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Generalized parton distributions (GPDs)

 3

• x=average longitudinal momentum fraction 

• 2ξ= longitudinal momentum transfer: 

• t=squared momentum transfer to nucleon

See e.g. M. Diehl, Phys. Rept. 388 (2003) 41
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Generalized parton distributions (GPDs)

 3

• x=average longitudinal momentum fraction 

• 2ξ= longitudinal momentum transfer: 

• t=squared momentum transfer to nucleon

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four quark helicity-flip twist-2 GPDs = transversity GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

proton helicity flipproton helicity non flip

Four quark helicity-conserving twist-2 GPDs

spin independent

spin dependentH̃(x, ⇠, t) Ẽ(x, ⇠, t)

E(x, ⇠, t)H(x, ⇠, t)

See e.g. M. Diehl, Phys. Rept. 388 (2003) 41
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d� / |⌧BH |2 + |⌧DV CS |2+ ⌧DV CS⌧
⇤
BH
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DV CS
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CLAS – PRC 80 ('09) 035206; PRL 87 ('01) 182002; 100 ('08) 162002 

COMPASS – arXiv:1702.06315 

JLab Hall A Collaboration – PRL 99 ('07) 242501; PRC 92 ('15) 055202 

H1 – PLB 681 ('09) 391; 659 ('07) 796; EPJ C 44 ('05) 1 

HERMES – JHEP 10 (’12) 042; PLB 704 ('11) 15; NPB 842 ('11) 265 

ZEUS – PLB 573 (2003) 46; JHEP 05 ('09) 108
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M1,1 = F1(t)H(⇠, t) +
xB

2� xB
(F1(t) + F2(t)) H̃(⇠, t)�

t

4M2
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(
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n=0

cIn cos(n�) + �
2X
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sIn sin(n�)

)

sI1 / =M1,1cI1 / <M1,1

CFF          =convolution GPD x hard scattering amplitudeH, H̃, E

At LO:      direct access to GPDs at  
             convolution integral over 
             + access to D-term  

= x = ±⇠
< x
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Figure 4: The cos(nφ) amplitude (n = 0–3) of the beam-charge asymmetry AC, extracted from
the 1996–2005 hydrogen data in the entire experimental acceptance, and as a function of −t, xB,
and Q2. The error bars (bands) represent the statistical (systematic) uncertainties. The theoretical
calculations are based on the models that are unable to describe the data in Fig. 2. For the VGG
model the parameter settings bval = ∞ and bsea = 1 are used and the contribution from the D–term
is set to zero. The bottom row shows the fractional contribution of associated BH production as
obtained from a MC simulation.

helicity-flip GPDs, is found to be consistent with zero. No striking additional features are

observed in Fig. 5 where the cos(nφ) amplitudes are shown as a function of −t for three

distinct xB ranges.

The theoretical calculations shown in Fig. 4 are based on either the Dual-GT or the

VGG model. For the VGG model the parameter settings bval = ∞ and bsea = 1 are used

and the contribution from the D–term is set to zero, as only this set of parameters yields

a good description of the BCA data [24, 25]. Note that the same set, in particular the

setting bsea = 1, leads to amplitudes with the largest magnitude among those represented

in the bands in the top row of Fig. 2, i.e., it clearly does not describe the data related to

the imaginary part of the DVCS amplitude. It appears that additional degrees of freedom

– 14 –
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Figure 4: The cos(nφ) amplitude (n = 0–3) of the beam-charge asymmetry AC, extracted from
the 1996–2005 hydrogen data in the entire experimental acceptance, and as a function of −t, xB,
and Q2. The error bars (bands) represent the statistical (systematic) uncertainties. The theoretical
calculations are based on the models that are unable to describe the data in Fig. 2. For the VGG
model the parameter settings bval = ∞ and bsea = 1 are used and the contribution from the D–term
is set to zero. The bottom row shows the fractional contribution of associated BH production as
obtained from a MC simulation.
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LT/LO: Only using leading-twist CFFs, the ones we want in the end (a).
HT: Taking into account some CFFs from qqg correlations (c).
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Beam-helicity asymmetry

beam 
charge

beam 
polarisation

|⌧DV CS |2 =
1

Q2

(
2X

n=0

cDV CS
n cos(n�) + � sDV CS

1 sin(�)

)

|⌧BH |2 =
KBH

P1(�)P2(�)

(
2X

n=0

cBH

n
cos(n�)

)

I =
�el KI

P1(�)P2(�)

(
3X

n=0

cIn cos(n�) + �
2X

n=1

sIn sin(n�)

)

Calculable with knowledge Pauli & Dirac form factors

coefficients: bilinear in GPDs 

coefficients: linear in GPDs 

Unpolarised nucleon 
Longitudinally polarised lepton beam 
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Beam-helicity asymmetry

as the Beam-Spin Asymmetry (BSA):

ALU(φ, eℓ) ≡
dσ→ − dσ←

dσ→ + dσ←

=

−eℓ
KI

P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

+ 1
Q2 sDVCS

1 sin φ

1
P1(φ)P2(φ)

[

KBH

2∑

n=0

cBH
n cos(nφ) − eℓKI

3∑

n=0

cI
n cos(nφ)

]

+ 1
Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.1)

Here, σ→ (σ←) denotes the cross section for a beam with positive (negative) helicity. Pre-

dominant sin φ dependences with opposite sign have been observed at the two experiments,

indicating the dominance of the interference term involving eℓ · sI
1. However, quantitative

access to sI
1 is complicated by the presence of sDVCS

1 , which is a higher twist-contribution

but possibly significant, and by the presence of cI
1 and cI

0, i.e., the other Fourier coefficients

of interest appearing at leading twist (see Eqs. 1.6 and 1.8).

This entanglement can be avoided by defining the charge-difference beam-helicity

asymmetry [23]:

AI
LU(φ) ≡ (dσ+→ − dσ+←) − (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=

− KI
P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

, (2.2)

where the additional +(−) superscript on the cross-sections denotes the charge of the lepton

beam. This asymmetry has the important advantages that the sin φ dependence in the

numerator stems solely from the interference term, as the (higher-twist) sin φ dependence

of the squared DVCS term cancels, and the denominator no longer contains the leading

terms cI
1 and cI

0. Therefore it gives direct access to linear combinations of GPDs, while

another charge-averaged asymmetry related to the squared DVCS term provides access to

bilinear combinations of GPDs:

ADVCS
LU (φ) ≡ (dσ+→ − dσ+←) + (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=
1

Q2 sDVCS
1 sin φ

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.3)

The previously extracted [24, 25] Beam-Charge Asymmetry (BCA)

AC(φ) ≡ dσ+ − dσ−

dσ+ + dσ−
=

− KI
P1(φ)P2(φ)

3∑

n=0

cI
n cos(nφ)

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

(2.4)

– 6 –
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Beam-helicity asymmetry
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. (2.1)

Here, σ→ (σ←) denotes the cross section for a beam with positive (negative) helicity. Pre-

dominant sin φ dependences with opposite sign have been observed at the two experiments,

indicating the dominance of the interference term involving eℓ · sI
1. However, quantitative

access to sI
1 is complicated by the presence of sDVCS

1 , which is a higher twist-contribution

but possibly significant, and by the presence of cI
1 and cI

0, i.e., the other Fourier coefficients

of interest appearing at leading twist (see Eqs. 1.6 and 1.8).

