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Abstract

The cross-section for deeply virtual Compton scattering in the reagpies ey p has been measured with the ZEUS detector
at HERA using integrated luminosities of 95.0pbof e p and 16.7 pbil of e~ p collisions. Differential cross-sections
are presented as a function of the exchanged-photon virtu@l?tyand the centre-of-mass energy, of they*p system in
the region 5< 02 < 100 Ge\? and 40< W < 140 GeV. The measured cross-sections rise steeply with incred@ainthe
measurements are compared to QCD-based calculations.

0 2003 Elsevier B.V. All rights reserved.
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1. Introduction

This Letter reports cross-section measurements for
the exclusive production of a real photon in diffractive
ep interactionsep — ey p, as shown in Fig. 1(a). This
exclusive process, known as deeply virtual Compton
scattering (DVCS) [1-4], is calculable in perturba-
tive QCD (pQCD), when the virtualityQ?, of the ex-
changed photon is large.

The DVCS reaction can be regarded as the elastic
scattering of the virtual photon off the proton via a
colourless exchange. The pQCD calculations assume
that the exchange involves two partons, having differ-
ent longitudinal and transverse momenta, in a colour-
less configuration. These unequal momenta are a con-
sequence of the mass difference between the incom-
ing virtual photon and the outgoing real photon. The
DVCS cross-section depends, therefore, on the gen-
eralised parton distributions (GPD) [4—7], which carry
information about the wave function of the proton. The
cross-section at sufficiently larg@? is expected to
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(a)

the 02 range probed. This Letter also reports the first
measurement of the™ p cross-sections.

2. Experimental set-up

The data were collected by the ZEUS detector
®) © at HERA during the 1996-2000 running periods.
In 1996-1997, HERA collided 27.5 GeV positrons
with 820 GeV protons. In 1998-2000, the proton
energy was increased to 920 GeV and both positrons
and electrons were collided. The measurements for
et p (e~ p) interaction4® are based on an integrated
luminosity of 95 pb! (17 pb1).

Fig. 1. (a) Deeply virtual Compton scattering (DVCS) diagram, A detailed description of the ZEUS detector can
(b) and (c) Bethe—Hesitler (BH) process. be found elsewhere [15]. A brief outline of the
rise steeply with increasin®@, the centre-of-mass en- ;ﬁ/r:r?%g?;vtvs that are most relevant for this analysis is

ergy of the virtual photon—proton system, due to the
fast rise of the parton densities in the proton towards
smallerx values, where is the Bjorken scaling vari-
able.

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

The simplicity of the final state and the absence
of complications due to hadronisation mean that the
QCD predictions are more reliable than for many other
exclusive final states. This reaction is one of the theo-
retically best-understood exclusive QCD processes in
ep collisions. The first measurements of the DVCS
process at highv [11,12] and its beam-spin asymme-

Charged particles are tracked in the central track-
ing detector (CTD) [16], which operates in a mag-
netic field of 143 T provided by a thin superconduct-
ing solenoid. The CTD consists of 72 cylindrical drift
chamber layers, organised in nine superlayers cover-
ing the polar-angl® region 15 < 0 < 164° (2.02>
n > —1.96). The transverse-momentum resolution
for full-length tracks iso(pr)/pr = 0.0058p1 @
0.0065@ 0.0014/ pr, with pr in GeV.

The high-resolution uranium-scintillator calorime-
ter (CAL) [17] consists of three parts: the forward
(FCAL, 11 < n < 3.8), the barrel (BCAL,-0.7 <
n < 1.1) and the rear (RCAL~3.4 < n < —0.7)
calorimeters. Each part is subdivided transversely into
towers and longitudinally into one electromagnetic
section (EMC) and either one (RCAL) or two (BCAL
and FCAL) hadronic sections (HAC). The smallest
subdivision of the calorimeter is called a cell. In the

. : : EMC section, the towers are divided transversely into
try in polarisedep scattering at lowW [13,14] have . '
reycentFI)y becomegavailable 9 [ ] either four (FCAL and BCAL) or two (RCAL) cells.

