
The fractional contributions from resonance production estimated from an MC model are presented
in the bottom panel.

All amplitudes presented correspond to Fourier coefficients described in Ref. [11] relat-

ing to the twist-2 and twist-3 CFFs shown in Table 2 with the caveat that this relationship

may be complicated by various cn terms in the denominators of Eqs. 1.7 and 1.9.

The first harmonic of the AUL, when the extraction is performed in a single bin from all

kinematics, exhibits the value Asin φ
UL = −0.073±0.032 (stat.)±0.007 (syst.). The kinematic

projections provide no evidence of strong dependences on −t, xB, or Q2. This asymmetry

amplitude receives a mixture of twist-2 and twist-3 contributions, as shown in Table 2.

The primary contributor is CI
LP, which is twist-2 and is expected to dominate the twist-3
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scribed in Ref. [8, 31]. There is an additional 5.3% scale uncertainty due to the precision of the
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production estimated from an MC model are presented in the bottom panel.

contribution from CDVCS
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The Asin(2φ)
UL amplitude has the unexpectedly large value Asin(2φ)

UL = −0.106 ± 0.032 ±
0.008 when extracted from the integrated kinematic range of the data set. The projections

across −t, xB and Q2 in Fig. 1 show no obvious features. This asymmetry amplitude is

expected to receive a mixture of quark twist-3 and gluon twist-2 contributions, and as such

could have been expected to be small in the HERMES kinematic range.

The CLAS collaboration also published extractions [32] of Asin φ
UL and Asin(2φ)

UL although

without projections in −t, xB and Q2 across the kinematic region covered by CLAS. In

Table 5, the signs of the CLAS results are suitable for comparison with HERMES results.

The sign of the Asinφ
UL (Asin(2φ)

UL ) amplitude has been inverted once (twice) to account for
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ALL(φ) =
2∑

n=0

Acos(nφ)
LL cos(nφ) .

Acos 0φ
LL ∝

{
DVCS : twist− 2
I : twist− 2

Acos0φ
LL ∝ F1ReH̃
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σ(φ, φs, e!, S⊥, λ) = σUU(φ)

{
1 + e!AC(φ) + λADV CS

LU (φ) + e!λAI
LU (φ)

+S⊥ADV CS
UT (φ, φS) + e!S⊥AI

UT (φ, φS)

+ λS⊥ABH+DV CS
LT (φ, φS) + e!λS⊥AI

LT (φ, φS)

}
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Figure 6: Asymmetry amplitudes describing the dependence of the squared DVCS amplitude (cir-
cles, AUT,DVCS) and the interference term (squares, AUT,I) on the transverse target polarisation, for
the exclusive sample. The filled symbols indicate those results of greatest interest (see text). The
circles (squares) are shifted right (left) for visibility. The error bars represent the statistical uncer-
tainties, while the top (bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS),
excluding the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in figure 5 as a continuous curve, with
three different values for the u-quark total angular momentum Ju and fixed d-quark total angular
momentum Jd = 0 [16]. See text for details.

asymmetry amplitudes of interest here (see table 1), related to the coefficients given in

eqs. (2.5)–(2.10), of the corresponding harmonics of φ appearing in eqs. (2.3) and (2.4).

Of particular interest is the asymmetry amplitude Acos φ
C in the upper row of figure 5.

Equation (2.6) shows that this amplitude is sensitive to the GPD H in the HERMES

kinematic conditions. Also shown in this figure is the previously published result, which has

been shown to constrain GPD models [12]. The greatly improved precision of the present

measurement confirms that this amplitude increases with increasing −t. As mentioned

above regarding the corresponding coefficients cI
0,UU and cI

1,UU, the amplitude Acos 0φ
C is

expected to relate to the same combination of GPDs as does Acos φ
C . The results shown

in figure 5 suggest that the magnitude of this amplitude also increases with −t, while its

opposite sign is expected from eq. (2.7).

