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Measurement of heavy-quark jetphotoprodution at HERA

ZEUS Collaboration
AbstratPhotoprodution of beauty and harm quarks in events with at least two jets hasbeen measured with the ZEUS detetor at HERA using an integrated luminosityof 133 pb�1. The frations of jets ontaining b and  quarks were extratedusing the invariant mass of harged traks assoiated with seondary vertiesand the deay-length signi�ane of these verties. Di�erential ross setionsas a funtion of jet transverse momentum, pjetT , and pseudorapidity, �jet, weremeasured. The data are ompared with previous measurements and are welldesribed by next-to-leading-order QCD preditions.
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1 IntrodutionThe study of beauty and harm prodution in ep ollisions onstitutes a rigorous test ofperturbative Quantum Chromodynamis (QCD) sine the heavy-quark masses providea hard sale that allows perturbative alulations. At leading order, boson-gluon fusion(BGF), g ! q�q with q 2 fb; g, is the dominant proess for heavy-quark produtionat HERA. When the negative squared four-momentum exhanged at the eletron vertex,Q2, is small, the proess an be treated as photoprodution, in whih a quasi-real photonemitted by the inoming eletron interats with the proton. For heavy-quark transversemomenta larger than or omparable to the quark mass, next-to-leading-order (NLO)QCD alulations in whih the massive quarks are generated in the hard sub-proess [1℄are expeted to provide reliable preditions for the photoprodution ross setions.Beauty and harm photoprodution has been measured using several di�erent methodsby both the ZEUS and H1 ollaborations. In most of the previous measurements ofbeauty photoprodution at HERA, the ross setion was determined using semileptonideays into muons [2{5℄ or eletrons [6, 7℄. In the muon analyses, the fration of leptonsoriginating from beauty was determined by using the large transverse momentum of themuon relative to the axis of the assoiated jet, prelT , and/or exploiting the impat parameterof the muons. In the more reent eletron analysis [6℄, several variables, sensitive to botheletron identi�ation as well as to semileptoni deays, were ombined in a likelihood-ratio test funtion in order to extrat the beauty and harm ontent. The H1 ollaborationhas published an inlusive measurement of beauty- and harm-quark photoprodutionusing a method based on the impat parameter of traks to the primary vertex [8℄. Theother published harm or beauty photoprodution measurements [9{15℄ used either mesontags or a ombination of lepton and meson tags. In all of the above analyses reasonableagreement between the measurement and the theory predition was found.The aim of this measurement is to test perturbative QCD with high preision. For thispurpose, the long lifetimes of the weakly deaying b and  hadrons as well as their largemasses were exploited. The measurement relies on the reonstrution of deay vertieswith the ZEUS silion mirovertex detetor (MVD) [16℄. Two disriminating variableswere used: the signi�ane of the reonstruted deay length and the invariant mass of theharged traks assoiated with the deay vertex (seondary vertex). The measurementwas kept fully inlusive, leading to a redued unertainty due to branhing frations anda substantial inrease in statistis ompared to exlusive analyses. The high statistisalso allowed the kinemati region of the measurement to be extended to high values ofthe transverse jet momentum, pjetT . 1



