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3Abstrat. The inlusive prodution ross setions of the harmed mesons D0; D+; D+s andD�+ have been measured in interations of 920 GeV protons on C, Ti, and W targets withthe HERA-B detetor at the HERA storage ring. Di�erential ross setions as a funtionof transverse momentum and Feynman's x variable are given for the entral rapidity regionand for transverse momenta up to pT = 3:5 GeV/. The atomi mass number dependeneand the leading to non-leading partile prodution asymmetries are presented as well.
1 IntrodutionThe ross setions for harm and beauty hadro-prodution are of onsiderable theoretial interest[1,2,3℄. Perturbative QCD is expeted to work well for the large mass top quark prodution andless well for the lower mass b and  quarks [1,2,3℄. At present, several published results ofmeasurements of harm prodution in proton-nuleus ollisions [4,5,6,7,8,9℄ are available. Theyare mainly restrited to beam energies between 200 GeV and 800 GeV and mostly have lowstatistis. Only one of the experiments also provides a measurement of the dependene of theross setion on the atomi mass number. More data would help in determining the stronginteration parameters as well as in guiding the alulation of non-perturbative e�ets. Anothermotivation omes from the predition that a prominent manifestation of the quark gluon plasmaat the LHC is a larger ratio of harmonium to open harm ross setion ompared to, e.g.,prodution in pA ollisions at lower energies [10℄. The present work provides a new data pointat 920 GeV proton beam energy.Collisions of the 920 GeV HERA proton beam in C, Ti and W �xed targets have beenmeasured with the HERA-B spetrometer. In previous papers we have reported on the bb [11℄,� [12℄, and harmonium [13,14℄ prodution ross setions, while the present work deals withprodution of open harm in the inlusive reations pA! DX. Here D represents a D0;D+;D+sor D�+ deteted through the deay hannels: D0 ! K��+, D+ ! K��+�+, D+s ! ��+ !K�K+�+, and D�+ ! D0�+ ! K��+�+. Throughout this paper, harge-onjugated modesare inluded unless noted otherwise.The paper is organized as follows. We �rst briey desribe the apparatus, the data sampleand the method of analysis. We then present the results and �nally make a omparison withother measurements and theoretial expetations.2 The detetorHERA-B was a �xed target spetrometer (see Fig. 1) using the 920 GeV proton beam of theHERA e-p ollider. Interations ourred on one or more wires (depending on run on�guration)whih were organized into two groups of four target wires eah; the groups were separated by4 m along the beam, and the transverse wire dimension was 50 �m-500 �m [15℄. The wires werepositioned in the beam halo, and their distane to the beam ore was automatially adjustedto maintain a onstant interation rate. Details of the various subdetetors have been published[16,17,18,19,20,21℄, so only a brief overview of the apparatus is given here.Traks originating from proton interations and deay verties were measured with a vertexdetetor system (VDS) [16℄. Sixty-four silion strip detetors (50 � 70 mm2, pith of �50 �m)with double-sided readout were arranged in eight stations between 7 m and 200 m downstreamof the targets. The detetors were in Roman pots [22℄ under vauum and their inner edgeswere adjusted to be in the range 10-15 mm from the beam enter. With this system, a vertexCorrespondene to: marko.stari�ijs.si
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z Fig. 1. A top view of the HERA-B detetor.resolution of �z � 500 �m along the beam diretion and �x;y � 50 �m in the transverse planewas ahieved.Partile momenta were measured with a traking system and a dipole magnet of 2.13 T�m�eld integral. The �rst traking hamber was upstream of the magnet, and the remaining sixhambers were downstream of the magnet between 7m and 13m from the interation region.Due to a large variation of partile ux density, the traking system was divided into a �ne-grained inner traker (ITR), using mirostrip gas hambers with gas eletron multipliers and�300 �m pith [17℄, and a oarse-grained outer traker (OTR), using honeyomb drift ells with5 mm and 10 mm ell diameters [18℄. The obtained momentum resolution an be parameterisedas �p=p = (1:61 + 0:0051 � p [GeV=℄) % [18℄, where p is the partile momentum.Partile identi�ation was ahieved with three subdetetors: a ring imaging Cherenkov ounter(RICH), an eletromagneti alorimeter (ECAL), and muon hambers (MUON). The RICH de-tetor [19℄ is a large vessel ontaining about 100 m3 of C4F10 gas at STP, whih provided about2 m of radiation path. The Cherenkov