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Di�rative Photoprodution of D��(2010)at HERA

ZEUS Collaboration
AbstratDi�rative photoprodution of D��(2010) mesons was measured with the ZEUSdetetor at the ep ollider HERA, using an integrated luminosity of 78:6 pb�1.The D� mesons were reonstruted in the kinemati range: transverse momen-tum pT (D�) > 1:9 GeV and pseudorapidity j�(D�)j < 1:6, using the deayD�+ ! D0�+s followed by D0 ! K��+ (+..). Di�rative events were identi-�ed by a large gap in pseudorapidity between the produed hadroni state andthe outgoing proton. Cross setions are reported for photon-proton entre-of-mass energies in the range 130 < W < 300 GeV and for photon virtualitiesQ2 < 1 GeV2, in two ranges of the Pomeron frational momentum xIP < 0:035and xIP < 0:01. The relative ontribution of di�rative events to the inlusiveD��(2010) photoprodution ross setion is about 6%. The data are in agree-ment with perturbative QCD alulations based on various parameterisations ofdi�rative parton distribution funtions. The results are onsistent with di�ra-tive QCD fatorisation.
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1 IntrodutionIn di�rative eletron-proton sattering, the proton loses a small fration of itsenergy and either emerges from the sattering intat, ep ! eXp, or dissoiates intoa low-mass state N , ep ! eXN . A large gap in rapidity separates the hadroni-state Xwith invariant-mass MX and the �nal-state proton (or N).In the framework of Regge phenomenology [1℄, di�rative interations are asribed tothe exhange of a trajetory with vauum quantum numbers, the Pomeron trajetory.In quantum hromodynamis (QCD), the di�rative fatorisation theorem [2{5℄ statesthat the di�rative ross setion, in the presene of a hard sale, an be expressed asthe onvolution of universal partoni ross setions and a spei� type of parton distri-bution funtion (PDF), the di�rative PDF (dPDF). Di�rative PDFs are interpreted asonditional probabilities to �nd a parton in the proton when the �nal state ontains afast forward proton. The dPDFs [6{9℄ have been determined from the HERA inlusivemeasurements of the di�rative struture funtion (FD2 ), de�ned in analogy with the pro-ton struture funtion (F2) [10℄, and an be used as input for alulations of di�erentdi�rative proesses, for example at the Tevatron and LHC [11℄.Di�rative ollisions, produing hadroni-states X inluding a � pair, are a partiularlyinteresting omponent of di�rative ep interations. The harm-quark mass provides ahard sale, ensuring the appliability of perturbative QCD even for small photon virtu-alities (photoprodution). At leading order (LO) of QCD, two types of photoprodutionproesses an be distinguished: diret and resolved photon proesses. Charm produtionmainly proeeds via diret photon reations, in whih the exhanged photon partii-pates as a point-like partile, diretly interating with a gluon from the inoming proton(photon-gluon fusion, Fig. 1). Thus, di�rative harm prodution is diretly sensitive tothe gluon ontent of the di�rative exhange. In the resolved photon proesses, the photonbehaves as a hadron-like soure of partons, one of whih interats with a parton from theinitial proton. Further interations between partons from the photon and the proton may�ll the rapidity gap, leading to a suppression of the observed ross setions in di�rativephotoprodution. For example, an eikonal model [13℄ predits a ross-setion suppressionby about a fator of three for di�rative resolved photoprodution at HERA. A similarmehanism was proposed to explain the rate of hard di�rative events at the Tevatron,whih is lower than the expetations based on the dPDFs measured at HERA [14℄.This paper presents a study of di�rative harm prodution, ep! eD�X 0p, with exhanged-photon virtuality Q2 < 1 GeV2. The prodution of harm was tagged by identi�ationof a D��(2010) meson in the �nal state1. The measurement is based on a sample of1 From now on, the notation D� will be used for both D�+ and D��.1