In the analysis presented here, the dependence of
the DVCS cross-section oV and Q2 is studied 48 Hereafter, bothe™ ande™ are referred to as electrons, unless
in the kinematic range 5 Q2 < 100 Ge\? and explicitly stated otherwise.
40 < W < 140 Gev. The measurements are integrated “° The ZEUS coordinate system is a right-handed Cartesian
overt, the square of the four-momentum transfer at the system, with thezZ-axis pointing in the proton beam direction,
proton vertex. The+p cross-sections are based on a referred to as the “forward direction”, and thé-axis pointing

ten-fold increase in statistics over a previous HERA left towards the centre of HERA. The coordinate origin is at the
p nominal interaction point. The pseudorapidity is definednas

result [12], permitting a study of thW qependence.Of —In(tand/2), where the polar anglg), is measured with respect
the cross-section as well as a significant extension of to the proton beam direction.
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The CAL energy resolutions, as measured under test-

beam conditions, are (E)/E = 0.18/+E for elec-
trons ando (E)/E = 0.35/+/E for hadrons, withE
in GeV.

Presampler detectors [18] are mounted in front of
the CAL. They consist of scintillator tiles matching the
calorimeter towers and measure signals from particle
showers created by interactions in the material lying
between the interaction point and the calorimeter. In
this analysis, only the information from the presampler
in front of the RCAL was used to correct the energy of
the final-state particles.

The forward plug calorimeter (FPC) [19] is a
lead-scintillator sandwich calorimeter with readout via
wavelength-shifter fibres. It was installed in 1998 in
the 20x 20 cn? beam hole of the FCAL and has a
small hole of radius 3.15 cm in the centre to accom-

53

period, to tag events in which the proton diffractively
dissociated.

The luminosity was determined from the rate of the
bremsstrahlung procesp — eyp, where the high-
energy photon was measured with a lead-scintillator
calorimeter [23] located & = —107 m.

3. Event salection

For the 02 range of this analysisQ? > 5 Ge\?,
and smallz, the signature of DVCS and BH events
consists of a photon and a scattered electron with
balanced transverse momenta. The scattered proton
stays in the beam pipe and remains undetected.

The events were selected online via a three-level
trigger system [15,24]. The trigger selected events

modate the beam pipe. It extends the pseudorapidity with two isolated electromagnetic (EM) clusters in

coverage of the forward calorimeter from< 4.0 to

n < 5.0. The FPC information was used to remove

low-mass proton-dissociative events from the analysis.
The hadron—electron separator (HES) [20] is in-

stalled in the RCAL and FCAL. It consists of :3

3 cn? silicon diodes placed at a longitudinal depth

of three radiation lengths, which corresponds to the

the EMC with energy greater than 2 GeV. The events
were selected offline by requiring two EM clusters, the
first in the RCAL with energyF; > 15 GeV and the
second, with polar angle.®< 62 < 2.75 rad (12 >

n2 > —1.6), either in the RCAL, with energ¥s >

3 GeV, or in the BCAL, with energys > 2.5 GeV.

The angular range of the second cluster corresponds

approximate position of the maximum of the electro- to the region of high efficiency for reconstruction of
magnetic shower in the CAL. The separation between a track in the CTD. If a track was found, it was
electrons and hadrons is based on the fact that therequired to match one of the EM clusters. Events
hadronic interaction length is 20 times larger than the with more than one track were rejected. To ensure
electromagnetic radiation length. In this analysis, the full containment of the electromagnetic showers in the
fine segmentation of the RHES was used to improve CAL, events in which one of the clusters was located
the position resolution for both scattered electrons and within 3 cm of the beam hole were rejected.
photons. The selection 46< E — pz < 70 GeV was im-
The small-angle rear tracking detector (SRTD) posed, whereE is the total energy angz the sum
[21] is attached to the front face of the RCAL of E cosd over the whole CAL. This requirement re-
(Z = —148 cm). The SRTD consists of two planes jects photoproduction events and events in which a
of scintillator strips read out via optical fibres and hard photon is radiated from the incoming electron.
photomultiplier tubes. It covers the region 888 cn? After these cuts, when the two EM clusters are
in X andY with the exclusion of a & 20 cn¥ hole at ordered in energy such thay > E>, the kinematics
the centre for the beam pipe. The SRTD provides a ensuren; < n2. In the following, the two clusters will
transverse-position resolution of 3 mm and was used be denoted as EM1 and EM2, respectively.
to measure the positions of photons and electrons For the 1996-1997 (1998-2000) running period,
scattered at small angles relative to the lepton beam calorimeter cells not associated with the two electro-

direction.

