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Measurement of open beauty prodution atHERA in the D�� �nal state
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AbstratThe prodution of beauty quarks with a D�� and a muon in the �nal state hasbeen measured with the ZEUS detetor at HERA using an integrated luminosityof 114 pb�1. Low transverse-momentum thresholds for the muon and D� mesonallow a measurement of beauty prodution loser to the prodution thresholdthan previous measurements. The beauty signal was extrated using the hargeorrelations and angular distributions of the muon with respet to the D� meson.Cross setions for photoprodution and deep inelasti sattering are somewhathigher than, but ompatible with, next-to-leading-order QCD preditions, andompatible with other measurements.
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1 IntrodutionThe prodution of beauty quarks in ep ollisions at HERA is a stringent test for per-turbative Quantum Chromodynamis (QCD) sine the large b-quark mass (mb � 5 GeV)provides a hard sale that should ensure reliable preditions. For b-quark transverse mo-menta omparable to the b-quark mass, next-to-leading-order (NLO) QCD alulationsin whih the b quarks are generated dynamially are expeted to provide aurate predi-tions [1, 2℄.The beauty-prodution ross setion has been measured in p�p ollisions at the SppS [3℄and Tevatron olliders [4℄, in  interations at LEP [5℄, in �xed-target �N [6℄ and pN [7℄experiments, and in ep ollisions at HERA [8{12℄. While most results, inluding reentresults from the Tevatron, are in agreement with QCD preditions, some, in partiularthose from LEP, show large disrepanies.This paper reports a measurement of beauty prodution via the reation ep ! eb�bX !eD��X 0 using the ZEUS detetor at HERA. This reation o�ers the advantage of providinga data sample enrihed in b quarks and with strongly suppressed bakgrounds from otherproesses, whih allows low-pT threshold uts to be applied. This analysis therefore yieldsa measurement of beauty prodution loser to the prodution threshold than previousHERA measurements based on leptons and/or jets with high transverse momentum [8{11℄.A similar measurement has been performed by the H1 ollaboration [12℄.Of partiular interest are events in whih the muon and D� originate from the same parentB meson (Fig. 1a), e.g. B0 ! D���+��. These yield unlike-sign D�-muon pairs produedin the same detetor hemisphere. Due to the partial reonstrution (e.g. missing neutrino)the invariant mass is onstrained to lie below the B-meson mass. Another importantontribution arises from harm-pair prodution, where one harm quark fragments into aD� and the other deays into a muon (Fig. 1b). This again yields unlike-sign D�-muonpairs, but with the D� and the muon produed predominantly in opposite hemispheres.In addition, beauty-pair prodution in whih the D� and muon originate from di�erentbeauty quarks an yield both like- and unlike-sign D�-muon ombinations, depending onwhether the muon is from the deay of the primary beauty quark (Fig. 1), or from aseondary harm quark (Fig. 1d), and whether B0- �B0 mixing has oured.Bakground ontributions to both like- and unlike-sign ombinations inlude events witheither fake D� mesons, originating from ombinatorial bakground, or fake muons. In thisanalysis, the signal is extrated from the unlike-sign sample, while the like-sign sample isused as a ross hek.Cross setions are extrated separately for the photoprodution (p, photon virtualityQ2 . 1 GeV2), and deep inelasti sattering (DIS, Q2 & 1 GeV2) regimes, as well as1



for the entire range in Q2, whih inludes the kinemati region in whih these two eventlasses annot easily be distinguished.2 Experimental set-upThe data sample used in this analysis orresponds to an integrated luminosity L = 114:1�2:3 pb�1, olleted by the ZEUS detetor in the years 1996-2000. During the 1996-97data taking, HERA provided ollisions between an eletron1 beam of Ee = 27:5 GeV anda proton beam of Ep = 820 GeV, orresponding to a entre-of-mass energy ps = 300 GeV(L300 = 38:0 � 0:6 pb�1). In the years 1998-2000, the proton-beam energy was Ep =920 GeV, orresponding to ps = 318 GeV (L318 = 76:1� 1:7 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 oper-ates in a magneti �eld of 1:43 T provided by a thin superonduting oil. The CTDonsists of 72 ylindrial drift hamber layers, organized in 9 superlayers overing thepolar-angle2 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-lengthtraks is �(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.The position of eletrons sattered at small angles to the eletron beam diretion wasmeasured using the small-angle rear traking detetor (SRTD) [16, 17℄. The SRTD isattahed to the front fae of the RCAL and onsists of two planes of sintillator strips,arranged orthogonally. The strips are 1 m wide and 0.5 m thik.The muon system onsists of rear, barrel (R/BMUON) [18℄ and forward (FMUON) [13℄traking detetors. The B/RMUON onsists of limited-streamer tube hambers plaed1 Eletrons and positrons are not distinguished in this paper and are both 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. The pseudorapidityis de�ned as � = � ln �tan �2�, where the polar angle, �, is measured with respet to the proton beamdiretion. 2



