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STATUS OF THE HERA-B EXPERIMENT�W. Hulsbergenfor the HERA-B CollaborationNIKHEF, Kruislaan 409, 1098 SJ Amsterdam, The Netherlandse-mail: wouter.hulsbergen�nikhef.nl(Reeived April 3, 2001)HERA-B is a �xed target experiment using the 920 GeV proton beamof the HERA ollider at DESY in Hamburg. The experiment was proposedin 1994 with as a primary goal the measurement of CP violation in the Bsystem, espeially in the gold plated deay B0 ! J= K0S. Meanwhile, theHERA-B detetor is essentially ompleted. We report on the status of thedetetor, �rst physis results and the physis program for the next years.PACS numbers: 12.15.Hh, 29.30.Aj1. IntrodutionThe ourrene of CP symmetry violation in nature has �rst been ob-served in the deay of neutral kaons in 1964 [1℄. In the standard model with3 families CP violation arises from a non-trivial omplex phase in the quarkmixing matrix (the CKM matrix ) of the weak setor of the Lagrangian [2℄.Although the observations in the kaon system, together with other measure-ments, put onstraints on the values of the parameters of the CKM matrix,they annot yet give a onlusive test of the standard model.A multitude of CP violating e�ets is expeted in the deay of B mesons,some of whih are leanly predited by the standard model. If su�ientomplementary measurements are performed, it will be possible to test thestandard model piture of CP violation. If the relationship between thevarious measurements annot be desribed by a single hoie of the CKMparameters, the standard model with 3 families is not a omplete desriptionof CP violation in weak deays.� Presented at the Craow Epiphany Conferene on b Physis and CP Violation,Craow, Poland, January 5�7, 2001. (1791)



1792 W. HulsbergenA CP observable that is of spei� interest is the asymmetry in thetransition probability of B0 and �B0 mesons into the CP eigenstate J= K0S .Unertainties in the ontribution of the strong interation anel in the stan-dard model alulation of this asymmetry. Consequently, the measurementallows for a lean extration of one of the CKM parameters, usually referredto as sin(2�).In the last years several experiments were built to investigate CP vio-lation in the deay of B mesons. Two new mahines at KEK and SLACprodue B mesons by olliding e+ and e� at the �(4s) resonane. Theirassoiated detetors Belle and BaBar reported �rst results in summer 2000.Those results inlude preliminary measurements of CP violation in theB0 ! J= K0S deay mode [3, 4℄.The advantage of b physis at the �(4s) resonane is that about oneout of every four interations yields a b�b event. Furthermore, those eventsontain no partiles besides the B meson deay produts. The main limi-tation of the experiments are the luminosity requirements and the fat thatexlusively Bd and Bu are produed. The study of Bs meson deays, whihgives aess to other parameters of the CKM matrix, an only be performedby experiments at hadron olliders.Those experiments fae hallenges very di�erent from the ones at thee+e� olliders. In hadron�hadron ollisions the b�b ross setion is smallwith respet to the total inelasti ross setion. Furthermore, the B deaysare superimposed on many other fragmentation produts. The relative b�bross setion at the Tevatron 2 TeV p�p ollider is about 10�3. At the �xedtarget setup of the HERA-B experiment it is even 10�6.By exploiting a wire target positioned in the halo of a 920 GeV protonbeam, HERA-B is not onstraint by luminosity [5℄. Instead, the experimentis limited by the apaity to extrat su�ient b�b events from the large in-elasti bakground. In order to measure sin(2�) with an auray of 0.16 inone year, the HERA-B experiment has to reord about 1500 B0 ! J= K0Sdeays. Taking into aount the branhing ratio of this hannel of about9 � 10�4 and the estimated trigger and reonstrution e�ieny of 0.07, atotal of 4 � 1014 inelasti interations per year must be delivered. Giventhe ollision frequeny of the beam of 10 MHz and a year of 107 seond,the experiment has to operate with a rate of 4 overlapping interations perevent.The harsh environment of the hadron ollider poses serious hallenges onthe design and operation of the detetor. The experiment is entering a newregime of partile �ux, radiation load and event rate, equivalent to LHCexperiments. The main omponents of the detetor, trigger and read outeletronis were designed at the forefront of tehnology. As a onsequene,the R&D phase took onsiderably longer than expeted and the detetor