photons were foused and reeted by two sets of spherialand planar mirrors onto an upper and a lower photon detetor, loated well outside of the mainpartile ux. Eah photon detetor onsisted of about 1100 multi-anode photomultiplier tubes.The identi�ation eÆieny for pions was about 90% in the momentum range from slightly abovethe pion threshold (2.4 GeV/) up to 70 GeV/, with the kaon misidenti�ation probability al-ways below 10%. The eÆieny for kaons was above 85% for momenta between 15 GeV/ and45 GeV/, with a pion misidenti�ation probability of �1%. For partiles below the Cherenkovthreshold of �10 GeV/, the misidenti�ation of pions as kaons was kept below 10%.The ECAL [20℄ was a sampling alorimeter of the \shashlik" type, with sintillator platessandwihed between tungsten (inner region) or lead (outer region) absorbers. The alorimeterwas read out by optial �bers and photomultiplier tubes with the readout granularity of inner andouter regions adapted to di�erent partile rates in order to maintain aeptable oupanies. TheMUON system [21℄, situated in the most downstream region, onsisted of four large detetorstations separated by onrete and iron absorbers. Eah muon detetor plane had gas pixelhambers in the inner region and gas proportional tubes in the outer region.For the present measurement, the analysis of data was based on the vertex detetor, the OTRtraking system and the RICH ounter.



5Table 1. Summary of the data statistis and the integrated luminosities of the present study.Target A events [�106℄ L [�b�1℄C 12.01 89.3 375Ti 47.88 24.7 31W 183.84 67.6 363 Data analysisThe analysis was performed on data sets with a single target wire made either of arbon, titaniumor tungsten. Only runs with stable onditions and a minimum bias trigger were onsidered; theresulting sample onsisted of 182 million interations (Table 1). The trigger required at least 20hits in the RICH detetor (ompared to an average of 33 for a full ring from a � = 1 partile[19℄) and had an eÆieny �trigger � 95% for inelasti interations. The integrated luminosityL was determined [23℄ from the number of measured inelasti interations Ninel and the totalinelasti ross setion �inel, using the expression L = Ninel=(�trigger�inel). The data were reordedat a moderate interation rate of about 1.5 MHz whih orresponds to 0.17 interations per �lledbunh rossing. Therefore only about 10% of triggered events ontain more than one interation.The data aquisition rate was about 1 kHz, and the bulk of the data was reorded within a two-week running period.At the HERA-B energy, the harm prodution ross setion is more than two orders of magni-tude smaller than the inelasti ross setion. Taking into aount the relatively small branhingratios for the D meson deay modes into two or three harged partiles, one expets sizeablebakgrounds. Partile identi�ation alone is not suÆient to extrat signal events. However, thelarge boost of the enter-of-mass system of HERA-B ( = 22), ausing D mesons to deay sev-eral millimeters from the target, ombined with good vertex resolution (�0.5mm longitudinally)allows us to distinguish D meson deay produts from partiles originating at the primary in-teration point. The data seletion thus requires a detahed seondary vertex formed by traksnot oming from the primary interation point as well as the identi�ation of kaons and pions.The seletion riteria are summarized in Table 2 and disussed in some detail below.3.1 Data seletionIn addition to a detahed vertex for the ground state D mesons, at least one reonstrutedprimary vertex was required in eah seleted event. Primary verties were determined from alltrak segments reonstruted in the VDS. Sine the proton interation point must be inside thetarget wire, the primary vertex oordinate transverse to the wire diretion was replaed withthe known target wire position.For the traks orresponding to the deay produts of D mesons, mild requirements wereapplied on the number of hits in the vertex detetor and in the main traking system, as well ason the trak �t quality. Seletion riteria used to identify the �nal state kaons and pions werebased on information from the RICH ounter. While a rather strit ut on the kaon likelihood1was required for the kaon andidates (LK > 0:5 for the D0 and D+ seletion, and LK > 0:33for D+s andidates), for pions only a mild ut was applied on the sum of RICH likelihoods foreletrons, muons and pions, Le + L� + L� > 0:05. No partile identi�ation requirement was1 Likelihoods for the eletron, muon, pion, kaon, pro-ton and bakground hypotheses are normalized suhthat their sum is equal to one: Le + L� + L� + LK +Lp + Lbkg = 1.



