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DESY{04{056Marh 27, 2004Evidene for a narrow baryoni statedeaying to K0S p and K0S �p in deep inelastisattering at HERAZEUS CollaborationAbstratA resonane searh has been made in the K0S p and K0S �p invariant-mass spetrummeasured with the ZEUS detetor at HERA using an integrated luminosity of 121pb�1. The searh was performed in the entral rapidity region of inlusive deepinelasti sattering at an ep entre-of-mass energy of 300{318 GeV for exhangedphoton virtuality, Q2, above 1 GeV2. Reent results from �xed-target experi-ments give evidene for a narrow baryon resonane deaying to K+n and K0S p,interpreted as a pentaquark. The results presented here support the existeneof suh state, with a mass of 1521:5 � 1:5(stat:)+2:8�1:7(syst:) MeV and a Gaussianwidth onsistent with the experimental resolution of 2 MeV. The signal is visibleat high Q2 and, for Q2 > 20 GeV2, ontains 221 � 48 events. The probability ofa similar signal anywhere in the range 1500{1560 MeV arising from utuationsof the bakground is below 6 � 10�5.
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1 IntrodutionReent results from �xed-target experiments give evidene for the existene of a narrowbaryon resonane with a mass of approximately 1530 MeV and positive strangeness [1℄,seen in the K+n deay hannel. These results have triggered new interest in baryonspetrosopy sine this baryon is manifestly exoti; it annot be omposed of three quarks,but may be explained as a bound state of �ve quarks, i.e. as a pentaquark, �+ = uudd�s.A narrow baryoni resonane lose to the observed mass is predited in the hiral solitonmodel [2℄. The quantum numbers of this state also permit deays to K0S p and K0S �p(denoted as K0S p (�p)). Evidene for a orresponding signal has been seen [3℄ in thishannel by other experiments. Evidene for two other pentaquark states has also beenreported reently [4,5℄.The Partile Data Group (PDG) [6℄ lists a number of `� bumps', unestablished resonanesobserved with low signi�ane by previous �xed-target experiments. The possible preseneof these resonanes in the mass region lose to the prodution threshold of the K0S p (�p)�nal state ompliates the searh for pentaquarks in this deay hannel.The �+ state and the � bumps disussed above have never been observed in high-energy experiments, where hadron prodution is dominated by fragmentation. This paperpresents the results of a searh for narrow states in the K0S p (�p) deay hannel in the en-tral rapidity region of high-energy ep ollisions, where partile prodution is not expetedto be inuened by the baryon number in the initial state. The analysis was performedusing deep inelasti sattering (DIS) events measured with exhanged-photon virtualityQ2 � 1 GeV2. The data sample, olleted with the ZEUS detetor at HERA, orrespondsto an integrated luminosity of 121 pb�1, taken between 1996 and 2000. This sample isthe sum of 38 pb�1 of e+p data taken at a entre-of-mass energy of 300 GeV and 68 pb�1taken at 318 GeV, plus 16 pb�1 of e�p data taken at 318 GeV.2 Experimental set-upA detailed desription of the ZEUS detetor an be found elsewhere [7℄. 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) [8℄, 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 the1



polar-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 theionization energy loss per unit length, dE=dx, of partiles in the CTD [9℄, 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 measured dE=dxvalues were orreted by normalising to the average dE=dx for traks around the region ofminimum ionisation for pions, 0:3 < p < 0:4 GeV. Heneforth, dE=dx is quoted in unitsof minimum ionising partiles (mips). The dE=dx distribution for eletrons has a roughlyGaussian shape entred about dE=dx � 1:4 mips with width 0.14 mips, orrespondingto a resolution of � 10%.The high-resolution uranium{sintillator alorimeter (CAL) [10℄ onsists of three parts:the forward, the barrel and the rear alorimeters. The smallest subdivision of the alorime-ter 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 inGeV. A presampler [11℄ mounted in front of the alorimeter was used to orret the energyof the sattered eletron2. The position of eletrons sattered lose to the eletron beamdiretion is determined by a sintillator-strip detetor [12℄.The luminosity was measured using the bremsstrahlung proess ep ! ep with theluminosity monitor [13℄, a lead{sintillator alorimeter plaed in the HERA tunnel atZ = �107 m.3 Event simulationInlusive DIS events were generated using theAriadne 4.08 Monte Carlo (MC) model [14℄interfaed with Herales 4.5.2 [15℄ via the Djangoh 1.1 program [16℄ in order toinorporate �rst-order eletroweak orretions. The Ariadne program uses the Lundstring model [17℄ for hadronisation, as implemented in Jetset 7.4 [18℄.Before detetor simulation, the K0S p (�p) invariant-mass distribution was alulated fromthe true K0S and (anti)protons in the mass range up to 1700 MeV. No peaks were found,indiating that no reetion from known deays are expeted to generate a narrow peakin these deay hannels.The generated events were passed through a full simulation of the detetor using Geant3.13 [19℄ and proessed with the same reonstrution program as used for the data. The1 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



