Eur. Phys. J. C (2020) 80:171
https://doi.org/10.1140/epjc/s10052-020-7700-9

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Data-driven study of timelike Compton scattering

0. Grocholski'?, H. Moutarde>°®, B. Pire>®, P. Sznajder*4®, J. Wagner**
! Institute of Theoretical Physics, Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

2 IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France

3 CPHT, CNRS, Ecole Polytechnique, I. P. Paris, 91128 Palaiseau, France

4 National Centre for Nuclear Research (NCBJ), Pasteura 7, 02-093 Warsaw, Poland

Received: 20 December 2019 / Accepted: 30 January 2020 / Published online: 22 February 2020

© The Author(s) 2020

Abstract In the framework of collinear QCD factoriza-
tion, the leading twist scattering amplitudes for deeply virtual
Compton scattering (DVCS) and timelike Compton scatter-
ing (TCS) are intimately related thanks to analytic properties
of leading and next-to-leading order amplitudes. We exploit
this welcome feature to make data-driven predictions for TCS
observables to be measured in near future experiments. Using
arecent extraction of DVCS Compton form factors from most
of the existing experimental data for that process, we derive
TCS amplitudes and calculate TCS observables only assum-
ing leading-twist dominance. Artificial neural network tech-
niques are used for an essential reduction of model depen-
dency, while a careful propagation of experimental uncer-
tainties is achieved with replica methods. Our analysis allows
for stringent tests of the leading twist dominance of DVCS
and TCS amplitudes. Moreover, this study helps to under-
stand quantitatively the complementarity of DVCS and TCS
measurements to test the universality of generalized parton
distributions, which is crucial e.g. to perform the nucleon
tomography.

1 Introduction

It is now widely recognized that generalized parton distribu-
tions (GPDs) [1-3] are among the best known tools used to
explore internal structures of nucleons and nuclei in terms
of partonic degrees of freedom: quarks and gluons. GPDs
are studied in exclusive reactions in kinematical regimes that
allow to apply QCD factorization theorems [1,4,5]. The for-
malism of GPDs provides arigorous theoretical framework to
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study the 3D structure of hadrons [6—8] and it allows to reach
the QCD energy-momentum tensor (see the reviews [9—-12]
and references therein). The latter can be used to evaluate
the contribution of orbital angular momentum generated by
partons and it helps to understand mechanical properties of
partonic media, like energy density or radial and tangential
pressures [13,14].

Because of its relatively straightforward description and
accessible cross section, deeply virtual Compton scattering
(DVCS),

y*(@)N(p1) = y(¢"N'(p2), )

has been recognized to be the golden channel in GPD
studies. Here, the symbols in the parentheses denote four-
momenta of photons and nucleons. The collinear QCD fac-
torization between GPDs and perturbatively calculable coef-
ficient functions requires the photon virtuality, 0% = —g2,
to be large, while the absolute value of Mandelstam variable
t=(p2— p1)2 to be small, such as —t/Q2 < 1.DVCS was
the first channel used to prove the usefulness of the GPD for-
malism in experiments where lepton beams were scattered off
hadron targets, like Hall-A and CLAS at JLab, COMPASS at
CERN, and HERMES, ZEUS and H1 at DESY. The extensive
global effort to measure DVCS in various kinematic domains
and for various combinations of charges and polarizations of
beams and targets, gave so far about 30 observables collected
over more than 2500 kinematic configurations. All these data,
which were published over 17 years, were recently used in
state-of-the-art global fits [15,16] based on the open-source
PARTONS framework [17], which provides a homogeneous
computational environment for all kind of GPD studies.

The crossed reaction to DVCS, timelike Compton scatter-
ing (TCS),

Y(@N(p1) = y*(¢"N'(p2) . ()
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in the domain of large Q"> = +¢’? and nearly forward kine-
matics, is also a very promising process to probe GPDs [18—
22]. This possibility has not yet been fully explored exper-
imentally, but measurements at JLab are either under way
[23] or planned [24]. Detailed predictions have been pre-
sented within the leading order approximation [25,26] for
both proton and neutron targets. This process is also interest-
ing in the case of ultraperipheral collisions at hadron colliders
[27], as nucleons and nuclei are intense sources of quasi-real
photons.

