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Abstract

The cross-section for deeply virtual Compton scattering in the reactionep → eγp has been measured with the ZEUS detec
at HERA using integrated luminosities of 95.0 pb−1 of e+p and 16.7 pb−1 of e−p collisions. Differential cross-section
are presented as a function of the exchanged-photon virtuality,Q2, and the centre-of-mass energy,W , of theγ ∗p system in
the region 5< Q2 < 100 GeV2 and 40< W < 140 GeV. The measured cross-sections rise steeply with increasingW . The
measurements are compared to QCD-based calculations.
 2003 Elsevier B.V. All rights reserved.
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1. Introduction

This Letter reports cross-section measurements
the exclusive production of a real photon in diffracti
ep interactions,ep → eγp, as shown in Fig. 1(a). Thi
exclusive process, known as deeply virtual Comp
scattering (DVCS) [1–4], is calculable in perturb
tive QCD (pQCD), when the virtuality,Q2, of the ex-
changed photon is large.

The DVCS reaction can be regarded as the ela
scattering of the virtual photon off the proton via
colourless exchange. The pQCD calculations ass
that the exchange involves two partons, having dif
ent longitudinal and transverse momenta, in a colo
less configuration. These unequal momenta are a
sequence of the mass difference between the inc
ing virtual photon and the outgoing real photon. T
DVCS cross-section depends, therefore, on the g
eralised parton distributions (GPD) [4–7], which ca
information about the wave function of the proton. T
cross-section at sufficiently largeQ2 is expected to
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Fig. 1. (a) Deeply virtual Compton scattering (DVCS) diagra
(b) and (c) Bethe–Heitler (BH) process.

rise steeply with increasingW , the centre-of-mass en
ergy of the virtual photon–proton system, due to
fast rise of the parton densities in the proton towa
smallerx values, wherex is the Bjorken scaling vari
able.

The initial and final states of the DVCS process
identical to those of the purely electromagnetic Beth
Heitler (BH) process (Fig. 1(b), (c)). The interferen
between these two processes in principle provi
information about the real and imaginary parts
the QCD scattering amplitude [8–10]. However, it
expected to be small in the kinematic region studie
this Letter [8,9].

The simplicity of the final state and the absen
of complications due to hadronisation mean that
QCD predictions are more reliable than for many ot
exclusive final states. This reaction is one of the th
retically best-understood exclusive QCD processe
ep collisions. The first measurements of the DVC
process at highW [11,12] and its beam-spin asymm
try in polarisedep scattering at lowW [13,14] have
recently become available.

In the analysis presented here, the dependenc
the DVCS cross-section onW and Q2 is studied
in the kinematic range 5< Q2 < 100 Gev2 and
40<W < 140 Gev. The measurements are integra
overt , the square of the four-momentum transfer at
proton vertex. Thee+p cross-sections are based on
ten-fold increase in statistics over a previous HE
result [12], permitting a study of theW dependence o
the cross-section as well as a significant extensio
f

theQ2 range probed. This Letter also reports the fi
measurement of thee−p cross-sections.

2. Experimental set-up

The data were collected by the ZEUS detec
at HERA during the 1996–2000 running period
In 1996–1997, HERA collided 27.5 GeV positro
with 820 GeV protons. In 1998–2000, the prot
energy was increased to 920 GeV and both positr
and electrons were collided. The measurements
e+p (e−p) interactions48 are based on an integrate
luminosity of 95 pb−1 (17 pb−1).

A detailed description of the ZEUS detector c
be found elsewhere [15]. A brief outline of th
components that are most relevant for this analys
given below.

Charged particles are tracked in the central tra
ing detector (CTD) [16], which operates in a ma
netic field of 1.43 T provided by a thin superconduc
ing solenoid. The CTD consists of 72 cylindrical dr
chamber layers, organised in nine superlayers co
ing the polar-angle49 region 15◦ < θ < 164◦ (2.02>
η > −1.96). The transverse-momentum resolut
for full-length tracks isσ(pT )/pT = 0.0058pT ⊕
0.0065⊕ 0.0014/pT , with pT in GeV.