6imposed for pions from D�+ ! D0�+ deays, whih tend to have low momenta and are thusdenoted as �slow.The traks were ombined to form D0;D+ and D+s andidates. Candidates with an invariantmass in the interval of �500 MeV/2 around the D meson nominal mass were retained forfurther analysis. For the D+s andidates, the invariant mass of the K+K� pairs was required tobe in the interval of �10 MeV/2 around the � nominal mass; the absolute value of the osineof the angle �� between the K+ and �+ in the rest frame of the � was restrited to the valuesabove 0.5, exploiting the vetor nature of the intermediate state �. The D�+ andidates werereonstruted fromD0 andidates with invariant mass within�75 MeV/2 (3:5� in resolution) ofthe D0 mass and slow pion andidates, after a vertex �t to the D0; an additional ut was appliedon the produt of transverse momenta of the D0 daughter traks and of the D0 momentum,p(D0)pT(K)pT(�).In addition to the riteria desribed above, the analysis was restrited to the region of phasespae with high aeptane, �0:15 < xF < 0:05, where xF is the Feynman x variable. Thedaughter traks of a D meson andidate were �tted to a ommon vertex. Only ombinationswith a vertex probability greater than 0.1% and with a seondary vertex displaed by more than4 standard deviations downstream of the wire were aepted.The D meson andidate was then assoiated with the primary vertex. In the ase of eventswith multiple reonstruted primary verties, the vertex with the smallest impat parametersigni�ane (i.e., the measured value divided by its estimated error given by the ovarianematrix) with respet to the trak of the D meson andidate was hosen. To avoid a possible biasin the primary vertex position due to traks from the D meson andidate, the primary vertexwas re-�tted without the D daughter traks.The �nal set of riteria was based on the primary and seondary verties. The main soureof bakground, whih is due to ombinations of partiles emerging from the primary interationpoint, was redued by the following requirements: (1) the seondary vertex should be detahed,(2) the traks forming the seondary vertex should not ome from the primary interation pointand (3) the D meson andidate should originate from the primary interation point. To ful�llthese riteria, uts were applied on the following variables:{ d(D) the signi�ane of the distane between the seondary vertex and the assoiated primaryvertex,{ b(�); b(K) the signi�ane of the impat parameter of a pion or kaon with respet to theprimary vertex (in ase more than one primary vertex was found, that losest to the partileis hosen),{ b(D) the signi�ane of the impat parameter of a D meson andidate with respet to theassoiated primary vertex.We found that, for the three-body deays of D+ and D+s , a more e�etive ut than a seletionbased on single impat parameter signi�anes of daughter traks is a ut on their produtb(K)b(�1)b(�2) and b(K1)b(K2)b(�), respetively. The bakground level is further redued withriteria of the form 3pb(K)b(�1)b(�2) > 4(t� t0), for D+, and pb(�)b(�) > 0:75(t� t0), for D+s .Here the proper lifetime t is in units of the D mean lifetime, and the o�set t0 is determined inan optimization.For eah deay mode the optimal uts were determined by maximizing the signal signi�aneS=pS +B in a �3� window entered at the D meson nominal mass (signal window). The signalS was taken from Monte Carlo simulation and was saled to the luminosity of real data by usingan estimation for the prodution ross setions from �ts to the publishedD meson ross setions[1℄. For the D+s the ross setion was assumed to amount to 20% of the sum of the D0 and D+ross setions [2℄.