This entanglement can be avoided by defining the charge-difference beam-helicity

asymmetry [23]:

AI
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1

Q2
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n=0

cDVCS
n cos(nφ)

, (2.2)

where the additional +(−) superscript on the cross-sections denotes the charge of the lepton

beam. This asymmetry has the important advantages that the sin φ dependence in the

numerator stems solely from the interference term, as the (higher-twist) sin φ dependence

of the squared DVCS term cancels, and the denominator no longer contains the leading

terms cI
1 and cI

0. Therefore it gives direct access to linear combinations of GPDs, while

another charge-averaged asymmetry related to the squared DVCS term provides access to

bilinear combinations of GPDs:

ADVCS
LU (φ) ≡ (dσ+→ − dσ+←) + (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=
1

Q2 sDVCS
1 sin φ

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.3)

The previously extracted [24, 25] Beam-Charge Asymmetry (BCA)

AC(φ) ≡ dσ+ − dσ−

dσ+ + dσ−
=

− KI
P1(φ)P2(φ)

3∑

n=0

cI
n cos(nφ)

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

(2.4)

– 6 –

 9



•          twist-3
• suppressed as 1/Q2
sDVCS
1

Beam-helicity asymmetry

as the Beam-Spin Asymmetry (BSA):

ALU(φ, eℓ) ≡
dσ→ − dσ←

dσ→ + dσ←

=

−eℓ
KI

P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

+ 1
Q2 sDVCS

1 sin φ

1
P1(φ)P2(φ)

[

KBH

2∑

n=0

cBH
n cos(nφ) − eℓKI

3∑

n=0

cI
n cos(nφ)

]

+ 1
Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.1)

Here, σ→ (σ←) denotes the cross section for a beam with positive (negative) helicity. Pre-

dominant sin φ dependences with opposite sign have been observed at the two experiments,

indicating the dominance of the interference term involving eℓ · sI
1. However, quantitative

access to sI
1 is complicated by the presence of sDVCS

1 , which is a higher twist-contribution

but possibly significant, and by the presence of cI
1 and cI

0, i.e., the other Fourier coefficients

of interest appearing at leading twist (see Eqs. 1.6 and 1.8).

This entanglement can be avoided by defining the charge-difference beam-helicity

asymmetry [23]:

AI
LU(φ) ≡ (dσ+→ − dσ+←) − (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=
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[
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sI
n sin(nφ)

]

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

, (2.2)

where the additional +(−) superscript on the cross-sections denotes the charge of the lepton

beam. This asymmetry has the important advantages that the sin φ dependence in the

numerator stems solely from the interference term, as the (higher-twist) sin φ dependence

of the squared DVCS term cancels, and the denominator no longer contains the leading

terms cI
1 and cI

0. Therefore it gives direct access to linear combinations of GPDs, while

another charge-averaged asymmetry related to the squared DVCS term provides access to

bilinear combinations of GPDs:

ADVCS
LU (φ) ≡ (dσ+→ − dσ+←) + (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=
1

Q2 sDVCS
1 sin φ

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.3)

The previously extracted [24, 25] Beam-Charge Asymmetry (BCA)

AC(φ) ≡ dσ+ − dσ−

dσ+ + dσ−
=

− KI
P1(φ)P2(φ)

3∑

n=0

cI
n cos(nφ)

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

(2.4)

– 6 –
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•          twist-3
• suppressed as 1/Q2
sDVCS
1

Beam-helicity asymmetry

as the Beam-Spin Asymmetry (BSA):

ALU(φ, eℓ) ≡
dσ→ − dσ←

dσ→ + dσ←

=

−eℓ
KI

P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

+ 1
Q2 sDVCS

1 sin φ

1
P1(φ)P2(φ)

[

KBH

2∑

n=0

cBH
n cos(nφ) − eℓKI

3∑

n=0

cI
n cos(nφ)

]

+ 1
Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.1)

Here, σ→ (σ←) denotes the cross section for a beam with positive (negative) helicity. Pre-

dominant sin φ dependences with opposite sign have been observed at the two experiments,

indicating the dominance of the interference term involving eℓ · sI
1. However, quantitative

access to sI
1 is complicated by the presence of sDVCS

1 , which is a higher twist-contribution

but possibly significant, and by the presence of cI
1 and cI

0, i.e., the other Fourier coefficients

of interest appearing at leading twist (see Eqs. 1.6 and 1.8).

This entanglement can be avoided by defining the charge-difference beam-helicity

asymmetry [23]:

AI
LU(φ) ≡ (dσ+→ − dσ+←) − (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=

− KI
P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

, (2.2)

where the additional +(−) superscript on the cross-sections denotes the charge of the lepton

beam. This asymmetry has the important advantages that the sin φ dependence in the

numerator stems solely from the interference term, as the (higher-twist) sin φ dependence

of the squared DVCS term cancels, and the denominator no longer contains the leading

terms cI
1 and cI

0. Therefore it gives direct access to linear combinations of GPDs, while

another charge-averaged asymmetry related to the squared DVCS term provides access to

bilinear combinations of GPDs:

ADVCS
LU (φ) ≡ (dσ+→ − dσ+←) + (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=
1

Q2 sDVCS
1 sin φ

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.3)

The previously extracted [24, 25] Beam-Charge Asymmetry (BCA)

AC(φ) ≡ dσ+ − dσ−

dσ+ + dσ−
=

− KI
P1(φ)P2(φ)

3∑

n=0

cI
n cos(nφ)

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

(2.4)

– 6 –

calculable

• suppressed as 1/Q2
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•          twist-3
• suppressed as 1/Q2
sDVCS
1

Beam-helicity asymmetry

as the Beam-Spin Asymmetry (BSA):

ALU(φ, eℓ) ≡
dσ→ − dσ←

dσ→ + dσ←

=

−eℓ
KI

P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

+ 1
Q2 sDVCS

1 sin φ

1
P1(φ)P2(φ)

[

KBH

2∑

n=0

cBH
n cos(nφ) − eℓKI

3∑

n=0

cI
n cos(nφ)

]

+ 1
Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.1)

Here, σ→ (σ←) denotes the cross section for a beam with positive (negative) helicity. Pre-

dominant sin φ dependences with opposite sign have been observed at the two experiments,

indicating the dominance of the interference term involving eℓ · sI
1. However, quantitative

access to sI
1 is complicated by the presence of sDVCS

1 , which is a higher twist-contribution

but possibly significant, and by the presence of cI
1 and cI

0, i.e., the other Fourier coefficients

of interest appearing at leading twist (see Eqs. 1.6 and 1.8).

