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We calculate (v/=#/Q)* and (m/Q)* power corrections with k < 4, where m is the target mass and ¢ 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 [¢|/Q? < 1/4 for most of the observables, but is naturally
organized in terms of 1/(Q? + t) rather than the nominal hard scale 1/Q?. 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.
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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 ~(v/—t/Q)* and ~(m/Q)*, where ¢ 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 ¢+ which can be used in the analysis. Theoretical
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control over power corrections (v/—7/Q)* is therefore
crucial for three-dimensional imaging. One more pressing
issue is to clarify whether target mass corrections ~(m/Q)*
do not endanger QCD factorization for coherent DVCS on
nuclei [21,22].

We refer to the ~(v/—1/Q)* and ~(m/Q)¥ 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 &
on the Bjorken variable xp acquires 7-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

Published by the American Physical Society



V.M. BRAUN, YAO JI, and A.N. MANASHOV

PHYS. REV. D 111, 076011 (2025)

to terms ~¢/ Q% and ~m?/Q?. The results in the final form
were presented in [24]. A typical size of kinematic
corrections for |t|/Q* < 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:

1
1 1
AE0) o — +—,
0o 0
_ 1 1
A(i"")"'@—'—a, (1)
where A&+ A®0)and A7) are the helicity-conserv-

ing, helicity-flip and double- hehclty 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/Q° 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 Q% to Q% +¢. In
addition, we confirm the observation made in [24] that
target mass corrections always involve powers of the
skewness parameter ~(ém/Q)* 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

r'(q) +N(p.s) —v(qd) +N(p'.s"). (2)

The DVCS amplitude A, is defined as

Au(q.4.p)

_ / d*xe= @120 (o §|T{j,(212)],(20)}|pos). (3)

where j,(z;x) and j,(z,x) are the electromagnetic currents,
21, 2o are real numbers such that z; — z, = 1. Note that A,
does not depend on z; + z,. 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, g and ¢’, to define a longitudinal plane
spanned by the two lightlike vectors

n=dq, i=-q+(1-1)q, (4)

where 7 = t/(Q? + t) with 0> =
momentum transfer to the target

—q”. For this choice the

A=p -p=q-q. 1=4

is purely longitudinal and both—initial and final state—
proton momenta have a nonzero transverse component

1
25(11 —tn,) + Py, (5)

The skewness parameter ¢ is defined as

1

xp(1+1/0%)
T2 —xp(1-1/0?)

A-q
2P - ¢

E= g — - (6

and | P | can be written in terms of kinematic invariants as

Am>E?
|PJ_|2 = a0 (tmin - t)’ Tnin = —1_—52. (7)

The BMP choice is advantageous mainly because it leads to

simple expressions for the photon polarization vectors that
can be chosen as follows:

&) = —(q,—q,9*/(q-4))/\/ -4
ef = (P £iPL)/(V2|P.)). (8)

where Pi- = gp, P, Pi = &, P* and

Gy = 9 — (9,4, + 4,9.)/ (- 4') + 4,4,4%/ (g - 4')*,

8IJ4_D = 8um/1qaq/ﬂ/(q q'), Som =L )
Normalization is such that e = —1, e3¢ = +1. The

pair eff form a basis in the transverse plane whereas 82 isa

unit vector in longitudinal plane orthogonal to the photon
momentum ¢’
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The DVCS amplitude A, can be decomposed in terms
of scalar (helicity) amplitudes using this basis

A, =efe; AT g e A7 + ey AT
+ elef A+ efef AT e, AT (10)

We neglected a term proportional to ¢, since it does not
contribute to any observable. Each helicity amplitude
involves the sum over quark flavors, A4 = Z ef,.Aq, and
is written in terms of the leading-twist GPDs
HY,E4, H4,E9. For the GPD definitions (see below), we
follow Ref. [35].