behind the BCAL (RCAL), inside and outside a magnetized iron yoke surrounding theCAL. These hambers over polar angles from 34o to 135o and from 135o to 171o, respe-tively.The luminosity was measured using the bremsstrahlung proess ep! ep. The resultingsmall-angle energeti photons were measured by the luminosity monitor [19℄, a lead-sintillator alorimeter plaed in the HERA tunnel at Z = �107 m.3 Data SeletionThe data were seleted online via a three-level trigger system through a ombination ofthree di�erent trigger hains:� a muon reahing the inner B/RMUON hambers and mathed to a minimum ionizingenergy deposit in the CAL or any muon reahing the outer B/RMUON hambers or� a D� andidate [20℄ or� a sattered-eletron andidate in the CAL [11℄. In part of the data taking, the utson the eletron andidate were relaxed if a muon in the inner B/RMUON hamberswas deteted.Due to this redundany, the trigger eÆieny for beauty events was high, 94� 3% for theinlusive study, and 98� 2% for the DIS seletion.Muons were reonstruted o�ine using the following proedure: a trak was found inthe inner B/RMUON hambers, then a math in position and angle to a CTD trakwas required. In the bottom region of the detetor, where there are no inner hambers,the outer hambers were used instead. If a math was found to both inner and outerhambers, a momentum-mathing riterion was added.The angular overage of the B/RMUON and of the trak requirements in the CTD restritthe muon aeptane to the pseudorapidity region� 1:75 < �� < 1:3 : (1)A ut on the muon transverse momentump�T > 1:4 GeV (2)was applied, reeting the requirement that the muon reahes the inner muon hambersin the barrel region. In order to have uniform kinemati aeptane, this ut was alsoapplied in the rear region. 3



D� andidates were reonstruted in the D�+ ! D0(! K��+)�+s deay hannel (+..)making use of the �M (�M(K��s)�M(K�)) tehnique desribed in previous publia-tions [20℄ with the following uts:D0 mass 1:81 < M(K�) < 1:92 GeV;D� �D0 mass di�erene 0:1435 < �M < 0:1475 GeV;D� transverse momentum pD�T > 1:9 GeV; (3)D� pseudorapidity j�D�j < 1:5;K; � transverse momentum pK;�T > 0:5 GeV;slow pion p�sT > 0:125 GeV:To allow the bakground to the D� signal to be determined, D0 andidates with wrong-harge ombinations, in whih both traks forming the D0 andidates have the sameharge and the third trak has the opposite harge, were also retained.The hadroni system was reonstruted from the alorimeter information and the re-onstruted vertex. A four-momentum (piX ; piY ; piZ ; Ei) was assigned to eah alorimeterell. Global hadroni variables were reonstruted by summing over these ells. In thease of identi�ed DIS events (see below), the sattered eletron andidates were exludedfrom this sum. The inelastiity y was reonstruted from the Jaquet-Blondel estimatoryJB = (E�PZ)=2Ee [21℄, where E � PZ =Pi(Ei � piZ) and the sum runs over all ells. Inthe ase of DIS events, the alternative value ye = 1� E0e2Ee (1� os �e) as well as the photonvirtuality Q2 were obtained from the energy E 0e and sattering angle �e of the �nal-stateeletron andidate [11℄. A sample of events with one muon and one D� andidate wasseleted by requiring:� � 1 muon in the muon hamber regions de�ned by Eq. (1) and Eq. (2);� � 1 D� andidate in the D� aeptane region de�ned by Eq. (3);� the muon andidate trak is not one of the three D� andidate traks, eliminatingbakgrounds from semileptoni D0 deays;� the D�� system arries a signi�ant fration of the total transverse energy of theevent, pD��T =ET > 0:14, where ET is the transverse energy measured by the CALoutside a one of 10Æ around the proton beam diretion to exlude the proton remnant,and pD��T is the transverse momentum of the D�� system, reduing ombinatorial D�bakground;� a reonstruted vertex ompatible with the nominal interation point, suppressingnon-ep bakground.After this seletion, a sample of 232 events remained. The resulting �M distributions forthe like and unlike D�� harge ombinations, before the �M ut, are shown in Figs. 2a4



and 2b.A subsample of photoprodution events was seleted by requiring:� no sattered-eletron andidate found in the CAL;� E � PZ < 34 GeV;retaining 81% of the inlusive sample. After the unfolding of the detetor response, theseuts orrespond to an e�etive ut Q2 < 1 GeV2 and 0:05 < y < 0:85. The lower limit ony arises from the interplay between the b-quark mass and the aeptane in rapidity.Alternatively, a lean DIS sample was obtained by applying the following additional on-ditions [11℄:� a reonstruted eletron with energy E 0e >10 GeV;� Q2 > 2 GeV2;� inelastiity yJB > 0:05 and ye < 0:7;� 40 < E � PZ < 60 GeV;� the eletron hits the rear alorimeter outside a retangle of jXj < 13 m and jY j < 7m.These uts orrespond to an e�etive ut Q2 > 2 GeV2 and 0:05 < y < 0:7. For thissample, whih ontains less ombinatorial bakground, the D� uts were relaxed topD�T > 1:5 GeV;pK;�T > 0:4 GeV; (4)p�sT > 0:12 GeV;and the ut on pD��T =ET was dropped. All other uts on the D� and the muon remainedunhanged. A sample of 44 events was obtained. The resulting �M distributions for thelike and unlike D�� harge ombinations are shown in Figs. 2 and 2d.4 Bakgrounds and event simulationSeveral ontributions to the seleted data sample were evaluated:� the signal from beauty deays;� the bakground from fake D� ombinations;� the D�� bakground from harm deays;� the bakground from fake or non-prompt muons with a real D� from harm.5



