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Measurement of D� and D0 prodution indeep inelasti sattering using a lifetime tagat HERA

ZEUS Collaboration
AbstratThe prodution of D� and D0 mesons has been measured with the ZEUS dete-tor at HERA using an integrated luminosity of 133.6 pb�1. The measurementsover the kinemati range 5 < Q2 < 1000 GeV2, 0:02 < y < 0:7, 1:5 < pDT < 15GeV and j�Dj < 1:6. Combinatorial bakground to the D meson signals isredued by using the ZEUS mirovertex detetor to reonstrut displaed se-ondary verties. Prodution ross setions are ompared with the preditions ofnext-to-leading-order QCD whih is found to desribe the data well. Measure-ments are extrapolated to the full kinemati phase spae in order to obtain theopen-harm ontribution, F �2 , to the proton struture funtion, F2.
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1 IntrodutionCharm quarks are opiously produed in deep inelasti sattering (DIS) at HERA. AtsuÆiently high photon virtuality, Q2, the prodution of harm quarks onstitutes up to30% of the ep ross setion [1, 2℄. Previous measurements of D�� ross setions [1{5℄indiate that the prodution of harm quarks in DIS in the range 1 < Q2 < 1000 GeV2 isonsistent with the alulations of perturbative Quantum Chromodynamis (pQCD) inwhih harm is predominantly produed via boson-gluon fusion (BGF). This implies thatthe harm ross setion is diretly sensitive to the gluon density in the proton.A harm quark in the �nal state an be identi�ed by the presene of a orrespondingharmed hadron. In this paper a study of the prodution of two suh harmed partiles,the D� and D0= �D0 mesons, is presented. The mesons are reonstruted using the deaysD+ ! K��+�+ and D0 ! K��+, whih are hosen as both ontain harged partiles1whih are well reonstruted in the ZEUS detetor. The proper deay lengths are of theorder 300 �m and 100 �m for the D+ and D0, respetively and an be measured [6, 7℄with appropriate silion trakers suh as those at H1 and ZEUS.Measurements of the D+ and D0 ross setions are presented with improved preision andin a kinemati region extending to lower transverse momentum, pDT , than the previousZEUS results [8℄; this is made possible through the use of the preision traking providedby the ZEUS mirovertex detetor (MVD). Single-di�erential ross setions have beenmeasured as a funtion of Q2, the Bjorken saling variable, x, pDT , and the pseudorapidity,�D, of the D mesons. The ross setions are ompared to the preditions of a next-to-leading-order (NLO) QCD alulation using parameterisations of the parton densities inthe proton whih were determined from �ts to inlusive DIS measurements from ZEUSand �xed-target experiments. The ross-setion measurements are used to extrat theopen-harm ontribution, F �2 , to the proton struture funtion, F2.2 Experimental set-upThe analysis was performed with data taken from 2004 to 2005 when HERA ollidedeletrons with energy Ee = 27:5 GeV with protons of energy Ep = 920 GeV. The resultsare based on an e�p sample orresponding to an integrated luminosity of 133.6 � 3.5 pb�1.A detailed desription of the ZEUS detetor an be found elsewhere [9℄. A brief outlineof the omponents that are most relevant for this analysis is given below.1 The harge-onjugated modes are implied throughout this paper.1



In the kinemati range of the analysis, harged partiles were traked in the entral trak-ing detetor (CTD) [10℄ and the MVD [11℄. These omponents operated in a magneti�eld of 1.43 T provided by a thin superonduting solenoid. The CTD onsisted of 72ylindrial drift hamber layers, organised in nine superlayers overing the polar-angle2region 15Æ < � < 164Æ.The MVD onsisted of a barrel (BMVD) and a forward (FMVD) setion with threeylindrial layers and four planar layers of single-sided silion strip sensors in the BMVDand FMVD respetively. The BMVD provided polar-angle overage for traks with threemeasurements from 30Æ to 150Æ. The FMVD extended the polar-angle overage in theforward region to 7Æ. After alignment, the single-hit resolution of the BMVD was 25�mand the impat-parameter resolution of the CTD-BMVD system for high-momentumtraks was 100�m.The high-resolution uranium{sintillator alorimeter (CAL) [12℄ onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah part wassubdivided transversely into towers and longitudinally into one eletromagneti setion(EMC) and either one (in RCAL) or two (BCAL and FCAL) hadroni setions (HAC).The smallest subdivision of the alorimeter was alled a ell. The CAL energy resolutions,as measured under test-beam onditions, were �(E)=E = 0:18=pE for eletrons and�(E)=E = 0:35=pE for hadrons, with E in GeV.The position of the sattered eletron was determined by ombining information from theCAL and, where available, the small-angle rear traking detetor (SRTD) [13℄ and thehadron-eletron separator (HES) [14℄.The luminosity was measured using the Bethe-Heitler reation ep ! ep with the lu-minosity detetor whih onsisted of independent lead{sintillator alorimeter [15℄ andmagneti spetrometer [16℄ systems. The frational systemati unertainty on the mea-sured luminosity was 2.6%.3 Event seletion and reonstrutionA three-level trigger system was used to selet events online [9,17,18℄. At the third level,events with a reonstruted sattered-eletron or D-meson andidate were kept for furtheranalysis.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.2



