
Kinematic power corrections to deeply virtual Compton scattering
to twist-six accuracy

V.M. Braun ,
1
Yao Ji ,

2,3
and A. N. Manashov

4,1

1
Institut für Theoretische Physik, Universität Regensburg, D-93040 Regensburg, Germany

2
School of Science and Engineering, The Chinese University of Hong Kong, Shenzhen 518172, China

3
Physics Department T31, Technische Universität München, D-85748 Garsching, Germany
4
II. Institut für Theoretische Physik, Universität Hamburg, D-22761 Hamburg, Germany

(Received 21 January 2025; accepted 31 March 2025; published 14 April 2025)

We calculate ð
ffiffiffiffiffi

−t
p

=QÞk and ðm=QÞk power corrections with k ≤ 4, where m is the target mass and t is

the momentum transfer, to several key observables in deeply virtual Compton scattering (DVCS). We find

that the power expansion is well convergent up to jtj=Q2 ≲ 1=4 for most of the observables, but is naturally

organized in terms of 1=ðQ2 þ tÞ rather than the nominal hard scale 1=Q2. We also argue that target mass

corrections remain under control and do not endanger quantum chromodynamics (QCD) factorization for

coherent DVCS on nuclei. These results remove an important source of uncertainties due to the frame

dependence and violation of electromagnetic Ward identities in the QCD predictions for the DVCS

amplitudes in the leading-twist approximation.

DOI: 10.1103/PhysRevD.111.076011

I. INTRODUCTION

Studies of the deeply virtual Compton scattering

(DVCS) play an important role in the quest for the

three-dimensional “tomographic” imaging of the proton

and light nuclei. This reaction gives access to the gener-

alized parton distributions (GPDs) [1–3] that encode the

information on the transverse position of quarks and gluons

in the proton in dependence on their longitudinal momen-

tum. This is an active research topic and a major science

goal for the planned Electron-Ion Collider (EIC) [4,5]. The

QCD description of the DVCS is based on collinear

factorization. At leading power, the complete next-to-

leading-order (NLO) results are available since long ago

[6–9]. A lot of effort is put into extending this description to

NNLO [10–20].

Beyond the leading twist, power-suppressed contribu-

tions ∼ð
ffiffiffiffiffi

−t
p

=QÞk and ∼ðm=QÞk, where t is the invariant

momentum transfer and m is the target mass, play a special

role. They can be large and have to be taken into account.

Indeed, the transverse spatial position of partons in the

target is Fourier conjugate to the momentum transfer in the

scattering process. Hence the resolving power of DVCS is

directly limited by the range of the invariant moment

transfer t which can be used in the analysis. Theoretical

control over power corrections ð
ffiffiffiffiffi

−t
p

=QÞk is therefore

crucial for three-dimensional imaging. One more pressing

issue is to clarify whether target mass corrections ∼ðm=QÞk
do not endanger QCD factorization for coherent DVCS on

nuclei [21,22].

We refer to the ∼ð
ffiffiffiffiffi

−t
p

=QÞk and ∼ðm=QÞk contributions
to Compton amplitudes as “kinematic power corrections”

because they do not involve new nonperturbative inputs in

addition to the leading twist GPDs. On an intuitive level,

their origin and interpretation can be explained as follows

[23]. The four-momenta of the initial and final photons and

nucleons in a DVCS process do not lie in one plane. Hence

the distinction of longitudinal and transverse directions is

convention-dependent and, as a consequence, the leading-

twist approximation is intrinsically ambiguous. In the

Bjorken limit this is a 1=Q effect. On a more technical

level, the freedom to redefine large “plus” parton momenta

by adding small transverse components has two conse-

quences. First, the dependence of the skewness parameter ξ

on the Bjorken variable xB acquires t-dependent power
suppressed contributions. Second, such a redefinition gen-

erally leads to excitations of the subleading photon helicity-

flip amplitudes [23,24]. This convention-dependence

proves to be rather large, see [25] for a detailed study. It

should be viewed as a theoretical uncertainty that can and

should be removed by explicit calculation of the kinematic

power corrections and adding them to the leading-twist

expressions in the data analysis.

This problem was addressed in [26–29], where a

technique was developed that allows one to calculate

kinematic corrections to the twist-four accuracy, i.e., up
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to terms ∼t=Q2 and ∼m2=Q2. The results in the final form

were presented in [24]. A typical size of kinematic

corrections for jtj=Q2 ≲ 1=4 was found to be of the order

of 10% for asymmetries, but they could be as large as 100%

for the DVCS cross section in certain kinematics. These

corrections can significantly impact the extraction of GPDs

from data and have to be taken into account [30–32].

The approach of [26–29] requires explicit construction

of the higher-twist operator basis and becomes unwieldy

beyond twist four. In Ref. [33] we suggested a different

technique to calculate kinematic corrections to generic two-

photon processes, based on the conformal field theory

(CFT) methods. This technique is more general and is

applicable to all twists. Using this new approach we have

calculated in Ref. [34] the kinematic power corrections to

twist-six accuracy for the simplest case of DVCS on a

scalar target. In this work we derive the corresponding

expressions for the spin-1=2 targets (nucleon). We achieve

the following accuracy, schematically:

Að�;�Þ ∼ 1þ 1

Q2
þ 1

Q4
;

Að�;0Þ ∼
1

Q
þ 1

Q3
;

Að�;∓Þ ∼
1

Q2
þ 1

Q4
; ð1Þ

where Að�;�Þ, Að�;0Þ, and Að�;∓Þ are the helicity-conserv-

ing, helicity-flip and double-helicity-flip amplitudes,

respectively. Precise definitions are given in the text.

Taking into account these corrections removes the frame

dependence of the leading-twist approximation and restores

the electromagnetic gauge invariance of the Compton

amplitude up to 1=Q5 effects.

Besides providing general expressions, we study the

numerical impact of kinematic corrections on several key

experimental DVCS observables. We find that the twist-five

and twist-six contributions can be decreased by changing

the expansion parameter in the twist-three and twist-four

corrections from the photon virtuality Q2 to Q2 þ t. In
addition, we confirm the observation made in [24] that

target mass corrections always involve powers of the

skewness parameter ∼ðξm=QÞk and do not endanger

QCD factorization for coherent DVCS on nuclei.

