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1 IntrodutionThe study of strange partile prodution in proton in-dued reations has a long history, starting from thedisovery of strange partiles in osmi rays in the1950s. Numerous studies have been made (see [1-20,and referenes therein℄) inluding �xed-target experi-ments at Center-of-Mass (CM) energies up to 40GeV,mainly with bubble hambers, as well as at CERN's In-terseting Storage Ring in the 1970s and early 1980s (see [21{24℄) and later at the SPS Collider [25℄. Morereently, studies of strangeness prodution at a CM en-ergy of 200GeV in both proton-proton and deuteron-gold ollisions at RHIC have been published [26, 27℄.A detailed understanding of the underlying produ-tion mehanism, partiularly in proton-nuleus inter-ations, is laking. Further work, both experimentaland theoretial, is needed both to improve the model-ing of atmospheri osmi ray showers, and to serve asa referene for strangeness prodution studies in heavyion ollisions. The study presented in this paper wasperformed at the highest available �xed-target energyand bene�ts from a large sample size.We present the doubly di�erential ross setionsfor K0S , �, and �� prodution in proton ollisions witharbon, titanium and tungsten targets at a CM en-ergy of ps = 41:6GeV as a funtion of the squaredtransverse momentum range (pT ) in the range (0 <p2T < 2:5(GeV=)2) and Feynman-x (xF ) in the range(�0:12 < xF < 0:0). The ross setions and derivedquantities are ompared to preditions obtained fromPYTHIA 6.3 [28℄ and the EPOS 1.67 event genera-tor [29℄. PYTHIA is not designed to model proton-nuleus interations, but the omparison is nonethelessinstrutive. EPOS is an event model urrently underdevelopment whih has reently been shown to au-rately aount for many features of proton-proton [26℄and deuteron-gold ollisions at RHIC [29℄. The EPOSmodel is based on parton-parton interations in whihasades of usually o�-shell partons (\parton ladders")are produed whih eventually hadronize into the ob-served �nal state hadrons. More than one partonladder is generally produed. In the ase of proton-nuleus ollisions, the partons representing the ladderrungs an \resatter" with other target nuleons viaelasti or inelasti interations. This leads to inreasedsreening and also pT broadening with inreasing tar-get mass number.In the following setions we briey desribe the de-tetor, the analysis and �nally present the results. Thestudy presented here supersedes the previously pub-lished HERA-B study [30℄ whose results are inonsis-tent with those presented herein largely due to errorsin the detetor desription used for the previous study.

2 HERA-B experiment anddata sampleHERA-B was a �xed target experiment at the protonstorage ring of HERA at DESY [31℄. Collisions wereprodued by inserting one or more wire targets intothe halo of the 920GeV/ proton beam. The enter-of-mass energy in the proton-nuleon system wasps =41:6GeV.The detetor was designed and built as a mag-neti spetrometer with a forward aeptane of 15-220 mrad in the bending (horizontal) and 15-160 mradin the non-bending (vertial) plane. The target sys-tem [32℄ onsisted of two stations separated by about5 m with four wires eah. The wires were posi-tioned above, below, and on either side of the beamand were made of various materials inluding arbon,titanium and tungsten. The vertex detetor system(VDS) [33℄ was a planar miro-strip vertex detetorproviding a preise measurement of primary and se-ondary verties. The VDS onsisted of 8 stations (with4 stereo views eah) of double-sided silion strip dete-tors mounted in movable Roman Pots whih allowedoperation as near as 10 mm from the beam and pro-vided for retration during beam manipulations. Thevauum vessel housing the detetor was an integralpart of the HERA proton ring. The VDS was fol-lowed by a large aperture dipole magnet with a �eldintegral of 2:13Tm, and a set of traking hambers(OTR) [34℄ onsisting of �95,000 hannels of honey-omb drift ells. Partile identi�ation was performedby a Ring Imaging Cherenkov detetor [35℄, an ele-tromagneti alorimeter [36℄ and a muon system [37℄.This analysis is based on about 107 interations oneah of arbon, titanium and tungsten targets. Thedata set is a subsample of the full minimum bias dataset (2�108 events) whih was taken over a three-day pe-riod from a single �lling of protons in the HERA pro-ton ring to minimize systemati unertainties. Onlyone of the three target wires was in use at a time.All data were reorded with an interation rate of1.5 MHz, orresponding to about one inelasti intera-tion per six bunh rossings. Non-empty events wereseleted using an interation trigger whih required atleast 20 hits in the RICH detetor (ompared to an av-erage of 33 for a full ring from a � = 1 partile [35℄) oran energy deposit of at least 1 GeV in the eletromag-neti alorimeter. The trigger was sensitive to morethan 97% of the total inelasti ross setion �inel [39℄.The data sample also inludes about 5 � 105 eventsper target seleted at random, with no trigger require-ment, whih were taken at a 10 Hz rate throughout thedata taking period. These \random" events were usedfor luminosity determination and systemati studies.3