The proton-remnant tagger (PRT1) [22] consists
of two layers of scintillation counters located At=
5.15m, and covers the pseudorapidity range<4n <
5.8. It was used, up to the end of the 1997 running

magnetic clusters were required to have energy less
than: 150 (200) MeV in the FEMC and 200 (300) MeV
in the FHAC; 200 (350) MeV in the BEMC and
250 (350) MeV in the BHAC; 150 (150) MeV in
the REMC and 300 (300) MeV in the RHAC. These
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thresholds were set to be three standard deviationselectron method [25], whiléV was determined using
above the noise level of the CAL. Moreover, for the the double-angle method [25]. No explicit cut owas
1998-2000 data sample, the energy measured in theapplied in the event selection. Events for which<40
FPC was required to be less than 1 GeV. These elastic-W < 140 GeV and 5< Q2 < 100 Ge\f were retained.
ity requirements reject most events in which the proton
dissociates into a hadronic systekn,
The events were subdivided into three samples, a 4. Monte Carlo simulations
first in which there was no track associated with the
EM2 cluster { sample), a second in which the track ~ The acceptance and the detector response were
associated with EM2 had the same charge as the beanyetermined using Monte Carlo (MC) simulations. The
electron ¢ sample) and finally a third in which the  detector was simulated in detail using a program based
track associated with EM2 had the opposite charge on GEANT 3.13 [26]. All of the simulated events
to that of the beam electron (wrong-sigreample).  were processed through the same reconstruction and
These samples are interpreted as: analysis chain as the data.
A MC generator, GenDVCS [27] based on a model
e y sample: EM2, with no track pointing to it, is by Frankfurt, Freund and Strikman (FFS) [4], was
the photon candidate and EML1 is the scattered- ysed to simulate the elastic DVCS process. In the FFS
electron candidate. Both BH and DVCS processes calculation, the DVCS cross-section, integrated over
contribute to this topology. The sample consisted the angle between the and p scattering planes, is

of 3945 events. related to the inclusive structure-functién through
e ¢ sample: EM2, with the right-charge track point- 5 eperp

ing to it, is the scattered-electron candidate and 4°0pycs m2a® [1+ 1— )2]e—b|t|

EML1 is the photon candidate. This sample isdom- dxdQ2d:r  2xR2Q® Y

inated by the BH process. The contribution from % F22(x, Qz)(lerz),

DVCS is predicted to be negligible, due to the
large Q2 required for a large electron scattering where x ~ 02/(0% + W?) is the Bjorken scaling
angle. This sample contained 7059 events. variable,b is the exponential slope of thedepen-

e wrong-signe sample: EM2, with the wrong-char- dence andy is the fraction of the electron energy
ge-sign track pointing to it, may have originated transferred to the proton in its rest frame. The ratio
from ane™e™ final state accompanying the scat- R = ImA(y*p — y*p)li=o/ IMA{Y*p — yp)li=o
tered electron, where one of the right-sign elec- accounts for the non-forward character of the DVCS
trons escaped detection. This background sam- process and is directly related to a ratio of the GPD
ple is due to non-resonaat e~ production and to the parton distribution functions [28] andis the
to J/¢ production and subsequent decay. Other ratio of the real to imaginary part of the amplitude,
sources are negligible, as will be discussed later. p = Re A(y*p — yp)li=o/ IMA{Y*p — yp)|i=0-

This sample consisted of 287 events. The value ofR, calculated using the leading-order
(LO) QCD evolution of the GPD, is about 0.55, with
The wrong-signe sample was used to statistically little dependence on or 02 [4]. For simplicity, theR
subtract the background contributions to theample parameter in the MC generator was set to a constant
in each kinematic bin. The background-subtracted value of R = 0.55.
sample was then used to investigate the BH contribu-  In GenDVCS, the ALLM97 [29] parameterisation
tion to they sample. of the F» structure function of the proton was used
For the purposes of this analysis, the valueg)8f as input. In this empirical fit toy*p total-cross-
andW were determined for each event, independently section data, the value gf was parameterised as
of its topology, under the assumption that the EM1 p = (/2)(0.176 4+ 0.033InQ?), where Q2 is in
cluster is the scattered electron. This assumption is al- GeV? [27].
ways valid for DVCS events for th@? range consid- In the FFS model, the dependence is assumed to
ered here. The value a? was calculated using the factorise, with the slope parametér, depending on
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bothWw andQ?. The value ob is expected to decrease
with 02 and, even at higp? and at very smalk, is
expected to increase witly. While this dependence
is important for the normalisation of the calculated