events with a large gap in pseudorapidity between the proton and the produed hadronisystem. Di�rative harm prodution was measured previously at HERA in deep in-elasti sattering (DIS) for photon virtualities above 1:5 GeV2 [15{18℄. Reently, the H1Collaboration has reported a measurement of di�rative harm photoprodution withQ2 < 0:01 GeV2 [16℄. The measurement reported here is performed with about six timeslarger statistis and in a larger kinemati range than the H1 results.2 Experimental set-upThis measurement is based on the data taken with the ZEUS detetor at the ep olliderHERA in 1998{2000, when eletrons or positrons of 27.5 GeV were ollided with protonsof 920 GeV. The sample used for this study orresponds to an integrated luminosityL = 78:6� 1.8 pb�1 (13.6 pb�1 and 65.1 pb�1 for the e�p and e+p samples, respetively2).A detailed desription of the ZEUS detetor an be found elsewhere [19℄. Only a briefoutline of the detetor omponents most relevant to this analysis is given here.Charged partiles are traked in the entral traking detetor (CTD) [20℄, whih operatesin a magneti �eld of 1.43 T, provided by a thin super-onduting oil. The CTD onsistsof 72 ylindrial drift hamber layers, arranged in 9 superlayers, overing the polar angleregion3 15Æ < � < 164Æ. The transverse-momentum resolution for full-length traks is�(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV.The high-resolution uranium{sintillator alorimeter (CAL) [21℄ onsists of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah partis subdivided transversely into towers and longitudinally into one eletromagneti se-tion and either one (in RCAL) or two (in BCAL and FCAL) hadroni setions. Thesmallest subdivision of the alorimeter is alled a ell. The CAL energy resolutions,as measured under test-beam onditions, are �(E)=E = 0:18=pE for eletrons and�(E)=E = 0:35=pE for hadrons, with E in GeV.In 1998{2000, the forward plug alorimeter (FPC) [22℄ was installed in the 20 � 20 m2beam hole of the FCAL with a small hole of radius 3.15 m in the entre to aommodatethe beam pipe. The FPC inreased the forward alorimetri overage by about one unitin pseudorapidity to � � 5.The luminosity was measured from the rate of the bremsstrahlung proess ep! ep. The2 From now on, the word \eletron" will be used as a generi term for both eletrons and positrons.3 The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam diretion, referred to as the \forward diretion", and the X axis pointing left towardsthe entre of HERA. The oordinate origin is at the nominal interation point.2



bremsstrahlung photons were measured with a lead{sintillator alorimeter [23℄ plaed inthe HERA tunnel at Z = �107 m.3 Kinematis and reonstrution of variablesDi�rative photoprodution in ep sattering (Fig. 1),e(e) + p(p) ! e(e0) + X(X) + p(p0);is desribed in terms of the four-momenta e; e0 of the beam and sattered eletrons, p; p0 ofthe beam and sattered protons and X of the hadroni system. The following kinemativariables are de�ned: the photon virtuality, Q2 = �q2, where q = e� e0, the squaredphoton-proton entre-of-mass energy, W 2 = (p + q)2, and the fration of the eletronenergy transferred to the proton in its rest frame,y = p � qp � e ' W 22p � e:The reation an be onsidered to proeed through the interation of the virtual photonwith the di�rative exhange (Pomeron, IP ). This proess is desribed by the invariantmass, MX , of the hadroni system X and the fration of the proton momentumxIP = (p� p0) � qp � qarried by the di�rative exhange.The variables W; MX and xIP were reonstruted from the hadroni �nal state, using aombination of trak and alorimeter information that optimises the resolution of the re-onstruted kinemati variables. The seleted traks and alorimeter lusters are referredto as energy-ow objets (EFO) [24℄. The Jaquet{Blondel formula [25℄WJB = q2Ep(E � PZ)was used to reonstrut W; where Ep is the proton beam energy andE � PZ = Xi (Ei � PZi) :The invariant mass of the di�ratively produed system was alulated fromM2X =  Xi Ei!2 � Xi PXi!2 � Xi PYi!2 � Xi PZi!2 :3



The sums in the above equations run over the energies Ei and momentum omponentsPXi PYi and PZi of all EFOs.The variable xIP was reonstruted fromxIP = M2XW 2 ;whih is derived negleting the photon virtuality (Q2 ' 0 for the ase of photoprodution),the square of the four-momentum transfer at the proton vertex (t = �(p� p0)2), and themass of the proton.In addition, the inelastiity z(D�) was de�ned asz(D�) = p � p(D�)p � q ;where p(D�) is the four-momentum of the D� meson. In the proton rest frame, z(D�) is thefration of the photon energy arried by the D� meson. This variable was reonstruted asz(D�) = (E � PZ)D�(E � PZ) ;where (E � PZ)D� was alulated using the energy and momentum omponent PZ of theD� meson.The measured values of the variables W; z(D�), MX and xIP were orreted for energylosses in the inative material of the ZEUS detetor and for the loss of any partile downthe beam pipe using Monte Carlo (MC) simulations. All variables were reonstrutedwith a resolution of better than 15% over the ranges onsidered.4 Theoretial preditions4.1 Monte Carlo simulationsMonte Carlo simulations were used to alulate the aeptanes, to evaluate orretionfators for the seletion ineÆienies and resolutions of the ZEUS detetor and to estimatethe bakground.The MC generator Rapgap 2.08/18 [26℄ was used to simulate di�rative photoprodutionof D� mesons. The simulation was performed in the framework of the resolved-Pomeronmodel [12℄. The ross setion is proportional to the di�rative proton struture funtion,FD2 , whih is parameterised by the produt of the probability of the Pomeron emission(the so-alled Pomeron ux fator) and the struture funtion of the Pomeron. The4