For the signal from beauty and harm prodution, Monte Carlo (MC) simulations wereperformed using the Pythia [22℄, Rapgap [23℄ and Herwig [24℄ generators. Thesesimulations are based on leading-order matrix elements omplemented by parton showersto obtain higher-order topologies. The diret photon-gluon fusion proess (g ! Q �Q,Q = b; ), avour exitation in the resolved photon and proton (e.g. Qg ! Qg, Q! Qg),and hadron-like resolved photon proesses (gg! Q �Q) were inluded. Gluon splitting intoheavy avours (g ! Q �Q) in events with only light quarks in the hard sattering was notinluded in the simulations; this ontribution is, however, expeted to be small [25℄. For allgenerated events, the ZEUS detetor response was simulated in detail using a programmebased on GEANT 3.21 [26℄.The number of bakground events under the D� mass peaks (fake D�) was estimated usingthe wrong-harge K� ombinations ombining the like- and unlike-sign samples. This wasfound to minimize the bias due to harge orrelations [25℄. Wrong-harge ombinationswere normalised to the data outside the D� peak in the side-band 0:15 < �M < 0:17 GeV,separately for the like-sign and unlike-sign D�� sample, as shown in Fig. 2. Dediatedstudies [25℄ performed by seleting data on the D� side-band showed that this proedureorretly reprodues shape and normalisation of the fake-D� bakground for the relevantvariables used in the analysis.Fake muons an be produed by hadron showers leaking from the bak of the alorimeteror by harged hadrons traversing the entire alorimeter without interation. In addition,low-momentum muons an originate from in-ight deays of pions and kaons. It is alsopossible for traks reonstruted in the entral traker to be wrongly assoiated to a signalfrom a real muon in the muon hambers. A dediated study [25℄ based on pions from K0deays, protons from � deays, and kaons from � and D� deays, showed that the detetorsimulation reprodued these bakgrounds reasonably well. The fake muon probability forthe K0 ! �+�� sample is about 0.2%. Most fake muons are assoiated with fake D�andidates, and therefore aounted for in the fake-D� bakground estimated diretlyfrom the data. Fake muons assoiated with a real D� are inluded in the harm andbeauty MC samples.Distributions of variables used in the event seletion or relevant for the event kinematis,for the unlike-sign inlusive sample, are ompared to the expetations from these simula-tions in Fig. 3, separately for the beauty- and harm-enrihed regions de�ned in Setion5. Agreement with expetations is obtained, apart from some possible deviations in thepD��T and pD��T =ET distributions in the beauty-enrihed region, whih are aounted for inthe systemati unertainties (Setion 7). 6



5 Signal extrationIn this setion, the signal-extration proedure is desribed for the inlusive sample. Thep subsample and the DIS sample were treated in an analogous way.Figures 4a and 4b show the distribution of the angular di�erene �R = p��2 + ��2between the D� and the muon, where � is the azimuthal angle, for events passing allseletions, inluding the �M ut. The distributions are shown separately for like- andunlike-sign D�� events. The expeted signal and bakground distributions, normalisedto the frations determined later in the analysis and desribed below, are also indiated.For unlike-sign events, the region �R > 2, whih mainly orresponds to the bak-to-bak on�guration, is learly dominated by events from harm. Indiations that thesimulated distribution might be more sharply peaked than the data turned out to havelittle inuene on the determination of the beauty fration. In ontrast, the region �R < 2is enrihed in beauty events, in whih the D� and muon originate mainly from deays of thesame parent B hadron. This is illustrated further in the D�� invariant-mass distribution(Figs. 4 and 4d) for events in the beauty-enrihed region (�R < 2). A peak with anupper edge lose to 5 GeV, whih an be attributed to the partial reonstrution of thedeaying B meson, is learly visible. A omparison with the like-sign sample shows thatthe low-mass edge of this peak is dominated by bakground. An invariant-mass ut of3 GeV < M(D��) < 5 GeV was therefore applied to the �R < 2 subsample.After this additional ut, and after statistial subtration of the fake-D� bakground, theontributions of harm and beauty were determined by a two-omponent �t to the �Ror �� distributions, shown in Figs. 5a and 5. The fake-muon bakground with a real D�from harm, whih is treated as part of the harm omponent, is shown separately. Thesmall fration of fake muons from beauty was inluded in the beauty omponent. The �tresult for the fration of beauty events in the �nal inlusive sample shown in Figs. 5a and5, using the shapes predited by Pythia, is:� fb = 0:307� 0:064(stat:) for the �R and� fb = 0:290� 0:062(stat:) for the �� distribution.The �R result was hosen as the referene, and the �� result used as a systematihek. With these �tted frations, the breakdown into the orresponding number ofbeauty, harm, and fake-muon andidates in eah subsample is given in Table 1. In theunlike-sign part, the beauty and harm ontributions are well separated, with only smallross-ontaminations. The normalisation of the beauty and harm ontributions in Fig. 4already reets these �tted frations. Agreement is seen, also in the like-sign part, whihwas not inluded in the �t.The results from the appliation of the same proedure to the p subsample are also7