The high-resolution uranium-scintillator calorim
ter (CAL) [17] consists of three parts: the forwa
(FCAL, 1.1 < η < 3.8), the barrel (BCAL,−0.7 <

η < 1.1) and the rear (RCAL,−3.4 < η < −0.7)
calorimeters. Each part is subdivided transversely
towers and longitudinally into one electromagne
section (EMC) and either one (RCAL) or two (BCA
and FCAL) hadronic sections (HAC). The smalle
subdivision of the calorimeter is called a cell. In t
EMC section, the towers are divided transversely i
either four (FCAL and BCAL) or two (RCAL) cells

48 Hereafter, bothe+ ande− are referred to as electrons, unle
explicitly stated otherwise.

49 The ZEUS coordinate system is a right-handed Carte
system, with theZ-axis pointing in the proton beam directio
referred to as the “forward direction”, and theX-axis pointing
left towards the centre of HERA. The coordinate origin is at
nominal interaction point. The pseudorapidity is defined asη =
− ln(tanθ/2), where the polar angle,θ , is measured with respec
to the proton beam direction.
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The CAL energy resolutions, as measured under t
beam conditions, areσ(E)/E = 0.18/

√
E for elec-

trons andσ(E)/E = 0.35/
√
E for hadrons, withE

in GeV.
Presampler detectors [18] are mounted in fron

the CAL. They consist of scintillator tiles matching th
calorimeter towers and measure signals from part
showers created by interactions in the material ly
between the interaction point and the calorimeter
this analysis, only the information from the presamp
in front of the RCAL was used to correct the energy
the final-state particles.

The forward plug calorimeter (FPC) [19] is
lead-scintillator sandwich calorimeter with readout
wavelength-shifter fibres. It was installed in 1998
the 20× 20 cm2 beam hole of the FCAL and has
small hole of radius 3.15 cm in the centre to acco
modate the beam pipe. It extends the pseudorap
coverage of the forward calorimeter fromη < 4.0 to
η < 5.0. The FPC information was used to remo
low-mass proton-dissociative events from the analy

The hadron–electron separator (HES) [20] is
stalled in the RCAL and FCAL. It consists of 3×
3 cm2 silicon diodes placed at a longitudinal dep
of three radiation lengths, which corresponds to
approximate position of the maximum of the elect
magnetic shower in the CAL. The separation betw
electrons and hadrons is based on the fact that
hadronic interaction length is 20 times larger than
electromagnetic radiation length. In this analysis,
fine segmentation of the RHES was used to impr
the position resolution for both scattered electrons
photons.

The small-angle rear tracking detector (SRT
[21] is attached to the front face of the RCA
(Z = −148 cm). The SRTD consists of two plan
of scintillator strips read out via optical fibres a
photomultiplier tubes. It covers the region 68×68 cm2

in X andY with the exclusion of a 8× 20 cm2 hole at
the centre for the beam pipe. The SRTD provide
transverse-position resolution of 3 mm and was u
to measure the positions of photons and electr
scattered at small angles relative to the lepton be
direction.

The proton-remnant tagger (PRT1) [22] consi
of two layers of scintillation counters located atZ =
5.15 m, and covers the pseudorapidity range 4.3< η <

5.8. It was used, up to the end of the 1997 runn
period, to tag events in which the proton diffractive
dissociated.

The luminosity was determined from the rate of t
bremsstrahlung processep → eγp, where the high-
energy photon was measured with a lead-scintilla
calorimeter [23] located atZ = −107 m.

3. Event selection

For theQ2 range of this analysis,Q2 > 5 GeV2,
and smallt , the signature of DVCS and BH even
consists of a photon and a scattered electron w
balanced transverse momenta. The scattered pr
stays in the beam pipe and remains undetected.

The events were selected online via a three-le
trigger system [15,24]. The trigger selected eve
with two isolated electromagnetic (EM) clusters
the EMC with energy greater than 2 GeV. The eve
were selected offline by requiring two EM clusters,
first in the RCAL with energyE1 > 15 GeV and the
second, with polar angle 0.6< θ2 < 2.75 rad (1.2>
η2 > −1.6), either in the RCAL, with energyE2 >

3 GeV, or in the BCAL, with energyE2 > 2.5 GeV.
The angular range of the second cluster correspo
to the region of high efficiency for reconstruction
a track in the CTD. If a track was found, it wa
required to match one of the EM clusters. Eve
with more than one track were rejected. To ens
full containment of the electromagnetic showers in
CAL, events in which one of the clusters was loca
within 3 cm of the beam hole were rejected.

The selection 40< E − pZ < 70 GeV was im-
posed, whereE is the total energy andpZ the sum
of E cosθ over the whole CAL. This requirement r
jects photoproduction events and events in whic
hard photon is radiated from the incoming electron

After these cuts, when the two EM clusters a
ordered in energy such thatE1 > E2, the kinematics
ensureη1 < η2. In the following, the two clusters wil
be denoted as EM1 and EM2, respectively.