parameterisation of the Pomeron ux fator by Streng and Berger [27℄ was used along withthe Pomeron struture funtion obtained by the H1 Collaboration (H1Fit2 LO) [28℄. Theontribution of the sub-leading Regge trajetory (the Reggeon), whih is only signi�antfor xIP > 0:01, was also inluded.The ep interations were modelled using both diret and resolved photon proesses. TheMC resolved photon omponent, whih amounts to about 35% of the total sample, isdominated by heavy-avour exitation, in whih a harm quark from the photon partii-pates in the hard sattering. To simulate resolved photon proesses, the GRV-G-LO [29℄set of photon parton densities was used. The simulation of harm prodution was per-formed with leading-order matrix elements. Higher-order QCD e�ets were approximatedby parton showers, based on the leading logarithm (LL) DGLAP splitting funtions [30℄.Contributions from bottom prodution with subsequent deay into a �nal state with D�were also simulated. The bottom ontribution, as predited by the MC alulations, is notsizeable in any part of the kinemati range and orresponds to 2-3% of the total sample.The masses of the heavy quarks were set to m = 1:5 GeV for harm and mb = 4:75 GeVfor bottom.The MC generators Pythia 6.156 [31℄ and Herwig 6.301 [32℄ were used to model thenon-di�rative photoprodution of the D� mesons. The CTEQ5L parameterisation [33℄was used in both generators for the proton PDFs.The hadronisation proess was simulated with the Lund string model [31℄ in the Rapgapand Pythia MCs, and aording to a luster hadronisation model [34℄ in Herwig.The generated Monte Carlo events were passed through the standard simulation of theZEUS detetor, based on the Geant 3.13 simulation program [35℄, and through the ZEUStrigger simulation pakage [36℄. The simulated detetor responses were then subjeted tothe same reonstrution and analysis proedures as the data. For the determination ofthe aeptane and orretion fators, the generated Rapgap events were re-weightedin the variables MX and z(D�), and the generated Pythia and Herwig events werere-weighted in the variables pT (D�) and �(D�) to improve the desription of the shapesof the measured distributions.4.2 NLO QCD alulationsThe ross setions for di�rative photoprodution of D� mesons were alulated at thenext-to-leading order (NLO) in �s, the strong oupling onstant, using the �xed-avour-number sheme, in whih only light avours are ative in the PDFs and the heavy quarksare generated by the hard interation. The alulation was performed with the FMNRode in the double-di�erential mode [37,38℄. The Weizs�aker-Williams approximation [39℄5



was used to obtain the virtual photon spetrum for eletroprodution with small photonvirtualities. Di�rative PDFs were used instead of the onventional proton PDFs. Thethree sets of dPDFs used in the alulations were derived from NLO QCD DGLAP �tsto the HERA data on di�rative deep inelasti sattering: the H1 2006 Fit A, Fit B [6℄and the ZEUS LPS+harm Fit [7℄ di�rative PDFs. In the ZEUS LPS+harm �t, thedi�rative DIS data were ombined with the results on di�rative harm prodution inDIS [18℄ to better onstrain the gluon ontribution. The Reggeon ontribution, whihamounts to less than 2% for xIP = 0:01 and grows up to � 15% at xIP = 0:035, was notinluded. To aount for the proton-dissoiative ontribution, present in the H1 2006 �ts,the orresponding preditions were multiplied by the fator 0.81 [6℄.The alulations were performed with �s(MZ) = 0:118 GeV [40℄ and m = 1:45 GeV, thesame values used in the QCD �ts to the HERA data. The fration of harm quarkshadronising as D� mesons was set to f( ! D�) = 0:238 [41℄. The Peterson pa-rameterisation [42℄ was used for the harm fragmentation with the Peterson parame-ter � = 0:035, obtained in an NLO �t [43℄ to ARGUS data [44℄. The entral NLOQCD preditions were obtained with the renormalisation and fatorisation sales set to�R = �F = � � pm2 + 0:5 � [p2T () + p2T (�)℄. Here, pT () and pT (�) are the transversemomenta of the harm and anti-harm quarks. The unertainties of the alulationswere estimated by varying the renormalisation and fatorisation sales simultaneouslywith the harm mass to �R = �F = 0:5 � �, m = 1:25 GeV and to �R = �F = 2 � �,m = 1:65 GeV and they were found to be of the order of +30�70%. Variations of the harmmass only resulted in a �15% unertainty. Unertainties on the dPDFs were not inluded.The NLO preditions are given by the sum of point-like and hadron-like proesses, theNLO analogues of the diret and resolved photon proesses de�ned at LO. In all NLOalulations, the AFG-G-HO parameterisation [45℄ was taken for the photon PDFs. Thehadron-like proesses, in whih the photon behaves as a soure of light partons, ontributeabout 10% of the FMNR ross setion. The dependene on the photon PDFs was hekedby using the GRV-G-HO parameterisation [46℄ and was found to be negligible. It shouldbe noted that the NLO diagrams in whih the photon splits into a low-mass pair of and � quarks, one of whih interats with a gluon from the proton, are onsidered aspoint-like photon proesses in FMNR while they are e�etively inluded in Rapgap asresolved-photon proesses with heavy-avour exitation.In the alulations of the inlusive D� photoprodution ross setions, the CTEQ5Mparameterisation [33℄ with the default value of the QCD parameter (�(5)QCD = 226 MeV)was taken for the PDFs of the proton. 6



5 Event seletion and reonstrution of D�� mesons5.1 Event seletionThe events were seleted online with a three-level trigger system [19, 36℄. At the �rst-and seond-level triggers, data from CAL and CTD were used to selet ep ollisions andto rejet non-ep bakgrounds. At the third level, the full event information was availableand at least one reonstruted D� andidate (see below) was required. The eÆieny ofthe online D� reonstrution, relative to the eÆieny of the o�ine reonstrution, wasabove 95%.Photoprodution events were seleted o�ine by requiring that no sattered eletronwas identi�ed in the CAL [47℄. After orreting for detetor e�ets, the most impor-tant of whih were energy losses in the inative material in front of the CALand partile losses in the beam pipe [47, 48℄, events were seleted in the interval130 < W < 300 GeV (0:17 < y < 0:89). The lower limit was set by the trigger require-ments, while the upper limit was imposed to suppress any remaining events from deepinelasti sattering. Under these onditions, the photon virtuality is below 1 GeV2. Themedian Q2 value was estimated from a MC simulation to be about 3� 10�4 GeV2.5.2 Reonstrution and seletion of D��(2010) mesonsThe D�(2010) mesons were reonstruted from the deay D� ! (D0 ! K�)�s by meansof the mass-di�erene method using harged traks measured in the CTD. The �s partilefrom the D� deay is known as the \soft" pion beause its momentum value is limitedby the small di�erene between the masses of the D� and D0 mesons. To ensure a goodeÆieny and a good momentum resolution, traks were required to have pT > 0:12 GeVand to reah at least the third CTD superlayer.To reonstrut a D� andidate [49℄, two traks of opposite harges were ombined into a(K�) pair forming a D0 andidate. As kaons and pions were not identi�ed, the mass ofa harged kaon and a harged pion was assigned to eah trak in turn.Similarly, to form a \right-harge" trak ombination for a D� andidate, eah (K�) pairwas ombined with a third trak (�s), whih had the harged-pion mass assigned andharge opposite to that of the K meson in the (K�) pair. To redue the ombinato-rial bakground, the traks for the above ombinations were seleted with transversemomenta as follows: pT (K) > 0:5 GeV, pT (�) > 0:5 GeV and pT (�s) > 0:12 GeV.The pT (�s) ut was raised to 0:25 GeV for a data sub-sample, orresponding to anintegrated luminosity of 16.9 � 0.4 pb�1, for whih the reonstrution eÆieny of7



low momentum traks was smaller due to the operating onditions of the CTD [50℄.The D�-meson andidates were aepted provided the invariant-mass value M(K�) wasonsistent with the nominal M(D0) mass given by the PDG [40℄. To take the mass res-olutions into aount, the following requirements were applied, depending on pT (D�),the transverse momentum of the D� meson [51℄:1:82 < M(K�) < 1:91 GeV for pT (D�) < 3:25 GeV,1:81 < M(K�) < 1:92 GeV for 3:25 < pT (D�) < 5 GeV,1:80 < M(K�) < 1:93 GeV for 5 < pT (D�) < 8 GeV and1:79 < M(K�) < 1:94 GeV for pT (D�) > 8 GeV.To suppress the ombinatorial bakground further, the transverse momentum of the D�andidates was required to exeed 1:9 GeV and a ut on the ratio pT (D�)=E�>10ÆT > 0:1was applied. Here E�>10ÆT is the transverse energy measured in the CAL outside a oneof � = 10Æ around the forward diretion. Monte Carlo studies showed that suh a utremoves a signi�ant fration of the bakground whilst preserving most of the produedD� mesons. The measurements were restrited to the pseudorapidity range j�(D�)j < 1:6,where the CTD aeptane is high. A lear signal was observed in the resulting