7In the ase of ground state D mesons, the number of bakground events B was estimatedfrom the data sidebands. For the D+s , the mass region of �50 MeV/2 around the nominal massof the D+, where a ontribution of the deay D+ ! ��+ is expeted, was exluded from thelower sideband. To redue the sensitivity to statistial utuations, the sidebands were hosento be larger than the signal window. In the ase of the D�+, the wrong sign ombinations fromreal data were used to estimate the bakground in the signal window. As is usually done for thisdeay, the signal was reonstruted via the mass di�erene q = m(K;�; �slow) �m(K;�) �m�rather than using the invariant mass of the K;�; �slow ombinations.Table 2. Seletion riteria; d and b denote deay distane and impat parameter signi�anes, respetively, andLh are likelihoods for a hypothesis h.D0 ! K��+ D+ ! K��+�+hosen a prioriLK(K) > 0:5 LK(K) > 0:5Le(�) + L�(�) + L�(�) > 0:05 Le(�) + L�(�) + L�(�) > 0:05optimized using bakground data and signal MCd(D0) > 6:1 b(D+) < 2:6b(D0) < 2:4 b(K)b(�1)b(�2) > 106b(K) > 3:4 3pb(K)b(�1)b(�2) > 4(t� t0); t0 = 2:48b(�) > 3:7D+s ! ��+ ! K�K+�+ D�+ ! D0�+ ! K��+�+hosen a prioriLK(K) > 0:33 LK(K) > 0:5Le(�) + L�(�) + L�(�) > 0:05 Le(�) + L�(�) + L�(�) > 0:05jm(K+K�)�m(�)j < 10 MeV/2 jm(K�)�m(D0)j < 75 MeV/2j os(��)j > 0:5 d(D0) > 4optimized using bakground data and signal MCd(D+s ) > 5:3 b(D0) < 2:4b(D+s ) < 2:11 b(K) > 2:1b(K�)b(K+)b(�) > 28:7 b(�) > 1:7pb(�)b(�) > 0:75(t� t0); t0 = 1:0 p(D0)pT(K)pT(�) > 17:7(GeV=)3After applying the seletion riteria, whih are summarized in Table 2, the remaining datawere sanned for events with more than one D meson andidate (in 0.5%, 8%, 0% and 20%of events for the D0, D+, D+s and D�+ andidates, respetively). In ase of the D0, D+ andD+s andidates, the ombinations with the largest deay distane signi�ane d(D) were kept.For the D�+ analysis, �rst the andidates whose intermediate D0 had the largest deay distanesigni�ane were seleted. If multiple andidates remained (i.e., due to multiple �slow andidates),the D�+ andidate with the highest vertex probability was kept.3.2 Signal yieldsThe invariant mass distributions for D meson andidates after applying the seletion riteriadisussed above are shown in Figs. 2-4.The signal yields are extrated from the histograms by a maximum likelihood �t assumingPoisson statistis in individual bins. A Gaussian funtion is used for the signal, while the bak-ground desription depends on the type of the D meson. For the D+ and D+s , the bakground



8is �tted by an exponential funtion. The bakground for D0 andidates is more omplex andonsists of a ombinatorial part, �tted by an exponential, and a ontribution from partiallyreonstruted harm deays. This latter bakground is visible in the mass range below the D0peak. The shape of this bakground is taken from Monte Carlo simulation of � events to whihthe same seletion riteria are applied as for the data.In theD+s invariant mass distribution the Cabibbo suppressed deay ofD+ ! ��+ is also seen(the peak to the left of the D+s peak). This peak is inluded in the �t funtion as an additionalGaussian of the same width as the signal Gaussian, with its normalization as an additionalfree parameter, and its mean �xed to that extrated from the D+ ! K��+�+ invariant massdistribution. The bakground for the D�+ andidates is parameterised as a(q1=2 + bq3=2), witha and b as free parameters.The �tted peak positions are within one standard deviation of the orresponding world aver-age values [24℄, with the exeption of D+s , whih deviates by less than two standard deviations.The widths of the signal peaks are about 30% larger than the orresponding Monte Carlo values.The numbers of reonstrutedD mesons are summarized in Table 3. In total, 175 D0, 131 D+,11 D+s and 61 D�+ deays are found. The yields for various subsamples (partile, anti-partile,individual target material) are obtained by �tting with the mean and the width (r.m.s.) of thesignal Gaussian funtion �xed to the values obtained from the �t to the full sample.