The entire V 0 andidate reonstrution hain wasbased exlusively on information from the VDS andOTR. All events were reonstruted with the standardHERA-B analysis pakage [40℄.3 Data analysisTheK0S, � and �� partiles are reonstruted from theirtwo partile deays K0S ! �+��, � ! p�� and �� !�p�+, respetively.For this analysis, a trak onsists of mathed re-onstruted OTR and VDS trak segments. A searhfor a primary vertex is performed using them and, ifsuessful, the interation point is taken to be the loa-tion of the found vertex. If unsuessful, the positionof the target wire together with the average positionof interations along the wire are used. In eah event,a full ombinatorial searh for V 0 andidates is thenperformed.V 0 andidates are seleted from all pairs of op-positely harged traks whih form a seondary ver-tex downstream of the interation point. The min-imum distane between the two traks of a pair isrequired to be less then 0.14 m. The �+��, p��and �p�+ mass hypotheses are assigned in turn. Ifthe �+�� invariant mass hypothesis lies in the re-gion 0:44 < M�+�� < 0:56GeV=2 or either the p��or �p�+ invariant mass hypothesis lie in the region1:09 < Mp��=�p�+ < 1:14GeV=2, the pair is aeptedfor further analysis. To redue ross-ontaminationof K0S 's and �/�� samples, pairs with �+�� invariantmass in the range 0:476 < M�+�� < 0:515GeV=2are exluded from the � and �� analyses, and pairswith p�� and �p�+ mass hypotheses in the range1:109 < Mp��=�p�+ < 1:121GeV=2 are exluded fromthe K0S analysis.Finally, a ut on the produt of the transversemomenta of the deay produts relative to the ightdiretion of the V 0 andidate and the proper deaylength of the V 0, ~pT � � > 0:05 GeV= � m, is ap-plied. This requirement rejets short-lived ombina-torial bakground from the target region and also re-dues bakground from  ! e+e� onversions.The �nal invariant mass distributions for seletedK0S , �, and �� andidates from the arbon target sam-ple are shown in Fig. 1. Distributions from the othersamples are similar. The signals are learly seen abovea smooth bakground. The yields of V 0 are alulatedfrom the number of entries in eah bin of the signalregion within a �4� window around the peak positionminus the bakground, whih is taken from the leftand right sidebands with a width of 4� eah. A �t to

Table 1: The number of inelasti events (Nevt), num-ber of reonstruted V 0 (NV 0) and the integrated lu-minosities [39℄ LA in mb�1 for the indiated targets.C Ti WNevt 9350000 9790000 10900000NK0S 152260� 550 210780� 780 265800� 860N� 30800� 270 45170� 350 65170� 440N�� 15220� 240 20990� 310 28840� 430LA 40900:� 1600: 14880:� 520: 6110:� 200:the mass spetra using two Gaussians with a ommonmean to desribe the signal and a �rst order poly-nomial to desribe the bakground gives entral massvalues of 497.0MeV, 1115.3MeV and 1115.9MeV forK0S , �, and ��, respetively; all well within 1MeV ofthe urrent PDG values [38℄.The number of inelasti events, the signal yieldsobtained from the seletion desribed above, and theluminosity values [39℄ are summarized in Table 1 foreah target material.4 Aeptane and visible kine-mati regionThe reonstrution eÆienies for K0S , � and �� in theseleted deay hannels are determined from MonteCarlo (MC) using the FRITIOF 7.02 pakage [42℄for event generation. FRITIOF is a proton-proton,proton-nuleus and nuleus-nuleus ollision genera-tor based on a model in whih hadrons are treated asstrings. The generated events are propagated throughthe detetor using the GEANT 3.21 pakage [43℄. Re-alisti detetor eÆienies, eletroni noise and deadhannel maps are inluded in the simulation. The MCevents are proessed through the same reonstrutionhain as the data. The sizes of the MC samples usedfor the eÆieny alulations are about the same asthose of the data. The unertainties due to MC statis-tis are added in quadrature with the statistial un-ertainties of the data.The total eÆieny whih inludes geometri a-eptane, trak reonstrution eÆieny, and the ef-�ieny of seletion uts, depends on the kinemativariables and is, on average, 9% for K0S, and 5%for � and �� inside the \visible region", de�ned as�0:12 < xF < 0:0 and p2T < 2:5GeV2=2, for all V 04