shown in Table 1. The analogous results for the DIS sample are shown in Figs. 5b and5d. The �� distribution gives less disrimination in this ase, due to the transverse boostfrom the exhanged virtual photon. Therefore, the M(D��) distribution was used. The�tted beauty frations in the DIS sample, using the shapes predited by Rapgap, are� fb = 0:55� 0:25(stat:) for the �R and� fb = 0:43� 0:30(stat:) for the M(D��) distribution.Again, the �R result is hosen as the referene, and the other as a ross hek. Thebreakdown into di�erent event ategories is shown in Table 1. The aeptane orretionsfor the ross setions whih will be presented in Setion 8 were evaluated using Pythiafor Q2 < 1 GeV2, Rapgap for Q2 > 1 GeV2, and Herwig as a systemati hek.6 Theoretial preditions and unertaintiesFor diret omparisons with QCD, next-to-leading-order preditions were used. Calula-tions in whih b quarks are treated as massless partiles [27℄ are not appliable in thiskinemati range, while alulations based on alternative parton-evolution shemes [28℄ donot yet exist with full NLO implementation. Fixed-order NLO alulations with mas-sive b quarks should yield aurate preditions. Di�erent types of suh preditions wereevaluated.The FMNR program [1℄ evaluates ross setions for next-to-leading-order beauty pro-dution in p ollisions in the �xed-order massive approah, for both point-like andhadron-like photon oupling to the heavy quarks. The parton-density funtions used wereCTEQ5M [29℄ for the proton and GRV-G-HO [30℄ for the photon. The renormalisationand fatorisation sales � were hosen to be equal and parametrised by �0 =pp2T +m2b ,where p2T is the average of the squared transverse momentum of the two emerging b quarksand mb = 4:75 GeV. An estimate of the theoretial unertainty was obtained by simulta-neously varying 4:5 < mb < 5:0 GeV and �0=2 < � < 2�0 suh that the unertainty wasmaximised. Typial unertainties resulting from this proedure (e.g. for the b�b total rosssetion) are +40% and -25%. Variations of the parton densities led to unertainties whihwere muh smaller than the unertainties related to mass and sale variations. They weretherefore negleted.Preditions at the level of visible D�� �nal states are needed in addition to those atparton level. The FMNR program provides a framework to fragment b quarks into Bhadrons, and simulate the deay of these hadrons by interfaing them to appropriatelyhosen deay spetra. However, deays to omplex �nal states, suh as a D� and � fromthe same B hadron with uts on both partiles, annot be easily implemented in this8



sheme. A straightforward interfae of the parton-level events produed by FMNR toMC-like fragmentation and deay hains is also impratiable, sine these events havepositive and negative weights spanning more than 8 orders of magnitude, making suh anapproah extremely ineÆient.These diÆulties were overome in a two-step proess. In the �rst step, two or moreFMNR parton-level events with large positive and negative weights and similar topologywere ombined into events with muh smaller weights by averaging the parton momen-tum vetors [31℄. Events were onsidered to have similar topology if the di�erenes intransverse momentum, rapidity and azimuthal angle of the b quarks were less than userut values that reet the detetor resolution. Furthermore, events with small weightswere sampled with a probability proportional to their weight. In this way, the weightrange was redued to about two orders of magnitude. It was expliitly heked that thisproedure preserves the NLO auray for the relevant ross setions at parton level (e.g.b quark pT and angular distributions).In the seond step, these parton-level events were interfaed to the Pythia/Jetset [32℄fragmentation and deay hain, making use of the full deay tables and deay kinematisimplemented in Pythia 6.2. Therefore, non-dominant omplex deays, suh as B !D�D followed by D ! �X, or muons produed through intermediate J= or � states,were automatially inluded. The initial-state partons were allowed to have intrinsi kT(typially � 300 MeV) as implemented in Pythia. This has a negligible e�et on theresulting ross setions (� 1%). Parton showering was not inluded in order to avoiddouble ounting of higher-order ontributions3.Fragmentation of b quarks lose to prodution threshold is non-trivial. The details ofthe threshold treatment were found to be muh more important than the hoie of apartiular fragmentation funtion. The Peterson formula [34℄ with � = 0:0035 was used.Three approahes were onsidered:� independent fragmentation as implemented in Pythia [32℄. The use of this quite oldmodel was motivated by the fat that FMNR does not provide olour onnetions onan event-by-event basis;� fragmentation in the Lund string model [35℄, again as implemented in Pythia. Forthis purpose, reasonable olour onnetions were assigned to eah event;� the independent fragmentation sheme provided within the FMNR framework, resal-ing the B-hadron momentum to a fration of the b-quark momentum aording to thePeterson formula, whih is a somewhat rude approximation at threshold.3 The MC�NLO approah [33℄, whih allows the ombination of NLO matrix elements with partonshowers, is not yet available for ep interations. 9