55

The BH process was studied using thesample
which, according to the MC predictions, consists al-
most solely of BH candidates. A background contri-
bution to the BH events in this sample of about 4%,

DVCS cross-section, it does not affect the acceptance originating from deep inelastic exclusive e~ pro-

corrections. In the MC simulatioh was assumed to
be constant and was set tG45eV 2.

For proper treatment of radiative effects, the GenD-
VCS generator was interfaced to HERACLES 4.6
[30], which includes corrections for initial- and final-
state photon emission from the electron line, as well
as vertex and propagator corrections.

The elastic and inelastic BH processes— ey p
and ep — ey X, and the QED dilepton production,
ep — eeTe” p, were simulated using the GRAPE-
Comptorf® [31] and GRAPE-Dilepton [31] genera-

duction, where one of three final-state leptons escapes
detection, was estimated from the wrong-sigsam-

ple and MC simulations, and was statistically sub-
tracted. According to the MC simulations, 75% of this
background consists of non-resonant dilepton produc-
tion and 25% of exclusivd /¢ production with sub-
sequenteTe™ decay. The normalisation of the MC
samples was determined from the wrong-ségsam-

ple. The diffractive electroproduction gf, » and ¢
mesons, in which one of the decay charged parti-
cles was misidentified as an electron in the CAL, the

tors, respectively. These two MC programs are based other was undetected, and the electron scattered into

on the automatic system GRACE [32] for calculating

the RCAL was taken to be the photon, was negligi-

Feynman diagrams. The GRAPE generator gave iden-ble.

tical results to the Compton 2.0 [33] generator for the

The expectation for the inelastic BH contribution

elastic BH process. The GRAPE program was used to the e sample is subject to uncertainties coming

because it simulates the hadronic final state for the in-

elastic BH process.

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

5. DVCS-signal extraction

In the kinematic region of this analysis the interfer-

from the dependence of the selection efficiency on
the mass of the hadronic final-state system,This
inelastic contribution was estimated from the data
as (17.8 + 1.2)%, for the 1996-1997 data sample,
using the fraction of events tagged in the PRT1
and (10.5 £+ 1.0)%, for the 1998-2000 data sample,
using events with more than 1 GeV of energy in
the FPC, obtained releasing the elasticity cut. The
uncertainties are statistical. No attempt was made to
guantify the systematic uncertainty since there is little
sensitivity to the cross-section. The difference in the
measured fraction of proton-dissociative events is due
to differences in the detector configuration between
the two running periods.

After the subtraction of the dilepton and/+

ence between the DVCS and BH amplitudes is very backgrounds, for the 1996-1997 (1999-2000p
small when the cross-section is integrated over the an-Samples, the number of remaining BH events in

gle between the and p scattering planes [8,9]. Thus
the cross-section for exclusive production of real pho-

tons may be treated as a simple sum over the con-

tributions from the DVCS and electromagnetic BH

the e sample was 2523 (3289), while the expected
number from the GRAPE simulation was 2601 (3358).
The absolute expectation of the GRAPE simulation
reproduced the number of BH data events to within

processes. The latter can, therefore, be subtracted and3 5)% for 1996-1997 and2 + 4)% for 1999-2000,

the DVCS cross-section determined.

