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Measurement of (anti)deuteron and(anti)proton prodution in DIS at HERA
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AbstratThe �rst observation of (anti)deuterons in deep inelasti sattering at HERA hasbeen made with the ZEUS detetor at a entre-of-mass energy of 300{318 GeVusing an integrated luminosity of 120 pb�1. The measurement was performedin the entral rapidity region for transverse momentum per unit of mass in therange 0:3 < pT=M < 0:7. The partile rates have been extrated and inter-preted in terms of the oalesene model. The (anti)deuteron prodution yield issmaller than the (anti)proton yield by approximately three orders of magnitude,onsistent with the world measurements.
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1 IntrodutionLight stable nulei, suh as deuterons (d) and tritons (t), are loosely bound states whoseprodution mehanism in high-energy ollisions is poorly understood. Most measurementsof light stable nulei have been performed for antideuterons ( �d). A seletion of d fromprimary interations is more diÆult as it requires separation of suh states from partilesprodued by interations of olliding beams with residual gas in the beam pipe and byseondary interations in detetor material. The �rst observation of �d [1℄ was followedby a number of experiments on antideuteron prodution. The prodution rate of �d ine+e� ! q�q ollisions [2{5℄ is signi�antly lower than that measured in �(1S) and �(2S)deays [2,5℄. The �d rate in e+e� ! q�q is also lower than that in proton-nuleus (pA) [6,7℄,proton-proton (pp) [8℄ and photon-proton (p) ollisions at HERA [9℄, but higher than thatin nuleus-nuleus ollisions [10, 11℄. For heavy-ion ollisions, the oalesene model [12℄was proposed to explain the prodution of d( �d).This paper presents the results of the �rst measurement of d and �d in the entral rapidityregion of deep inelasti ep sattering (DIS). The analysis was performed for exhangedphoton virtuality, Q2, above 1 GeV2.2 Coalesene model for (anti)deuteron formationAording to the oalesene model [12℄ developed for heavy-ion ollisions, the produtionrate of d is determined by the overlap between the wave-funtion of a proton (p) and aneutron (n) with the wave-funtion of a d. In this ase, the d ross setion is the produt ofsingle-partile ross setions for protons and neutrons, with a oeÆient of proportionalityreeting the spatial size of the fragmentation region emitting the partiles. The sameapproah applies for �d prodution. This model was also used to desribe d( �d) produtionin pp [8℄, p [9℄ and e+e� [2, 4℄ interations.Assuming that all baryons are unorrelated and the invariant di�erential ross setion forneutrons is equal to that for protons, the invariant di�erential ross setion for deuteronformation an be parameterised asEd�tot d3�ddp3d = B2 � Ep�tot d3�pdp3p �2 ;where Ed(p) and �d(p) are the energy and the prodution ross setion of the d(p), respe-tively, pd(pp) is the momentum of the d(p) and �tot is the total ep ross setion for theonsidered kinemati range. The oalesene parameter, B2, is inversely proportional tothe volume of the fragmentation region emitting the partiles. The same relation holdsfor �d and �p. If B2 is the same for partiles and antipartiles, then the prodution ratio1



�d=d is equal to (�p=p)2. The oalesene parameter an be obtained fromB2 =  Ed�tot d3�ddp3d ! Ep�tot d3�pdp3p !�2= M4p M�2d R2(d=p) � d�tot d3�dd(pd=Md)3��1 ;where Md(p) is the mass of the d(p), d = Ed=Md, R(d=p) is the ratio of the number of dto p expressed as a funtion of pT=Md(p), with pT being the transverse momentum [9℄.3 Experimental set-upA 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 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 is �(pT )=pT = 0:0058pT � 0:0065 � 0:0014=pT , with pT in GeV. To estimate theionisation energy loss per unit length, dE=dx, of partiles in the CTD [15℄, the trunatedmean of the anode-wire pulse heights was alulated, whih removes the lowest 10% andat least the highest 30% depending on the number of saturated hits. The measureddE=dx values were orreted by normalising to the average dE=dx for traks around theregion of minimum ionisation for pions with momentum p satisfying 0:3 < p < 0:4 GeV.Heneforth, dE=dx is quoted in units of minimum ionising partiles (mips). The resolutionof the dE=dx measurement for