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probing the orbital angular momentum

Generalised Parton Distributions
(GPDs)

hard exclusive reactions

Deeply Virtual Compton
Scattering (DVCS)

H , E ,�H ,�E

e
e '

� * �

N N '

(γ∗ → γ): H, E, eH, eE (twist-2, chiral even)
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

Ji relation

Jq =
1

2
lim
t→0

Z 1

−1
dx x [Hq(x, ξ, t) + Eq(x, ξ, t)]

=
1

2
∆Σq + Lq

why DVCS?

the cleanest probe of GPDs

theoretical accuracy at NNLO

no gluons in the LO

Compton form factors

convolutions of GPDs (F : H, E, eH, eE) and hard
scattering functions

F(ξ, t) =
X

q

Z 1

−1
dx Cq(ξ, x) F q(x, ξ, t)
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Deeply Virtual Compton Scattering (DVCS)

γ*

pp

γ

p p

γ
e

e

e

e

same initial and final states in DVCS and Bethe-Heitler ⇒ Interference!
σep ∝ |TBH |2 + |TDV CS |

2 + TBHT ∗DV CS + T ∗BHTDV CS| {z }
I
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Deeply Virtual Compton Scattering (DVCS)

γ*

pp

γ

p p

γ
e

e

e

e

same initial and final states in DVCS and Bethe-Heitler ⇒ Interference!
σep ∝ |TBH |2 + |TDV CS |

2 + TBHT ∗DV CS + T ∗BHTDV CS| {z }
I

� XY

target:beam:
P l S L ST

dσ ∼ dσBH
UU + eℓdσI

UU + dσDV CS
UU

+ eℓPℓdσI
LU + PℓdσDV CS

LU

+ eℓSLdσI
UL + SLdσDV CS

UL

+ eℓST dσI
UT + ST dσDV CS

UT

+PℓSLdσBH
LL + eℓPℓSLdσI

LL + PℓSLdσDV CS
LL

+PℓST dσBH
LT + eℓPℓST dσI

LT + PℓST dσDV CS
LT

single spin terms: LU , UL, UT

no pure Bethe-Heitler contribution

project imaginary parts of Compton
form factors

unpolarized and double-spin terms:
UU , LL, LT

project real parts of Compton form
factors
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Deeply Virtual Compton Scattering (DVCS)

γ*

pp

γ

p p

γ
e

e

e

e

same initial and final states in DVCS and Bethe-Heitler ⇒ Interference!
σep ∝ |TBH |2 + |TDV CS |

2 + TBHT ∗DV CS + T ∗BHTDV CS| {z }
I

� XY

target:beam:
P l S L ST

dσ ∼ dσBH
UU + eℓdσI

UU + dσDV CS
UU

+ eℓPℓdσI
LU + PℓdσDV CS

LU

+ eℓSLdσI
UL + SLdσDV CS

UL

+ eℓST dσI
UT + ST dσDV CS

UT

+PℓSLdσBH
LL + eℓPℓSLdσI

LL + PℓSLdσDV CS
LL

+PℓST dσBH
LT + eℓPℓST dσI

LT + PℓST dσDV CS
LT

Bethe-Heitler contribution:
calculated at QED

DVCS contribution:

HERMES: |TDV CS |
2 << |TBH |2

interference term:

depend on a linear combination of
Compton form factors

access to GPD combinations
through azimuthal asymmetries
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express asymmetries in terms of Fourier coefficients
σ(φ, Pℓ, eℓ) = σUU (φ) ×

h
1 + PℓA

DV CS
LU (φ) + eℓPℓA

I
LU (φ) + eℓAC(φ)

i

Fourier expansion in azimuthal angle φ

|τBH|
2 ∝

2X

n=0

cBH
n cos(nφ)

|τDVCS|
2 ∝

2X

n=0

cDVCS
n cos(nφ) + Pℓ sDVCS

1 sin φ

I ∝
3X

n=0

cI
n cos(nφ) +

2X

n=1

Pℓ sI
n sin(nφ)

y
x

zq’
φ

q
p

p’

e’

