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Measurement of D�� meson produtionin e�p sattering at low Q2

ZEUS Collaboration
AbstratThe prodution of D��(2010) mesons in e�p sattering in the range of exhangedphoton virtuality 0:05 < Q2 < 0:7 GeV2 has been measured with the ZEUS de-tetor at HERA using an integrated luminosity of 82 pb�1. The deay hannelsD�+ ! D0�+ with D0 ! K��+ and orresponding antipartile deay were usedto identify D� mesons and the ZEUS beampipe alorimeter was used to identifythe sattered eletron. Di�erential D� ross setions as funtions of Q2, inelasti-ity, y, transverse momentum of the D� meson, pT (D�), and pseudorapidity of theD� meson, �(D�), have been measured in the kinemati region 0:02 < y < 0:85,1:5 < pT (D�) < 9:0 GeV and j�(D�)j < 1:5. The measured di�erential rosssetions are in agreement with two di�erent NLO QCD alulations. The rosssetions are also ompared to previous ZEUS measurements in the photoprodu-tion and DIS regimes.
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1 IntrodutionThe prodution of harm quarks at HERA has been studied both in deep inelasti sat-tering (DIS) [1{5℄ and photoprodution [6{10℄. In general, reasonable agreement is seenwith next-to-leading-order (NLO) QCD preditions.This paper presents measurements of the D� ross setion in the range 0:05 < Q2 <0:7 GeV2. The beampipe alorimeter of ZEUS [11, 12℄ was used for the measurement ofthe sattered lepton, whih allows the �rst measurements of the transition region betweenphotoprodution (photon virtuality, Q2 � 0 GeV2) and DIS (Q2 > 1 GeV2). The rosssetions are ompared to the preditions of two di�erent NLO QCD alulations, one de-signed for DIS, the other for the photoprodution region. This paper investigates whetherthe alulations remain valid in this transition region.2 Experimental set-upThis analysis was performed with data taken from 1998 to 2000, when HERA ollidedeletrons or positrons1 with energy Ee = 27:5 GeV with protons of energy Ep = 920 GeV.The ombined data sample has an integrated luminosity of L = 81:9� 1:8 pb�1.A detailed desription of the ZEUS detetor an be found elsewhere [13℄. A brief outlineof the omponents that are most relevant for this analysis is given below.Charged partiles are traked in the entral traking detetor (CTD) [14℄, whih operatesin a magneti �eld of 1:43 T provided by a thin superonduting oil. The CTD onsistsof 72 ylindrial drift hamber layers, organized in nine superlayers overing the polar-angle2 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-length traksis �(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV.The high-resolution uranium-sintillator alorimeter (CAL) [15℄ 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.1 Hereafter, both eletrons and positrons are referred to as eletrons.2 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.1



The sattered eletron was deteted in the beampipe alorimeter (BPC). The BPC allowedthe detetion of low-Q2 events, where the eletron is sattered through a small angle. TheBPC was used in previous measurements of the proton struture funtion, F2, at lowQ2 [11,12℄. It originally onsisted of two tungsten{sintillator sampling alorimeters withthe front faes loated at Z = �293:7 m, the entre at Y = 0:0 m, and the inner edgeof the ative area at X = �4:4 m, as lose as possible to the eletron-beam trajetory.At the end of 1997 one of the two BPC alorimeters was removed; hene, for the analysisin this paper, only the alorimeter loated on the +X side of the beampipe was utilised.It had an ative area of 12:0 � 12:8 m2 in X � Y and a depth of 24 radiation lengths.The relative energy resolution as determined in test-beam measurements with 1 { 6 GeVeletrons was �E=E = 17%=pE ( GeV).The luminosity was measured from the rate of the bremsstrahlung proess ep ! ep,where the photon was measured in a lead{sintillator alorimeter [16℄ plaed in the HERAtunnel at Z=-107m.A three-level trigger system was used to selet events online [13, 17℄. At all three levels,the event was required to ontain a sattered eletron andidate in the BPC. Additionally,at the third level, a reonstruted D� andidate was required for the event to be kept forfurther analysis. The eÆieny of the online D� reonstrution, determined relative to aninlusive DIS trigger, was above 95% [5℄.3 Kinemati reonstrution and event seletionDeep inelasti eletron-proton sattering, ep ! eX, an be desribed in terms of twokinemati variables, hosen here to be y and Q2, where y is the inelastiity. They arede�ned as Q2 = �q2 = �(k � k0)2 and y = Q2=(2P � q), where k and P are the four-momenta of the inoming eletron and proton, respetively, and k0 is the four-momentumof the sattered eletron. The inelastiity, whih is the frational energy transferred to theproton in its rest frame, is related to the Bjorken saling