For the 1996–1997 (1998–2000) running peri
calorimeter cells not associated with the two elec
magnetic clusters were required to have energy
than: 150 (200) MeV in the FEMC and 200 (300) Me
in the FHAC; 200 (350) MeV in the BEMC an
250 (350) MeV in the BHAC; 150 (150) MeV in
the REMC and 300 (300) MeV in the RHAC. The
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thresholds were set to be three standard deviat
above the noise level of the CAL. Moreover, for t
1998–2000 data sample, the energy measured in
FPC was required to be less than 1 GeV. These ela
ity requirements reject most events in which the pro
dissociates into a hadronic system,X.

The events were subdivided into three sample
first in which there was no track associated with
EM2 cluster (γ sample), a second in which the tra
associated with EM2 had the same charge as the b
electron (e sample) and finally a third in which th
track associated with EM2 had the opposite cha
to that of the beam electron (wrong-sign-e sample).
These samples are interpreted as:

• γ sample: EM2, with no track pointing to it, i
the photon candidate and EM1 is the scatter
electron candidate. Both BH and DVCS proces
contribute to this topology. The sample consis
of 3945 events.

• e sample: EM2, with the right-charge track poin
ing to it, is the scattered-electron candidate a
EM1 is the photon candidate. This sample is do
inated by the BH process. The contribution fro
DVCS is predicted to be negligible, due to t
largeQ2 required for a large electron scatteri
angle. This sample contained 7059 events.

• wrong-sign-e sample: EM2, with the wrong-cha
ge-sign track pointing to it, may have originat
from ane+e− final state accompanying the sca
tered electron, where one of the right-sign el
trons escaped detection. This background s
ple is due to non-resonante+e− production and
to J/ψ production and subsequent decay. Ot
sources are negligible, as will be discussed la
This sample consisted of 287 events.

The wrong-sign-e sample was used to statistical
subtract the background contributions to thee sample
in each kinematic bin. The background-subtractee
sample was then used to investigate the BH contr
tion to theγ sample.

For the purposes of this analysis, the values ofQ2

andW were determined for each event, independe
of its topology, under the assumption that the EM
cluster is the scattered electron. This assumption i
ways valid for DVCS events for theQ2 range consid-
ered here. The value ofQ2 was calculated using th
electron method [25], whileW was determined usin
the double-angle method [25]. No explicit cut ont was
applied in the event selection. Events for which 40<

W < 140 GeV and 5<Q2 < 100 GeV2 were retained

4. Monte Carlo simulations

The acceptance and the detector response
determined using Monte Carlo (MC) simulations. T
detector was simulated in detail using a program ba
on GEANT 3.13 [26]. All of the simulated even
were processed through the same reconstruction
analysis chain as the data.

A MC generator, GenDVCS [27] based on a mo
by Frankfurt, Freund and Strikman (FFS) [4], w
used to simulate the elastic DVCS process. In the F
calculation, the DVCS cross-section, integrated o
the angle between thee and p scattering planes, i
related to the inclusive structure-functionF2 through

d3σ
ep→eγp

DVCS

dx dQ2 dt
= π2α3

2xR2Q6

[
1+ (1− y)2

]
e−b|t |

× F 2
2

(
x,Q2)(1+ ρ2),

where x � Q2/(Q2 + W2) is the Bjorken scaling
variable,b is the exponential slope of thet depen-
dence andy is the fraction of the electron energ
transferred to the proton in its rest frame. The ra
R = ImA(γ ∗p → γ ∗p)|t=0/ ImA(γ ∗p → γp)|t=0
accounts for the non-forward character of the DV
process and is directly related to a ratio of the G
to the parton distribution functions [28] andρ is the
ratio of the real to imaginary part of the amplitud
ρ = ReA(γ ∗p → γp)|t=0/ ImA(γ ∗p → γp)|t=0.

The value ofR, calculated using the leading-ord
(LO) QCD evolution of the GPD, is about 0.55, wi
little dependence onx orQ2 [4]. For simplicity, theR
parameter in the MC generator was set to a cons
value ofR = 0.55.

In GenDVCS, the ALLM97 [29] parameterisatio
of the F2 structure function of the proton was us
as input. In this empirical fit toγ ∗p total-cross-
section data, the value ofρ was parameterised a
ρ = (π/2)(0.176 + 0.033 lnQ2), where Q2 is in
GeV2 [27].

