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DESY{04{070May 2004Measurement of beauty produtionin deep inelasti sattering at HERAZEUS Collaboration
AbstratThe beauty prodution ross setion for deep inelasti sattering events with atleast one hard jet in the Breit frame together with a muon has been measured,for photon virtualities Q2 > 2 GeV2, with the ZEUS detetor at HERA usingintegrated luminosity of 72 pb�1. The total visible ross setion is �bb(ep !e jet � X) = 40:9 � 5:7 (stat:)+6:0�4:4(syst:) pb: The next-to-leading order QCDpredition lies about 2.5 standard deviations below the data. The di�erentialross setions are in general onsistent with the NLO QCD preditions; howeverat low values of Q2, Bjorken x, and muon transverse momentum, and high valuesof jet transverse energy and muon pseudorapidity, the predition is about twostandard deviations below the data.
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1 IntrodutionDeep inelasti sattering (DIS) o�ers a unique opportunity to study the prodution meh-anism of bottom (b) quarks via the strong interation in a lean environment where apoint-like projetile, a photon with a virtuality Q2, ollides with a proton. Due to thelarge entre-of-mass energy, b�b pairs are opiously produed at the eletron-proton ol-lider HERA. The large b-quark mass provides a hard sale, making perturbative QuantumChromodynamis (QCD) appliable. However, a hard sale an also be given by the trans-verse jet energy and by Q. The presene of two or more sales an lead to large logarithmsin the alulation whih an possibly spoil the onvergene of the perturbative expansion.Preise di�erential ross-setion measurements are therefore needed to test the theoretialunderstanding of b-quark prodution in strong interations.The ross setions for b-quark prodution in strong interations have been measured inproton-antiproton ollisions at the Sp�pS [1℄ and the Tevatron [2℄ and, more reently, intwo-photon interations at LEP [3℄ and in p interations at HERA [4, 5℄. Some of theb-prodution ross setions are signi�antly above the QCD expetations alulated tonext-to-leading order (NLO) in the strong oupling onstant, �s.This paper reports the �rst measurement of b-quark prodution in DIS at HERA, in thereation with at least one hard jet in the Breit frame [6℄ and a muon, from a b deay, inthe �nal state: ep! e b �b X ! e+ jet + �+X:In the Breit frame, de�ned by  + 2xP = 0; where  is the momentum of the exhangedphoton, x is the Bjorken saling variable and P is the proton momentum, a spae-likephoton and a proton ollide head-on. In this frame, any �nal-state partile with a hightransverse momentum is produed by a hard QCD interation.In this paper, a measurement of the visible ross setion, �bb, is presented, as well asseveral di�erential ross setions. The measured ross setions are ompared to MonteCarlo (MC) models whih use leading order (LO) matrix elements, with the inlusion ofinitial- and �nal-state parton showers, as well as to NLO QCD alulations. All rosssetions are measured in a kinemati region in whih the sattered eletron, the muonand the jet are well reonstruted in the ZEUS detetor.2 Experimental onditionsThe data used in this measurement were olleted during the 1999-2000 HERA runningperiod, where a proton beam of 920 GeV ollided with a positron or eletron beam of1



27:5 GeV, orresponding to a entre-of-mass energy of 318 GeV. The total integratedluminosity was (72:4� 1:6) pb�1:A detailed desription of the ZEUS detetor an be found elsewhere [7,8℄. A brief outlineof the omponents that are most relevant for this analysis is given below. The high-resolution uranium{sintillator alorimeter (CAL) [9℄ onsists of three parts: the forward(FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah part is subdividedtransversely into towers and longitudinally into one eletromagneti setion (EMC) andeither one (in RCAL) or two (in BCAL and FCAL) hadroni setions (HAC). The smallestsubdivision of the alorimeter is alled a ell. The CAL energy resolutions, as measuredunder test-beam onditions, are �(E)=E = 0:18=pE (GeV) for eletrons and �(E)=E =0:35=pE (GeV) for hadrons.Charged partiles are traked in the entral traking detetor (CTD) [10℄, whih operatesin a