full-length traks is about 9%.The high-resolution uranium{sintillator alorimeter (CAL) [16℄ 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 (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni setions(HAC). The smallest subdivision of the alorimeter is alled a ell. The CAL energy res-olutions, as measured under test-beam onditions, are �(E)=E = 0:18=pE for eletronsand �(E)=E = 0:35=pE for hadrons, with E in GeV. A presampler [17℄ mounted in frontof the alorimeter and a sintillator-strip detetor (SRTD) [18℄ were used to orret theenergy of the sattered eletron2. The position of eletrons sattered lose to the eletronbeam diretion is determined by the SRTD detetor.The inative material between the interation region and the CTD, relevant for thisanalysis, onsists of the entral beam pipe made of aluminum with 1:5 mm wall thikness1 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 Heneforth the term eletron is used to refer both to eletrons and positrons.2



and the inner diameter of 135 mm. The CTD inner wall with a diameter of 324 mmonsists of two aluminum skins, eah 0:7 mm thik, separated by a 8:6 mm gap �lled withpolyurethane foam with a nominal density of 0.05 g/m3.The luminosity was measured using the bremsstrahlung proess ep ! ep with theluminosity monitor [19℄, a lead{sintillator alorimeter plaed in the HERA tunnel atZ = �107 m.4 Monte Carlo simulationTo study the detetor response, the Ariadne 4.12 Monte Carlo (MC) model [20℄ forthe desription of inlusive DIS events was used. The Ariadne program uses the Lundstring model [21℄ for hadronisation, as implemented in Pythia 6.2 [22{24℄. In its originalversion, this MC does not inlude a mehanism for the prodution of d or other lightstable nulei. To determine reonstrution eÆienies, a seond Ariadne sample wasgenerated in whih d's were inluded at the generator level by ombining p and n withsimilar momenta.The Ariadne events were passed through a full simulation of the detetor using theGeant 3.13 [25℄ program. The Geant simulation uses the Gheisha model [26℄ tosimulate hadroni interations in the material. The Geant program annot be used for�d as this partile is not inluded in the partile table.5 Event sample5.1 DIS event seletionThe data sample orresponds to an integrated luminosity of 120.3 pb�1 taken between1996 and 2000 with the ZEUS detetor at HERA. This sample onsists of 38.6 pb�1 ofe+p data taken at a entre-of-mass energy of 300 GeV, 65:0 pb�1 taken at 318 GeV and16:7 pb�1 of e�p data taken at 318 GeV.The searh was performed using DIS events with exhanged-photon virtuality Q2 >1 GeV2. The event seletion was similar to that used in a previous ZEUS publiation [27℄.A three-level trigger [13℄ was used to selet events online. At the third-level trigger, aneletron with an energy greater than 4 GeV was required. Data below Q2 � 20 GeV2were presaled to redue trigger rates.The Bjorken saling variable, xBj, and Q2 were reonstruted using the eletron method(denoted by the subsript e), whih uses measurements of the energy and angle of thesattered eletron. The sattered-eletron andidate was identi�ed from the pattern ofenergy deposits in the CAL [28℄. In addition, the inelastiity was reonstruted using theJaquet-Blondel method [29℄, yJB, or the eletron method, ye.3



For the �nal DIS sample, the following requirements were imposed:� Q2e > 1 GeV2;� the impat point of the sattered eletron on the RCAL outside the (X; Y ) region(�12, �6) m entred on the beamline;� Ee0 > 8:5 GeV, where Ee0 is the energy of the sattered eletron measured in the CALand orreted for energy losses;� 35 < Æ < 65 GeV, where Æ = PEi(1�os �i), Ei is the energy of the i-th alorimeterell, �i is its polar angle and the sum runs over all ells;� ye < 0:95 and yJB > 0:01;� at least three traks �tted to the primary vertex to ensure a good reonstrution ofthe primary vertex and to redue ontributions from non-ep events;� j Zvtx j< 40 m andpX2vtx + Y 2vtx < 1 m, where Zvtx, Xvtx and Yvtx are the oordinatesof the vertex position determined from the traks.The average Q2 of the seleted sample was about 10 GeV2.5.2 Trak seletion and the dE=dx measurementThe present analysis is based on harged traks measured in the CTD. The traks wererequired to have:� at least 40 CTD hits, with at least 8 of them for the dE=dx measurement;� the transverse momentum pT � 0:15 GeV.These uts seleted a region