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A measurement of the Q2, W and tdependen
es of deeply virtual Comptons
attering at HERA
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Abstra
tDeeply virtual Compton s
attering, 
�p ! 
p, has been measured in e+p 
ol-lisions at HERA with the ZEUS dete
tor using an integrated luminosity of61.1 pb�1. Cross se
tions are presented as a fun
tion of the photon virtual-ity, Q2, and photon-proton 
entre-of-mass energy, W , for a wide region of thephase spa
e, Q2 > 1.5 GeV2 and 40 < W < 170 GeV. A subsample of eventsin whi
h the s
attered proton is measured in the leading proton spe
trometer,
orresponding to an integrated luminosity of 31.3 pb�1, is used for the �rst dire
tmeasurement of the di�erential 
ross se
tion as a fun
tion of t, where t is thesquare of the four-momentum transfer at the proton vertex.
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1 Introdu
tionThis paper presents 
ross-se
tion measurements for the ex
lusive produ
tion of a realphoton in di�ra
tive e+p1 intera
tions, ep ! e
p, a pro
ess known as deeply virtualCompton s
attering (DVCS). In perturbative QCD, this pro
ess is des
ribed by the ex-
hange of two partons, with di�erent longitudinal and transverse momenta in a 
olourless
on�guration. At the 
�p 
entre-of-mass energies, W , available for ep 
ollisions at theHERA 
ollider, for large momentum-transfer squared at the lepton vertex, Q2, the DVCSpro
ess is dominated by two-gluon ex
hange. Measurements of the DVCS 
ross se
tionprovide 
onstraints on the generalised parton distributions (GPDs) [1{5℄, whi
h 
arryinformation about the wave fun
tion of the proton) [2℄. The transverse distribution ofpartons in the proton, whi
h is not a

essible via the F2 proton stru
ture fun
tion, isa

ounted for in the dependen
e of the GPDs on the four-momentum transfer squaredat the proton vertex, t. The initial and �nal states of the DVCS pro
ess are identi
al tothose of the purely ele
tromagneti
 Bethe-Heitler (BH) pro
ess. The interferen
e betweenthese two pro
esses in prin
iple provides information about the real and imaginary partsof the QCD s
attering amplitude [6{8℄. However, the interferen
e is expe
ted to be smallin the kinemati
 region studied in this paper [6, 7℄.The simpli
ity of the �nal state and the absen
e of 
ompli
ations due to hadronisationmean that the QCD predi
tions for DVCS are expe
ted to be more reliable than forex
lusive ve
tor meson produ
tion whi
h has been extensively studied in ep 
ollisions atHERA [9{16℄. Several measurements of DVCS at high W are available [17{20℄. Theanalysis presented here is based on data in the kinemati
 range of 1:5 < Q2 < 100 GeV2and 40 < W < 170 GeV, an extension 
ompared to the previous ZEUS measurement [18℄.A subsample of the data in whi
h the s
attered proton is measured in the ZEUS leadingproton spe
trometer (LPS) [21℄ is used for the dire
t measurement of the t dependen
e ofthe DVCS 
ross se
tion.2 Experimental set-upThe data used for this measurement were taken with the ZEUS dete
tor at the HERA ep
ollider in the years 1999 and 2000, when HERA 
ollided positrons of energy 27.5 GeVwith protons of energy 920 GeV, and 
orrespond to an integrated luminosity of 61.1 pb�1.The subsample used to measure the t distribution was 
olle
ted in 2000 and 
orrespondsto an integrated luminosity of 31.3 pb�1.1 Hereafter, the positron is referred to with the same symbol, e, as the ele
tron.1



A detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [23, 24℄. A briefoutline of the 
omponents most relevant for this analysis is given below.Charged parti
les were tra
ked in the CTD [25℄. The CTD operated in a magneti
 �eldof 1.43 T provided by a thin solenoid. It 
onsisted of 72 
ylindri
al drift-
hamber layers,organised in nine superlayers 
overing the polar-angle 2 region 15Æ < � < 164Æ. Thetransverse-momentum resolution for full-length tra
ks was �(pT )=pT = 0:0058pT�0:0065�0:0014=pT , with pT in GeV.The uranium{s
intillator 
alorimeter (CAL) [26℄ 
overed 99.7% of the total solid angle and
onsisted of three parts: the forward (FCAL), the barrel (BCAL) and the rear (RCAL)
alorimeters. Ea
h part was subdivided transversely into towers and longitudinally intoone ele
tromagneti
 se
tion (EMC) and either one (in RCAL) or two (in BCAL andFCAL) hadroni
 se
tions (HAC). The CAL energy resolutions, as measured under test-beam 
onditions, were �(E)=E = 0:18=pE for positrons and �(E)=E = 0:35=pE forhadrons, with E in GeV.The position of positrons s
attered at small angles to the positron-beam dire
tion was de-termined 
ombining the information from the CAL, the small-angle rear tra
king dete
tor(SRTD) and the hadron-ele
tron separator (HES) [27, 28℄.The FPC [29℄ was used to measure the energy of parti
les in the pseudorapidity range� � 4:0 � 5:0. It 
onsisted of a lead{s
intillator sandwi
h 
alorimeter installed in the20�20 
m2 beam hole of the FCAL. The energy resolution for ele
trons as measured in atest beam, was �(E)=E = (0:41� 0:02)=pE � 0:062� 0:002, with E in GeV. The energyresolution for pions was �(E)=E = (0:65� 0:02)=pE � 0:06� 0:01, with E in GeV, afterhaving 
ombined the information from FPC and FCAL. The e=h ratio was 
lose to unity.The LPS [21℄ dete
ted positively 
harged parti
les s
attered at small angles and 
arryinga substantial fra
tion, xL, of the in
oming proton momentum; these parti
les remainedin the beam-pipe and their traje
tory was measured by a system of sili
on mi
rostripdete
tors that was inserted very 
lose (typi
ally within a distan
e of a few mm) to theproton beam. The dete
tors were grouped in six stations, S1 to S6, pla
ed along the beam-line in the dire
tion of the proton beam, between 23.8 m and 90.0 m from the intera
tionpoint. The parti
le de
e
tions indu
ed by the magnets of the proton beam-line allowed amomentum analysis of the s
attered proton. For the present measurements, only stationsS4, S5 and S6 were used. The resolutions were about 0:5% on the longitudinal momentumfra
tion and about 5 MeV on the transverse momentum. The LPS a

eptan
e [22℄ was2 The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in the protondire
tion, referred to as the \forward dire
tion", and the X axis pointing left towards the 
entre ofHERA. The 
oordinate origin is at the nominal intera
tion point. The pseudorapidity is de�ned as� = � ln (tan �2 ), where the polar angle � is measured with respe
t to the proton beam dire
tion.2



approximately 2% and xL-independent for xL�>0:98; it in
reased smoothly to about 10%as xL de
reased to 0.9.The luminosity was measured from the rate of the bremsstrahlung pro
ess ep ! e
p,where the photon was measured in a lead{s
intillator 
alorimeter [30℄ pla
ed in the HERAtunnel at Z = �107 m.3 Monte Carlo simulationsThe a

eptan
e and the dete
tor response were determined using Monte Carlo (MC) simu-lations. The dete
tor was simulated in detail using a program based on Geant 3.13 [31℄.All of the simulated events were pro
essed through the same re
onstru
tion and analysis
hain as the data.A MC generator, GenDVCS [32℄, based on a model by Frankfurt, Freund and Strikman(FFS) [33℄, was used to simulate the elasti
 DVCS pro
ess as des
ribed in [18℄. TheALLM97 [34℄ parameterisation of the F2 proton stru
ture fun
tion of the proton was usedas input. The t dependen
e was assumed to be exponential with a slope parameter b setto 4.5 GeV�2, independent of W and Q2.The elasti
, ep ! e
p, and quasi-elasti
 ep ! e
Y BH pro
esses, where Y is a low-mass state, and the ex
lusive dilepton produ
tion, ep ! ee+e�p, were simulated usingthe Grape-Compton3 [35℄ and the Grape-Dilepton [35℄ generators. These two MCprograms are based on the automati
 system Gra
e [36℄ for 
al
ulating Feynman dia-grams. A possible 
ontribution from ve
tor meson ele
troprodu
tion was simulated withthe Zeusvm generator [37℄. To a

ount for ele
troweak radiative e�e
ts, all the generatorswere interfa
ed to Hera
les 4.6 [38℄.4 Kinemati
 variables and event sele
tionThe pro
ess ep! e
p is parametrised by the following variables:� Q2 = �q2 = �(k � k0)2, the negative four-momentum squared of the virtual photon,where k (k0) is the four-momentum of the in
ident (s
attered) positron;� W 2 = (q+ p)2, the squared 
entre-of-mass energy of the photon-proton system, wherep is the four-momentum of the in
ident proton;3 Hereafter, the Grape-Compton generator is referred to as Grape.3



