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Measurement of K0S, � and �� produtionat HERA
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AbstratThe prodution of the neutral strange hadrons K0S, � and �� has been measured inep ollisions at HERA using the ZEUS detetor. Cross setions, baryon-to-mesonratios, relative yields of strange and harged light hadrons, � (��) asymmetryand polarization have been measured in three kinemati regions: Q2 > 25 GeV2;5 < Q2 < 25 GeV2; and in photoprodution (Q2 ' 0). In photoprodution thepresene of two hadroni jets, eah with at least 5 GeV transverse energy, wasrequired. The measurements agree in general with Monte Carlo models and areonsistent with measurements made at e+e� olliders, exept for an enhanementof baryon relative to meson prodution in photoprodution.
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1 IntrodutionProdution of K0S, � and �� hadrons has been extensively studied at partile olliders:e+e� [1{3℄, ep [4℄, p�p [5, 6℄ and pp [7℄. The data have been used to test QCD and buildphenomenologial models extending QCD preditions beyond what an be alulated from�rst priniples.The results on K0S, �, and �� prodution presented in this paper are based on a datasample of 121 pb�1 olleted by the ZEUS experiment at HERA, about 100 times largerthan used in previous HERA publiations [4℄ and extend the kinematial region of themeasurements, thereby providing a tighter onstraint on models.The measurements have been performed in three di�erent regions of Q2, where Q2 is thevirtuality of the exhanged boson: Deep Inelasti Sattering (DIS) with Q2 > 25 GeV2;DIS with 5 < Q2 < 25 GeV2; and photoprodution, Q2 ' 0 GeV2, in whih a quasi-realphoton interats with the proton. In the photoprodution sample, two jets, eah of atleast 5 GeV transverse energy, were required.The following measurements are presented in this paper: di�erential ross setions, baryon-antibaryon asymmetry, baryon-to-meson ratio, ratio of strange-to-light hadrons, and the� and �� transverse spin polarization. There was no attempt to separate diret produtionfrom resonane deays: all soures for K0S, �, and �� prodution were inluded. Thesemeasurements are relevant for modeling prodution of hadrons at high energies, for ex-ample in Monte Carlo (MC) programs [8{12℄, and for testing the mehanism for baryontransport along the rapidity axis [13℄, the mehanisms for baryon prodution [14℄, e�etsdue to QCD instantons [15{17℄ and the mehanisms for the transverse spin polarizationof hadrons [18{20℄.2 Experimental setupThe data were olleted by the ZEUS detetor at the HERA ep ollider during the runningperiod 1996 { 2000. The data orrespond to an integrated luminosity of 121 pb�1, of whih82 pb�1 were olleted at ps = 318 GeV (the eletron or positron1 beam energy, Ebeame ,was 27.5 GeV and the proton beam energy was 920 GeV) and 39 pb�1 at ps = 300 GeV(where the proton beam energy was 820 GeV).A detailed desription of the ZEUS detetor an be found elsewhere [21℄. A brief outlineof the omponents that are most relevant for this analysis is given below.1 In the text, eletron beam, as well as sattered eletron, apply to both eletron and positron.1



Charged partiles are traked in the entral traking detetor (CTD) [22℄, whih oper-ates in a magneti �eld of 1:43 T provided by a thin superonduting oil. The CTDonsists of 72 ylindrial drift hamber layers, organized in 9 superlayers overing thepolar-angle2 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-lengthtraks is �(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV.The high-resolution uranium{sintillator alorimeter (CAL) [23℄ onsists of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah partis subdivided transversely into towers and longitudinally into one eletromagneti se-tion and either one (in RCAL) or two (in BCAL and FCAL) hadroni setions. Thesmallest subdivision of the alorimeter is alled a ell. The CAL energy resolutions,as measured under test-beam onditions, are �(E)=E = 0:18=pE for eletrons and�(E)=E = 0:35=pE for hadrons, with E in GeV.A three-level trigger system was used to selet events on-line [21℄. At the third level, DISevents were aepted on the basis of the identi�ation of a sattered eletron andidateusing loalised energy deposition in the CAL. As there was no possibility to selet inlusivephotoprodution