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5 Experimental resultsThe main results of this paper, the doubly di�eren-tial ross setions, are disussed in the following se-tion. The subsequent setions are devoted to disus-sions of quantities derived from these numbers, suhas A-dependene and prodution ratios.5.1 Doubly di�erential ross setionsThe doubly di�erential ross setion for the state V 0in the (i; j)th bin of (xF ; p2T ) is omputed from thefollowing formula:d2�V 0pA(i; j)dxF dp2T = NV 0i;jBr(V 0) � LA � �V 0i;j ��xF ��p2T ; (1)where Br(V 0) [38℄ is the branhing ratio of the de-teted deay and LA is the integrated luminosity of thedata set for the spei�ed target material (see Table 1).NV 0i;j is the bakground-subtrated number of reon-struted V 0 andidates in the (i; j)th bin of (xF ; p2T )and �V 0i;j is the orresponding eÆieny alulated fromthe MC as desribed in Set. 4. The bin widths are0.02 in xF and 0:25GeV=2 in pT .The values of the inlusive doubly di�erential rosssetions, d2�=dxF dp2T for the full visible region are re-ported in Tables 6, 7 and 8 for all three target materialsand illustrated in Fig. 2. The measurement resolutionsin xF and p2T are small ompared to the bin width. Adisussion of systemati unertainties an be found in5
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Table 2: Results of the ombined power-law �ts (Eq. 2) for the doubly di�erential ross setions d2�pA=dxF dp2T .Data were �tted in the aeptane region (�0:12 < xF < 0:0 and 0:0 < p2T < 2:5GeV2=2). Systematiunertainties were not inluded in the �t and empty ells were exluded.C0 [mb=(GeV=)2℄ � A; [GeV2=2℄ B; [GeV2=2℄ n �2=DOFp+A! K0S +XC 4893:� 79: 3:93� 0:09 0:53� 0:02 3:57� 0:32 22:85� 0:64 81:=51T i 16650:� 270: 3:69� 0:08 0:50� 0:02 2:89� 0:32 20:71� 0:70 40:=50W 56980:� 770: 3:53� 0:06 0:48� 0:01 3:12� 0:28 19:53� 0:58 91:=51p+A! �+XC 425:� 21: 6:90� 0:96 2:33� 0:43 2:4� 1:4 8:64� 0:67 91:=55T i 1402:� 52: 6:40� 0:87 2:33� 0:41 0 6:62� 0:35 59:=54W 6040:� 260: 3:98� 0:31 1:19� 0:15 2:34� 0:63 7:57� 0:56 62:=55p+A! �� +XC 259:� 19: 9:9� 2:6 3:4� 1:2 3:8� 3:2 11:3� 1:0 72:=54T i 1121:� 82: 11:0� 3:2 3:8� 1:6 7:0� 4:6 14:2� 1:2 63:=52W 3860:� 270: 4:86� 0:59 1:40� 0:26 4:4� 1:4 12:6� 1:0 59:=55Set. 6. For the exluded bins (see Set. 4), the valuesreported in the tables were extrapolated using the �tsdesribed below.The measured ross setion distributions have thesame general behavior for all V 0 partiles and an bedesribed by the following parameterization:d2�dxF dp2T = C0 � (1� jxF j)n � �1 + p2TA+B � jxF j��� :(2)The power law parameterization in xF is often used,partiularly in the fragmention region where the mea-sured power has been used to distinguish fragmenta-tion models [44℄. While the parametrization has notheoretial underpinning in the xF range of the presentmeasurement, it nonetheless gives a good representa-tion of the data. The parameterization of the pT de-pendene is also often seen in the literature, exeptthat we have found it neessary to introdue a linearterm in jxF j into the fator dividing p2T sine the dis-tributions tend to atten with dereasing xF . This isthe well-known \sea-gull" e�et [45℄ �rst observed [46℄in bubble hamber experiments. The �tted urves areshown as dark solid lines in Fig. 2 and the �t param-eters together with the �t �2s are summarized in Ta-ble 2. The funtions are in agreement with the data atthe level of 5% or better in the high statistis bins andotherwise ompatible with the data within statistialerrors.The reported values for the parameter n are forthe most part onsiderably larger than either thoseexpeted by the ounting rules given in [44℄ or themeasurements summarized in the same paper. How-ever, as noted above, the model of [44℄ applies only

for xF values outside the measured xF range. BothPythia and EPOS indiate that n is a strong funtionof xF with n lose to the numbers reported in Table 2for jxF j . 0:1 but dereasing to values similar to thosegiven in [44℄ for jxF j � 0:5. The �tted funtions havebeen used to alulate the values of the doubly di�er-ential ross setion in the unmeasured bins of the grid.These values are presented in Table 6, 7 and 8 (markedby asterisks).The results of PYTHIA and EPOS are indiated inFig. 2 by light solid lines and dotted lines, respetively.The PYTHIA results are for proton-proton ollisionsatps = 41:6GeV (with default settings) and thereforethe total alulated ross setions do not orrespondto the measured pA ross setions. Thus, to failitatethe omparison of shapes, the normalizations are arbi-trarily adjusted suh that the PYTHIA results agreewith the data in the highest xF and lowest p2T bin ofeah plot separately. In ontrast, EPOS provides theross setion relative to the total inelasti ross setionfor eah target. The inelasti ross setions are takenfrom [39℄.As expeted, the EPOS alulations generally givea better desription of the data than the (arbitrar-ily normalized) PYTHIA urves although PYTHIA isremarkably good at desribing the K0S data for thelighter target materials. Sine the PYTHIA alula-tions are for proton-proton interations, they an beexpeted to give a progressively poorer desription ofthe data with inreasing A, at least in part due to theCronin e�et [47℄: the attening of the pT distributionwith inreasing atomi mass number. In general, theEPOS urves give a quite satisfatory desription of7
