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Abstract. We show the role played by QCD evolution and skewedness effects in the DVCS cross section
at large Q2 within the color dipole description of the process at photon level. The dipole cross section is
given by the saturation model, which can be improved by DGLAP evolution at high photon virtualities.
We investigate both possibilities as well as the off-forward effect through a simple phenomenological
parameterization. The results are compared to the recent ZEUS DVCS data.

1 Introduction

An important clean process allowing us to access off-di-
agonal (skewed) parton distributions, which carry new
information on the nucleon’s dynamical degrees of free-
dom, is the deeply virtual Compton scattering (DVCS)
process [1-3]. This is due to the real photon in the final
state being an elementary (point-like) particle rather than
a bound state like a meson or more complicated config-
urations. The skewed parton distributions are generally
defined via the Fourier transform of matrix elements of
renormalized, non-local twist-two operators (for a peda-
gogical view, see [4,5]). These composite operators contain
only two elementary fields of the theory, which are placed at
different positions becoming then non-local and operating
in unequal momentum nucleon states.

Hence skewedness takes into account dynamical corre-
lations between partons with different momenta. The high
energy situation at HERA gives the important opportunity
to constrain them as well as to study the evolution with
virtuality of the resulting quark and gluon distributions.
There are several representations for skewed parton distri-
butions [6-10], which can be used to compute the relevant
observables in DVCS (or other exclusive processes) through
a factorization theorem [11]. They are input in numerical
solutions of the renormalization group or evolution equa-
tions (see e.g. [12]), producing very reliable predictions up
to NLO level [13]

On the other hand, the color dipole models have also
been successful in describing DVCS observables [14-16].
There, the main degrees of freedom are the color dipoles,
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which interact with the nucleon target via gluonic exchange.
This interaction is modeled through the dipole—nucleon
cross section, which can include QCD dynamical effects
given by DGLAP, BFKL or non-linear high energy evo-
lution equations (parton saturation). Skewedness effects
are not considered in the current dipole models, and this
is one of the goals of the present analysis, making use of
a simple phenomenological parameterization to estimate
them. Moreover, the QCD DGLAP evolution can be in-
troduced, which improves the data description in the large
Q? kinematic region accessible in the recent ZEUS DVCS
measurements [3].

This note is organized as follows. In the next section,
we recall the main formulas for the color dipole formal-
ism applied to DVCS. For the dipole cross section we have
considered the saturation model [17], which produces a
unified and intuitive description of DIS [17], diffractive
DIS [18], vector meson production [19], Drell-Yan [20, 21]
and DVCS [16]. In particular, the restriction to the trans-
verse part of the photon wave function, due to the real final
state photon in DVCS, enhances the contribution of larger
dipole configurations and therefore the sensitivity to soft
content and to the transition between hard/soft regimes.
Such a feature provides a particularly relevant test of sat-
uration models. Moreover, the approach includes all twist
resummation, in contrast to the leading twist approxima-
tions. In Sect. 3, we discuss the role played by the QCD
evolution and skewedness in the high virtuality kinematic
region. We also perform a systematic analysis in order to
investigate to what extent the distinct models improve the
data description. These issues have implications in the cor-
rect determination of the ¢ slope parameter B, whose value
has never been measured for DVCS. Finally, the last section
summarizes our main results.
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2 DVCS cross section in dipole picture

In the proton rest frame, the DVCS process can be seen
as a succession in time of three factorizable subprocesses:
(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. The usual
kinematic variables are the v*p CMS energy squared s =
W? = (p+q)?, where p and ¢ are the proton and the photon
momenta respectively, the photon virtuality squared Q% =
—g¢* and the Bjorken scale zg; = Q?/(W? + Q?).

The imaginary part of the DVCS amplitude at zero mo-
mentum transfer in the color dipole formalism is expressed
in the simple way [16],
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TmA(s,t = 0) = /dz/dQTH(z,r,Qz)adip(i‘,rQI,‘l)
0 0

_ baem
T o4m2

X Ze? {[>+ (1 —2)?] e1 Ki(e17) e Ki(e27)
!