The seond option was used for all entral preditions. The �rst option was used to obtainthe lower systemati error (typially -5%). The third option ould not be applied diretly,sine it does not provide ross-setion preditions for orrelated �nal states from the sameb quark, as needed here. Instead, it was applied to a ross setion in whih the �nal-stateorrelations originate from di�erent b quarks only, whih is more easily alulable in thissheme. The results were used to evaluate a generi upper systemati error of +15% on thefragmentation proedure lose to b prodution threshold. The e�et of a variation of thePeterson parameter � in the range 0.0023 to 0.0045 was found to yield unertainties thatwere muh smaller than the unertainties due to the di�erent fragmentation proedures.It was therefore negleted.The branhing frations were orreted to orrespond to those obtained from the Parti-le Data Group [36℄, as listed in Table 2. Branhing fration unertainties resulted inunertainties on the D�� ross setion of typially �12%.In priniple, FMNR preditions are only valid for the photoprodution regime. TheWeizs�aker-Williams approximation with an e�etive Q2max uto� of 25 GeV2 (� m2b) [37℄was used to inlude the �15% DIS ontribution to the ombined ross setion.Alternatively, the DIS part an be alulated using the NLO preditions from HVQDIS [2℄.Only point-like ontributions are inluded in this predition. The parton density funtionused was CTEQ5F4 [29℄. The renormalisation and fatorisation sales � were hosen to beequal and parametrised by �0 =pQ2 +m2b . Mass and sales were varied as for FMNR. Asheme for the alulation of visible ross setions for orrelated �nal states, orrespondingto the FMNR
Pythia interfae desribed above, was not available. Therefore, ross-setion omparisons in DIS are limited to the parton level.7 Systemati unertaintiesThe main experimental unertainties are desribed below, in order of importane. Num-bers in parentheses are quoted for the inlusive seletion. Unertainties for the p resultsare also quoted when they di�er signi�antly from the inlusive results. For the DISsample, the statistis were often too small to derive meaningful systemati errors. Theerrors from the inlusive sample were used instead.� Simulation of pD��T . The largest error arises from the observation that the muon andD� pT spetra in the b signal region of the data (�R(D��) < 2, 3 < M(D��) < 5 GeV)appear to be somewhat softer than predited by the Monte Carlo simulations (Fig. 3).The di�erenes are onentrated at small values of pD��T =ET . Sine the orrespondingspetra are well reprodued in the harm region with larger statistis, this annot be10



attributed to problems with the muon or D� reonstrution. There are several waysto interpret these di�erenes:a) they are statistial utuations. This assumption leads to the entral result re-ported;b) the signal distribution is signi�antly softer than predited by QCD. Due to therising eÆieny as a funtion of pbT , this would hange the eÆieny alulation forthe measurement of the visible ross setion. To evaluate this possibility, the MCpD��T (true level) distribution in the signal region was reweighted to be ompatibleat the 1 � level with the measured pD��T spetrum of the inlusive sample (Fig. 3)(+14%);) there is an additional unknown bakground ontribution at low pT , whih oursonly in the beauty-enrihed region. There is no indiation that this is the ase.Nevertheless, to aount for this possibility, the pD��T =ET ut was tightened from0.14 to 0.2, whih removes most of the di�erenes (Fig. 3) (-33% for inlusive,-18% for p seletion).� Branhing frations. The beauty-enrihed region, whih dominates the �t result,is mainly populated by events in whih the D� and � originate from the same b. Therate of these events depends on di�erent branhing frations from those relevant tothe harm-enrihed region, in whih the D� and � originate from di�erent b quarks.A variation of these branhing frations, within the unertainties quoted in Table 2,therefore a�ets the shape of the beauty ontribution and the �tted beauty fration(�8%).� Fragmentation and parton showering. The Herwig MC uses a di�erent fragmen-tation model from that of Pythia and Rapgap. It also yields di�erent b�b orrelationsfrom diret/resolved ontributions and parton showering. This leads to di�erenes inthe aeptane, and in the �tted beauty fration (+5/-8%).� Signal-extration proedure. In addition to statistial utuations, di�erent waysto �t the data an yield systemati di�erenes due to binning e�ets and di�erentsystematis for di�erent variables, e.g. imperfetions in the shape of the MC distri-butions. To hek the error from this e�et, the ross setions were evaluated usingdi�erent proedures: �ts to �R(D��), ��(D��), M(D��), and simple event ount-ing. In all ases the di�erenes were well within the quoted errors. To avoid doubleounting of statistial and systemati errors, these were used as ross heks only.� Unertainty on the estimation of the muon hamber eÆieny. Corretionsto the MC muon hamber reonstrution eÆieny were obtained from independentdata samples and varied within their unertainties (�5%).11