where the CTD trak aeptane, as well as the resolutionsin momentum and the dE=dx, were high.To identify partiles originating from ep ollisions, the following additional variables werereonstruted for eah trak:� the distane, �Z, of the Z-omponent of the trak helix to Zvtx;� the distane of losest approah (DCA) of the trak to the beam-spot loation in thetransverse plane. The beam-spot position is determined from the average primary-vertex distributions in X and Y for eah data-taking period. The DCA is assigned apositive (negative) value if the beam spot lies left (right) of the partile path.Figure 1 shows the dE=dx distribution as a funtion of the trak momentum for positiveand negative traks. The events were seleted by requiring at least one trak with dE=dx >2:5 mips. To redue the fration of traks oming from non-ep ollisions, the traks wererequired to have j�Zj < 1 m and jDCAj < 0:5 m. After suh a seletion, lear bandsorresponding to harged kaons, protons and deuterons were observed. The requirementdE=dx > 2:5 mips enhanes the fration of events with at least one partile with a mass4



larger than the pion mass and leads to the disontinuity near dE=dx = 2:5 mips seen inFigure 1. The lines show the most probable energy loss alulated from the Bethe-Blohformula [30℄. The dE=dx bands for K� and �p are slightly shifted with respet to theBethe-Bloh expetations due to the geometrial struture of the CTD drift ells whihleads to a di�erent response to negative and positive traks.Figure 2 shows the reonstruted masses, M , for di�erent partile speies. The masseswere alulated from the measured trak momentum and energy loss using the Bethe-Bloh formula. The mass distributions were �tted with asymmetri3 Gaussian funtions.The relative width obtained was 11% (7%) for the left (right) part of the funtion.The number of p(�p) andidates in the mass region 0:7(0:6) < M < 1:5 GeV was 1:61�105(1:66 � 105). Due to a shift in the dE=dx for negative traks, the lower mass ut for �pwas at 0:6 GeV. The numbers of d and �d in the mass window 1:5 < M < 2:5 GeV were309 and 62, respetively. The number of p migrating to the d mass region was estimatedto be less than 1% of the total number of d andidates. A similar estimate was obtainedfor antipartiles. A small number of triton andidates was observed in the mass window2:5 < M < 3:5 GeV. However, due to low statistis, it was diÆult to establish a peakinside this mass window, therefore, no onlusive statement on the origin of the traks inthe region 2:5 < M < 3:5 GeV was possible.The observed p(�p) and d( �d) andidates were required to be in the entral rapidity region,jyj < 0:4, and to have 0:3 < pT=M < 0:7. This determines the kinemati range used forthe ross-setion alulations.5.3 Identi�ation of partiles produed in ep ollisionsThe observed p(�p) and d( �d) andidates seleted after the dE=dx mass uts an originatefrom seondary interations in the inative material between the interation point andthe entral traking detetor.In order to selet p(�p) and d( �d) originating from ep ollisions, both DCA and �Z utswere removed and a statistial bakground subtration based on the DCA distributionwas performed. The �Z distributions for p(�p) and d( �d) after the mass uts are shown inFigure 3. Clear peaks at �Z = 0 are observed. To optimize the signal-over-bakgroundratio for the DCA distribution, all andidates were seleted using the j �Z j< 2(1) mrestrition for p; �p (d; �d).Figure 4 shows the DCA distributions for p(�p) and d( �d) andidates. The distributionsshow peaks at zero due to traks originating from the primary vertex. The numberof partiles originating from primary ep ollisions was determined using the side-bandbakground subtration. A linear �t to the DCA distribution on either side of the peakregion in the range 2 <j DCA j< 4 m was performed. Then, the expeted number of3 An asymmetri Gaussian has di�erent widths for the left and right parts of the funtion.5