II. BMP HELICITY AMPLITUDES

A. Definitions and conventions

In this work we consider DVCS on the nucleon target

γ�ðqÞ þ Nðp; sÞ ⟶ γðq0Þ þ Nðp0; s0Þ: ð2Þ

The DVCS amplitude Aμν is defined as

Aμνðq;q0;pÞ

¼ i

Z

d4xe−iðz1q−z2q
0Þ·xhp0;s0jTfjμðz1xÞjνðz2xÞgjp;si; ð3Þ

where jμðz1xÞ and jνðz2xÞ are the electromagnetic currents,

z1, z2 are real numbers such that z1 − z2 ¼ 1. Note thatAμν

does not depend on z1 þ z2. This property is referred to as

translation invariance in Refs. [28,29]. It is violated at the

leading twist and is restored by adding kinematic power

corrections to the required accuracy.

We follow the BMP convention [28,29] and use the

photon momenta, q and q0, to define a longitudinal plane

spanned by the two lightlike vectors

n ¼ q0; ñ ¼ −qþ ð1 − τÞq0; ð4Þ

where τ ¼ t=ðQ2 þ tÞ with Q2 ¼ −q2. For this choice the

momentum transfer to the target

Δ ¼ p0 − p ¼ q − q0; t ¼ Δ
2

is purely longitudinal and both—initial and final state—

proton momenta have a nonzero transverse component

Pμ ¼
1

2
ðpþ p0Þ ¼ 1

2ξ
ðn̄μ − τnμÞ þ P⊥;μ: ð5Þ

The skewness parameter ξ is defined as

ξ≡ ξBMP ¼ −
Δ · q0

2P · q0
¼ xBð1þ t=Q2Þ

2 − xBð1 − t=Q2Þ ð6Þ

and jP⊥j2 can be written in terms of kinematic invariants as

jP⊥j2 ¼
1 − ξ2

4ξ2
ðtmin − tÞ; tmin ¼ −

4m2ξ2

1 − ξ2
: ð7Þ

The BMP choice is advantageous mainly because it leads to

simple expressions for the photon polarization vectors that

can be chosen as follows:

ε0μ ¼ −ðqμ − q0μq
2=ðq · q0ÞÞ=

ffiffiffiffiffiffiffiffi

−q2
q

;

ε�μ ¼ ðP⊥
μ � iP̄⊥

μ Þ=ð
ffiffiffi

2

p
jP⊥jÞ; ð8Þ

where P⊥
μ ¼ g⊥μνP

ν, P̄⊥
μ ¼ ε⊥μνP

ν and

g⊥μν ¼ gμν − ðqμq0ν þ q0μqνÞ=ðq · q0Þ þ q0μq
0
νq

2=ðq · q0Þ2;
ε⊥μν ¼ εμναβq

αq0β=ðq · q0Þ; εBMP
0123

¼ 1: ð9Þ

Normalization is such that εþμ ε
−μ ¼ −1, ε0με

0μ ¼ þ1. The

pair ε�μ form a basis in the transverse plane whereas ε0μ is a

unit vector in longitudinal plane orthogonal to the photon

momentum q0.
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The DVCS amplitude Aμν can be decomposed in terms

of scalar (helicity) amplitudes using this basis

Aμν ¼ εþμ ε
−
νA

þþ þ ε−μ ε
þ
ν A

−− þ ε0με
−
νA

0þ

þ ε0με
þ
ν A

0− þ εþμ ε
þ
ν A

þ− þ ε−μ ε
−
νA

−þ: ð10Þ

We neglected a term proportional to q0ν since it does not

contribute to any observable. Each helicity amplitude

involves the sum over quark flavors, A ¼
P

e2qAq, and

is written in terms of the leading-twist GPDs

Hq; Eq; H̃q; Ẽq. For the GPD definitions (see below), we

follow Ref. [35].

B. Light-ray OPE

The amplitude Aμν can be written in terms of matrix

elements of C ¼ þ1 twist-2 quark-antiquark light-ray

operators

OVðz1y; z2yÞ ¼
1

2
hp0j½q̄ðz1yÞ=yqðz2yÞ�lt − ðz1 ↔ z2Þjpi;

OAðz1y; z2yÞ ¼
1

2
hp0j½q̄ðz1yÞ=yγ5qðz2yÞ�lt þ ðz1 ↔ z2Þjpi;

ð11Þ

where on the l.h.s. only the dependence on the quark

positions is shown in order not to overload notation. In

these expressions the Wilson line connecting the quarks is

implied, and the notation ½…�
lt stands for the leading twist

projection as defined in Ref. [36]. The matrix elements (11)

can be written in terms of the GPDs as follows:

OVðz1y; z2yÞ ¼
Z

1

−1

dx½yρe−iðPyÞ½z1ðξ−xÞþz2ðxþξÞ��
l:t:

× fhρHðx; ξ; tÞ þ eρEðx; ξ; tÞg;

OAðz1y; z2yÞ ¼
Z

1

−1

dx½yρe−iðPyÞ½z1ðξ−xÞþz2ðxþξÞ��
l:t:

× fh̃ρH̃ðx; ξ; tÞ þ ẽρẼðx; ξ; tÞg: ð12Þ

In these expressions we use shorthand notations [37] for the

Dirac spinor bilinears

hρ ¼ ūðp0ÞγρuðpÞ; h̃ρ ¼ ūðp0Þγργ5uðpÞ;

eρ ¼ ūðp0Þ iσ
ρα
Δα

2m
uðpÞ; ẽρ ¼

Δρ

2m
ūðp0Þγ5uðpÞ: ð13Þ

The leading twist projection of the exponential function is

given by [38]

½e−ily�lt ¼ e−ilxy þ 1

4
y2l2

Z

1

0

dtte−itly

þ 1

32
y4l4

Z

1

0

dtt̄t2e−itly þOðy6Þ;

½yρe−ily�lt ¼ i
∂

∂lρ

½e−ily�lt; t̄ ¼ 1 − t: ð14Þ

The calculation of the DVCS amplitude in terms of the

matrix elements of light-ray operators uses conformal

symmetry techniques and is explained in Refs. [33,34].