� Fake muon bakground. The bakground from fake muons has been extensivelystudied [25℄ and is further onstrained by the like-sign distribution of Fig. 4b, whihis dominated by this bakground. Aordingly, it was varied by a fator 1.5 (-4%).� Luminosity measurement. The unertainty assoiated with the luminosity mea-surement for the 1996-00 data taking periods used for this analysis was inluded(�2%).� Traking. All traking-based uts (pT and mass uts) were varied by their respetiveunertainties. To avoid double ounting of statistial unertainties, the D�-relatedsystematis were taken from previous ZEUS DIS [38℄ and p [39℄ analyses employingsimilar uts but with larger event samples. The ut on p�T was varied by �40 MeV.This yielded a ombined error of +6% and -4%.� Trigger aeptane. The error on the trigger aeptane was evaluated by omparingthe eÆienies of the di�erent trigger hains in the data with eah other and with theMC (�3%).� B0- �B0 mixing. The possible systemati e�et due to the variation of the mixing ratewas found to be negligible.The total systemati unertainty was obtained by adding the above ontributions inquadrature.8 ResultsTo present results from the ombined data sets, the measurements from the 1996-97 runat ps = 300 GeV have been orreted using the predited ross setion ratio [1℄ of 1.06, toorrespond to the higher enter-of-mass energy of 318 GeV. All ross setions are thereforequoted for ps = 318 GeV.8.1 Visible ross setionsThe �rst step is the extration of visible ross setions for the D�� �nal state from beauty.The aeptane for the D� ! D0�s ! (K�)�s deay hain was unfolded using a branhingfration of 2:57� 0:06% [36℄. The e�etive b branhing frations used in the di�erent MCgenerators were orreted to those listed in Table 2 in order to aount for their inueneon the overall aeptane, and on the shape of the predited beauty ontributions.The measured beauty fration in the inlusive sample, orreted for detetor aeptaneand branhing frations, was used to obtain the ross setion for the proess ep! eb�bX !12



eD���X in the visible kinemati range pD�T > 1:9 GeV, �1:5 < �D� < 1:5, p�T > 1:4 GeVand �1:75 < �� < 1:3 as:�vis(ep! eb�bX ! eD���X) = 160� 37(stat:)+30�57(syst:) pb: (5)This inludes both unlike- and like-sign D�� ombinations. The leading-order ross se-tions predited by Pythia and Herwig in the same kinemati range are �vis(ep !eb�bX ! eD��X) = 80 and 38 pb, respetively. The measured ross setion is larger than,but ompatible with, the FMNR
Pythia NLO predition�NLOvis (ep! eb�bX ! eD���X) = 67+20�11(NLO)+13�9 (frag:� br:) pb; (6)where the �rst error refers to the unertainties of the FMNR parton-level alulation, andthe seond error refers to the unertainties related to fragmentation and deay.For the photoprodution subsample, a visible ross setion in the kinemati range Q2 < 1GeV2 and 0:05 < y < 0:85 was obtained:�vis;p(ep! eb�bX ! eD���X) = 115� 29(stat:)+21�27(syst:) pb: (7)This an be ompared to the NLO predition from FMNR
Pythia,�NLOvis;p(ep! eb�bX ! eD���X) = 54+15�10(NLO)+10�7 (frag:� br:) pb: (8)As in the inlusive ase, the NLO predition underestimates the measured ross setionby about a fator of 2, but is ompatible with the measurement (Table 3).From the DIS sample, a visible ross setion in the kinemati range Q2 > 2 GeV2, 0:05 <y < 0:7 and pD�T > 1:5 GeV (other D� and muon uts as for Eq. (5)) of�vis;DIS(ep! eb�bX ! eD��X) = 58� 29(stat:)+11�20(syst:) pb (9)was obtained.Again, the ross setions obtained from Rapgap (used to ompute aeptane orretionsfor the entral signal extration) and Herwig (used for systemati heks, partiularlywith regard to di�erenes in the b�b orrelations) in the same kinemati regime are onsid-erably lower, �(ep! eb�bX ! eD��X) = 26 and 10 pb, respetively. An NLO preditionis not available for this kinemati region.8.2 Comparison to H1 resultsA photoprodution ross setion similar to Eq. (7) in a slightly di�erent kinemati range,pD�T > 1:5 GeV, j�D�j < 1:5, p� > 2:0 GeV, j��j < 1:735, Q2 < 1 GeV2 and 0:05 < y < 0:75has been obtained by the H1 ollaboration [12℄�H1vis;p(ep! eb�bX ! eD���X; H1) = 206� 53(stat:)� 35(syst:) pb: (10)13