� x = Q2=(2P � q), the fra
tion of the proton momentum 
arried by the quark stru
k bythe virtual photon in the in�nite-momentum frame (the Bjorken variable);� xL = p0�kp�k , the fra
tional momentum of the outgoing proton, where p0 is the four-momentum of the s
attered proton;� t = (p� p0)2, the squared four-momentum transfer at the proton vertex.For the Q2 range of this analysis, Q2 > 1:5 GeV2, and at small values of t, the signatureof elasti
 DVCS and BH events 
onsists of a s
attered positron, a photon and a s
atteredproton. The s
attered proton remains in the beam-pipe where, for a subsample of events,it is dete
ted in the LPS (LPS sample).The events were sele
ted online via a three-level trigger system [23, 39℄. The triggerrequired events with two isolated ele
tromagneti
 (EM) 
lusters with energy greater than2 GeV. The trigger eÆ
ien
y was studied as a fun
tion of the lowest energy 
luster, it wasfound to in
rease from 80% to 100% for in
reasing 
luster energy and the Monte Carlowas reweighed a

ording.The o�ine sele
tion followed the strategy des
ribed in [18℄. Two EM 
lusters were foundby a dedi
ated, neural-network based, positron �nder [40℄. They were ordered in polar-angle and are in the following denoted as EM1 and EM2, with �1 > �2. The �rst 
lusterwas required to be in the RCAL with energy E1 > 10 GeV; the se
ond 
luster had tohave a polar angle �2 < 2:85 rad and was required to be either in the RCAL, with energyE2 > 3 GeV, or in the BCAL, with energy E2 > 2:5 GeV. The angular range of the se
ond
luster 
orresponds to the region of high re
onstru
tion eÆ
ien
y for tra
ks in the CTD.The asso
iation of a tra
k dis
riminates between positron and photon indu
ed 
lusters.For events with one tra
k, a mat
h was required between the tra
k and one of the two EM
lusters. Events with more than one tra
k were reje
ted. To ensure full 
ontainement ofthe ele
tromagneti
 shower, the impa
t position of ea
h EM 
luster on the fa
e of RCALwas required to be outside a re
tangular area of 26� 16 
m2 around the beam-pipe.The 
ondition 40 < E � PZ < 70 GeV was imposed, with E = E1 + E2 and PZ =E1 
os �1 + E2 
os �2. This requirement reje
ted photoprodu
tion events and also eventsin whi
h a hard photon was radiated from the in
oming positron.Events with CAL energy deposits not asso
iated with the two EM 
lusters were reje
tedif their energy was above the noise level in the CAL [41℄. In addition, the total energiesmeasured in the FPC and in the FCAL were ea
h required to be below 1 GeV [10, 41℄.These elasti
ity requirements also suppressed DVCS events and inelasti
 BH events inwhi
h the proton disso
iates into a high-mass hadroni
 system. The sample was still
ontaminated by events in whi
h a forward, low-mass hadroni
 system was not visiblein the main dete
tor. Alternatively, a 
lean sample of elasti
 DVCS and BH events wasobtained by additionally requiring the proton to be dete
ted in the LPS.4



