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In this contribution we summarize recent investigations on the deeply virtual Compton Scattering (DVCS)
within the color dipole approach. The color dipole cross section is implemented through the phenomenological
saturation model. The role played by its QCD evolution and skewedness effects in the DVCS cross section
are discussed. The results are compared with the recent H1 and ZEUS Collaborations data. The skewing
factor, defined as the ratio of the imaginary parts of the amplitudes Im A(Y* p — v* p)/Im A(y* p — yp) can
be extracted from the data using recent DVCS and the inclusive inelastic cross section measurements at
DESY-HERA. We report on this experimental extraction and compare the results to the theoretical predictions

for NLO QCD and the color dipole approach.
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I. INTRODUCTION

The study of hard exclusive reactions in the Bjorken limit
is crucial to obtain information on parton dynamical corre-
lations in the nucleon.It is well known that the cross section
of hard scattering processes can be described as the convolu-
tion of parton distributions (PDFs) and the cross sections of
hard subprocesses computed at parton level using perturba-
tive QCD. The usual PDFs, obtained from inclusive exper-
imental data, is the diagonal element of an operator in the
Wilson operator product expansion (OPE). On the other hand,
there is a set of exclusive reactions which are described by the
off-diagonal elements of the density matrix, where the mo-
mentum, helicity or charge of the outgoing target are not the
same as those of the corresponding incident particle. Exam-
ples of such reactions are the virtual photon Compton scat-
tering (DVCS) (y*p — yp) and the vector meson electropro-
duction (y*p — Vp). In these cases, the difference with the
inclusive case is the longitudinal components of the incoming
and outgoing proton momentum, which depend on the photon
virtuality Q? and the y*p center of mass energy W. The recent
data from DESY ep collider HERA on exclusive diffractive
virtual Compton process [1-3] at large O becomes an impor-
tant source to study the partons, in particular gluon, inside the
proton for non-forward kinematics and its relation with the
forward one (see Fig. I). A considerable interest of the DVCS
process comes from the particular access it gives to these gen-
eralized parton distributions (GDP) through the interference
term with the Bethe-Heitler process. On the other hand, re-
cently the color dipole formalism has been provided a simul-
taneous description of photon induced process. The inclusive
deep inelastic reaction and the photon diffractive dissociation
has been successfully described and the study of other exclu-
sive process as DVCS is an important test of the color dipole
approach. In this contribution one summarizes the studies in
Refs. [4, 5], where one applies the successful saturation model
[6] to the DVCS process. The model interpolates between the
small and large dipole configurations and has its parameters
obtained from an adjust to small x HERA data. Moreover,

its QCD evolution has been recently computed [7], which im-
proves the high Q? data description. Moreover, we present the
recent results on the experimental extraction of the skewing
correction factor R [8], which it was performed by comput-
ing the ratio of the imaginary parts of the amplitudes for the
DIS and DVCS reactions. This knowledge enables us to gain
insight into the skewedness correction to the non-forward ob-
servables. In what follows, we present the main formulae for
DVCS process in the color dipole formalism, introducing the
phenomenological saturation model and its comparison with
experimental data. Finally, one presents the extraction of the
skewing factor from experimental results.
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FIG. 1: Amplitude level diagram for DVCS process.

II. DVCS IN THE COLOR DIPOLE PICTURE

Based on the color dipole framework, the DVCS process
can be seen as a succession in time of three factorisable sub-
processes: i) the photon fluctuates in a quark-antiquark pair,
ii) this color dipole interacts with the proton target, iii) the
quark pair annihilates in a real photon. As usual, the kinematic
variables are the c.m.s. energy squared s = Wyzp =(p+q)>
where p and g are the proton and the photon momenta re-
spectively, the photon virtuality squared Q> = —g? and the
Bjorken scale x = 9%/ (Wﬁ, + Q?). The DVCS imaginary part
of the amplitude at zero momentum transfer reads as,
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FIG. 2: (a) Comparison between the profile function W (r, Q%) as a function of the dipole size r for DVCS and inclusive DIS processes at
0% = 10 GeV?. (b) The ratio of the imaginary parts of the DIS and DVCS amplitudes as a function of 0 at W = 75 GeV.

where G4y (%, r?) is the dipole cross section, which depends

Q2+4m3»
(Wip+0?)
product of the photon wavefunctions (transverse polarization)
is given by,

on the scaling variable ¥ = and dipole size, r. The
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where 8%!2 =z(l—z) Qi2 + mJZC The quark mass, my, plays
the role of a regulator as Q> — 0. The relative contributions
from dipoles of different sizes can be analyzed with the weight
(profile) function,