In the FFS model, thet dependence is assumed
factorise, with the slope parameter,b, depending on
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bothW andQ2. The value ofb is expected to decreas
with Q2 and, even at highQ2 and at very smallx, is
expected to increase withW . While this dependenc
is important for the normalisation of the calculat
DVCS cross-section, it does not affect the accepta
corrections. In the MC simulationb was assumed t
be constant and was set to 4.5 GeV−2.

For proper treatment of radiative effects, the Gen
VCS generator was interfaced to HERACLES 4
[30], which includes corrections for initial- and fina
state photon emission from the electron line, as w
as vertex and propagator corrections.

The elastic and inelastic BH processes,ep → eγp

and ep → eγX, and the QED dilepton production
ep → ee+e−p, were simulated using the GRAPE
Compton50 [31] and GRAPE-Dilepton [31] genera
tors, respectively. These two MC programs are ba
on the automatic system GRACE [32] for calculati
Feynman diagrams. The GRAPE generator gave id
tical results to the Compton 2.0 [33] generator for
elastic BH process. The GRAPE program was u
because it simulates the hadronic final state for the
elastic BH process.

Additional samples were generated using the
fractive RAPGAP [34] and non-diffractive DJAN
GOH [35] generators in order to study possible ba
grounds from low-multiplicity DIS events. A possib
contribution from vector-meson electroproductionw
simulated by the ZEUSVM [36] MC generator inte
faced to HERACLES.

5. DVCS-signal extraction

In the kinematic region of this analysis the interfe
ence between the DVCS and BH amplitudes is v
small when the cross-section is integrated over the
gle between thee andp scattering planes [8,9]. Thu
the cross-section for exclusive production of real p
tons may be treated as a simple sum over the c
tributions from the DVCS and electromagnetic B
processes. The latter can, therefore, be subtracted
the DVCS cross-section determined.

50 Hereafter, the GRAPE-Compton generator is referred
GRAPE.
d

The BH process was studied using thee sample
which, according to the MC predictions, consists
most solely of BH candidates. A background con
bution to the BH events in this sample of about 4
originating from deep inelastic exclusivee+e− pro-
duction, where one of three final-state leptons esca
detection, was estimated from the wrong-sign-e sam-
ple and MC simulations, and was statistically su
tracted. According to the MC simulations, 75% of th
background consists of non-resonant dilepton prod
tion and 25% of exclusiveJ/ψ production with sub-
sequente+e− decay. The normalisation of the M
samples was determined from the wrong-sign-e sam-
ple. The diffractive electroproduction ofρ, ω andφ
mesons, in which one of the decay charged pa
cles was misidentified as an electron in the CAL,
other was undetected, and the electron scattered
the RCAL was taken to be the photon, was negl
ble.

The expectation for the inelastic BH contributio
to the e sample is subject to uncertainties comi
from the dependence of the selection efficiency
the mass of the hadronic final-state system,X. This
inelastic contribution was estimated from the d
as (17.8 ± 1.2)%, for the 1996–1997 data samp
using the fraction of events tagged in the PR
and (10.5 ± 1.0)%, for the 1998–2000 data samp
using events with more than 1 GeV of energy
the FPC, obtained releasing the elasticity cut. T
uncertainties are statistical. No attempt was mad
quantify the systematic uncertainty since there is li
sensitivity to the cross-section. The difference in
measured fraction of proton-dissociative events is
to differences in the detector configuration betwe
the two running periods.

After the subtraction of the dilepton andJ/ψ
backgrounds, for the 1996–1997 (1999–2000)e+p
samples, the number of remaining BH events
the e sample was 2523 (3289), while the expec
number from the GRAPE simulation was 2601 (335
The absolute expectation of the GRAPE simulat
reproduced the number of BH data events to wit
(3±5)% for 1996–1997 and(2±4)% for 1999–2000
where uncertainties include the statistical uncerta
as well as the uncertainties due to the trigger efficie
and the estimation of the inelastic BH contribution.