+mfc K0(€1 ’I“) Ko(EQ ’I“)} s (2)

where H(’%”’a@%ﬁ) = w’;(za T, Q2 = Qz) WT(Zv r, Q% =
0), with ¥ being the light cone photon wave function
for transverse photons. Here, Q1 = @Q is the virtuality
of the incoming photon, whereas Q)5 is the virtuality of
the outgoing real photon. The longitudinal piece does not
contribute at Q3 = 0. The relative transverse separation
of the pair (dipole) is labeled by = and z, (1 — z), are the
longitudinal momentum fractions of the quark (antiquark).
The auxiliary variables €7 , = z(1—2) Q7 ,+m7 depend on
the quark mass, ms. The K ; are the McDonald functions
and summation is taken over the quark flavors.

Let us summarize the main features and expressions
from the saturation model, which will be used here to es-
timate the DVCS cross section. A previous analysis com-
pared to H1 data can be found in [16]. The saturation
model reproduces color transparency behavior, ogi, ~ 72,
for small dipoles, whereas it gives a constant behavior for
large ones. This is rendered by a dipole cross section having
an eikonal-like form,

oaip(E, 7?) = 0o [1 — exp (—W)] , (3)

A 4m?
gat(i):<%> GeV?, gz:xBj<1+ Q2f>, (4)

where the saturation scale Qsat(2) (energy dependent) de-
fines the onset of the saturation phenomenon and sets
the interface between soft/hard domains. The parame-
ters were obtained from a fit to the HERA data produc-
ing o9 = 23.03(29.12) mb, A = 0.288(0.277) and zp =
3.04-107%(0.41-107*) for a 3-flavor (4-flavor) analysis [17].
An additional parameter is the effective light quark mass,
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my = 0.14 GeV. For the 4-flavor analysis, the charm quark
mass is considered to be m, = 1.5 GeV.

The QCD evolution to the original saturation model
was implemented recently [22] (BGBK), where the dipole
cross section now depends on the gluon distribution in a
Glauber—Gribov inspired way,

odip (Z, r?)

o {1 - ( n2 as(pz)iG(i,uz)ﬂ 5

30‘0

where the energy scale is defined as p? = C/r? + ug. The
parameters are determined from a fit to the DIS data, with
the following initial condition for LO DGLAP evolution:
z Gz, 4% = 1GeV?) = Ay 279 (1—2)%5. The flavor num-
ber is taken to be equal to 3. The overall normalization
oo = 23.03mb is kept fixed (labeled fit 1 in [22]). The
DGLAP evolution improves the data description in the
large 2 regime and brings the model close to the theoret-
ical high energy non-linear QCD approaches.

Having a suitable model for the dipole cross section, as
in (3) or (5), we can use (1) and then compute the final
expression for the DVCS cross section:

1 [Zm A(s,0)]?

(VP =5 on (1+p%), (6)

where B is the ¢ slope parameter (the behavior in |¢] is
supposed to obey a simple exponential parameterization).

In our further calculations, the real part is included
via the usual estimate p = tan(n\/2), where A = \(Q?) is
the effective power of the imaginary part of the amplitude.
We have fitted it for 1 < @Q? < 100GeV? in the form
Aetr (Q2) = 0.240.0107 In*(Q?/2.48). It can be verified that
when it rises to ~ 0.3 at high virtualities the contribution
of the real part can reach 20% of the total cross section. In
the next section we compute the cross section above using
the two versions for the saturation model and contrast
them with the recent DVCS ZEUS data, which includes
data points with larger Q? values than the previous H1
data. Moreover, we present a simple way to introduce the
skewedness effects into the calculation.