This entanglement can be avoided by defining the charge-difference beam-helicity

asymmetry [23]:

AI
LU(φ) ≡ (dσ+→ − dσ+←) − (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=

− KI
P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

, (2.2)

where the additional +(−) superscript on the cross-sections denotes the charge of the lepton

beam. This asymmetry has the important advantages that the sin φ dependence in the

numerator stems solely from the interference term, as the (higher-twist) sin φ dependence

of the squared DVCS term cancels, and the denominator no longer contains the leading

terms cI
1 and cI

0. Therefore it gives direct access to linear combinations of GPDs, while

another charge-averaged asymmetry related to the squared DVCS term provides access to

bilinear combinations of GPDs:

ADVCS
LU (φ) ≡ (dσ+→ − dσ+←) + (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=
1

Q2 sDVCS
1 sin φ

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.3)

The previously extracted [24, 25] Beam-Charge Asymmetry (BCA)

AC(φ) ≡ dσ+ − dσ−

dσ+ + dσ−
=

− KI
P1(φ)P2(φ)

3∑

n=0

cI
n cos(nφ)

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

(2.4)

– 6 –

calculable

• suppressed as 1/Q2
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•          twist-3
• suppressed as 1/Q2
sDVCS
1

Beam-helicity asymmetry

as the Beam-Spin Asymmetry (BSA):

ALU(φ, eℓ) ≡
dσ→ − dσ←

dσ→ + dσ←

=

−eℓ
KI

P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

+ 1
Q2 sDVCS

1 sin φ

1
P1(φ)P2(φ)

[

KBH

2∑

n=0

cBH
n cos(nφ) − eℓKI

3∑

n=0

cI
n cos(nφ)

]

+ 1
Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.1)

Here, σ→ (σ←) denotes the cross section for a beam with positive (negative) helicity. Pre-

dominant sin φ dependences with opposite sign have been observed at the two experiments,

indicating the dominance of the interference term involving eℓ · sI
1. However, quantitative

access to sI
1 is complicated by the presence of sDVCS

1 , which is a higher twist-contribution

but possibly significant, and by the presence of cI
1 and cI

0, i.e., the other Fourier coefficients

of interest appearing at leading twist (see Eqs. 1.6 and 1.8).

This entanglement can be avoided by defining the charge-difference beam-helicity

asymmetry [23]:
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LU(φ) ≡ (dσ+→ − dσ+←) − (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=
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]
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2∑
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1
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2∑

n=0

cDVCS
n cos(nφ)

, (2.2)

where the additional +(−) superscript on the cross-sections denotes the charge of the lepton

beam. This asymmetry has the important advantages that the sin φ dependence in the

numerator stems solely from the interference term, as the (higher-twist) sin φ dependence

of the squared DVCS term cancels, and the denominator no longer contains the leading

terms cI
1 and cI

0. Therefore it gives direct access to linear combinations of GPDs, while

another charge-averaged asymmetry related to the squared DVCS term provides access to

bilinear combinations of GPDs:

ADVCS
LU (φ) ≡ (dσ+→ − dσ+←) + (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=
1

Q2 sDVCS
1 sin φ

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.3)

The previously extracted [24, 25] Beam-Charge Asymmetry (BCA)

AC(φ) ≡ dσ+ − dσ−

dσ+ + dσ−
=

− KI
P1(φ)P2(φ)

3∑

n=0

cI
n cos(nφ)
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P1(φ)P2(φ)
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(2.4)

– 6 –

calculable

• suppressed as 1/Q2
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Beam-helicity asymmetries

as the Beam-Spin Asymmetry (BSA):

ALU(φ, eℓ) ≡
dσ→ − dσ←

dσ→ + dσ←

=

−eℓ
KI

P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

+ 1
Q2 sDVCS

1 sin φ

1
P1(φ)P2(φ)

[

KBH

2∑

n=0

cBH
n cos(nφ) − eℓKI

3∑

n=0

cI
n cos(nφ)

]

+ 1
Q2

2∑

n=0

cDVCS
n cos(nφ)

. (2.1)

Here, σ→ (σ←) denotes the cross section for a beam with positive (negative) helicity. Pre-

dominant sin φ dependences with opposite sign have been observed at the two experiments,

indicating the dominance of the interference term involving eℓ · sI
1. However, quantitative

access to sI
1 is complicated by the presence of sDVCS

1 , which is a higher twist-contribution

but possibly significant, and by the presence of cI
1 and cI

0, i.e., the other Fourier coefficients

of interest appearing at leading twist (see Eqs. 1.6 and 1.8).

This entanglement can be avoided by defining the charge-difference beam-helicity

asymmetry [23]:

AI
LU(φ) ≡ (dσ+→ − dσ+←) − (dσ−→ − dσ−←)

(dσ+→ + dσ+←) + (dσ−→ + dσ−←)

=

− KI
P1(φ)P2(φ)

[
2∑

n=1

sI
n sin(nφ)

]

KBH
P1(φ)P2(φ)

2∑

n=0

cBH
n cos(nφ) +

1

Q2

2∑

n=0

cDVCS
n cos(nφ)

, (2.2)

where the additional +(−) superscript on the cross-sections denotes the charge of the lepton

beam. This asymmetry has the important advantages that the sin φ dependence in the

numerator stems solely from the interference term, as the (higher-twist) sin φ dependence

of the squared DVCS term cancels, and the denominator no longer contains the leading

terms cI
1 and cI

0. Therefore it gives direct access to linear combinations of GPDs, while

another charge-averaged asymmetry related to the squared DVCS term provides access to

bilinear combinations of GPDs:

ADVCS
LU (φ) ≡ (dσ+→ − dσ+←) + (dσ−→ − dσ−←)
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Figure 2: The first (second) row shows the sinφ amplitude of the beam-helicity asymmetry ALU,I

(ALU,DVCS), which is sensitive to the interference term (squared DVCS term), extracted from the
1996–2005 hydrogen data in the entire experimental acceptance, and as a function of −t, xB, and Q2.
The third row shows the sin 2φ amplitude of ALU,I. The error bars (bands) represent the statistical
(systematic) uncertainties. Not included is a 2.8% scale uncertainty due to the beam polarization
measurement. The calculations are based on the recently corrected minimal implementation [33, 34]
of a dual-parameterization GPD model (Dual–GT) and on a GPD model [30, 38] based on double–
distributions (VGG). Both models use a Regge–motivated t-dependence. The band for the VGG
model results from varying the parameters bval and bsea between unity and infinity. The bottom row
shows the fractional contribution of associated BH production as obtained from a MC simulation.

a D–term [39], where the kernel of the double distribution contains a profile function [40, 41]

that determines the dependence on ξ, controlled by a parameter b [42]. In the limit b → ∞
the GPD is independent of ξ. Note that bval (bsea) is a free parameter for the valence

(sea) quarks and thus can be used as a fit parameter in the extraction of GPDs from

hard-electroproduction data.