1
W(r,0%) = /O derWi(z, r, 1) Wr (2, r, 03) Ouip (%, 17)

In the DIS process the contribution of large dipole config-
urations is observed to diminish in a sizable way as the virtu-
alities increase. However, as shown in Fig. (2-a), the DVCS
profile selects larger dipole sizes in contrast to the inclusive
DIS case, even at relatively large Q> (similar result has been
obtained in Ref.[9]). The calculation was performed using the
saturation model [6] for both three and four-flavor analysis.
The inclusion of the charm content gives a lower normaliza-
tion for the profile and by consequence for the total cross sec-
tion. The impact of the charm is smaller in the inclusive DIS
case than in DVCS process, confirming that DVCS is more
sensitive to the non-perturbative (soft) content of the scatter-
ing process. Moreover, in order to estimate the importance of
the skewing effect, we calculate the ratio between the imagi-
nary parts of the forward r = 0 amplitudes for DIS and DVCS,
R = ImDIS/ ImDVCS. As shown in Fig. (2-b) our result
presents values slightly above those from an aligned jet model
analysis in Ref. [10] and below those from the dipole analysis
in Ref. [9].

The final expression for the DVCS cross section is written
as,

[ImA(s, 0%t =0)]?
167h

where b is the ¢ slope parameter and comes from a simple ex-
ponential parameterization and 1, the ratio between the real to
imaginary part, is computed according to the dispersion rela-
tions (more details in Ref. [4]).

oY p—1yp) = (1+7m%), O

III. CROSS SECTION COMPARISON TO DATA

In what follows we present the results for the phenom-
enological saturation models and also its version considering
QCD evolution [7] (labeled BGBK), giving the dipole cross
section gluon dependent. In Fig. II (from H1 Coll. paper
[3]) one compares their prediction with the existing measure-
ment from H1 and ZEUS Collaborations [1-3]. The color di-
pole prediction from Donnachie-Dosh [11] is also presented
for the sake of comparison. For the color dipole models, we
take a fixed slope value » = 7 GeV~2 in Eq. (3). The average
experimental value is b ~ 6 GeV 2 [3]. The reason is to sin-
gle out the importance of Q*-evolution from BGBK without
introduce any additional background coming from the slope.
It should be noticed that both saturation models are equiv-
alent in the description of inclusive DIS data in the virtuality
range considered here. As the dependencies of B on Q% and W
are not well constrained from experimental measurements, the
normalization of the theoretical prediction is basically free.

Although there is a little difference of normalization be-
tween H1 and ZEUS measurements, which makes difficult to
set an overall B value for all measurements, the behavior on
0? and W (see Ref. [3]) is well reproduced. On the other
hand, for 0?40 GeV? our prediction still underestimates the
experimental data. This change of behavior in the Q% shape
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FIG. 3: The photon level DVCS cross section as a function of virtuality Q> at W = 75 GeV. Data are compared to the present prediction, with

and without (BGBK) QCD evolution (see text).

can indicate two situations: (a) the B slope would diminish
as increasing virtualities or; (b) some additional effect should
appear at higher Q%. In order to investigate the first hypoth-
esis, we compute cross section using a Q> dependent slope,
b(Q*) = 8[1 —0.151n(Q?/2)] GeV~2 (see Ref. [5] for de-
tails), in the range 2 < Q%> < 100 GeV?. This gives b ~ 8
GeV~2 at Q? ~ 2 GeV? going to b ~ 3.3 GeV 2 at 0% ~ 100
GeV?, which is consistent with rho meson electroproduction
results. Concerning the second hypothesis, we have investi-
gated two options: QCD evolution (using BGBK model) and
skewedness effects. For the skewedness corrections, the ra-
tio of off-forward to forward gluon distribution are are given

243 T (A+
explicitly by [12], R (Q?) = 2 NG r((x+421))

fective power on energy of the scattering amplitude. For our
purpose the amplitude is multiplied by R,, in order to estimate
the size of the skewedness effects.

where A is the ef-

To compare the Q> dependence, we normalize all models
to describe the ZEUS data point at the lowest Q° value. Fur-
ther, we plot the ratio of each model to our baseline model
SAT-MOD as a function of Q2. Such a procedure allows a Q>
dependence comparison independently of the normalization
effect. These ratios are shown in Fig. IV, where the points
(triangles-up) are the ratio of the ZEUS data to SAT-MOD
including the error bars for the statistical (inner) and sum in
quadrature of statistical and systematic (outer) uncertainties.