magneti �eld of 1:43 T provided by a thin superonduting solenoid. The CTDonsists of 72 ylindrial drift-hamber layers, organised in nine superlayers overing thepolar-angle1 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-lengthtraks an be parameterised as �(pT )=pT = 0:0058pT � 0:0065 � 0:0014=pT , with pT inGeV.The position of eletrons2 sattered at small angles to the eletron beam diretion wasmeasured using the small-angle rear traking detetor (SRTD) [11, 12℄. The SRTD isattahed to the front fae of the RCAL and onsists of two planes of sintillator strips,1 m wide and 0.5 m thik, arranged orthogonally.The muon system onsists of traking detetors (forward, barrel and rear muon hambers:FMUON [8℄, B/RMUON [13℄), whih are plaed inside and outside a magnetised iron yokesurrounding the CAL and over polar angles from 10Æ to 171Æ. The barrel and rear innermuon hambers over polar angles from 34Æ to 135Æ.The luminosity was measured from the rate of the bremsstrahlung proess ep! ep. Theresulting small-angle energeti photons were measured by the luminosity monitor [14℄, alead-sintillator alorimeter plaed in the HERA tunnel at Z = �107 m.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 nominal interation point.2 Hereafter \eletron" refers both to eletrons and positron.2



3 Event SeletionEvents were seleted online via a three-level trigger system [8,15℄. The trigger required aloalised energy deposit in the EMC onsistent with that of a sattered eletron. At thethird level, where a full event reonstrution is available, a muon was required, de�ned bya trak in the CTD loosely mathing a trak segment in the inner part of the B/RMUONhambers.The sattered eletron andidate was identi�ed from the pattern of energy deposits in theCAL [16℄. The energy (Ee) and polar angle (�e) of the eletron are measured by ombiningthe impat position at the alorimeter with the event vertex. The impat position ismeasured from the alorimeter ells assoiated with the eletron andidate, but the CTD(�e < 157Æ) and SRTD (�e > 162Æ) detetors are used to improve the measurementwhenever the eletron trajetory lies within the respetive regions of aeptane.The reonstrution of Q2 was based on the measurement of the sattered eletron energyand polar angle [17℄. The Bjorken saling variables x and y were reonstruted using the�-method, whih allows the determination of the estimator y� independently of initialstate photon radiation by reonstruting the inident eletron energy [18℄.Events were seleted [19℄ by requiring the presene of at least one muon in the �nal stateand at least one jet in the Breit frame. The �nal sample was seleted in four steps:1. Inlusive DIS event seletion:� a well reonstruted sattered eletron was required with energy greater than10 GeV, Q2 > 2 GeV2, yJB > 0:05 and y� < 0:7, where yJB is the y variablereonstruted using the Jaquet-Blondel method [20℄;� for events with the sattered eletron reonstruted within the SRTD aeptanethe impat position of the eletron was required to be outside a box de�ned byjXej < 12 m and jYej < 6 m. For events without SRTD information, a box uton the fae of the RCAL of jXej < 12 m and jYej < 10 m was used. This utremoved eletron andidates near the inner edge of the RCAL beampipe hole;� to redue the bakground from ollisions of real photons with protons (photo-prodution), where the sattered eletron esapes down the rear beampipe, thevariable E � pZ was required to be in the range 40 < E � pZ < 65 GeV. Thevariable E � pZ was de�ned as the di�erene of the total energy and the longi-tudinal omponent of the total momentum, alulated using �nal-state objets,reonstruted from traks and energy deposits in the alorimeter;� the reonstruted event vertex was required to lie within 50 m of the nominalinteration point. 3