B. Light-ray OPE

The amplitude A, can be written in terms of matrix
elements of C =41 twist-2 quark-antiquark light-ray
operators

Ov(z21y, 22y) = 5 (P'lla(z1y)¥q(223) o — (21 < 22)|P),

N = N =

(P'la(z13)¥rsq(z29)] o + (21 < 22)|P),
(11)

where on the lLh.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 |...],, 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:

Ou(21y.22y) =

Oy(z1y,22y) = /_i dx[yremiPla(Ex) bl
x{h,H(x,E, 1)+ e,E(x,E 1)},

Ou(z1y, 225) = /_1 dx[yr emiPl (G0l ],
x {h,H(x,&.t) + &,E(x,&,1)}. (12)

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

h/) = ﬁ(p,)y/)u(p)’ h/) = ﬁ(p/)y/)YSu(p)’
_ io”* A, B A
ep = u(p')—~u(p), & ="a(p)ysu(p). (13)

The leading twist projection of the exponential function is
given by [38]

[e—ify]lt — p~ifxy _‘_%nyz /1 dtte—ity
0

1 Lo ‘
+ —y4f4/ drirre™"y + O(»°),
3 A

0 . _
e F=1-t (14)

P

[ype_ify] =1

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, A = A}/ + A", we obtain

A’(,DZ/ x +10 / da/ {( —2 1 10) (g’”’é(a)é(ﬁ)—x”&”&(ﬂ)—x”V”é(a))OV—E(A”d“—A”d”)(’)v

2 » . ﬂ<2> L won T (1) X0
—8(a)Oy) + 4( 6"—|—xV)<lnr(’) ﬂ(’)v>+2(x6“ xV)% Oy —l—a(’)v

{ (Inz+1Ina+1)O ol M%OQ]
u

4] 2 ) o) (o).

. 1 elax 1
45 =3 [ e i ) e | e [y v -osmo

1 1
_> Of)) +40 <(ln% +2ma)ol) + 3 Of))]

1 1 _ /e
aAyaﬂ - ——(1 (1) ud (2) 1
+ (X €uapy T XuErapy )X [(—xz —70) O, 2 ( nz0,’ + ﬂoA , (16)

+- g"”(

LowB Loz ow_ AvE
S [4(2+f) ol <5<a>+ B) of }
—l—%x"d’“ [Inc‘r(’)g,

and
_2p p
+4V7’<<l _B> A +B<1+5(a)—
where
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O (z1x, 20%) = i(A0)Ox (21, 7).

AZ
Og?)(zlx,zzx) = <i(A0) +2> Ox(z1x,20x),  (17)
with X = A, V and
= g2 weog_i. (18
ap ox,

For brevity, we do not show the arguments of the operator
matrix elements, which are the same for all cases, Oy
stands for Oy (ax, fx). 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

=u(p")r'u(p),

= u(p")r*rsu(p), (19)
and use shorthand notations [39] for the scalar products
with the BMP polarization vectors defined in (8)

@t = (a-e*),

Pt =(P-e*) = —|P.|/V2. (20)
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

= (qil’)’ = (Zj’ - IPuPs |(q;|; 1)
where (qq') = —1/2(Q? + t). We use the notation
M(x.E.t) = H(x,&.1) + E(x. &, 1), (22)
and
D; = (—2&%0;). (23)

It is convenient to use different normalization for the
convolution integrals of the coefficient functions with

different GPDs
(M®T) :/dxM(x,g, t)T(x+§>,
(FI@T):/dxﬁ(x,g,z)T x“’:),
1 x+¢&
—Tg/de(x,f,t)T< 2 >,

(E®T) :% / dxE(x, &, z)T(x—“t)

The coefficient functions appearing in the equations below
are defined as

(EOT)

(24)

L@=1 T =hz
z 1
Too(z) :2 nz, To(z) = EIHZ’
Ttz (z__> In=.
1
Ty(@) = 3 (Lis() ~ ) ~ Inz
1 1
Ta(z) = —< (Liy(z) = &3) + —InZ,
Z Z

T2(0) = 3 (Ls(e) &) =z

T3(2) = == — (Lia(2) = §2)——<7—§>1nz.

(25)

They are analytic functions of z with a cut from 1 to oo,
apart from T, 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: T(z) + T(z + ie) for x > £ > 0.

1. Helicity-conserving (+,+) amplitude
We obtain

+4+ (vq’) (UP)

(1) 2
= Vv V',
\4 (qq/) 0 + mz 0
cx_ o (aq) )y (ad)
A" ==+ Ay’ £ Ay, 26
A (qq/) 0 2m2 0 ( )

where
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7 i 1, 1 . . 1w
vl = _<1 +Z> (M ® T,) —E(M Q Tho) —I—ZIZ(M QTi) —§D§|PL|Z(M ® (T, + 2iTy)) +§D§|PL|4D§(M ®T5).