e
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express asymmetries in terms of Fourier coefficients
σ(φ, Pℓ, eℓ) = σUU (φ) ×

h
1 + PℓA

DV CS
LU (φ) + eℓPℓA

I
LU (φ) + eℓAC(φ)

i

Fourier expansion in azimuthal angle φ

|τBH|
2 ∝

2X

n=0

cBH
n cos(nφ)

|τDVCS|
2 ∝

2X

n=0

cDVCS
n cos(nφ) + Pℓ sDVCS

1 sin φ

I ∝
3X

n=0

cI
n cos(nφ) +

2X

n=1

Pℓ sI
n sin(nφ)

y
x

zq’
φ

q
p

p’

e’

e

cI1 ∝ F1ReH

cI0 ∝ −
−t

Q
cI1

sI
1 ∝ F1ImH
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express asymmetries in terms of Fourier coefficients
σ(φ, Pℓ, eℓ) = σUU (φ) ×

h
1 + PℓA

DV CS
LU (φ) + eℓPℓA

I
LU (φ) + eℓAC(φ)

i

Fourier expansion in azimuthal angle φ

|τBH|
2 ∝

2X

n=0

cBH
n cos(nφ)

|τDVCS|
2 ∝

2X

n=0

cDVCS
n cos(nφ) + Pℓ sDVCS

1 sin φ

I ∝
3X

n=0

cI
n cos(nφ) +

2X

n=1

Pℓ sI
n sin(nφ)

y
x

zq’
φ

q
p

p’

e’

e

DVCS term:

azimuthal

modulation γ∗(µ) → γ(µ′) relative order

constant +1 → +1 1

cos φ, sin φ 0 → +1 1/Q

cos 2φ, sin 2φ −1 → +1 1 (gluon GPDs )

1/Q2 (quark GPDs)

cI1 ∝ F1ReH

cI0 ∝ −
−t

Q
cI1

sI
1 ∝ F1ImH

-Ami Rostomyan- – p. 4



express asymmetries in terms of Fourier coefficients
σ(φ, Pℓ, eℓ) = σUU (φ) ×

h
1 + PℓA

DV CS
LU (φ) + eℓPℓA

I
LU (φ) + eℓAC(φ)

i

Fourier expansion in azimuthal angle φ

|τBH|
2 ∝

2X

n=0

cBH
n cos(nφ)

|τDVCS|
2 ∝

2X

n=0

cDVCS
n cos(nφ) + Pℓ sDVCS

1 sin φ

I ∝
3X

n=0

cI
n cos(nφ) +

2X

n=1

Pℓ sI
n sin(nφ)

y
x

zq’
φ

q
p

p’

e’

e

interference term:

azimuthal

modulation γ∗(µ) → γ(µ′) relative order

constant +1 → +1 1/Q

cos φ, sin φ +1 → +1 1

cos 2φ, sin 2φ 0 → +1 1/Q

cos 3φ, sin 3φ −1 → +1 1/Q2 or αs

cI1 ∝ F1ReH

cI0 ∝ −
−t

Q
cI1

sI
1 ∝ F1ImH
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DVCS at HERMES (pre-recoil data)

e + p → e′ + γ + p′

detected particles:
lepton and photon

missing mass technique for
ep → e′γX :
M2

X = (p + e − e′ − γ)2

1
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unpolarized-target asymmetries
σ(φ, Pℓ, eℓ) = σUU (φ) ×

h
1 + PℓA

DV CS
LU (φ) + eℓPℓA

I
LU (φ) + eℓAC(φ)

i

beam-helicity asymmetry (single charge):

ALU (φ) ≡
dσ→ − dσ←

dσ→ + dσ←

projects the imaginary part of τDV CS

no separate access to sDV CS
1 and sI

1

beam-helicity asymmetry (new approach):

charge-difference beam-helicity asymmetry

AI
LU (φ) ≡

(dσ+→ − dσ+←) − (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

charge-averaged beam-helicity asymmetry

ADV CS
LU (φ) ≡

(dσ+→ − dσ+←) + (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

sDV CS
1 and sI

1 can be disentangled

beam-charge asymmetry:

AC(φ) ≡
dσ+ − dσ−

dσ+ + dσ−

projects the real part of τDV CS
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beam helicity asymmetry

AI
LU (φ) =

2X

n=1

A
sin(nφ)
LU,I sin(nφ) ∝

2X

n=1

sI
n sin(nφ) Asin φ

LU,DVCS ∝ sDVCS
1 sin φ

-HERMES Collaboration: arXiv:0909.3587 (2009)-
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twist-2:
∝ F1ImH

large overall value

no kin. dependencies

Asin φ
LU,DVCS, Asin 2φ

LU,I

twist-3

overall value
compatible with 0

no kin. dependencies

overshoot the magnitude of Asin φ
LU,I by a factor of 2

describe the shape of kin dependencies on xB and Q2, but not on t

overestimation is not due to the associated production
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beam charge asymmetry

AC(φ) =
3X

n=0

A
cos(nφ)
C

cos(nφ) ∝
3X

n=0

cIi cos(nφ)

-HERMES Collaboration: arXiv:0909.3587 (2009)-
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∝ − t
Q

Acos φ
C

A
cos(2φ)
C

≈ 0: twist-3 GPDs

A
cos(3φ)
C

≈ 0: gluon helicity-
flip GPDs

theoretical predictions:

does not describe the
beam-helicity data, but
in good agreement with
this data
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unpolarized deuterium targets
coherent: e±d → e±dγ

DVCS Bethe-Heitler

target stays intact

spin-1 targets described by 9 GPDs:
Hq

1 , Hq
2 , Hq

3 , Hq
4 , Hq

5 , eHq
1 , eHq

2 , eHq
3 , eHq

4

incoherent: e±d → e±pnγ

DVCS Bethe-Heitler

p

n

target brakes up

spin− 1
2

targets described by 4 GPDs:

H, E, eH, eE

Data

Monte Carlo sum
incoherent BH + DVCS

coherent BH + DVCS

BH with resonance exc.
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0 0.2 0.4 0.6

coherent:
contribution at small −t

incoherent:

contribution at larger −t

contribution from coherent [0.06 : 0.7] GeV2:
20%
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beam-charge asymmetry
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0

0.1

A
Cco

s(
0φ

)

e
→ ± d → e± γ X e

→ ± p → e± γ X

0
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3X

n=0

A
cos(nφ)
C

cos(nφ)

-HERMES Collaboration: arXiv:0911.0091 (2009)-

twist-2:

Acos φ
C,coh

∝ G1ReH1

Acos φ
C,incoh

∝ F1ReH

higher twist :

Acos 0φ
C

∝ −
t

Q
Acos φ

C

A
cos(2φ)
C

≈ 0

A
cos(3φ)
C

≈ 0

d and p results consistent

small values of −t: differences
due to coherent contribution

larger values of −t: differences
due to neutron contribution
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longitudinal target polarization
σ(φ, Pℓ, SL) = σUU (φ) × [1 + PℓALU + SLAUL(φ) + SLPℓALL(φ)]

beam helicity asymmetry:
ALU (φ) ≡

dσ→ − dσ←

dσ→ + dσ←

projects the imaginary part of τDV CS

no separate access to sDV CS
1 and sI

1

longitudinal target-spin asymmetry:

AUL(φ) ≡
(dσ→⇒ + dσ←⇒) − (dσ→⇐ + dσ←⇐)

(dσ→⇒ + dσ←⇒) + (dσ→⇐ + dσ←⇐)

projects the imaginary part of τDV CS

double-spin asymmetry:

ALL(φ) ≡
(dσ→⇒ + dσ←⇐) − (dσ←⇒ + dσ→⇐)

(dσ→⇒ + dσ←⇐) + (dσ←⇒ + dσ→⇐)

projects the real part of τDV CS
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longitudinal target-spin asymmetry

AUL(φ) =
2X

n=1

A
sin(nφ)
UL

sin(nφ) ∝
2X

n=1

sI
n, sDVCS

n
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si
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proton (bV=1, bS=1):