Two other reactions that access the quark and gluon con-
tent of nucleons and nuclei with only the electromagnetic
probes, namely the double deeply virtual Compton scatter-
ing (DDVCS) [28,29],

Y*(@N(p1) = y*(¢"N'(p2) ., (3)

with both —g? and ¢’> being large, and photoproduction of
a photon pair [30],

Y(@N(p1) = y(q)y(@)N'(p2) . 4)

with large invariant mass M)%y = (q1 + ¢q2)?, are also very
powerful processes to probe GPDs. However, they suffer
from rather small cross sections that prevent any measure-
ments at this moment.

Amplitudes of deeply virtual meson production (DVMP),

Y*(@)N(p1) = M(q")N'(p2). (5)

are known to obey the same factorization theorems [31] as
DVCS and TCS amplitudes, and have been studied in great
detail both experimentally and theoretically. Nowadays, the
status of these analyses is quite mitigate, since most polar-
ization tests of the validity of factorization (such as the dom-
inance of the longitudinal virtual photon exchange in 7, p
and w electroproduction) are violated at moderate Q2, where
most of the available data exist (see the review [32] and ref-
erences therein).

DVCS and TCS are two independent sources of GPD
information that can be extracted from experimental data.
Additionally, the complementarity between both reactions
observed up to the next-to-leading order coefficient functions
is today the best known tool to test the validity of the collinear
QCD factorization framework and the universality of GPDs.
To reach this goal, we undertake to derive model indepen-
dent predictions for TCS observables, assuming the current
knowledge of DVCS amplitudes. In our previous paper [16],
we have extracted DVCS amplitudes, i.e. Compton form fac-
tors (CFFs), from a model independent global fit of data col-
lected in various experiments. A direct extraction of ampli-
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tudes has allowed us in particular to not be limited by any
order of QCD calculation of DVCS coefficient functions.

We now extend our analysis of DVCS to the case of TCS.
Due to the relation between DVCS and TCS amplitudes,
which we derived in Ref. [33] and which is based on the ana-
lyticity of next-to-leading order amplitudes in Q2, we are
able to make data-driven predictions for TCS observables.
The only model dependence of those predictions comes from
the assumption about the leading twist dominance and the
restriction to LO and NLO in the strong coupling constant.
Obtained results will be useful to check the universality of
GPDs, but also to determine which TCS observables could be
the best source of new information on CFFs and GPDs. The
presented approach is a promising tool to be used in analyses
of future TCS data.

2 Relation between DVCS and TCS amplitudes

Both DVCS and TCS helicity amplitudes can be conveniently
described in terms of Compton form factors (CFFs) [9]:

SMytyy = W[S%+ A~ éé & +5 5)}
2

SM__, :W[S%_Sﬁ_ ligZ(Sg_Sg)} ’

Wiy = T e -6

SM_jyy = — ;OM [Séa +§Sé°"] (6)

and

& Te+T E)]
1— &2 ’

52 T T &
1_—52( &E— 5)],

Mo = 2 [Te-gTE],
Mo =— V;OM_I [T6+67] . 7)

Here, XM v denotes the helicity amplitudes for DVCS
(X = S)and TCS (X = T), A (1)) is the helicity of the
incoming (outgoing) proton, and w (i) is the > helicity of the
incoming (outgoing) photon. The CFFs /7, A, & and & are
functions of four variables: the square of four-momentum
transfer 1 = (p» — p1)?, the longitudinal momentum trans-
fer (skewness) &, the absolute value of photon virtuality 2>
(equal to 0? in DVCS and Q’ Zin TCS) and the factoriza-
tion scale p . The latter is omitted in the following equa-
tions for the brevity. With M standing for the mass of the
nucleon, ty = —4$2M2/(1 — 52) is the smallest absolute
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value of ¢ allowed at a fixed value of skewness (up to con-
tributions suppressed by power corrections of the order of
1/2?). The variable T = Q>/(2p - q) for TCS is the analog
of the Bjorken variable xg3 = Q?/(2p - ¢) for DVCS. The
similar role played by these quantities reveals itself in their
relations with &, which to the leading twist accuracy reads
E=1/2—1)forTCS and & = xp/(2 — xp) for DVCS.
Factorization theorems allow to express CFFs in terms of
perturbatively calculable coefficient functions T¢ and GPDs
Fi,wherei =u,d, ..., g denotes a given parton type:

(ngzz)—/dx Z T(xéQZ)F(xft) (®)

- i=u,d,.

