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This report desribes the analysis of the DVCS proess with the data olleted by ZEUSduring HERA I running period and a �rst look to the HERA II data.
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1 IntrodutionThis report presents the measurement of the ross setion for the exlusive produtionof a real photon in di�rative positron1-proton interations, ep → eγp, a proess knownas Deeply Virtual Compton Sattering (DVCS). In perturbative QCD, this proess isdesribed by the exhange of two partons, with di�erent longitudinal and transverse mo-menta in a olourless on�guration. At the γ∗p entre-of-mass energies, W , availablefor ep ollisions at the HERA ollider, for large squared momentum transfer at the lep-ton vertex, Q2, the DVCS proess is dominated by two-gluon exhange. Measurementsof the DVCS ross setion provide onstraints on the generalised parton distributions(GPDs) [1�5℄, whih arry information about about the transverse distribution of partonsin the proton whih is not aessible through the measurements of the F2 struture fun-tion. The simpliity of the �nal state and the absene of hadronisation e�ets mean thatthe QCD preditions for DVCS are expeted to be more reliable than for exlusive vetormeson prodution whih has been extensively studied in ep ollisions at HERA [6�13℄.The report presents the measurement of the DVCS ross setions in the kinemati rangeof 1.5 < Q2 < 100GeV2 and 40 < W < 170GeV for HERA I2, 5 < Q2 < 100GeV2 and
40 < W < 170GeV for HERA II. The study based on the HERA I data sample repeatsa ZEUS analysis, presently being published, using and independent ROOT/C++-basedanalysis ode. The HERA II analysis is a �rst feasibility study of the measurement of theDVCS ross setion with seletion riteria similar to the HERA I analysis. In order tomake a omparison between the HERA I and the HERA II results an analysis was madeapplying the same uts used for HERA II to the HERA I sample.2 Experimental set-up and Monte Carlo simulationsThe data used for this measurement, orresponding to an integrated luminosity of 61.1−1for HERA I and 141.21 pb−1 for HERA II, were taken with the ZEUS detetor whenHERA ollided positrons of 27.5 GeV with protons of 920 GeV. A detailed desriptionof the ZEUS detetor an be found elsewhere [14, 15℄. A brief outline of the omponentsmost relevant for this analysis is given below.1 Hereafter, the positron is referred to with the same symbol, e, as the eletron.2 The data taking period between 1995 and 2000 is referred to a HERA I, while the period 2002-2007 isreferred to as HERA II 3



Charged partiles were traked in the Cetral Traking Detetor (CTD) [16℄ and, in theHERA II period, also in the Miro Vertex Detetor (MVD). These omponents operatedin a magneti �eld of 1.43 T provided by a superondutong thin solenoid. The CTDonsisted of 72 ylindrial drift-hamber layers, organised in nine superlayers overing thepolar-angle 3 region 15◦ < θ < 164◦. The transverse-momentum resolution for full-lengthtraks was σ(pT )/pT = 0.0058pT ⊕ 0.0065 ⊕ 0.0014/pT , with pT in GeV.The MVD onsisted of a barrel (BMVD) and a forward (FMVD) setion with threeylindrial layers and 4 vertial planes of single-sided silion strip sensors in the BMVDand FMVD respetively. The BMVD extended the polar-angle overage for traks withthree measurements from 30◦ to 50◦. The FMVD extended the polar-angle overage inthe forward region to 7◦.The uranium�sintillator alorimeter (CAL) [17℄ overed 99.7% of the total solid angle andonsisted of three parts: the forward (FCAL), the barrel (BCAL) and the rear (RCAL)alorimeters. Eah part was subdivided transversely into towers and longitudinally intoone eletromagneti setion (EMC) and either one (in RCAL) or two (in BCAL andFCAL) hadroni setions (HAC). The CAL energy resolutions, as measured under test-beam onditions, were σ(E)/E = 0.18/
√
E for positrons and σ(E)/E = 0.35/

√
E forhadrons, with E in GeV.The position of positrons sattered at small angles with respet to the positron-beamdiretion was determined ombining the information from the CAL, the small-angle reartraking detetor (SRTD) and the hadron-eletron separator (HES) [18, 19℄.The FPC [20℄ was used in HERA I to measure the energy of partiles in the pseudorapidityrange η ≈ 4.0 − 5.0. It onsisted of a lead�sintillator sandwih alorimeter installed inthe 20×20 m2 beam hole of the FCAL. The energy resolution for eletrons, as measuredin a test beam, was σ(E)/E = (0.41 ± 0.02)/