sample, the requirement for photoprodution events [24℄ was based onrunning a jet algorithm using the energies and positions of the CAL ells. Events withat least two jets were aepted, where eah jet was required to have transverse energygreater than 4.5 GeV and pseudorapidity 3 less than 2.5.The luminosity was measured using the bremsstrahlung proess ep! ep with the lumi-nosity monitor [25℄, a lead-sintillator alorimeter plaed in the HERA tunnel at Z = �107m.3 Event reonstrution and seletion3.1 Deep inelasti sattering sampleThe DIS events are haraterised by a sattered eletron deteted in the CAL. The sat-tered eletron was identi�ed from the energy deposit in the CAL using a neural net-work [26℄. The Bjorken variable xBj [27℄ and Q2 were reonstruted using the doubleangle method (DA) [28℄ whih has the best resolution in the Q2 region studied. Theinelastiity variable, y, was reonstruted using both the eletron (e) [28℄ and Jaquet-2 The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam diretion, referred to as the \forward diretion", and the X axis pointing left towardsthe enter of HERA. The oordinate origin is at the nominal interation point.3 The pseudorapidity � is de�ned as � � � ln tan(�=2), where � is a sattering angle.2



Blondel (JB) [29℄ methods. The following requirements were applied o�ine to seletevents with Q2 > 25 GeV2 (alled the high-Q2 sample):� j Zvtx j< 50 m to redue the bakground from non-ep ollisions;� 38 < Æ < 65 GeV, where Æ = Pi(Ei � PZ;i) and the sum runs over the energy andlongitudinal momentum of all CAL ell deposits. This ut redued the bakgroundfrom photoprodution and events with large radiative orretions;� an identi�ed sattered eletron with energy above 10 GeV;� the impat position of the sattered eletron on the CAL satis�ed pX2 + Y 2 > 36 m;� the eletron was isolated: the energy from all CAL ell deposits not assoiated withthe sattered eletron but in an � � � one of radius 0.8 entered on the eletron wasrequired to be below 5 GeV. This requirement redued photoprodution bakground;� a trak math with any eletron falling in the range 0:3 < � < 2:6, well within theCTD aeptane. For � outside this region, Æ > 44 GeV was required. This ut furthersuppressed events from non-ep interation and photoprodution;� yJB > 0:02 to improve the auray of the DA reonstrution;� ye < 0:95 to remove events where fake eletrons were found in the FCAL;� Q2DA > 25 GeV2.The same seletion was used to obtain the low-Q2 DIS sample, exept for the Q2 require-ment and the position of the sattered eletron, whih were as follows:� the impat position of the sattered eletron on the CAL was required to be outsidea retangle of dimensions 26� 14 m2, entred on the beam pipe;� 5 < Q2DA < 25 GeV2.The trigger for seleting low-Q2 events was normally presaled, so the data orrespond toan integrated luminosity of 16.6 pb�1.It should be noted that there was no jet requirement in the DIS event samples.3.2 Photoprodution samplePhotoprodution events were seleted applying the following riteria, desribed in anearlier publiation [24℄:� jZvtxj < 50 m, to redue bakground from non-ep ollisions;� yJB > 0:2, to further redue bakground from non-ep ollisions;3



� events were removed where an eletron was found with ye < 0:85, reduing the bak-ground from neutral urrent DIS events;� yJB < 0:85, to redue bakground from neutral urrent DIS events where the eletronwas not identi�ed;� harged urrent DIS events were removed by rejeting events with PmissT =pET >2:0 GeV 12 , where PmissT is the missing transverse momentum and ET is the total trans-verse energy.Energy Flow Objets, reonstruted from a ombination of alorimeter and traking infor-mation to give the best resolution of kinemati variables, were used as the input to the kTluster jet-�nding algorithm [30℄, whih was run in the longitudinally invariant inlusivemode [31℄. The transverse energy of the jets was orreted for energy losses in inativematerial in front of the CAL, as desribed in a previous publiation [32℄. An event wasaepted if it ontained at least two jets, both satisfying the following riteria:� jet transverse energy EjetT > 5 GeV;� jet pseudorapidity j�jetj < 2:4.Photoprodution events seleted in this way ontributed about 10% to the total photo-prodution ross setion. The photoprodution sample was divided into subsamples usingthe variable xOBS , a