In each kinematic bin, a range of theoretical predictions was calculated [43] by varying

the model parameters of only the GPD H, since these data are sensitive mostly to this

GPD as explained above. Variants of the model are distinguished by differences in the t

dependence of the GPD H, for which either a simple ansatz is used where the t dependence

factorizes from the dependence on the other kinematic variables, or the Regge–motivated

ansatz is employed. Since the differences are found to be small for all amplitudes shown

in Fig. 2, only the results based on the latter ansatz (VGG Regge) are displayed. The
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(ALU,DVCS), which is sensitive to the interference term (squared DVCS term), extracted from the
1996–2005 hydrogen data in the entire experimental acceptance, and as a function of −t, xB, and Q2.
The third row shows the sin 2φ amplitude of ALU,I. The error bars (bands) represent the statistical
(systematic) uncertainties. Not included is a 2.8% scale uncertainty due to the beam polarization
measurement. The calculations are based on the recently corrected minimal implementation [33, 34]
of a dual-parameterization GPD model (Dual–GT) and on a GPD model [30, 38] based on double–
distributions (VGG). Both models use a Regge–motivated t-dependence. The band for the VGG
model results from varying the parameters bval and bsea between unity and infinity. The bottom row
shows the fractional contribution of associated BH production as obtained from a MC simulation.
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FIG. 4. Beam helicity-dependent (�4�) and helicity-independent (d4�) cross sections at Q2=1.75 GeV2,
xB=0.36, and t = �0.30 GeV2. (Color online) The beam energies are Ebeam=4.455 GeV (left) and Ebeam=5.55 GeV

(right). Dashed lines represent the result of the LT/LO fit with H++,E++,eH++ and eE++. Solid lines show the result of the

HT fit with H++,eH++,H0+, and eH0+. Curves for the NLO fit (H++,eH++,H�+, and eH�+) overlap with the HT fit and are not
shown. Results from the KM15 [18, 19] fit to previously published DVCS data is also presented.

fit is shown in Fig. 4 for t = �0.30 GeV2, in which the
free parameters are the real and imaginary parts of H++,
eH++, E++ and eE++. This fit reproduces very poorly
the angular distribution of the data yielding a value of
�
2
/ndf = 504/208. Indeed, the strong enhancement

of the cos�-harmonics in the DVCS2 amplitude origi-
nated by the large size of �0 translates into the bump in
the dashed line around �=180� for E

beam=5.550 GeV.
Two additional fits were performed including either (a)

{H0+,
eH0+} to include genuine twist-3 contributions or

(b) {H�+,
eH�+} to include gluon-transversity GPD con-

tributions. In both of these latter fits E++ and eE++

were set to zero, thus keeping constant the number of
free parameters. The fit to the data is much better
(�2

/ndf = 210/208) for both the higher-twist (HT) or
the next-to-leading order (NLO) scenarios than for the
LO/LT case. This conclusion also holds for the lower �t

bins, as summarized in Tab. I. We observe the crucial
role of gluons in the description of the process, either
through the quark-gluon correlations involved in higher-
twist diagrams, or through next-to-leading e↵ects imply-
ing gluon-transversity GPDs. This pioneer analysis in-
cluding the kinematical power corrections recently calcu-
lated for DVCS demonstrate that the leading twist ap-
proximation is no longer su�cient to describe the accu-
racy of these new data.

Within both successful fit scenarios, the DVCS2 and
the BH-DVCS interference terms are well separated, as
presented in Fig. 5: we denote this procedure a “general-

Fit Description: LO/LT Higher Twist NLO

Helicity States: ++ ++/0+ ++/�+

t = �0.18 GeV2 314 251 256

t = �0.24 GeV2 461 246 245

t = �0.30 GeV2 504 211 210

TABLE I. Values of �2 (ndf = 208) obtained in the leading-
order, leading-twist (++); higher-twist (++/0+); and next-
to-leading-order (++/�+) scenarios. The fit is not performed
at the highest value of�t because of the lack of full acceptance
in �, resulting in a large statistical uncertainty.

ized Rosenbluth separation”. In particular, we note a sig-
nificant DVCS2 contribution in the higher-twist scenario
to the helicity-dependent cross section, assumed to be a
purely interference term in DVCS phenomenology up to
now. In addition, the real part of the BH-DVCS interfer-
ence (helicity-independent cross section) is extracted in
these kinematics for the first time.

In conclusion, we measured beam helicity-dependent
and helicity-independent photon electroproduction cross
sections o↵ a proton target for three Q

2-values ranging
from 1.5 to 2 GeV2 at xB=0.36. Each kinematic set-
ting was measured at two incident beam energies. Using
this data set, we demonstrated the sensitivity of high
precision DVCS data to twist-3 and/or higher-order con-
tributions through a phenomenological study including
for the first time kinematical power corrections. Within

Jefferson Lab Hall A, Nat. Com. 8 (2017) 1408 

hQ2i = 1.75 GeV2

�t = 0.3 GeV2
hxBi = 0.36
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shown. Results from the KM15 [18, 19] fit to previously published DVCS data is also presented.
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the angular distribution of the data yielding a value of
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beam=5.550 GeV.
Two additional fits were performed including either (a)

{H0+,
eH0+} to include genuine twist-3 contributions or
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eH�+} to include gluon-transversity GPD con-

tributions. In both of these latter fits E++ and eE++

were set to zero, thus keeping constant the number of
free parameters. The fit to the data is much better
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/ndf = 210/208) for both the higher-twist (HT) or
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LO/LT case. This conclusion also holds for the lower �t

bins, as summarized in Tab. I. We observe the crucial
role of gluons in the description of the process, either
through the quark-gluon correlations involved in higher-
twist diagrams, or through next-to-leading e↵ects imply-
ing gluon-transversity GPDs. This pioneer analysis in-
cluding the kinematical power corrections recently calcu-
lated for DVCS demonstrate that the leading twist ap-
proximation is no longer su�cient to describe the accu-
racy of these new data.

Within both successful fit scenarios, the DVCS2 and
the BH-DVCS interference terms are well separated, as
presented in Fig. 5: we denote this procedure a “general-
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to-leading-order (++/�+) scenarios. The fit is not performed
at the highest value of�t because of the lack of full acceptance
in �, resulting in a large statistical uncertainty.

ized Rosenbluth separation”. In particular, we note a sig-
nificant DVCS2 contribution in the higher-twist scenario
to the helicity-dependent cross section, assumed to be a
purely interference term in DVCS phenomenology up to
now. In addition, the real part of the BH-DVCS interfer-
ence (helicity-independent cross section) is extracted in
these kinematics for the first time.

In conclusion, we measured beam helicity-dependent
and helicity-independent photon electroproduction cross
sections o↵ a proton target for three Q

2-values ranging
from 1.5 to 2 GeV2 at xB=0.36. Each kinematic set-
ting was measured at two incident beam energies. Using
this data set, we demonstrated the sensitivity of high
precision DVCS data to twist-3 and/or higher-order con-
tributions through a phenomenological study including
for the first time kinematical power corrections. Within
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Figure: Q2=1.75 GeV2, -t=0.3 GeV2.
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FIG. 4. Beam helicity-dependent (�4�) and helicity-independent (d4�) cross sections at Q2=1.75 GeV2,
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(right). Dashed lines represent the result of the LT/LO fit with H++,E++,eH++ and eE++. Solid lines show the result of the

HT fit with H++,eH++,H0+, and eH0+. Curves for the NLO fit (H++,eH++,H�+, and eH�+) overlap with the HT fit and are not
shown. Results from the KM15 [18, 19] fit to previously published DVCS data is also presented.