We verify that several models can account for the mea-
sured O dependence, which are not distinguishable with the
present experimental precision. If the change in normaliza-
tion is small for the inclusion of a Q2 dependence in b, the
effect is of the order of 12% for BGBK with respect to the ba-
sic SAT-MOD and of 40% for the skewedness effect (SKEW)
and still larger when the different effect are combined (60%
for BGBK+SKEW). Therefore, these issues show clearly the
importance of a precise measurement of the slope b. Such a
measurement would already allow to discriminate among the
different theoretical predictions with an amount of data com-
parable to the present ZEUS measurement.

IV. EXPERIMENTAL EXTRACTION OF SKEWING
FACTOR

Precision data are becoming available for hard scattering
processes whose description requires knowledge of these off-
diagonal (or skewed) parton distributions. The exclusive
diffractive DVCS process at large Q” provides a compara-
tively clean procedure for extracting information on the glu-
ons within the proton in a non-forward kinematic case. In
recent years the study of Deep Inelastic lepton-proton Scat-
tering (DIS) has produced detailed information of the proton
structure in terms of Parton Distribution Functions (PDFs).
The optical theorem states that the leading DIS process of a
single virtual photon exchange can be viewed as identical to
the forward elastic scattering of a virtual photon from the pro-
ton. This scattering, known as the forward Compton scattering
process, is the same as a DIS process with its mirrored reac-
tion and relates the total cross section G, (Y*p — X) with the
imaginary part of the forward amplitude ImA(Y*p — v*p).

The forward Compton scattering v*(¢) p(p) — v*(¢) p(p)
can be generahzed to the non forward case (at non-zero an-
gles): Y*(q — Y (g2) p(p2) with g2 # g and ps # p and
being experlmentally accesmble through the so called Deeply
Virtual Compton Scattering (DVCS) process, where a real
photon is observed in the final state. In analogy with DIS
which relates the imaginary part of the forward Compton am-
plitude and PDFs, in the DVCS process parton distributions
are also used to parameterize the non-perturbative part of the
interaction in the non-forward region. In this last case, the
distributions have to be calculated in terms of non-diagonal,
rather than diagonal, PDFs. They are commonly called Gen-
eralised Parton Distributions (GPDs). They reduce to the or-
dinary PDFs in the limit of zero skewedness, i.e., the forward
limit. The most promising approach for GPD parameteriza-
tions relies on setting them equal to the forward PDFs using a
forward model with suitably symmetrized input GPDs in the
ERBL region constructed in order to satisfy polynomiality for
the first two momenta [17]. These theoretical studies repro-
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FIG. 4: The ratio MODELS/SAT-MOD as a function of 02 (see text
for details).

duce satisfactorily the main features of DVCS data [3]. On
the other hand, a simple and intuitive high energy formalism
has recently been used to describe DVCS [4]. It is given by a
color dipole picture, which allows extending in the studies of
saturation physics at low virtualities of the incoming photon.
This is an advantage in comparison with the pQCD formal-
ism which is limited by the initial scale for QCD evolution
to the order of Qg 2 1 GeV. Additionally, the roles played by
QCD evolution and skewing effects have been recently shown
in the scope of this formalism. The off-diagonal effect has
been investigated through a simple phenomenological para-
meterization. The overall picture is in good agreement with
the experimental data [5].

Lets now address the question of the extraction of the skew-
ing correction using the available data on DIS and DVCS. This
can be performed by computing the ratio of the imaginary
parts of the amplitudes for these reactions. The skewing factor
R depends on the experimental measurements and therefore
possess a small degree of model dependence. We, therefore,
have the attractive possibility in determining its dependence
upon Q7 virtuality and upon W energy. This knowledge will
enable us to gain insight into the skewedness correction to the
non-forward observables. Lets define a basic quantity giving
an overall measurement of the skewing properties, which in-
cludes both the non-forward kinematics and the non-diagonal
effects. Namely, we set the ratio between the imaginary parts
of the DIS and DVCS (forward) scattering amplitudes at zero
momentum transfer:

ImA(y +p—>Y“+p)‘

ImA(Y +p—7y+p)

R

=0 4

t=0

where ¢ is the square of the four-momentum exchanged at the
proton vertex.