massdi�erene �M = M(K��s)�M(K�) distribution (not shown) at the nominal value.To determine the number of D� mesons in the signal range, 0:1435 < �M < 0:1475 GeV,the ombinatorial bakground was modelled by \wrong-harge" trak ombinationsand subtrated, after normalisation to the \right-harge" distribution in the range0:15 < �M < 0:17 GeV. A \wrong-harge" trak ombination for a (K�) pair wasde�ned as two traks of the same harge with a soft pion (�s) of the opposite harge. Thissubtration yielded a signal of 12482 � 208 inlusive D� mesons.5.3 Seletion of di�rative eventsDi�rative events were identi�ed by the presene of a large rapidity gap (LRG) be-tween the beam pipe, through whih the sattered proton esaped detetion, and thehadroni-system X [52℄. The events with a LRG were seleted by applying a ut on thepseudorapidity �max of the most forward EFO with an energy greater than 400 MeV.Figure 2a ompares the measured �max distribution for all photoprodued D� events (after\wrong-harge" bakground subtration) to a sum of the distributions from di�rative(Rapgap) and non-di�rative (Pythia) MC samples. The relative proportions of the twoMC samples in the sum were hosen to give the best desription of the shape of the data.The measured distribution shows two strutures. The plateau at �max < 3 is populatedpredominantly by di�rative events, while the peak around �max � 3:5 originates mainly8



from non-di�rative events. To selet di�rative events, while rejeting the majority ofthe non-di�rative events, the energy deposited in the FPC was required to be onsistentwith zero (EFPC < 1:5 GeV). Comparison between the �max distributions of these dataand MC events (Fig. 2b) on�rms the onsiderable redution of non-di�rative eventsin the sample. To further redue the fration of non-di�rative events, a ut �max < 3was applied. This ut ensures a gap of at least two units of pseudorapidity with respetto the edge of the forward alorimetri overage provided by the FPC. A ut in �maxorrelates with the range of aessible xIP values. The requirement �max < 3 restrits themeasurement to xIP < 0:035.After the above seletions, a signal of 458 � 30 D� mesons was found in the �M distribu-tion (Fig. 3) for di�rative photoprodution in the range xIP < 0:035. In order to reduethe ontributions from the Reggeon exhange and non-di�rative bakground, the sele-tion was also performed in the restrited range xIP < 0:01, where 204 � 20 D� mesonswere observed.From the omparison between the measured and MC �max distributions (see above andFig. 2a), normalisation fators were obtained for the di�rative and the non-di�rative MCsamples. These normalisation fators were then used to evaluate the total and di�erentialfrations (fnd) of residual non-di�rative events in the range �max < 3 and to orret allthe measured distributions for this bakground bin-by-bin. The total fration fnd = 3:3%was evaluated using the Pythia MC sample. Similar alulations were performed withthe Herwig MC sample (total fnd = 15:5%) for the purpose of systemati unertaintyevaluation.The proton-dissoiative events, ep! eXN , an also satisfy the requirements �max < 3 andEFPC < 1:5 GeV if the proton-dissoiative system, N , has an invariant mass small enoughto pass undeteted through the forward beam-pipe. The fration (fpd) of bakgroundproton-dissoiative events was measured previously to be fpd = 16�4(syst:)% [18℄, wherethe quoted unertainty is due to the modelling and extration proedure of the protondissoiation ontribution. The proton dissoiation ontribution was assumed to be inde-pendent of all kinemati variables and was subtrated from all measured ross setions.6 Systemati unertaintiesThe ross setion unertainties for xIP < 0:035 and xIP < 0:01 were determined separately.The following soures of systemati unertainty were taken into aount (unertainties forthe range xIP < 0:01 are given in brakets):� the CAL simulation unertainty was determined by varying the CAL energy sale by�2% and the CAL energy resolution by �20% of its value. The CAL �rst-level trigger9