Status of the HERA-B Experiment 1793was �nally ompleted in spring 2000, a two year delay with respet to theoriginal shedule. The data taking in 2000 was mainly dediated to theommissioning of the experiment. In September 2000 a mahine shut downof more than a year was started in order to inrease the luminosity for thee�p experiments. HERA-B will use this period for a variety of repair andoverhaul work.The present detetor performane as well as the perspetives for the nextdata taking are extensively disussed by the HERA-B ollaboration in [6℄.In the following setions we will summarize their �ndings. In Setion 2 and 3we review the HERA-B detetor and trigger omponents. In Setion 4 wepresent the physis results obtained until now. We onlude with the physisprospets for the experiment in the oming years in Setion 5.2. The HERA-B detetorThe HERA-B experiment is a forward spetrometer with a vertex dete-tor and an extensive partile identi�ation system. It has an opening angleof about 220 mrad in the bending plane and 160 mrad in the vertial plane.The length of the detetor is roughly 20 m. A shemati overview of thedetetor is shown in �gure 1. In this setion we shortly disuss the di�erentdetetor omponents.
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Fig. 1. Shemati overview of the HERA-B detetor in the yz projetion. Protonsome in from the left. The eletron beam pipe passes through the detetor at adistane of about 1 m from the proton beam pipe.



1794 W. Hulsbergen2.1. Beam and target systemThe bunh rossing period of protons in the HERA aelerator is 96 ns.The energy of the beam is 920 GeV, whih orresponds to a proton�nuleonms energy ps = 41:5 GeV and a boost � = 22:1. The typial deay lengthof B mesons is about 1 m.As explained in the introdution, the HERA-B experiment has to oper-ate at an average of four overlapping interations per bunh rossing. Onthe other hand aurate measurement of the deay length of the B mesons isneessary for B meson identi�ation and time resolved asymmetry measure-ments. Consequently the experiment an only be performed if the primaryverties of overlapping interations an be resolved.A solution is found in the use of a set of 8 thin wire targets. The wiretargets are moved into the halo of the beam, suh that protons an beextrated without interfering with the data-taking of other detetors in thesame ollider. Four wires at relative angles of 90Æ are ombined in onestation. Two suh stations are positioned along the beam at a relative zposition of 4 m. The wires an be steered individually in order to adjustthe interation rate and distribute it equally. Primary verties an easily beseparated by the vertex detetor, provided the interations our on di�erentwires. The diameter of the ellipti wires is 50 �m perpendiular to the beamand 500 �m in z, whih provides a useful onstraint on the position of theprimary verties.Currently, the target system inludes wires of arbon, aluminium, tita-nium and tungsten, yielding an atomi mass range from 12 to 184. Thesimultaneous use of di�erent target materials gives HERA-B the opportu-nity to perform measurements of the A dependene of various ross setionswith small systemati unertainties.The target system has been operated sine several years and behavesaording to its design spei�ations. Cohabitation problems at high rateswith the e�p experiments at HERA have been suessfully solved.2.2. Vertex detetorThe Vertex Detetor System (VDS) is a silion strip detetor with apith of 50 �m. There are 64 single and double sided 50� 70 mm2 modulesdivided over 8 stations and arranged in 4 di�erent stereo views. The �rst7 stations are mounted on a Roman pot system inside the vauum vessel.Those an be moved away from the beam during injetion and beam steeringoperations.The vertex detetor performs lose to its design spei�ations. The hite�ieny is above 97% for 97 out of 116 detetor planes. The stand-alonetraking e�ieny is better than 95% for traks with momentum larger than