The LPS event was reje
ted if, at any point, the distan
e of the proton tra
k 
andidate tothe beam-pipe was less than 0.04 
m. It was also reje
ted if the X position of the tra
kimpa
t point at station S4 was smaller than �3:3 
m. These 
uts redu
ed the sensitivityof the a

eptan
e on the un
ertainty in the position of the beam-pipe apertures. Tosuppress ba
kground from overlays of ep 
ollisions with protons originating from the beam-halo, it was required that (E + PZ) + 2pLPSZ < 1865 GeV, where pLPSZ is the longitudinalmomentum of the s
attered proton. The variable xL was required to be within the range0:96 < xL < 1:02 to ex
lude non-elasti
 events [42, 43℄. The variable t was required tobe in the range 0:08 < jtj < 0:53 GeV2 where the LPS a

eptan
e was high and slowly
hanging.The kinemati
 region was 40 < W < 170 GeV and 1:5 < Q2 < 100 GeV2. For the purposesof this analysis, the values of Q2 and W were determined for ea
h event, independently ofits topology, under the assumption that the EM1 
luster is the s
attered positron. Thisassumption is always valid for DVCS events for the Q2 range 
onsidered here. The ele
tronmethod [44℄ was used to determine Q2 and the double-angle method [44℄ to determine W .5 Ba
kground study and signal extra
tionThe sele
ted events were subdivided into three samples,� 
 sample: EM2, with no tra
k pointing to it, is taken to be the photon and EM1 isassumed to be the s
attered positron. Both BH and DVCS pro
esses 
ontribute to thistopology. The sample 
onsisted of 7618 events and 55 events after the LPS sele
tion.� e sample: EM2, with a positive-
harge tra
k pointing to it, is assumed to be thes
attered positron and EM1 is the photon. The sample is dominated by BH events.The number of DVCS events is predi
ted to be negligible due to the large Q2 impliedby the large positron s
attering angle. This sample 
onsisted of 11988 events and 33events after the LPS sele
tion.� negative-
harge-e sample: EM2, with a negative-
harge tra
k pointing to it, may haveoriginated from an e+e� �nal state a

ompanying the s
attered positron, where oneof the positrons es
aped dete
tion. This sample is dominated by non-resonant e+e�produ
tion and by J= produ
tion with subsequent de
ay into e+e� and was used tostudy these ba
kground sour
es. It 
onsisted of 764 events and only one event afterthe LPS sele
tion.The di�ra
tive ele
troprodu
tion of �, ! and � mesons was foundto be negligible [18℄.In the kinemati
 region of this analysis, the 
ontribution of the interferen
e term betweenthe DVCS and BH amplitudes is very small when the 
ross se
tion is integrated over the5



angle between the positron and proton s
attering planes [6,7℄. Thus the 
ross se
tion forex
lusive produ
tion of real photons was treated as a simple sum over the 
ontributionsfrom the DVCS and BH pro
esses. The DVCS 
ross se
tion was determined by subtra
tingthe latter.The size of the BH 
ontribution to be subtra
ted was determined using the e samplewhi
h 
onsists of elasti
 and inelasti
 BH events and a small fra
tion of ex
lusive e+e�produ
tion. The ex
lusive e+e� 
ontribution was estimated with the negative-
harge-esample to be (6:4� 0:2)% and subtra
ted from the e sample.The inelasti
 fra
tion of the BH events was estimated from the di�eren
e in the azimuthalangles, ��, between the two ele
tromagneti
 
lusters in the e sample. It was determinedto be (16� 1)% and was negligible in the LPS tagged subsample [45℄.The measured 
ross se
tion of the BH pro
ess was (4�1)% smaller than the expe
tationsof the Grape program (a detailed dis
ussion 
an be found elsewhere [45,46℄). The Grape
ross se
tion was modi�ed a

ordingly.The BH 
ontribution to the 
 sample was determined by Grape and found to be (56�1)%for the untagged and (21� 3)% for the LPS tagged sample. The BH-subtra
ted 
 samplewas further s
aled by (1� fp�diss), where fp�diss is the fra
tion of DVCS events in whi
hthe proton disso
iated into a low-mass state. Its value was taken, as in [18℄, from previouspubli
ation [47℄, fp�diss = 17:5� 1:3+3:7�3:2%.The W and Q2 distributions in the untagged sample (in
lusive sample) and the xL and tdistributions in the LPS sample, separately for the e sample, for the 
 sample and for the
 sample after BH and proton disso
iation ba
kground subtra
tion, are shown in Fig. 1.Also shown in the �gure are MC expe
tations whi
h des
ribe the data well.6 Systemati
 un
ertaintiesThe un
ertainties due to the re
onstru
tion of the s
attered positron and to the ba
k-ground subtra
tion were evaluated by varying the sele
tion 
riteria as follows:� varying the ele
tromagneti
 energy s
ale by �2%;� restri
ting the E � PZ 
ut to 45 < E � PZ < 65 GeV;� shifting the re
onstru
ted position of the positron with respe
t to the MC by �1mm;� 
hanging the elasti
ity requirements by �30 MeV in the EMC and �50 MeV in theHAC se
tions;� 
hanging the photon 
andidate energy by �10%;6