eÆienies were varied by their unertainty. These variations resulted in a ombined+1:8�1:5 (�2:3)% unertainty on the ross setion;� the traking-simulation unertainties were obtained by varying all momenta by �0:3%(magneti �eld unertainty) and by hanging the trak momentum and angular res-olutions by +20�10% of their values. The systemati unertainty due to the simulationof the trak ineÆieny [53℄ was found to be negligible. The variations yielded aombined ross-setion unertainty of +3:5�1:9 (+3:2�3:3)%;� the unertainty in the subtration of the ombinatorial bakground was estimatedby tightening separately by 2 MeV the lower and the upper boundary of theregion in whih the \wrong-harge" bakground was normalised. This ontributed+0:2 (�0:5)% to the ross-setion unertainty;� the unertainty in the FPC energy sale, evaluated by �10% variations of the FPCenergy in the MC, gave a systemati unertainty of +0:2�0:4 (�0:2)%;� the unertainty in the seletion of di�rative events was evaluated by varying theEFPC ut by �0:5 GeV, whih yielded a ross-setion unertainty of +0:0�0:9 (+0:2�0:3)%, andthe �max ut by �0:2, whih yielded a ross-setion unertainty of +6:3�1:9 (+2:6�0:0)%. Theresulting unertainty on the seletion of di�rative events was +6:3�2:1 (+2:6�0:3)%;� the unertainty from the model dependene of the aeptane orretions was deter-mined by varying the re-weighting fators of the MC samples by �20% of their values.The resulting ross-setion unertainty was +1:5�1:4 (+3:2�3:3)% ;� the unertainty from the model dependene of the non-di�rative event rejetion wasdetermined using Herwig instead of Pythia, yielding a ross-setion variation of�11:9 (�6:8)%.The above systemati unertainties were added in quadrature to determine the totalsystemati unertainty.The overall normalisation unertainties due to the luminosity measurement (�2.2%) andthe D� and D0 deay branhing ratios (�2%) were not inluded in the total systematiunertainty. The ross setion unertainty due to the subtration of the proton dissoia-tion (�4.8%) is given separately. 10



7 Results7.1 Cross setionsThe di�erential ross setion for ep! eD�X 0p in a given variable � was alulated fromd�d� = ND� � (1� fnd) � (1� fpd)A � L � B ��� ;where ND� is the number of D� mesons observed in a bin of size ��. The overallaeptane was A = 13:9%. The ombined D� ! (D0 ! K�) �s deay branhing ratiois B = 0:0257� 0:0005 [40℄.The ross setions for di�rative D�-meson photoprodution were measured in the kine-mati range Q2 < 1 GeV2, 130 < W < 300 GeV (0:17 < y < 0:89), pT (D�) > 1:9 GeV,j�(D�)j < 1:6 and xIP < 0:035. No restrition in t was applied. The ross setion, inte-grated over this range, is�ep!eD�X0p(xIP < 0:035) = 1:49� 0:11(stat:)+0:11�0:19(syst:) � 0:07(p:d:) nb:The last unertainty is due to the subtration of the proton-dissoiative bakground (seeSetion 5.3).The measurement was also repeated in the narrower range xIP < 0:01, where the non-di�rative bakground admixture is smaller and the Reggeon ontribution is expetedto be negligible. The ross setion integrated over the above kinemati region but forxIP < 0:01 is�ep!eD�X0p(xIP < 0:01) = 0:63� 0:07(stat:)+0:04�0:06(syst:)� 0:03(p:d:) nb:For both xIP ranges, the di�erential ross setions, measured as funtions of the variablesxIP , MX , pT (D�), �(D�), z(D�) and W , are presented in Tables 1-4 and Figs. 4-7.Figure 4 ompares the measured ross setions to the expetations from theresolved-Pomeron model alulated by means of the Rapgap MC program withoutre-weighting (Setion 4.1). To ompare the shapes with the measured ross setions, themodel predition was normalised by a fator 0.34. Reasonable agreement between theshapes of the alulated and measured di�erential ross setions is observed. The relativeontribution of resolved photon proesses predited by Rapgap inreases towards forward�(D�), small z(D�) and large MX .Figures 5-7 ompare the measurements to the three sets of NLO preditions obtainedfrom the FMNR alulations using the H1 2006 Fit A, Fit B and ZEUS LPS+harm Fit11



dPDFs. The estimated alulation unertainties (see Setion 4.2) are shown as the shadedband only for H1 2006 Fit A and are similar for other alulations. The unertainties ofthe NLO QCD preditions are larger than the experimental ones in most bins.The NLO QCD alulations reprodue the xIP di�erential ross setion (Fig. 5), in bothshape and normalisation. A similar agreement between the alulations and the datais seen in Figs. 6 and 7 for the pT (D�), �(D�), MX and W di�erential ross setionsin both ranges xIP < 0:035 and xIP < 0:01. The shapes of the di�erential distributionsd�=dz(D�) are not well reprodued by the NLO alulations. A better shape desriptionof the z(D�) distributions is provided by Rapgap (Fig. 4). The agreement betweenthe NLO QCD preditions and the data supports the validity of the QCD fatorisationtheorem in di�ration, implying the universality of di�rative PDFs. However, given thelarge experimental and theoretial unertainties and the small hadron-like ontributionexpeted by the NLO alulations, a suppression of the hadron-like omponent annot beexluded.7.2 Fration of D�� meson di�rative photoprodutionThe fration of the di�rative to the inlusive (ep! eD�Y ) photoprodution ross setionsfor D� mesons was evaluated asRD(D�) = �ep!eD�X0p(xIP < 0:035)�ep!eD�Y :In the kinemati