Separating the contributions of the vector and axial-vector

operators, Aμν ¼ A
μν
V þA

μν
A , we obtain

A
μν
V ¼

Z

d4x

π2
e−iqx

ð−x2þ i0Þ

Z

1

0

dα

Z

ᾱ

0

dβ

�

1

ð−x2þ i0Þðg
μνδðαÞδðβÞ−xμ∂νδðβÞ−xν∇μδðαÞÞOV −

i

2
ðΔν

∂
μ−Δ

μ
∂
νÞOV

þ1

4
gμνðOð1Þ

V −δðαÞOð2Þ
V Þþ1

4
ðxν∂μþxμ∇νÞ

�

ln τ̄O
ð1Þ
V þβ

β̄
O

ð2Þ
V

�

þ1

2
ðxν∂μ−xμ∇νÞτ

τ̄

�

−O
ð1Þ
V þ ᾱ

α
O

ð2Þ
V

�

−
1

4
xν∇μ

β

β̄

�

4

�

1

2
þτ

τ̄

�

O
ð1Þ
V −

�

δðαÞþβ

β̄

�

O
ð2Þ
V

�

−
xμxν

ð−x2þ i0Þ

�

ðln τ̄þ ln ᾱþ1ÞOð1Þ
V þβ

β̄
O

ð2Þ
V

�

þ1

2
xμ∂ν

�

ln ᾱO
ð1Þ
V þ

�

1

2
−
2τ

τ̄

�

O
ð2Þ
V

�

þxμxν

4

��

iðΔ∂ÞþΔ
2

2

�

β

β̄

�

2

τ̄
−1

�

−2

�

iðΔ∂ÞþΔ
2

4

��

ln τ̄þ2τ

τ̄

��

O
ð1Þ
V

�

; ð15Þ

and

A
μν
A ¼ 1

2

Z

d4x

π2
e−iqx

ð−x2 þ i0Þ

Z

1

0

dα

Z

ᾱ

0

dβ

�

iεμνβγx
β

�

1

ð−x2 þ i0Þ ð−∇
γδðαÞ − ∂

γδðβÞÞOA

þ 1

4
∇γ

��

ln τ̄ −
2β

β̄

�

O
ð1Þ
A þ β

β̄

�

1þ δðαÞ − β

β̄

�

O
ð2Þ
A

�

þ 1

4
∂
γ

�

ðln τ̄ þ 2 ln ᾱÞOð1Þ
A þ 1

β̄
O

ð2Þ
A

��

þ ðxνεμαβγ þ xμεναβγÞxαΔγ
∂
β

�

1

ð−x2 þ i0ÞOA −
1

4

�

ln τ̄O
ð1Þ
A þ β

β̄
O

ð2Þ
A

���

; ð16Þ

where
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O
ð1Þ
X ðz1x; z2xÞ ¼ iðΔ∂ÞOXðz1x; z2xÞ;

O
ð2Þ
X ðz1x; z2xÞ ¼

�

iðΔ∂Þ þ Δ
2

2

�

OXðz1x; z2xÞ; ð17Þ

with X ¼ A, V and

τ ¼ αβ

ᾱ β̄
; ∂

γ ¼ ∂

∂xγ
; ∇γ ¼ ∂

γ − iΔγ: ð18Þ

For brevity, we do not show the arguments of the operator

matrix elements, which are the same for all cases, OX

stands for OXðᾱx; βxÞ. The expression in (15) is equivalent

to that given in Ref. [34]; the contribution of axial-vector

operators in (16) is a new result.

C. Results

In this section we denote vector and axial-vector Dirac

bispinors as

vμ ¼ ūðp0ÞγμuðpÞ;
aμ ¼ ūðp0Þγμγ5uðpÞ; ð19Þ

and use shorthand notations [39] for the scalar products

with the BMP polarization vectors defined in (8)

v�⊥ ¼ ðv · ε�Þ; a�⊥ ¼ ða · ε�Þ;
P�
⊥ ¼ ðP · ε�Þ ¼ −jP⊥j=

ffiffiffi

2

p
: ð20Þ

At the intermediate stages of the calculation the “double

distribution” (DD) [3] parametrization of the nucleon

matrix elements of light-ray vector- and axial-vector

operators proves to be the most convenient. The results

in the DD representation are collected in the Appendix.

In the following expressions we use rescaled variables

t̂ ¼ t

ðqq0Þ ; m̂2 ¼ m2

ðqq0Þ ; jP̂⊥j2 ¼
jP⊥j2
ðqq0Þ ; ð21Þ

where ðqq0Þ ¼ −1=2ðQ2 þ tÞ. We use the notation

Mðx; ξ; tÞ ¼ Hðx; ξ; tÞ þ Eðx; ξ; tÞ; ð22Þ

and

Dξ ¼ ð−2ξ2∂ξÞ: ð23Þ

It is convenient to use different normalization for the

convolution integrals of the coefficient functions with

different GPDs

ðM ⊗ TÞ ¼
Z

dxMðx; ξ; tÞT
�

xþ ξ

2ξ

�

;

ðH̃ ⊗ TÞ ¼
Z

dxH̃ðx; ξ; tÞT
�

xþ ξ

2ξ

�

;

ðE ⊙ TÞ ¼ 1

2ξ

Z

dxEðx; ξ; tÞT
�

xþ ξ

2ξ

�

;

ðẼ⊛TÞ ¼ 1

2

Z

dxẼðx; ξ; tÞT
�

xþ ξ

2ξ

�

: ð24Þ

The coefficient functions appearing in the equations below

are defined as

T0ðzÞ ¼
1

z̄
; T1ðzÞ ¼ ln z̄;

T00ðzÞ ¼
z̄

z
ln z̄; T10ðzÞ ¼

1

z
ln z̄;

T11ðzÞ ¼
�

2 −
1

z

�

ln z̄;