The coefficient functions ST for the spacelike case at LO and
NLO read:

STt 2S¢y ©)

c@2
—2} .30
HF

where g is the renormalization scale. The expressions for
SCé, SC’i and SCéOH can be found in Ref. [33].

Thanks to simple spacelike-to-timelike relations derived
in Ref. [33], we can express the timelike coefficients by the
spacelike ones in the following way:

Ay (M%g)

§pi NLO Sci
2

|:SC{ +5CLy In

TTi I£ Zl:STi*, (11)

TTl NLO :i:STl*:F S(’LLR)SC (12)

co]l ’

where upper (lower) sign is for (anti-)symmetric coefficient
functions in &. For (anti-)symmetric CFFs J¢ (J¢) this gives:

T 0 S % (13)
T 9 _S 7+ (14)
T "2 S e — in 2o sz*, (15)
T NO S 7% Lim 2 2 Q S 4 . (16)

The corresponding relations exist for (anti-)symmetric CFFs
& (&).

In the recent study [16], the artificial neural network tech-
nique was employed to determine the spacelike CFFs from
a global analysis of almost all DVCS measurements off a
proton target. In this analysis the replica method was used
to propagate experimental uncertainties to those of extracted
quantities. Together with Egs. (13—16), this creates an oppor-
tunity to perform model independent predictions for TCS,
thus allowing for a quantitative assessment of the impact of
the expected measurements.

For illustration we focus now on CFF 7. In Fig. 1 we
show the extracted DVCS CFF 5.7 (shaded gray band) as
a function of £ for exemplary kinematics of 0> = 2 GeV?,

15

£ ImSH

£ ReSH

-0.5

-1.5 . .
103 102 101

3

Fig. 1 Imaginary (up) and real (down) part of DVCS CFF & S (€)
for 02 = 2 GeV? and t = —0.3 GeV? as a function of &. The shaded
gray bands correspond to the global fit of DVCS data presented in [16]
and they show 68% confidence level for the uncertainties of presented
quantities. The dashed (solid) lines correspond to the GK GPD model
[34-36] evaluated with LO (NLO) DVCS coefficient functions

t = —0.3 GeV?2. For comparison, we also present a model
prediction based on the Goloskokov-Kroll (GK) parametriza-
tion of GPDs [34-36], obtained with LO (dashed line) and
NLO (solid line) coefficient functions. All those quantities
are used to perform predictions for TCS CFF 7 .2#, which are
presented in Fig. 2. The derivatives in Egs. (15, 16) are numer-
ically evaluated using the GSL library [37]. The smoothness
of individual CFF replicas is ensured by a careful selection
of the artificial neural network size and by the usage of reg-
ularization methods (for details see Ref. [16]).

The bigger uncertainty of the NLO result (dashed blue
band) as compared to the LO one (shaded red band), reflects
the fact that the available data do not constrain much the Q2
dependence of DVCS CFFs, cf. Eq. (15). To illustrate that, we
present in Fig. 3 the difference between LO and NLO results,
i.e. the second term of Eq. (15), as a function of Q2. The solid
line represents the GK model predictions, with very mild
Q? dependence. Although in this model only the forward
evolution is implemented, we have checked that the result
obtained with the full evolution equations (treating GK as an
input at ur = 2 GeV) is similar. The prediction based on the
unbiased fit to the DVCS data (represented by the dashed blue
band) has a large uncertainty, reflecting the sparseness and
limited range in Q7 of the used data. Foreseen experiments,
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Fig. 2 Imaginary (up) and real (down) part of TCS CFF & T ¢ (£) for
0% = 2 GeV? and 1 = —0.3 GeV? as a function of &. The shaded
red (dashed blue) bands correspond to the data-driven predictions com-
ing from the global fit of DVCS data presented in [16] and they are
evaluated using LO (NLO) spacelike-to-timelike relations. The bends
show 68% confidence level for the uncertainties of presented quanti-
ties. The dashed (solid) lines correspond to the GK GPD model [34-36]
evaluated with LO (NLO) TCS coefficient functions

€ Re'H

like those using electron-ion collider [38,39], will offer a
much needed lever arm in Q2 and increase the precision of
available data. We also observe a similar behaviour in the
remaining CFFs, manifested most dramatically in the case
of poorly known CFF 8.