For further analysis, the GRAPE MC sample w
normalised to the BH events in the data. The comp
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Fig. 2. Comparison of theW and the#φ12 distributions for the data
from 1999–2000e+p running period and corresponding MC sam
ples as described in the figure; (a) and (b)e sample compared to th
sum of the BH, dilepton andJ/ψ MC simulations, with the sum o
the latter two also shown separately; (c) and (d)γ sample compared
to the expectation of the BH MC simulation, normalised to the d
in the e sample after background subtraction; (e) and (f)γ sample
after subtracting the BH expectation compared to GenDVCS, w
the absolute normalisation of the latter is increased by 17.5% to
count for the proton-dissociative component in the DVCS data.

son between thee sample and the sum of the GRAP
BH, dilepton andJ/ψ MC samples for the 1999–200
e+p running period is shown in Fig. 2(a) versusW and
in Fig. 2(b) versus the difference in azimuthal ang
of the EM1 and the EM2,#φ12. Good agreement i
observed.

The properties of theγ sample were then compare
to the expectations of the normalised GRAPE M
sample. As an example, the comparison of theW and
#φ12 distributions for the 1999–2000e+p running
period is shown in Fig. 2(c) and (d), respective
An excess of events over the expectations of
GRAPE simulation is observed. Moreover, the d
distributions differ from those expected for the B
process. TheW distribution of the BH sample peak
at largeW , while that of the data is more even
distributed. The#φ12 distribution of the BH sample
is also narrower than that of the data.

TheW and the#φ12 distributions of the data, af
ter subtracting the BH contribution using the ren
malised GRAPE MC sample, are shown in Fig. 2
and (f), respectively. This sample includes events
which the proton dissociated into a hadronic final st
with low mass.

The previous ZEUS measurements of elastic ve
meson production [37,38] support, within relative
large uncertainties, the assumption that the fractio
proton dissociative events,fp-diss, in diffractive inter-
action is process independent. Therefore, in this an
sis, the valuesfp-diss determined from the measur
ments of the diffractiveJ/ψ photoproduction [38] are
used

fp-diss= 22.0± 2.0(stat)± 2.0(syst)%

for the 1996–1997 data,

fp-diss= 17.5± 1.3(stat)+3.7
−3.2(syst)%

for the 1998–2000 data.

The above fractions are consistent, within large un
tainties, with those estimated using the events in
γ sample either tagged by the PRT1 or the FPC, a
subtracting the inelastic BH contributions.

Other possible sources of contamination were
vestigated. Due to the relatively highQ2 of the presen
data set, the contamination from production of lig
vector mesons, such asω orφ, decaying through chan
nels containing photons in the final state is below
and was neglected. A possible contribution to theγ

sample from low-multiplicity processes such asep →
eπ0p, ep → eπ0π0p, and ep → eπ0ηp, where the
π0 or η fakes a photon signal, was also investigat
The number of candidate events found in the RAPG
and DJANGOH samples was reweighted to reflect
cross-sections obtained by extrapolating low-W mea-
surements [39,40]. Their contribution to the DVC
sample is negligible.

The data are compared to the absolute expecta
of GenDVCS in Fig. 2(e) and (f). The best agreem
in normalisation between the data and the MC sim
lation is achieved when the normalisation of the la
is decreased by 10%. This was obtained by increa
the value ofb from 4.5 to 4.9 GeV−2 (see Section 4)
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Overall, good agreement between the data and the
simulation is found, demonstrating that the exces
photon candidates over the expectation of BH is
to DVCS.

6. Cross-section determination

The γ ∗p cross-section for the DVCS process
a function of W and Q2 was evaluated using th
expression

σ(γ ∗p → γp)
(
Wi,Q

2
i

)

= (Nobs
i −NBH

i )(1− fp-diss)

NMC
i

× σFFS(γ ∗p → γp)
(
Wi,Q

2
i

)
,

whereNobs
i is the total number of data events in theγ

sample in bini in W andQ2,NBH
i denotes the numbe

of BH events in theγ sample in that bin, determine
from the renormalised GRAPE sample, andNMC

i is
the number of events expected in theγ sample from
GenDVCS for the luminosity of the data. The fact
fp-diss is the fraction of the proton-dissociative DVC
events in the data,σFFS(γ ∗p → γp) is theγ ∗p cross-
section computed according to the FFS express
andWi andQ2

i are the values ofW andQ2 where
the cross-section is evaluated.

Theγ ∗p cross-sections have been computed in
ranges 5<Q2 < 100 GeV2 and 40<W < 140 GeV,
separately for the 1996–1997, 1998–1999 and 19
2000 data periods and then combined for the posi
samples (1996–1997 and 1999–2000). Tables 1–3
theγ ∗p → γp cross-section values.