√
E ⊕ 0.062 ± 0.002, with E in GeV. Theenergy resolution for pions was σ(E)/E = (0.65±0.02)/

√
E⊕0.06±0.01, with E in GeV,after having ombined the information from FPC and FCAL. The e/h ratio was lose tounity.The aeptane and the detetor response were determined using Monte Carlo (MC) simu-3 The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton diretion, referred to as the �forward diretion�, and the X axis pointing left towards the entreof HERA. The oordinate origin is at the nominal interation point. The pseudorapidity is de�ned as

η = − ln (tan θ

2
), where the polar angle θ is measured with respet to the proton beam diretion.4



lations. The detetor was simulated in detail using a program based on Geant 3.13 [21℄.All the simulated events were proessed through the same reonstrution and analysishain as the data.A MC generator, GenDVCS [22℄, based on a model by Frankfurt, Freund and Strikman(FFS) [23℄, was used to simulate the elasti DVCS proess as desribed in [24℄. TheALLM97 [25℄ parameterisation of the F2 struture funtion of the proton was used asinput. The t dependene was assumed to be exponential with a slope parameter b set to4.5 GeV−2, independent of W and Q2.The elasti, ep → eγp, and inelasti, ep → eγY , BH proesses, where Y is the hadroni�nal state, and the exlusive dilepton prodution, ep → ee+e−p, were simulated usingthe Grape-Compton4 [26℄ and the Grape-Dilepton [26℄ generators. These two MCprograms are based on the automati system Grae [27℄ for alulating Feynman dia-grams. A possible ontribution from vetor meson eletroprodution was simulated withthe Zeusvm generator [28℄. To aount for eletroweak radiative e�ets, all the generatorswere interfaed to Herales 4.6 [29℄.3 Kinemati variables and event seletionThe proess ep→ eγp is parametrised by the following variables:
• Q2 = −q2 = −(k − k′)2, the negative four-momentum squared of the virtual photon,where k (k′) is the four-momentum of the inident (sattered) positron;
• W 2 = (q+ p)2, the squared entre-of-mass energy of the photon-proton system, where
p is the four-momentum of the inident proton;

• x = Q2/(2P · q), the fration of the proton momentum arried by the quark struk bythe virtual photon in the in�nite-momentum frame (the Bjorken variable);
• xL = p′·k

p·k
, the frational momentum of the outgoing proton, where p′ is the four-momentum of the sattered proton;

• t = (p− p′)2, the squared four-momentum transfer at the proton vertex.For the Q2 range of this analysis and at small values of t, the signature of elasti DVCS andBH events onsists of a sattered positron, a photon and a sattered proton. The sattered4 Hereafter, the Grape-Compton generator is referred to as Grape.5



proton remains in the beam-pipe. The events were seleted online via a three-level triggersystem [14,30℄. The trigger required events to ontain two isolated eletromagneti (EM)lusters with energy greater than 2 GeV.The o�ine seletion followed the same strategy as for a previous publiation [24℄. TwoEM lusters were found by a dediated, neural-network based, positron �nder [31℄. Theywere ordered in polar angle and are in the following denoted as EM1 and EM2, with
θ1 > θ2. The �rst luster was required to be in the RCAL with energy E1 > 10GeV; theseond luster had to have a polar angle θ2 < 2.85 rad and was required to be either in theRCAL, with energy E2 > 3GeV, or in the BCAL, with energy E2 > 2.5GeV. The angularrange of the seond luster orresponds to the region of high reonstrution e�ieny fortraks in the CTD. The assoiation of a trak disriminates between positron and photonindued lusters. For events with one trak, a math was required between the trak andone of the two EM lusters. Events with more than one trak were rejeted. In orderto ensure a uniform high aeptane for the eletromagneti luster in the RCAL some�duial uts were required on the position of the eletromagneti luster on the RCALsurfae. A di�erent �duial ut was applied in the HERA I and HERA II analyses, dueto the di�erent RCAL detetor aeptane.The ondition 40 < E − PZ < 70 GeV was imposed, with E = E1 + E2 and PZ =