The kinemati variables Q2, x and the fration of the eletron energy transferred to theproton in its rest frame, y, were reonstruted using the double angle (DA) method [19℄whih relies on the angles of the sattered eletron and the hadroni energy ow.The events were seleted o�ine with the following uts:� Ee0 > 10 GeV, where Ee0 is the energy of the sattered eletron;� ye < 0:95, where ye is determined from the energy and angle of the sattered eletron.This ondition removes events where fake eletrons are found in the FCAL;� yJB > 0:02, where JB signi�es the Jaquet-Blondel [20℄ method of kinemati reon-strution. This ondition rejets events where the hadroni system annot be measuredpreisely;� 40 < Æ < 65 GeV, where Æ = PEi(1� os(�i)) and Ei is the energy of the ith energy-ow objet (EFO) [21℄ reonstruted from traks deteted in the CTD and MVD andenergy lusters measured in the CAL. The sum i runs over all EFOs;� jZvtxj < 50 m, where Zvtx is the primary vertex position determined from traks;� the impat point (X; Y ), of the sattered eletron on the surfae of the RCAL mustlie outside the region (�15 m, �15 m) entred on (0,0).Eletron andidates in the transition regions between FCAL and BCAL as well as betweenBCAL and RCAL were rejeted beause of the poor energy reonstrution in these areas.The angle of the sattered eletron was determined using either its impat position on theCAL inner fae or a reonstruted trak. When available, SRTD and HES were also used.The energy of the sattered eletron was orreted for non-uniformity due to geometrie�ets aused by ell and module boundaries.The seleted kinemati region was 5 < Q2 < 1000 GeV2 and 0:02 < y < 0:7. The pro-dution of D+ and D0 mesons was measured in the range of transverse momentum1:5 < pDT < 15 GeV and pseudorapidity j�Dj < 1:6.The deay-length signi�ane is a powerful variable for the rejetion of ombinatorialbakground and is de�ned as Sl = l=�l, where l is the deay length in the transverse planeand �l is the unertainty assoiated with this distane. The deay length is the distanein the transverse plane between the point of reation and deay vertex of the meson andis given by l = �~SXY � ~BXY � � ~pDTpDT ; (1)where ~pDT is the transverse momentum vetor and ~SXY is the two dimensional positionvetor of the reonstruted deay vertex projeted onto the XY plane. The vetor ~BXY3



points to the �tted geometrial entre of the beam-spot whih is taken as the origin of theD meson. The entre of the elliptial beam-spot was determined every 2000 well measuredevents [22℄ by �tting a Gaussian urve to the X; Y and Z distributions of the primaryvertex. The mean of these �tted urves was then taken to be the beam-spot position. Thewidths of the beam-spot were 80 �m and 20 �m in the X and Y diretions, respetively.The deay-length error, �l, was determined by folding the width of the beam-spot withthe ovariane matrix of the deay vertex after both were projeted onto the D mesonmomentum vetor.3.1 D-meson reonstrutionThe D+ (and D�) mesons were reonstruted in the deay hannel D+ ! K��+�+(+::).In eah event, all trak pairs with equal harges were ombined with a third trak withopposite harge to form a D+ andidate. The pion mass was assigned to the traks withequal harges and the kaon mass was assigned to the remaining trak. These were thenassoiated and re�tted to a ommon deay vertex [23℄ and the invariant mass, M(K��),was alulated. The traks were required to have transverse momentum p�T > 0:25 GeVand pKT > 0:5 GeV for the pion and kaon traks, respetively. To ensure that all traksused were well reonstruted they were required to have passed through 3 superlayersof the CTD and have at least 2 BMVD measurements in the XY plane and 2 in the Zdiretion.Figure 1 shows the M(K��) distribution for D+ andidates. The ombinatorial bak-ground was redued by the requirements that the �2 of the deay vertex be less than 9 for3 degrees of freedom and that the deay-length signi�ane, Sl, be greater than 3 (see Fig.4). In order to extrat the number of reonstruted D+ mesons the M(K��) distributionwas �tted with the sum of a modi�ed Gaussian funtion [24℄ and a linear bakgroundfuntion. The modi�ed Gaussian funtion used wasGaussmod / exp ��0:5� x1+1=(1+0:5�x)� ; (2)where x = j[M(K��) �M0℄=�j. This funtional form desribed both the data and MCwell. The signal position, M0, and the width, �, as well as the numbers of D+ mesonsin eah signal were free parameters of the �t. The number of reonstruted D+ mesonsyielded by the �t was N(D+) = 3995� 156.A sample of D+ andidates with p�T > 0:5 GeV, pKT > 0:7 GeV and pD+T > 3 GeV wasused to obtain the lifetime of the D+ meson. The higher pT uts were used to obtain asignal with no requirements made on the signi�ane of the deay length. The number ofreonstruted D+ mesons yielded by the �t to the data was N(D+) = 4383� 353.4