Status of the HERA-B Experiment 17951 GeV. The vertex resolution for two-trak J= verties is 60 �m in theplane perpendiular to the beam and about 500 �m in the beam diretion,in good agreement with Monte Carlo preditions. Figure 2 shows the spa-tial distribution of reonstruted primary verties. One an learly see theposition of the 8 target wires.
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Fig. 2. xyz-distribution of reonstruted primary verties when all 8 target wiresare used simultaneously. The proton beam runs parallel to the z-axis. The unitsare m. 2.3. SpetrometerThe HERA-B spetrometer onsists of a dipole magnet with an inte-grated �eld of 2 Tm and a traking system whih extends over 10 m fromthe vertex detetor up to the alorimeter. The traker is omposed of 13superlayers, 4 of whih are used in the First Level Trigger (Setion 3). Theaeptane is 220 mrad in the bending plane and 160 mrad in the vertialplane. To math the strong inrease in partile �ux with dereasing distaneto the beam, the system is divided into two subsystems, alled the inner andouter traker, respetively.The inner traker (ITR) overs distanes from 5 to 28 m from thebeam axis, orresponding roughly to the forward hemisphere in the ms ofthe proton�nuleon ollision. It has to deal with a partile �ux of up to



1796 W. Hulsbergen2:5� 104 mm�2s�1 and a total radiation dose of 1 Mrad per year. It is builtfrom miro strip gas hambers (MSGC) with gas eletron multipliers (GEM)as pre-ampli�ation elements.The detetor has been ompleted in spring 2000 after many years ofintense R&D. Commissioning has not yet been �nished and the overall per-formane needs improvement. The spatial resolution of 80 �m is in goodagreement with the design value. The hit e�ieny of about 90% is still onthe low side. The inner traker has not yet ontributed to the trigger due toproblems in the trigger output of the front-end eletronis. The eletroniswill be replaed in the urrent shut down.The outer traker overs the area from the inner traker up to the outeraeptane of the spetrometer. The detetor is built from honeyomb drifthambers with wire pithes of 5 mm for the region loser to the beam pipeand 10 mm for the outer region. The largest superlayers are up to 6:5� 4:6m2 in size.Unexpetedly large sensitivity to radiation damage by highly ionizingpartiles aused prototypes to die within a few hours of operation. A lastingsolution was only found after a long R&D program and the �nal produ-tion, assembly and installation of the detetor was performed within oneyear. Sine then the outer traker has been stably operating. Eletroninoise related to the interfae to the trigger hardware requires disriminatorthreshold settings substantially higher than foreseen. Consequently, the hite�ieny of 90% and the hit resolution of 350 �m are still poor ompared tothe design values of 98% and 200 �m, respetively. Improvements by meansof a revised output of the front�end drivers are being investigated.In addition to traking detetors, the spetrometer ontains a systemdediated exlusively to the triggering of hadrons with a high transversemomentum. This system is alled the hi-Pt traker and it is positionedin the magnet. It onsists of gas-pixel hambers for the region lose to thebeam pipe and straw-tube hambers with athode pad readout for the outerregion. All inner hambers were installed and operated during the 2000 run.However, the system was not yet equipped with an interfae to the trigger.It will be ompleted in the urrent shut down.2.4. Partile identi�ationThe partile identi�ation devies of the HERA-B detetor are loateddownstream of the magnet. The ring imaging �Cerenkov detetor pro-vides partile identi�ation of pions, kaons, protons and eletrons. �Cerenkovlight emitted by harged partiles in the 2.5 m long C4F10 radiator volumeis projeted by foal and planar mirrors in a ring image on the photo multi-plier plane. The deteted rings provide information about the diretion and