The ZEUS ross setion of Eq. (7) extrapolated to the same kinemati range as the H1measurement using FMNR
Pythia is�vis;p(ep! eb�bX ! eD���X; H1) = 135� 33(stat:)+24�31(syst:) pb; (11)whih is somewhat smaller, but in agreement within errors.The orresponding FMNR
Pythia NLO predition is�NLOvis;p(ep! eb�bX ! eD���X; H1) = 61+17�12(NLO)+12�8 (frag:� br:) pb: (12)This is larger than the NLO ross setion evaluated by H1 [12℄ due to the inlusion of thehadron-like photon ontribution, the inlusion of seondary-muon branhing frations forD� and � from the same b quark (Table 2), and a detailed simulation of the kinematisof the b ! B ! D� hain rather than diret ollinear fragmentation of b quarks intoD� mesons. The data to NLO ratio is onsistent with the results in the ZEUS kinematirange.8.3 Cross setions for D�� from the same b quarkIn all the ross setions evaluated above, a signi�ant part of the systemati error arisesfrom the fration of the beauty ontribution in the harm enrihed or like-sign regions,where it annot be well measured (�R > 2 region in Fig. 4a; Figs. 4b and 4d). Thisfration depends on details of the desription of b�b orrelations in the MC used for thesignal extration. In the beauty-enrihed low-�R unlike-sign region, whih dominates the�t of the beauty fration, about 95% of the D�� pairs are produed from the same parentb quark. The systemati error an thus be redued by reinterpreting the measurementsin terms of ross setions for this subproess only. The orresponding ross setion forphotoprodution of a D� and � from the same b quark (always unlike sign, same kinematiuts as for Eq. (7)) is�vis;p(ep! eb(�b)X; b(�b) ! eD��X) = 52� 13(stat:)+9�11(syst:) pb (13)where b(�b) stands for the sum of b and �b ross setions, and all other uts remain thesame.This an be ompared with the NLO predition�NLOvis;p(ep! eb(�b)X; b(�b) ! eD��X) = 29+8�5(NLO)+5�4(frag:� br:) pb: (14)For the DIS kinemati range (same as Eq. (9))�vis;DIS(ep! eb(�b)X; b(�b) ! eD��X) = 28� 14(stat:)+5�10(syst:) pb (15)is obtained. 14



8.4 Parton-level ross setionsFor a diret omparison with the NLO parton-level preditions, the measured visible rosssetions were extrapolated to b-quark level. In order to minimize the systemati error, theb-level ross setion is quoted for individual b (or �b) prodution rather than for orrelatedb�b-pair prodution, i.e. using the ross setions displayed in Eqs. (13) and (15).A signi�ant fration of the parent b quarks of the seleted events is expeted to have verylow pbT values [25℄. Therefore, ross setions with no ut on pbT have been measured. Fur-thermore, there is a strong orrelation between the pseudorapidity of the D�� system andthe rapidity of the parent b quark, �b = 12 ln Eb+pz;bEb�pz;b . In order to reet the limited angularaeptane of the detetor for both the D� and the muon, the ross-setion measurementwas restrited to �b < 1. In this range, restrited to photoprodution, the pbT and �b distri-butions of Pythia (after parton showering) agree with the entral NLO b-quark spetrafrom FMNR to within �15% [25℄. Therefore, Pythia was used to extrapolate the visi-ble ross setion for the photoprodution region. Similarly, the orresponding Rapgapspetra for the DIS ase agree [25℄ with the entral NLO preditions from HVQDIS.The aeptane for b quarks due to the kinemati uts on the fragmentation and deayproduts ranges from � 4% at pbT = 0 GeV to � 55% at pbT = 10 GeV. The remainingpart of the extrapolation is due to the relevant branhing ratios.The extrapolation implies additional systemati unertainties from the b-quark fragmen-tation (+5/-15%) and deay (�9%) and the details of the shape of the pbT spetrum(�5%). The extrapolation was alulated assuming the validity of the NLO pbT shape andis therefore valid only in the ontext of this theoretial framework; the unertainty forthe visible ross setion orresponding to a potential deviation from this shape, namelythe reweighting of the pD��T spetrum, is removed. The result for the extrapolated rosssetion for �b < 1; Q2 < 1 GeV2; 0:05 < y < 0:85 and mb = 4:75 GeV was�p(ep! b(�b)X) = 11:9� 2:9(stat:)+1:8�3:3(syst:) nb: (16)The orresponding result for the extrapolated ross setion for �b < 1; Q2 > 2 GeV2; 0:05 <y < 0:7 and mb = 4:75 GeV was�DIS(ep! b(�b)X) = 3:6� 1:8(stat:)+0:5�1:4(syst:) nb: (17)These ross setions are to be ompared to the NLO predition for the same kinematirange using the FMNR alulation of�NLOp (ep! b( �b)X) = 5:8+2:1�1:3 nb; (18)and to the NLO HVQDIS predition of�NLODIS (ep! b( �b)X) = 0:87+0:28�0:16 nb: (19)15