TVðzÞ ¼
1

z̄
ðLi2ðzÞ − ζ2Þ − ln z̄;

TAðzÞ ¼ −
1

z̄
ðLi2ðzÞ − ζ2Þ þ

1

z
ln z̄;

T2ðzÞ ¼
1

z̄
ðLi2ðzÞ − ζ2Þ −

1

2z
ln z̄;

T3ðzÞ ¼
2zþ 1

z̄
ðLi2ðzÞ − ζ2Þ −

1

2

�

7 −
1

z

�

ln z̄: ð25Þ

They are analytic functions of z with a cut from 1 to ∞,

apart from T0 which has a pole singularity. Functions of

higher transcendentality appear at intermediate steps of the

calculation but cancel in the final expressions. The con-

volution integrals (24) involve the CFs on the upper side of

the cut: TðzÞ ↦ Tðzþ iεÞ for x > ξ > 0.

1. Helicity-conserving ð�;�Þ amplitude

We obtain

A
�;�
V ¼ ðvq0Þ

ðqq0ÞV
ð1Þ
0

þ ðvPÞ
m2

V
ð2Þ
0
;

A
�;�
A ¼ �ðaq0Þ

ðqq0ÞA
ð1Þ
0

� ðaΔÞ
2m2

A
ð2Þ
0
; ð26Þ

where
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V
ð1Þ
0

¼ −

�

1þ t̂

4

�

ðM ⊗ T0Þ −
t̂

2
ðM ⊗ T10Þ þ

1

4
t̂2ðM ⊗ T11Þ −

1

2
D2

ξ jP̂⊥j2ðM ⊗ ðT2 þ 2t̂TVÞÞ þ
1

8
D3

ξ jP̂⊥j4DξðM ⊗ T3Þ;

V
ð2Þ
0

¼ −

�

1þ t̂

4

�

ðE ⊙ T0Þ −
t̂

2
ðE ⊙ T10Þ þ

t̂2

4
ðE ⊙ T11Þ −

1

2
DξjP̂⊥j2DξðE ⊙ ðT2 þ 2t̂TVÞÞ þ

1

8
D2

ξ jP̂⊥j4D2

ξðE ⊙ T3Þ

− m̂2

�

DξðM ⊗ ðT2 þ 2t̂TVÞÞ −
1

2
D2

ξ jP̂⊥j2ðM ⊗ T3Þ
�

;

A
ð1Þ
0

¼
�

1þ t̂

4

�

ðH̃ ⊗ T0Þ þ
t̂

2

�

1þ t̂

2

�

ðH̃ ⊗ T10Þ þ
1

2
D2

ξ jP̂⊥j2ðH̃ ⊗ ðT2 − 2t̂TAÞÞ −
3

16
D3

ξ jP̂⊥j4DξðH̃ ⊗ ðT00 − 2TAÞÞ;

A
ð2Þ
0

¼
�

1þ t̂

4

�

ðẼ⊛T0Þ þ
t̂

2
ðẼ⊛T10Þ þ

t̂2

4

�

Ẽ⊛

�

T10 þ
3

2

��

þ 1

2
DξjP̂⊥j2DξðẼ⊛ðT2 − 2t̂TAÞÞ

−
3

16
D2

ξ jP̂⊥j4D2

ξðẼ⊛ðT00 − 2TAÞÞ þ m̂2Dξ

�

1

ξ
ðH̃ ⊗ ðT2 − 2t̂TAÞÞ −

3

4
Dξ

1

ξ
jP̂⊥j2DξðH̃ ⊗ ðT00 − 2TAÞÞ

�

: ð27Þ

We have verified that the invariant amplitudes ðVð1Þ
0
; V

ð2Þ
0
Þ and ðAð1Þ

0
; A

ð2Þ
0
Þ coincide with ðV2=2;V1Þ and ðA2=2;A1Þ as

defined in Ref. [24] [Eq. (A15)], up to twist-six terms t̂2; t̂m̂2;…, respectively.

2. Helicity-flip ð0;�Þ amplitude

This is a subleading-power amplitude that starts at the twist-3 level. We obtain

A
0;�
V ¼ Q

ðqq0Þ

�

v�V
ð1Þ
1

þ ðvq0ÞP�
ðqq0Þ V

ð2Þ
1

þ ðvPÞP�
m2

V
ð3Þ
1

�

;

A
0;�
A ¼ � Q

ðqq0Þ

�

a�A
ð1Þ
1

þ ðaq0ÞP�
ðqq0Þ A

ð2Þ
1

þ ðaΔÞP�
2m2

A
ð3Þ
1

�

ð28Þ

with

V
ð1Þ
1

¼ −

�

1þ t̂

2

�

ðM ⊗ T10Þ þ t̂ðM ⊗ T1Þ −
1

2
D2

ξ jP̂⊥j2ðM ⊗ TVÞ;

V
ð2Þ
1

¼ −DξV
ð1Þ
1
;

V
ð3Þ
1

¼
�

1þ t̂

2

�

DξðE ⊙ T10Þ − t̂DξðE ⊙ T1Þ þ
1

2
D2

ξ jP̂⊥j2DξðE ⊙ TVÞ þ m̂2D2

ξðM ⊗ TVÞ;

A
ð1Þ
1

¼
�

1þ t̂

2

�

ðH̃ ⊗ T10Þ −
1

2
D2

ξ jP̂⊥j2ðH̃ ⊗ TAÞ;

A
ð2Þ
1

¼ −DξA
ð1Þ
1
;

A
ð3Þ
1

¼ −

�

1þ t̂

2

�

DξðẼ⊛T10Þ þ
1

2
D2

ξ jP̂⊥j2DξðẼ⊛TAÞ þ m̂2D2

ξ

1

ξ
ðH̃ ⊗ TAÞ: ð29Þ

To twist-three accuracy (leading terms), these expressions agree with Ref. [24] [Eq. (A16)].