Status of the HERA-B Experiment 1797the veloity of the partile. The relation between the observed veloity andthe momentum measured in the spetrometer is used for partile identi�-ation. Figure 3 shows a distribution of the square of the �Cerenkov angleversus the square of the inverse momentum. One an learly see the bandsorresponding to eletrons, pions, kaons and protons.
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Fig. 4. �0 and � signals observed in the two photon invariant mass distribution ofthe ECAL.RICH and ECAL. The detetor onsists of straw tubes and thin �ber dete-tors. During the last data taking period the TRD was not equipped withread out eletronis. It will be ompleted in the urrent shutdown.The muon detetor (MUON) provides traking for muons with a mo-mentum larger than 4.5 GeV. It onsists of four superlayers at di�erentdepths in iron loaded onrete absorbers. The sensitive area is overed bygas pixel hambers for the high oupany region and tube hambers for thearea further away from the beam-pipe. The tube hambers are equippedwith both wire and pad read out. The latter is used in the muon trigger(Setion 3).All omponents of the muon system were ommissioned in the year 2000.Whereas the e�ieny of the tube hambers turned out to be su�ientlyhigh, the pad read out su�ered from a low hit e�ieny of only 70%, whihseverely redues the muon trigger e�ieny. Improvement by means of ahange in the read-out eletronis is under study.3. Trigger and data aquisition systemThe trigger and data aquisition (DAQ) system of HERA-B must opewith more than half a million detetor hannels, a 10 MHz event rate anda signal to bakground ratio of order 10�10. A solution is found in a lowlateny multi-level trigger with a suppression fator of about 10�6 and anetworked and high bandwidth DAQ system. Figure 5 shows a shematioverview of the DAQ system in onnetion with the di�erent trigger levels.Input rates and lateny are indiated at the right-side of the graph.
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1800 W. Hulsbergenertain lasses of pre-trigger signals an be aepted by the FLT withoutpassing the trak trigger. For example it is possible to run a high-E? photontrigger in parallel to the J= trigger.The trak trigger propagates the pre-trigger seeds through the spetro-meter by requesting a oinidene in 12 layers for the eletron and high-p?seeds and 17 layers for the muon seeds. If the trak searh is suessful, themomentum is estimated from the de�etion in the magnet and a p? ut isapplied. Aepted traks are ombined into pairs after whih a seletion onthe invariant mass an be made. Aepted events are stored in the seondlevel bu�ers (SLB). The design e�ieny of the FLT is 0.45 for J= ! e+e�and 0.62 for J= ! �+�� .The seond level trigger (SLT) is a software trigger running on a farmof 240 PCs. The SLT re�nes the FLT deision using information from thoseparts of the event that are in RoIs indiated by the FLT. Hits from alltraking and vertex detetor layers are inluded for a re-evaluation of theFLT traks. A vertex �t is performed to hek that the trigger traks havea ommon origin.The key element in the DAQ is the swithed network between the SLBsand the SLT proessors. Eah of the SLT nodes must have aess to eah ofthe bu�ers holding the event data. The swith and the bu�ers themselvesare built on DSP proessors. Protools were developed to regulate the tra�in the swith.One an SLT node aepts an event it ollets all detetor informationbelonging to the event from the SLB and `builds' the event. Afterwards, thesame node alls the third level trigger algorithm (TLT). The TLT looksat event properties beyond the FLT traks. For example the primary vertexan be reonstruted whih allows for a seletion of detahed J= deays.Events aepted by the SLT and TLT algorithms are sent via an ethernetswith to a seond PC farm, urrently 190 CPUs large. On this so alledfourth level trigger farm (4LT) the events are reonstruted, lassi�edand logged. The �nal rate at whih events are stored on tape is about 50Hz.All the basi elements of the HERA-B DAQ and trigger system havebeen implemented. Although the DAQ system behaves as expeted, thetrigger e�ieny for J= events is still two orders of magnitude below thedesign spei�ations. This is both due to a low pre-trigger and a low traktrigger e�ieny. The eletron pre-trigger is still hampered by noise in thealorimeter. The muon pre-trigger su�ers from the low e�ieny of theMUON pad hambers. The hi-Pt pre-trigger is not yet installed.The most ompliated system in the HERA-B trigger hain is the �rstlevel trak trigger. Due to tehnial problems suh as malfuntioning optiallinks the FLT ould only be tested in its full extend in the last weeks of data