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

where uncertainties include the statistical uncertainty
as well as the uncertainties due to the trigger efficiency
and the estimation of the inelastic BH contribution.
For further analysis, the GRAPE MC sample was
normalised to the BH events in the data. The compari-
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Fig. 2. Comparison of th& and theA¢1» distributions for the data
from 1999—-200Q:* p running period and corresponding MC sam-
ples as described in the figure; (a) and4lsample compared to the
sum of the BH, dilepton and /¢ MC simulations, with the sum of
the latter two also shown separately; (c) anddample compared

to the expectation of the BH MC simulation, normalised to the data
in the ¢ sample after background subtraction; (e) and/(8ample
after subtracting the BH expectation compared to GenDVCS, where
the absolute normalisation of the latter is increased by 17.5% to ac-
count for the proton-dissociative component in the DVCS data.

son between the sample and the sum of the GRAPE
BH, dilepton and/ /y» MC samples for the 1999-2000
e p running period is shown in Fig. 2(a) versisand

in Fig. 2(b) versus the difference in azimuthal angles
of the EM1 and the EM2A¢12. Good agreement is
observed.

The properties of thg sample were then compared
to the expectations of the normalised GRAPE MC
sample. As an example, the comparison of #and
A¢1o distributions for the 1999-2008" p running
period is shown in Fig. 2(c) and (d), respectively.
An excess of events over the expectations of the
GRAPE simulation is observed. Moreover, the data
distributions differ from those expected for the BH

ZEUS Collaboration / Physics Letters B 573 (2003) 46-62

process. ThaV distribution of the BH sample peaks
at large W, while that of the data is more evenly
distributed. TheAg12 distribution of the BH sample
is also narrower than that of the data.

The W and theA¢i» distributions of the data, af-
ter subtracting the BH contribution using the renor-
malised GRAPE MC sample, are shown in Fig. 2(e)
and (f), respectively. This sample includes events in
which the proton dissociated into a hadronic final state
with low mass.

The previous ZEUS measurements of elastic vector
meson production [37,38] support, within relatively
large uncertainties, the assumption that the fraction of
proton dissociative eventgp.giss in diffractive inter-
action is process independent. Therefore, in this analy-
sis, the valuesfp.giss determined from the measure-
ments of the diffractive/ /¢ photoproduction [38] are
used

Sp-diss= 22.0 £+ 2.0(stap £ 2.0(sysh%
for the 1996-1997 data

fodiss= 17.5+ 1.3(stay T35 (sysd%
for the 1998-2000 data

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

Other possible sources of contamination were in-
vestigated. Due to the relatively high? of the present
data set, the contamination from production of light
vector mesons, such asor ¢, decaying through chan-
nels containing photons in the final state is below 1%
and was neglected. A possible contribution to {he
sample from low-multiplicity processes suchegs—
en%p, ep — en%%, andep — en%p, where the
70 or  fakes a photon signal, was also investigated.
The number of candidate events found in the RAPGAP
and DJANGOH samples was reweighted to reflect the
cross-sections obtained by extrapolating [@vmea-
surements [39,40]. Their contribution to the DVCS
sample is negligible.

The data are compared to the absolute expectations
of GenDVCS in Fig. 2(e) and (f). The best agreement
in normalisation between the data and the MC simu-
lation is achieved when the normalisation of the latter
is decreased by 10%. This was obtained by increasing
the value ofv from 4.5 to 49 GeV 2 (see Section 4).
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Overall, good agreement between the data and the MCsamples (1996-1997 and 1999-2000). Tables 1-3 list
simulation is found, demonstrating that the excess of they*p — yp cross-section values.

photon candidates over the expectation of BH is due

to DVCS.

7. Systematic uncertainties
6. Cross-section deter mination

The systematic uncertainties of the measured cross-
sections were determined by changing the selection
cuts or the analysis procedure in turn and repeating
the extraction of the cross-sections. The following
oy p—yp) (Wi, Q,Z) systematic studies have been carried out:

obs _ A7BH _ )
- (N; Ni N)K(:l Jp-dis9 e all the selection cuts discussed in Section 3 were
N; shifted according to the resolutions of the corre-
x oFFS(y*p — )/P)(Wi, sz) sponding variables. The most significant contribu-

tions came from varying the lowep? cut. The
obs; ;
whereN"%is the total number of data events in the

average change in the cross-section due to this cut
sample in bin in W andQ?2, N2 denotes the number was+2%. The largest change in the cross-section,
of BH events in they sample in that bin, determined

+10%, was found in the highe$¥- bin, while it
from the renormalised GRAPE sample, aNff'C is

The y*p cross-section for the DVCS process as
a function of W and Q? was evaluated using the
expression

was=+4% in the lowest9? bin;
the number of events expected in thesample from
GenDVCS for the luminosity of the data. The factor
fp-dissis the fraction of the proton-dissociative DVCS
events in the data;""S(y*p — yp) is they*p cross-

section computed according to the FFS expression,

and W; and Q? are the values of¥ and Q? where
the cross-section is evaluated.