2. Muon �nding:Muons were identi�ed by requiring a trak segment in both the inner and outer partsof the BMUON or RMUON hambers. The reonstruted muons were mathed inspae and momentum with a trak found in the CTD, with a �2 probability greaterthan 1%. This ut rejeted the bakground from muons oming from K� and ��deays and from partiles produed in hadroni showers in the CAL that may bemisidenti�ed as muons. In addition, uts on the muon momentum, p�, the muontransverse momentum, p�T and the muon pseudorapidity, ��, were applied:� �0:9 < �� < 1:3 and p�T > 2 GeV orresponding to the BMUON region;� �1:6 < �� < �0:9 and p� > 2 GeV orresponding to the RMUON region.The reonstrution eÆieny of the muon hambers was alulated separately forBMUON and RMUON using an independent data sample of di-muon events produedin photon-proton ollisions [21℄. This data sample onsisted of elasti and quasi-elastiBethe-Heitler events ( ! �+��) and J= prodution.The data sample was seleted from events triggered by the inner muon hambers. Twotraks, reonstruted in the CTD, with transverse momentum greater than 1 GeV andassoiated with energy deposits in the CAL onsistent with a minimum-ionising parti-le were required. One of the CTD traks was required to point to the muon hamberthat triggered the event, and the other was used to measure the muon eÆieny, de-�ned as the ratio of the number of traks satisfying the muon mathing requirementto the total number of traks. The measured muon-reonstrution eÆienies are be-tween 20% and 40%, depending on the region of the muon hambers and on the muontransverse momentum.3. Jet �nding:Hadroni �nal-state objets were boosted to the Breit frame and lustered into jetsusing the kT luster algorithm (Ktlus) [22℄ in its longitudinally invariant inlu-sive mode [23℄. The four-momenta of the hadroni �nal-state objets were alulatedfrom the measured energy and angle, assuming the objets to be massless. The pTreombination sheme was used. Reonstruted muons were inluded in the luster-ing proedure. Events were required to have at least one jet with transverse energymeasured in the Breit frame, EBreitT;jet , above 6 GeV and within the detetor aeptane,�2 < �labjet < 2:5, where �labjet is the jet pseudorapidity in the laboratory frame.4. Muon-jet assoiation:The muons in the sample were assoiated with the jet ontaining the orrespondinghadroni �nal-state objet using the Ktlus information. The assoiated jet was notneessarily the jet satisfying the jet requirements above. To ensure that the assoiatedjet was well reonstruted, it was required to have EBreitT;jet > 4 GeV.4



After these seletion uts, 941 events remained.4 Monte Carlo simulation and NLO QCD alula-tionsTo orret the results for detetor e�ets and to extrat the fration of events from bdeays, two MC simulations were used: Rapgap 2.08/06 as default and Casade1.00/09 for systemati heks. The preditions of the MC simulations were also omparedto the �nal results.The program Rapgap 2.08/06 [24℄ is an event generator based on leading-order (LO)matrix elements, with higher-order QCD radiation simulated in the leading-logarithmiapproximation using initial- and �nal-state parton showers based on the DGLAP equa-tions [25℄. To estimate the bakground, samples with light and harm quarks in the �nalstate were produed. The proess in whih a b�b pair is produed in photon-gluon fusionwas used to simulate the signal. The harm and b-quark masses were set to 1.5 GeVand5 GeV, respetively. The CTEQ5L [26℄ parameterisation of the proton parton densitieswas used. Heavy-quark hadronisation was modelled by the Bowler fragmentation fun-tion [27℄. The rest of the hadronisation was simulated using the Lund string model [28℄as implemented in Jetset 7.4 [29℄. The Rapgap MC inludes the LO eletroweakorretions alulated using Herales 4.6.1 [30℄.The Casade 1.00/09 MC [31℄ uses the O(�s) matrix elements, where the inomingpartons an be o�-shell. The parton evolution is based on the CCFM equations [32℄,whih are derived from the priniples of kT fatorisation and olour oherene. The massof the b quark was set to 4.75 GeV.The NLO QCD preditions were evaluated using the Hvqdis program [33, 34℄, whihinludes only point-like photon ontributions. The fragmentation of a b quark into a Bhadron was modelled by the Kartvelishvili funtion [35℄. The parameter � was set to 27.5,as obtained by an analysis [36℄ of e+e� data [37℄. The semi-leptoni deay of B hadronsinto muons was modelled using a parameterisation of the muon momentum spetrumextrated from Rapgap. This spetrum orresponds to a mixture of diret (b! �) andindiret (b! ! �) B-hadron deays. Jets were reonstruted by running the inlusivekT algorithm, using the pT reombination sheme, on the four-momentum of the two orthree partons generated by the program. The b-quark mass was set to mb = 4:75 GeV andthe renormalisation and fatorisation sales to � = qp2T;b +m2b, where pT;b is the meantransverse momentum of the b and �b quarks. The CTEQ5F4 proton parton densities [26℄were used. The sum of the branhing ratios of diret and indiret deays of B hadrons5