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Table 3: The integrated inlusive di�erential produ-tion ross setions �vispA in the aeptane of the mea-surement. The unertainties are statistial. The a-eptane boundaries of the measurement in xF andp2T are given in the 3rd and 4th olumns, respetively.xF interval p2T range, [GeV2=2℄ �vispA , [mb℄p+A! K0S +XC 38:5� 0:4T i -0:08 { 0:0 0:0 { 2:5 141:8� 1:9W 523:9� 5:4p+A! �+XC 13:1� 0:2T i -0:12 { 0:0 0:0 { 2:5 50:5� 0:7W 201:7� 2:1p+A! �� +XC 6:7� 0:2T i -0:12 { 0:0 0:0 { 2:5 26:7� 0:6W 95:7� 1:9value of the ross setion in the same bin, and n isthe number of (p2T ) bins. This quantity is plotted inFig. 3 as a funtion of xF for K0S, � , and �� for thetungsten target sample together with the orrespond-ing EPOS preditions. The EPOS preditions showthe same trend of inreasing hpT i with dereasing xFas the data and also the same ordering with hpT i: hpT iof � slightly higher than the hpT i of �� whih is higherthan the hpT i ofK0S , although the averages are slightlyunderestimated. The average pT from arbon and ti-tanium samples behave similarly (not shown).5.2 Integrated ross setion and atomimass number dependeneThe inlusive prodution ross setion in the visibleregion is omputed by summing the di�erential rosssetions over all bins. The results, �vispA , are listed inTable 3. Aording to the �tted funtional forms, themeasured ross setions orrespond to more than 98%of the total ross setion in the visible xF interval forall targets and all V 0 partiles.The dependene of the measured ross setions �vispAon the atomi mass of the target material (A) an bedesribed by a power-law:�vispA / A�vis ; (4)where, in this ase, �vis haraterizes the averageatomi mass number dependene of the visible ross8
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tion of the total ross setion in the visible region. Thisfration was estimated using an average of EPOS re-sults for the frations of all V 0s produed in proton-proton and proton-neutron interations in the mea-sured xF interval (34.7%, 17.5% and 35.4% for K0S ,� and ��, respetively). The alternative of separatelyorreting eah proton-nuleus ross setion before ex-trapolation to A = 1 was rejeted sine it relies moreheavily on the Monte Carlo.5.3 Partile ratiosThe ratio of the �� ross setion to that of the � isplotted in Fig. 6 as funtions of xF and p2T for thethree targets. For Fig. 6a, the data have been summedover the full measured p2T range, and for Fig. 6b, overthe full xF range. The EPOS alulations are alsoshown. The PYTHIA result indiated in Fig. 6b, iswell above the data. The PYTHIA result vs. xF iswell above the upper plot boundary in Fig. 6a, startingat � 0:8 at xF � �0:1, and inreasing smoothly to9
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Table 4: The integrated V 0 prodution ross setionsper nuleon �vispN in millibarns in the visible region andthe values of � from the �t of the ross setions pernuleus to Eq. 4. The unertainties inlude both sta-tistial and systemati ontributions. The results of�ts to the data points in Fig. 5 are also given.K0S � ���vispN [mb℄ 3:56� 0:33 1:07� 0:11 0:594� 0:080�totpN [mb℄ 10:33� 0:90 6:13� 0:61 1:68� 0:21�vis 0:957� 0:013 1:004� 0:016 0:975� 0:021�2 0:4 0:9 0:5Fits of Figs. 5a,b, to � = �pT0 + �pT1 � pT�2=DOF 8:4=8 7:8=8 10:=8�pT0 0:941� 0:011 0:975� 0:015 0:938� 0:018�pT1 0:052� 0:005 0:052� 0:007 0:052� 0:011Fits of Figs. 5d,e,f to � = �xF0 + �xF1 � xF�2=DOF 0:5=2 1:5=4 3:6=4�xF0 0:911� 0:021 0:986� 0:017 0:962� 0:025�xF1 �1:43� 0:54 �0:346� 0:007 �0:072� 0:011
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� 0:92 at xF � 0. The EPOS result is in reasonableagreement with the data in Fig. 6a, where it is also seento reprodue the A-dependene fairly well, despite thefat that the EPOS alulation of average � is wellbelow the data for both � and �� (see Figs. 5b and5). As illustrated in Fig. 6b, the EPOS urve is alsoin reasonable agreement with the data over most of thep2T range but the data shows a tendeny to dereasewith p2T while EPOS suggests a at p2T dependene.The ratio of � to K0S ross setions is shown inFig. 