Status of the HERA-B Experiment 1801taking in 2000, whih was not su�ient for ommissioning. Analysis of theorrelations between FLT traks and traks reonstruted o�-line shows thatthe system is tehnially working. Unfortunately, the onept of the traktrigger is very sensitive to imperfetions of both the detetors and the datatransmission network. The limited hit e�ieny of the traking detetors,unresolved problems with alignment and geometry mapping as well as thetehnial problems mentioned above did not allow to operate the FLT withsigni�ant e�ieny.The swithing network and seond level trigger farm were subjeted toan extensive ommissioning and debugging phase and are now operating atdesign spei�ations. The implementation of the SLT algorithm still needs�ne tuning and will depend on the �nal performane of the FLT. A thirdlevel trigger algorithm is not yet implemented, but the possibility to seletdetahed verties is being investigated. The fourth level trigger farm wasompleted. The bandwidth for logging exeeds the design spei�ation of5 Mbit/s, but the time onsumed by the reonstrution programs is stilltoo large to perform all reonstrution online. During shutdown periods thesystem is used to reproess the data.4. First physis resultsThe period available for data taking in 2000 lasted from April whenthe detetor was essentially ompleted until the end of August when theaelerator shutdown started. This period was mainly used for detetor andtrigger ommissioning but in parallel several physis runs took plae. Inorder to maximize the number of events with a single interation, the targetrate was kept low, typially 5 MHz. About 2 � 107 events were reordedunder various trigger onditions.As desribed in the previous setion the �rst level trigger was not avail-able for data taking exept at the very end of the run. Therefore, triggerswere mostly provided using alorimeter and muon pre-triggers in ombi-nation with the seond level trigger. The pre-triggers delivered the leptonandidates after whih the SLT searhed for on�rmation in traker and ver-tex detetor and made further uts on the p? of the leptons and the invariantmass of the lepton pair.In a dediatedminimum bias run a sample of 2�106 randomly triggeredevents was olleted for target materials C, Al, Ti and W. The statistis issu�ient to ompete with CERN ISR results on inlusive partile distri-butions [7℄. Thanks to its partile identi�ation apabilities HERA-B anextend the ISR results with measurement of the harged partile frations.Furthermore, harged partile orrelations are being studied.Figure 6 shows the xF and p? distribution of reonstruted harged par-tiles from the arbon run. The asymmetry of the xF distribution is due to



1802 W. Hulsbergenthe missing inner traker. The main interest of the minimum bias data forthe HERA-B experiment are tuning of the luminosity determination and ofthe Monte Carlo event generator.
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Fig. 10. Invariant mass di�erene �+�� and �+�� in the J= mass window. Theshaded histogram is the bakground estimated with mixed events.

Fig. 11. Distane in z between the reonstruted primary vertex and theJ= ! �+�� vertex. The line is a Gaussian �t to the entre of the distribution.



1806 W. Hulsbergenof approximately 630 �m. It orresponds to muon pairs originating fromthe primary vertex. The J= mesons emerging from B deays should havea positive �z, the typial deay length being about 1 m. Assuming a rosssetion of 12 nb (based on existing measurements [9,10℄) only 2 detahed J= events are expeted. The present statistis an therefore not be onlusive.Optimization of the software tools and alignment is in progress in order tounderstand and redue the tails in the vertex distribution.It is evident that a measurement of the b�b ross setion an only omefrom an analysis of the full J= sample olleted with the eletron trigger.We estimate that this sample ontains about 3 � 104 J= ! e+e� eventsinluding about 20 B ! J= X deays.5. Physis prospetsIn 2001/2002 the HERA-B ollaboration will onentrate on makingmeasurements whih ontribute to the understanding of QCD, suh as har-monium and heavy �avour prodution. Possibly harm physis topis an beaddressed as well, although this will require a revised trigger sheme. Thephysis program is shaped by the status of the detetor and trigger at theend of the 2000 run and a onservative extrapolation based on repairs andupgrades that are urrently being addressed. The physis goals in order ofthe level of on�dene that they an be reahed are:. Measurement of the b�b ross setion. The two existing measure-ments at �xed target energies are inompatible and have poor prei-sion [9,10℄. Measurement of the ross setion is important for furtheronstraints on NLO QCD preditions.. Measurement of J= ,  0 and � prodution ross setion, deayangular distribution and A dependene. Quarkonium prodution isa rih �eld for the experimental study of QCD. The mehanismsfor quarkonium prodution are still poorly understood. More mea-surements are required to distinguish between di�erent produtionmodels, suh as the olour singlet and olour otet model [11℄. In ad-dition some information on the high-x gluon struture funtion anbe obtained.Currently measurements are only available in the forward hemi-sphere. HERA-B an extend the measured range to negative xFwhere preditions of harmonium suppression e�ets from di�erentmodels are more distint.