These ross setions are presented in Fig. 6. The ratio of measured to predited rosssetions in the photoprodution region remains the same as the ones obtained from theomparison at visible level (Table 3). This on�rms the self-onsisteny of the extrapola-tion proedure used.8.5 Comparison to previous ZEUS measurementsIn order to ompare the photoprodution ross setion to previous ZEUS results [8, 10℄,the ross setions Eq. (13) or equivalently Eq. (16), already referring to the produtionof a single b quark, need to be translated into a di�erential ross setion, d�dpbT , in thepseudorapidity range j�bj < 2 [10℄. The median pbT value for events satisfying the uts forEq. (13) is 6.5 GeV [25℄. The measured ross setion, Eq. (13), is therefore extrapolatedto this value using FMNR
Pythia, yieldingd�dpbT (pbT = 6:5 GeV; j�bj < 2) = 0:30� 0:07(stat:)+0:05�0:06(syst:) nb: (20)This result is ompared to theory and previous measurements in Fig. 7. It is higher than,but onsistent with, these measurements.9 ConlusionsCross setions for beauty prodution in ep ollisions at HERA have been measured in boththe photoprodution and DIS regimes using an analysis tehnique based on the detetionof a muon and D�. Agreement is obtained with the orresponding H1 result. Sine theanalysis is sensitive to b-quark prodution near the kinemati threshold, the measuredvisible ross setions were extrapolated to b-quark ross setions without an expliit uton pbT . Both at visible and at quark level, the measured ross setions exeed the NLOQCD preditions, but are ompatible within the errors. The data to NLO ratio is alsolarger than, but ompatible with, previous ZEUS measurements of the b prodution rosssetion at higher pbT .AknowledgementsWe thank the DESY Diretorate for their strong support and enouragement. The re-markable ahievements of the HERA mahine group were essential for the suessfulompletion of this work and are greatly appreiated. We are grateful for the support of16
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Sample Cuts Data Beauty Charm Fake D�prompt � fake �Inlusive sampleunlike sign �R < 2, 3 < M < 5 GeV 41 28.8 3.6 2.5 11.2�R > 2 93 6.5 56.5 18.4 6.4like sign �R < 2, 3 < M < 5 GeV 18 1.6 0.7 1.3 9.2�R > 2 36 11.1 2.0 21.2 5.2punlike sign �R < 2, 3 < M < 5 GeV 31 23.6 1.2 1.6 8.3�R > 2 79 6.2 48.8 14.0 6.2like sign �R < 2, 3 < M < 5 GeV 14 1.5 0.6 0.4 6.9�R > 2 28 9.1 1.9 17.1 5.2DISunlike sign �R < 2, 3 < M < 5 GeV 11 8.1 1.6 0.5 1.0�R > 2 14 3.2 6.1 1.2 3.9like sign �R < 2, 3 < M < 5 GeV 3 1.2 0.1 0.5 0.3�R > 2 10 5.0 0.2 2.6 1.2Table 1: Composition of the �nal D�� event samples (number of events) asdetermined from the �t to the �R distribution.

20



hannel branhing fration w/o B0- �B0 mixingb! D�� inlusive 17:3� 2:0 %86� 3 % D�+, 14� 3 % D��b! �� diret 10:95� 0:27 %b! �+ indiret 8:27� 0:40 %b! �� indiret 2:21� 0:50 %all b! �� 21:43� 0:70 %b�b! D���� (di�. b's) 4:34� 0:92 %b�b! D���� (di�. b's) 3:08� 0:60 %b! D�+�� diret 2:75� 0:19 %b! D���� indiret 1:09� 0:27 %all b! D���� 3:84� 0:33 %Table 2: Branhing frations assumed for ross-setion determinations. Theindiret ontributions inlude asade deays into muons via harm, antiharm, ��and J= . The values in the Table are given before the inlusion of the e�et ofB0- �B0 mixing (mixing parameter � = 0:1257� 0:0042) [36℄.
ross setion measured NLO QCD ratioinlusive, visible, Eq.(5) 160� 37+30�57 pb 67+24�14 pb 2:4+0:9�1:3p, visible, Eq.(7) 115� 29+21�27 pb 54+18�12 pb 2:1+0:8�1:0DIS, visible, Eq.(9) 58� 29+11�20 pb - -p, vis. same b, Eq.(13) 52� 13+9�11 pb 29+9�6 pb 1:8+0:7�0:8DIS, vis. same b, Eq.(15) 28� 14+5�10 pb - -p, b quark, Eq.(16) 11:9� 2:9+1:8�3:3 nb 5:8+2:1�1:3 nb 2:0+0:8�1:1DIS, b quark, Eq.(17) 3:6� 1:8+0:5�1:4 nb 0:87+0:28�0:16 nb 4:2+2:3�2:9p, b di�erential, Eq.(20) 0:30� 0:07+0:05�0:06 nb=GeV 0:16+0:04�0:02 nb=GeV 1:8+0:7�0:8Table 3: Comparison of measured and predited ross setions. For the measuredross setions, the �rst error is statistial, and the seond systemati. For the QCDpredition, the error is due to the parton-level NLO alulation onvoluted with theunertainties of fragmentation and deay to the visible �nal state. The number inparentheses refers to the orresponding equation for eah ross setion, see text.For the de�nition of the kinemati range of eah ross setion see text.
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Figure 1: Proesses leading to D�� �nal states.
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