E1 cos θ1 + E2 cos θ2. This requirement rejeted photoprodution events and also eventsin whih a hard photon was radiated from the inoming positron.Events with CAL energy deposits not assoiated with the two EM lusters were rejetedif their energy was above the noise level in the CAL [32℄. In addition, the total energiesmeasured in the FPC (only for HERA I) and in the FCAL were eah required to bebelow 1 GeV. These elastiity requirements also suppressed DVCS events and inelastiBH events in whih the proton dissoiates into a high-mass hadroni system. The samplewas still ontaminated by events in whih a forward, low-mass hadroni system was notvisible in the main detetor.For HERA I, the kinemati region was 40 < W < 170GeV and 1.5 < Q2 < 100GeV2. Inthe HERA II analysis, the minimum Q2 ut was raised to 5 GeV2. The HERA I restritedsample onsisted of HERA I data with the same box and kinemati uts of HERA II.For the purposes of this analysis, the values of Q2 and W were determined for eahevent, independently of its topology, under the assumption that the EM1 luster is thesattered positron. This assumption is always valid for DVCS events for the Q2 rangeonsidered here. The eletron method [33℄ was used to determine Q2 and the double-angle6



method [33℄ to determine W .4 Bakground study and signal extrationThe seleted events were subdivided into three samples:
• γ sample: EM2, with no trak pointing to it, is taken to be the photon and EM1 isassumed to be the sattered positron. Both BH and DVCS proesses ontribute tothis topology. The sample onsisted of 7618 events for HERA I, 6315 for HERA IIand 3368 for the HERA I restrited sample.
• e sample: EM2, with a positive-harge trak pointing to it, is assumed to be thesattered positron and EM1 is the photon. The sample is dominated by BH events.The number of DVCS events is predited to be negligible due to the largeQ2 implied bythe large positron sattering angle. This sample onsisted of 11988 events for HERAI, 10198 for HERA II and 5385 for the HERA I restrited sample.
• negative-harge-e sample: EM2, with a negative-harge trak pointing to it, may haveoriginated from an e+e− �nal state aompanying the sattered positron, where oneof the positrons esaped detetion. This sample is dominated by non-resonant e+e−prodution and by J/ψ prodution with subsequent deay into e+e− and was usedto study these bakground soures. It onsisted of 764 events for HERAI, 391 forHERA II and 195 for the HERA I restrited sample. The ontribution from di�rativeeletroprodution of ρ, ω and φ mesons was found to be negligible [24℄.In the kinemati region of this analysis, the ontribution of the interferene term betweenthe DVCS and BH amplitudes is very small when the ross setion is integrated over theangle between the positron and proton sattering planes [34, 35℄. Thus the ross setionfor exlusive prodution of real photons was treated as a simple sum over the ontributionsfrom the DVCS and BH proesses. The DVCS ross setion was determined by subtratingthe latter.The size of the BH ontribution to be subtrated was determined using the e samplewhih onsists of elasti and inelasti BH events and a small fration of exlusive e+e−prodution. The exlusive e+e− ontribution was estimated with the negative-harge-esample to be (6.4 ± 0.3)% for HERA I, (3.8 ± 0.3)% for HERA II and subtrated fromthe e sample. 7



The measured ross setion of the BH proess was (4±1)% smaller than the expetationsof theGrape program (a detailed disussion an be found elsewhere [36,37℄). TheGrapeross setion was modi�ed aordingly.The BH ontribution to the γ sample was determined byGrape and found to be (56±1)%for HERA I and (58± 1)% for HERA II. The BH-subtrated γ sample was further saledby (1−fp−diss), where fp−diss is the fration of DVCS events in whih the proton dissoiatedinto a low-mass state. Its value was taken [24℄ from a previous publiation [38℄, fp−diss =

17.5 ± 1.3+3.7
−3.2%.The W and Q2 distributions separately for the e sample, for the γ sample and for the γsample after BH and proton dissoiation bakground subtration, for both HERA I andHERA II, are shown in Fig. 1. Also shown in the �gure are the MC expetations whihdesribe the data well. In Fig. 2 the shape omparison between the HERA I and HERAII data is shown for the γ sample in the same phase spae region and using the sameseletion uts.5 ResultsThe γ∗p ross setion of the DVCS proess was alulated as a funtion of W and Q2using the formula
σγ∗p→γp(Wi, Q

2
i ) =

(Nobs
i −NBH

i ) · (1 − fp−diss)

NMC
i

· σFFS(γ∗p→γp)(Wi, Q
2
i ),where Nobs

i is the total number of data events in the γ sample in eah bin i of W and Q2,
NBH

i denotes the number of elasti and inelasti BH events in the γ sample in the samebin, and NMC
i is the number of events expeted in the γ sample from GenDVCS for theluminosity of the data. The ross setion as predited by the FFS model is denoted as

σFFS(γ∗p → γp) and was evaluated at the entre (Wi, Q
2
i ) of eah Q2 and W bin. The