The D0 (and �D0) mesons were reonstruted in the deay hannel D0 ! K��+(+::),with andidates found in a similar manner to the D+, exept that only oppositely hargedpairs of traks were ombined together to form the meson andidate. The traks wererequired to have transverse momentum pKT > 0:7 GeV and p�T > 0:3 GeV for the kaon andpion traks. The �2 and Sl uts were 8 and 1, respetively, with 1 degree of freedom inthe vertex �t (see Fig. 4). After seletion, the D0 andidates were separated into taggedand antitagged samples with the antitagged sample used for ross-setion measurements.The tagged group onsisted of D0 andidates whih are onsistent with a D�� ! D0��sdeay when ombined with a third trak that ould be a \soft" pion, (�s). The softpion was required to have pT > 0:12 GeV and harge opposite to that of the kaon. Thetagged D0 sample was used for the orretion of the MC and reetion subtration in theantitagged sample. For the antitagged sample, ontaining D0 mesons not oming from aD��, inorret assignment of the pion and kaon masses produed a wider reeted signal.The distribution of this reetion was estimated using the tagged D0 andidates and,after normalising it to the ratio of the number of D0 mesons in the two samples, it wassubtrated from the antitagged D0 andidates. Figure 2 shows the M(K�) distributionsfor tagged and antitagged D0 andidates. The distributions were �tted simultaneouslyassuming that both have the same peak position and width and, like the D+, were param-eterised as a modi�ed Gaussian funtion. The number of antitagged (tagged) D0 mesonsyielded by the �t was Nantitag(D0) = 6584� 345 (N tag(D0) = 1690� 70).A sample of D0 andidates with p�;KT > 0:8 GeV and pD0T > 3 GeV was used to obtain thelifetime of the D0 meson. The higher pT uts were used to obtain a signal with no require-ments made on the signi�ane of the deay length. The number of antitagged (tagged)D0 mesons yielded by the �t was Nantitag(D0) = 5612� 283 (N tag(D0) = 1495� 56).3.2 D-meson lifetimesLifetimes for the D+ and D0 mesons were alulated using deay lengths in the transverseplane and reonstruted D-meson signals in the kinemati region 5 < Q2 < 1000 GeV2,0:02 < y < 0:7, 3 < pDT < 15 GeV and j�Dj < 1:6. Unfolding is not neessary as thedetetor aeptane is uniform with respet to the displaement of the seondary vertexand the normalisation of the lifetime distribution is irrelevant. The number of D mesonsin a given bin of proper deay length, t, was extrated and the distributions �tted withthe funtion f(t) = 12�exp ���t� � �22�2�� 1Zumin e�u2 du; (3)5



where umin = (�t=� + �=�), � is the lifetime and � is the spatial resolution. Thisfuntion represents an exponential deay onvoluted with a Gaussian resolution. For thepurposes of the lifetime extration, � was set to the value extrated from the tagged D0sample, 120 �m, whih depended only weakly on pT .The �tted t distributions for D+ and D0 mesons are shown in Fig. 3 and the extratedvalues for the lifetime are: �(D+) = 326� 21(stat:)�m�(D0) = 132� 7(stat:)�mThe systemati unertainties are signi�antly smaller than the statistial unertaintyas the measurement has only a small dependene on the details of the MC simula-tion. The values are onsistent with the world average values of 311.8� 2.1�m and122.9� 0.5�m [25℄ for the D+ and D0, respetively.4 Monte Carlo modelsThe aeptanes were alulated using the Rapgap 3.00 [26℄ Monte Carlo (MC) model,whih was interfaed with Herales 4.6.1 [27℄ in order to inorporate �rst-order ele-troweak orretions. The generated events were then passed through a full simulation ofthe detetor using Geant 3.21 [28℄ before being proessed and seleted with the samesoftware as used for the data.The MC was used to simulate events ontaining harm produed by the BGF proess. TheRapgap generator used leading-order matrix elements with leading-logarithmi parton-shower radiation. The CTEQ5L [29℄ PDF for the proton was used, and the harm quarkmass was set to 1.5 GeV. Charm fragmentation was implemented using the Lund stringmodel [30℄. D mesons originating from B deays were aounted for by inlusion of aRapgap b-quark sample where the b-quark mass was set to 4.75 GeV.A weighting proedure utilising the tagged D0 sample was applied in order to orret forimperfetions in the MC desription of the deay-length unertainty [22℄.5 NLO QCD alulationsThe NLO QCD preditions for the � ross setions were obtained using the HVQDISprogram [31℄ based on the �xed-avour-number sheme (FFNS). In this sheme, onlylight partons (u; d; s; and g) are inluded in the initial-state proton as partons whose6