3. Double-helicity-flip ð∓;�Þ amplitude

A
∓�
V ¼ v�P�

ðqq0Þ V
ð1Þ
2

þ ðvq0Þ
ðqq0ÞV

ð2Þ
2

þ ðvPÞ
m2

V
ð3Þ
2
;

A
∓�
A ¼ � a�P�

ðqq0Þ A
ð1Þ
2

� ðaq0Þ
ðqq0ÞA

ð2Þ
2

� ðaΔÞ
2m2

A
ð3Þ
2
: ð30Þ

We get
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V
ð1Þ
2

¼ 2

�

1þ t̂

4

�

DξðM ⊗ T11Þ −
1

2
D3

ξ jP̂⊥j2ðM ⊗ TVÞ;

V
ð2Þ
2

¼ −
1

4
jP̂⊥j2DξV

ð1Þ
2
;

V
ð3Þ
2

¼ −
1

2
jP̂⊥j2D2

ξ

��

1þ t̂

4

�

ðE ⊙ T11Þ −
1

4
DξjP̂⊥j2DξðE ⊙ TVÞ −

1

2
m̂2DξðM ⊗ TVÞ

�

;

A
ð1Þ
2

¼ 2

�

1þ t̂

4

�

DξðH̃ ⊗ T10Þ −
1

2
D3

ξ jP̂⊥j2ðH̃ ⊗ TAÞ;

A
ð2Þ
2

¼ −
1

4
jP̂⊥j2DξA

ð1Þ
2
;

A
ð3Þ
2

¼ −
1

2
jP̂⊥j2D2

ξ

��

1þ t̂

4

�

ðẼ⊛T10Þ −
1

4
DξjP̂⊥j2DξðẼ⊛TAÞ −

1

2
m̂2Dξ

1

ξ
ðH̃ ⊗ TAÞ

�

: ð31Þ

At leading order (twist four), these expressions agree with

the corresponding results in [24] [Eq. (A17)], except for the

sign of the A
ð3Þ
2

contribution. In the DD representation [24]

[Eq. (B11)] all results agree.

One of the motivations for our study was to clarify

whether target mass corrections ∼ðm=QÞk do not endanger

QCD factorization for coherent DVCS on nuclei [21,22].

By inspection of the above equations, one can check that

target mass dependent contributions always involve addi-

tional factors of the skewness parameter, so that the

expansion goes in powers of ξ2m2=Q2 rather than

m2=Q2. For nuclear targets, effectively, m → Am and

ξ → ξ=A, so that the target mass corrections remain

essentially the same as for the nucleon and are small, apart

from the large xB region.

III. COMPTON FORM FACTORS AND THE

FRAME DEPENDENCE

Compton form factors (CFFs) are defined [40] through

the decomposition of the helicity amplitudes in terms of the

set of bilinear spinors in Eq. (13)

A
a;�
BMP ¼ H

a;�
BMPhþ E

a;�
BMPe∓H̃

a;�
BMPh̃∓Ẽ

a;�
BMPẽ; ð32Þ

where a ¼ ðþ; 0;−Þ and we have reintroduced the notation
“BMP” to remind that the helicity amplitudes and hence

also the CFFs are defined using BMP conventions, see

Sec. II A. Making use of the Dirac equation for the nucleon

states, one finds [24]

ðvPÞ
2m2

¼h−e;
ðvq0Þ
qq0

¼−
1

ξ
h;

ðaΔÞ
4m2

¼−
1

ξ

�

1þ t

Q2

�

ẽ;
ðaq0Þ
ðqq0Þ¼−

1

ξ
h̃−

1

ξ

4m2

Q2
ẽ; ð33Þ

and

v�⊥
ffiffiffi

2
p ¼ −jP⊥jh −

m2

jP⊥j

�

e −
t

4m2
h

�

∓
m2

ξjP⊥j

�

ẽ −
t

4m2
h̃

�

;

a�⊥
ffiffiffi

2
p ¼ −

m2

ξ2jP⊥j

�

ẽ −
t

4m2
h̃

�

∓
m2

ξjP⊥j

�

e −
t

4m2
h

�

; ð34Þ

where ξ≡ ξBMP is defined in Eq. (6). Making use of these

relations it is straightforward to obtain the expressions for

the CFFs as linear combinations of the invariant functions

V
ð1;2;3Þ
0;1;2 , A

ð1;2;3Þ
0;1;2 from the previous section.

In the DVCS phenomenology a different decomposition

of the Compton amplitude is traditionally used, being a

certain generalization of the standard DIS reference frame

where the initial photon and proton momenta form the

longitudinal plane. Several conventions based on this

identification exist and are in practice very similar to each

other. The KM convention used by Kumericki and Müller

in global DVCS leading-twist fits is one such example.

Belitsky, Müller and Ji (BMJ) [37] used the KM decom-

position to derive explicit expressions for key DVCS

observables including subleading-power CFFs.

The main difference to BMP conventions is that KM

(and BMJ) define helicity amplitudes in the target rest

frame and to this end, introduce different sets of polariza-

tion vectors for the initial and final state photons. Also the

definition of the skewness variable is different,

ξKM ¼ xB=ð2 − xBÞ. The relation between the BMP and

KM (BMJ) CFFs is just a Lorentz transformation and can

easily be worked out, see [24]

F
�þ
KM ¼ F

�þ
BMP þ

ϰ

2
½Fþþ

BMP þ F
−þ
BMP� − ϰ0F

0þ
BMP;

F
0þ
KM ¼ −ð1þ ϰÞF 0þ

BMP þ ϰ0½Fþþ
BMP þ F

−þ
BMP�; ð35Þ

etc. Here all entries F ∈ fH; E; H̃; Ẽg are functions of

xB; t; Q
2. Also
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ϰ0 ¼
ffiffiffi

2
p

QK̃
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ γ2
p

ðQ2 þ tÞ
¼ Oð1=QÞ;

ϰ ¼ Q2 − tþ 2xBt
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ γ2
p

ðQ2 þ tÞ
− 1 ¼ Oð1=Q2Þ; ð36Þ

where

γ ¼ 2mxB=Q; K̃ ¼ xBð1þ t=Q2ÞjP⊥j: ð37Þ

These relations are exact, there is no approximation.