into muons was �xed to the Jetset 7.4 value of 0.22.The NLO QCD preditions were multiplied by hadronisation orretions to ompare themto the measured ross setions. The hadronisation orretions are de�ned as the ratio ofthe ross setions obtained by applying the jet �nder to the four-momenta of all hadrons,assumed to be massless, and that from applying it to the four-momenta of all partons.They were evaluated using the Rapgap program; they lower the NLO QCD preditionby typially 10%.The unertainty of the NLO predition was estimated by varying the fatorisation andrenormalisation sales, �, by a fator of 2 and the b-quark mass, mb, between 4.5 and5.0 GeV and adding the respetive ontributions in quadrature. Additional unertaintiesdue to di�erent sale hoies and to di�erent fragmentation funtions are within thequoted unertainties. More details of the NLO QCD alulation and of the determinationof its unertainties an be found elsewhere [33,34,38℄.5 Extration of the beauty frationA signi�ant bakground to the proess under study is due to muons from in-ight deaysof pions and kaons. Suh deay muons are mostly haraterised by low momenta and,therefore, partly rejeted by the uts p� > 2 GeV and p�T > 2 GeV. In addition, the signalreonstruted in the muon hambers an be due to kaons or pions passing through theCAL. Muons an also originate from the semi-leptoni deay of harmed hadrons. Thesedeays produe events topologially similar to those under study.Due to the large b-quark mass, muons from semi-leptoni b deays usually have highvalues of the transverse momentum, prelT , with respet to the axis of the losest jet. Formuons from harm deays and in events indued by light quarks, the prelT values are low.Therefore, the fration of events from b deays in the data sample an be extrated on astatistial basis by �tting the relative ontributions of the simulated bottom, harm andlight-quark deays to the measured prelT distribution.The extration of the fration of b-quark deays relies on the orret simulation of theshape of the prelT distribution for all proesses. The simulation was heked with the data.For this purpose, an inlusive DIS data sample with at least one hard jet in the Breit framewas seleted, without requiring a muon in the �nal state. For traks passing the sameseletion riteria as required for the muon, the prelT distribution was alulated. Figure 1ashows the omparison of the shape of the measured prelT distribution with the simulatedlight- and harm-quark ontribution. The shape is reasonably well desribed.Figure 1b shows the measured prelT distribution for muon andidates ompared to theMC simulation. The MC simulation ontains the bakground proesses from light and6



harm quarks and the ontribution from b quarks. The distributions are peaked at lowprelT values, where the deays of hadrons ontaining harm and light quarks dominate. Athigher prelT values, the measured distribution falls less steeply than that expeted for light-quark and harm ontributions alone. To determine the b-quark fration in the data, theontributions from light-plus-harm avours and beauty in the simulation were allowedto vary, and the best �t was extrated using a binned maximum-likelihood method. Themeasured fration of events from b deays, fb, is (30:2�4:1)%, where the error is statistial.The mixture with the �tted frations desribes the data well.Figures 1-f show the omparison between the data and the MC simulation with respet tothe momentum and the pseudorapidity of the muon, as well as the assoiated jet transverseenergy in the Breit frame and the pseudorapidity of the assoiated jet measured in thelaboratory frame. The MC simulation, with the di�erent ontributions weighted aordingto the frations found using the �t proedure desribed above, reprodues the muon andjet kinematis well.6 Systemati unertaintiesThe