72 1. . 1 .
(E® Ty + Z(E oT) - §D§|PL|2D§(E O (T, +2iTy)) + ngyPJ‘Dg(E O T;)

N~

1
Vf)2)_—<1+z>(E®TO)—
. A 1 N
- i{ Dl ® (12 +217) - ;PP P O T
A PR Lo R SV
Ay =1\1+3 (H®To)+§ I+3 (H®T10)+§D§|PL| (H®(T2_2tTA))_ED§|PL| D:(H ® (Too —2T4)).
o A P P/ N 1 )
AF = (147 ) (E®Ty) + 5 (E®T0) + 5 (E®( T +3 ) | +5DelPL DB (T2 = 20T,))
3 21p 4D2(E D I, - ~ 3 1 . 5 -
_1_6D§|PJ_| D:(E®(Too —2T4)) + m” D E(H®<T2—2fTA))—ZD§E\PL| De(H ® (Too —2T4)) ¢-  (27)

We have verified that the invariant amplitudes (V(()l), Véz)) and (A0 ),Aé )) coincide with (V,/2,V,) and (A,/2,A;) as

defined in Ref. [24] [Eq. (A15)], up to twist-six terms 72, 77>, ..., respectively.
2. Helicity-flip (0,+) amplitude
This is a subleading-power amplitude that starts at the twist-3 level. We obtain
0x_ 0 m  (vg )Py o)  (vP)Py (3)>
= + V7 + Vit),
Y (a9) < U (gd) ! m* !
0, Q n, (@agd)P o)  (ad)P: (3
At =E0 ( AN+ WAE Ay (28)

with
i . Lot
vl = _<1 +§> (M ®Ty) +i(M®T) =5 DHPLP(M&Ty),

v = o)

7 R 1 N
v = (1 13 )De(E © T1g) = iD(E © 1) + 3 DAPPDAE © Ty) + P DI M @ Tv).

; Lot 2
A0~ (1+ D) B o T~ Loib a0 7).
)

AP = _p.al,
A7 == (143)DeBST ) + S DAPLPDBST,) + D3 (R @ T,) (29)
To twist-three accuracy (leading terms), these expressions agree with Ref. [24] [Eq. (A16)].
3. Double-helicity-flip (¥,+) amplitude
A=
ATE = & ‘Eigﬂ)tA + E a ;A + <2n?2) AD. (30)

We get
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2 -
W =21+ e ) -Loe oo )

2 L. 1
vy = —Z\PHZD&VE g

"
vy :—E\PLFD?{(I—!—

~

4

7 1. 1.
§)EQ TN~ DAP.PDAE S Ty) ~ DM @ Ty}

1 1 7 ! p3p /4
Aé) = 2(1 +Z>D‘:<H ® Tyo) _§D2|PL|2(H ® Ta).

2 I 1
AP = —Z|P¢|2D5A§, )

3 [ AW LD E i
A — —E\PLIZDE{ (1 +Z> (E@T o) = 4 Del PLIDe(E®T4) = 5 n*Dy

At leading order (twist four), these expressions agree with
the correspondlng results in [24] [Eq. (A17)], except for the
sign of the A<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 ~(m/Q)* 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 &2m?/Q? rather than
m?/Q?. For nuclear targets, effectively, m — Am and
E— &/A, so that the target mass corrections remain
essentially the same as for the nucleon and are small, apart
from the large xp 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)

-ABMP = Hgﬁph + gBMPe+H§ﬁPh+€BMPe (32)

where a = (+, 0, —) 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]

(vP) (vqg) 1

T

(ah) _1(1 L>~ (ag) 1. 14w’
am> & +Q2 “ laq) Q¢ (33)
and

é(ﬁ]@TA)}. (31)

+ 2 2
UJ_ m t m - r
=—|P,|h— - h|F | —— |,
1Pl { :|+§|PL| {e 4m* }

\/i |P¢| 4m?

+ 2 2

ary m> [t Z]_ m t
A" e Lhls le—-1on|, (34
NG ¢2|PL|{ g Hm [ 4m2] (34)

where & = &gyp 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

(12.3)  ,4(1.23) : .
Vois s Agi,  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 Miiller
in global DVCS leading-twist fits is one such example.
Belitsky, Miiller 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 1is different,
Exm = X/ (2 — xp). The relation between the BMP and
KM (BMJ) CFFs is just a Lorentz transformation and can
easily be worked out, see [24]

x _
Jle(EI\J/rl = FgﬂP "’E[fgﬂp +]:B;;1P] }{OFBMP’
Fin = —(143)F gt + %ol Finp + Favipl- (35)

etc. Here all entries Fe{H,¢, H, 5’} are functions of
xp.t, 0%, Also
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 Jak
VA0 +)
Q2 - t+ ZXBI

K:\/1+72(Q2+t)

=0(1/0),

-1=0(1/Q%. (36)

where

y=2mxp/Q,  K=uxp(l+1/Q*)|P.|. (37)
These relations are exact, there is no approximation.