2 Experimental set-upThe analysis was performed with data orresponding to an integrated luminosity of133 pb�1 whih were taken during 2005. Eletrons at an energy of Ee = 27:5GeV ollidedwith protons at Ep = 920GeV, yielding a entre-of-mass energy of 318GeV.A detailed desription of the ZEUS detetor an be found elsewhere [17℄. A brief outlineof the omponents that are most relevant for this analysis is given below.In the kinemati range of the analysis, harged partiles were traked in the entral trak-ing detetor (CTD) [18℄ and the mirovertex detetor (MVD) [16℄. These omponentsoperated in a magneti �eld of 1:43T provided by a thin superonduting solenoid. TheCTD onsisted of 72 ylindrial drift-hamber layers, organised in nine superlayers over-ing the polar-angle1 region 15Æ < � < 164Æ. The MVD silion traker onsisted of a barrel(BMVD) and a forward (FMVD) setion. The BMVD ontained three layers and pro-vided polar-angle overage for traks from 30Æ to 150Æ. The four-layer FMVD extended thepolar-angle overage in the forward region to 7Æ. After alignment, the single-hit resolutionof the MVD was 24�m. The transverse distane of losest approah (DCA) to the nominalvertex in X{Y was measured to have a resolution, averaged over the azimuthal angle, of(46�122=pT )�m, with pT in GeV. For CTD-MVD traks that pass through all nine CTDsuperlayers, the momentum resolution was �(pT )=pT = 0:0029pT � 0:0081 � 0:0012=pT ,with pT in GeV.The high-resolution uranium{sintillator alorimeter (CAL) [19℄ 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 (in 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 luminosity was measured using the Bethe-Heitler reation ep ! ep by a luminositydetetor whih onsisted of independent lead{sintillator alorimeter [20℄ and magnetispetrometer [21℄ systems. The frational systemati unertainty on the measured lumi-nosity was 1.8 %.1 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 entre of the CTD. The pseudorapidity is de�nedas � = � ln �tan �2�, where the polar angle, �, is measured with respet to the proton beam diretion.The azimuthal angle, �, is measured with respet to the X axis.2



3 Monte Carlo simulationMonte Carlo (MC) samples of beauty, harm and light-avour events generated withPythia 6.2 [22℄ were used to evaluate the detetor aeptane and to provide the predi-tions of the signal and bakground distributions.The prodution of bb and  pairs was simulated following the standard Pythia presrip-tion, using leading-order matrix elements ombined with parton showering. The followingsubproesses [23℄ were generated:� diret and resolved photoprodution with leading-order massive matrix elements. Inthe diret-photon proess, the quasi-real photon enters diretly in the hard interation,while in the resolved-photon proess, the photon ats as a soure of light partons whihtake part in the hard interation. The b-quark and -quark masses were set to 4:75GeVand 1:5GeV, respetively;� b-quark and -quark exitation, i.e. the ontribution to the leading-order masslessmatrix elements of b and  quarks from initial-state photon or gluon splitting.The light-quark preditions were taken from a simulation of both diret and non-diretinlusive photoprodution with leading-order matrix elements in the massless sheme.This sample also inludes �nal-state gluon splitting into bb and  pairs, whih is treatedas part of the signal.The CTEQ4L [24℄ and CTEQ5L [25℄ proton parton distribution funtions (PDFs) wereused for the light-avour and heavy-avour samples, respetively. The GRV-G LO [26℄photon PDF was used for all samples.The lifetimes of the B�, B0 and Bs mesons were orreted from the default Pythia valuesto reet the world averages [27℄.The generated events were passed through a full simulation of the ZEUS detetor basedon Geant 3.21 [28℄. The �nal MC events had to ful�l the same trigger requirements andpass the same reonstrution programme as the data.4 Data seletion and event reonstrutionA three-level trigger system was used to selet events online [17,29,30℄. At the third level,jets were reonstruted using the energies and positions in the CAL. Events with at leasttwo jets with transverse momentum in exess of 4:5GeV within j�j < 2:5 were seleted.The traking eÆieny at the �rst-level trigger (FLT) as well as the eÆieny of thedijet third-level trigger (TLT) were lowered in the detetor simulation suh that they3