7 for the three target materials. The STAR mea-surements [26℄ in pp interations at ps = 200GeV andUA1 [25℄ in pp interations at ps = 630GeV are alsoshown. The ratio shows no appreiable dependene onenter-of-mass energy, atomi number or the type ofolliding partiles over the measured range. The EPOSresults agree well with the data at low pT but tend tounderestimate the data at higher pT . Nonetheless, asindiated in the �gure, the EPOS alulation lies farloser to the data than the PYTHIA result over thefull measured range.5.4 Comparison with existing dataOnly two experiments [21, 23℄ have measured V 0 pro-dution at a similar energy and in kinemati rangeswhih overlap with the present measurement. The�rst of these measurements, by B�usser et al., givesthe average invariant ross setion as a funtion of pTof three separate measurements at ps = 30:6, 44:8,and 52:7GeV (an average energy of 44GeV) in proton-proton ollisions and in a enter-of-mass rapidity (y)interval of about 2 units entered at 0 and for pT largerthan 1.2GeV/(K0S) and 0.8GeV/ (� and ��). Themeasurements are shown in Fig. 8. The seond report,by Drijard et al. [23℄ gives invariant ross setions forK0S , �, and �� over a wide range in rapidity and pT inproton-proton ollisions at ps = 63GeV. The relevantpoints are also shown in Fig. 8. The HERA-B mea-surements are indiated in Fig. 8 by urves whih arederived from the parameterization given by (Eq. 3).The �t parameters are �xed to those of the arbontarget (Table 2) and the resulting values are extrapo-lated to A = 1 assuming the straight line �ts to the �vs. pT points shown in Fig. 5.While the K0S ross setions of [21℄ are in rathergood agreement with the HERA-B results, the HERA-B � and �� measurements are somewhat higher. B�usseret al. also extrapolate their measurements to pT =0 and report (d�dy )y=0 = 0:43 � 0:05mb (�) and0:27 � 0:04mb (��). The orresponding numbers forthe present measurement, (d�dy )y=0 = 0:77 � 0:05mb(�) and (0:47� 0:04mb (��) are nearly a fator of two
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higher. As shown in Fig. 8, the y = 0 measurementsof [50℄ are also about a fator of two higher thanthe present measurement. This is, at least in part,explained by the substantially higher enter-of-massenergy of the Drijard et al. measurements, howeverpossible problems with theK0S measurements reportedin [23℄ have been noted [30℄ elsewhere.Finally, in Fig. 9, we show the HERA-B results to-gether with previously published values of the totalproton-nuleon ross setion as a funtion of squaredCM energy (s). The HERA-B results �t with the gen-eral trend of the data. Two notable exeptions arethe two points at s = 2800GeV and 3800GeV indi-ated by squares (�)and triangles (��) from Erhan etal. [22℄ for � and �� prodution. We note howeverthat these points depend sensitively on the extrap-olations of B�usser et al. [21℄ and that a multiplia-tive fator of two is missing from the transformationgiven in [22℄ of the B�usser et al. points from d�=dyto d�=djxF j [51℄. If our own measurements are sub-stituted for the B�usser et al. extrapolations, we esti-mate that the total ross setion values of Erhan et al.would inrease by about a fator of two and a moresatisfatory agreement among the di�erent measure-ments would result, as indiated by the realulatedpoints in the �gure.11
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Table 5: Summary of systemati unertainties. Thevalues are shown separately for eah partile and eahtarget material.For the luminosity, the total and un-orrelated errors are quoted. K0S � ��signal ounting 3:2% 3:3% 4:5%ut variation 0:4% 3:9% 5:2%traking eÆieny 3:0% 3:0% 3:0%branhing ratio 0:05% 0:5% 0:5%MC model 3:3% 3:7% 5:7%total (w/o luminosity) 5:5% 7:0% 9:4%C Ti Wluminosity (tot) 5:0% 5:2% 4:2%luminosity (unorrelated) 3:9% 4:2% 2:9%6 Systemati unertainties andheksThe following possible soures of systemati uner-tainty have been onsidered:� A bin-based method is used for estimating thenumber of produed V 0 andidates. An alterna-tive �t-based method in whih the invariant massdistributions are �t to a double Gaussian for thesignal and a �rst-order Legendre polynomial forthe bakground results in hanges to the rosssetions of 3.2% for K0S, 3.3% for � and 4.5% for��.� From varying the most powerful ut, namely theut on ~pT � � , within reasonable limits, we esti-mate a systemati unertainty of about 3.9% for�, 5.2% for �� and 0.4% for K0S mesons.� The eÆienies for reonstrution of trak seg-ments in the VDS and in the OTR were measuredindependently by exploiting �+�� deays [49℄ ofthe K0S . One of the two deay pions was reon-struted using RICH and ECAL information in-stead of either the OTR hits or the VDS hitsand a searh was made among the reonstrutedtraks for a math. Based on a omparison ofthis method applied to data and to Monte Carlo,a systemati unertainty on trak reonstrutionand mathing eÆieny of 1.5% per trak is esti-mated.� The inuene of the trak multipliity on the re-onstrution eÆieny is found to give a negligi-ble ontribution to the systemati unertainty.12