bakground events in the signal region of j DCA j< 1:5(0:5) m for p; �p (d; �d) andidateswas subtrated.The number of p(�p) obtained after the DCA side-band bakground subtration was 1:52�105 (1:62� 105). The numbers of d and �d partiles were 177� 17 and 53� 7, respetively.The di�erene in the observed numbers of p and �p an be explained by di�erent dE=dxeÆienies and the mass uts for positive and negative traks. Suh a di�erene in theeÆienies for partiles and antipartiles annot explain the di�erene in the observednumbers of d and �d.Figure 5 shows the distributions for several DIS kinemati variables: Q2e, xe, Ee0 and Æ. Inaddition, rapidity (y) distributions for the seleted andidates are shown. The numbers ofp(�p) and d( �d) andidates were alulated in eah bin from the DCA distributions after theside-band bakground subtration. The distributions for d are onsistent with those for pand �p, while the �d sample shows some deviations for the Ee0 variable and, onsequently,for the Æ variable.6 Studies of bakground proessesThe following two bakground soures for heavy stable harged partiles were onsidered:� interations of the proton (or eletron) beam with residual gas in the beam pipe,termed beam-gas interations;� seondary interations of partiles in inative material between the interation pointand the entral traking detetor.6.1 Beam-gas interationsThe ontribution from proton-gas interations is signi�antly redued after the ZEUSthree-level trigger whih requires a sattered eletron in the CAL. In addition, the re-quirement to aept only events with more than three traks �tted to the primary vertexsigni�antly diminishes the ontribution from both eletron-gas and proton-gas events.The remaining fration of beam-gas interations an be assessed by studying the Zvtxdistribution.Figure 6 shows the Zvtx distributions for events with at least one p(�p) or d( �d) andidate.The distributions were reonstruted in the signal region j �Z j< 2(1) m and j DCA j<1:5(0:5) m for p; �p (d; �d) andidates without the bakground subtration. Figure 6 showsthat there is essentially no beam-gas bakground for �d events. A small bakground ford at positive Zvtx is expeted from the DIS MC generated for inlusive DIS events inwhih d's are solely produed by seondary interations in the material in front of theCTD. This bakground is expeted to have a at DCA and, therefore, is subtrated bythe proedure desribed in Setion 5.3. 6



The Zvtx distributions were �tted using a Gaussian funtion with a �rst-order polynomialfor the bakground desription. The extrated Gaussian widths are fully onsistent withthose obtained for inlusive DIS events without the d preseletion.To further study the Zvtx distribution, a speial event seletion was performed for non-olliding eletron and proton bunhes. Sine the requirement to detet an eletron withenergy Ee0 � 8:5 GeV signi�antly redues the rate of suh bakground events, this re-quirement was not applied. All other traking uts were the same as in the d( �d) seletion.The requirement to aept events with at least three traks �tted to the primary ver-tex rejets most of the beam-gas events (� 95% from the total number of the triggeredevents). As expeted, the remaining events show lear peaks at zero for the �Z and DCAdistributions, but the reonstruted Zvtx distribution did not show a peak at zero.The enhanement at large Zvtx for d, whih was found to be onsistent with that orig-inating from seondary interations, ould partially be due to eletron-gas interations.If one assumes that the bakground seen in Fig. 6(b) is due to non-ep interations, thenthe ontribution from beam-gas interations does not exeed 17% of the total number ofevents with a deuteron.6.2 Seondary interations on inative materialA pure sample of DIS events will still ontain deuterons produed by seondary intera-tions of partiles in material. The aim of the side-band bakground subtration disussedin Set. 5.3 was to remove suh a bakground ontribution, assuming that the bakgroundproesses do not reate a residual peak at �Z = 0 and DCA = 0. Several heks of thisassumption are disussed below.The DCA and �Z distributions were investigated using a MC simulation of inlusiveDIS events without d( �d) prodution at the generator level. Deuterons from seondaryinterations were seleted as for the data. The reonstruted DCA and �Z for d didnot show a peak at zero. A more detailed study of the DCA and �Z distributions waspossible for p not originating from an ep ollision at the MC generator level, sine inthis ase the available MC statistis is signi�antly higher than for the d ase. After thetrak-quality uts, no peak at zero was observed in the DCA and �Z distributions.If a deuteron is produed by seondary interations of the partiles from the DIS event inthe surrounding matter, the seondary d will not point preisely bak to the interationpoint, and both DCA and �Z distributions will be wider than in ase of �d and �p. There-fore, the DCA and �Z distributions were �tted with double-Gaussian distributions toestablish the width of the distributions. It was found that the observed deuteron DCAand �Z widths were onsistent with the orresponding widths for p and �p.One possible soure for d is the reation N + N ! d + �, where one of the nuleons Noriginates from ep ollision, while the other one originates from the detetor material infront of the CTD. For low initial nuleon momenta, the DCA of the d trak is in general7