Note that the power counting F*+* = 0O(1/0"),
Fo =0(1/Q), and F~F = O(1/Q?), 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
x, %o 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. 11 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 Fgpyp.
Instead of a direct calculation, we follow the procedure
used in Ref. [24], transforming BMP CFFs to the KM
(BMJ) basis, Fgmp — 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 Q° dependence. It is convenient for our
purposes as all needed ¢ derivatives can be evaluated
analytically.

As an example, we consider the helicity-conserving CFF
H**(xp, ¢, Q%) which gives the dominant contribution to
the DVCS cross section for the unpolarized target. The
results for the absolute value and phase of Hyyip (x5, 2, 0?)
and H;y;(xp, , 0?) are shown in Figs. 1 and 2, respec-
tively. We choose Q> = 3 GeV? and present, in both cases,
the results of the calculation with and without power
corrections as functions of 7 for fixed value xz = 0.15
(left panels), xz = 0.30 (middle), and, alternatively, as
functions of xp for fixed t = —0.75 GeV? (right panels).
As already mentioned, in this work we define the twist
expansion as power counting in (gq') = —1/2(Q* + 1)
which implies that a part of the 1/Q* corrections is
included already in the twist-4 term. The remaining
twist-6 contributions remain small up to |f|/Q* ~1/4
but increase rapidly for larger momentum transfers.

As another example, we consider the higher-twist
helicity-flip CFF H°* (x, t, Q%) with a longitudinal virtual
photon in the initial state. This CFF starts at twist-3 level,
H ~ 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/Q?3. 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 [¢f|/Q*~0.3. The corresponding KM CFFs Hy,

0.8
_ — — 03
o 06 < S
< Twist-6 < <
G SRR Twist-4 o o
5% 0.4F = = = = Twist-2 5& z 02
i3 iz i3
< — < —— <
@ k02 - Q@?=3GeV?, xg=0.15 o[k 0.2f --" @2=3GeV?, xg=0.30 o g 01
2| et SR =3GeV”, xg=0. L =3GeV*, xg=0. 2| & Q2=3 GeV?, =-0.75 GeV2
-~ GK12 Model GK12 Model GK12 Model
0.0 0.0 0.0
-1 -08 -0.6 -0.4 -0.2 -1 -0.8 -06 -0.4 -0.2 0.2 0.3 0.4 0.5
t/GeV? /GeV? Xg
25 24 2.2
G 20 To=s G G
= - e =
g = £ £
: 15 < x
z 1 H 13
< < <
o 5 ) 2 14 ) ) &) S
< 10 Q°=3 GeV*, xg=0.15 < Q°=3 GeV*, xg=0.30 < Q23 GeV2, t=-0.75 GeV2 i
2|k 2l k12 2|k  Mod.
GK12 Model GK12 Model GK12 Model
0.5 1.0 1.4
-1 -038 -0.6 -0.4 -0.2 -1 -0.8 -0.6 -0.4 -0.2 0.2 0.3 0.4 0.5
t/GeV? GeV? Xg

FIG. 1.

Kinematic power corrections to the absolute value and phase of the BMP Compton form factor Hyp(xz, £, O%).
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0.8 0.8
— 08 — 08 =
o Twist-6 < <
:? ‘‘‘‘‘‘‘‘‘ Twist-4 ');(n EQ
X - = = - Twist-2 x =
3 0.4 wis 3 0.4 I
£ S S g
2| & 0.2F —=" Q?=3GeV2, xp=0.15 2| k02 @?=3GeV?, xg=030 2| & 01 Q?=3 GeV2, t=-0.75 GeV?
' GK12 Model GK12 Model GK12 Model
0.0 0.0 0.0
-1 -0.8 -0.6 -0.4 -0.2 -1 -0.8 -0.6 -0.4 -0.2 0.2 0.3 0.4 0.5
t/GeV? t/GeV? xg
25f < 24
G 20 TT--s , k! G
£ T £ K
+= += =
i 15 is i<
< < <
2 10 5 > 2 14 2 2 j=d S
< . Q%=3 GeV?, xg=0.15 < Q“=3 GeV*, xg=0.30 < 16 2. 2 . 2~
o] & oIk, ol & Q2=3GeV?, t=—0.75GeV? T
GK12 Model GK12 Model GK12 Model
0.5 1.0 14
-1 -0.8 -0.6 -04 -0.2 -1 -0.8 -06 -04 -0.2 0.2 0.3 0.4 0.5
tGeV? /GeV? Xg