region Q2 < 1 GeV2, 130 < W < 300 GeV (0:17 < y < 0:89),pT (D�) > 1:9 GeV and j�(D�)j < 1:6, di�rative prodution for xIP < 0:035 ontributesRD(D�) = 5:7� 0:5(stat:)+0:4�0:7(syst:) � 0:3(p:d:)%to the inlusive D� photoprodution ross setion. Systemati unertainty partly anelin this ratio. The residual systemati unertainty is dominated by the measurement of thedi�rative ross setion. For the inlusive ross setions, the aeptane orretions wereestimated with Herwig. The di�erene with respet to Pythia was used as a systematihek.This fration RD agrees with the values measured at HERA for di�rative DIS in similarkinemati ranges [15,17,18℄. As shown in Fig. 8, RD is approximately independent of Q2.The di�erential dependenes of the frationRD on pT (D�), �(D�), z(D�) and W are shownin Tables 3 and 4 and Fig. 9. Similar to the measurement in di�rative deep inelastisattering [18℄, the fration of the di�rative ontribution dereases with inreasing pT (D�)and �(D�). The value of RD shows no strong dependene on either W or z(D�).12



The NLO QCD preditions for RD were obtained as the ratio of the di�rative rosssetion, alulated with the H1 2006 or ZEUS LPS+harm dPDFs, and the inlusiveross setion, obtained with the CTEQ5M proton PDFs. The alulated ratios repro-due the measured dependene of RD on the kinemati variables well both in shape andnormalisation (Fig. 9), supporting di�rative QCD fatorisation.8 ConlusionsDi�rative ross setions and their fration of the total photoprodution rosssetion of D��(2010) mesons have been measured with the ZEUS detetor at HERAusing an integrated luminosity of 78.6 pb�1. The D� mesons were reonstrutedwith pT > 1:9 GeV and j�j < 1:6. The measurements have been performed in thekinemati region Q2 < 1 GeV2, 130 < W < 300 GeV (0:17 < y < 0:89), for the tworanges xIP < 0:035 and xIP < 0:01.The measured di�erential ross setions and the fration of the inlusive photoprodutionof D�� mesons due to di�rative exhange have been ompared to the preditions ofNLO QCD alulations using available parameterisations of di�rative PDFs. The NLOpreditions based on H1 2006 �ts A and B as well as the ZEUS LPS+harm �t areonsistent with the data. The measured fration of D�� meson photoprodution due todi�rative exhange is onsistent with the measurements of D�� meson prodution indi�rative deep inelasti sattering. Within the experimental unertainties, this frationshows no dependene on Q2 and W .The results demonstrate that di�rative open-harm photoprodution is well desribed bythe dPDF parameterisations extrated from di�rative DIS data, supporting the validityof di�rative QCD fatorisation. However, given the large experimental and theoretialunertainties and the small hadron-like ontribution expeted by the NLO alulations,a suppression of the hadron-like omponent annot be exluded.9 AknowledgmentsWe are grateful to the DESY Diretorate for their strong support and enouragement.The e�ort of the HERA mahine group is gratefully aknowledged. We thank the DESYomputing and network servies for their support. The design, onstrution and instal-lation of the ZEUS detetor have been made possible by the e�orts of many people notlisted as authors. It is a pleasure to thank H. Jung for useful disussions.
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xIP d�=dxIP ( nb)0.0 � 0.004 51 � 11 + 6� 50.004 � 0.007 77 � 14 + 5� 60.007 � 0.010 63 � 12 + 5� 60.010 � 0.015 47:7� 6:5 + 4:3� 5:50.015 � 0.020 39:6� 8:7 + 5:8� 5:50.020 � 0.025 26:7� 8:5 + 2:6� 10:80.025 � 0.035 27:0� 6:3 + 4:7� 4:7Table 1: Di�erential ross setion for di�rative photoprodution of D� mesonsas a funtion of xIP . The �rst olumn shows the bin ranges. The �rst and the seondunertainties are respetively statistial and systemati. The overall normalisationunertainties due to the luminosity measurement (2.2%), the D� and D0 branhingratios (2%) and the proton-dissoiative ontribution subtration (4.8%) are notindiated. MX d�=dMX ( pb=GeV)( GeV) xIP < 0:010 xIP < 0:0356 � 13 31:5� 5:7 + 3:8� 4:1 31:9� 5:8 + 3:8� 4:113 � 20 42:9� 7:4 + 2:5� 3:8 62:3� 8:8 + 3:8� 5:620 � 27 13:4� 2:9 + 1:3� 1:8 57:5� 7:5 + 6:6� 7:027 � 34 0:04� 0:74+0:004�0:006 36:2� 7:4 + 4:5� 6:234 � 42 � 12:2� 3:6 + 1:4� 2:642 � 52 � 5:6� 2:8 + 2:4� 1:1Table 2: Di�erential ross setions for di�rative photoprodution of D� mesonsas a funtion ofMX for the two ranges xIP < 0:035 and xIP < 0:01. The �rst olumnshows the bin ranges. The �rst and seond unertainties are respetively statistialand systemati. The overall normalisation unertainties due to the luminosity mea-surement (2.2%), the D� and D0 branhing ratios (2%) and the proton-dissoiativeontribution subtration (4.8%) are not indiated.