large and it does not form an important bakground; at high initial nuleon momentahowever, the DCA an beome small enough that misidenti�ation ould beome im-portant4. Sine the proesses N + N ! d + � an lead to an additional harged pion,this soure of bakground deuterons an be studied by omparing the average hargedmultipliity of traks for d and �d events. In addition, the distane of losest approah,DCA12, between the d trak and other non-primary traks in the same event should havean enhanement at zero. The study indiated that the average number of traks for devents is smaller than that for �d events. The rejetion of events with jDCA12j < 2 m didnot lead to a statistially signi�ant redution in the number of the observed d events.Seondary deuterons may also be produed in pikup (p + n ! d) reations by primaryp(n) interating in the surrounding material. These deuterons, peaking in the diretionof the primary p(n), point approximately to the interation point and are therefore apotentially dangerous soure of bakground. Experimental data on the pikup reationsat the relevant energy are sare and therefore only a rough estimate of the size of thisbakground is possible. From the extrapolation of data on Sm154 [31℄ and C [32, 33℄targets using the K. Kikuhi theory [34℄ to allow for the hange of material, the estimatedd bakground from the pikup reation was in the range 1� 10% of the total number ofobserved d events, depending on the extrapolation input.The angular distributions of d from pikup reations have also been investigated in severalexperiments [32, 35, 36℄ for various targets and for a range of p=M similar to the presentanalysis. In all ases, the angular distribution of d observed in these experiments wouldlead to a muh wider DCA than that shown in Figure 4(b).7 Detetor orretionsIn this analysis, all measurements are based on event ratios, therefore, the detetor orre-tions due to DIS event seletion and trigger eÆieny were found to be small and thus arenot disussed here. The detetor orretions for the traking eÆieny and the eÆienyof the dE=dx uts are desribed below.7.1 Traking eÆienyThe eÆieny due to the trak reonstrution, ", was estimated separately for p (�p) andd using the Ariadne MC model (with d inluded at the generator level). The obtainedeÆienies are about 0.95 for p and d and 0.90 for �p.The method annot be applied to �d whih are not treated in the Geant simulation.Therefore, the traking eÆieny for �d was modelled as "( �d) = "(d)"(�p)="(p). In theexpression above, the hit reonstrution eÆieny is desribed by the �rst term, "(d),4 Note that the ross setion for the reation N +N ! d+ � dereases rapidly with inreasing energy.8



while the absorption loss (inluding annihilation) of �d and �p are assumed to be similar.This modelling assumes that the ross setions of annihilation in the detetor materialare the same for �d and �p, sine the inelasti nulear ross setion of �p is muh larger thanthat of �n for the momentum region less than 0:4 GeV [37℄. The use of the geometrialmodel disussed in [11,37℄ and the model in whih the �p and �n inelasti absorption rosssetions are added linearly [4,37℄ to obtain the inelasti nulear ross setion of �d, redues"( �d) by 1% and 5%, respetively.7.2 EÆieny of the dE=dx utsAnother important ontribution to the eÆieny omes from the dE=dx threshold utsand the mass uts. The ineÆieny due to the dE=dx requirements were estimated sep-arately for positive and negative traks using � ! p� (+..) deays. In this approah,protons were identi�ed from the � peak and then the proton dE=dx seletion eÆienywas reonstruted as the ratio of the events without and with the dE=dx requirement.These eÆienies were determined as a funtion of p=M . The eÆieny for eah pT=Mbin was orreted by reweighting the p=M distributions