� varying the inelasti
 BH fra
tion by �1%.Ea
h individual systemati
 un
ertainty a�e
ts single bins in Q2 and W typi
ally by lessthan 5% and by less than 10% in all 
ases bar the highest Q2 bin where statisti
al 
u
-tuations dominate.To evaluate the un
ertainties due to the re
onstru
tion of the �nal-state proton,� the 
ut on the minimum distan
e to the beam-pipe was in
reased to 0.1 
m;� the t range was tightened to 0:1 < jtj < 0:5 GeV2;� the kinemati
 limit of the beam-halo ba
kground 
ut was lowered to 1855 GeV;� the x position of the tra
k impa
t point at station S4 was restri
ted to �32 mm.The total systemati
 un
ertainty was obtained by adding in quadrature the individual
ontributions. It was found to be �8% on average whi
h is smaller than the statisti
alun
ertainties.For the in
lusive sample the un
ertainty in the determination of the integrated luminosityof �2.25% and on the proton-disso
iative ba
kground of +3:9�3:5% are not in
luded in the�gures and in the tables.For the LPS data, there is an overall un
ertainty of �7% whi
h originates mostly fromthe un
ertainty on the simulation of the proton-beam opti
s. It 
an be treated as anormalisation un
ertainty as it is largely independent of the kinemati
 variables and isnot in
luded in the �gures and in the tables. It also in
ludes the un
ertainty on theintegrated luminosity for the LPS sample of �2.25%.7 Cross se
tion determination and resultsThe 
�p 
ross se
tion of the DVCS pro
ess was evaluated as a fun
tion of W , Q2 usingthe expression�
�p!
p(Wi; Q2i ) = (Nobsi �NBHi ) � (1� fp�diss)NMCi � �FFS(
�p!
p)(Wi; Q2i );where Nobsi is the total number of data events in the 
 sample in bin i of W and Q2, NBHidenotes the number of elasti
 and inelasti
 BH events in the 
 sample in the bin, and NMCiis the number of events expe
ted in the 
 sample from GenDVCS for the luminosity ofthe data. The 
ross se
tion as predi
ted by the FFS model is denoted �FFS(
�p ! 
p)and was evaluated at the 
entre (Wi; Q2i ) of ea
h Q2 and W bin. The di�erential 
rossse
tion as a fun
tion of t was 
al
ulated from the LPS tagged sample for whi
h fp�diss iszero. All the results are listed in Tables 1 { 4.7



The 
�p DVCS 
ross se
tion, �
�p!
p, is presented in Fig. 2 as a fun
tion of Q2 atW = 104 GeV and as a fun
tion of W at Q2 = 3:2 GeV2. The 
ross se
tion showsa fast de
rease with Q2. A �t to the Q2 dependen
e of the 
ross se
tion, assumingthe fun
tional form �
�p!
p(Q2) � Q�2n, was performed for W = 104 GeV yieldingn = 1:54 � 0:05(stat:), smaller than expe
ted for a pure propagator term [33℄. The re-sult is in agreement with other DVCS measurements at HERA at lower W [17{20℄. Asexpe
ted for DVCS [33℄, the de
rease of the 
ross se
tion with Q2 is slower than forex
lusive ve
tor meson produ
tion [12{16, 48℄. The 
ross se
tion in
reases with W . InpQCD-based models, this behaviour is related to the in
rease of the gluon 
ontent of theproton with de
reasing Bjorken-x. A �t to the W dependen
e of the 
ross se
tion, as-suming a fun
tional form �
�p!
p(W ) � W Æ, was performed for Q2 = 3:2 GeV2, yieldingÆ = 0:52�0:09(stat:). This result is in agreement with the previous measurements [17{20℄performed in a restri
ted range of W and at higher Q2. A se
ond �t restri
ted to the region1:5 < Q2 < 5 GeV2 at Q2 = 2:4 GeV2, was also performed giving Æ = 0:44� 0:19(stat:).The �t is presented in Fig. 3. Also shown in the �gure are previous ZEUS measurements atdi�erent values of Q2 [18℄ and the extension to higher W values from the present analysis.For ea
h Q2 the 
orresponding Æ values �tted in the extended W range are given. Withinthe present a