variable x and Q2 by Q2 = sxy,where s = 4EeEp is the square of the eletron-proton entre-of-mass energy of 318 GeV.The values of y and Q2 were alulated using the measured eletron sattering angleand the energy deposited in the BPC as detailed in a previous analysis [11℄, whih alsodesribes the method used for the energy alibration of the BPC. A time dependentre-alibration of the energy response was neessary [18℄, as radiation damage of the sin-tillator resulted in a degradation of about 10% by the end of the 2000 running period.A series of uts was applied to rejet bakground. The events were required to have a pri-mary vertex within 50 m in Z of the nominal interation point. The eletron andidatesin the BPC were required to have EBPC > 4 GeV, as the trigger eÆieny is low below this2



energy. The eletron impat point on the fae of the BPC was required to be more than0.7 m from the inner edge to ensure good shower ontainment. Photoprodution eventswere eÆiently rejeted by requiring the events to have 35 < E � PZ < 65 GeV, whereE�PZ = Pi(E�PZ)i is summed over all CAL deposits, inluding the sattered eletronandidate in the BPC. Finally, events with an additional well-reonstruted eletron an-didate in the CAL with energy greater than 5 GeV were rejeted to redue bakgroundfrom DIS events with Q2 > 1 GeV2.The measured kinemati region in y and Q2 was restrited to the range of high aeptane,0:02 < y < 0:85, 0:05 < Q2 < 0:7 GeV2. With these uts, the reonstruted invariantmass of the hadroni system, W , lies between 50 and 300 GeV, with a mean of 190 GeV.4 Seletion of D� andidatesThe D� mesons were identi�ed using the deay hannel D�+ ! D0�+s with the subsequentdeay D0 ! K��+ and the orresponding antipartile deay hain, where �+s refers to alow-momentum (\slow") pion aompanying the D0.Charged traks measured by the CTD and assigned to the primary event vertex3 wereseleted. The transverse momentum was required to be greater than 0.12 GeV. The pTut was raised to 0.25 GeV for a data subsample orresponding to (16:9 � 0:4) pb�1, forwhih the low-momentum trak-reonstrution eÆieny was lower due to the operatingonditions of the CTD [19℄. Eah trak was required to reah at least the third superlayerof the CTD. These restritions ensured that the trak aeptane was high and the mo-mentum resolution was good. Traks in the CTD with opposite harges and transversemomenta pT > 0:45 GeV were ombined in pairs to form D0 andidates. The traks werealternately assigned the kaon and the pion mass and the invariant mass of the pair, MK�,was determined. Eah additional trak, with harge opposite to that of the kaon trak,was assigned the pion mass and ombined with the D0-meson andidate to form a D�andidate.A mass window for the signal region of the D0 varying from 1:82 < MK� < 1:91 GeVto 1:79 < MK� < 1:94 GeV was used, reeting the dependene of the CTD resolutionon pT (D�). The signal region for the reonstruted mass di�erene �M = (MK��s �MK�) was 0:1435 < �M < 0:1475 GeV. The requirement of pT (D�)=E�>10ÆT > 0:1 wasalso applied, where E�>10ÆT is the transverse energy outside a one of � = 10Æ de�nedwith respet to the proton diretion. This ut rejets bakground without signi�antlya�eting the signal.3 The resolution of suh traks is not good enough to separate primary and seondary verties from and b hadron deays. 3



The D� mesons were seleted in the kinemati region 1:5 < pT (D�) < 9 GeV and j�(D�)j <1:5. The �M distribution for events with an eletron reonstruted in the BPC is shownin Fig. 1. To extrat the number of D� mesons, the �M distribution was �t usingan unbinned likelihood method, with a Gaussian to desribe the signal and a thresholdfuntion to desribe the ombinatorial bakground. A �rst estimate of the bakgroundwas given by D� andidates with wrong-sign ombinations, in whih both traks formingthe D0 andidates have the same harge and the third trak has the opposite harge.These are shown as the shaded region in Fig. 1. The number of D� mesons obtained fromthe �t was N(D�) = 253� 25.5 Aeptane orretions and systemati unertain-tiesThe aeptanes were alulated using the Herwig 6.1 [20℄ and Rapgap 2.08 [21℄ MonteCarlo (MC) models. Both models simulate harm and beauty prodution and inludeontributions from both diret and resolved photoprodution. In diret photoprodutionthe photon partiipates as a point-like partile in the hard sattering proess, while inresolved photoprodution a parton in the photon satters on a parton in the proton. Thegenerated events were passed through a full simulation of the detetor, using Geant3.13 [22℄ and then proessed and seleted with the same programs as used for the data.The CTEQ5L [23℄ parton density funtion (PDF) was used for the proton and GRV-LO [24℄ was used for the photon. The harm-quark mass was set to 1.5 GeV.The Herwig preditions are in good agreement