using Ariadne. The averageeÆieny of the dE=dx uts for d( �d) is 0:7 for pT=M < 0:5. For larger momenta, the eÆ-ieny dereases due to the dE=dx > 2:5 mips ut. The signal extration is not possiblefor pT=M > 0:7 due to a very small eÆieny. For the low-momentum region pT=M < 0:5,the eÆienies for negative traks tend to be larger than for positive traks. The dE=dxeÆieny for p(�p) is higher by 15% than that for d( �d).Alternatively, the overall traking and the dE=dx eÆieny was alulated using theAriadne MC model; onsistent results with the approah disussed above were found.8 Systemati unertaintiesThe systemati unertainties were evaluated by hanging the seletion and the analysisproedure. Only the largest ontribution of eah ut variation for the �nal invariant rosssetion is given below. The following soures of systemati unertainties were studied:� eÆieny of the trak reonstrution and seletion. The systemati unertainty on thetraking eÆieny for p, �p, d was �2%. This systemati unertainty was found aftervariations of the trak-quality uts. For �d, the systemati unertainty, �5%, inludesboth the e�et of trak-quality-ut variations and the redution in "( �d) when the linearmodel for the �d absorption was used (see Setion 7.1);� eÆieny due to the dE=dx seletion. This systemati unertainty was estimated byvarying the ut dE=dx > 2:5 mips within the dE=dx resolution and by using the MCsimulation. This systemati unertainty was �5%. For the lowest pT=M bin, theunertainty was �10%; 9



� variations in the partile yields assoiated with the signal extration:{ the number of d( �d) were reonstruted using a Gaussian �t to the DCA distribu-tion with a �rst-order polynomial for the bakground desription;{ the region used to determine the bakground for the side-band bakground sub-tration was redued to 1:5 <j DCA j< 3:5 m;{ the DCA ut for the side-band bakground subtration was varied within its res-olution of �0:1 m;{ for the side-band bakground subtration, the bakground shape was taken fromthe MC (without d at the generator level);{ the ut on �Z was varied by �0:2 m;These variations lowered the prodution yields by 5:0% for p, 2:2% for �p, 26:0% for dand 6:1% for �d. The largest e�et originates from the onservative treatment of theshape of the DCA bakground. The upper systemati error was below 1% for p, �pand �d, and 11% for d.� the bakground ontribution under the Zvtx peak for d events was assumed to be dueto beam-gas interations and, therefore, it was subtrated (�4% ontribution for p, �p,�d and �17% ontribution for d);� the orretion for � deays applied for the p(�p) sample was hanged by �10% (seeSetion 9.1). The size of this unertainty, whih is similar to that in other publia-tions [4, 9℄, was determined by the unertainty on the strangeness suppression fatorin the Ariadne model;� variations of the DIS-seletion uts. The ut on the energy of the sattered eletronwas inreased to 10 GeV, and the lower ut on the Æ distribution was tightened to40 GeV. The ut on Zvtx was varied by �5 m. The ut on the number of primarytraks was inreased from three to four. These variations led to hanges of +3:3�4:1% forp, +3:6�4:4% for �p, +3:7�8:5% for d and +5:7�13:3% for �d. Variations of the uts on ye and yJBdistributions showed a negligible e�et.The overall systemati unertainty was determined by adding the above unertainties inquadrature. The largest experimental unertainty was due to the unertainties on thetraking eÆieny and the signal extration.9 Results9.1 Prodution ross setions and B2For eah partile type i, the invariant di�erential ross setion an be alulated from therapidity range �y and the transverse momentum pT;i of a orresponding partile throughi�tot d3�id(pi=Mi)3 = 1NDIS 12�(pT;i=Mi)�y Ni�(pT;i=Mi) ;10