measure of the fration of the photon energy transferred to the dijetsystem, de�ned as: xOBS = PEjetT e��jet2yJBEbeamewhere the sum runs over the two jets with highest transverse energy. In leading-orderQCD, xOBS = 1 orresponds to diret photon proesses in whih the photon takes partin the hard sattering as a point-like partile. Resolved photon proesses, in whih thephoton ats as a soure of partons, populate the region at xOBS < 1. The sample withxOBS > 0:75 is lassi�ed as diret-enrihed, and that with xOBS < 0:75 as resolved-enrihed.3.3 Strange partile reonstrutionCandidates for long-lived neutral strange hadrons deaying to two harged partiles wereidenti�ed by seleting pairs of oppositely harged traks, �tted to a displaed seondaryvertex. Events were required to have at least one suh andidate. These seondaryverties were found by the ZEUS trak-�nding software, whih is based on minimizingthe �2 arising from �tting traks to verties [33℄. Displaed verties were typially morethan 3 m away from the primary vertex. The minimal distane required to resolve a4



displaed vertex from the primary vertex was about 1 m. The traks �tted to this vertexwere required to pass through at least the �fth superlayer of the CTD, the transversemomentum was required to be greater than 150 MeV and the absolute pseudorapidityin the laboratory frame was required to be less than 1.5. These onstraints ensured agood trak resolution and aeptane. The �, �� and K0S partiles may also be reated ininterations with the beam pipe. To remove these events a ollinearity ut on the anglebetween the reonstruted andidate momentum and the vetor joining the primary vertexto seondary vertex was applied. This angle was restrited to be less than 0.2.The �(��) andidates were reonstruted by their harged deay mode to p��( �p�+)(branhing ratio 63.9 � 0.5% [34℄). The trak with the larger momentum was assigned themass of the proton, while the other was assigned the mass of the harged pion, as the deayproton always has a larger momentum than the pion, provided the �(��) momentum isgreater than 0:3 GeV. Additional requirements to selet �(��) are given in the following:� 0:6 < P LABT (�; ��) < 2:5 GeV, where P LABT (�; ��) is the transverse momentum of thereonstruted andidate;� j �LAB(�; ��) j< 1:2, where �LAB(�; ��) is the pseudorapidity of the reonstrutedandidate in the laboratory;� M(e+e�) > 0:05 GeV, to eliminate eletron pairs from photon onversions 4;� M(�+��) < 0:475 GeV, to remove K0S ontamination;� 1:11 < M(p�) < 1:122 GeV.The K0S meson andidates were reonstruted from the deays to �+�� (branhing ratio68.95 � 0.14% [34℄). Both traks were assigned the mass of the harged pion. Additionalrequirements to selet K0S are given in the following:� 0:6 < P LABT (K0S) < 2:5 GeV, where P LABT (K0S) is the transverse momentum of thereonstruted andidate;� j �LAB(K0S) j< 1:2, where �LAB(K0S) is the pseudorapidity of the reonstruted andi-date in the laboratory;� M(e+e�) > 0:05 GeV;� M(p�) > 1:125 GeV, to remove � and �� ontamination. Here the mass of the protonwas assigned to the trak with larger momentum and the mass of the pion to the othertrak;� 0:48 < M(�+��) < 0:52 GeV.4 M(ab) is de�ned as the invariant mass for two vertex traks with the assignment of masses of partilesa and b. 5



The mass peaks for K0S and � + �� in the high-Q2 sample are shown in Fig. 1. The deayof K0S, �, and �� was well understood as an be demonstrated by Fig. 2, whih shows theproper deay times, reonstruted from the three dimensional deay length, ompared tothe expetations from MC simulation (see below).4 Event simulationProdution of K0S, � and �� hadrons was modelled using the MC programs desribedbelow. In these models, strange quarks an be produed perturbatively by the boson-gluonfusion proess (g ! s�s) or by gluon splitting in so-alled parton showers. They mayalso originate from the proton parton densities or an be generated in non-perturbativestring fragmentation. Strange hadrons are produed during hadronization, when quarksreombine into hadrons, and through the deays of other hadrons. Samples of events weregenerated to determine the response of the detetor and obtain the orretion fatorsrequired to onvert the detetor-level distributions to the hadron level. The generatedevents were passed through a full simulation of the detetor, using Geant 3.13 [35℄, andproessed with the same reonstrution program as used for the data.The high-Q2 and the low-Q2 DIS data were orreted to the hadron level using the Ari-adne 4 [8℄ MC program interfaed to Herales 4.6.1 [36{39℄ via Djangoh 1.1 [39℄, toinlude QED orretions. The CTEQ proton parton density funtions were used [40,41℄.Ariadne is based on the Colour Dipole Model in whih most QCD oherene e�ets aremodelled as gluon emission from olour dipoles between partons. The program uses theLund string model [42℄ to simulate the fragmentation of the partons. A signi�ant param-eter governing the prodution of strange hadrons is the strangeness-suppression fator, �s,that is probability to produe s-quark pairs relative to u- and d-quark pairs in the stringfragmentation. This was set to 0.3, the default value, as found in e+e� annihilation [43℄.Other parameters that ontrol baryon prodution were set to their default values5 [44℄.This Ariadne sample was also used to ompare to the �nal ross setions and ratios.A value of �s smaller than 0.3 is often preferred [2, 4, 45℄ for K0S prodution. Therefore,a further sample with �s = 0:22 [46℄ was also generated and used for omparison. TheDIS data were additionally simulated using the Lepto 6.5 MC program [9℄, whih isbased on �rst-order matrix elements plus parton showers (MEPS). The same Lund string5 The key parameters for baryon prodution in JETSET are the diquark-antidiquark pair produtionsuppression PARJ(1)=0.10, the suppression of s quark pair prodution ompared to u or d pair pro-dution �s � PARJ(2)=0.30, the extra suppression of strange diquark prodution ompared with thenormal suppression of strange quarks PARJ(3)=0.4 and the suppression of spin 1 diquarks omparedwith spin 0 ones PARJ(4)=0.05. 6



model was used for the hadronisation, with �s = 0:3, and the same proton parton densityfuntions as in the Ariadne sample. This was used for further omparison to the data.The photoprodution data were orreted to the hadron level using the Pythia 6 eventgenerator [11℄, whih onsists of leading-order matrix-element alulations with initial-and �nal-state parton showering to simulate higher-order proesses. The proton andphoton PDFs were taken from GRV [47℄ and SaS2D [48℄ respetively. Multiple intera-tions [24,49,50℄, where more than one pair of partons (one parton from the photon and oneparton from the proton) interat independently, were inluded. The default implementa-tion was used, with the pminT [44℄ value of 2:7 GeV. The hadronisation is performed by theLund string model, as in Ariadne, with the same parameters ontrolling the produtionof strange hadrons. Diret and resolved events were generated separately. For orretionof the data, the diret and resolved subsamples were ombined suh that they gave a best�t to the data xOBS distribution. The Pythia sample was also used to ompare to the�nal ross setions and ratios, in whih ase the diret and resolved events were ombinedaording to the predited ross setions.5 Cross-setion determinationThe ross setions in the high-Q2 DIS sample were measured in the kinemati region Q2 >25 GeV2 and 0:02 < y < 0:95. The ross setions in the low-Q2 DIS sample were measuredin the kinemati region 5 < Q2 < 25 GeV2 and 0:02 < y < 0:95. The ross setions inthe photoprodution sample were measured in the kinemati region Q2 < 1 GeV2 and0:2 < y < 0:85, with the additional requirement of 2 jets, both satisfying EjetT > 5 GeVand j�jetj < 2:4. In all three samples there was a further kinemati requirement that0:6 < P LABT (K0S;�; ��) < 2:5 GeV and j�LAB(K0S;�; ��)j < 1:2. In all samples the measuredross setions were the luminosity-weighted average of the ross setions at the entre-of-mass energies ps = 318 GeV and ps = 300 GeV. In the DIS samples di�erentialross setions were measured as funtions of P LABT (K0S;�; ��), �LAB(K0S;�; ��), xBj, andQ2. In the photoprodution sample di�erential ross setions were measured as funtionsof P LABT (K0S;�; ��), �LAB(K0S;�; ��), and xOBS .The K0S, � and �� di�erential ross setions in any variable Y were alulated using astandard bin-by-bin orretion as follows:d�dY = NA � L �B ��Y ;where N is the number of K0S, � or �� in a bin of width �Y , L is the luminosity, A is theaeptane and B is the branhing ratio. The aeptane was alulated from the MCsamples desribed in Setion 4, and took into aount migration e�ets and eÆienies7