x;Q2 distributions obey the DGLAP equations [32℄ and the � pair is produed via theBGF mehanism with NLO orretions [33℄. The presene of di�erent large sales, Q,pT and the mass of the  quark, m, an spoil the onvergene of the perturbative seriesbeause the negleted terms of orders higher than �2s (where �s is the strong ouplingonstant) ontain log(Q2=m2) fators whih an beome large.The preditions for D-meson prodution at NLO were obtained using HVQDIS with thefollowing inputs. The ZEUS-S NLO QCD global �t [34℄ to struture funtion data wasused as the parameterisation of the proton PDFs. This �t was repeated [35℄ in the FFNS,in whih the PDF has three ative quark avours in the proton. In this �t �(3)QCD wasset to 0.363 GeV and the mass of the harm quark was set to 1.5 GeV; the same masswas therefore used in the HVQDIS alulation. The renormalisation and fatorisationsale, � = �R = �F , was set to pQ2 + 4m2 . The harm fragmentation to the partiularD meson was desribed by the Peterson funtion [36℄ with the Peterson parameter, �,set to 0.035 [37℄. The values used for the hadronisation frations, f( ! D), were thosepreviously measured in DIS at ZEUS, 0.216+0:021�0:029 and 0.450+0:027�0:060 for the D+ and antitaggedD0, respetively [8℄.To estimate the ontribution of beauty prodution, the HVQDIS alulation and hadro-nisation from the MC were ombined, using d�(b ! D)NLO+MC = d�(b�b)NLO� Chad whereChad = d�(b! D)MC=d�(b�b)MC. The ZEUS NLO QCD �t was used as the proton PDF, sothat the mass used in this �t was also used in the HVQDIS program. The hadronisationfration, f(b! D), was set to 0.231 and 0.596 for the D+ and D0, respetively [38℄.The HVQDIS preditions for D-meson prodution are a�eted by theoretial unertaintieslisted below. The average unertainty on the total ross setions is given in parentheses:� the ZEUS PDF unertainties propagated from the experimental unertainties of the�tted data (�5%). The hange in the ross setion was independent of the kinematiregion;� the mass of the harm quark (�8%). The harm quark mass was hanged onsistentlyin the PDF �t and in HVQDIS by �0:15 GeV;� the renormalisation and fatorisation sale, � (+7%�0%). The sales 2pQ2 + 4m2 andpQ2=4 + m2 were used;� the � parameter of the Peterson fragmentation funtion (+5%�7%) was varied by +0:035�0:015 [39℄.7



6 Data orretion and systemati unertaintiesFor a given observable Y , the prodution ross setion was determined using:d�dY = N(D)A � L � B ��Y (4)where N(D) is the number of reonstruted D mesons in a bin of size �Y , A is thereonstrution aeptane as found from the MC sample whih inludes migrations, eÆ-ienies and QED radiative e�ets for that bin, L is the integrated luminosity and B isthe branhing ratio for the deay hannel used in the reonstrution.Small admixtures to the reonstruted signals from other deay modes were taken intoaount in the MC sample used for the aeptane-orretion proedure. To orret fromthe number of reonstruted D0 mesons to the prodution ross setions, small migrationswere taken into aount between the tagged and antitagged samples. It was heked thatthe Rapgap MC sample gives a reasonable desription of the data for seleted DIS andD meson variables. Figures 4, 5 and 6 show important variables for the seondary vertexreonstrution, distributions for the DIS variables and the kinematis of the D meson,respetively. For all variables, the number of reonstruted D mesons is extrated by�tting the number of D mesons in eah bin of the distribution. The MC provides a goodenough desription of the data for aeptane alulations in all variables.Reonstrution aeptanes vary depending on the partile and kinemati region of themeasurement. For example, the overall D+ and D0 aeptanes alulated with Rapgapafter applying the seletion riteria for the kinemati region are � 7% and � 17%, re-spetively. The lower average aeptane in relation to previous ZEUS measurements isaounted for by redued eÆieny for reonstruted D mesons due to the extension ofthe kinemati range to lower pDT and the use of lifetime tagging. This is o�set by a gainof a fator of 20 and 3 in the signal to bakground ratios of the D+ and D0 samples.The systemati unertainties of the measured ross setions were determined by hangingthe analysis proedure and repeating all alulations. The following possible soures ofsystemati unertainties were onsidered [22,40℄ with the average e�et on the measuredD+ and D0 total ross setions shown in parentheses:� fÆ1g the ut on yJB was hanged by +0:04�0:02 (+0:3%�3% );� fÆ2g the ut on the sattered eletron energy, Ee0, was hanged by �1 GeV (+2%�1%);� fÆ3g the b-quark ross setion was varied by a fator of two in the referene MC sample(+1:3%�1:7%);� fÆ4g the unertainty of the traking performane was obtained by varying all momentaby �0:3% whih orresponds to the unertainty in the magneti �eld; and by hanging8