The y*p cross-sections have been computed in the

ranges 5< 0?2 < 100 Ge\f and 40< W < 140 GeV,

separately for the 1996-1997, 1998-1999 and 1999-
2000 data periods and then combined for the positron

Table 1

the elasticity cut was changed B30 MeV in

the EMC and+50 MeV in the HAC. The average
change in the cross-section wa&2% in all bins

of Q2 and W, while the largest change in the
cross-section, observed when the cut was lowered,
was —4% in the lowestW bins and—4% in the
lowest-Q2 bin;

the trigger efficiency was varied within its statis-
tical uncertainty. This resulted in average changes
of the cross-section of abott2%. The biggest
variation of the cross-section at3% was ob-

Values of the cross-sections for thé p — yp DVCS process as a function &f2 for theet p ande™ p data. Values are quoted at the centre
of eachQ? bin and for the averag® value of the whole sampldy = 89 GeV, obtained from GenDVCS. The first uncertainty is statistical
and the second systematic. The systematic uncertainty due to the luminosity determination is not included

02 range (Ge¥) 02 (Ge\?) oV P=YP (nb)
etp e p

5-10 75 542+0.33792 5.63+0.777 039
10-15 125 264+022"012 220+ 052313
15-25 20 123+0.14"09° 0.96+0.31702
25-40 325 059:+0.12"39% 0.61:+0.28" 33
40-70 55 ®0+0.08"5:33 -
70-100 85 a6+ 0.09"0 02 -




58 ZEUS Collaboration / Physics Letters B 573 (2003) 46-62

Table 2

Values of the cross-sections for thé p — yp DVCS process as a function & for theet p ande™ p data. Values are quoted at the centre
of eachW bin and for the averagQ2 value of the whole sample{)2 = 9.6 Ge\?, obtained from GenDVCS. The first uncertainty is statistical
and the second systematic. The systematic uncertainty due to the luminosity determination is not included

W range (GeV) W (GeV) oV PP (nb) W range (GeV) W (GeV) oV Py (nb)
etp etp etp e p ep e p
+0.11
40-50 45 219:+0.24"01%
50-60 55 26+028"013
60-70 65 %2+0.367938 40-73 567 2944039015
70-80 75 B88+0.427538
80-90 85 B9+ 0457538
90-100 95 29+ 0557031 73-107 90 D6+ 0697032
100-110 105 @4+0.7703%
110-120 115 86+0.76" 039
120-130 125 £9+0.82032 107-140 123 38+11793
130-140 135 $5+0.99"99
Table 3

Values of the cross-sections for th& p — yp DVCS process as a function & for thee® p data in threep? ranges. Values are quoted at
the centre of eacl? bin and for the averagQ2 values obtained from GenDVCS. The first uncertainty is statistical and the second systematic.
The systematic uncertainty due to the luminosity determination is not included

W range (GeV) W (GeV) oV P=Yp (nb)
5< 02 <8Ge\? 8< 02 <13GeV? 13< 02 <30 Ge\?

02 =62 Ge\? 0%2=99GeV? 0?=180GeV?

0.40 0.09 0.05

40-65 5% 563+ 0.58") 30 2524026172 0.99+0.13%72

+0.47 +0.21 0.05

65-90 L 6574091781 312403917 13440171553

+0.8 +0.32 y+0.12

90-115 105 95+15%7) 3.94+061%535 1.91+£0.30"5 75

+1.5 +0.49 0.13

115-140 125 7.6+£16752 583+ 089" 72 1.64+04710 72
served in the lowesR? bin and in the two The uncertainty on the proton-dissociative contri-
highestW¥ bins; bution, fp.qiss l€ads to an overall normalisation uncer-