This big uncertainty on the Q? dependence of the NLO
prediction of TCS CFFs allows to draw some important con-
clusions. Firstly, one can expect very strong impact of the
near future TCS measurements on the extraction of CFFs, and
hence of GPDs. Secondly, it shows the necessity of including
the NLO effects in phenomenological studies of the DVCS
and TCS data even in the so called “valence region”.

3 TCS observables

We will now focus on data-driven predictions for observables
in photoproduction of a lepton pair:

Y(@) N(p1) = 17 () [T (k') N'(p2) . )

Similarly to the case of DVCS, the electromagnetic process
referred to as Bethe-Heitler (BH) interferes with TCS at the

@ Springer
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Fig. 3 Imaginary (up) and real (down) part of the NLO contribution to
the spacelike-to-timelike relation for CFF .7Z for & = 0.1 and ¢t = —0.3
GeV? as a function of Q2. For the further description see the caption
of Fig. 2

level of amplitudes. In BH the lepton pair is radiatively gener-
ated by the incoming photon in bremsstrahlung, while in TCS
it comes from the conversion of the virtual photon emitted
by partons. The cross-section for photoproduction of a lepton
pair can be expressed in the following way:

do . dUBH
dQ?dtdpdcosd  dQ?dt de dcosb
do doj
" . TCS . INT 7 (18)
dQ*dtdpdcosd®  dQ'*dtde dcosH

where one can recognize contributions coming from BH,
TCS and their interference. The angles 6 and ¢ are the
polar and azimuthal angles of k in the lepton-pair rest frame,
respectively, with reference to a coordinate system with z-
axis along —p2.

3.1 Unpolarized cross section

The BH process dominates over TCS, especially in the mod-
erate photon energy range [27] and for the angle 6 close to
either 0 or . To get a better sensitivity to the TCS signal,
coming mainly from the interference term, we are integrating
the cross section over 6 between /4 and 37 /4. The LO pre-
diction for the differential cross section as a function of the
angle ¢ for Q> = 4 GeV?, t = —0.1 GeV? and the energy
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Fig. 4 Differential cross section of the photoproduction of lepton pairs
(including TCS and BH processes) integrated over 6 € (7 /4, 3w /4)
for 9 = 4 GeV?, t = —0.1 GeV? and the photon beam energy
E, =10 GeV as a function of the angle ¢. In the upper (lower) panel
the data-driven predictions evaluated using LO (NLO) spacelike-to-
timelike relations are shown. The dashed (solid) lines correspond to
the GK GPD model [34-36] evaluated with LO (NLO) TCS coefficient
functions (the curves are the same in both panels). Note the different
scales for the upper and lower panels. For the further description see
the caption of Fig. 2

of the photon beam E, = 10 GeV is presented in the upper
panel of Fig. 4. In the lower panel of that figure the NLO
prediction is shown, and as in the case of the Fig. 2 we see
a big uncertainty reflecting our limited knowledge of DVCS
CFFs, especially of their Q2 dependence. This demonstrates
the big potential of TCS measurements.

3.2 Rratio

An important observable in the phenomenology of TCS is
the R ratio, introduced in Ref. [18]:

2 3m/4 ds
2 f cos ¢ do / d)———
24 dQ2didedo

0
R = o 3n/4 4s ’ (19)
[ao [T a0
0 /4 dQ’*dtd¢do
where S is the weighted cross section [18]:
ds L0, d
L6, 9) o 0)

dQ?2didgdd ~ Lo®) dQ2didgdd’

:

Lo

103 102 101

3

Fig. 5 Ratio R defined in Eq. (19) evaluated with LO and NLO
spacelike-to-timelike relations for 0”2 = 4 GeV?, t = —0.35 GeV?
as a function of £. For the further description see the caption of Fig. 2

andwhere L = (g —k)-(g—k’)and Ly = L(t — 0, M*> —
0) = Q’*sin? 6 /4 with the notations of Eq. (17). This observ-
able is particularly interesting, as due to a different charge
conjugation properties of the lepton pair in the BH and TCS
processes, it projects out the interference term that is linear
in CFFs. Moreover, this observable has a special sensitiv-
ity to the real part of CFF T .#. Our prediction for the ratio
R as a function of & is shown in Fig. 5 for the values of
0 =4 GeV? and t = —0.35 GeV?. As noted in Ref. [20],
the model predictions with LO and NLO coefficient functions
(denoted in Fig. 5 by the dashed and solid lines, respectively)
differ by a large factor.!