where the subsript i denotes a p(�p) or a d( �d), Ni is the partile yield in eah pT;i=Mibin after the orretion for the traking eÆienies and the partile seletion and NDIS =2:59�107 is the number of DIS events used in the analysis. For the present measurement,�y = 0:8 and �(pT;i=Mi) = 0:1 are the bin sizes. For omparisons with other experiments,the p(�p) rate was orreted for the deay produts of �. A orretion fator of 0:79 wasestimated from the Ariadne simulation whih gives an adequate desription of K0S and� prodution [38℄.The invariant di�erential ross setions as a funtion of pT=M for p(�p) and d( �d) are shownin Fig. 7 and given in Tables 1 and 2. The d( �d) invariant ross setion is smaller byapproximately three orders of magnitude than that of p(�p). These ross setions wereused to extrat the oalesene parameter B2 as disussed in Setion 2. The parameterB2 is shown in Fig. 8 and listed in Tables 3 and 4. For d, B2 tends to be higher than for�d, espeially at low pT=M . The value of B2 for �d is in agreement with the measurementsin photoprodution [9℄, but larger than that observed in e+e� annihilation at the Zresonane [4℄. The measured B2 is also signi�antly larger than that observed in heavy-ion ollisions [11℄.The events ontaining at least one p(�p) or d( �d) were analysed in the Breit frame [39℄. Thenumber of events with p(�p) in the urrent region of the Breit frame was about 2:5% ofthe total number of observed events with p(�p). In this region, neither d nor �d was found.Sine the urrent region of the Breit frame is analogous to a single hemisphere of e+e�,the observation of d( �d) reported in this paper is not in ontradition with the low �d rateobserved in e+e� [2{4℄.9.2 Prodution ratiosThe detetor-orreted d=p and �d=�p ratios as a funtion of pT=M are shown in Fig. 9(a)and listed in Tables 3 and 4. For the antipartile ratio, there is a good agreement withthe H1 published data for photoprodution [9℄, as well as with pp data [8℄. A similar �d=�pratio was also observed in hadroni �(1S) and �(2S) deays [2℄.The �d=d and �p=p ratios as a funtion of pT=M are shown in Fig. 9(b) and listed in Table 5.The �p=p ratio is onsistent with unity, as expeted from hadronisation of quark and gluonjets. The dominant unertainty on the ratio is due to systemati e�ets assoiated withthe trak seletion and reonstrution.The prodution rate of d is higher than that of �d, espeially at low pT . Under theassumption that seondary interations do not produe an enhanement at DCA = 0 forthe d ase, the result would indiate that the relation between �d=d and (�p=p)2 expetedfrom the oalesene model does not hold in the entral fragmentation region of ep DISollisions.For ollisions involving inoming baryon beams, there are several models [40, 41℄ thatpredit baryon-antibaryon prodution asymmetry in the entral rapidity region. A p� �p11



asymmetry in proton-indued reations is predited to be as high as 7% [41℄. Given theexperimental unertainty, this measurement is not sensitive to the expeted small p � �pasymmetry.In heavy-ion ollisions, the �d to d prodution ratio is expeted to be smaller than unity [42℄.A reent measurement at RHIC [11℄ indiated a lower prodution rate of �d ompared tothat of d. The average value of the ratio �d=d = 0:47 � 0:03 was ompatible with thesquare of the �p=p = 0:73� 0:01 ratio. Assuming the same size of the prodution volumefor baryons and antibaryons, this RHIC result is onsistent with the oalesene model. Asimilar onlusion was obtained earlier in �xed-target pp [8℄ and pA [7℄ experiments. Fore+e� ollisions, the d yield is ompatible with that of �d within the large unertainties [4,5℄.10 SummaryThe �rst observation of d( �d) in ep ollisions in the DIS regime at HERA is presented. Theprodution rate of d( �d) is smaller than that for p(�p) by three orders of magnitude, whihis in broad agreement with other experiments.The prodution of d( �d) was studied in terms of the oalesene model. The oaleseneparameter is in agreement with the measurements in photoprodution at HERA. However,it is larger than that measured in e+e� annihilation at the Z resonane.The prodution rate of p is onsistent with that of �p in the kinemati range 0:3 < pT=M <0:7. Due to signi�ant unertainties, it is not possible to test models that predit a smallbaryon-antibaryon asymmetry in the entral fragmentation region.For the same kinemati region, the prodution rate of d is higher than that for �d. Ifthe observed d are solely attributed to deuterons produed in primary ep ollisions, theresults would indiate that the oalesene model with the same soure volume for d and�d annot fully explain the prodution of d( �d) in DIS.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 ofthe DESY omputing and network servies. The design, onstrution and installation ofthe ZEUS detetor have been made possible owing to the ingenuity and e�ort of manypeople from DESY and home institutes who are not listed as authors. We thank Prof.D. Heinz and Prof. T. Sloan for the useful disussion of this topi.