Regge, WW tw-3
Regge, no tw-3
fac., WW tw-3
fac., no tw-3

sI
1: twist-2

Asin φ
UL

∝ sI
1 ∝ F1Im eH

sDVCS
1 : twist-3

model in good agreement with data

unexpected large value
sI
2: quark twist-3 or gluon twist-2

sDVCS
2 : twist-4

model does not describe the data
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double-spin asymmetry

ALL(φ) ∝
2X
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transversely polarized target
σ(φ, Pℓ, ST ) = σUU (φ) ×

h
1 + STADVCS

UT (φ, φs) + ST eℓA
I
UT (φ, φs) + eℓAC(φ)

i

transverse target-spin asymmetry:

AUT (φ, φS) =
1

ST

·
dσ⇑(φ, φS) − dσ⇓(φ, φS)

dσ⇑(φ, φS) + dσ⇓(φ, φS)

beam-charge asymmetry:

AC(φ) ≡
dσ+ − dσ−

dσ+ + dσ−

φS

φ
~q ′

~S⊥

~k
~k′

~q

ADVCS
UT (φ, φS) ≡

1

ST

·
dσ+⇑(φ, φS) − dσ+⇓(φ, φS) + dσ−⇑(φ, φS) − dσ−⇓(φ, φS)

dσ+⇑(φ, φS) + dσ+⇓(φ, φS) + dσ−⇑(φ, φS) + dσ−⇓(φ, φS)

AI
UT (φ, φS) ≡

1

ST

·
dσ+⇑(φ, φS) − dσ+⇓(φ, φS) − dσ−⇑(φ, φS) + dσ−⇓(φ, φS)

dσ+⇑(φ, φS) + dσ+⇓(φ, φS) + dσ−⇑(φ, φS) + dσ−⇓(φ, φS)

separation of sDVCS
i , cDVCS

i and sI
i, cIi terms with same harmonic signatures

projects the imaginary part of τDV CS
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transverse target-spin asymmetry

ADVCS
UT (φ, φS) =

2X

n=0

A
sin(φ−φS) cos(nφ)
UT DV CS

sin(φ − φS) cos(nφ)

+

2X

n=1

A
cos(φ−φS) sin(nφ)
UT, DV CS

cos(φ − φS) sin(nφ)

AI
UT (φ, φS) =

2X

n=0

A
sin(φ−φS) cos(nφ)
UT, I

sin(φ − φS) cos(nφ)

+
2X

n=1

A
cos(φ−φS) sin(nφ)
UT, I

cos(φ − φS) sin(nφ)
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transverse target-spin asymmetry
AUT (φ, φS) ∝ Im[F2H− F1E ] sin(φ − φS) cos φ + Im[F2H− F1E] sin(φ − φS)

+ Im[HE∗ − EH∗ + ξ eE eH∗ − eH ξ eE∗] sin(φ − φS) + ...
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Summary
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beam helicity asymmetry
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beam-helicity asymmetry

-0.4

-0.2

0

0.2

0.4

A
L

U
, D

V
C

S
si

n 
φ

overall
10-2 10-1

-t [GeV2]
10-1

xN

e
→ ± d → e± γ X

1 10

Q2 [GeV2]

e
→ ± p → e± γ X

-0.2

-0.4

-0.6

0

0.2

A
L

U
, I

si
n 

φ

e
→ ± d → e± γ X e

→ ± p → e± γ X

-0.2

0

0.2

0.4

A
L

U
, I

si
n(

2φ
)

overall

10-2 10-1

-t [GeV2]
10-1

xN

1 10

Q2 [GeV2]

-Ami Rostomyan- – p. 19



beam-helicity asymmetry

-0.2

0

0.2

0.4

A
L

U
, D

V
C

S
si

n 
φ

2.4 % scale uncertainty e
→ ± d → e± γ X VGG Regge

VGG Fact.

-0.4

-0.2

0

A
L

U
, I

si
n 

φ

0

0.2

0.4

0.6

A
L

U
, I

si
n(

2φ
)

overall
10-2 10-1

-t [GeV2]
10-1

xN

1 10

Q2 [GeV2]

-Ami Rostomyan- – p. 20



beam-helicity asymmetry
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nuclear targets: He, N, Ne, Kr, Xe
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