reprodued the eÆienies as measured in the data. The trigger eÆienies were � 86%for the FLT and 76{100% for the TLT, depending on the transverse momentum of thejets, with an average of about 90%. The average orretions amounted to � 7:7% for theFLT and � 3:7% for the TLT.The hadroni system was reonstruted from energy-ow objets (EFOs) [31℄ ombiningtrak and alorimeter information, orreted for energy loss in the dead material. EahEFO, i, was assigned a reonstruted four-momentum (piX ; piY ; piZ; Ei), assuming the pionmass. Jets were reonstruted from EFOs using a kT lustering algorithm [32℄ in thelongitudinally invariant mode [33℄. The E-reombination sheme, whih produes massivejets whose four-momenta are the sum of the four-momenta of the lustered objets, wasused.At least two jets with j�jetj < 2:5 and pjetT > 7(6)GeV for the highest (seond highest)energeti jet were required. Only events with a well reonstruted primary vertex withjZvtxj < 30 m were seleted.In order to remove bakground from deep inelasti sattering (DIS), events were rejeted inwhih a sattered-eletron andidate was found in the alorimeter with energy E 0e > 5GeVand ye < 0:9, with ye = 1 � E0e2Ee (1� os �0e), where �0e is the polar angle of the outgoingeletron. The event inelastiity, y, was reonstruted from the hadroni �nal state usingthe Jaquet-Blondel method [34℄ with yJB =Pi(Ei � piZ)=2Ee, where the sum runs overall the EFOs. A ut 0:2 < yJB < 0:8 was used to remove residual DIS events and non-epinterations. These requirements orrespond to an e�etive ut of Q2 . 1GeV2 with amedian of Q2 � 10�3GeV2, as estimated from simulations.In order to reonstrut seondary verties related to b- and -hadron deays, traks wereseleted if:� pT > 0:5GeV;� the number of superlayers in the CTD � 3;� the total number of hits2 in the MVD � 4.The traks were assoiated with one of the two highest energeti jets if they ful�lled �R =p(�trk � �jet)2 + (�trk � �jet)2 < 1. If two or more of suh traks were assoiated with theseleted jet, a andidate vertex was �tted from the seleted traks using a deterministiannealing �lter [35℄. This �t provided the vertex position inluding its error matrix aswell as the invariant mass, mvtx, of the harged traks assoiated with the reonstrutedvertex. Verties with �2=ndf < 6, a distane from the interation point within 1 m in theX{Y plane and �30 m in the Z diretion, and 0:8 � mvtx < 7:5GeV were retained forfurther analysis.2 Eah MVD layer provided two oordinate measurements.4



Only those seondary verties that were assoiated with one of the two jets with thehighest pjetT were onsidered, sine these jets were most likely to orrespond to heavy-quark jets. The assoiated jet was required to be reonstruted within the entral part ofthe detetor with �1:6 � �jet < 1:4 .5 Extration of the heavy-avour ross setionsUsing the seondary verties assoiated with jets, the deay length, d, was de�ned as thedistane in X{Y between the seondary vertex and the interation point3, projeted ontothe jet axis in the X{Y plane.The deay-length signi�ane, S, was de�ned as d=Æd, where Æd is the unertainty on d.The sign of the deay length was assigned using the axis of the jet to whih the vertex isassoiated: if the deay-length vetor was in the same hemisphere as the jet axis, a positivesign was assigned to it; otherwise the sign of the deay length was negative. Negativedeay lengths, whih originate from seondary verties reonstruted on the wrong sideof the interation point with respet to the diretion of the assoiated jets, are unphysialand aused by detetor resolution e�ets. A small orretion [23℄ to the MC deay-lengthdistribution was applied in order to reprodue the negative deay-length data: 5% ofthe traks in the entral region were smeared and an additional smearing was applied totraks in the tails of the deay-length distribution.The shape of the deay-length signi�ane distribution together with the seondary-vertexmass distribution, mvtx, is used to extrat the beauty and harm ontent. The invariantmass of the traks �tted to the seondary vertex provides a distinguishing variable for jetsfrom b and  quarks, reeting the di�erent masses of the b and  hadrons. Figure 1 showsthe deay-length signi�ane, S, divided into the three mass bins 0:8 � mvtx < 1:4GeV,1:4 � mvtx < 2GeV and 2 � mvtx < 7:5GeV. The MC simulation provides a gooddesription of the data in all three bins and an almost pure beauty region an be obtainedat high signi�anes in the bin 2 � mvtx < 7:5GeV.In order to minimise the e�et of the light-avour ontribution, the ontents of the neg-ative bins of the signi�ane distribution, N(S�), were subtrated from the ontents ofthe orresponding positive bins, N(S+), yielding a subtrated deay-length signi�anedistribution. An additional advantage of this subtration is that symmetri systematie�ets, whih might arise from disrepanies between the data and the MC, are removed.3 In the X{Y plane, the interation point was de�ned as the entre of the beam ellipse, determinedusing the average primary vertex position for groups of a few thousand events, taking into aount thedi�erene in angle between the beam diretion and the Z diretion. The Z oordinate was taken asthe Z position of the primary vertex of the event.5



In order further to redue the unertainty due to remaining di�erenes between data andMC in the ore region of the signi�ane distribution, a ut of jSj > 3 was applied. As aonsisteny hek this ut was varied in order to estimate the unertainty due to the MCmodelling of the low jSj region; e�ets smaller than 1% on the beauty results and 3% onthe harm results were found.After all seletion uts, a sample of 70 433 jets with assoiated seondary verties re-mained.Figure 2 shows the data and MC distributions of pjetT , �jet, mvtx, the seondary vertextrak multipliity, ntrk, and �2/ndf of the seondary verties. All distributions are shownafter all seletion uts, exept for the �2/ndf distribution, where the �2/ndf ut has notbeen applied yet. Also shown in Fig. 2 is the fration of the total hadroni E�pZ arriedby the two highest-pT jets, xjet = Pj=1;2(Ej � pjZ)E � pZ ;weighted by the number of jets with assoiated seondary verties in the event. Thisdistribution is sensitive to the fration of diret and non-diret photoprodution ontri-butions. The MC provides an adequate desription of the data for all variables exept�jet; the e�et of this disrepany on the results is disussed in Setion 6.The beauty and harm ontributions were extrated using a least-squares �t [23,36℄ to thesubtrated distributions in the three mass bins. The MC beauty, harm and light-avourontributions, normalised to the data luminosity, were saled by the fators kb, k andklf, respetively, to give the best �t to the observed subtrated distributions. The overallMC normalisation was onstrained by requiring it to be onsistent with the normalisationof the data in the signi�ane distribution with jSj > 3 and 0:8 � mvtx < 7:5GeV.The subtrated and �tted distributions for the three mass bins are shown in Fig. 3.The ontribution of the light avours was substantially redued through the subtration.After the subtration, good agreement was also observed between the data and the MCsimulation. The �t proedure was repeated in di�erent bins of pjetT and �jet to obtain thedi�erential ross-setions d�=dpjetT and d�=d�jet.In order to hek the quality of the data desription by the MC, subtrated distributionsof pjetT , �jet, mvtx, the seondary-vertex trak multipliity, ntrk, and jSj are shown in Fig. 4after beauty enrihment (2 � mvtx < 7:5GeV and jSj � 8) and in Fig. 5 after harmenrihment (0:8 � mvtx < 2GeV).The total visible ross setion for inlusive heavy-quark jet prodution, �q, with q 2 fb; gis given by �q = N re,DataqAq � LData :6