3.3 Circular asymmetry

The circular polarization of photons can be generated in
bremsstrahlung of longitudinally polarized leptons. The
asymmetry probing various states of circular beam polar-
ization is interesting as it singles out specific elements of the
interference contribution to the cross section. This contribu-
tion reads [18]:

doNT
407 di d(cos0) d
i ot
dQ?dtd(cos0)dp  dQ?dtd(cosf)do
3 2
= Hem 1M ! Lo cos 1t cos76 +,COS i ReM ™
4rs? —t Q' 1 /1—=7 L sin @
3 2
1 M 1 L 1 0 ~
_y Sem LM 0 Lo OO
4rs? —t Q' 1 /1—17 L sin @
(21)

! There is an error in numerical estimates of the ratio R in Ref. [20],
where the BH contribution in the denominator was mistakenly multi-
plied by two.
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Fig. 6 Circular asymmetry Acy evaluated with LO and NLO
spacelike-to-timelike relations for Q" 2 — 4 GeV2, t = —0.1 GeV?
and E, = 10 GeV as a function of ¢. The cross sections used to evalu-
ate the asymmetry are integrated over 6 € (r/4, 37 /4). For the further
description see the caption of Fig. 2

with
A~/I__ 2./t — f
M +é&
|:F1<%”— TYe & —E(F +F2)<%0i| , (22)

where o, is the fine structure constant, s is the energy
squared calculated in the photon-proton CMS, and Fi, F>
are the elastic form factors. The circular polarization state
is given by v = =£1. Note, that in Eq. (21) the polarization
dependent and independent parts are simply related by an
exchange of sin ¢ <> cos ¢ and Im <> Re. Imaginary parts
of CFFs can be accessed through the asymmetry with respect
tov:
ocv=+1)—0oc(l=-1)

L D ——" @3)

The denominator of this asymmetry is dominated by the
square of BH amplitude, which is almost flat in ¢.

The prediction for Acy asymmetry as a function of ¢ is
presented in Fig. 6 for Q> = 4 GeV? and t = —0.1 GeV?
at LO and NLO. The magnitude of the asymmetry, i.e. its
value at ¢ = /2, is presented in Fig. 7 as a function of &.
In both plots the asymmetries evaluated from cross sections
integrated over 6 in the range (v /4, 37 /4) are shown.

3.4 Linear Polarization

Experimental techniques recently developed at JLab enable
the study of TCS with an intense beam of linearly polar-
ized photons. We have shown in Ref. [40] that observables
based on the angular distribution of the lepton pair project
out cross-section contributions associated with certain com-
bination of GPDs, and in particular are sensitive to poorly
known polarized GPDs H.

@ Springer
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Fig. 7 Circular asymmetry Acy evaluated with LO and NLO
spacelike-to-timelike relations for Q’2 = 4GeV? t = —0.1 GeV?
and ¢ = /2 as a function of &. The cross sections used to evaluate
the asymmetry are integrated over 0 € (7 /4,37 /4). For the further
description see the caption of Fig. 2

In the description of TCS with linearly polarized photons,
one needs to introduce an additional angle @, between the
polarization vector and the hadronic plane. The contribution
to interference cross section due to this polarization reads
[40]:

d linpol

OINT
dQ"?dtd(cos0)dpd b,
3 | /45| A
i () (o)
t —_
xRe [%Fl —gpfh it F+ Fz))} .24

where A | is the transverse momentum transfer on the proton
target. This contribution allows us to define the following
observable, which is sensitive only to the interference term
and provides us with information about CFF A

D2 [T de cos(e) f3”/4 sin 0dOd’ o
T d<I>h cos(2®p)2 [ de cos(3¢) [1] " sin0dodo

_2-3mke [%"Fl — s EFy — EA(F + Fg)] s
247 Re [%"Fl EF, + A (F) + Fz)]

o

We present LO and NLO data-driven predictions of that
observable in Fig. 8. It should be noted that the difference
between LO and NLO prediction uncertainties is smaller than
in previous cases, but these uncertainties are quite sizable
anyway, which makes their measurement particularly impor-
tant for the determination of GPD H.