for eah bin. The aeptane for eah partile was alulated for eah bin of a 6� 6 gridin pT and �. An additional aeptane orretion was made to obtain the di�erentialross setions as funtions of variables other than pT or �. In eah bin a mass-sidebandsubtration method was used to subtrat the remaining ombinatorial bakground in theK0S, � and �� samples, whih was at the level of � 3% in the K0S sample and � 6% in the� and �� samples.The di�erential ross setions, d�dY , for the onsidered partile as a funtion of � and PTan be onverted into the multipliity distribution 1d�in d�dY , where �in is the inlusiveevent ross setion using the following fators: ��1in = 2:6 � 10�5 pb�1 for the high-Q2sample, 8:9�10�6 pb�1 for the low-Q2 sample and 1:6�10�5 pb�1 for the photoprodutionsample. On average, in the measured PT and � region, for the high-Q2 sample, there wereabout 0.017 � (or ��) and 0.09 K0S per event. The orresponding multipliities for thephotoprodution sample were 0.077 for � (or ��) and 0.27 for K0S.5.1 Systemati unertaintiesThe main soures whih ontributed to the systemati unertainty were investigated byhanging the analysis proedure, as outlined below, and observing the di�erene from theprimary result. The total systemati unertainty in the DIS samples for eah bin was al-ulated by adding the individual ontributions from the di�erent variations in quadrature.The following soures of systemati unertainties were onsidered: the energy measure-ment of the sattered eletron; the measurement of Q2, Æ, Zvtx and y; measurements ofseondary-trak pT and �; the removal of � and K0S due to the ollinearity ut; the impatposition of the eletron on the CAL; the estimation of the bakground. The systematiunertainty on the ross setions was generally . 5%. Additionally, a 2% unertainty dueto the luminosity measurement was inluded for the ross setions. The branhing-ratiounertainties were deemed negligible and not taken into aount.The most signi�ant systemati error in the photoprodution sample was due to theunertainty in the alorimeter energy sale (�3%), shown as a separate band in the�gures. Typial unertainties in the ross setions were . 10%, exept in the highest binof xOBS where the unertainty was up to 80%. A systemati unertainty of 7% on thephotoprodution ross setions due to trigger eÆienies was inluded. The limitations ofthe Pythia Monte Carlo simulation, partiularly in desribing the xOBS distribution inthe data, introdued a possible additional systemati unertainty in orreting the datafrom detetor level to hadron level. The e�et of this was investigated by reweighting thePythia xOBS distribution to the data and using this reweighted sample to orret thedata. The di�erene between the results obtained with the reweighted sample omparedto the primary results was treated as a further systemati unertainty; unertainties in8



the ross setions were . 5%.The unertainty of the traking simulation [51℄ was negligible ompared to all othersoures. Most of the unertainties disussed above anel in the ratios and asymmetriespresented in this paper.6 Results and disussion6.1 Cross setionsMeasured di�erential ross setions for the prodution of K0S and � + �� are shown inFigs. 3 - 6 for the DIS data and in Figs. 7 and 8 for the photoprodution sample. TheDIS ross setions are ompared to the absolute preditions of Ariadne and Lepto MCalulations. The photoprodution ross setions are ompared to the predition of thePythia MC with multiple interations normalised to the data ross setion.The Ariadne program with strangeness-suppression fator of 0.3 desribes the data rea-sonably well, although the K0S ross setion for the high-Q2 sample is overestimated. Theslope of the P LABT dependene is inorret and the ross setion at low xBj is underesti-mated for both low- and high-Q2 samples. A similar omment an be made for the � +�� ross setions.The desription of the data by Ariadne with the strangeness-suppression fator of 0.22is less satisfatory but, as �s is not the only parameter inuening the ross setion, aonlusion on what value of the �s an desribe the data best an not be drawn. TheLepto MC does not desribe the data well.In photoprodution, Pythia with multiple interations desribes the shape of the datadependene on P LABT and �LAB adequately, but the xOBS dependene is predited to betoo at and at the smallest xOBS , in the resolved photon region, the desription is poor.6.2 Baryon-antibaryon asymmetryThe baryon-antibaryon asymmetry A is de�ned as:A = N(�)�N(��)N(�) + N(��) ;where N(�), N(��) is the number of � and �� baryons, respetively.The baryon-antibaryon asymmetry A has been measured and ompared to MC predi-tions from Ariadne and Pythia (with �s = 0:3 for both, and also with �s = 0:22 forAriadne). The following values were obtained:9