systemati unertainties on the measured ross setions were determined by hangingthe seletion uts or the analysis proedure in turn and repeating the extration of theross setions. The numbers given below refer to the total visible ross setion, �b�b. Forthe di�erential distributions the systemati unertainties were determined bin-by-bin andare inluded in the �gures and in Table 1. The following systemati studies were arriedout:� seletion uts and SRTD alignment: variation of the seletion uts by one standarddeviation (inluding the eletron energy, E � pZ , EBreitT;jet , �labjet and SRTD box ut).This led to a systemati deviation of +9:1% and �6:1% with respet to the nominalvalue, where the biggest unertainties were introdued by the widened �labjet ut andthe inreased EBreitT;jet ut. The relative alignment between the RCAL and the SRTDdetetor is known to a preision of �1 mm [39℄. The related systemati unertaintywas estimated by shifting the reonstruted SRTD hit position by �2 mm in bothoordinates and was +0:5% and �1:3%, respetively;� energy sale: the e�et of the unertainty in the absolute CAL energy sale of �2%for hadrons and of �1% for eletrons was +3:3% and �0:3%;� extration of b deays: the unertainties related to the signal extration were estimatedby doubling and halving the harm ontribution. This leads to a systemati uner-tainty of +5:7% and �3:5%, respetively. The unertainty obtained by reweighting7



the light-plus-harm quark prelT distribution with the one extrated from the data asdesribed in Setion 5 is within this unertainty;� muon reonstrution eÆieny: the e�et of the unertainty on the muon reonstru-tion eÆieny for the barrel and rear regions of the muon detetors was +8:9% and�7:8%;� model dependene of aeptane orretions: to evaluate the systemati unertain-ties on the detetor orretions, the results obtained with Rapgap were omparedwith other MC models: Casade; Rapgap with the Colour Dipole Model [40℄; andRapgap with the Peterson fragmentation funtion [41℄. Two di�erent values of the �parameter of the Peterson fragmentation funtion were used, namely � = 0:0055 and0.0041 as reently determined in e+e� ollisions by the SLD and OPAL ollabora-tions, respetively [42℄. The orresponding systemati unertainty was de�ned as themaximal deviation with respet to the referene sample and was +2:2%.These systemati unertainties were added in quadrature separately for the positive andnegative variations to determine the overall systemati unertainty. These estimates werealso made in eah bin in whih the di�erential ross setions were measured. The uner-tainty assoiated with the luminosity measurement for the 1999-2000 data-taking periodsused in this analysis was �2:2%. This introdues an overall normalisation unertainty oneah measured ross setion, whih is orrelated between all data points. This is addedin quadrature to the other systemati unertainties on the total visible ross setion, butis not inluded in the �gures or tables of the di�erential ross setion measurements.7 ResultsThe total visible ross setion, �bb; was determined in the kinemati range Q2 > 2 GeV2,0:05 < y < 0:7 with at least one hadron-level jet in the Breit frame with EBreitT;jet > 6 GeVand �2 < �labjet < 2:5 and with a muon ful�lling the following onditions: �0:9 < �� < 1:3and p�T > 2 GeV or �1:6 < �� < �0:9 and p� > 2 GeV. The jets were de�ned by applyingthe kT algorithm to stable hadrons; weakly deaying B hadrons are onsidered unstable.The muons oming from diret and indiret b deays are mathed to any jet in the event.The measured ross setion is�bb(ep! e b b X ! e jet � X) = 40:9 � 5:7 (stat:)+6:0�4:4(syst:) pb:This measurement has been orreted for eletroweak radiative e�ets using Herales.The NLO QCD predition with hadronisation orretions is 20:6+3:1�2:2 pb, whih is about2.5 standard deviations lower than the measured total ross setion. The Casade MCprogram gives �bb = 28 pb and Rapgap gives �bb = 14 pb.8