with the data distributions for both thesattered lepton and hadroni variables and so this Monte Carlo was used to orret thedata for detetor e�ets. For the kinemati region of the measurement 0:05 < Q2 <0:7 GeV2, 0:02 < y < 0:85, 1:5 < pT (D�) < 9 GeV, and j�(D�)j < 1:5 the aeptane was(1:11 � 0:03)%. This inludes the geometrial aeptane of the BPC, whih was about9%, and the reonstrution eÆieny for the D� deay hain.The Rapgap MC gives a similarly good representation of the data and was used toestimate part of the systemati unertainties, as desribed below.The di�erential ross setion for a given observable Y was determined usingd�dY = NA � L �B ��Y ;where N is the number of D� events in a bin of size �Y , A is the aeptane (whih takesinto aount migrations and eÆienies for that bin) and L is the integrated luminosity.4



The produt, B, of the appropriate branhing ratios for the D� and D0 deays was set to(2:57� 0:05)% [25℄.The systemati unertainties of the measured ross setions were determined by hangingin turn the seletion uts or the analysis proedure within their unertainties and repeatingthe extration of the ross setions [26℄. The major experimental soures of systematiunertainty were (the variation of the total ross setion is given in parentheses): theBPC alignment (+2:5�3:1%) and energy sale (+0:4�1:2%); the unertainty in the CTD momentumsale (+0:2�1:5%) and the CAL energy sale (�1%); the pT (D�)=E�>10ÆT ut (+3:0�1:7%) and the D�signal extration (+0:1�1:5%). The unertainty due to the MC model (+9:5�4:8%) was determinedby using Rapgap to evaluate the aeptane orretion rather than Herwig, as well asby varying the fration of resolved and diret photoprodution proesses in the simulation.All the above errors were added in quadrature separately for the positive and negativevariations to determine the overall systemati unertainty. The overall normalisation hasadditional unertainties of 2.2% due to the luminosity measurement and 2.0% due toknowledge of branhing ratios. These are inluded in the error quoted for the total rosssetion but not in the systemati unertainties of the di�erential ross setions.6 Theoretial preditionsTwo di�erent alulations were used to evaluate the theoretial expetation for harmprodution.The HVQDIS program [27℄ implements an NLO alulation of harm prodution in DIS.At low Q2, the hadron-like struture of the photon, not inluded in HVQDIS, is neededto regularise the NLO alulation. Therefore preditions from this program are expetedto lose auray in the limit Q2 ! 0. The ZEUS measurements of D� prodution in DISfor Q2 > 1:5 GeV2 are in good agreement with the HVQDIS predition [5℄.The FMNR program [28℄ implements an NLO alulation of harm photoprodution whihinludes the hadron-like omponent of the photon. Eletroprodution ross setions anbe obtained with FMNR using the Weizs�aker-Williams approximation [29℄ and are there-fore expeted to be reliable only at low Q2, where this approximation is valid. The FMNRpreditions are in reasonable agreement with ZEUS measurements of D� photoprodu-tion [7℄, onsidering the theoretial unertainties.It is therefore interesting to see whether these alulations are able to reprodue the datain the transition region between photoprodution and DIS. The following parameterswere used in the alulations for both programs. They were hosen to be the same asin a previous publiation [5℄. A variant of the ZEUS-S NLO QCD global �t [30℄ to5



struture-funtion data was used as the parameterisation of the proton PDFs. This �twas repeated in the �xed-avour-number sheme, FFNS, in whih the PDF has threeative quark avours in the proton, and �(3)QCD is set to 0.363 GeV. The mass of theharm quark was set to 1.35 GeV. The renormalisation and fatorisation sales were setto �R = �F = pQ2 + 4m2 in HVQDIS, while for FMNR they were set to the usualhoie of �R = �F = pp2T + m2 , where p2T is the average transverse momentum squaredof the harm quarks. The harm fragmentation to a D� is arried out using the Petersonfuntion [31℄. The hadronisation fration, f(! D�), was taken to be 0:238 [32℄ and thePeterson parameter, �, was set to 0.035 [33℄. The parameters used here for the FMNRalulation are di�erent from those used in a previous photoprodution analysis [7℄ (whihused m = 1:5 GeV) leading to a 20% larger predited photoprodution ross setion.For the FMNR alulation the eletroprodution ross setion, �ep, was obtained from thephotoprodution ross setion, �p(W ), using�ep = ymaxZymin dy�(y;Q2min; Q2max)�p(pys);where�(y;Q2min; Q2max) = �em2� �(1 + (1� y)2)y ln Q2maxQ2min � 2mey� 1Q2min � 1Q2max�� (1)is the photon ux and ymin, ymax, Q2min, Q2max de�ne the measurement range in y and Q2.The NLO QCD preditions for D� prodution are a�eted by systemati unertainties,whih were also evaluated as in a previous ZEUS paper [5℄4. The soures of system-ati unertainties on the total ross setion are: harm quark mass (+15�13% for HVQDIS,+16�14% for FMNR); renormalisation and fatorisation sale (+1�13% for HVQDIS, +23�10% forFMNR); ZEUS PDF (�5%); fragmentation (+10�6 %). For both programs, the systematiunertainties were added in quadrature and are displayed as a band in the �gures.Theoretial alulations of the total harm ross setion in this Q2 range an not beompared to the present data sine D� are only measured in a limited pT and � range.7 Cross setion measurementsThe total ross setion for 0:05 < Q2 < 0:7 GeV2, 0:02 < y < 0:85, 1:5 < pT (D�) < 9 GeVand j�(D�)j < 1:5 is:�(ep! eD�X) = 10:1� 1:0(stat.)