FIG. 2. Kinematic power corrections to the absolute value and phase of the KM Compton form factor H;o; (xz, £, 0?).
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FIG. 3. Real (upper panels) and imaginary (lower panels) parts of the helicity-flip BMP Compton form factor H3yp (x5, £, Q2).

obtained from Hjyp 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 x, ~ /—1/Q, H%, =
—Ho4p + xoHgap + - - - where the ellipses stand for the
terms ~1/Q? and higher powers. These two contributions
tend to have an opposite sign so that a larger Hyip
generally leads to a smaller H%ﬁ, see Fig. 4. In these
plots we do not perform a systematic power expansion, but
show instead the results for Hyp calculated using Eq. (35)
literally, with a certain approximation for the BMP CFFs
Hnies Honps Hpyp as inputs. The dashed curves are
obtained by using the leading-twist approximation for

Hiyp 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 Q? and xg
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
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chosen for this figure the Hall A datasets with larger |¢|/Q?
values where the power corrections are more important,
but avoid the ones with the largest xp values as the
GK12 model was not fitted to this range. The target
mass corrections prove to be negligible for all considered
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FIG. 6. Beam spin asymmetries from Jefferson Lab CLAS12 10.6 GeV dataset [42] (selected datasets).

In Ref. [42] the first measurement of the DVCS beam-
spin asymmetry was reported using the CLASI2 spec-
trometer with a 10.2 and 10.6 GeV electron 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 |¢|/Q? ~ 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 #-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 ¢ which can be used in the
analysis. Thus the theoretical control over power correc-
tions (v/—#/Q)¥ 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 |¢|/Q? < 1/4 the twist expansion
is converging for most observables, confirming the previous
estimate from Ref. [23] that was based on the hierarchy of the
leading twist-2 and twist-3,4 terms. However, 1/(qq’) =
2/(Q? + t) appears to be a better expansion parameter as
compared to the nominal hard scale 1/Q>.

Apart from that, we present additional evidence that
target mass corrections ~(m/Q)*¥ 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 &2m?/Q? rather than
m?/Q?. 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 & — £/A, so that
the target mass corrections remain essentially the same as
for the nucleon and are small, apart from the large xp
region.
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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

Ov(zin,zon) = //dydzeiyp+zlz+i%A+(Zl+Zz—zlzZ)

i(vP
x {v+h-(y,z,t>+l(v Z‘Ih(y,z,t)},
Z1pom

Oulzin. zan) = // dydze?P =it (ram2a)

i(aA)2 D_(y,z, t)}

(A1)

ho(y,z,t
x{a+ +(.2 )+2Z12m

The variables x, y are related to the original Radyushkin’s
notation as y = f and z = a, and the integration goes over
the region |y|+ |z| < 1. The subscripts + of the DDs
(boldface) indicate parity under the (y,z)+ (—y,—2)
transformation, namely

h—();’ Z, t) = _h—(_y, —Z, t),
ho(y.z.1) =hy(=y,—z.1), (A2)
|

vl = //dydzh_{—<l +§>T0(w) —;Tlo(w)—k {2<1
3

[N 1 .
—T i1 D, ||(=-|P.I*D, |D, + < |P.|*D,*|T
T + (5714 5,0 ) (- 1P ) Dt g 21D T30 .

etc. The DD ®_ is an odd function of z whereas all other
DDs are even functions of z. The DDs @, and ®_ can
alternatively be written as [43]

@ (y,z) = 9,f(y,

D_(y.z) =0,/ (.