the trak momentum and angular resolutions by +20%�10% of their values. The asymmetriresolution variations were used sine the MC signals typially had somewhat narrowerwidths than those observed in the data (�1%);� fÆ5g the unertainty of the MVD hit eÆieny was obtained [22℄ by evaluating therelative di�erene in single-trak eÆieny between data and MC when 2 XY and 2Z measurements were required in the BMVD (�1:1%);� fÆ6g the ut on Sl was varied by �1:0 in the D+ analysis and �0:4 in the D0 analy-sis [41℄ (+6%�7%);� fÆ7g the ut on the �2 of the seondary vertex was hanged by �2 in the D+ analysisand �1.5 in the D0 analysis (+2%�1%);� fÆ8g the MC pDT distribution was reweighted in order to aount for the di�erene (seeFig. 6) between data and MC (< 1%);� fÆ9g the MC �D distribution was reweighted in order to aount for the di�erene (seeFig. 6) between data and MC (< 1%).An additional soure of systemati unertainty in the D0 analysis was investigated:� fÆ10g the bakground funtion was parameterised by an exponential funtion (�4%).Several other soures of systemati unertainty were onsidered and found to have ane�et of < 1% on the total ross setions. These soures were related to the DIS seletionriteria and the method for extrating the number of tagged D0 mesons.The systemati unertainty is dominated by Æ6, whih is related to the desription ofthe MVD resolution. This unertainty was evaluated from the di�erenes between thedata and MC desription of �l (see Fig. 4). This di�erene was then propagated to a utvariation of the Sl ut and the analysis proedure repeated.Contributions from the di�erent systemati unertainties were alulated and added inquadrature separately for positive and negative variations. Unertainties due to thoseon the luminosity measurement and branhing ratios were only inluded in the measuredD+ and D0 total ross setions. For di�erential ross setions these unertainties are notinluded in the tables and �gures.7 Cross setionsCharm meson ross setions for the proess ep ! eDX were alulated using the reon-struted D+ and D0 signals (see Setion 3) in the kinemati region 5 < Q2 < 1000 GeV2,0:02 < y < 0:7, 1:5 < pDT < 15 GeV and j�Dj < 1:6.The following ross setions were measured:9



� The prodution ross setion for D+ and D� mesons:�(D+) = 4:67� 0:26 (stat:) +0:38�0:56 (syst:) � 0:17(br:)� 0:12(lumi:) nb� The prodution ross setion for D0 and �D0 mesons not originating from D�� deays:�antitag(D0) = 7:49� 0:46 (stat:) +0:98�0:58 (syst:)� 0:14(br:)� 0:20(lumi:) nbThe orresponding preditions from HVQDIS are:�(D+) = 4:42 +0:86�0:62 (syst:) +0:42�0:60 (had:) nb�antitag(D0) = 9:25 +1:79�1:29 (syst:) +0:52�0:96 (had:) nbwhere \had." and \br." represent the unertainty on the HVQDIS predition due to theunertainties of the hadronisation fration f( ! D) and deay-hain branhing ratios,respetively. The preditions used the default parameter settings as disussed in Setion5. The quadrati sum of the other unertainties of these preditions is shown with the\syst." label. A small ontribution (� 2%) to the total ross setions arises from Dmesons produed in b�b events. All preditions inlude a b�b ontribution alulated in eahbin with HVQDIS. The HVQDIS preditions are in agreement with the data.The di�erential D+ and D0 ross setions as funtions of Q2; x; pDT and �D are shown inFigs. 7 and 8 and given in Tables 1 and 2. The ross setions in Q2 and x both fall byabout three orders of magnitude in the measured region. The ross setion in pDT fallsby about two orders of magnitude and there is no signi�ant dependene on �D. TheHVQDIS preditions desribe the shape of all measured di�erential ross setions well.The slight di�erene in normalisation in Fig. 8 reets the di�erene of the orrespondingtotal ross setion.8 Extration of F �2The open-harm ontribution, F �2 , to the proton struture funtion, F2, an be de�nedin terms of the inlusive double-di�erential � ross setion in x and Q2 byd2��(x;Q2)dxdQ2 = 2��2xQ4 ��1 + (1� y)2�F �2 (x;Q2)� y2F �L (x;Q2)	 : (5)In this paper, the � ross setion is obtained by measuring the D+ and D0 produtionross setions and employing the hadronisation fration f( ! D) to derive the total10