3 Results and discussions

InFig. 1is shown the result for the saturation model, see (3),
confronted to the experimental data on DVCS of recent
ZEUS measurements as a function of the CMS energy, W,
(at fixed virtuality Q? = 9.6 GeV?). The parameters of the
4-flavor fit have been used, producing good agreement with
a fixed value for the slope, B = 4 GeV 2,

In Fig. 2a, we show the result of the saturation model
for the behavior with Q2 at fixed energy, W, = 89 GeV.
In order to illustrate the sensitivity on the slope value,
both values B = 4 GeV~2 (solid line) and B = 6.5 GeV 2
(dot-dashed line) are shown!. Although the statistical er-
rors are large, it seems that for Q2 > 40 GeV?, the model

! Tt is worth mentioning that a slope B = 6.5GeV ™2 (4-
flavor) was able to describe correctly the H1 experimental data
for Q2 < 40 GeV? [16].
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Fig. 1. The DVCS cross section as a function of CMS energy,

W, p. The curve is the result for the saturation model for fixed
slope B =4GeV~?

underestimates the experimental data. This can indicate
two things:

(a) the slope diminishes as the virtuality increases or,

(b) some additional effect appears at higher Q2.

In order to investigate the first hypothesis, we compute
the cross section using a @Q2-dependent slope, proposed
in [23]. That is, B(Q?) = By [l — 0.151n(Q?/2)] GeV~2
which is based on the diffractive electroproduction of p.
Such a slope dependence allows a good description of the Q?
dependence of the cross section up to the highest measured
values and gives a good normalization for By = 5 GeV 2.

In order to investigate whether a QCD evolution im-
proves the description, we show in Fig.2b the estimate
using the BGBK dipole cross section, (5) as a function of
Q? using fixed slope values. There is an effect in the overall
normalization and a slower decrease at large Q? in con-
trast with the model without QCD evolution reproducing
well the ZEUS measurement for all Q2. This suggests that
DGLAP evolution starts to be important for the large Q?
points measured by ZEUS. A comparison of the different
@? behavior independently of the normalization question
is presented at the end of this section.

Furthermore, we are motivated to investigate the im-
portance of the skewedness effects in the DVCS process
using the previous results. Here, we follow the approxi-
mation proposed in [24], where the ratio of off-forward to
forward parton distributions are obtained relying on simple
arguments. The behavior of those ratios are given explicitly
by [24],

22)\+3 I (/\ + g)
vi ' (A+3+p)’

Rqq (QQ) = (7)

where p = 0 for quarks and p = 1 for gluons, and where \
is the exponent of the 2= behavior of the input diagonal
parton distribution. It should be noticed that the skewed
effect is much larger for singlet quarks than gluons. In the
following, it will be assumed that the DVCS cross section
is lead by a two gluon exchange. In our further computa-
tions, we use A = \(Q?) as discussed in the previous section,
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and the skewedness effect is given by multiplying the to-
tal cross section by the factor R;(QQ). Once the effective

power increases as a function of Q2, the skewedness effects
could enhance the cross section by a factor two if values of
Aef =~ 0.4 are reached at larger virtualities. In Fig. 3a we
show the result using the saturation model (4-flavor) and
the skewedness correction; see (7). The same analysis is
shown for the BGBK model in Fig. 3b. The main effect is
to increase the overall normalization of the cross section by
about 40% and only slightly modify the large Q? behavior.
Again, this will be shown more clearly and independently
of the normalization at the end of this section.

For completeness, we have investigated two additional
versions of the implementation of the skewedness correction
factor. They are shown in Fig. 4 for fixed B = 4GeV 2.
First, we have imposed the skewedness correction only for
small dipoles by introducing Ry (Agsw = 0.277) in the ex-
ponent of (3) (dotted line). This is to prevent correction
to the non-perturbative (large dipoles) piece of the dipole
cross section. Further, we also test the rough approximation
Z = 0.41 zp; (dashed line), which comes from a simplified

hypothesis, oaip ~ Rg(A) (mBj)_’\. The conclusion is that
these two different implementations of the skewedness cor-
rection do not make sensible changes with respect to the
first skewedness correction neither in the normalization nor
in the Q2 dependence for the presently covered kinematic
range and precision of the measurement.