¢ the electromagnetic energy scale was varied within tainty of4-4.0% and+3.5% for thee™ p ande™ p data,
its uncertainty of 15% for the EM2 (low energy)  respectively.
and of 1% for the EM1 (high energy), resulting The systematic uncertainties typically are small
in a £3% average change of the cross-section in compared to the statistical uncertainties. The indi-
both 02 andW. The largest change was3% for vidual systematic uncertainties, including that due to

the lowestQ? bins and+5% for the highesw fpdiss were added in quadrature separately for the
bin; positive and negative deviations from the nominal
e in GenDVCS, theQ? dependence was modi- cross-section values to obtain the total systematic un-
fied by introducing aQ?-dependent slope us- certainties listed in Tables 1-3. An overall normali-
ing the formulab = 8(1 — 0.15In(Q?/2)) GeV 2 sation uncertainty in the luminosity determination of

(see Section 9). The average change in the cross-+1.8% and+2.0% for thee™ p ande™ p data, respec-
section was+1%, with the largest variation of tively, was not included because it was small with re-
+3% in the highes©? bin. spect to the above contributions.
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8. Resaults

The W dependence of the DVCS cross-section,
opves =0 (y*p — yp), for 02 = 9.6 Ge\2 is shown
in Fig. 3, separately foe™p ande™p interactions.
Due to the limited statistics, the™ sample is only
shown in threeW bins. There is agreement between
the two samples.

A fit of the form opycs x W? was performed sep-
arately for the positron and electron data. For the
et p data, the valué = 0.75+ 0.15(sta) " o05(sys)
is comparable to that determined ffy electropro-
duction [38]. This steep rise in the cross-section is
a strong indication of the presence of a hard under-
lying process. The same fit to the p data yields
8 = 0.45+ 0.36(stay F395(sysd, which is compatible
with thee™ p result.

The positron sample has been further subdivided
into three 02 ranges. TheW dependence oépycs
in these threeQ? bins is presented in Fig. 4. The
results are compatible with no dependencé of 02
although also with the increase with? observed in
exclusive production of light vector mesons [37,41].

The Q? dependence obpycs, for W = 89 GeV,
is shown in Fig. 5(a), again separately fef p
and e~ p interactions. There is no significant cross-
section difference between tag ande™ data, which

— 8 T
) e ZEUS 96-00 e'p (95.0 pb ) 1
= A ZEUS 98-99 e p (16.7 pb™) ]
271 - Wiittoe'pdata ]
i 1
T 6r ]
S st Q%= 9.6 GeV? 3
E ]
4 r ]
30 1
2 0.08 —:
e'p: $=0.75 + 0.15(stat.)" oc(syst.) ]
1L ]
o L | IR WU T TN S ST |
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W (GeV)

Fig. 3. The DVCS cross-section,(y*p — yp), as a function of

W for an averagep? = 9.6 Ge\2, separately foe™ p data (dots)
ande™ p data (triangles). The solid line is the result of a fit of the
form opycs o« W? to the positron data. The error bars denote the
statistical uncertainty (inner) and the quadratic sum of the statistical
and the systematic uncertainties (outer).
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Fig. 4. The DVCS cross-section,(y*p — yp), as a function of

W for three 02 values fore™ p data as denoted in the figure. The
corresponding ranges i@2 are listed in Table 3. The solid line is
the result of a fit of the fornapycg o W, The values of and their
statistical uncertainties are given in the figure. The last data point for
02 =9.9 Ge\ s displaced horizontally for ease of visibility. The
error bars denote the statistical uncertainty (inner) and the quadratic
sum of the statistical and the systematic uncertainties (outer).

-

olyp— yp)(nb)

e'p: n=1.54 + 0.07(stat.) + 0.06 (syst.)

FFS (ALLM) b=4.9 Gev"

FMS (MRSTL) b=4.9 GeV>
FMS (MRSTM) b=4.8 GeV*
FMS (MRSTM) b(Q%)

S8

WS alesaal sl s laaaal sal v lansy
10 20 30 40 50 60 70 80 90 100
Q2 (GeV?)