fit is shown in Fig. 4 for t = �0.30 GeV2, in which the
free parameters are the real and imaginary parts of H++,
eH++, E++ and eE++. This fit reproduces very poorly
the angular distribution of the data yielding a value of
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2
/ndf = 504/208. Indeed, the strong enhancement

of the cos�-harmonics in the DVCS2 amplitude origi-
nated by the large size of �0 translates into the bump in
the dashed line around �=180� for E

beam=5.550 GeV.
Two additional fits were performed including either (a)

{H0+,
eH0+} to include genuine twist-3 contributions or

(b) {H�+,
eH�+} to include gluon-transversity GPD con-

tributions. In both of these latter fits E++ and eE++

were set to zero, thus keeping constant the number of
free parameters. The fit to the data is much better
(�2

/ndf = 210/208) for both the higher-twist (HT) or
the next-to-leading order (NLO) scenarios than for the
LO/LT case. This conclusion also holds for the lower �t

bins, as summarized in Tab. I. We observe the crucial
role of gluons in the description of the process, either
through the quark-gluon correlations involved in higher-
twist diagrams, or through next-to-leading e↵ects imply-
ing gluon-transversity GPDs. This pioneer analysis in-
cluding the kinematical power corrections recently calcu-
lated for DVCS demonstrate that the leading twist ap-
proximation is no longer su�cient to describe the accu-
racy of these new data.

Within both successful fit scenarios, the DVCS2 and
the BH-DVCS interference terms are well separated, as
presented in Fig. 5: we denote this procedure a “general-
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TABLE I. Values of �2 (ndf = 208) obtained in the leading-
order, leading-twist (++); higher-twist (++/0+); and next-
to-leading-order (++/�+) scenarios. The fit is not performed
at the highest value of�t because of the lack of full acceptance
in �, resulting in a large statistical uncertainty.

ized Rosenbluth separation”. In particular, we note a sig-
nificant DVCS2 contribution in the higher-twist scenario
to the helicity-dependent cross section, assumed to be a
purely interference term in DVCS phenomenology up to
now. In addition, the real part of the BH-DVCS interfer-
ence (helicity-independent cross section) is extracted in
these kinematics for the first time.

In conclusion, we measured beam helicity-dependent
and helicity-independent photon electroproduction cross
sections o↵ a proton target for three Q

2-values ranging
from 1.5 to 2 GeV2 at xB=0.36. Each kinematic set-
ting was measured at two incident beam energies. Using
this data set, we demonstrated the sensitivity of high
precision DVCS data to twist-3 and/or higher-order con-
tributions through a phenomenological study including
for the first time kinematical power corrections. Within
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Figure: Q2=1.75 GeV2, -t=0.3 GeV2.
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Figure: Q2=1.75 GeV2, -t=0.3 GeV2.
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• Longitudinal target-spin asymmetry – CLAS 
   Phys. Rev. Lett. 114 (2015) 032001 
   Phys. Rev. D 91 (2015) 052014 
• Unpolarized and beam-polarized cross sections – CLAS 
   Phys. Rev. Lett. 115 (2015) 212003 
• Unpolarized and beam-polarized cross sections – Hall A 
   Phys. Rev. C 92 (2015) 055202

Fit of =H(⇠, t)
Dupre et al., Phys. Rev. D 95 (2017) 011501 
Dupre et al., Eur. Phys. J. A 53 (2017) 171

CLAS unpolarized and beam-polarized cross section
fit results:

Hall A
CLAS all data

VGG model (Phys. Rev. Lett. 80 5064 (1998))

=H(⇠, t) = A(⇠)eB(⇠)tfit

2

level. However, the BH amplitude is precisely calcula-
ble within Quantum Electrodynamics (QED). The only
non-QED inputs in the calculation are the proton form
factors (FFs) F1(t) and F2(t) and these are well-known at
the small momentum transfers t considered in this work.

In Refs. [10–14], we proposed and applied a method to
extract the CFFs from ep� observables. It consists in tak-
ing the eight CFFs as free parameters and, knowing the
well-established BH and DVCS leading-twist amplitudes,
to fit simultaneously with a least-square method, several
ep ! ep� observables, at a fixed (⇠, t) kinematics. In gen-
eral, an experimental observable receives contributions
from several CFFs and there are important correlations
between these. The extraction of eight CFFs from only a
few observables, with finite experimental uncertainties, is
thus in general an underconstrained problem. However,
some observables are dominated and mostly sensitive to
one or two CFFs. For instance, it is well-established that
the beam-spin observables are dominated by the HIm

CFF. Then, if the range of variation of the CFFs is lim-
ited, the CFFs dominantly contributing to the observ-
ables can come out of the fit procedure with finite error
bars. These error bars, defined by ��

2 = +1 around the
minimum �

2 point, are then in general due to the corre-
lations between the CFFs. Rather than the error of the
experimental data, they reflect the influence of the other
(subdominant) CFFs. Up to the limits imposed on the
variation of the CFFs, which should be taken as conser-
vatively as possible, this approach has the merit of being
essentially model-independent as there is no need to as-
sume and hypothesize any functional shape for the CFFs.
This fitting method was applied, in our earlier works, to
derive limits and constraints for the HIm, H̃Im and HRe

CFFs at an average ⇡ 40% level for earlier ep ! ep�

data from JLab [10, 11] and HERMES [12, 13].
Recently, the CLAS and Hall A collaborations of JLab,

using a 5.75 GeV electron beam, have released new mea-
surements of four observables of the ep ! ep� reaction:
unpolarized cross sections, di↵erences of beam-polarized
cross sections (Hall A [15] and CLAS [16]), longitudinally
polarized target single spin asymmetries and double spin
asymmetries with both beam and longitudinal target po-
larizations (CLAS [17, 18]). These new data make up
the largest set of ep ! ep� observables available to date
in terms of kinematical coverage and binning. We have
analyzed with the fitting approach outlined above simul-
taneously all these new data.

We focus here on the HIm CFF which is the dominant
contributor to the aforementioned JLab observables and
which thus comes the most straightforwardly and system-
atically out of the fit with the smallest error bars. We
show in Fig. 2 the results that we obtain at each (⇠, Q2,
t) bin, from the fit of the JLab CLAS data with 8 CFFs
as free parameters. Like in our previous works, we have
defined the range of variation of the CFFs as ±5 times
the CFFs given by the VGG model [5, 19–21]. Our fitting
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Figure 2: t-dependence of the CFF HIm for 20 CLAS (xB ,
Q2) bins. Open squares: results of the CLAS � and �� fit,
with the 8 CFFs as free parameters. Solid circles: results of
the fit to CLAS � and �� data, as well as longitudinally po-
larized target and double beam-target polarized asymmetries,
with the 8 CFFs as free parameters. Solid triangles: results
of the Hall A � and �� fit with the 8 CFFs as free parame-
ters. Stars: VGG reference CFFs. The solid curve shows an
exponential fit of the open squares.

procedure has been checked at length and validated by
numerous Monte-Carlo studies: we generated random 8-
CFFs sets, calculated from them observables in a realistic
way, i.e. smearing these pseudo-data so as to mimick the
experimental resolution of the real data, fitted them by
our least-square method with a series of random starting
values for the CFFs in order to be biased by particular
initial conditions, and finally compared the results to the
originally generated CFF values. The intensive technical
Monte-Carlo studies will be detailed in a more detailed
methodological article to come.
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t) bins, longitudinally polarized target and double beam-
target polarized asymmetries from the CLAS experiment
are also available at approximately the same kinematics
as the data for � and ��. We show the values of HIm

obtained from the simultaneous fit of these 4 observables
with the solid circles. The solid circles have smaller error
bars than the empty squares as expected, since additional
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level. However, the BH amplitude is precisely calcula-
ble within Quantum Electrodynamics (QED). The only
non-QED inputs in the calculation are the proton form
factors (FFs) F1(t) and F2(t) and these are well-known at
the small momentum transfers t considered in this work.