� The systemati unertainties on the branhing ra-tios [38℄ are 0.05% for K0S ! �+�� and 0.5% for�! p�� and ��! �p�+ deays, respetively.� The total systemati unertainties due to the lu-minosity alulations [39℄ are 5.0%, 5.2% and4.2% for arbon, titanium and tungsten targets,respetively. The unertainties are orrelatedbetween target materials with orrelation oef-�ients varying between 0.90 and 0.92. For theA-dependene and pN ross setion results, theseunertainties and their orrelations are taken intoaount.� A hek for a possible left-right bias in the spe-trometer aeptane was made by deriving thevisible K0S ross setion with subsets of the datawith opposite signs of deay asymmetry (p+z �p�z )=(p+z + p�z ), where p+z and p�z are the om-ponents of momentum along the beam diretionof �+ and ��, respetively). The maximum dif-ferene between the values of ross setions forthe negative and positive asymmetry samples is0:7%.� The fat that the eÆieny orretion was doneon a grid of xF and pT bins onsiderably reduesthe dependene of the orretion on the shapeof the kinemati distributions produed by theMC ompared to separate one-dimensional or-retions. The remaining unertainty was studiedby varying xF - and pT -dependent weighting fa-tors applied to the MC events. The di�erenebetween the average eÆieny omputed with aweight of unity and a weighting map whih foresFRITIOF-generated distributions to onform tothe orreted data is taken as the systemati un-ertainty on the MC prodution model. Thenumbers are given in Table 5.� In [52℄, we reported evidene for a positive polar-ization of �'s relative to the normal to the � pro-dution plane in the visible region. Nonethelessthe aeptane alulations done for the presentmeasurement assume unpolarized prodution of�'s. It is however also shown in [53℄ that theaeptane is insensitive to polarization e�ets.� The proper lifetimes of K0S, � and �� extratedfrom the data sample are 2:65� 0:04 m, 8:70�0:47 m and 8:26 � 0:68 m, respetively (statis-tial errors only). The K0S and �� lifetimes arewithin 1� of the PDG values [38℄ while the mea-sured � lifetime is 1:7� higher than the PDGvalue. The level of agreement is thus aeptable.The systemati unertainty estimates resultingfrom these onsiderations are olleted in Table 5. Thesystemati unertainties on the di�erential ross se-tion measurements are quadrati sums of luminosity-

dependent and V 0-type dependent terms and arelargely orrelated over the measured range and on-stant to within about 20%. Sine the unertaintiesare for the most part orrelated and onstant, theyappear as unertainties in the overall sale dependingonly on target material and V 0 type and are quotedin Tables 6, 7 and 8.7 SummaryWe have studied the prodution ross setions for K0S ,�, and �� in the entral region (�0:12 < xF < 0:0)in proton interations on nulear targets (arbon, ti-tanium and tungsten) at a enter-of-mass energy ofps = 41:6GeV. The main results, the doubly dif-ferential ross setions are presented in Tables 6, 7,and 8. Several derived quantities: partile ratios, theA-dependene parameter �, and the total produtionross setions are presented and disussed. The resultsare ompared to PYTHIA and EPOS alulations. Forthe most part, the EPOS alulations agree with thedata at the 20% level. PYTHIA is not designed tohandle proton nuleus interations and, as expeted,produes pT distributions whih are steeper than thedata. PYTHIA also fails to desribe the ratio of �to ��, and, as previously pointed out in [26℄, the ratioof � to K0S. The failure annot be attributed to A-dependene. The results are also ompared to existingmeasurements and possible reasons for some disrep-anies are disussed.AknowledgmentsWe express our gratitude to the DESY laboratory fortheir strong support in the installation of running ofthe experiment and the subsequent data analysis. Weare also indebted to the DESY aelerator group fortheir ontinuous e�orts to provide the best possiblebeam onditions. The HERA-B experiment would nothave been possible without the enormous e�ort andommitment of our tehnial and administrative sta�.It is a pleasure to thank all of them. We thank KlausWerner for providing EPOS preditions and also formaking the EPOS ode available to us.Referenes[1℄ N. N. Biswas et al., Nul. Phys. B 167, 41 (1980)[2℄ S. Mikoki et al., Phys. Rev. D 34, 42 (1986)[3℄ D. Ljung et al., Phys. Rev. 15, 3163 (1977)13



Table 6: The inlusive doubly di�erential ross setion d2�pA=dxF dp2T for the prodution of K0S mesons on theindiated targets in the given xF and pT bins. The unertainties given for eah bin are statistial. The valuesmarked with asterisks are extrapolated. Additional sale unertainties (see Set. 6) are quoted in the headersof eah sub-table. The sums over the kinemati bins in eah olumn (row) is given in the last olumn (row).The orresponding ross setion for the olumn (row) is the sum multiplied by the appropriate bin width.d2�pA=dxF dp2T ; [mb=(GeV=)2℄p+ C ! K0S +X (sale unertainty: �7:4%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 219:� 12:� 352:� 14:� 715:� 70: 829:� 24: 1354:� 15: 1973:� 15: 5443:� 79:0:25� 0:5 