W =89 GeV

Fig. 5. (@) The DVCS cross-sectioa(y*p — yp), as a function

of Q2 for W = 89 GeV, separately for™ p data (dots) and~ p

data (triangles). The solid line is the result of a fit of the form
opVCS X 02" to the positron data. The™ p data points are
displaced horizontally for ease of visibility; (b)y*p — yp) as a
function of 02 compared to the GPD-based theoretical predictions
of FFS and FMS, where MRSTL(M) indicates the LO (NLO)
parameterisation of PDF. The MRSTM expectations are also shown
for the Q2—dependenb values described in the text. The error bars
denote the statistical uncertainty (inner) and the quadratic sum of
the statistical and the systematic uncertainties (outer).
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is consistent with the assumption that the present leads to predictions closer to the data. In this com-

measurement is insensitive to the interference term.
A fit of the form Q2" to theet p data gives a value
of n = 1.54 4+ 0.07(stay £ 0.06(sysd. This value is
lower thann ~ 2 which is characteristic of exclusive
vector-meson production [37,42]. The fit to thep

data gives: = 1.69+ 0.21(stay 302 (sysd.

9. Comparison with models

In the presence of a hard scal@{ > AéCD),
the DVCS amplitude factorises into a hard-scattering
coefficient, calculable in pQCD, and a soft part which
can be absorbed in the GPD [3]. The kernels of the
evolution equations for the GPD are known to next-
to-leading order (NLO) [43,44] and the GPD can thus
be evaluated at alp? given an input at some starting

parison, a fixed value of theslope,b = 4.9 GeV 2,
was assumed. The third curve, shown in the figure,
corresponds to predictions based on MRSTM, assum-
ing a 02-dependenb value. The best agreement be-
tween the data and the predictions is achieved using
b=8(1-0.15In(0?/2)) GeV 2, a parameterisation
obtained by Freund, McDermott and Strikman [28]
from a fit to a preliminary version of the present data.
Similar conclusions are reached when the CTEQ6 pa-
rameterisations [47—49] are used (not shown).

The data are also compared to the expectations of
FFS (see Section 4), again assumbng 4.9 GeV 2.
For 0?2 > 20 Ge\?, the et p data lie significantly
above the prediction.

The DVCS cross-section has also been calculated
within colour-dipole models [50-54], which have been
successful in describing both the inclusive and the dif-

scale. Measurements of the DVCS cross-section arefractive DIS cross-sections at high energy [55-60].

an essential ingredient in modelling the input GPD
[28,44].
Freund, McDermott and Strikman (FMS) [28] have

The various dipole models differ in their formulation
of the dipole cross-section with the target proton. If
s-channel helicity is conserved in DVCS, the virtual

made an attempt to model the GPD based on DVCS photon must be transversely polarised. As the wave

data [12-14]. A comparison afpycs as a function
of Q2 for fixed W with the predictions based on
the MRST parameterisation of the parton distribu-
tion functions (PDF) [45,46] is shown in Fig. 5(b).

function of the transversely-polarised photon can se-
lect large dipole sizes, whose interactions are predom-
inantly soft, DVCS constitutes a good probe of the

transition between perturbative and non-perturbative

Three FMS curves are shown. Two curves show the regimes of QCD. Thep? dependence ofpycs has

results of modelling based on LO (MRSTL) and NLO
(MRSTM) parton distribution functions. The latter

been compared to the expectations of three calcula-
tions based on colour-dipole models, by Donnachie
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Fig. 6. The DVCS cross-sectioa(y*p — yp), as a function o2, as also shown in Fig. 5, for the ZEUS (dots) and H1 (squares) data. The

data are compared to the theoretical predictions of the DD, FKS and MFGS models of colour-dipole interactions. The curves correspond to

fixed b values,b = 4 GeV~2 (upper) and> = 7 GeV-2 (lower).
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and Dosch (DD) [60], Forshaw, Kerley and Shaw insight into the DVCS process. We thank M. McDer-
(FKS) [57,61,62] and McDermott, Frankfurt, Guzey mott and R. Sandapen for providing the model calcu-
and Strikman (MFGS) [59,62]. The comparisons are lations.

shown in Fig. 6, where the model expectations are rep- We dedicate this Letter to the memory of Bill
resented by curves corresponding to a fixed value of Toothacker whose early work on the analysis of DVCS
b =4 GeV2 (upper) ancdh = 7 GeV 2 (lower), cho- helped us to obtain the preliminary results that were
sen for illustration. All three predictions give areason- shown at the EPS meeting in Tampere, Finland, July
able representation of the data. The H1 measurements1999.

[12] are also shown, extrapolated to theé value of

the ZEUS data using th#&? dependence of the cross-

section measured in this analysis for thep data. The References
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