harm ross setion. A limited kinemati region is aessible for the measurement of Dmesons, therefore a presription for extrapolating to the full kinemati phase spae isneeded. The measured value of F �2 in a bin i is alulated withF �2;meas(xi; Q2i ) = �i;meas(ep! DX)�i;theo(ep! DX) F �2;theo(xi; Q2i ); (6)where �i;meas is the ross setion in the bin i in the measured region of pDT and �D and�i;theo is the orresponding ross setion evaluated with HVQDIS. The value of F �2;theowas alulated in FFNS from the NLO oeÆient funtions [34℄ using the same valuesof parameters as in the alulation of �i;theo. The ross setions �i;meas(ep ! DX) weremeasured in bins of Q2 and y (Table 3) and F �2 is quoted at representative Q2 and xvalues near the entre-of-gravity for eah bin (Table 4).Beauty ontributions were subtrated from the data using the preditions obtained fromHVQDIS. The ontribution to the total ross setion from F �L alulated using the ZEUSNLO �t was, on average, 1.3% and at most 4:7% [5℄ and was taken into aount, in �i;theo,in the extration of F �2 . The size of the ontribution from FL was similar to that in otherPDFs.The fator to extrapolate from the measurement range to the full phase spae was esti-mated using HVQDIS and was found to vary from � 1:5 at high Q2 to � 3:2 at low Q2.A omplete list of the extrapolation fators is given in Table 4.The following unertainties assoiated with the method of extrapolation were evaluatedwith the average e�et given in parentheses:� hanging the harm mass by �0:15 GeV onsistently in the HVQDIS alulation andin the alulation of F �2;theo (�2%). The largest e�et was seen at low x and low Q2(+7�5%);� using the upper and lower preditions given by the unertainty in the ZEUS NLO PDF�t, propagated from the experimental unertainties of the �tted data, to perform theextration of F �2 (< 1%);� hanging the ontribution of beauty events subtrated from the data by a fator 2(+1�2%). The largest e�et was seen at low x and high Q2 (+3�7%);� a Lund string model in Rapgap was used as in previous analyses [1,5,8℄ rather thanthe Peterson funtion in HVQDIS (�7%). The largest e�et was seen at high x andlow Q2 (�14%).The F �2 values measured from D+ and D0 data are ombined using a proedure thataounts for the systemati and point-to-point orrelations between the analyses [42℄.The ombined values of F �2 obtained from D+ and D0 prodution are given in Table 511



and shown in Fig. 9. Also shown is the ZEUS NLO QCD �t whih desribes the datawell for all Q2 and x. The unertainty of the theoretial predition shown is that fromunertainty of the harm mass. Due to the improved statistial preision resulting fromlifetime tags with the MVD, more measurements of F �2 were extrated than in the previouspubliation [8℄. Also, extrapolation fators were signi�antly redued, from e.g. a valueof about 5{6 to about 2 at Q2 = 20:4 GeV2, due to the extension of the kinemati rangeto lower pDT . At high Q2 these results are ompetitive with D�� based measurements [5℄.9 ConlusionsThe prodution of the harm mesons D+ and D0 has been measured with the ZEUSdetetor in the kinemati range 5 < Q2 < 1000 GeV2, 0:02 < y < 0:7, 1:5 < pDT < 15 GeVand j�Dj < 1:6. Combinatorial bakground to the D meson signals was redued by usingthe ZEUS mirovertex detetor to reonstrut displaed seondary verties.The measured D meson ross setions were ompared to the preditions of NLO QCDwith the proton PDFs extrated from inlusive DIS data. A good desription was found.The visible ross setions in bins of y and Q2 were used to extrat the open-harm ontri-bution, F �2 , to the proton struture funtion, F2. The extration used fators alulatedwithin the framework of NLO QCD.The use of the mirovertex detetor has inreased the preision and allowed an extensionin the kinemati range to lower values of pDT ompared to previous results. Along withprevious measurements of F �2 , the results presented here provide a diret onstraint onthe gluon density of the proton.10 AknowledgementsThe strong support and enouragement of the DESY Diretorate has been invaluable, andwe are muh indebted to the HERA mahine group for their inventiveness and diligente�orts. The design, onstrution and installation of the ZEUS detetor were made possibleby the ingenuity and dediated e�orts of many people from inside DESY and from thehome institutes who are not listed as authors. Their ontributions are aknowledged withgreat appreiation.
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Q2 bin d�=dQ2 �stat �syst(GeV2) (nb/GeV2)5, 10 0.35 �0.04 +0.04 �0.0510, 20 0.13 �0.01 +0.01 �0.0120, 40 0.048 �0.005 +0.012 �0.00540, 80 0.013 �0.002 +0.001 �0.00280, 200 0.0020 �0.0004 +0.0002 �0.0006200, 1000 0.00010 �0.00004 +0.00004 �0.00005x bin d�=dx �stat �syst(nb)0.00008, 0.0004 3773.0 �566.0 +577.0 �773.00.00040, 0.0016 1643.0 �136.0 +183.0 �128.00.0016, 0.005 327.0 �33.0 +39.0 �42.00.005, 0.01 55.0 �11.0 +9.0 �19.00.01, 0.1 1.5 �0.5 +0.2 �0.5pD�T bin d�=dpD�T �stat �syst(GeV) (nb/GeV)1.5, 2.4 2.63 �0.50 +0.59 �0.872.4, 3.1 1.37 �0.17 +0.10 �0.203.1, 4.0 0.73 �0.07 +0.06 �0.044.0, 6.0 0.32 �0.03 +0.03 �0.026.0, 15.0 0.032 �0.003 +0.003 �0.003�D� bin d�=d�D� �stat �syst(nb)�1.6, �0.8 1.05 �0.16 +0.32 �0.11�0.8, �0.4 1.35 �0.17 +0.18 �0.17�0.4, 0.0 1.76 �0.22 +0.24 �0.220.0, 0.4 1.37 �0.17 +0.22 �0.180.4, 0.8 1.70 �0.23 +0.21 �0.400.8, 1.6 1.62 �0.27 +0.29 �0.40Table 1: Measured D� ross setions as a funtion of Q2, x, pD�T and �D� for5 < Q2 < 1000 GeV2, 0:02 < y < 0:7, 1:5 < pD�T < 15 GeV and j�D�j < 1:6. Thestatistial and systemati unertainties are shown separately. The ross setionshave further unertainties of 3:5% from the D+ ! K��+�+(+::) branhing ratio,and 2:6% from the unertainty in the luminosity measurement.16