� at high Q2: A = 0:3 � 1:3+0:5�0:8%, ompared to the Ariadne (�s = 0:3) predition of0:4� 0:2%;� at low Q2: A = 1:2 � 1:6+0:7�2:1%, ompared to the Ariadne (�s = 0:3) predition of1:0� 0:2%;� in photoprodution: A = �0:07 � 0:6+1:0�1:0%, ompared to the Pythia predition of0:6� 0:1%.Figures 9 and 10 show the baryon-antibaryon asymmetry at high-Q2 as a funtion ofP LABT , �LAB, xBj, Q2 and in photoprodution as a funtion of P LABT , �LAB and xOBS . In allases, the average baryon-antibaryon asymmetry is onsistent both with no asymmetryand onsistent with the very small asymmetry predited by Monte Carlo. This suggeststhat in the onsidered parts of the ep phase-spae, to a good approximation, baryons andantibaryons are produed aording to the same mehanism.A positive asymmetry of 3.5% is predited in DIS [13℄, due to the so alled gluon-juntionmehanism that makes it possible for the \baryon number to travel" several units ofrapidity, in this ase from the proton beam diretion to the rapidity around 0 in thelaboratory frame in whih the measurements were made. Suh a lass of models andesribe the signi�ant positive baryon-antibaryon asymmetry whih has been measuredat the heavy-ion ollider RHIC [52℄. Although this predition is not Q2 dependent, itis not lear whether it ould be extended down to Q2 = 0 and applied to the seletedphotoprodution sample. Combining statistial and systemati errors from the threesamples, the average asymmetry is in disagreement with the 3.5% value.Although Ariadne predits that on average about 15% (40% at the highest xBj for thelow-Q2 sample) of events with a reonstruted � or �� originate from the exhanged photonoupling to an s or �s quark from the proton, this measurement, being at low xBj, is notsensitive to the strange-quark asymmetry in the proton struture funtion as studied byNuTeV [53℄.As our baryon-antibaryon asymmetry is onsistent with no asymmetry, the � and ��samples were ombined together (exept for the transverse polarization measurement)and results presented for the ombined sample.6.3 Baryon-to-meson ratioThe baryon-to-meson ratio R is de�ned as:R = N(�) + N(��)N(K0S) ;where N(�); N(��); N(K0S) refer to the number of indiated hadrons.10



Figures 11 and 12 show the measured and predited R for the DIS samples as a funtion ofP LABT , �LAB, xBj and Q2. The inauraies in desribing the K0S and � + �� ross setionsfor high Q2, mentioned earlier, are learly reeted in R, but overall the Ariadne MCwith �s = 0:3 follows the shape of the data distributions and is usually in agreementto better than about 10%. The low-Q2 sample is desribed by the same Monte Carloprograms with even better auray. In order to have a better understanding of howR depends on xBj and Q2, R is shown as a funtion of Q2 for �xed bins in xBj and asa funtion of xBj for �xed bins in Q2 in Figs. 13 and 14. A dependene on Q2 and adisrepany between the data and MC an now be seen for the bins of higher xBj. Forthe two bins of higher Q2, the MC underestimates the data at low xBj by up to 20%.The R value varies between about 0.2 and 0.5, and is about 0.4 to 0.5 at low xBj andlow Q2. These values an be ompared to measurements at e+e� olliders, where forentre-of-mass energies from 10 to 200 GeV, R varies between about 0.2 and 0.4 [34℄.Figure 15 shows R for the photoprodution sample. For the diret-enrihed sample, wherexOBS > 0.75, R is about 0.4, the same value as in DIS at low xBj and low Q2. However, Rrises to a value of about 0.7 towards low xOBS (resolved-enrihed sample), while it staysat in the Pythia predition.In order to study this e�et further, the photoprodution events were divided into twosamples. In the �rst, the jet with the highest transverse energy was required to ontributeat most 30% to the total hadroni transverse energy. In this sample the events have largelyisotropi transverse energy ow and therefore the sample is alled \�reball-enrihed". Theother sample, ontaining