Status of the HERA-B Experiment 1807. Measurement of the angular distribution of Drell�Yan pairs. Re-sults from NA10 [12℄ and E615 [13℄ in pion�nuleon sattering indi-ate a violation of the Lam�Tung relation and onsequently do notagree with perturbative QCD preditions. HERA-B an provide a�rst measurement with inident protons.. Measurement of the � prodution ross setion, deay angulardistribution and A dependene. The physis issues are the same asfor the harmonium measurements disussed above.. Measurement of the diret photon prodution at high-p?. Thehard photon spetrum is sensitive to the gluon struture funtion.Previous experiments show signi�ant deviations from NLO QCDalulations [8℄.. Improvement of the upper limit on theD0 ! �+�� branhing fra-tion. Any measurable signal in this hannel would indiate physisbeyond the standard model. HERA-B an substantially improve onthe urrently published upper limit [14℄.. Measurement of Drell�Yan prodution at high-p?. Although amore di�ult measurement, high-p? Drell�Yan prodution providesa leaner probe to the high-x gluon struture funtion than high-p?photons (see above).. Aumulation of an open harm sample large enough to allowmeaningful measurements of properties of harm deays. An ex-ample is the lifetime ratio D0 ! K��+ to D0 ! K�K+, wheremeasurements by Fous indiate a 2� deviation from standard modelpreditions. (See [15℄ for an overview.) An algorithm is being devel-oped to detet seondary verties at the third level trigger in orderto extrat e�iently the high rate of harm.In parallel to the data taking the HERA-B ollaboration hopes to im-prove detetor and trigger performane up to a level lose to the designspei�ations in order to ontinue with a ompetitive heavy �avour programafter 2002. By that time CP violation in the golden deay B0 ! J= K0Swill have been established with a preision beyond the reah of the HERA-Bexperiment. Therefore, HERA-B will mainly fous on Bs physis, rare Bdeays and exlusive B ! J= X lifetimes.



1808 W. Hulsbergen6. ConlusionsAs indiated in this report the HERA-B detetor is essentially ompleted.Many subsystems perform lose to the design spei�ations. However, the�rst level trigger, the most ruial part of the experiment, ould not beoperated with signi�ant e�ieny in the period before the shutdown of theaelerator.The next data taking starts early 2002. In the year 2002 the HERA-Bollaboration will mainly fous on the study of QCD in proton�nuleon ol-lisions with speial attention to quarkonium prodution, Drell�Yan produ-tion and high-p? photon physis. In parallel the detetor and trigger will beimproved in order to reah a performane lose to the design spei�ationsof the experiment. When suh a performane is ahieved the HERA-B ex-periment an make valuable ontributions to the study of b physis and CPviolation, in spite of the delay in its ommissioning and the orrespondinghead-on start of ompeting experiments.REFERENCES[1℄ J.H. Christenson et al., Phys. Rev. Lett. 13, 138 (1964).[2℄ M. Kobayashi, T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).[3℄ B. Aubert et al., Phys. Rev. Lett. 86, 2515 (2001).[4℄ A. Abashian et al., Phys. Rev. Lett. 86, 2509 (2001).[5℄ T. Lohse et al., Proposal, DESY-PRC 94/02 (1994).[6℄ The HERA-B Collaboration, Report on status and prospets,DESY-PRC 00/04, Otober 2000.[7℄ A. Breakstone et al., Z. Phys. C69, 5 (1996).[8℄ L. Apanasevih et al., Phys. Rev. D63, 014009 (2000).[9℄ D.M. Jansen et al., Phys. Rev. Lett. 74, 3118 (1995).[10℄ T. Alexopoulos et al., Phys. Rev. Lett. 82, 41 (1999).[11℄ R. Vogt, Phys. Rep. 310, 197 (1999).[12℄ M. Guanziroli et al., Z. Phys. C37, 545 (1988).[13℄ J.S. Conway et al., Phys. Rev. D39, 92 (1989).[14℄ M.I. Adamovih et al., Phys. Lett. B408, 469 (1997).[15℄ S. Bergmann et al., Phys. Lett. B486, 418 (2000).