Here, LData denotes the integrated luminosity, Aq is the aeptane and N re,Dataq thenumber of reonstruted heavy-quark jets in data, whih was determined from the �tusing N re,Dataq = kq �N re,MCq ;with N re,MCq being the number of reonstruted events in a MC sample with the sameintegrated luminosity as the data. kq denotes the heavy-quark saling fator obtainedfrom the �t. De�ning the aeptane asAq = N re,MCqN true,HLq ;the ross setion an be written as �q = kq �N true,HLqLData :Here, N true,HLq denotes the number of generated heavy-quark jets at hadron level (HL).Hadron-level jets were obtained by running the kT lustering algorithm in the same modeas for the data with the E-reombination sheme. The algorithm was run on all �nal-stateMC partiles before the deay of the weakly deaying b or  hadrons. True b or  jetswere then de�ned as all hadron-level jets ontaining a b or  hadron. Signatures with bor  hadrons resulting from �nal-state gluon splitting (g ! q�q) were also inluded in therespetive signal, independent of the quark avours in the hard subproess. The ontri-bution of gluon splitting to the beauty signal amounted to � 2%, while the ontributionto the harm signal was � 10%.The single-di�erential heavy-quark jet prodution ross setion as a funtion of a givenvariable, v, is de�ned aordingly: d�qdv = kq �N true,HLqLData ��v ;where �v is the width of the bin.6 Systemati unertaintiesSystemati unertainties were evaluated by appropriate variations of the MC simulation.The �t of the subtrated deay-length signi�ane inmvtx bins was repeated and the rosssetions were realulated. The unertainties on the total ross setions determined foreah soure are summarised in Table 1. The following soures of experimental systematiunertainties were identi�ed [23℄: 7



1. the systemati unertainties assoiated with the TLT and FLT trigger eÆieny orre-tions (see Setion 4) were determined by varying eah orretion within its estimatedunertainty;2. the alorimetri part of the jet energy was varied by �3%;3. the trak-�nding ineÆieny in the data with respet to the MC was estimated to beat most 2%. The overall unertainty due to this traking ineÆieny was determinedby randomly rejeting 2% of all traks in the MC and repeating the seondary vertex�nding and all subsequent analysis steps;4. the unertainty due to the smearing proedure was estimated by varying the frationof seondary verties for whih the deay length was smeared by �2%. For variationsof the fration in this range the agreement between data and MC remained reasonable;5. the unertainty due to the asymmetry of the light-avour ontent of the sample wasevaluated by varying klf by �11%. The size of the variation was estimated from theunertainty on the light-avour fration as determined by a �t to the subtrated deay-length signi�ane distribution, where the overall normalisation onstraint using theunsubtrated distribution was not applied;6. the MC distributions for both light and heavy avours were reweighted in �jet andpjetT to aount for the di�erenes between data and MC (see Fig. 2). A reweightingof only the light-avour ontent was also investigated. No signi�ant hange of theross setions was observed and therefore no additional systemati unertainty wasassigned;7. the various D mesons have di�erent lifetimes and deay modes. In order to aountfor the unertainty of the di�erent fragmentation frations, the D+=D0 and D+=D+sratios were varied by �10% while keeping the total number of  hadrons onstant;8. the harm fragmentation funtion was varied by weighting all events aording toz = (E + Pjj)D(E + P )-quark jetalulated in the string rest-frame [22℄ suh that the hange in the mean value of zorresponded to the measured unertainty [37℄;9. the beauty fragmentation funtion was varied in analogy to the harm ase using avariation of z orresponding to a variation of the Peterson fragmentation parameter,"b, of �0:0015 [38, 39℄;10. a 1:8% overall normalisation unertainty was assoiated with the luminosity measure-ment. It was inluded in the systemati error on the total ross setions, but not inthose of the di�erential ross setions. 8