7) +0.9(y.2),

z) +0.9(y, 2). (A3)

The “standard” GPDs H, E, H, E (12) can be expressed in
terms of the DDs defined above as follows [23],

(H+E)(x,&1) = // dydzs(x —y — E2)h_(y,z, 1),

—E(x,&,t) = // dydzé(x —y — &£7)

x (f(y.z.1) +&g(y. 2. 1)),

H(x,&1) = //dydz&x—y E)hy(y.2.1),

//dydz6x y—£2)

X (F(y.z.1) + EG(y. z.1)). (A4)

—Exft

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_ ( 2), hy = h(y.z), etc. We use rescaled varia-
bles 7, w2, | P |* defined in Eq. (21) and the notation

D, = yo,. (AS)
where

O C

w=wy, ===z )
y2) =3 £ z
w(=y,=z) = 1 -w(y,2). (A6)

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

We write the result for the helicity-conserving amplitude
A%7 as a sum of four terms following the notation in
Eq. (26). We obtain

#300) =5 IPuPD|IT20) 4 207 )

(A7a)
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5 P P %2
_ //dydz(I>+{ (1 +£> Ty (w) +1L12(w) +%y(é— |ﬁg|2pw) Ty (w) +%(L12(W> _2wln#)

A

N 1 - 1 1 4
+yt<g_ |PJ_|2’D )TV(W> y|: 252 +Z|PJ_|2 (1 +EDW> —Z|PL|4DLVZ:| vaT3(W)}

pE // dydzh. {DW(Tz(W) + 2Ty (w)) — {2(1 + éDW) - % |i>l|2z>w2} T (w)} (A7D)

Al = // dydziz+{ (1 + 2) To(w) + % Tyo(w) — {? (1 + épw) - % |I3L|2DW2] [Ty (w) — 20T 4 (w)]

9 7 o 1 . 1
+ TlO 5 > ( - |Pl2'Dw> + T |PL|4DW3:| D, [TA(W) - 2T00(W)} } (A8a)

3l am)
// dydz®_ { <1 4=
T4 (L12 %W>
ahef 1+

—%E+|P;§|D +2< |PL|2DW><1 ZI(SDWHDW{TA(w)—%Too(w)]}. (A8b)

Helicity-flip amplitudes Agf—LV can be written as sum of six invariant functions defined in Eq. (28)

el

_ // dydzh_{mm( )= LD, 70 [?<1+ >_;|i>i|2@wz}pwrv<w>}, (A9D)

0= [ iz {0 - 3100 = [1(1+500) - 512iPD2 Ty | 2 ] dvazh D270, (290
AP = [ avazh { (142 700+ [1(1+32.) - 510222 a0 (A10a)
AP = [ avazn {-(1+ D) pratn -3[i(1+ 30, ) - LppR2 s b (aton
- oot - [(o )

+ 4in? // dydzh.. (1 + 41§DW) D, Tx(w). (A10c)

Finally, the amplitudes AX v with helicity flip by two units, can be written as a sum of 6 terms as in Eq. (30). We get

Vil = //dydzh_{2<1 —l—;l;)DWTM(W) +3[i(1 +2i§2>w> —é|PL|2Dwz]DwTV(w)}, (Alla)
30, 1 1.
V2 |Pl|2[/ddeh {—_< >D 2T11( ) 2 |:t<1+3_§pw> _E|PL|2DW2:|DWZTV(W)}’ (Allb)
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N 1 7 3L/ 1 1.
)= |PL|2//dde)"D+{—§ (1 +Z)DWT11(W> —1 [t(l +2—§Dw) —6|P¢|2Dw2} DWTV<W>}

1.
+lP a2 // dydzh_D, Ty (w), (Allc)
8 7 X 1 1.
— //ddeh+{2<1 +£)DWT10(W) +3|:t<1 +2—§DW> —8|PJ_|2DW2:| DWTA(W)}, (A12a)
:|PL|2//dydzfz+ 1 1+z :D?Tm(w)—§ 7 1+iD —L|PL|2D 21D, Ta(w) b, (A12b)
2 4)7" 2 37V 12 L
R - 1 i 37, 1 1.
B _ |PL|2//dydzy(I)_{—2 <1 +4)DWT10(W) -5 {t(l +2—§D > —6|PL|2DW2]DWTA(W)}
. . 1
+%IPLIW // dydzh+<1 +6—§DW)DW2TA(W). (Al2¢)

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

// dydz®, (y,2)Y

W =g [ Y'<x+§> E@ &1,
//dydzd) 3, 2)¥ (W) = 2/dY’<

;f) E(x.6.1)

[ vz a0, 5700 = (20 5 [asy (5 e
[[ sz aptvon = (220915 [ vy (*5F ) B,

// dydzh_(y.2)D Y (w) = (—2820,)k / de< +§> (H(x,& 1) + E(x, &,1)),

// dydzh , (y,2)D,*Y (w) = (-2£%0,)* / dx Y< ;:f) (x,&.1),

28
(A13)

where Y (w) is an arbitrary function. The final results in the GPD representation are given in Sec. II C.
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