In Refs. [10–14], we proposed and applied a method to
extract the CFFs from ep� observables. It consists in tak-
ing the eight CFFs as free parameters and, knowing the
well-established BH and DVCS leading-twist amplitudes,
to fit simultaneously with a least-square method, several
ep ! ep� observables, at a fixed (⇠, t) kinematics. In gen-
eral, an experimental observable receives contributions
from several CFFs and there are important correlations
between these. The extraction of eight CFFs from only a
few observables, with finite experimental uncertainties, is
thus in general an underconstrained problem. However,
some observables are dominated and mostly sensitive to
one or two CFFs. For instance, it is well-established that
the beam-spin observables are dominated by the HIm

CFF. Then, if the range of variation of the CFFs is lim-
ited, the CFFs dominantly contributing to the observ-
ables can come out of the fit procedure with finite error
bars. These error bars, defined by ��

2 = +1 around the
minimum �

2 point, are then in general due to the corre-
lations between the CFFs. Rather than the error of the
experimental data, they reflect the influence of the other
(subdominant) CFFs. Up to the limits imposed on the
variation of the CFFs, which should be taken as conser-
vatively as possible, this approach has the merit of being
essentially model-independent as there is no need to as-
sume and hypothesize any functional shape for the CFFs.
This fitting method was applied, in our earlier works, to
derive limits and constraints for the HIm, H̃Im and HRe

CFFs at an average ⇡ 40% level for earlier ep ! ep�

data from JLab [10, 11] and HERMES [12, 13].
Recently, the CLAS and Hall A collaborations of JLab,

using a 5.75 GeV electron beam, have released new mea-
surements of four observables of the ep ! ep� reaction:
unpolarized cross sections, di↵erences of beam-polarized
cross sections (Hall A [15] and CLAS [16]), longitudinally
polarized target single spin asymmetries and double spin
asymmetries with both beam and longitudinal target po-
larizations (CLAS [17, 18]). These new data make up
the largest set of ep ! ep� observables available to date
in terms of kinematical coverage and binning. We have
analyzed with the fitting approach outlined above simul-
taneously all these new data.

We focus here on the HIm CFF which is the dominant
contributor to the aforementioned JLab observables and
which thus comes the most straightforwardly and system-
atically out of the fit with the smallest error bars. We
show in Fig. 2 the results that we obtain at each (⇠, Q2,
t) bin, from the fit of the JLab CLAS data with 8 CFFs
as free parameters. Like in our previous works, we have
defined the range of variation of the CFFs as ±5 times
the CFFs given by the VGG model [5, 19–21]. Our fitting
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Fit angular distribution of decay pions                   and extract either  
Spin Density Matrix Elements (SDMEs) or helicity amplitude ratios

Angular distributions
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Fig. 3. The ⇡+⇡�⇡0 invariant-mass distribution after appli-
cation of all criteria to select exclusively produced ! mesons.
The Breit–Wigner fit to the mass distribution is shown as a
continuous line and the vertical dashed line indicates the PDG
value of the ! mass [17].

ground under the exclusive peak. This fraction is calcu-205

lated as the ratio of the number of background events to206

the total number of events and amounts to about 21%.207

After application of all these constraints, the sample208

contains 279 exclusively produced ! mesons. This data209

sample is referred to in the following as data in the “entire210

kinematic region”. The ⇡
+
⇡
�
⇡
0
invariant-mass distribu-211

tion for this data sample is shown in Fig. 3. A Breit–212

Wigner fit yields 785.1 MeV (52.0 MeV) for the mass213

(width).214

Extraction of the asymmetry amplitudes215

The cross section for hard exclusive leptoproduction of216

a vector meson on a transversely polarized proton tar-217

get, written in terms of polarized photo-absorption cross218

sections and interference terms, is given by Eq. (34) in219

Ref. [19]. In this equation, the transverse-target-spin asym-220

metry AUT is decomposed into a Fourier series of terms221

involving sin(m� ± �S), with m = 0, ..., 3. The angles222

� and �S are the azimuthal angles of the !-production223

plane and of the component S? of the transverse nu-224

cleon polarization vector that is orthogonal to the virtual-225

photon direction. They are measured around the virtual–226

photon direction and with respect to the lepton-scattering227

plane (see Fig. 4). These definitions are in accordance228

with the Trento Conventions [20]. For the HERMES kine-229

matics and acceptance in exclusive ! production, sin ✓�⇤ <230

0.1 and cos ✓�⇤ > 0.99, which can be approximated by231

sin ✓�⇤ ⇡ 0 and cos ✓�⇤ ⇡ 1. Here the angle ✓�⇤ is be-232

tween the lepton-beam and virtual-photon directions.233

x
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Fig. 4. Lepton-scattering and !-production planes together
with the azimuthal angles � and �s, where Ph denotes the
three-momentum of the produced ! meson.

In this approximation, the angular-dependent part of234

Eq. (34) in Ref. [19] for an unpolarized beam reads:235

W(�,�S) = 1 +A
cos(�)
UU cos(�) +A

cos(2�)
UU cos(2�)

+ S?[A
sin(�+�S)
UT sin(�+ �S)

+A
sin(���S)
UT sin(�� �S)

+A
sin(�S)
UT sin(�S)

+A
sin(2���S)
UT sin(2�� �S)

+A
sin(3���S)
UT sin(3�� �S)],

(3)

where S? = |S?|. Here AUU and AUT denote the ampli-236

tudes of the corresponding cosine and sine modulations237

as given in their superscripts. The first letter in the sub-238

script denotes unpolarized beam and the second letter U239

(T ) denotes unpolarized (transversely polarized) target.240

The above approximation in conjunction with the addi-241

tional factor ✏/2 ⇡ 0.4, where ✏ is the ratio of fluxes of242

longitudinal and transverse virtual photons, allows one to243

neglect the contribution of the sin(2�+ �S) modulation.244

This approximation also makes the angular dependence245

of S? disappear (see Eq. (8) of Ref. [19]), and we use246

S? ' PT=0.72 in the following. We note that the modu-247

lation sin(���S) is the only one that appears at leading248

twist.249

For exclusive production of ! mesons decaying into250

three pions, the angular distribution of the latter can251

be decomposed into parts corresponding to longitudinally252

(L) and transversely (T) polarized ! mesons:253

W(�,�S , ✓) =
3

2
r
04
00 cos

2
(✓)wL(�,�S)

+
3

4
(1� r

04
00) sin

2
(✓)wT (�,�S).