The same variations were applied to eah bin for the di�erential ross setions. The totalsystemati unertainty was obtained by adding the above ontributions in quadrature. Inthe ase of beauty, the dominant e�ets arise from the variation of the trigger-eÆienyorretions, the trak-�nding eÆieny and the reweighting as a funtion of pjetT . Forharm, the variation of the trigger-eÆieny orretions as well as the energy-sale varia-tion ontribute most to the total systemati unertainty.As an additional onsisteny hek, the ontributions of diret and non-diret photonproesses were investigated by reweighting the xjet distributions based on MC and dataomparisons of the b- and -enrihed samples. The e�et on the ross setions was smallerthan that due to the reweighting of the pjetT and �jet distributions and so a further ontribu-tion was not added to the systemati unertainties. A reweighting of the mvtx distributionwas also done in order to aount for residual di�erenes between the data and the MC.Its e�et on the ross setions was found to be negligible.7 Theoretial preditions and unertaintiesThe measured total and di�erential ross setions were ompared to NLO QCD preditionsalulated with the FMNR programme [40℄. This alulation is based on the the �xed-avour-number sheme, using three light avours for the harm preditions and four forbeauty. The PDFs were taken from CTEQ6.6 [41℄ for the proton and GRV-G HO [26℄ forthe photon. The heavy-quark masses (pole masses) were set to mb = 4:75GeV and m =1:5GeV. The QCD sale, �(5)QCD, was set to 0.226GeV. The renormalisation sale, �R, andthe fatorisation sale, �F , were hosen to be equal and set to �R = �F = 12qp̂2T +m2b(),where p̂T is the average transverse momentum of the heavy quarks. In order to ease theomparison with previous analyses, the theoretial preditions were also made using theCTEQ5M [25℄ proton PDFs.For the systemati unertainty on the theoretial predition, the masses and sales werevaried separately and the e�ets of both variations were added in quadrature. The masseswere varied using the values mb = 4:5 and 5:0GeV, m = 1:3 and 1:7GeV; the sales werevaried using �R = �F = 14qp̂2T +m2b() and qp̂2T +m2b(). The resulting unertainties onthe NLO QCD preditions for the total ross setions are +22% and �15% for beautyand +42% and �21% for harm.Parton-level jets were found by applying the kT lustering algorithm to the generatedpartoni �nal state in the same mode as for the hadron level in the MC (see Setion 5).The NLO QCD preditions for parton-level jets were orreted for hadronisation e�ets. Abin-by-bin proedure was used whereby d� = d�NLO �Chad, and d�NLO is the ross setion9



for partons in the �nal state of the NLO alulation. The hadronisation-orretion fators,Chad, were obtained from the ratio of the hadron-level to the parton-level MC jet rosssetion, where the parton level is de�ned as being the result of the parton-showering stageof the simulation. The orretion fators are given in Tables 2 and 3; their unertaintywas negligible in omparison to the other theoretial unertainties [2℄.8 ResultsThe total and single-di�erential beauty- and harm-jet ross setions were measured forthe proesses e�p! e� b(�b)Xe�p! e� (�)Xin events withQ2 < 1GeV2; 0:2 < y < 0:8; pjet 1(2)T > 7(6)GeV; �2:5 < �jet 1(2) < 2:5 :Here �jet 1(2) and pjet 1(2)T refer, respetively, to the pseudorapidities and the transverse mo-menta of the two jets in the event with the largest transverse momentum within the rangej�jetj < 2:5. The ross setions are measured for those jets among these two satisfying�1:6 < �q�jet < 1:4 ;with q 2 fb; g.The total beauty- and harm-jet prodution ross setions were measured as�visb = 682� 21(stat.)+ 52� 52(syst.) pb;�vis = 5780� 120(stat.)+390�410(syst.) pb:The errors given orrespond to the statistial unertainties and the total systemati un-ertainties inluding the errors due to the unertainty in the luminosity measurement.The measurements were ompared to NLO QCD preditions alulated with the FMNRprogramme using the spei�ations given in Setion 7:�NLOb 
 Cbhad = 740+ 210� 130 pb;�NLO 
 Chad = 6000+2400�1300 pb:Hadronisation orretions of Cbhad = 0:84 and Chad = 0:83 were applied to the NLO QCDpreditions. Good agreement between the measured ross setions and the NLO QCD10