7. Systematic uncertainties

The systematic uncertainties of the measured cr
sections were determined by changing the selec
cuts or the analysis procedure in turn and repea
the extraction of the cross-sections. The follow
systematic studies have been carried out:

• all the selection cuts discussed in Section 3 w
shifted according to the resolutions of the cor
sponding variables. The most significant contrib
tions came from varying the lowerQ2 cut. The
average change in the cross-section due to this
was±2%. The largest change in the cross-sect
±10%, was found in the highest-W bin, while it
was±4% in the lowest-Q2 bin;

• the elasticity cut was changed by±30 MeV in
the EMC and±50 MeV in the HAC. The averag
change in the cross-section was±2% in all bins
of Q2 and W , while the largest change in th
cross-section, observed when the cut was lowe
was−4% in the lowest-W bins and−4% in the
lowest-Q2 bin;

• the trigger efficiency was varied within its stati
tical uncertainty. This resulted in average chan
of the cross-section of about±2%. The bigges
variation of the cross-section of±3% was ob-
tre
ical
Table 1
Values of the cross-sections for theγ ∗p → γp DVCS process as a function ofQ2 for thee+p ande−p data. Values are quoted at the cen
of eachQ2 bin and for the averageW value of the whole sample,W = 89 GeV, obtained from GenDVCS. The first uncertainty is statist
and the second systematic. The systematic uncertainty due to the luminosity determination is not included

Q2 range (GeV2) Q2 (GeV2) σγ
∗p→γp (nb)

e+p e−p
5–10 7.5 5.42± 0.33+0.29

−0.34 5.63± 0.77+0.30
−0.33

10–15 12.5 2.64± 0.22+0.11
−0.13 2.20± 0.52+0.13

−0.13

15–25 20 1.23± 0.14+0.05
−0.07 0.96± 0.31+0.10

−0.06

25–40 32.5 0.59± 0.12+0.04
−0.04 0.61± 0.28+0.06

−0.05

40–70 55 0.20± 0.08+0.03
−0.02 –

70–100 85 0.16± 0.09+0.02
−0.03 –
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Table 2
Values of the cross-sections for theγ ∗p → γp DVCS process as a function ofW for the e+p ande−p data. Values are quoted at the cen
of eachW bin and for the averageQ2 value of the whole sample,Q2 = 9.6 GeV2, obtained from GenDVCS. The first uncertainty is statisti
and the second systematic. The systematic uncertainty due to the luminosity determination is not included

W range (GeV) W (GeV) σγ
∗p→γp (nb) W range (GeV) W (GeV) σγ

∗p→γp (nb)
e+p e+p e+p e−p e−p e−p
40–50 45 2.19± 0.24+0.11

−0.14

50–60 55 2.96± 0.28+0.13
−0.18

60–70 65 3.62± 0.36+0.18
−0.23 40–73 56.7 2.94± 0.39+0.16

−0.13

70–80 75 3.88± 0.42+0.18
−0.26

80–90 85 3.59± 0.45+0.18
−0.25

90–100 95 3.29± 0.55+0.21
−0.20 73–107 90 4.06± 0.69+0.35

−0.25

100–110 105 6.24± 0.77+0.31
−0.49

110–120 115 4.86± 0.76+0.39
−0.44

120–130 125 4.69± 0.82+0.32
−0.36 107–140 123.3 3.8± 1.1+0.3

−0.4

130–140 135 5.55± 0.99+0.91
−0.30

Table 3
Values of the cross-sections for theγ ∗p → γp DVCS process as a function ofW for the e+p data in threeQ2 ranges. Values are quoted
the centre of eachW bin and for the averageQ2 values obtained from GenDVCS. The first uncertainty is statistical and the second syste
The systematic uncertainty due to the luminosity determination is not included

W range (GeV) W (GeV) σγ
∗p→γp (nb)

5<Q2 < 8 GeV2 8<Q2 < 13 GeV2 13<Q2 < 30 GeV2

Q2 = 6.2 GeV2 Q2 = 9.9 GeV2 Q2 = 18.0 GeV2

40–65 52.5 5.63± 0.58+0.40
−0.35 2.52± 0.26+0.09

−0.18 0.99± 0.13+0.05
−0.10

65–90 77.5 6.57± 0.91+0.47
−0.81 3.12± 0.39+0.21

−0.17 1.34± 0.17+0.05
−0.09

90–115 102.5 9.5± 1.5+0.8
−1.4 3.94± 0.61+0.32

−0.30 1.91± 0.30+0.12
−0.12

115–140 127.5 7.6± 1.6+1.5
−0.6 5.83± 0.89+0.49

−0.48 1.64± 0.47+0.13
−0.15
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served in the lowest-Q2 bin and in the two
highest-W bins;