(4)

Here, ✓ is the polar angle of the unit vector normal to the254

! decay plane in the !-meson rest frame, with the z-axis255

aligned opposite to the outgoing nucleon momentum [16].256

The pre-factors r
04
00 and (1� r

04
00) represent the fractional257

contribution to the full cross section by longitudinally258

and transversely polarized ! mesons, respectively [16].259

The first (second) term on the right-hand side of Eq. (4)260

represents the angular distribution of the longitudinally261
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ρ0 SDMEs: Q2 dependence
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Figure 30: Spin density matrix elements for the diffractive electroproduction of ρ mesons, as
a function of Q2. The notag (|t| ≤ 0.5 GeV2) and tag (|t| ≤ 3 GeV2) samples are combined.
ZEUS results [19] are also shown. Where appropriate, the dotted lines show the expected
vanishing values of the matrix elements if only the SCHC amplitudes are non-zero. The shaded
bands are predictions of the GK GPD model [61] for the elements which are non-zero in the
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the compact (solid lines) and large (dashed lines) wave functions, respectively. The present
measurements are given in Table 37.
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Polarisation
15

scaled SDME

proton
deuteron

A:  γ *L  →  ρ 0L
γ *T  →  ρ 0T

B: Interference  γ *L  →  ρ 0L  &  γ *T  →  ρ 0T

C:  γ *T  →  ρ 0L

D:  γ *L  →  ρ 0T

E:  γ *-T  →  ρ 0T

Fig. 9. The 23 SDMEs extracted from ρ0 data: proton (squares) and deuteron (circles) in the entire HERMES kinematics
with ⟨x⟩ = 0.08, ⟨Q2⟩ = 1.95 GeV2, ⟨−t′⟩ = 0.13 GeV2. The SDMEs are multiplied by prefactors in order to represent
the normalized leading contribution of the corresponding amplitude (see (77-99)). The inner error bars represent the
statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added in quadrature.
SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The vertical dashed
line at zero is indicated for SDMEs expected to be zero under the hypothesis of SCHC.

are chosen to have the main contribution to the plot-
ted representatives for the unpolarized and polarized
SDMEs equal to Re{T11T ∗

00}/N and Im{T11T ∗
00}/N ,

respectively. This corresponds to the general rule that
is applicable to classes B to E: the dominant contribu-
tion of the unpolarized (polarized) element presented
in Fig. 9 is proportional to the real (imaginary) part
of a product of two amplitudes. Class C contains the
main terms T01T ∗

00/N (for r500/
√
2 and r800/

√
2) and

T01T ∗
11/N . The dominant contributions for classes D

and E contain terms T10T ∗
11/N and T1−1T ∗

11/N , re-
spectively.

Given the scaled SDMEs in Fig. 9, it easily can
be seen that the two unpolarized SDMEs of class B
have large values, similar to those of class A. This
suggests the presence of a substantial interference be-
tween the two dominant amplitudes T00 and T11. The
two polarized class B SDMEs are significantly non-
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Amplitude ratios

Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

modulus is fit so that the two crosses represent the results of fitting one free parameter. The value of Im{t(1)11 } (open diamond)
represents the result of Ref. [26]; the error bar shows the total uncertainty. For all other points, the inner error bars represent the
statistical uncertainty, while the outer ones represent statistical and systematic uncertainties added in quadrature. An additional
scale uncertainty of 8% originating from the uncertainty on the target polarization is present for the ratios t(2)�V ��

, u(2)
�V ��

, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
Im{t(1)�V ��

}, Re{t(2)�V ��
} and Re{u(2)

�V ��
}, but also not shown. The shaded area corresponds to results that were also obtained

in Ref. [26], while all other points are obtained for the first time. The helicity-amplitude ratios are ordered according to the
SDME classes proposed in Refs. [16, 37].

was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
in the SDME method is di↵erent from that in the am-
plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-

longitudinally polarised beam 
unpolarised p and d target  19

unpolarised and polarised SDMEs

15

scaled SDME

proton
deuteron

A:  γ *L  →  ρ 0L
γ *T  →  ρ 0T

B: Interference  γ *L  →  ρ 0L  &  γ *T  →  ρ 0T

C:  γ *T  →  ρ 0L

D:  γ *L  →  ρ 0T

E:  γ *-T  →  ρ 0T

Fig. 9. The 23 SDMEs extracted from ρ0 data: proton (squares) and deuteron (circles) in the entire HERMES kinematics
with ⟨x⟩ = 0.08, ⟨Q2⟩ = 1.95 GeV2, ⟨−t′⟩ = 0.13 GeV2. The SDMEs are multiplied by prefactors in order to represent
the normalized leading contribution of the corresponding amplitude (see (77-99)). The inner error bars represent the
statistical uncertainties, while the outer ones indicate the statistical and systematic uncertainties added in quadrature.
SDMEs measured with unpolarized (polarized) beam are displayed in the unshaded (shaded) areas. The vertical dashed
line at zero is indicated for SDMEs expected to be zero under the hypothesis of SCHC.

are chosen to have the main contribution to the plot-
ted representatives for the unpolarized and polarized
SDMEs equal to Re{T11T ∗

00}/N and Im{T11T ∗
00}/N ,

respectively. This corresponds to the general rule that
is applicable to classes B to E: the dominant contribu-
tion of the unpolarized (polarized) element presented
in Fig. 9 is proportional to the real (imaginary) part
of a product of two amplitudes. Class C contains the
main terms T01T ∗

00/N (for r500/
√
2 and r800/

√
2) and

T01T ∗
11/N . The dominant contributions for classes D

and E contain terms T10T ∗
11/N and T1−1T ∗

11/N , re-
spectively.

Given the scaled SDMEs in Fig. 9, it easily can
be seen that the two unpolarized SDMEs of class B
have large values, similar to those of class A. This
suggests the presence of a substantial interference be-
tween the two dominant amplitudes T00 and T11. The
two polarized class B SDMEs are significantly non-

Results helicity �0 amplitude ratios
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→ ρ T
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→ ρ L

C: γ* 
T
 → ρ L

D: γ* 
L
→ ρ T

E: γ* 
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 → ρ -T

ep↑ →  eρp

0.0 GeV2 < -t/ < 0.4 GeV2

1.0 GeV2 < Q2 < 7.0 GeV2
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Phase of u(1)
11 from EPJ C29 (2003) 171

• 5 classes of helicity amplitude ratios

unpolarised target

transversely polarised target
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q

M. Diehl Some thoughts about the theory of meson production 18

⇢,
�,
!
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fixed target: medium/large xB , quarks

colliders, small xB, gluons
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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colliders, small xB, gluons
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q

M. Diehl Some thoughts about the theory of meson production 18

⇢,
�,
!
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CLAS – PRC 95 ('17) 035207;  95 (2017) 035202 