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10an be estimated from the number of reonstruted deays from our measured D+ ross setionin the D+ ! K��+�+ deay hannel. The �tted number of events, 9.8�3.8, is in reasonableagreement (1:4� higher) with the estimated number, (4.2�1.2).4 EÆieny determinationA Monte Carlo simulation is used to determine the signal reonstrution eÆienies. The MonteCarlo samples for pA ! DX are generated in two steps. First, a � pair is generated withPythia 5.7 [25℄ suh that a partiular D meson is always produed. The generated events arere-weighted to make the resulting ross setions onform to the parameterisationsd�dp2T / 241 +  p� � (� � 32) pT2 � (� � 1) hpTi !235�� (1)and d�dxF = 8<:A exp (� x2F2�2g ) ; jxFj < xb;A0(1� jxFj)n ; jxFj � xb; (2)with �g = qxb(1�xb)n and ln AA0 = n[ xb2(1�xb) +ln(1�xb)℄ [26℄. The average transverse momentumof hpTi = 1:04 � 0:04 GeV/ and the value of the exponent � = 7:0 � 4:3 are taken from thepresent analysis (Se. 5.2). The value n = 7:7� 1:4 is taken from the average of E743 and E653[6,7℄, and xb is assumed to be 0:062 � 0:013 as measured by the E791 experiment [26℄. Theinuene of the parameter unertainties and other possible parameterisations of Eqs. 1 and 2are taken into aount as systemati errors. After the generation of the D mesons, the remainingenergy is input to the Fritiof 7.02 [27℄ program pakage whih generates the underlying eventtaking into aount further interations inside the nuleus.The detetor response is simulated with the Geant 3.21 pakage [28℄. Realisti detetor ef-�ienies, readout noise and dead hannels are taken into aount. The simulated events areproessed by the same reonstrution odes used for the data.5 Results5.1 Total ross setionsThe visible ross setion per nuleus, i.e., the ross setion measured in our visible range of�0:15 < xF < 0:05, is given by ��pA; i = NiBr � �i � Li ; (3)where Ni is the number of reonstruted D mesons for a partiular target i, �i and Li are theorresponding eÆieny and integrated luminosity, and Br is the world average branhing ratiofor a spei� deay hannel [24℄. The ross setion for D meson prodution on a nulear targetof atomi mass number A is parameterised as�pA = �pN �A�: (4)



11Table 4. Summary of systemati unertainties of visible ross setionsSoure D0 D+ D+s D�+Event �tting 3.4% 2.6% 6.0% 9.7%Branhing frations 1.8% 3.6% 13.0% 1.9%Luminosity 3.7% 3.7% 3.7% 3.7%Reonstrution eÆieny 8.4% 10.3% 12.9% 9.7%Total 10% 12% 20% 14%To ombine data reorded with di�erent target materials, the prodution ross setions pernuleon ��pN are extrated in the following way. From Eq. 3 and Eq. 4, the D meson yield ofthe target i is derived, Ni = Br � �i � Li ���pN � A�i : (5)By summing Eq. 5 over all targets and solving it for the prodution ross setion we get��pN = NBr �Pi �iLiA�i ; (6)where N = PiNi is the measured D meson yield of the total data sample. The sum in thedenominator of Eq. 6 an be rewritten by introduing the average eÆieny �, de�ned by theweighted sum � =Xi wi�i ; wi = A�i LiPk A�kLk : (7)Then the expression 6 reads ��pN = NBr � � �Pi LiA�i : (8)Sine there is no experimental indiation for nulear e�ets in open harm prodution, a linear Adependene of the ross setions is assumed, and � is set to one in Eqs. 7 and 8. This assumptionis also in agreement with our measurements as disussed in Setion 5.5.The total systemati unertainties are, aording to Eq. 8, omposed of ontributions fromunertainty in the signal yields assoiated with the �tting proedure (listed as 'event �tting'),branhing frations, integrated luminosity and reonstrution eÆieny. The unertainty of thereonstrution eÆieny an be further divided into ontributions from Monte Carlo statistis,trak reonstrution eÆieny, partile identi�ation eÆieny, seletion riteria and the ontri-bution from the re-weighting of kinematial distributions based on pT and xF. The individualontributions are summarized in Tables 4-5. The unertainty due to seletion riteria is de-termined in two ways: by varying the ut values in the seletion riteria disussed above, andby performing a seond analysis with an independent set of seletion riteria. The hange inthe resulting ross setion is taken as the orresponding systemati unertainty. The systematierrors of trak reonstrution and RICH partile identi�ation (1.5% and 2.0% per trak orre-spondingly) are estimated using deays of K0S and � as soures of pions and kaons. Note thatno systemati error is assigned to the assumption � = 1 in order to be ompatible with previousexperiments. Using Eq. 6 and data in Tables 1 and 6, ��pN for � 6= 1 an be extrated.The resulting ross setions in the visible range,��pN and��pA, are summarized in Tables 6-8. In order to extrapolate the measurements to the full phase spae,�pN = ��pNfvis ; (9)