• the electromagnetic energy scale was varied wi
its uncertainty of 1.5% for the EM2 (low energy
and of 1% for the EM1 (high energy), resultin
in a ±3% average change of the cross-section
bothQ2 andW . The largest change was±3% for
the lowest-Q2 bins and±5% for the highest-W
bin;

• in GenDVCS, theQ2 dependence was mod
fied by introducing aQ2-dependentt slope us-
ing the formulab = 8(1− 0.15 ln(Q2/2)) GeV−2

(see Section 9). The average change in the cr
section was±1%, with the largest variation o
±3% in the highest-Q2 bin.
The uncertainty on the proton-dissociative con
bution,fp-diss, leads to an overall normalisation unce
tainty of±4.0% and±3.5% for thee−p ande+p data,
respectively.

The systematic uncertainties typically are sm
compared to the statistical uncertainties. The in
vidual systematic uncertainties, including that due
fp-diss, were added in quadrature separately for
positive and negative deviations from the nomi
cross-section values to obtain the total systematic
certainties listed in Tables 1–3. An overall norma
sation uncertainty in the luminosity determination
±1.8% and±2.0% for thee−p ande+p data, respec
tively, was not included because it was small with
spect to the above contributions.
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8. Results

The W dependence of the DVCS cross-secti
σDVCS = σ(γ ∗p → γp), forQ2 = 9.6 GeV2 is shown
in Fig. 3, separately fore+p and e−p interactions.
Due to the limited statistics, thee− sample is only
shown in threeW bins. There is agreement betwe
the two samples.

A fit of the formσDVCS ∝ Wδ was performed sep
arately for the positron and electron data. For
e+p data, the valueδ = 0.75± 0.15(stat)+0.08

−0.06(syst)
is comparable to that determined forJ/ψ electropro-
duction [38]. This steep rise in the cross-section
a strong indication of the presence of a hard und
lying process. The same fit to thee−p data yields
δ = 0.45± 0.36(stat)+0.08

−0.07(syst), which is compatible
with thee+p result.

The positron sample has been further subdivi
into threeQ2 ranges. TheW dependence ofσDVCS
in these threeQ2 bins is presented in Fig. 4. Th
results are compatible with no dependence ofδ onQ2

although also with the increase withQ2 observed in
exclusive production of light vector mesons [37,41]

The Q2 dependence ofσDVCS, for W = 89 GeV,
is shown in Fig. 5(a), again separately fore+p
and e−p interactions. There is no significant cros
section difference between thee+ ande− data, which

Fig. 3. The DVCS cross-section,σ(γ ∗p → γp), as a function of
W for an averageQ2 = 9.6 GeV2, separately fore+p data (dots)
ande−p data (triangles). The solid line is the result of a fit of t
form σDVCS ∝ Wδ to the positron data. The error bars denote
statistical uncertainty (inner) and the quadratic sum of the statis
and the systematic uncertainties (outer).
Fig. 4. The DVCS cross-section,σ(γ ∗p → γp), as a function of
W for threeQ2 values fore+p data as denoted in the figure. Th
corresponding ranges inQ2 are listed in Table 3. The solid line i
the result of a fit of the formσDVCS ∝Wδ . The values ofδ and their
statistical uncertainties are given in the figure. The last data poin
Q2 = 9.9 GeV2 is displaced horizontally for ease of visibility. Th
error bars denote the statistical uncertainty (inner) and the quad
sum of the statistical and the systematic uncertainties (outer).

Fig. 5. (a) The DVCS cross-section,σ(γ ∗p → γp), as a function
of Q2 for W = 89 GeV, separately fore+p data (dots) ande−p
data (triangles). The solid line is the result of a fit of the fo
σDVCS ∝ Q−2n to the positron data. Thee−p data points are
displaced horizontally for ease of visibility; (b)σ(γ ∗p → γp) as a
function ofQ2 compared to the GPD-based theoretical predicti
of FFS and FMS, where MRSTL(M) indicates the LO (NLO
parameterisation of PDF. The MRSTM expectations are also sh
for theQ2-dependentb values described in the text. The error ba
denote the statistical uncertainty (inner) and the quadratic su
the statistical and the systematic uncertainties (outer).
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is consistent with the assumption that the pres
measurement is insensitive to the interference term

A fit of the formQ−2n to thee+p data gives a value
of n = 1.54 ± 0.07(stat) ± 0.06(syst). This value is
lower thann � 2 which is characteristic of exclusiv
vector-meson production [37,42]. The fit to thee−p
data givesn= 1.69± 0.21(stat)+0.09

−0.06(syst).