Note that the power counting Fþþ ¼ Oð1=Q0Þ,
F 0þ ¼ Oð1=QÞ, and F−þ ¼ Oð1=Q2Þ, remains the same

for both, BMP and BMJ, versions. In particular the

difference between the leading, helicity conserving ampli-

tudes, is a higher-twist effect. Numerically, however, the

difference can be significant since the kinematic factors

ϰ; ϰ0 are rather large in the experimentally relevant kin-

ematics, notwithstanding that they are formally power-

suppressed. The numerical results presented below are

obtained by using the set of BMP CFFs including kin-

ematic power corrections to twist-six accuracy, Sec. II C,

transforming them to the BMJ CFF basis (35), and

calculating DVCS observables using the expressions pro-

vided in Ref. [37].

IV. DVCS OBSERVABLES

To evaluate observables, we need to express the electro-

production cross sections in terms of the BMP CFFs FBMP.

Instead of a direct calculation, we follow the procedure

used in Ref. [24], transforming BMP CFFs to the KM

(BMJ) basis, FBMP → FKM, and making use of the results

from Ref. [37]. This transformation is straightforward and

can be thought of as, loosely speaking, a Lorentz trans-

formation to a different reference frame.

The results of a numerical calculation presented below

are obtained using the GPD model GK12 Goloskokov and

Kroll [41]. It is based on the Radyushkin’s double dis-

tribution ansatz [3] and also involves a certain model for an

approximate Q2 dependence. It is convenient for our

purposes as all needed ξ derivatives can be evaluated

analytically.

As an example, we consider the helicity-conserving CFF

HþþðxB; t; Q2Þ which gives the dominant contribution to

the DVCS cross section for the unpolarized target. The

results for the absolute value and phase of Hþþ
BMPðxB; t; Q2Þ

and H
þþ
KMðxB; t; Q2Þ are shown in Figs. 1 and 2, respec-

tively. We choose Q2 ¼ 3 GeV2 and present, in both cases,

the results of the calculation with and without power

corrections as functions of t for fixed value xB ¼ 0.15

(left panels), xB ¼ 0.30 (middle), and, alternatively, as

functions of xB for fixed t ¼ −0.75 GeV2 (right panels).

As already mentioned, in this work we define the twist

expansion as power counting in ðqq0Þ ¼ −1=2ðQ2 þ tÞ
which implies that a part of the 1=Q4 corrections is

included already in the twist-4 term. The remaining

twist-6 contributions remain small up to jtj=Q2 ∼ 1=4
but increase rapidly for larger momentum transfers.

As another example, we consider the higher-twist

helicity-flip CFFH0þðxB; t; Q2Þ with a longitudinal virtual

photon in the initial state. This CFF starts at twist-3 level,

H0þ ∼ 1=Q. The corresponding (kinematic) contribution is

traditionally referred to as the Wandzura-Wilczek (WW)

approximation. The new contribution of this work is the

calculation of the subleading power twist-5 correction

∼1=Q3. The results in the BMP reference frame are shown

in Fig. 3. The twist-5 contributions are significant and

become of the same order as the WW twist-3 term already

at jtj=Q2 ∼ 0.3. The corresponding KM CFFs H
0þ
KM

FIG. 1. Kinematic power corrections to the absolute value and phase of the BMP Compton form factor Hþþ
BMPðxB; t; Q2Þ.
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obtained from H
0þ
BMP using the relation in Eq. (35) are

shown in Fig. 4. By this transformation, contributions of

different twists get mixed. For example, the WW twist-3

contribution in the KM frame is obtained as a sum of the

twist-3 contribution in the BMP frame and the BMP twist-2

CFF decorated by a kinematic factor ϰ0 ∼
ffiffiffiffiffi

−t
p

=Q,H0þ
KM ¼

−H
0þ
BMP þ ϰ0H

þþ
BMP þ � � � where the ellipses stand for the

terms ∼1=Q3 and higher powers. These two contributions

tend to have an opposite sign so that a larger H
0þ
BMP

generally leads to a smaller H
0þ
KM, see Fig. 4. In these

plots we do not perform a systematic power expansion, but

show instead the results forH0þ
BMP calculated using Eq. (35)

literally, with a certain approximation for the BMP CFFs

H
þþ
BMP, H

0þ
BMP, H

−þ
BMP as inputs. The dashed curves are

obtained by using the leading-twist approximation for

H
þþ
BMP and putting the other two BMP CFFs to zero; the

dash-dotted curves are obtained using all three BMP CFFs

to twist-4 accuracy, and the solid curves show the final

results including the twist-5 and twist-6 terms. The higher-

twist corrections are large in all cases and have a nontrivial

pattern. However, the helicity flip CFF is small in com-

parison to the helicity-conserving one, cf. Fig. 2, so that the

results for the cross sections and spin asymmetries are not

affected strongly.

In the last years new experimental data on DVCS from

Jefferson Lab have appeared, with extended Q2 and xB
phase space reached including considerably smaller stat-

istical uncertainty as compared to previous results. In Fig. 5

we compare our results on the kinematic power corrections

to the spin-averaged DVCS cross section with the Hall A

results [32]. As above, we use the GK12 GPD model as an

FIG. 2. Kinematic power corrections to the absolute value and phase of the KM Compton form factor Hþþ
KMðxB; t; Q2Þ.

FIG. 3. Real (upper panels) and imaginary (lower panels) parts of the helicity-flip BMP Compton form factor H0þ
BMPðxB; t; Q2Þ.
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example, and take into account Bethe-Heitler contributions

as in Ref. [24]. The dotted and dashed curves are calculated

in the leading-twist approximation defined in the KM and

BMP reference frames, the dash-dotted curve shows the

calculation with twist-4 corrections included, and the solid

curve presents the full result to twist-6 accuracy. We have

chosen for this figure the Hall A datasets with larger jtj=Q2

values where the power corrections are more important,

but avoid the ones with the largest xB values as the

GK12 model was not fitted to this range. The target

mass corrections prove to be negligible for all considered

cases.