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pT (D�) d�=dpT (D�) ( pb=GeV) RD(pT (D�))( GeV) xIP < 0:010 xIP < 0:035 (%)1.9 � 2.5 443� 105 + 37� 60 1100� 194 + 171� 145 6:4 � 1:2 + 1:0� 0:92.5 � 3.25 308� 63 + 23� 45 596� 85 + 52� 84 6:1 � 0:9 + 0:5� 0:93.25 � 4.0 149� 29 + 8� 19 304� 42 + 34� 39 6:0 � 0:8 + 0:6� 0:84.0 � 5.0 18:3� 4:9 + 1:2� 1:8 85:8� 13:1 + 7:2� 11:0 3:5 � 0:5 + 0:3� 0:45.0 � 6.0 9:6� 3:4 + 0:4� 1:0 28:6� 6:7 + 2:1� 3:0 2:6 � 0:6 + 0:2� 0:36.0 �10.0 0:35� 0:35+0:03�0:04 5:09� 1:2 + 1:0� 0:8 2:0 � 0:5 + 0:4� 0:3�(D�) d�=d�(D�) ( pb) RD(�(D�))xIP < 0:010 xIP < 0:035 (%)-1.6 � -1.2 547� 98 + 66� 79 904 � 162 + 125� 125 9:5 � 1:8 + 0:6� 1:2-1.2 � -0.8 250� 96 + 25� 35 614 � 129 + 48� 78 5:6 � 1:2 + 0:3� 0:7-0.8 � -0.4 287� 68 + 21� 39 775 � 124 + 56� 90 7:1 � 1:1 + 0:5� 0:8-0.4 � 0.0 203� 71 + 10� 24 518 � 100 + 18� 51 5:8 � 1:1 + 0:2� 0:60.0 � 0.4 158� 45 + 7:3� 18 394 � 78 + 49� 40 5:0 � 1:0 + 0:6� 0:50.4 � 0.8 95� 27 + 8:3� 11:8 191 � 54 + 20� 32 2:8 � 0:8 + 0:3� 0:50.8 � 1.2 55� 30 + 4:7� 8:4 220 � 69 + 36� 40 4:0 � 1:3 + 0:7� 0:81.2 � 1.6 24� 24 + 8:6� 8:9 213 � 65 + 43� 55 4:6 � 1:6 + 0:7� 1:1z(D�) d�=dz(D�) ( pb) RD(z(D�))xIP < 0:010 xIP < 0:035 (%)0.0 � 0.2 1080� 191 + 74� 79 2726� 328 + 279� 166 5:1� 0:6 + 0:5� 0:40.2 � 0.4 960� 315 + 152� 137 2438� 470 + 384� 207 5:7� 1:1 + 1:0� 0:60.4 � 0.6 735� 121 + 67� 59 1717� 190 + 160� 107 6:8� 0:8 + 0:5� 0:40.6 � 1.0 157� 46 + 45� 36 234� 74 + 55� 43 5:3� 1:7 + 1:1� 0:9Table 3: Di�erential ross setions for di�rative photoprodution of D� mesonsfor the two ranges xIP < 0:035 and xIP < 0:01 and di�rative fration RD of D�meson photoprodution as funtions of pT (D�), �(D�) and z(D�). The �rst olumnshows the bin ranges. The �rst and seond unertainties are respetively statistialand systemati. The overall normalisation unertainties due to the luminosity mea-surement (2.2%), the D� and D0 branhing ratios (2%) and the proton-dissoiativeontribution subtration (4.8%) are not indiated.
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W d�=dW ( pb=GeV) RD(W )( GeV) xIP < 0:010 xIP < 0:035 (%)130 � 160 2:7� 1:3 + 0:5� 0:5 8:8 � 1:9 + 0:7� 1:2 3:9 � 0:9 + 0:3� 0:5160 � 190 4:3� 0:9 + 0:3� 0:6 12:1 � 1:8 + 1:3� 1:4 5:6 � 0:9 + 0:6� 0:7190 � 225 4:5� 1:2 + 0:3� 0:5 10:6 � 1:7 + 1:1� 1:2 6:3 � 1:1 + 0:6� 0:7225 � 265 3:2� 0:7 + 0:2� 0:4 5:9 � 1:0 + 0:5� 0:7 5:9 � 1:1 + 0:4� 0:7265 � 300 3:2� 0:7 + 0:2� 0:8 6:1 � 1:1 + 0:5� 0:9 6:7 � 1:2 + 0:4� 1:0Table 4: Di�erential ross setion for di�rative photoprodution of D� mesonsfor the two ranges xIP < 0:035 and xIP < 0:01 and di�rative fration RD of D�meson photoprodution as a funtion of W . The �rst olumn shows the bin ranges.The �rst and seond unertainties are respetively statistial and systemati. Theoverall normalisation unertainties due to the luminosity measurement (2.2%), theD� and D0 branhing ratios (2%) and the proton-dissoiative ontribution subtra-tion (4.8%) are not indiated.
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Figure 1: Example of harm prodution in di�rative ep sattering: boson-gluonfusion in the resolved-Pomeron model [12℄.
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