COMPASS – PLB 731 ('14) 19; NPB 915 ('17) 454 

JLab Hall A Collaboration – PRC 83 ('11) 025201 

HERMES – EPJ C 74 ('14) 3110; 75 ('15) 600; 77 ('17) 378 

H1 – JHEP 05('10)032; EPJ C 46 ('06) 585 

ZEUS – PMC Phys. A1 ('07) 6; NPB 695 ('04) 3
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Figure 21: t dependence of the γ∗p elastic (a)-(c) and proton dissociative (b)-(d) production
cross sections for several values of Q2: (a)-(b) ρ production; (c)-(d) φ production. Some distri-
butions are multiplied by constant factors to improve the readability of the figures. The overall
normalisation errors, not included in the error bars, are the same as in Fig. 12. The superim-
posed curves correspond to exponential fits to the data (solide lines), to predictions from the
MPS model [62] (dashed lines), and to fits of Eq. (20) parameterising the two-gluon form factor
in the FS model [54] (dotted lines). The measurements are given in Tables 26-29.
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Figure 21: t dependence of the γ∗p elastic (a)-(c) and proton dissociative (b)-(d) production
cross sections for several values of Q2: (a)-(b) ρ production; (c)-(d) φ production. Some distri-
butions are multiplied by constant factors to improve the readability of the figures. The overall
normalisation errors, not included in the error bars, are the same as in Fig. 12. The superim-
posed curves correspond to exponential fits to the data (solide lines), to predictions from the
MPS model [62] (dashed lines), and to fits of Eq. (20) parameterising the two-gluon form factor
in the FS model [54] (dotted lines). The measurements are given in Tables 26-29.
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Figure 10: The value of the slope b from a fit of the form dσ/d|t| ∝ e−b|t| for
exclusive ρ0 electroproduction, as a function of Q2. Also shown are values of b
obtained previously at lower Q2 values [10, 53]. The inner error bars indicate the
statistical uncertainty, the outer error bars represent the statistical and systematic
uncertainty added in quadrature.
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Figure 11: A compilation of the value of the slope b from a fit of the form
dσ/d|t| ∝ e−b|t| for exclusive vector-meson electroproduction, as a function of Q2 +
M2. Also included is the DVCS result. The inner error bars indicate the statistical
uncertainty, the outer error bars represent the statistical and systematic uncertainty
added in quadrature.
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Exclusive meson production: ultra-
peripheral collisions

Exclusive meson photoproduction

hard scale = large vector meson mass
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H1 – EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251 

ZEUS – Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4

W�p = [30, 300] GeV
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peripheral collisions
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H1 – EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251 

ZEUS – Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4

W�p = [30, 300] GeV
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�N = 34 GeV
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�p = 1.5 TeV
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Figure 4: Top: transverse momentum squared distribution of (left) J/ and (right)  (2S)
candidates when data is below the HeRSCheL threshold. Bottom: CEP signal for the (left)
J/ and (right)  (2S) selections. The single exponential fit of the signal is shown by the curve
superimposed on the data points.

result.
The background subtracted distribution without HeRSCheL veto applied is split into

two distributions: SH if log(�2

HRC
) < 3.5 (corresponding to the signal selection), and SH̄

otherwise. Since ✏H and (1� ✏H) are the respective e�ciencies for a CEP event to enter
the distributions SH and SH̄, the distribution, � = SH̄ � ((1� ✏H)/✏H)SH, by construction
has no contribution coming from exclusive events. The distribution for � approximates to
the shape of the proton dissociation in the candidate distribution SH, but is not exactly
the same since the e�ciency to veto nonexclusive events has a weak dependence on p2

T
.

Consequently, the proton dissociation in the distribution SH is estimated by scaling the
distribution � by f(p2

T
) ⌘ SH(p2T)/�(p

2

T
).

The scale factor f(p2
T
) is known from data for values of p2

T
& 0.8GeV2, since there

is little signal in this region as the signal distribution is expected to follow exp(�bsigp2T)
with bsig ⇡ 6GeV�2. An extrapolation of f(p2

T
) is performed to the region p2

T
< 0.8GeV2

using functions which fit the data well in the region p2
T
> 0.8GeV2. The default is an

exponential function for the J/ analysis and a constant for the  (2S) analysis. A linear
dependence is used to estimate the systematic uncertainty.

The p2
T
candidate distributions in data with the estimated backgrounds superimposed

are shown in the upper row of Fig. 4. The lower row shows the signal components after
subtracting the proton dissociation background. These are fitted with a single exponential
function, exp(�bsigp2T), to test the hypothesis that the signal has this dependence. The
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J/ and (right)  (2S) selections. The single exponential fit of the signal is shown by the curve
superimposed on the data points.
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the distributions SH and SH̄, the distribution, � = SH̄ � ((1� ✏H)/✏H)SH, by construction
has no contribution coming from exclusive events. The distribution for � approximates to
the shape of the proton dissociation in the candidate distribution SH, but is not exactly
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The p2
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are shown in the upper row of Fig. 4. The lower row shows the signal components after
subtracting the proton dissociation background. These are fitted with a single exponential
function, exp(�bsigp2T), to test the hypothesis that the signal has this dependence. The
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10 6 Results and comparison to theoretical models on photonuclear interactions
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Figure 2: Differential cross section versus rapidity for coherent J/y production in ultra-
peripheral PbPb collisions at

p
sNN = 2.76 TeV, measured by ALICE [32, 33] and CMS (see text

for details). The vertical error bars include the statistical and systematic uncertainties added
in quadrature, and the horizontal bars represent the range of the measurements in y. Also the
impulse approximation and the leading twist approximation calculations are shown (see text
for details).

The leading twist approximation prediction is obtained from Ref. [19] and is in good agree-
ment with the data. It is a calculation at the partonic level that uses a diffractive proton PDF
as an input, following the leading twist approximation which is based on a generalization of
the Gribov–Glauber nuclear shadowing approach [52]. The theoretical uncertainty band for
the leading twist approximation result shown in Fig. 2 is 12% and is due to the uncertainty in
the strength of the gluon recombination mechanism. This uncertainty is uncorrelated with the
photon flux uncertainty. The nuclear gluon distribution uncertainty is largest at mid-rapidity
where x ⇠ 10�3 in the nuclear gluon distribution. At forward rapidity, integrating over all pos-
sible emitted neutron configurations, there is a two-fold ambiguity about the photon direction.
In this region, the measurements are mostly sensitive to x ⇠ 10�2 [32].

The data are also compared to the impulse approximation result that uses data from exclusive
J/y photoproduction in g + p interactions to estimate the coherent J/y cross section in g +
Pb collisions. The impulse approximation calculation neglects all nuclear effects such as the
expected modification of the gluon density in the lead nuclei compared to that of the proton.
This calculation overpredicts the CMS measurement by more than 3 standard deviations in the
rapidity interval 1.8 < |y| < 2.3, when adding the experimental and theoretical uncertainties
in quadrature.

The cross section for vector meson photoproduction in ultra-peripheral PbPb collisions is given
by the sum of two cross section terms, since photons can be emitted by either of the colliding
Pb nuclei. Each term is the product of three quantities: the photon flux, the integral over

High energy of LHC  
→ extend gluon GPDs, down to xB=10-5!
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Outlook

  

Multi-Hall SIDIS Program at JLab

Hall A: Super BigBite
  SIDIS with 3He, high x, Q2

Hall C: SHMS
SIDIS with unpolarized H/D 

Hall B: CLAS12
    SIDIS with polarized H/D
Comprehensive SIDIS program

        Hall A: SoLID
SIDIS with polarized 3He/NH
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Precision 4D mapping

JLAB 12 GeV era
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Tag the proton if you can!
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