The di�erential ross setions were alulated in the same restrited kinemati range asthe total ross setion by repeating the �t of the prelT distribution and evaluating theeletroweak radiative orretions in eah bin. The results are summarised in Table 1.Figures 2a and 2b show the di�erential ross setions as funtions of Q2 and x, respetively,ompared to the NLO QCD alulation. The NLO QCD preditions generally agree withthe data; in the lowest Q2 and lowest x bins, the data are about two standard deviationshigher. Figures 2 and 2d show the same di�erential ross setions ompared with theRapgap and Casade MC simulations. Casade agrees with the data exept for thelowest Q2 and lowest x bin. Rapgap is well below the data in all bins, but it reproduesthe shapes of the data distributions.Figures 3a and 3b show the di�erential ross setions as funtions of the transverse mo-mentum, p�T , and pseudorapidity, ��, of the muon, ompared to the NLO QCD alulation.They generally agree with the data; in the lowest p�T bin and the high �� bin, the NLOQCD predition is about two standard deviations below the data. Figures 3 and 3d showthe same di�erential distribution ompared with Casade and Rapgap. Casade de-sribes the measured ross setions well exept for the lowest p�T bin, while Rapgap liesbelow the data.Figure 4a shows the di�erential ross setion as a funtion of EBreitT;jet of the leading jetompared to the NLO QCD alulation. The NLO QCD predition agrees with the datareasonably well, though it is systematially below. For the highest EBreitT;jet bin the di�ereneis about two standard deviations. Figure 4b shows the same di�erential distributionompared with Casade and Rapgap. For all EBreitT;jet values, Casade reprodues themeasured ross setion reasonably well while Rapgap lies below the data.8 ConlusionsThe prodution of b quarks in the deep inelasti sattering proess ep ! e � jet X hasbeen measured with the ZEUS detetor at HERA. The NLO QCD predition for thevisible ross setion lies about 2.5 standard deviations below the measured value.Single di�erential ross setions as funtions of the photon virtuality, Q2, the Bjorkensaling variable, x, the transverse momentum and pseudorapidity of the muon as wellas the transverse energy of the leading jet in the Breit frame have been measured. TheCasade MC program, implementing the CCFM QCD evolution equations, gives a gooddesription of the measured ross setions. It is, however, below the data for low valuesof the transverse momenta, low Q2 and low values of x. Rapgap is well below the datafor all measured ross setions. The di�erential ross setions are in general onsistentwith the NLO QCD preditions; however at low values of Q2, Bjorken x, and muon9



transverse momentum, and high values of jet transverse energy and muon pseudorapidity,the predition is about two standard deviations below the dataIn summary, b-quark prodution in DIS has been measured for the �rst time and has beenshown to be onsistent with NLO QCD alulations.AknowledgementsWe thank the DESY diretorate for their strong support and enouragement. The speiale�orts of the HERA group are gratefully aknowledged. We are grateful for the supportof the DESY omputing and network servies. The design, onstrution and installationof the ZEUS detetor have been made possible by the ingenuity and e�ort of many peoplewho are not listed as authors. We thank B.W. Harris and J. Smith for providing the NLOode. We also thank H. Jung and M. Caiari for useful disussions.
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Q2 range d�=dQ2( GeV2) (pb/ GeV2) �stat �syst2; 10 2.63 �0:56 +0:53�0:4610; 40 0.36 �0:10 +0:06�0:0540; 1000 0.010 �0:002 +0:002�0:002log10(x) range d�=dx(pb) �stat �syst�4:5;�3:5 20.9 �4:4 +3:2�3:4�3:5;�2:9 17.2 �4:7 +2:3�2:5�2:9;�1:0 5.3 �1:3 +0:9�1:0p�T range d�=dp�T( GeV) (pb/ GeV) �stat �syst2; 3 30.5 �7:6 +6:3�4:23; 4 9.7 �2:6 +1:9�1:84; 15 0.59 �0:13 +0:11�0:13�� range d�=d��(pb) �stat �syst�1:6;�0:15 9.1 �2:2 +1:9�1:5�0:15; 0:45 14.2 �3:6 +3:0�3:00:45; 1:3 19.8 �4:1 +3:8�3:1EBreitT;jet range d�=dEBreitT;jet( GeV) (pb/ GeV) �stat �syst6; 10 5.7 �1:4 +1:4�1:310; 13 3.4 �0:8 +0:5�0:413; 36 0.40 �0:08 +0:05�0:05Table 1: Single di�erential b-quark ross setions as funtions of Q2, the Bjorken-x variable, the muon transverse momentum, p�T , the muon pseudorapidity, ��, andthe transverse energy of the leading jet in the Breit frame, EBreitT;jet . The statistialand systemati unertainties are shown separately.14
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