all the other events, was alled \�reball-depleted". Figure 16(a)shows the distribution of events as a funtion of the total transverse energy, whih is onaverage 30 GeV, and of the transverse energy of the jet with the highest EjetT . The linerepresents the ut used to separate �reball-enrihed and �reball-depleted samples. Figure16(b) illustrates the �reball seletion in relation to the fration of the total transverseenergy arried by two jets of the highest transverse energy. It an be seen that �reball-depleted events are dominated by dijet events arrying most of the total transverse energyand that the �reball-enrihed and �reball-depleted samples have about the same numberof events.The baryon-to-meson ratios for the �reball-enrihed and �reball-depleted samples arepresented in Fig. 17 for the data and Pythia MC. The measured R is larger for the�reball-enrihed sample, most signi�antly at high P LABT , than it is for the �reball-depletedsample. This feature is not reprodued by Pythia, whih predits almost the same Rfor both samples. The Pythia predition reasonably desribes the measured values of Rfor the �reball-depleted sample. This is not surprising as Pythia generates jets in eventsaording to the multiple interation mehanism [49℄, whih makes several independentjets, like those in DIS or e+e� where baryons and mesons are reated loally. Provided11



there is enough energy available, R will be the same, regardless of the number of jets(ignoring some di�erenes in quark and gluon fragmentation).Large values of R, larger than 1, have been measured at hadron and heavy-ion olliders:p�p [6℄, pp [7, 54℄ and RHIC [55{58℄.6.4 Ratio of strange-to-light hadronsThe ratio of strange-to-light hadrons was measured in terms of T :T = N(K0S)Nh ;where N(K0S) is the number of K0S and Nh is the number of harged pions, harged kaons,protons and antiprotons, (exluding produts of K0S, �, and �� deays) in the same regionof P LABT and �LAB as the K0S.In Figs. 18 and 19, T is shown as a funtion of P LABT and �LAB for the high-Q2 sample(for the low-Q2 sample, not shown, the values are similar) and for the photoprodutionsample. The MC preditions from Ariadne and Pythia are also shown. They followthe data reasonably well, preferring the strangeness-suppression fator to be smaller than0.3. The measured T lies between 0.05 and 0.1, varying with P LABT for both the DIS andphotoprodution. Similar values have been measured at e+e� [34℄ for the ratio of thenumber of K0S to the number of harged pions and are on average about 0.07 at entre-of-mass energies from 10 to 35 GeV, about 0.06 at the Z0 and about 0.05 at 200 GeV. Itan be onluded that T is about the same in e+e� and ep.In order to see whether T depends on the transverse energy ow, the �reball seletion, asdisussed above, was applied to the photoprodution events. Figures 19() and (d) showthe measured and predited T for the �reball seletion. The quantity T hardly dependson the �reball seletion, as predited by Pythia.Fireball events are andidates for events where QCD instantons [15{17℄ ould play arole [59{61℄, sine they are haraterised by isotropi transverse energy ow. Anotherexpetation is a likely enhanement of heavier-quark prodution relative to light quarks,due to the required avour demoray. Searhes for QCD instantons in DIS have beenreported by H1 [62℄ and ZEUS [63℄. No e�et was identi�ed due to QCD instantons, asthe expeted e�ets were small ompared to the bakground at the relatively large Q2required. Bigger e�ets are expeted at lower Q2.If QCD instantons ontribute to the �reball event sample, then T would be expeted tobe di�erent, possibly larger, for the �reball events than the typial value of about 0.07 or0.08. As this is not the ase, this measurement of T in photoprodution does not support12



the idea that QCD instantons ontribute signi�antly to the prodution of the �reballevents. It should be noted that there is only a qualitative predition on the ontributionfrom QCD instantons based on demoray of avours, inluding heavy avours, subjetto available energy. The only existing alulation [61℄ applies to DIS and only onsidersthree massless avours. Sine there is no harm-quark ontribution, this alulation isprobably only valid at low partile multipliities, where the number of K0S is predited tobe about twie as big as that predited by Ariadne.