FIG. 4. Real (upper panels) and imaginary (lower panels) parts of the helicity-flip KM Compton form factor H0þ
KMðxB; t; Q2Þ.

FIG. 5. Spin-averaged cross sections from Jefferson Lab HallA [32] (selected datasets).

KINEMATIC POWER CORRECTIONS TO DEEPLY VIRTUAL … PHYS. REV. D 111, 076011 (2025)

076011-9



In Ref. [42] the first measurement of the DVCS beam-

spin asymmetry was reported using the CLAS12 spec-

trometer with a 10.2 and 10.6 GeVelectron beam scattering

off unpolarized protons. Our results in several different

approximations are compared with their selected datasets in

Fig. 6. Note that there are several datasets with large values

of the momentum transfer jtj=Q2 ∼ 0.5 in which case the

power corrections become very large, but, in general, their

size is moderate and the overall agreement with the data

appears to be quite satisfactory. In the future, it would be

very interesting to see the spin-averaged cross section

measurements from CLAS12 in a similar broad t-range.

V. CONCLUSIONS

We have studied kinematic power corrections to the

DVCS observables including, for the first time, the con-

tributions of twist-5 and twist-6 to the Compton form

factors. The motivation for this work is provided by the

three-dimensional “tomographic” imaging program of the

proton and light nuclei, with the generalized parton dis-

tributions encoding the information on the transverse

position of quarks and gluons in the proton in dependence

on their longitudinal momentum. The resolving power on

the transverse distance is directly limited by the range of the

invariant moment transfer t which can be used in the

analysis. Thus the theoretical control over power correc-

tions ð
ffiffiffiffiffi

−t
p

=QÞk is crucial.

The main thrust of the present calculation has been to find

out the range of momentum transfers for which the hierarchy

of contributions with different power suppression holds, i.e.,

the twist-5,6 contributions are still smaller than twist-3,4 ones.

Our results suggest that for jtj=Q2 ≲ 1=4 the twist expansion
is converging for most observables, confirming the previous

estimate fromRef. [23] that was based on the hierarchy of the

leading twist-2 and twist-3,4 terms. However, 1=ðqq0Þ ¼
2=ðQ2 þ tÞ appears to be a better expansion parameter as

compared to the nominal hard scale 1=Q2.

Apart from that, we present additional evidence that

target mass corrections ∼ðm=QÞk do not spoil QCD

factorization for coherent DVCS on nuclei. The reason

is that such contributions to Compton form factors always

involve additional factors of the skewness parameter, so

that the expansion goes in powers of ξ2m2=Q2 rather than

m2=Q2. This feature was already observed in Ref. [23] to

twist-4 accuracy, and is now confirmed up to twist-6. For

nuclear targets, effectively, m → Am and ξ → ξ=A, so that

the target mass corrections remain essentially the same as

for the nucleon and are small, apart from the large xB
region.

FIG. 6. Beam spin asymmetries from Jefferson Lab CLAS12 10.6 GeV dataset [42] (selected datasets).
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APPENDIX: HELICITY AMPLITUDES IN THE

DOUBLE DISTRIBUTION REPRESENTATION

At the intermediate stages of the calculation the follow-

ing “double distribution” (DD) [3] parametrization of the

nucleon matrix elements of light-ray vector- and axial-

vector operators proves to be the most convenient

OVðz1n; z2nÞ ¼
ZZ

dydzeiyPþz12þi1
2
Δþðz1þz2−z12zÞ

×

�

vþh−ðy; z; tÞ þ
iðvPÞ
z12m

2
Φþðy; z; tÞ

�

;

OAðz1n; z2nÞ ¼
ZZ

dydzeiyPþz12þi1
2
Δþðz1þz2−z12zÞ

×

�

aþh̃þðy; z; tÞ þ
iðaΔÞ
2z12m

2
Φ̃−ðy; z; tÞ

�

:

ðA1Þ

The variables x, y are related to the original Radyushkin’s

notation as y≡ β and z≡ α, and the integration goes over

the region jyj þ jzj ≤ 1. The subscripts � of the DDs

(boldface) indicate parity under the ðy; zÞ ↦ ð−y;−zÞ
transformation, namely

h−ðy; z; tÞ ¼ −h−ð−y;−z; tÞ;
h̃þðy; z; tÞ ¼ h̃þð−y;−z; tÞ; ðA2Þ

etc. The DD Φ̃− is an odd function of z whereas all other

DDs are even functions of z. The DDs Φþ and Φ̃− can

alternatively be written as [43]

Φþðy; zÞ ¼ ∂yfðy; zÞ þ ∂zgðy; zÞ;
Φ̃−ðy; zÞ ¼ ∂yf̃ðy; zÞ þ ∂zg̃ðy; zÞ: ðA3Þ

The “standard” GPDs H;E; H̃; Ẽ (12) can be expressed in

terms of the DDs defined above as follows [23],

ðH þ EÞðx; ξ; tÞ ¼
ZZ

dydzδðx − y − ξzÞh−ðy; z; tÞ;

−Eðx; ξ; tÞ ¼
ZZ

dydzδðx − y − ξzÞ

× ðfðy; z; tÞ þ ξgðy; z; tÞÞ;

H̃ðx; ξ; tÞ ¼
ZZ

dydzδðx − y − ξzÞh̃þðy; z; tÞ;

− Ẽðx; ξ; tÞ ¼ 1

ξ

ZZ

dydzδðx − y − ξzÞ

× ðf̃ðy; z; tÞ þ ξg̃ðy; z; tÞÞ: ðA4Þ

The calculation follows the same routine as for a scalar

target [34], but is more cumbersome due to a proliferation

of Lorentz structures. In the expressions given below

h− ≡ h−ðy; zÞ, h̃þ ≡ h̃þðy; zÞ, etc. We use rescaled varia-

bles t̂, m̂2, jP̂⊥j2 defined in Eq. (21) and the notation

Dw ≡ y∂w; ðA5Þ

where

w≡ wðy; zÞ ¼ 1

2

�

y

ξ
þ zþ 1

�

;

wð−y;−zÞ ¼ 1 − wðy; zÞ: ðA6Þ

The coefficient functions are defined in Eq. (25).