Of special interest in this work are the amplitudes Asin(φ−φS) cos(nφ)
UT,I , n = 0, 1, presented

in the top two rows of figure 6. Equations (2.9) and (2.8) show that these amplitudes are

sensitive to the GPD E and hence to the total angular momenta of quarks. These am-
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- HERMES Collaboration- : JHEP 06 (2008) 066, 24
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Figure 6: Asymmetry amplitudes describing the dependence of the squared DVCS amplitude (cir-
cles, AUT,DVCS) and the interference term (squares, AUT,I) on the transverse target polarisation, for
the exclusive sample. The filled symbols indicate those results of greatest interest (see text). The
circles (squares) are shifted right (left) for visibility. The error bars represent the statistical uncer-
tainties, while the top (bottom) bands denote the systematic uncertainties for AUT,I (AUT,DVCS),
excluding the 8.1 % scale uncertainty from the target polarisation measurement. The curves are
predictions of the GPD model variant (Reg, no D) shown in figure 5 as a continuous curve, with
three different values for the u-quark total angular momentum Ju and fixed d-quark total angular
momentum Jd = 0 [16]. See text for details.

asymmetry amplitudes of interest here (see table 1), related to the coefficients given in

eqs. (2.5)–(2.10), of the corresponding harmonics of φ appearing in eqs. (2.3) and (2.4).

Of particular interest is the asymmetry amplitude Acos φ
C in the upper row of figure 5.

Equation (2.6) shows that this amplitude is sensitive to the GPD H in the HERMES

kinematic conditions. Also shown in this figure is the previously published result, which has

been shown to constrain GPD models [12]. The greatly improved precision of the present

measurement confirms that this amplitude increases with increasing −t. As mentioned

above regarding the corresponding coefficients cI
0,UU and cI

1,UU, the amplitude Acos 0φ
C is

expected to relate to the same combination of GPDs as does Acos φ
C . The results shown

in figure 5 suggest that the magnitude of this amplitude also increases with −t, while its

opposite sign is expected from eq. (2.7).

Of special interest in this work are the amplitudes Asin(φ−φS) cos(nφ)
UT,I , n = 0, 1, presented

in the top two rows of figure 6. Equations (2.9) and (2.8) show that these amplitudes are

sensitive to the GPD E and hence to the total angular momenta of quarks. These am-
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[
F2H− F1E
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HE∗ − EH∗ − ξ(H̃Ẽ∗ − ẼH̃∗)

]

∝ Acos(φ−φS) cos(φ)
LT

Leading amplitudes of charge-difference and charge-averaged transverse double-spin asymmetries 
are compatible with zero over all kinematic regions.  

Sensitivity to Ju is suppressed by kinematic pre-factor. 

Aram Movsisyan, DIS, Newport News 14.04.2011 
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[
−H̃E∗ − H̃∗E + ξ(HẼ∗ + ẼH∗)
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Figure 2: Charge-difference double-spin asymmetry amplitudes describing the dependence of the interference term on transverse target polarization in combination

with beam helicity and beam charge extracted from hydrogen target data. These asymmetry amplitudes correspond to n = 0 and n = 1 in Eq. 26. The error

bars (bands at the bottom of the panels) represent the statistical (systematic) uncertainties. There is an additional overall 8.6% scale uncertainty arising from the

uncertainties in the measurements of the beam and target polarizations. The curves show the results of theoretical calculations using the VGG double-distribution

model [39, 41] with a Regge ansatz for modeling the t dependence of GPDs [42]. The widths of the curves represent the effect of varying the total angular momentum

Ju of u-quarks between 0.2 and 0.6, with Jd = 0. The bottom row shows the fractional contribution of associated BH production as obtained from a MC simulation.
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8

∝ Re[F2H− F1E ]

- HERMES Collaboration- Phys. Lett. B 704 (2011) 15-23

☛                           could provide a 
similar constraint to the real part 
 ☛ due to different kinematic pre-
factors, this amplitude is suppressed

Asin(φ−φs) sinφ
UT,I

σ(φ, φs, e!, S⊥, λ) = σUU(φ)

{
1 + e!AC(φ) + λADV CS

LU (φ) + e!λAI
LU (φ)

+S⊥ADV CS
UT (φ, φS) + e!S⊥AI

UT (φ, φS)

+ λS⊥ABH+DV CS
LT (φ, φS) + e!λS⊥AI

LT (φ, φS)

}
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  given channel probes specific GPD flavor
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  vector meson cross section
dσ

dxB dQ2 dt dφs dφ d cosϑ dϕ
∼ dσ

dxB dQ2 dt
W (xB , Q

2, t, φs, φ, cosϑ, ϕ)