The scattering amplitude for the DIS process can be di-
rectly obtained from the DIS cross section and experimen-
tally measured at DESY-HERA, that is Im A(y"p — Y'p) ~

Magno V. T. Machado

Grot (Y p — X). In fact, the DIS amplitude can be written down
using the usual pQCD fits for the proton structure function,
ol? = (4m2a/ Q%) FY (x,0?). The DVCS scattering amplitude
can be obtained from the recent measurements on the Deeply
Virtual Compton Scattering cross section. In this case, the ¢
dependence of the amplitude can be assumed to be factorised
out and parameterized as an exponential, o exp(—b|¢t|), and
the total DVCS cross section can be related to the correspond-
ing amplitude at r = 0; as referred in Eq. (3). The typical
contribution of the real part of amplitude for the kinematic
window available at HERA is of the order of 20 %. In par-
ticular, to a good approximation, M can be calculated using
dispersion relations to M ~ tan(wA/2), where A = A(Q?) is the
effective power of the Bjorken x dependence of the imaginary
part of the amplitude. For an estimate of the real part contribu-
tion we use the effective power for the inclusive deep inelastic
reaction taken from Ref. [13].

Considering the calculation discussed above, we can
rewrite the skewing factor as a function of the total cross sec-
tions for DIS and DVCS. The factor reads as,

R S P—X) /(41 _VraFx0)V/(+n)
4/mbo(y p—\p) 0 bo(y' p— Yp)(s)

Main theoretical uncertainties come from the b slope and
from the estimate of the real part contribution. In our further
calculation, one uses the b value extracted from the recent
measurements of the #-dependence of DVCS data.

To extract the factor R factor, Eq. (5), we use recent DVCS
measurements at HERA [2, 3] and the DIS cross cross section
is obtained using the pQCD fits of the F; structure function
from Ref. [14]. The factor R is shown as a function of Q2
in Fig. 5-a and as a function of energy W in Fig. 5-b. The
inner error bars represent the statistical error. The full er-
ror bars is the quadrature sum of the statistical, systematic
and normalization (precision of the b measurement of H1) un-
certainties. A Q? dependence is observed, decreasing from
R~ 0.7 for Q> ~2 GeV? down to R ~ 0.3 for Q* ~ 85 GeV>.
Qualitatively, the data seem to be consistent with a depen-
dence like R o« 1/logQ@*. An almost flat W dependence is
observed within the present precision. This feature can be
easily understood by inspecting Eq. (5), since the W depen-
dence of both the DIS and DVCS cross section is power-like
having a proportional effective power. Namely, opig o< W2*
and Gpycs o< W**_The mean value R ~ 0.5 is consistent with
its early theoretical estimates using the aligned jet model [10]
and the color dipole saturation model [4].

Lets compare the results extracted from experimental data
to different theoretical predictions. First, we contrast them
with the perturbative QCD approach at NLO accuracy. This
prediction is dependent on the Generalised Parton Distribu-
tions (GPD), which have been parameterized in Ref. [17] and
applied to describe the recent DVCS data [15, 16]. The
second theoretical approach [4, 5] is given by the color di-
pole approach, where the basic building blocks are the photon
wavefunctions and the dipole cross section. The non-forward
kinematics is encoded by the wavefunctions whereas the off-
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FIG. 5: (a) The skewing factor R as a function of 0% at W = 82 GeV. The points correspond to the R extraction applied to DVCS measurements
of H1 (bullets) and ZEUS (triangles). The curves represent R extracted from Freund et al. prediction based on MRST 2001 and CTEQ6 PDFs.

(b)The skewing factor R as a function of W at 0% =8 GeV2.

diagonal effects can be built-in in the parameterizations for
the dipole-target cross section.

The DVCS cross section has been calculated at NLO in
perturbative QCD by Freund and McDermott [15, 16] using
two different GPD parameterizations [17]. The MRST2001
and CTEQ6 parameterizations of the PDFs are used in the
DGLAP region and polynomial form is used in the ERBL
region, ensuring a smooth continuation between the two
regions. Both the skewing (§) and the Q® dependence are
generated dynamically. The ¢ dependence is factorised out
and assumed to be e 2. In its original form, the approach
above used a Q*-dependent b slope. We have verified that the
recent data on DVCS [3] can be reasonably described using a
fixed b slope.