12 Table 5. Summary of systemati unertainties of reonstrution eÆieny.Soure D0 D+ D+s D�+Monte Carlo statistis 1.2% 1.3% 3.7% 1.1%Trak reonstrution 3.0% 4.5% 4.5% 4.5%Partile identi�ation 4.0% 6.0% 6.0% 4.0%Seletion riteria 6.0% 6.0% 6.0% 6.0%Re-weighting 2.9% 3.6% 7.7% 4.6%Total 8.4% 10.3% 12.9% 9.7%the fration fvis of D mesons in the visible range, de�ned by �0:15 < xF < 0:05, is determinedin the following way. With the value of the exponent n = 7:7�1:4 as measured by the E743 andE653 experiments [6,7℄, fvis is alulated by using Eq. 2. The values orresponding to the hoiexb = 0:062 [26℄ and xb = 0 are 0.542�0.048 and 0.558�0.051, respetively. The di�erene issmall ompared to the unertainty due to the error of the parameter n. For the extrapolation theaverage of both numbers, fvis = 0:55 � 0:05, is used. The resulting ross setions extrapolatedto the full phase spae are listed in Table 6.Figure 5 shows the omparisons of these measured ross setions with other experimentalstudies. To ompare the data points at di�erent enter-of-mass energies, the overall normalizationof theoretial preditions given in [1℄ is determined separately for eah of the D mesons by �ts tothe data whih also inlude the results of the present measurements 2. Our results are onsistentwith previous studies and represent an improvement at high energies. Note that our �(D+) issomewhat lower than expeted, leading to a lower ratio �(D+)=�(D0) as will be disussed below.The measured sum of the D meson ross setions per nuleon �(D0) + �(D+) + �(D+s ) =(87:4�8:2�12:6) �b is used to determine the harm prodution ross setion. From the frationsof harm hadrons produed in the hadronization of  quarks as measured in e+e� ollisions, the2 The original measured values are resaled in [1℄ bytaking into aount the updated D branhing frations.The result of �(D0) by E789 is exluded from the �t.Table 6. Cross setions in the visible range (�0:15 < xF < 0:05) and extrapolated to the full phase spae.The �rst error is statistial and the seond systemati. In the seond olumn, the systemati error due to theextrapolation unertainty is quoted separately.��pN[�b℄ (visible range) �pN[�b℄ (full xF range)D0 26.8�2.6�2.7 48.7�4.7�4.9�4.4D+ 11.1�1.2�1.3 20.2�2.2�2.4�1.8D+s 10.2�3.5�2.0 18.5�6.4�3.7�1.7D�+ 11.9�2.6�1.7 21.6�4.7�3.0�2.0Table 7. Cross setions for partile and anti-partile prodution in the visible range (�0:15 < xF < 0:05). The�rst error is statistial and the seond systemati. ��pN[�b℄partiles anti-partilesD0 12.0�1.7�1.2 14.8�1.7�1.5D+ 4.8�0.8�0.6 6.3�0.9�0.8D+s 4.1�2.3�0.8 6.3�2.6�1.3D�+ 4.5�1.4�0.6 7.2�1.5�1.0



13Table 8. Visible ross setions per nuleus. Numbers in parentheses in the last row are for the subsamples of D�+with D0 daughters not ommon to the D0 samples of the �rst row. The �rst error is statistial and the seondsystemati. ��pA [mb℄data sample C Ti WD0 0.36� 0.05� 0.04 1.01� 0.33� 0.10 4.91� 0.62� 0.54D+ 0.12� 0.02� 0.02 0.48� 0.16� 0.06 2.17� 0.32� 0.28D+s 0.12� 0.07� 0.02 0.15� 0.35� 0.03 2.18� 0.99� 0.46D�+ 0.17� 0.05� 0.03 0.71� 0.30� 0.10 1.71� 0.51� 0.26(0.21� 0.06� 0.03) (0.95� 0.50� 0.14) (2.11� 0.84� 0.34)
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145.2 Di�erential ross setionsThe di�erential ross setions d�=dp2T and d�=dxF are determined from prodution yields inbins of p2T and xF by using Eq. 8. The yield in eah individual bin is determined by subtratingfrom the number of events in the D meson signal window the number of bakground events asestimated from the sidebands. The resulting di�erential ross setions for the prodution of D0or D+ mesons are shown in Fig. 6.The parameters of the measured di�erential ross setions are determined in the followingway. Beause of the low statistis in individual bins of p2T and xF, we do not diretly �t thebakground-subtrated distributions but instead do simultaneous binned likelihood �ts of the p2Tand xF distributions of events in the mass signal and sideband windows. This orretly aountsfor the Poisson errors.For the transverse momentum distribution, several parameterisations an been found in theliterature [2,26,30℄. In the present analysis, the