☛ production and decay angular distributions W decomposed:

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

☛ or alternatively by SDMEs:

Ami Rostomyan                                            Partons in nucleons and nuclei, Morocco, 2011

☛ 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 H̃ and Ẽ

H and E
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   SDMEs on an unpolarized target
|T00|2 ∼ |T11|2 " |T01|2 > |T10|2 ∼ |T−11|2
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Im r3 
1-1

r1 
11

r04
1-1

-!2 r8 
1-1

!2 r8 
11

-!2 Im r7 
1-1

!2 Im r6 
1-1

-!2 r5 
1-1

!2 r5 
11

-1/!2 r8 
00

2 Im r3 
10

-r1 
00

1/!2 r5 
00

2 Im r2 
10

-2 Re r1 
10

2 Re r04
10

2!2 Re r8 
10

2!2 Im r7 
10

-2!2 Im r6 
10

2!2 Re r5 
10

-2 Im r2 
1-1

2 r1 
1-1

1 - r04
00

-0.2 0 0.2 0.4 0.6
scaled SDME value

HERMES PRELIMINARY
"0 proton,  <Q2>=1.9 GeV2,  <W>=5 GeV
# proton and deuteron

A: $* 
L  %V0

L & $* 
T  %V0

T

B: Interference $* 
L %V0

L & $* 
T  %V0

T

C: $* 
T %V0

L

D: $* 
L %V0

T

E: $* 
T %V0 

-T

beam 
polarized 
SDMES

unpolarized 
SDMES

γ∗
L → ρ0L γ∗

T → ρ0T

☛ SDMEs are significantly different 
from zero
☛ the magnitude of φ meson SDMEs 
is 10-20% larger

|T11/T00|φ > |T11/T00|ρ0

☛ pronounced differences between 
φ and ρ0 mesons.
r500 ∝ Re(T01T00) = |T01||T00| cos δ01
r800 ∝ Im(T01T00) = |T01||T00| sin δ01

|T01|φ < |T01|ρ0

☛ T01 is related to the longitudinal 
quark motion in the meson
☛ smaller longitudinal quark motion in 
the φ meson as compared to the ρ0

γ∗
T → ρ0L

-HERMES Collaboration-: 
EPJC 62 (2009) 659-694

Wednesday, September 28, 2011



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 ∝ −$r2
1−1 ∝ T11

describe data for various W -ranges

interference of γ∗
L → ρ0

L and γ∗
T → ρ0

T

r5
10 ∝ −$r6

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
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ep → e′ ρ0 p′
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☛ Q2-dependence calculated using models for GPD H,
                                                neglecting GPD 

γ∗
L → ρ0L γ∗

T → ρ0T
1− r0400 ∝ r11−1 ∝ −Imr21−1 ∝ T11

               and
☛
☛ model describe the data 

H̃
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ep → e′ ρ0 p′
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☛ Q2-dependence calculated using models for GPD H,
                                                neglecting GPD 

γ∗
L → ρ0L γ∗

T → ρ0T
1− r0400 ∝ r11−1 ∝ −Imr21−1 ∝ T11

               and
☛
☛ model describe the data 

☛ model does not describe the data
☛ model uses phase δ11=3.1 degree difference 
between T00 and T11

γ∗
L → ρ0L γ∗

T → ρ0Tinterference between               and
  r510 ∝ −Imr610

H̃
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ep → e′ ρ0 p′
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☛ Q2-dependence calculated using models for GPD H,
                                                neglecting GPD 

γ∗
L → ρ0L γ∗

T → ρ0T
1− r0400 ∝ r11−1 ∝ −Imr21−1 ∝ T11

               and
☛
☛ model describe the data 

☛ model does not describe the data
☛ model uses phase δ11=3.1 degree difference 
between T00 and T11

γ∗
L → ρ0L γ∗

T → ρ0Tinterference between               and
  r510 ∝ −Imr610
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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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-HERMES Collaboration-: 
EPJ C 71 (2011) 1609

tan δ11 =
Im(T11/T00)

Re(T11/T00)

☛ large phase difference δ11=20 was measured by H1 collaboration
☛ no model capable of explaining the value and Q2 dependence of δ11