preditions is observed. Replaing CTEQ6.6 by CTEQ5M as proton PDF redues thetheory preditions by � 5%.The beauty and harm ross setions as a funtion of pjetT and �jet are given in Tables 2and 3, respetively, and are shown in Fig. 6. The measurements are ompared to theNLO QCD preditions and to the Pythia MC saled (see Setion 5) by a fator of1.11 for beauty and 1.35 for harm, as obtained from the inlusive �t. The NLO QCDpreditions are in good agreement with the data and the saled Pythia MC desribesthe distributions well.In Fig. 7 the b-jet ross setion, d�=d�jet, is ompared to a previously published analysis[42℄ using semileptoni deays into muons in dijet events. Both measurements agree well.The improved preision of this analysis an be learly seen. While a diret omparisonwith a previous H1 measurement using a similar approah [8℄ is not possible, as the ross-setion de�nitions are di�erent, the relative errors on the measurements in this paper areapproximately a fator 3 (2) smaller for beauty (harm).In order to enable diret omparisons with other ZEUS measurements given at the b-quark level [2{4, 6, 7, 12℄, the NLO QCD predition orreted for hadronisation was usedto extrapolate the dijet ross setions to inlusive b-quark ross setions:d�dpbT = � d�dpjetT �vis� d�dpjetT �NLO � � d�dpbT �NLO :For the previous measurements, the extrapolations have been updated using the CTEQ6.6proton PDFs. In Fig. 8, the b-quark di�erential ross setions as a funtion of the quarktransverse momentum, d�(ep ! bX)=dpbT , are shown for b-quark pseudorapidity in thelaboratory frame, j�bj < 2, for Q2 < 1GeV2 and 0:2 < y < 0:8. The �b quark was not takeninto aount in the de�nition of the b-quark ross setion. The measurement presentedhere extends the kinemati region to higher pbT values than previous measurements andrepresents the most preise measurement of b-quark photoprodution at HERA. Goodagreement with the NLO QCD predition is observed for many independent ZEUS mea-surements, giving a onsistent piture of b-quark photoprodution over a wide range ofpbT .The orresponding -quark ross setions were also alulated and are shown in Fig. 9.Due to the lower mass of the harm quark, its momentum is more a�eted by gluonradiation. Hene the orresponding ross setion is shown as a funtion of the parton-level jet momentum (alulated as in Setion 7) rather than that of the quark. Here theross setions have been extrapolated to the region j�-jetj < 1:5, as it orresponded betterto the measurements. 11



The -quark jet ross setions are onsistent with previous ZEUS measurements [7, 10℄and are in good agreement with the NLO QCD predition.9 ConlusionsInlusive beauty- and harm-jet ross setions in photoprodution at HERA have beenpresented, exploiting the long lifetimes and large masses of b and  hadrons. Compared toprevious measurements of spei� deay hains, this analysis has substantially inreasedstatistis and a redued dependene on the branhing frations. The bakground fromlight-quark jets was suppressed by using the subtrated deay-length signi�ane distri-bution of seondary verties.The visible ross setions as well as di�erential ross setions as a funtion of pjetT and �jethave been ompared with NLO QCD alulations. Good agreement is observed.In order to be able to ompare these ross setions with others, they have been extrapo-lated to the region j�bj < 2 (j�-jetj < 1:5) using the NLO QCD preditions. Cross setionsas a funtion of the transverse momentum of the b quark and of the -quark jet have beendetermined and ompared with previous ZEUS measurements. The measurements agreewith eah other and give a onsistent piture of heavy-quark photoprodution over a widekinemati range.The harm ross setions presented in this paper are more preise than previous measure-ments made by the ZEUS ollaboration and have similar auray as measurements madeby H1. The beauty ross setions represent the most preise measurements of b-quarkphotoprodution made at HERA.AknowledgementsWe appreiate the ontributions to the onstrution and maintenane of the ZEUS de-tetor of many people who are not listed as authors. The HERA mahine group and theDESY omputing sta� are espeially aknowledged for their suess in providing exel-lent operation of the ollider and the data-analysis environment. We thank the DESYdiretorate for their strong support and enouragement.