92:8� 3:2� 140:8� 3:4� 210:� 11: 297:6� 7:1 425:5� 6:6 554:8� 7:2 1722:� 17:0:5� 0:75 39:� 16: 55:5� 5:8 92:8� 4:6 131:8� 4:1 179:7� 4:2 207:9� 4:4 707:� 19:0:75� 1:0 28:6� 5:2 31:3� 3:1 49:9� 3:2 64:9� 2:9 90:6� 3:2 99:7� 3:2 365:1� 8:71:0� 1:25 22:8� 5:1 19:8� 2:1 25:2� 1:9 38:1� 2:2 50:0� 2:5 60:9� 2:9 216:8� 7:41:25� 1:5 8:6� 2:0 10:9� 1:5 16:7� 1:7 19:3� 1:4 29:3� 2:1 31:1� 2:1 115:9� 4:41:5� 1:75 4:9� 1:3 8:9� 1:5 11:9� 1:6 15:7� 1:6 15:7� 1:4 19:3� 1:7 76:4� 3:71:75� 2:0 4:5� 1:3 7:8� 1:6 9:7� 1:6 11:0� 1:5 11:2� 1:3 9:9� 1:1 54:2� 3:42:0� 2:25 3:1� 0:7 2:8� 0:7 6:6� 1:3 6:9� 1:0 11:5� 2:2 8:7� 1:3 39:6� 3:22:25� 2:5 3:5� 0:9 4:6� 1:5 4:2� 0:9 4:2� 0:9 5:0� 0:9 5:9� 1:1 27:4� 2:6sum 427:� 21: 635:� 16: 1143:� 71: 1418:� 25: 2173:� 17: 2971:� 18: 8767:� 84:p+ T i! K0S +X (sale unertainty: �7:6%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 936:� 54:� 1439:� 63:� 2760:� 330: 3404:� 120: 4750:� 61: 6950:� 52: 20240� 370:0:25� 0:5 386:� 15:� 562:� 15:� 745:� 41: 1124:� 29: 1523:� 23: 1989:� 25: 6328:� 64:0:5� 0:75 189:5� 5:5� 283:� 31: 348:� 19: 471:� 16: 640:� 14: 795:� 16: 2727:� 45:0:75� 1:0 185:� 38: 157:� 19: 222:� 16: 249:� 11: 324:� 11: 397:� 12: 1533:� 49:1:0� 0:25 57:� 13: 73:� 11: 119:� 11: 139:0� 8:2 169:3� 8:0 212:� 10: 770:� 25:1:25� 1:5 37:0� 8:7 54:2� 8:1 69:4� 6:9 104:2� 8:3 112:4� 7:4 127:� 8: 504:� 20:1:5� 1:75 33:8� 8:3 33:4� 7:2 48:6� 6:6 64:8� 6:8 62:3� 5:1 71:0� 6:1 314:� 17:1:75� 2:0 15:8� 5:5 22:6� 4:4 33:0� 5:2 40:0� 4:8 45:0� 4:9 51:8� 5:8 208:� 13:2:0� 2:25 15:8� 5:6 19:3� 6:2 22:6� 4:4 23:1� 3:5 38:2� 5:9 30:4� 4:4 149:� 12:2:25� 2:5 9:8� 4:5 14:3� 4:1 12:9� 3:4 19:7� 3:9 20:8� 3:9 27:4� 4:8 105:� 10:sum 1865:� 70: 2658:� 76: 4380:� 340: 5640:� 130: 7685:� 69: 10651:� 62: 32880:� 390:p+W ! K0S +X (sale unertainty: �6:9%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 3750:� 180:� 5610:� 200:� 10940:� 980: 12420:� 340: 17460:� 180: 24040:� 150: 74220:� 1100:0:25� 0:5 1614:� 50:� 2284:� 49:� 2890:� 130: 4105:� 87: 5758:� 71: 7019:� 72: 23670:� 200:0:5� 0:75 688:� 205: 879:� 84: 1409:� 58: 1985:� 48: 2441:� 43: 2862:� 46: 10270:� 240:0:75� 1:0 478:� 79: 625:� 47: 822:� 39: 1080:� 35: 1285:� 33: 1471:� 36: 5760:� 120:1:0� 0:25 246:� 40: 289:� 26: 485:� 30: 611:� 27: 729:� 26: 797:� 27: 3157:� 73:1:25� 1:5 159:� 26: 243:� 25: 310:� 24: 382:� 21: 389:� 19: 458:� 22: 1940:� 56:1:5� 1:75 142:� 23: 177:� 20: 225:� 22: 287:� 21: 287:� 18: 321:� 20: 1439:� 50:1:75� 2:0 84:� 16: 113:� 16: 143:� 17: 181:� 17: 196:� 17: 214:� 19: 930:� 42:2:0� 2:25 78:� 15: 82:� 13: 84:� 12: 103:� 12: 111:� 12: 152:� 16: 610:� 33:2:25� 2:5 43:� 11: 59:� 12: 66:� 10: 87:� 13: 87:� 11: 86:� 12: 428:� 28:sum 7280:� 300: 10360:� 240: 17370:� 990: 21240:� 360: 28740:� 200: 37420:� 180: 122420:� 1150:
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Table 7: The inlusive doubly di�erential ross setion d2�pA=dxF dp2T for the prodution of � baryons on theindiated targets in the given xF and pT bins. The unertainties given for eah bin are statistial. The valuesmarked with asterisks are extrapolated. Additional sale unertainties (see Set. 6) are quoted in the headersof eah sub-table. The sums over the kinemati bins in eah olumn (row) is given in the last olumn (row).The orresponding ross setion for the olumn (row) is the sum multiplied by the appropriate bin width.d2�pA=dxF dp2T ; [mb=(GeV=)2℄p+ C ! � +X (sale unertainty: �8:6%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 123:8� 8:5 154:0� 8:7 171:7� 8:1 192:3� 8:4 261:� 12: 229:� 22: 1132:� 30:0:25� 0:5 55:4� 4:1 62:6� 4:0 90:2� 4:2 99:0� 4:2 125:3� 5:0 150:9� 7:8 583:� 12:0:5� 0:75 35:3� 3:6 47:0� 3:6 45:0� 3:0 55:7� 3:3 60:0� 3:2 79:3� 4:8 322:3� 8:90:75� 1:0 23:6� 3:2 27:8� 3:2 30:2� 2:8 32:1� 2:7 41:1� 3:1 47:2� 3:8 201:9� 7:71:0� 0:25 16:7� 2:8 15:3� 2:2 22:3� 3:2 31:2� 4:0 26:4� 2:8 29:2� 3:3 141:1� 7:61:25� 1:5 13:8� 4:0 10:2� 2:2 15:3� 3:2 14:5� 2:2 14:8� 2:2 16:4� 2:2 85:0� 6:81:5� 1:75 11:4� 3:6 10:2� 2:4 6:0� 1:2 9:5� 1:7 13:4� 3:2 11:4� 2:0 61:9� 6:11:75� 2:0 3:7� 1:0 5:5� 1:8 3:1� 0:8 6:1� 1:4 6:7� 1:4 5:5� 1:2 30:7� 3:22:0� 2:25 4:3� 1:3 5:8� 3:1 7:0� 4:8 6:0� 2:0 3:5� 1:0 3:8� 1:2 30:3� 6:42:25� 2:5 5:9� 4:7 2:4� 1:0 1:2� 0:4 5:9� 3:1 2:1� 0:6 5:1� 1:8 22:7� 6:0sum 294:� 13: 341:� 12: 392:� 12: 452:� 12: 555:� 15: 578:� 24: 2612:� 38:p+ T i! �+X (sale unertainty: �8:7%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 478:� 32: 533:� 30: 654:� 30: 738:� 30: 837:� 37: 1181:� 86: 4420:� 110:0:25� 0:5 243:� 17: 274:� 15: 358:� 16: 395:� 16: 440:� 17: 463:� 23: 2172:� 43:0:5� 0:75 195:� 21: 166:� 12: 195:� 12: 220:� 12: 268:� 14: 274:� 16: 1318:� 36:0:75� 1:0 90:� 14: 87:4� 8:4 113:� 10: 125:� 10: 151:� 10: 193:� 16: 759:� 29:1:0� 0:25 53:� 10: 76:� 11: 82:� 10: 94:� 10: 92:7� 9:2 105:� 11: 502:� 25:1:25� 1:5 57:� 14: 36:8� 5:9 43:9� 6:7 49:0� 6:2 72:1� 9:5 70:4� 8:8 