γ∗p DVCS ross setion, σγ∗p→γp, is shown in Fig. 3 as a funtion of Q2 at W = 104 GeVand as a funtion of W at Q2 = 3.2 GeV2. The ross setion shows a fast derease with
Q2. The �gure shows the perfet agreement between this analysis and the analysis that isgoing to be published.The points oming from my analysis, have been shifted for larity.A �t to the Q2 and W dependene of the ross setions, assuming the funtional forms
σγ∗p→γp(Q2) ∼ Q−2n and σγ∗p→γp(W ) ∼ W δ, was performed for W = 104 GeV and for
Q2 = 3.2 GeV2,respetively. Figure 4-5-6 show the result of the �t on the HERA I, HERA8



II aand the HERA I restrited sample ross setions. The result are in good agreement.The improvement in the statistial preision obtained using HERA II data is evident. Theresult is in agreement with other DVCS measurements at HERA at lower W [24, 39�41℄.As expeted for DVCS [23℄, the derease of the ross setion with Q2 is slower than forexlusive vetor meson prodution [9�13, 42℄. The ross setion inreases with W . InpQCD-based models, this behaviour is related to the inrease of the gluon ontent ofthe proton with dereasing Bjorken-x. This result is in agreement with the previousmeasurements [24, 39�41℄ performed in a restrited range of W and at higher Q2. Thenumbers of DVCS events, together with the respetive BH perentage and luminosity, arelisted in Table 2 1. This number sales with the luminosity, as expeted. This means thatonsidering all the HERA II running period, where the olleted luminosity was 400 pb−1,for the future analysis we an start with 6815 ∗ 400/41 = 7611 events of a pure DVCSsample.This number an be inreased with a better tuning of the uts for the HERA IIenviroment, a better understanding of the di�erent bakground omponents and the useof the MVD for both bakgound and signal. This inrease of statistis looks promisingin order to perform a new measurement of dσ/dt using the HERA II data with largerstatistis and therefore better preision.6 Conlusion and OutlookRepeating the analysis of the HERA I data that will be published soon, we have veri�edthat, varying only the box uts and kinemati region of the HERA I seletion, we anobtain a measurement of the DVCS ross setion with the HERA II data ompatible withthe previous measurements. The inrease of statisti in the HERA II analysis has openedthe way to a future study of dσ/dt where t will be alulated in a indiret way using theexpression
t = −p′2

x − p
′2
y = −p′2

T = −(γ
′

T + e
′

T )2whih needs a high resolution on both e
′

T and γ
′

T . However for a omplete analysis weneed a better tuning of the uts for the HERA II environment, a better understandingof the di�erent bakground omponents and Monte Carlo studies both to de�ne the newkinemati region and the resolution study of the variables in th new data taking period.
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Samples DVCS events BH (%)HERA I (pub.) 3328 56.3±1.0HERA I (Q2 > 5GeV2) 1233 63.4±1.1HERA II (06-07) 2746 56.5±1.1Table 1: The sample of DVCS events after BH the bakground subtration, thesample still inlude the proton dissoiative ontribute. The last oloumn indiatethe BH fration subtrated.
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Figure 1: Distribution of W , Q2 in the inlusive sample for HERA I and HERAII, for the e-sample (top), the γ-sample (middle) and the γ-sample after BH bak-ground and proton dissoiation subtration (bottom). Also shown are the expeta-tions of the MC normalised to the luminosity of the data and the ontribution fromexlusive dilepton prodution (e+e−). 15



Figure 2: Shape omparison between the HERA I and the HERA II data withinthe same phase spae region and using the same seletion uts
16



Figure 3: (top) The DVCS ross setion, σγ∗p→γp, as a funtion of Q2 for boththis analysis and the analysis to be published. (bottom) The DVCS ross setion,
σγ∗p→γp, as a funtion of W for both this analysis and the analysis to be published.The points of this analysis have been shifted for more larity.
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Figure 4: Fit to dσ/dQ2 and dσ/dW ,assuming the funtional form Q−2n and
W δ.The ross setions were obtained using the HERA I data and in the samekinemati region as for the analysis to be published.
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Figure 5: Fit to dσ/dQ2 and dσ/dW ,assuming the funtional form Q−2n and
W δ.The ross setions were obtained using the HERA II data in the restritedkinemati region desribed in the text.
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Figure 6: Fit to dσ/dQ2 and dσ/dW ,assuming the funtional form Q−2n and
W δ.The ross setions were obtained using the HERA I data in the restrited kine-mati region desribed in the text.
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