ura
y the results do not show eviden
e for a Q2 dependen
e of Æ. Thisresult is similar to that obtained for the ex
lusive produ
tion of J= mesons [12{14,47℄.The �rst dire
t measurement of the di�erential 
ross se
tion d�
�p!
p=dt, extra
ted fromthe LPS-tagged events at Q2 = 3:2 GeV2 and at W = 104 GeV, is shown in Fig. 4. Thevalue of the slope parameter b extra
ted from an exponential �t to the di�erential 
rossse
tion, d�
�p!
p=dt / e�bjtj, is b = 4:5� 1:3(stat:)� 0:4(syst:) GeV�2 (�2=ndf = 0:90).This value is 
onsistent with the results obtained by H1 [20℄ b = 5:45 � 0:19(stat:) �0:34(syst:) GeV�2 at Q2 = 8 GeV2 and W = 82 GeV, from the transverse-momentumdistribution of the photon 
andidate.A 
ompilation of b values as measured for various ex
lusive pro
esses [14, 21℄, in
ludingthe result of this paper, is shown in Fig. 5 as a fun
tion of Q2 +M2, where M is the massof the ex
lusive �nal state. The b value presented here is lower but 
onsistent with the
orresponding ve
tor mesons and H1 DVCS values at similar s
ales. The fast rise of theDVCS 
ross se
tion with W at Q2 = 2:4 GeV2 and the low value of b at Q2 = 3:2 GeV2indi
ate that the DVCS pro
ess is a hard pro
ess even at low Q2 values.8 SummaryThe DVCS 
ross se
tion has been measured as a fun
tion of Q2 and W in the region1:5 < Q2 < 100 GeV2 and 40 < W < 170 GeV. The measured 
ross se
tion de
reases8