+1:1�0:8(syst.)� 0:20(BR) nb;4 For the HVQDIS ase, following [5℄, the minimum value for the sales was set to 2m.6



where the �rst unertainty is statistial, the seond from systemati e�ets (inluding theluminosity unertainty) and the third from the unertainties in the branhing ratios.The predition from the HVQDIS program is 8:6+1:9�1:8 nb, in agreement with the data, whilethe predition from FMNR is 8:9+2:4�1:4 nb5, also in good agreement.The measured di�erential D� ross setions as a funtion of Q2, y, pT (D�) and �(D�) forthe data are shown in Fig. 2 and given in Table 1. The preditions of the NLO alulations,inluding their unertainties, are shown as bands. The measured di�erential ross setionsare well desribed over the full measured kinemati region by both alulations.This analysis was also ompared to previous ZEUS measurements of D� prodution inDIS [5℄ made in the kinemati region 1:5 < Q2 < 1000 GeV2, 0:02 < y < 0:7, 1:5 <pT (D�) < 15 GeV and j�(D�)j < 1:5. In order to diretly ompare with the resultspresented there, the ross setions were realulated in the modi�ed kinemati region0:02 < y < 0:7. No orretion was made for the di�erent upper ut on pT (D�), as the sizeof the e�et is � 1%.For this modi�ed kinemati region, the di�erential ross setion as a funtion of Q2 ispresented in Fig. 3 and given in Table 2. The systemati errors were assumed to be thesame as those in the full y range. Figure 3 also shows the previous ZEUS measurementand the HVQDIS predition. The ombination of both measurements shows that theslope of d�=dQ2 hanges with Q2; at high Q2 the slope is steeper than at low Q2. TheNLO alulation desribes the measured data well over the full Q2 range.The D� eletroprodution ross setions were onverted to p ross setions, �p, in therange 1:5 < pT (D�) < 9 GeV and j�(D�)j < 1:5 (measured in the laboratory frame)using the photon ux from Eq. 1. The ross setions are given for W = 160 GeV, whihorresponds to y = 0:25, lose to the mean y of the measured ross setions. The Wdependene of �p was evaluated from the data. The unertainty of this proedure wasestimated to be 10%. A omparison of the harm photoprodution ross setion [7℄, thismeasurement and the DIS ross setions [5℄ is shown in Fig. 4. The numbers are tabulatedin Table 3. The photoprodution point was orreted for the di�erent kinemati rangeand entre-of-mass energy used here using the FMNR program. As an be seen, thepresent measurements are onsistent with the photoprodution ross setion. A �t usinga funtion of the form �(Q2) = SM2=(Q2 + M2), where S is the photoprodution rosssetion at Q2 = 0 and M2 is the sale at whih the p ross setion hanges from thephotoprodution value to the DIS 1=Q2 behaviour, gives a good desription of the dataover the whole Q2 range with S = 823� 63 nb and M2 = 13� 2 GeV2. The value of M2found here for harm prodution is lose to 4m2 [34℄ and signi�antly larger than thatfound for inlusive data M20 = 0:52� 0:05 GeV2 [12℄.5 The ontribution from the hadron-like omponent of the photon is 9%.7



8 ConlusionsCharm prodution has been measured as a funtion of Q2, y, pT (D�) and �(D�) in thekinemati region 0:05 < Q2 < 0:7 GeV2, 0:02 < y < 0:85, 1:5 < pT (D�) < 9:0 GeV andj�(D�)j < 1:5. These measurements extend the previous ZEUS measurements in DIS tolower Q2. The measured di�erential ross setions are well desribed by two di�erentNLO QCD alulations: one (FMNR) is designed for the photoprodution region; whilethe other (HVQDIS) is designed for DIS. Both alulations predit similar ross setions inthe intermediate Q2 region measured here, whih agree well with the measurements. Themeasurements, onverted to p ross setions, also agree well with the D� photoprodutiondata.AknowledgementsWe would like to thank B. Harris, E. Laenen and S. Frixione for helpful disussions onthe appliation of QCD alulations in this intermediate regime. We thank the DESYDiretorate for their strong support and enouragement. The remarkable ahievements ofthe HERA mahine group were essential for the suessful ompletion of this work. Thedesign, onstrution and installation of the ZEUS detetor have been made possible bythe e�ort of many people who are not listed as authors.