329:� 22:1:5� 1:75 27:9� 7:5 62:� 23: 27:4� 4:8 39:3� 6:9 40:6� 7:7 63:� 13: 260:� 30:1:75� 2:0 11:6� 3:8 14:9� 3:0 34:� 14: 24:1� 4:6 35:7� 9:0 27:2� 6:0 147:� 19:2:0� 2:25 16:8� 8:1 12:0� 0:7� 30:� 14: 14:9� 4:3 27:1� 7:4 24:7� 6:4 126:� 19:2:25� 2:5 5:9� 2:9 5:8� 2:2 17:7� 8:0 7:0� 2:0 13:7� 5:0 16:2� 8:7 66:� 14:sum 1177:� 48: 1268:� 45: 1555:� 45: 1705:� 40: 1977:� 48: 2417:� 94: 10100:� 140:p+W ! �+X (sale unertainty: �8:2%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 1910:� 110: 2075:� 93: 2584:� 92: 2900:� 93: 3452:� 119: 4080:� 260: 17000:� 340:0:25� 0:5 1053:� 58: 1194:� 53: 1260:� 44: 1517:� 47: 1708:� 50: 2012:� 80: 8740:� 140:0:5� 0:75 641:� 43: 736:� 40: 849:� 40: 820:� 33: 949:� 37: 1096:� 49: 5091:� 99:0:75� 1:0 379:� 35: 405:� 33: 482:� 31: 585:� 33: 631:� 32: 687:� 39: 3168:� 83:1:0� 0:25 276:� 31: 289:� 27: 323:� 28: 387:� 30: 411:� 31: 384:� 27: 2069:� 71:1:25� 1:5 128:� 20: 190:� 23: 237:� 27: 270:� 31: 302:� 31: 271:� 26: 1398:� 64:1:5� 1:75 171:� 33: 175:� 30: 199:� 32: 136:� 16: 177:� 23: 180:� 22: 1038:� 65:1:75� 2:0 94:� 25: 124:� 25: 122:� 21: 136:� 24: 127:� 21: 135:� 23: 739:� 57:2:0� 2:25 42:� 11: 144:� 47: 126:� 40: 131:� 39: 111:� 30: 87:� 17: 640:� 81:2:25� 2:5 38:� 17: 93:� 44: 82:� 30: 70:� 19: 96:� 24: 65:� 15: 443:� 65:sum 4730:� 150: 5430:� 150: 6270:� 140: 6950:� 130: 7960:� 150: 9000:� 280: 40330:� 430:
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Table 8: The inlusive doubly di�erential ross setion d2�pA=dxF dp2T for the prodution of �� baryons on theindiated targets in the given xF and pT bins. The unertainties given for eah bin are statistial. The valuesmarked with asterisks are extrapolated. Additional sale unertainties (see Set. 6) are quoted in the headersof eah sub-table. The sums over the kinemati bins in eah olumn (row) is given in the last olumn (row).The orresponding ross setion for the olumn (row) is the sum multiplied by the appropriate bin width.d2�pA=dxF dp2T ; [mb=(GeV=)2℄p+ C ! �� +X (sale unertainty: �10:6%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 58:5� 9:2 72:6� 8:3 83:0� 7:0 109:4� 7:5 134:7� 9:6 123:� 21: 581:� 28:0:25� 0:5 26:2� 3:7 31:0� 3:2 43:8� 3:3 67:2� 3:8 68:3� 3:7 81:2� 5:6 317:7� 9:70:5� 0:75 15:2� 2:6 16:6� 2:2 22:6� 2:1 32:2� 2:6 44:7� 2:9 42:3� 3:1 173:5� 6:40:75� 1:0 10:9� 1:9 8:7� 1:4 16:7� 2:4 21:9� 2:3 22:7� 2:3 21:5� 2:3 102:4� 5:21:0� 0:25 4:5� 1:7 7:4� 1:4 9:0� 1:6 14:0� 2:1 12:9� 2:1 16:1� 1:9 63:7� 4:41:25� 1:5 6:6� 2:2 3:1� 0:8 5:7� 1:3 5:5� 1:1 5:2� 1:1 7:8� 1:3 33:9� 3:41:5� 1:75 1:6� 0:7 3:2� 1:0 5:0� 1:6 5:1� 1:3 5:9� 2:0 5:1� 1:1 25:9� 3:31:75� 2:0 1:4� 0:6 2:0� 0:8 1:7� 0:7 6:3� 2:4 3:3� 1:3 4:8� 1:7 19:5� 3:52:0� 2:25 0:7� 0:5 1:1� 0:8 1:7� 1:2 4:6� 2:1 2:3� 0:8 1:3� 0:6 11:7� 2:82:25� 2:5 0:8� 0:5 2:7� 1:2 0:7� 0:4 1:0� 0:1� 1:4� 1:0 2:3� 1:6 9:0� 2:3sum 126:� 11: 148:� 10: 189:9� 8:9 267:� 10: 301:� 12: 305:� 22: 1338:� 32:p+ T i! �� +X (sale unertainty: �10:7%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 160:� 32: 190:� 29: 320:� 28: 445:� 28: 513:� 35: 689:� 83: 2320::� 110:0:25� 0:5 82:� 15: 109:� 12: 151:� 11: 216:� 12: 278:� 14: 358:� 22: 1193:� 37:0:5� 0:75 72:� 19: 81:� 11: 119:� 12: 121:0� 8:6 175:� 12: 182:� 14: 750:� 32:0:75� 1:0 25:6� 7:2 39:2� 7:0 51:1� 6:3 73:7� 7:7 98:1� 9:6 83:0� 7:9 371:� 19:1:0� 0:25 56:� 31: 23:8� 4:6 39:5� 6:6 42:7� 6:2 45:1� 5:3 68:� 10: 274:� 34:1:25� 1:5 12:5� 4:6 32:� 11: 22:3� 4:6 28:9� 5:1 30:2� 5:9 41:6� 7:3 167:� 16:1:5� 1:75 14:6� 6:9 7:7� 2:0 18:1� 5:8 14:8� 3:4 24:8� 5:2 21:9� 5:0 102:� 12:1:75� 2:0 2:1� 1:3 6:3� 0:5� 16:5� 6:5 11:2� 3:6 37:� 18: 10:6� 3:0 84:� 20:2:0� 2:25 3:0� 1:6 4:1� 0:4� 8:4� 4:1 11:3� 3:8 8:7� 3:5 21:4� 9:9 57:� 12:2:25� 2:5 2:2� 0:3� 1:9� 0:9 2:4� 0:8 4:8� 2:1 8:6� 3:8 6:2� 3:3 26:1� 5:6sum 431:� 52: 494:� 36: 748:� 35: 968:� 35: 1219:� 45: 1481:� 89: 5340:� 130:p+W ! �� +X (sale unertainty: �10:3%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 850:� 100: 876:� 87: 1093:� 84: 1534:� 89: 1950:� 110: 2160:� 270: 8460:� 350:0:25� 0:5 426:� 48: 425:� 37: 546:� 37: 702:� 35: 920:� 40: 1122:� 61: 4140:� 110:0:5� 0:75 245:� 32: 327:� 30: 331:� 25: 427:� 25: 523:� 29: 593:� 34: 2446:� 72:0:75� 1:0 110:� 19: 145:� 18: 222:� 23: 318:� 24: 305:� 21: 338:� 26: 1438:� 54:1:0� 0:25 74:� 16: 135:� 20: 121:� 14: 158:� 18: 200:� 19: 193:� 19: 880:� 44:1:25� 1:5 109:� 29: 76:� 15: 131:� 22: 135:� 20: 115:� 15: 154:� 18: 720:� 50:1:5� 1:75 47:� 15: 65:� 16: 62:� 11: 57:� 10: 68:� 11: 93:� 16: 391:� 33:1:75� 2:0 34:� 11: 43:� 13: 50:� 13: 76:� 18: 68:� 15: 53:� 12: 323:� 34:2:0� 2:25 25:� 11: 26:9� 8:0 28:4� 8:0 47:� 20: 54:� 15: 32:4� 7:6 214:� 30:2:25� 2:5 17:0� 6:0 10:4� 5:6 20:4� 7:4 21:5� 7:3 24:0� 9:2 36:� 13: 129:� 21sum 1930:� 130: 2130:� 110: 2600:� 100: 3480:� 110: 4770:� 290: 4770:� 290: 19140:� 390:
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