Q2 bin d�=dQ2 �stat �syst(GeV2) (nb/GeV2)5, 10 0.52 �0.07 +0.08 �0.0410, 20 0.23 �0.02 +0.02 �0.0220, 40 0.067 �0.008 +0.007 �0.00840, 80 0.021 �0.003 +0.003 �0.00380, 1000 0.0010 �0.0003 +0.0003 �0.0002x bin d�=dx �stat �syst(nb)0.00008, 0.0004 4697.0 �824.0 +769.0 �743.00.00040, 0.0016 2896.0 �254.0 +235.0 �225.00.0016, 0.005 527.0 �54.0 +41.0 �55.00.005, 0.1 10.0 �2.0 +4.0 �2.0pD0= �D0T bin d�=dpD0= �D0T �stat �syst(GeV) (nb/GeV)1.5, 2.4 2.90 �0.45 +0.26 �0.262.4, 3.1 2.49 �0.31 +0.29 �0.323.1, 4.0 1.35 �0.15 +0.14 �0.174.0, 6.0 0.53 �0.05 +0.03 �0.026.0, 15.0 0.058 �0.007 +0.012 �0.009�D0= �D0 bin d�=d�D0= �D0 �stat �syst(nb)�1.6, �0.8 1.42 �0.29 +0.25 �0.23�0.8, �0.4 2.87 �0.39 +0.41 �0.37�0.4, 0.0 2.36 �0.30 +0.30 �0.430.0, 0.4 2.68 �0.36 +0.42 �0.160.4, 0.8 3.18 �0.42 +0.34 �0.360.8, 1.6 1.81 �0.33 +0.35 �0.27Table 2: Measured ross setions for D0= �D0 not oming from a D�� as a funtionof Q2, x, pD0= �D0T and �D0= �D0 for 5 < Q2 < 1000 GeV2, 0:02 < y < 0:7, 1:5 <pD0= �D0T < 15 GeV and j�D0= �D0 j < 1:6. The statistial and systemati unertaintiesare shown separately. The ross setions have further unertainties of 1:9% fromthe D0 ! K��+(+::) branhing ratio, and 2:6% from the unertainty in theluminosity measurement. 17



Q2 bin y bin �(D�) �stat �syst(GeV2) (nb)0.02, 0.12 0.52 �0.13 +0.17 �0.145, 9 0.12, 0.30 0.59 �0.11 +0.08 �0.170.30, 0.70 0.56 �0.17 +0.17 �0.140.02, 0.12 0.94 �0.10 +0.07 �0.139, 44 0.12, 0.30 0.96 �0.09 +0.06 �0.060.30, 0.70 0.73 �0.12 +0.08 �0.200.02, 0.12 0.20 �0.05 +0.01 �0.0344, 1000 0.12, 0.30 0.35 �0.06 +0.05 �0.080.30, 0.70 0.24 �0.05 +0.03 �0.06
Q2 bin y bin �(D0= �D0) �stat �syst(GeV2) (nb)0.02, 0.12 0.80 �0.24 +0.23 �0.165, 9 0.12, 0.30 0.92 �0.20 +0.13 �0.120.30, 0.70 0.48 �0.17 +0.11 �0.140.02, 0.12 1.62 �0.18 +0.10 �0.139, 44 0.12, 0.30 1.42 �0.15 +0.05 �0.060.30, 0.70 1.22 �0.24 +0.24 �0.180.02, 0.12 0.19 �0.09 +0.06 �0.0444, 1000 0.12, 0.30 0.54 �0.09 +0.06 �0.040.30, 0.70 0.54 �0.15 +0.15 �0.18