☛ HERMES result: δ11~31.5 ± 1.4 degree

H̃
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☛ the combinations of SDMEs expected to be zero in case of natural parity exchange dominance

  observation of unnatural-parity exchange
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

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

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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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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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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☛ give information about 
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significance of 3σ  ☛ significance of 20σ 

-HERMES Collaboration-: 
EPJ C 71 (2011) 1609

-HERMES Collaboration-: 
EPJC 62 (2009) 659-694
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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
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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
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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

0

0.1

0.2

0.3

1 2 3 4
Q2 (GeV2)

u1

( ) proton (integrated)
( ) deuteron (integrated)

☛ give information about 

SDME method helicity amplitude ratio method

 ☛ significance of 3σ  ☛ significance of 20σ 

-HERMES Collaboration-: 
EPJ C 71 (2011) 1609

-HERMES Collaboration-: 
EPJC 62 (2009) 659-694

H̃

Wednesday, September 28, 2011



15Ami Rostomyan                                            Partons in nucleons and nuclei, Morocco, 2011

   SDMEs on a transversely polarized target
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☛ in case of natural parity exchange dominance, 
expected                          (if identical indices)sνν

′

µµ′ < nνν′

µµ′

☛ signal for  unnatural-parity exchange
☛ related to GPDs H̃ and Ẽ
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  production: transversely polarized hydrogen targettheoretical interpretation of Aπ+

UT
leading azimuthal amplitude Asin(φ−φs)

UT

not large asymmetry with possible sign

change

theoretical expectation: Asin(φ−φs)
UT ∝

√
−t′

large negative asymmetry -Frankfurt et al. (2001)-

-Belitsky, Muller (2001)-

are the differences due to γ∗
T ?

-Goloskokov, Kroll (2009)-

-Bechler, Muller (2009)-
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ep → e′π+(n)

☛ no σL / σT  separation
☛ small overall value for leading asymmetry 
amplitude with possible sign change

☛ evidence of contributions from transversely polarized 
photons

Asin(φ−φs)
UT ∝ Im(Ẽ∗H̃)

|H̃|2
∝

∣∣∣∣
Ẽ
H̃

∣∣∣∣ sin δ

☛ theoretical expectation:
    -Frankfurt et al. (2001)-  -Belitsky, Muller (2001)-
    -Goloskokov, Kroll (2009)- -Bechler, Muller (2009)-

Asin(φ−φs)
UT ∝

√
−t′
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Asinφs

UT

☛ unexpected large overall value for asymmetry 
amplitude

☛ mild t-dependence 
☛ can be explained only by σL / σT interference
☛ prediction is approximately constant
☛ non-vanishing model predictions with contribution 
from HT

☛ no turnover towards 0 for

-HERMES Collaboration-: Phys. Lett. B 682 (2010) 345-350
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hermes

Summary 

Beam-Charge Asymmetry 

Beam-Spin Asymmetry 

Transverse Target-Spin Asymmetry 

Longitudinal Target-Spin Asymmetry

Longitudinal Double-Spin Asymmetry 

First results with Recoil measurement: See talk by S. Yaschenko

+ BCA and BSA on nuclear targetsAmplitude 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
Hydrogen Preliminary

ReH
ImH

Im (H− E)

Im H̃

Re H̃

Transverse Double-Spin Asymmetry 
Re (H − E)

Aram Movsisyan, DIS, Newport News 14.04.2011 30

    summary

Ami Rostomyan                                            Partons in nucleons and nuclei, Morocco, 2011
Wednesday, September 28, 2011



17

hermes

Summary 

Beam-Charge Asymmetry 

Beam-Spin Asymmetry 

Transverse Target-Spin Asymmetry 

Longitudinal Target-Spin Asymmetry

Longitudinal Double-Spin Asymmetry 

First results with Recoil measurement: See talk by S. Yaschenko

+ BCA and BSA on nuclear targetsAmplitude 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
Hydrogen Preliminary

ReH
ImH

Im (H− E)

Im H̃

Re H̃

Transverse Double-Spin Asymmetry 
Re (H − E)

Aram Movsisyan, DIS, Newport News 14.04.2011 30

    summary

Ami Rostomyan                                            Partons in nucleons and nuclei, Morocco, 2011
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