We write the result for the helicity-conserving amplitude

A��
A;V as a sum of four terms following the notation in

Eq. (26). We obtain

V
ð1Þ
0

¼
ZZ

dydzh−

�

−

�

1þ t̂

4

�

T0ðwÞ −
t̂

2
T10ðwÞ þ

�

t̂

�

1þ 1

ξ
Dw

�

−
1

2
jP̂⊥j2Dw

2

�

½T2ðwÞ þ 2t̂TVðwÞ�

þ t̂2

4
T11ðwÞ þ

�

3

2
t̂

�

1þ 1

2ξ
Dw

��

t̂

ξ
− jP̂⊥j2Dw

�

Dw þ 1

8
jP̂⊥j4Dw

4

�

T3ðwÞ
�

; ðA7aÞ
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V
ð2Þ
0

¼
ZZ

dydzΦþ

��

1þ t̂

4

�

T1ðwÞ þ
t̂

2
Li2ðwÞ þ

1

2
y

�

t̂

ξ
− jP̂⊥j2Dw

�

T2ðwÞ þ
t̂2

4
ðLi2ðwÞ − 2w̄ ln w̄Þ

þ yt̂

�

t̂

ξ
− jP̂⊥j2Dw

�

TVðwÞ −
1

2
y

�

−
t̂2

2ξ2
þ t̂jP̂⊥j2

�

1þ 1

ξ
Dw

�

−
1

4
jP̂⊥j4Dw

2

�

DwT3ðwÞ
�

− m̂2

ZZ

dydzh−

�

DwðT2ðwÞ þ 2t̂TVðwÞÞ −
�

t̂

�

1þ 1

ξ
Dw

�

−
1

2
jP̂⊥j2Dw

2

�

T3ðwÞ
�

ðA7bÞ

A
ð1Þ
0

¼
ZZ

dydzh̃þ

��

1þ t̂

4

�

T0ðwÞ þ
t̂

2
T10ðwÞ −

�

t̂

�

1þ 1

ξ
Dw

�

−
1

2
jP̂⊥j2Dw

2

�

½T2ðwÞ − 2t̂TAðwÞ�

þ t̂2

4
T10ðwÞ þ

9

2

�

t̂

�

1þ 1

2ξ
Dw

��

t̂

ξ
− jP̂⊥j2Dw

�

þ 1

12
jP̂⊥j4Dw

3

�

Dw

�

TAðwÞ −
1

2
T00ðwÞ

��

; ðA8aÞ

A
ð2Þ
0

¼
ZZ

dydzΦ̃−

�

−

�

1þ t̂

4

�

T1ðwÞ −
t̂

2
Li2ðwÞ −

1

2
y

�

t̂

ξ
− jP̂⊥j2Dw

�

½T2ðwÞ − 2t̂TAðwÞ�

−
t̂2

4

�

Li2ðwÞ −
3

2
w

�

þ 3

4
y

�

t̂2

ξ2
− 2t̂jP̂⊥j2

�

1þ 1

ξ
Dw

�

þ 1

2
jP̂⊥j4Dw

2

�

Dw

�

TAðwÞ −
1

2
T00ðwÞ

��

þ 2m̂2

ZZ

dydzh̃þ

��

1þ 1

2ξ
Dw

�

½T2ðwÞ − 2t̂TAðwÞ�

−
3

2

�

t̂

ξ
þ jP̂⊥j2

2ξ
Dw

2 þ 2

�

t̂

ξ
− jP̂⊥j2Dw

��

1þ 1

2ξ
Dw

��

Dw

�

TAðwÞ −
1

2
T00ðwÞ

��

: ðA8bÞ

Helicity-flip amplitudes A0�
A;V can be written as sum of six invariant functions defined in Eq. (28)

V
ð1Þ
1

¼
ZZ

dydzh−

�

−T10ðwÞ þ
t̂

2
T11ðwÞ þ

�

t̂

�

1þ 1

ξ
Dw

�

−
1

2
jP̂⊥j2Dw

2

�

TVðwÞ
�

; ðA9aÞ

V
ð2Þ
1

¼
ZZ

dydzh−

�

DwT10ðwÞ −
t̂

2
DwT11ðwÞ − 3

�

t̂

�

1þ 1

2ξ
Dw

�

−
1

6
jP̂⊥j2Dw

2

�

DwTVðwÞ
�

; ðA9bÞ

V
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1
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�
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1
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2

�
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dydzh−Dw
2TVðwÞ; ðA9cÞ

A
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1

¼
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��
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2

�

T10ðwÞ þ
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�
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ξ
Dw
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−
1

2
jP̂⊥j2Dw

2

�

TAðwÞ
�

; ðA10aÞ

A
ð2Þ
1

¼
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−
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1þ t̂

2

�
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�
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�
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2ξ
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−
1

6
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2

�

DwTAðwÞ
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; ðA10bÞ

A
ð3Þ
1

¼
ZZ

dydzyΦ̃−

�

−

�

1þ t̂

2

�

T10ðwÞ −
�

t̂

�

1þ 1

ξ
Dw

�

−
1

2
jP̂⊥j2Dw

2

�

TAðwÞ
�

þ 4m̂2

ZZ

dydzh̃þ

�

1þ 1

4ξ
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Finally, the amplitudes A∓�
A;V with helicity flip by two units, can be written as a sum of 6 terms as in Eq. (30). We get
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ð1Þ
2

¼
ZZ
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�
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1
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; ðA11aÞ
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ZZ
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1

2
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2T11ðwÞ −

3

2
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1
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�
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¼
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dydzh̃þ

�

2

�

1þ t̂
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ð2Þ
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1

2
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1

2

�
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4

�
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3

4

�

t̂

�
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1
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Starting from these expressions, it is straightforward to rewrite the results in terms of GPDs using the following identities:
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1
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dxY 0
�

xþ ξ
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�
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2
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1
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Z
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�
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�
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1
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�
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�
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�
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Z
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�
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where YðwÞ is an arbitrary function. The final results in the GPD representation are given in Sec. II C.
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