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Soure Beauty / Charm(%)1a) TLT trigger eÆieny �0:8 / �2:01b) FLT trigger eÆieny +4:1�3:8 / +4:0�3:72) CAL hadroni energy sale �0:6 / �4:33) Trak-�nding unertainty +5:9 / +1:04) Deay-length smearing �1:0 / �0:75) Light-avour asymmetry �0:2 / �0:76a) �jet reweighting �1:2 / �1:06b) pjetT reweighting �5:5 / �1:17a) D�=D0 ratio +0�1:3 / +0:6�1:87b) D�=D�s ratio +0�1:2 / +0:1�1:38) Charm fragmentation +0:3�0:3 / +1:2�1:39) Beauty fragmentation +1:8�2:1 / +0:1�0:110) Luminosity measurement �1:8 / �1:8Total +7:8�7:7 / +6:7�7:0Table 1: Systemati unertainties on the total beauty- and harm-jet ross setions.
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pjetT d�b=dpjetT d�NLOb =dpjetT 
 Cbhad Cbhad(GeV) (pb/GeV) (pb/GeV)6 : 11 95:6 � 4:9 +9:8�7:0 109 +31�19 0.8311 : 16 24:8 � 1:2 +1:8�1:4 29:1 + 7:9� 4:7 0.8916 : 21 6:02� 0:49+0:55�0:57 7:1 + 2:0� 1:2 0.9221 : 27 0:93� 0:22+0:31�0:20 1:87+ 0:54� 0:34 0.9527 : 35 0:30� 0:12+0:14�0:12 0:46+ 0:13� 0:08 1.05�jet d�b=d�jet d�NLOb =d�jet 
 Cbhad Cbhad(pb) (pb)�1:6 : �1:1 57� 22+13� 3 72+22�13 0.70�1:1 : �0:8 121� 21+16�16 182+50�30 0.78�0:8 : �0:5 214� 22+22�12 255+69�42 0.79�0:5 : �0:2 233� 21+28�21 307+83�50 0.79�0:2 : 0:1 264� 22+28�23 342+91�55 0.810:1 : 0:5 316� 21+23�17 346+96�57 0.860:5 : 1:4 288� 15+20�30 265+82�48 0.93Table 2: Summary table of di�erential beauty-jet photoprodution ross setions,as de�ned in Setion 8. The measurements are given together with their statistialand systemati unertainties. The NLO QCD preditions using CTEQ6.6 and theirunertainty are also listed. The last olumn gives the hadronisation orretionfators, Cbhad.
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pjetT d�=dpjetT d�NLO =dpjetT 
 Chad Chad(GeV) (pb/GeV) (pb/GeV)6 : 11 906 � 24 +56�60 967 +380�210 0.8211 : 16 194 � 7 +20�20 192 + 75� 41 0.9016 : 21 39:1� 3:3+ 6:4� 6:4 38:5 + 15� 8:5 0.9221 : 27 10:5� 2:1+ 4:4� 4:0 8:9 + 3:4� 2:0 0.9027 : 35 0:9� 0:7+ 0:4� 0:9 1:96+ 0:72� 0:43 0.91�jet d�=d�jet d�NLO =d�jet 
 Chad Chad(pb) (pb)�1:6 : �1:1 499� 79+ 36� 46 825+ 320� 180 0.71�1:1 : �0:8 1380� 110+110�110 1933+ 700� 400 0.79�0:8 : �0:5 2090� 120+140�180 2566+ 940� 540 0.80�0:5 : �0:2 2460� 130+170�170 2948+1100� 610 0.80�0:2 : 0:1 2920� 130+200�220 2975+1100� 630 0.830:1 : 0:5 2600� 110+180�260 2602+1000� 560 0.870:5 : 1:4 2040� 91+160�140 1579+ 700� 360 0.89Table 3: Summary table of di�erential harm-jet photoprodution ross setions,as de�ned in Setion 8. The measurements are given together with their statistialand systemati unertainties. The NLO QCD preditions using CTEQ6.6 and theirunertainty are also listed. The last olumn gives the hadronisation orretionfators, Chad.
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