parameterisation given in Eq. 1 is used, sineour previous studies of J= , K� and � prodution indiate that it �ts the data well over a largerange of p2T. The values of parameters hpTi and � are extrated from the �t. The distribution ofbakground events Nbgr(p2T) are assumed to be the same in shape and normalization for the signalwindow and sidebands. Several parameterisations of the distributions of events in sidebands �twell. We use the parameterization with two free parameters whih gives the smallest �2=ndf:CeBp2T forD0 andD+. The same parameterisation multiplied by the eÆieny in p2T, CeBp2T�(p2T),is used for D�+.The D0, D+ and D�+ data samples are �t simultaneously, where in the D�+ ase only thesubsample with D0 daughters not ommon to the D0 sample is inluded. The resulting �tparameters are hpTi = (1:04� 0:04) GeV/ and � = 7:0� 4:3, with �2=ndf=0.86. The measuredhpTi is signi�antly larger (by 3.3�) than the value extrated from the Pythia Monte Carlosamples (0.90 GeV/), while � is, within one standard deviation, equal to the value extratedfrom the simulation (� = 4:80). Fitting with the �xed value of � = 6, i.e., the value used for ourstudy of J= prodution [13℄ yields the same hpTi value, and the same �2=ndf.The xF distribution is usually parameterised with a power-law funtion:d�dxF / (1� jxFj)n: (10)This funtion di�ers in the entral region from the preditions of the next-to-leading order QCDalulations [3℄. The measurements made by E791 [26℄ in 500 GeV �A ollisions using a highstatistis sample of 80k reonstruted D0 mesons also show a similar disrepany. They obtainan improved �t with the funtion given in Eq. 2, whih uses a power-law funtion in the tailregion and a Gaussian in the entral region3.In our analysis of the measured di�erential ross setion d�=dxF (Fig. 6(b)), the boundaryparameter xb was �xed to the value xb = 0:062 as measured by E791 [26℄, beause our rangeof �0:15 < xF < 0:05 is too small to determine this parameter. The exponent n, is extratedby simultaneously �tting the D0 and D+ data samples with a likelihood �t to the events in thesignal windows and sidebands. While the �tted value of the exponent n = 7:5� 3:2 agrees withthe results of E653 [7℄ and E743 [6℄, the statistial error is larger in our study.5.3 Ratios of ross setionsThe measured ross setion ratios are summarized in Table 9. The systemati errors ome mainlyfrom seletion riteria, event �tting, branhing fration unertainties and re-weighting, while the3 To aount for the asymmetry in �-A ollisions,E791 used an additional o�set parameter
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-0.15 -0.125 -0.1 -0.075 -0.05 -0.025 0 0.025 0.05Fig. 6. Di�erential visible ross setions (�0:15 < xF < 0:05) for D0 and D+ prodution: (a) d�=dp2T, with the �tof Eq. 1, and (b) d�=dxF with the �t of Eq. 2 with a free parameter n and a �xed boundary parameter xb = 0:062.Table 9. Ratios of ross setions. The �rst error is statistial and the seond systemati.D+=D0 0.41�0.06�0.04D�+=D0 0.44�0.11�0.05D+s =(D+ +D0) 0.27�0.09�0.05D�+=D+ 1.07�0.26�0.14luminosity error anels. The value for the ratio �(D+)=�(D0) = 0:41� 0:06� 0:04 is the mostaurate measurement of this ratio in pA reations. It is in good agreement with the ombinedresults from hadroprodution [1℄ as well as from e+e� experiments [24℄. The ratio also agreeswith a simple predition based on isospin symmetry and the measured ratio of vetor to salarmeson prodution ross setions [1℄. A omparison with results from other experimental studiesis presented in Fig. 7.The ratio �(D�+)=�(D0) = 0:44 � 0:11 � 0:05 is also the most preise measurement ofthis ratio in pA reations and is in good agreement with the results of NA27 and E769 [5,9℄. The vetor to salar meson prodution ratio PV an be alulated in several ways (see [1℄and referenes therein) if isospin invariane is assumed. From the ratio R1 = �(D+)=�(D0)one obtains PV = (1 � R1)=((1 + R1)Br(D�+ ! D0�+)) = 0:61 � 0:09 � 0:06. As a ross-hek, we determine the same ratio from R2 = �(D�+)=�(D+), and obtain the value PV =R2=(1 + Br(D�+ ! D0�+) � R2) = 0:62 � 0:09 � 0:05. The results are in good agreement withthe world average value PV = 0:59 � 0:01 [1℄.Our result for the ratio �(D+s )=(�(D0)+�(D+)) = 0:27�0:09�0:05 is the �rst measurementof this quantity in pA reations. For omparison, the world average value of measurements ine+e� ollisions is 0.10�0.02 [24℄, and 0:112+0:024�0:020 in deep inelasti sattering at HERA [31℄.