Applying the same method presented here (i.e. using the
same sz ) for the inclusive cross section, the values obtained
are shown as a function of Q? in Fig. 5-a and as a function of
W in Fig. 5-b. The value of b = 6.02 +0.35+0.39 GeV 2
measured by H1 [3] has been used in all predictions. The er-
ror on the b value is not applied to theoretical predictions as
it is already included in the total error of the data points. A
good agreement between these predictions and the data points
is found, describing well the absolute value of R and its kine-
matic dependences. The NLO calculation presents no W de-
pendence. The result normalization is strongly dependent on
the choice for the gluon distribution and the deviations seem
to be amplified at lower Q. Concerning the behavior on 02, it
seems that for Q7 values below ~ 4 GeV? the DGLAP evolu-
tion starting at Q(z) = 1 GeV? has too little phase space to fully
generate the gluon distributions (dotted part of the curves in
Fig. 5-a). The underestimation of R for virtualities below 4
GeV? may be due to a larger value for the DVCS cross section
calculated at NLO where the gluon distribution is underesti-
mated as an effect of the too small phase space for evolution.

In the color dipole approach, as referred before, the
imaginary part of the DIS (or DVCS) amplitude at r = 0 is
expressed in the simple way [4]. The non-forward kinematics
for DVCS is encoded in the color dipole approach through
the different weight coming from the photon wavefunctions

in Eq. (1). The off-diagonal effects, which affect the gluon
and quark distributions in the pQCD approaches, should
be included in the parameterization of the dipole cross
section. At the present stage of the development of the
color dipole formalism, we have no accurate theoretical
arguments on how to compute skewedness effects from first
principles. A consistent approach would be to compute
the scattering amplitude in the non-forward case, since
the non-forward photon wave function has been recently
obtained in Ref. [18]. In this case, the dipole cross section,
Gdip (xl,xg,r,Z), depends on the light cone momenta x;
and x, carried by the exchanged gluons, respectively, and
on the total transverse momentum transfer A. In this case,
additional information about the dependence upon A is
needed for the QCD Pomeron and proton impact factor. The
forward dipole cross section is recovered at x; = x, and A=0.

In Ref. [5] an estimate of the skewedness for the dipole
cross section has been performed using the approximation of
Ref. [12] where the ratios of off-diagonal to diagonal par-
ton distributions are computed. The ratio is larger for singlet
quarks than for gluons. In the color dipole picture, the DVCS
cross section is driven mainly by gluonic exchanges. In our
numerical computations, we use A = A(Q?) as obtained from
the DVCS scattering amplitude and the skewedness effect is
given by multiplying the original (without skewedness) total
cross section by the factor R;‘.:(Qz). A different implemen-
tation of the skewedness correction is to use the approxima-
tion X = 0.41xg;, which produces the same effects as for R,
at the presently covered kinematic range and precision of the
measurement. This different procedure is particularly suitable
for dipole cross sections which are parameterized by using a
gluon distribution, namely 6,;, < r’xg (x,c/r?).

Using this color dipole prediction (with DGLAP evolution
and off-diagonal skewing factor R,), one can again extract the
R factor, as shown as a function of Q7 in Fig. 6-a and as a
function of W in Fig. 6-b. A good agreement with points ex-
tracted from the data is found. The curve obtained without
applying the off-diagonal skewing factor R, is also presented,
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FIG. 6: (a) The skewing factor R as a function of Q% at W = 82 GeV. The curves represent the theoretical predictions of the color dipole
approach (see text) with (solid) and without (dashed) applying the off-diagonal skewing factor R,. (b) The skewing factor R as a function of

W at 0% = 8 GeV?

enabling one to isolate the two effects: the non-forward kine-
matic and the off-diagonal gluon distributions. Furthermore,
the off-diagonal effects contribute mostly for the overall nor-
malization of the skewing factor whereas the behavior on Q>
seems to be driven by the non-forward kinematic effect. This
prediction exhibits a moderate increasing of R with W which
is not present in the NLO prediction.

V. SUMMARY

We summarize the investigations on DVCS within the color
dipole approach. The color dipole cross section is imple-
mented through the phenomenological saturation model. The
role played by its QCD evolution and skewedness effects in
the DVCS cross section are discussed. The results are com-
pared with the recent H1 and ZEUS Collaborations data and
the description is in good agreement with the experimental
measurements. The skewing factor R, defined as the ration

of the imaginary parts of the DIS and DVCS amplitudes has
been extracted from experimental data for the first time. In its
determination one uses the recent DVCS and the inclusive in-
elastic cross section measurements at DESY-HERA. The main
theoretical uncertainties come from the b slope and from the
estimate for the real part contribution. One founds a Q? de-
pendence qualitatively consistent with the form R o< 1/log Q.
No W dependence is observed within the current precision.
The mean value R ~ (.5 is consistent with previous theoret-
ical estimates in the jet aligned model and color dipole pic-
ture. The extracted R is contrasted to theoretical predictions
of NLO QCD and color dipole approaches.
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