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pT=M (p=�tot)d3�p=d(pp=Mp)3(�10�2) (d=�tot)d3�d=d(pd=Md)3(�10�5)0:3 { 0:4 1:33� 0:01+0:19�0:21 3:29� 0:43+0:50�1:240:4 { 0:5 1:34� 0:01+0:16�0:18 1:37� 0:26+0:17�0:510:5 { 0:6 0:88� 0:01+0:10�0:12 1:16� 0:28+0:14�0:420:6 { 0:7 0:38� 0:01+0:04�0:05 |{Table 1: The measured invariant ross setions for the prodution of p and d inDIS as a funtion of pT=M . The statistial and systemati unertainties are alsolisted.pT=M (�p=�tot)d3��p=d(p�p=M�p)3(�10�2) ( �d=�tot)d3� �d=d(p �d=M �d)3(�10�5)0:3 { 0:4 1:59� 0:01+0:16�0:19 0:77� 0:15+0:09�0:140:4 { 0:5 1:21� 0:01+0:07�0:09 0:45� 0:11+0:03�0:070:5 { 0:6 0:86� 0:01+0:05�0:07 0:60� 0:19+0:05�0:090:6 { 0:7 0:35� 0:01+0:02�0:03 |{Table 2: The measured invariant ross setions for the prodution of �p and �d inDIS as a funtion of pT=M . The statistial and systemati unertainties are alsolisted. pT=M R(d=p)(�10�3) B2(d)(10�2GeV2)0:3 { 0:4 2:48� 0:33+0:55�1:00 4:11� 0:54+1:47�1:970:4 { 0:5 1:02� 0:19+0:19�0:40 1:68� 0:32+0:50�0:740:5 { 0:6 1:32� 0:32+0:24�0:51 3:31� 0:80+0:99�1:450:6 { 0:7 |{ |{0:3 { 0:7 1:88� 0:20+0:40�0:75 3:32� 0:34+1:13�1:55Table 3: The measured d-to-p prodution ratio and the parameter B2 for d asa funtion of pT=M . The last row of the table shows the data in the full measuredphase spae. The statistial and systemati unertainties are also listed.pT=M R( �d=�p)(�10�3) B2( �d)(10�2GeV2)0:3 { 0:4 0:48� 0:09+0:08�0:10 0:67� 0:13+0:18�0:190:4 { 0:5 0:37� 0:09+0:04�0:06 0:67� 0:17+0:12�0:130:5 { 0:6 0:70� 0:22+0:08�0:12 1:80� 0:57+0:31�0:360:6 { 0:7 |{ |{0:3 { 0:7 0:49� 0:07+0:07�0:09 0:89� 0:14+0:19�0:20Table 4: The measured �d-to-�p prodution ratio and the parameter B2 for �d asa funtion of pT=M . The last row of the table shows the data in the full measuredphase spae. The statistial and systemati unertainties are also listed.16
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Figure 1: The dE=dx distributions as a funtion of the trak momentum for (a)positive and (b) negative traks. The DIS events were aepted by requiring at leastone trak with dE=dx > 2:5 mips (denoted by the dashed lines), j�Zj < 1 m andjDCAj < 0:5 m. The lines show the most-probable energy loss alulated using theBethe-Bloh formula for di�erent partile speies.
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Figure 2: The mass spetra for (a) positive and (b) negative partiles. Traksare seleted as for Figure 1. The mass distribution was alulated from the trakmomenta and the dE=dx. The arrows indiate the uts applied for the seletion ofandidates.
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Figure 3: The distributions of �Z, the distane of the Z-omponent of the trakhelix to Zvtx for: (a)-(b) partiles and ()-(d) antipartiles, as indiated in the�gure. The p, �p, d and �d andidates were identi�ed using the dE=dx mass uts(see text). The arrows indiate the applied uts.
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