6.5 PolarizationIn analogy with QED, the spin-orbit interation leads to polarization in sattering due tothe strong interation [18{20℄. Unpolarized s quarks get partially transversely polarizeddue to elasti sattering in the oloured �eld along the diretion of ki � kf , where ki andkf stand for the initial and �nal momenta of the s quarks. The degree of the polarizationdepends on the sattering angle and the strength of the oloured �eld. In the onstituentquark model, the � inherits its spin from the s quark, and kf is along the � momentum.As ki is unknown in our ase, the eletron beam diretion was used instead (the e�et ofusing the jet diretion was also investigated).The transverse polarization P� (P ��) is de�ned by the form of the proton (antiproton)angular distribution: 1N dNd os � = 12[1 + �P� os �℄;1N dNd os � = 12[1� �P �� os �℄;where � is the deay asymmetry parameter, measured to be � = 0:642� 0:013 [34℄, and� is the angle between the proton (antiproton) momentum boosted to the rest frame ofthe �(��) and the polarization axis, kbeame � k�. An example of the angular distributionof the proton's (antiproton's) momenta with respet to the polarization axis, boosted tothe �(��) rest frame, is shown in Fig. 20.Fitted values of the transverse polarization P� and P �� are presented in Table 1 for high-and low-Q2 DIS and for photoprodution. All values are ompatible with no polarization.Also presented are the polarization values obtained by investigating the angular distri-bution of the higher-momentum � from K0S deays, as a further test of any systematidetetor e�et. 13



7 ConlusionsMeasurements of K0S, � and �� prodution have been made at HERA, using 121 pb�1 ofdata olleted with the ZEUS detetor. The following onlusions have been obtained:1. in high- and low-Q2 DIS, Ariadne reprodues gross features of the ross setions butshows disrepanies in detail. Overall, the strangeness suppression fator �s = 0:3 ispreferred to �s = 0:22. Pythia, normalised to the data, desribes the dependeneof the photoprodution ross setions on P LABT and �LAB satisfatorily but fails toreprodue the xOBS dependene;2. the numbers of � and �� produed are onsistent with being equal;3. exept for the resolved photon interations, the measured ratio of baryons to mesonsR, de�ned as: R = N(�) + N(��)N(K0S) ;is in the range between 0.2 and 0.5, similar to measurements at e+e� olliders. Ari-adne and Pythia follow the shapes of the data on the seleted observables but inmany ases fail quantitatively at the 10 to 20% level;4. in the resolved photon region, the ratio of baryons to mesons is large, signi�antlylarger than measured in e+e� interations and signi�antly larger than the Pythiapredition;5. the ratio of strange-to-light hadrons measured in terms of T :T = N(K0S)Nh ;is ompatible with measurements at other olliders and is desribed by Ariadne andPythia for all investigated samples of events. For the DIS sample, the strangenesssuppression fator �s = 0:22 is preferred to the default value of �s = 0:3. For thephotoprodution sample, Pythia with �s = 0:3 overestimates the data, but desribesthe shape of the distributions. There is no indiation of any unusual yield of strange-hadrons in the �reball-enrihed sample, as would be qualitatively expeted had therebeen a signi�ant ontribution from QCD instantons;6. No evidene has been found for non-zero transverse polarization in inlusive � or ��prodution. 14
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Polarization (%)High-Q2 DIS Low-Q2 DIS Photoprodution� �1:3� 4:3(stat:)+4:0�0:8(syst:) �4:0� 5:3(stat:)+4:7�4:0(syst:) �2:4� 2:2(stat:)�� �2:2� 4:2(stat:)+2:4�1:3(syst:) �8:5� 5:5(stat:)+4:7�2:1(syst:) �5:8� 2:2(stat:)K0S �1:5� 1:1(stat:) �0:05� 1:5(stat:) �0:5� 0:2(stat:)Table 1: The transverse polarization values for � and ��, expressed here in%, in the high-Q2 DIS ( Q2 > 25GeV 2 and 0:02 < y < 0:95), low-Q2 DIS (5 < Q2 < 25GeV 2 and 0:02 < y < 0:95), and photoprodution ( Q2 < 1GeV 2,0:2 < y < 0:85 and with two jets EjetT > 5GeV and j�jetj < 2:4) samples. Only �and �� in the range 0:6 < P LABT < 2:5GeV and j�LABj < 1:2 are onsidered. Thestatistial error is quoted for all samples, together with the systemati unertaintyassoiated with the measurement for the high-Q2 and low-Q2 samples. A similarsystemati unertainty is expeted for the photoprodution sample. Also shown, asa test of any systemati e�et, are the polarization values obtained by investigatingthe angular distribution of the higher-momentum � from K0S deays.
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Figure 14: The ratio N(�)+N(��)N(K0S) as a funtion of xBj for four bins of Q2, inthe range 0:6 < P LABT < 2:5GeV and j�LABj < 1:2 for events with Q2 > 5GeV 2and 0:02 < y < 0:95. Statistial errors only are shown. The histograms showpreditions from Ariadne with a strangeness-suppression fator of 0.3.
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Figure 19: The ratio N(K0S)Nh as a funtion of P LABT and �LAB, in the range 0:6 <P LABT < 2:5GeV and j�LABj < 1:2 for events with Q2 < 1GeV 2, 0:2 < y < 0:85and at least two jets both satisfying EjetT > 5GeV and j�jetj < 2:4. The ratio isshown for all events in (a) and (b) and for the �reball-enrihed sample and the�reball-depleted sample in () and (d). Predition from Pythia (with multipleinterations) preditions with a strangeness suppression fator of 0.3 are shown assolid and dashed histograms. Statistial errors are smaller than the symbols.
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