3.5 Transverse target asymmetry

Finally, we present our new results for the transverse target
spin asymmetry. In the limit of vanishing transverse momen-
tum transfer, i.e. for t = #¢, the only part of the cross section
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Fig. 8 Ratio C defined in Eq. (25) evaluated with LO and NLO
spacelike-to-timelike relations for Q> = 4 GeV?2, & = 0.1 as a function
of . For the further description see the caption of Fig. 2

that depends on the transverse target spin polarization comes
from the interference term and it reads:

doiy
d Q"?d(cos 0)dedtdps
U M N
= _W@(FI+F2) sin @ sin gg& X (d[lm(%)
2 - ¢ -
- §2Im(g)] — %’[Im(%) + Wlm(é")]),
(26)
where
B 20%(Q?% —1)cos? 6
o =4(1+ TR ) @7
and
o [t=b+ 0% 1+b+ 07
‘@_z[t—b—g’z t+b—Q’2]' (28)

Here, b = 2(k — k') - (p — p’) and gy is the angle between
the leptonic plane and the nucleon spin direction. In the limit
of || < s, Q'%, this result simplifies to:

doy
dQ"%d(cos0)dpdtdys
3 2
a,, M 1 +cos“6 .
=— Fy + F)——— (29)
a2 g VTR g g sines &
[ PN S 7]
x Im| 2 — —&|.
1—¢2 e

The transverse spin asymmetry:

o (ps) —o(ps — 1)
o(ps)+olps—m)’

Ayr(ps) = (30)

at the point Q> = 4 GeV?, t = 1 and E, =10 GeV in pre-
sented in Fig. 9 as a function of ¢g. Model predictions based

S

0 ¥m n 1% 2n
¢glrad.]

Fig. 9 Transverse target spin asymmetry Ay evaluated with LO and
NLO spacelike-to-timelike relations for 07 = 4 GeV2,t = 1y and
E, =10 GeV as a function of ¢g. The cross sections used to evaluate
the asymmetry are integrated over 6 € (w/4,3m/4). For the further
description see the caption of Fig. 2

on the GK GPDs (with LO and NLO coefficient functions)
estimate the size of Ayr of the order of 15%. Data-driven
predictions allow for a sizeable asymmetry as well.

4 Summary

We presented the first multi-channel data-driven analysis of
exclusive processes relying on a global fit of CFFs. Among
impact studies of GPD-related channels, the present one is
also the first going beyond the LO approximation, providing
systematic comparisons of predictions obtained with coef-
ficient functions evaluated at LO or NLO. Our analysis is
characterized by a low model-dependency, as essentially it is
done at the level of DVCS and TCS amplitudes parameterized
with neural networks, and we only use spacelike-to-timelike
relations to connect those two reactions.

Our data-driven study of the timelike Compton scattering
process has demonstrated the crucial need of lepton pair pho-
toproduction data to access in a sensible way GPDs of the
nucleon. It also showed in a quantitative way why any extrac-
tion of GPDs based on a leading order analysis of DVCS
experimental data is very incomplete and then very model-
dependent. In particular, aiming at a reasonable understand-
ing of the Q2 dependence of the GPDs depends much on a
concomitant analysis of the DVCS and TCS reactions.

We did not discuss the important issue of the needed twist-
3 contributions to preserve QED gauge invariance, of the
finite-# and target mass corrections, nor their phenomeno-
logical consequences [41-45], but we acknowledge that these
required refinements will definitely be needed for a state of
the art extraction of CFFs and GPDs when much more data
will be available. Although we did not address explicitly the
neutron [26] or the light nucleus [46—49] target case where
the DVCS extraction of CFFs has not yet been performed

@ Springer
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through our ANN technique, we believe that the same con-
clusions apply as well to these cases.
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