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17Table 11. Atomi mass number dependene parameter � and its weighted average for the four D mesons. Forthe weighted average the value in parenthesis of the �fth row were used, orresponding to the subsample of D�+with D0 daughter not ommon with the D0 sample.Partile �D0 0.969�0.057�0.026D+ 1.051�0.082�0.028D+s 1.190�0.402�0.046D�+ 0.832�0.138�0.022(0.847�0.185�0.022)Average 0.994�0.044�0.0256 SummaryWith the HERA-B detetor we have measured the total and single di�erential ross setions �,d�=dp2T and d�=dxF, the atomi mass number dependene of the ross setions, and the leadingto non-leading partile asymmetries for the prodution of D0;D+;D+s and D�+ mesons in pAollisions at the proton energy of 920 GeV.Extrapolating to the full phase spae, the total ross setions per nuleon (in �b) are: 48:7�4:7 � 6:6, 20:2 � 2:2 � 3:0, 18:5 � 6:4 � 4:1 and 21:6 � 4:7 � 3:6 for the D0, D+, D+s and D�+,respetively. In the range �0:15 < xF < 0:05 the measured ross setions are: 26:8 � 2:6 � 2:7,11:1� 1:2� 1:3, 10:2� 3:5� 2:0 and 11:9� 2:6� 1:7 for the D0, D+, D+s and D�+, respetively.The ross setion per nuleon for � prodution is �(�) = (49:1 � 4:6� 7:4) �b.We have measured the ross setion ratios �(D+)=�(D0) = 0:41�0:06�0:04 and �(D�+)=�(D0) =0:44�0:11�0:05, as well as the vetor to salar meson prodution ratio, PV = 0:61�0:09�0:06.Our result for the ratio �(D+s )=(�(D0) + �(D+)) = 0:27 � 0:09 � 0:05 is the �rst measurementof this quantity in pA reations.From the measured atomi mass number dependene of the prodution ross setion, theparameter � = 0:99 � 0:04 � 0:03 is extrated. This value is in agreement with the assumptionof a linear dependene of ross setions, �=1. The measured leading to non-leading partileasymmetries in the xF range �0:15 < xF < 0:05 are onsistent with existing measurements fordi�erent xF regions.The results of our studies are in good agreement with previous measurements of open harmprodution in pA interations and provide, in the majority of ases, an improvement in auray.AknowledgmentsWe express our gratitude to the DESY laboratory for the strong support in setting up andrunning the HERA-B experiment. We are also indebted to the DESY aelerator group fortheir ontinuous e�orts to provide good and stable beam onditions. The HERA-B experimentwould not have been possible without the enormous e�ort and ommitment of our tehnial andadministrative sta�. It is a pleasure to thank all of them.Referenes1. C. Louren�o, H.K. W�ohri, Phys. Rept. 433, 127 (2006)2. S. Frixione, M.L. Mangano, P. Nason, G. Ridol�, Adv. Ser. Diret. High Energy Phys. 15, 609 (1998)3. P. Nason, S. Dawson, R.K. Ellis, Nul. Phys. B327, 49 (1989) (Erratum-ibid. B335, 260 (1990))4. M. Aguilar-Benitez et al. (NA16 Collaboration), Phys. Lett. B 135, 237 (1984)5. M. Aguilar-Benitez et al. (NA27 Collaboration), Z. Phys. C 40, 321 (1988)
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