9. Comparison with models

In the presence of a hard scale (Q2 � )2
QCD),

the DVCS amplitude factorises into a hard-scatter
coefficient, calculable in pQCD, and a soft part wh
can be absorbed in the GPD [3]. The kernels of
evolution equations for the GPD are known to ne
to-leading order (NLO) [43,44] and the GPD can th
be evaluated at allQ2 given an input at some startin
scale. Measurements of the DVCS cross-section
an essential ingredient in modelling the input GP
[28,44].

Freund, McDermott and Strikman (FMS) [28] ha
made an attempt to model the GPD based on DV
data [12–14]. A comparison ofσDVCS as a function
of Q2 for fixed W with the predictions based o
the MRST parameterisation of the parton distrib
tion functions (PDF) [45,46] is shown in Fig. 5(b
Three FMS curves are shown. Two curves show
results of modelling based on LO (MRSTL) and NL
(MRSTM) parton distribution functions. The latte
leads to predictions closer to the data. In this co
parison, a fixed value of thet slope,b = 4.9 GeV−2,
was assumed. The third curve, shown in the figu
corresponds to predictions based on MRSTM, ass
ing aQ2-dependentb value. The best agreement b
tween the data and the predictions is achieved u
b = 8(1 − 0.15 ln(Q2/2)) GeV−2, a parameterisatio
obtained by Freund, McDermott and Strikman [2
from a fit to a preliminary version of the present da
Similar conclusions are reached when the CTEQ6
rameterisations [47–49] are used (not shown).

The data are also compared to the expectation
FFS (see Section 4), again assumingb = 4.9 GeV−2.
For Q2 > 20 GeV2, the e+p data lie significantly
above the prediction.

The DVCS cross-section has also been calcula
within colour-dipole models [50–54], which have be
successful in describing both the inclusive and the
fractive DIS cross-sections at high energy [55–6
The various dipole models differ in their formulatio
of the dipole cross-section with the target proton
s-channel helicity is conserved in DVCS, the virtu
photon must be transversely polarised. As the w
function of the transversely-polarised photon can
lect large dipole sizes, whose interactions are pred
inantly soft, DVCS constitutes a good probe of t
transition between perturbative and non-perturba
regimes of QCD. TheQ2 dependence ofσDVCS has
been compared to the expectations of three calc
tions based on colour-dipole models, by Donnac
. The
espond to
Fig. 6. The DVCS cross-section,σ(γ ∗p → γp), as a function ofQ2, as also shown in Fig. 5, for the ZEUS (dots) and H1 (squares) data
data are compared to the theoretical predictions of the DD, FKS and MFGS models of colour-dipole interactions. The curves corr
fixed b values,b = 4 GeV−2 (upper) andb = 7 GeV−2 (lower).
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and Dosch (DD) [60], Forshaw, Kerley and Sha
(FKS) [57,61,62] and McDermott, Frankfurt, Guz
and Strikman (MFGS) [59,62]. The comparisons
shown in Fig. 6, where the model expectations are
resented by curves corresponding to a fixed valu
b = 4 GeV−2 (upper) andb = 7 GeV−2 (lower), cho-
sen for illustration. All three predictions give a reaso
able representation of the data. The H1 measurem
[12] are also shown, extrapolated to theW value of
the ZEUS data using theWδ dependence of the cros
section measured in this analysis for thee+p data. The
H1 data lie systematically below the ZEUS data.

10. Conclusions

The DVCS cross-sectionσ(γ ∗p → γp) has been
measured at HERA in the kinematic range 5<Q2 <

100 GeV2 and 40<W < 140 GeV. No significant dif-
ference between thee+p ande−p interactions was ob
served. The data have been compared to calcula
based on generalised parton distributions and on
colour-dipole model. Generally, good agreement w
the data is observed.

TheQ2 dependence of the DVCS cross-section f
lows approximately aQ−3 behaviour. The precisio
of the data allows an accurate determination of
W distribution for the first time. The cross-sectio
rises steeply withW , indicative of a hard underlyin
process, where the rise reflects the increase of pa
distributions with decreasing Bjorkenx.

These measurements demonstrate the potenti
DVCS data to constrain the structure of the proton
quark–gluon dynamics at lowx.
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