D�

D0= �D0

Table 3: Measured ross setions for D� and D0= �D0 not oming from a D��in eah of the Q2 and y bins for 5 < Q2 < 1000 GeV2, 0:02 < y < 0:7, 1:5 <pDT < 15 GeV and j�Dj < 1:6. The statistial and systemati unertainties areshown separately. The D� and D0= �D0 ross setions have further unertainties of3:5% and 1:9% from the D+ ! K��+�+(+::) and D0 ! K��+(+::) branhingratios. The additional unertainty from the luminosity measurements is 2:6%.
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Q2 x F �2 �stat �syst �extrap fator(GeV2) 0.00022 0.295 �0.092 +0.091 �0.074 +0.026 �0.022 3.27.0 0.00046 0.176 �0.031 +0.023 �0.050 +0.010 �0.008 2.30.00202 0.091 �0.023 +0.030 �0.025 +0.013 �0.014 3.10.00065 0.319 �0.054 +0.037 �0.086 +0.022 �0.020 2.520.4 0.00134 0.241 �0.024 +0.016 �0.014 +0.013 �0.013 1.80.00588 0.131 �0.015 +0.010 �0.018 +0.009 �0.009 2.40.00356 0.260 �0.058 +0.029 �0.066 +0.020 �0.025 1.7112.0 0.00738 0.280 �0.049 +0.038 �0.064 +0.032 �0.033 1.50.03230 0.089 �0.024 +0.004 �0.015 +0.002 �0.002 2.4
Q2 x F �2 �stat �syst �extrap fator(GeV2) 0.00022 0.116 �0.042 +0.028 �0.035 +0.010 �0.009 3.27.0 0.00046 0.131 �0.029 +0.019 �0.017 +0.007 �0.006 2.30.00202 0.068 �0.020 +0.019 �0.014 +0.010 �0.010 3.10.00065 0.252 �0.051 +0.049 �0.037 +0.017 �0.016 2.520.4 0.00134 0.169 �0.019 +0.006 �0.007 +0.009 �0.009 1.80.00588 0.109 �0.012 +0.006 �0.009 +0.007 �0.008 2.40.00356 0.280 �0.086 +0.077 �0.096 +0.022 �0.027 1.7112.0 0.00738 0.203 �0.037 +0.024 �0.016 +0.023 �0.024 1.50.03230 0.040 �0.019 +0.012 �0.008 +0.001 �0.001 2.4

D�

D0= �D0

Table 4: The extrated values of F �2 from the prodution ross setions of D� andD0= �D0 not oming from D�� at eah Q2 and x value. The statistial, systematiand extrapolation unertainties are shown separately. The values of the extrapola-tion fator used to orret to the full pDT and �D phase spae are also shown. Thevalues extrated from D� and D0= �D0 have further unertainties as detailed in theaption to Table 3.
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Q2 x F �2 �stat �syst �extrap(GeV2) 0.00022 0.260 �0.062 �0:091 +0.007 �0.0677.0 0.00046 0.157 �0.022 �0:031 +0.016 �0.0350.00202 0.088 �0.017 �0:028 +0.009 �0.0160.00065 0.291 �0.038 �0:064 +0.020 �0.09420.4 0.00134 0.213 �0.016 �0:014 +0.018 �0.0400.00588 0.126 �0.010 �0:014 +0.010 �0.0420.00356 0.257 �0.046 �0:057 +0.020 �0.084112.0 0.00738 0.238 �0.030 �0:039 +0.015 �0.0410.03230 0.086 �0.020 �0:018 +0.001 �0.026Table 5: The ombined F �2 values from the prodution ross setions of D�and D0= �D0 not oming from D�� at eah Q2 and x value. The statistial,systemati and extrapolation unertainties are shown separately. The measure-ments have a further unertainty of 3:3% from the D+ ! K��+�+(+::) andD0 ! K��+(+::) branhing ratios. The additional unertainty from the lumi-nosity measurement is 2:6%.
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Figure 7: Di�erential ross setions for D� mesons as a funtion of (a) Q2, (b)x, () pD�T and (d) �D� ompared to the NLO QCD preditions of HVQDIS. Sta-tistial unertainties are shown by the inner error bars. Statistial and systematiunertainties added in quadrature are shown by the outer error bars with the shadedregion representing the unertainty of the HVQDIS predition. The ratios, R, ofthe ross setions to the entral HVQDIS predition are also shown in the lowersetion of eah plot. 27
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Figure 8: Di�erential ross setions for D0= �D0 mesons not from D�� deayas a funtion of (a) Q2, (b) x, () pD0= �D0T and (d) �D0= �D0 ompared to the NLOQCD preditions of HVQDIS. Statistial unertainties are shown by the inner errorbars. Statistial and systemati unertainties added in quadrature are shown by theouter error bars with the shaded region representing the unertainty of the HVQDISpredition. The ratios, R, of the ross setions to the entral HVQDIS preditionare also shown in the lower setion of eah plot.28
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