At this stage, some comments are probably needed.
The estimate for the skewedness taken into account above
is an approximation, as we currently have no accurate the-
oretical arguments how to compute it from first principles
within the color dipole formalism. A consistent approach
would be to compute the scattering amplitude in the non-
forward case (the non-forward photon wave function has
been recently obtained in [25]). In this case, the dipole
cross section, oqip (21, 2,7, A), depends on the light cone
momenta x; and xy carried by the exchanged gluons, re-
spectively, and on the total transverse momentum transfer
A (additional information on the behavior on A is needed
for the QCD pomeron and proton impact factor). The
forward dipole cross section is recovered at x; = x2 and
A = 0. In the future, an experimental constraint for the
non-forward dipole cross section should be feasible with
increasing statistics on DVCS and exclusive (diffractive)
vector meson production.

To close this section: as the slope parameter B has never
been measured for DVCS, we compare the different esti-
mates presented in a systematic way separately for the effect
on the Q? dependence and the effect on the overall normal-
ization. To compare the Q? dependences, we normalize all
models to describe the ZEUS data point at the lowest Q>
value, i.e. Q% = 7.5 GeV2. Further, we plot the ratio of each
model to our baseline model SAT-MOD as a function of
Q?. Such a procedure allows a Q? dependence comparison
independently of the normalization effect. These ratios are
shown in Fig. 5a, 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.
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Fig. 2. The DVCS cross section as a function of photon virtuality: a saturation model using B = 4 and 6.5 GeV 2 (solid and
dashed curves) and Q*-dependent slope (dot-dashed curve — see text). b Effect of the BGBK model (includes QCD evolution)

using B = 4 GeV ™2 (solid and dot-dashed curves)
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Fig. 3. The results for the a saturation model with (full) and without (dot-dashed) skewedness effect and b BGBK model,
with (dot-dashed) and without (full) skewedness effect for a fixed B = 4 GeV 2
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Fig. 4. Comparison among different approximations for the
skewedness correction (see text)

On the other hand, to compare the effect on the nor-
malization we show the slope value needed to describe the
lowest Q? value of the ZEUS data points By = B(Q? =
7.5GeV?). They are shown in Fig. 5b. For completeness,
we also present the measured slope values for vector meson
production at that virtuality, both for p° and J/¥ mesons
as indications of typical values for respectively light and
heavy mesons using the simple parameterization:

B = 0.60 (8)

1 +1
(@ +mp)"™ )
where My, is the meson mass.

From these comparisons, we conclude that several mod-
els can account for the measured Q? dependence (SAT-
MOD+B(Q?), SAT-MOD+SKEW and BGBK, as well as
combination of several of those effects) which are not dis-
tinguishable with the present experimental precision. The
difference between the models is much more pronounced
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Fig. 5. The ratio a MODELS/SAT-MOD as a function of Q? (models normalized to ZEUS data at Q* = 7.5 GeV?) and b slope
values of the models at Q2 = 7.5 GeV? and slopes of heavy and light vector mesons

in the prediction of the cross section value, or in other
terms, in the B value needed to describe the integrated
cross section over the available Q2 range. If the change in
normalization is small for the inclusion of a Q? dependence
in B, the effect is of the order of 12% for BGBK with re-
spect to the basic SAT-MOD and of 40% for the skewedness
effect (SKEW) and still larger when the different effect are
combined (60% for BGBK+SKEW).

In summary, these issues show clearly the importance
of a measurement of the ¢ slope parameter B.

4 Summary

It has been shown that the DVCS cross section at HERA
can be described by the simple picture rendered by the color
dipoles formalism. In particular, the saturation model does
an excellent job in the current experimental kinematic do-
main. To achieve a good description of the data up to the
highest @2, the original saturation model can be supple-
mented by a QCD evolution, an additional dependence of
B on Q? and skewedness effects. These effects modify in
a sensitive way the absolute cross section (10-60%). Mea-
surement of the ¢ slope parameter B would already allow
one to discriminate among the different theoretical predic-
tions with an amount of data comparable to the present
ZEUS measurement.
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