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Q2 bin d�=dQ2 �stat �syst( GeV2) ( nb=GeV2)0.05:0.20 29:1 �7:2 +4:3�4:10.20:0.35 15:0 �2:4 +1:5�1:40.35:0.50 10:7 �2:2 +1:3�1:10.50:0.70 7:1 �2:3 +1:6�0:8y bin d�=dy �stat �syst( nb)0.02:0.15 34:2 �6:7 +7:5�7:50.15:0.30 19:5 �3:8 +2:7�2:10.30:0.50 10:7 �2:1 +1:2�1:10.50:0.85 3:8 �1:1 +0:8�0:8pT (D�) bin d�=dpT (D�) �stat �syst( GeV) ( nb=GeV)1.5:2.5 6:8 �1:7 +1:0�0:92.5:3.8 2:2 �0:3 +0:2�0:23.8:5.0 0:53 �0:11 +0:02�0:025.0:9.0 0:11 �0:02 +0:01�0:01�(D�) bin d�=d�(D�) �stat �syst( nb)-1.5: -0.5 3:4 �0:6 +0:7�0:7-0.5: 0.0 4:1 �0:9 +0:5�0:40.0: 0.5 2:9 �0:8 +0:3�0:30.5: 1.5 3:3 �0:7 +0:4�0:3Table 1: Measured di�erential ross setions as a funtion of Q2, y, pT (D�)and �(D�) for 0:05 < Q2 < 0:7GeV 2, 0:02 < y < 0:85, 1:5 < pT (D�) < 9GeVand j�(D�)j < 1:5. The statistial and systemati unertainties are shown sepa-rately. The normalisation unertainties from the luminosity measurement and thebranhing ratios are not inluded in the systemati unertainties.
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Q2 bin d�=dQ2 �stat( GeV2) ( nb=GeV2)0.05:0.20 30:0 �7:20.20:0.35 14:0 �2:30.35:0.50 10:3 �2:10.50:0.70 6:9 �2:3Table 2: Measured di�erential ross setions as a funtion of Q2 for 0:02 < y <0:7, 1:5 < pT (D�) < 9GeV and j�(D�)j < 1:5. The systemati unertainties areassumed to be the same as those for the kinemati range 0:02 < y < 0:85.
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Q2 �p �stat �syst( GeV2) ( nb)� 0 729 �46 +110�920.10 710 �170 +200�2000.26 810 �130 +180�1800.42 940 �200 +260�2600.59 890 �290 +370�3602.7 741 �31 +95�1007.1 506 �27 +81�5914 408 �22 +64�4728 278 �13 +36�3357 152 �13 +24�24130 64 �9 +14�11450 21 �5 +6�11Table 3: p ross setions for D� prodution in the range 1:5 < pT (D�) < 9GeVand j�(D�)j < 1:5 as a funtion of Q2 for W = 160GeV . The values at Q2 � 0and for Q2 > 2:7GeV 2 are obtained from previous photoprodution [7℄ and DISmeasurements [5℄ in the range 1:5 < pT (D�) < 15GeV and j�(D�)j < 1:5.
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Figure 2: Di�erential D� prodution ross setions as a funtion of (a) Q2, (b) y,() pT (D�) and (d) �(D�) ompared to the HVQDIS and FMNR NLO preditions.Data are represented by points. The inner error bars are the statistial errors ofthe measurement while the open error bars are the sum of statistial and system-ati unertainties added in quadrature. The shaded area indiates the theoretialunertainties obtained by variation of the HVQDIS parameters. The dashed anddotted lines represent the entral value of the FMNR alulation and its unertainty,respetively. 15
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