steeply with Q2, showing a dependen
e Q�2n, with n = 1:54� 0:05(stat:). The W 
rossse
tion rises with in
reasing W following a fun
tional form W Æ, with Æ = 0:52�0:09(stat:)and has little dependen
e on Q2.For the �rst time, the DVCS di�erential 
ross se
tion as a fun
tion of t was measured bydire
tly tagging the s
attered proton. An exponential behaviour was assumed, the slopeparameter b = 4:5� 1:3(stat:)� 0:4(syst:) GeV�2 was obtained from a �t to the data atQ2 = 3:2 GeV2 and W = 104 GeV. These �ndings indi
ate that the DVCS pro
ess is ahard pro
ess even at low Q2.A
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�
�p!
pQ2 range (GeV2) Q2 (GeV2) �
�p!
p (nb)1.5 - 5 3.25 21.28�0.92+1:02�1:345 - 10 7.5 5.87 �0.42+0:14�0:3010 - 15 12.5 3.27 �0.33+0:07�0:1615 - 25 20.0 1.23 �0.21+0:05�0:0825 - 40 32.5 0.55 �0.18+0:04�0:0440 - 100 70.0 0.16 �0.07+0:02�0:02Table 1: The DVCS 
ross se
tion, �
�p!
p, as a fun
tion of Q2. Values arequoted at the 
entre of ea
h Q2 bin and at W = 104GeV . The �rst un
ertainty isstatisti
al and the se
ond systemati
.
�
�p!
pW range (GeV) W (GeV) �
�p!
p (nb)40 - 60 50 14.47�1.05+0:50�0:8860 - 80 70 20.38�1.57+1:01�1:9980 - 100 90 17.95�1.35+0:64�0:93100 - 120 110 20.65�1.26+0:59�1:16120 - 140 130 26.42�1.84+0:79�0:88140 - 170 155 27.60�3.74+2:01�3:34Table 2: The DVCS 
ross se
tion, �
�p!
p, as a fun
tion of W . Values arequoted at the 
entre of ea
h W bin and for Q2 = 3:2GeV 2. The �rst un
ertaintyis statisti
al and the se
ond systemati
.
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�
�p!
pW range W �
�p!
p (nb) �
�p!
p (nb) �
�p!
p (nb) �
�p!
p (nb)(GeV) (GeV) Q2 = 2:4 GeV2 Q2 = 6:2 GeV2 Q2 = 9:9 GeV2 Q2 = 18:0 GeV240 - 65 52.5 27.06�3.44+4:37�4:4265 - 90 77.5 22.36�3.11+3:40�1:7390 - 115 102.5 26.49�1.89+0:89�1:44115 - 140 127.5 35.94�2.63+1:81�1:89140 - 170 155 35.72�9.47+3:01�2:94 16.93�2.43+1:37�1:40 6.15�1.67+0:51�0:51 2.21�0.82+0:18�0:18Table 3: The DVCS 
ross se
tion, �
�p!
p, as a fun
tion of W in four Q2 ranges.Values are quoted at the 
entre of ea
h W bin and for the Q2 values listed. The�rst un
ertainty is statisti
al and the se
ond systemati
. The values for higher Q2and lower W , shown in Fig. 3, are taken from a previous publi
ation [18℄ and arenot repeated here.
d�
�p!
p=dtt range (GeV2) t (GeV2) �
�p!
p=dt (nb/GeV2)0.08 - 0.19 0.14 34.6�9.6� 2.40.19 - 0.31 0.25 32.7�9.4� 2.30.31 - 0.42 0.36 19.6�7.5� 1.40.42 - 0.53 0.47 5.7 �4.1� 0.4Table 4: The DVCS di�erential 
ross se
tion, d�
�p!
p=dt, as a fun
tion ofjtj. Values are quoted at the 
entre of ea
h jtj bin and for Q2 = 3:2GeV 2 andW = 104GeV . The �rst un
ertainty is statisti
al and the se
ond systemati
.
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Figure 2: (a) The DVCS 
ross se
tion, �
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p, as a fun
tion of Q2. The solidline is the result of a �t of the form � Q�2n. (b) The DVCS 
ross se
tion, �
�p!
p,as a fun
tion of W . The solid line is the result of a �t of the form � W Æ. Theinner error bars represent the statisti
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ertainty while the outer error bars thestatisti
al and systemati
 un
ertainties added in quadrature.
16



ZEUS

1

10

10 10
2

ZEUS 61 pb-1

ZEUS 96-00
δ

0.44±0.19

0.75±0.17

0.84±0.18

0.76±0.22

Q2=2.4 GeV2

Q2=6.2 GeV2

Q2=9.9 GeV2

Q2=18 GeV2

W (GeV)

σγ*
p

 →
 γ

p
 (

n
b

)

Figure 3: The DVCS 
ross se
tion, �
�p!
p, as a fun
tion of W for Q2 =2:4 GeV 2 (dots) shown together with previous ZEUS measurements (squares) [18℄.Also shown at higher Q2 are the new measurements at W = 155 GeV (dots). Thesolid lines are the results of a �t of the form �
�p!
p / W Æ. The values of Æ andtheir statisti
al un
ertainties are given in the �gure. The inner error bars representthe statisti
al un
ertainty while the outer error bars the statisti
al and systemati
un
ertainties added in quadrature.
17



ZEUS

|t| (GeV2)

d
σγ*

p
 →

 γ
p
 /d

t 
(n

b
/G

eV
2 )

e-b|t| fit

ZEUS LPS 31 pb-1

Q2 = 3.2 GeV2

W  = 104 GeV

b= (4.5 ± 1.3 ± 0.4) GeV-2

1

10

0.1 0.2 0.3 0.4 0.5Figure 4: The DVCS di�erential 
ross se
tion, d�
�p!
p=dt, as a fun
tion ofjtj. The solid line is the result of a �t of the form � e�bjtj. The inner error barsrepresent the statisti
al un
ertainty while the outer error bars the statisti
al andsystemati
 un
ertainties added in quadrature.
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Figure 5: A 
ompilation of the values of the slope b as a fun
tion of Q2 + M2for various ex
lusive pro
esses in
luding the present DVCS measurement. Theinner error bars represent the statisti
al un
ertainty while the outer error bars thestatisti
al and systemati
 un
ertainties added in quadrature.
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