detetor-level MC samples were then seleted in the same way as the data. The generatedMC statistis were about three times higher than those of the data.4 Event sampleThe searh was performed using DIS events with Q2 � 1 GeV2, the largest event samplefor whih no expliit trigger requirement was imposed on the hadroni �nal state. Athree-level trigger [7℄ was used to selet events online. At the third level, an eletron withan energy greater than 4 GeV and a position outside a box of 24 � 12 m2 on the faeof the alorimeter was required. The trigger has a high aeptane for Q2 & 2 GeV2.However, data below Q2 � 20 GeV2 are strongly a�eted by presales whih were appliedto the inlusive triggers to ontrol data rates.The Bjorken saling variables x and y, as well as Q2, were reonstruted using the eletronmethod (denoted by the subsript e), whih uses measurements of the energy and angleof the sattered eletron, or using the Jaquet-Blondel (JB) method [20℄. The sattered-eletron andidate was identi�ed from the pattern of energy deposits in the CAL [21℄.The following requirements were imposed:� Q2e � 1 GeV2;� Ee0 � 8:5 GeV, where Ee0 is the orreted energy of the sattered eletron measuredin the CAL;� 35 � Æ � 60 GeV, where Æ =PEi(1 � os �i), Ei is the energy of the ith alorimeterell, �i is its polar angle and the sum runs over all ells;� ye � 0:95 and yJB � 0:01;� j Zvertex j� 50 m, where Zvertex is the vertex position determined from the traks.The present analysis is based on harged traks measured in the CTD. The traks wererequired to pass through at least �ve CTD superlayers and to have transverse momentapT � 0:15 GeV and pseudorapidity in the laboratory frame j�j � 1:75, restriting thestudy to a region where the CTD trak aeptane and resolution are high. Candidatesfor long-lived neutral strange hadron deaying to two harged partiles are identi�ed byseleting pairs of oppositely harged traks, �tted to a displaed seondary vertex. Eventswere required to have at least one suh andidate.After these seletion uts, a sample of 1 600 000 events remained.3



5 Reonstrution of K0S andidatesThe K0S mesons were identi�ed by their harged-deay mode, K0S ! �+��. Both trakswere assigned the mass of the harged pion and the invariant mass, M(�+��), of eahtrak pair was alulated. The K0S andidates were seleted by imposing the followingrequirements:� M(e+e�) � 50 MeV, where the eletron mass was assigned to eah trak, to eliminatetraks from photon onversions;� M(p�) � 1121 MeV, where the proton mass was assigned to the trak with highermomentum, to eliminate � and �� ontamination of the K0S signal;� 483 �M(�+��) � 513 MeV;� pT (K0S) � 0:3 GeV and j�(K0S)j � 1:5.Figure 1 shows the invariant-mass distribution for K0S andidates for Q2 � 1 GeV2. A �tusing two Gaussian funtions plus a �rst-order polynomial funtion was used. The numberof K0S andidates was 866800 � 1000, with a bakground under the peak onstitutingapproximately 6% of the total number of andidates. The peak position was mK0S =498:12�0:01(stat:) MeV, whih agrees with the PDG value of 497:67�0:03 [6℄ within thealibration unertainty of the CTD. The width is onsistent with the detetor resolution.6 Seletion of p(�p) andidatesThe (anti)proton andidate seletion used the energy-loss measurement in the CTD,dE=dx. Figure 2 shows the dE=dx distribution as a funtion of the trak momentumfor positive and negative traks. Traks �tted to the primary vertex were used, with theexeption of the sattered-eletron trak. Traks were seleted as desribed in Setion 4.In addition, only traks with more than 40 CTD hits were used to ensure a good dE=dxmeasurement. The traks were then seleted by requiring f � dE=dx � F , where fand F , motivated by the Bethe-Bloh equation, are the funtions: f = 0:35=p2 + 0:8,F = 1:0=p2 + 1:2 (for positive traks) and f = 0:3=p2 + 0:8, F = 0:75=p2 + 1:2 (for neg-ative traks), where p is the total trak momentum in GeV. These uts were found froman examination of dE=dx as a funtion of p and were heked by studying (anti)protonandidate traks from �(��) deays. The proton band was found to be broader than thatof the antiproton. There is also a lear deuteron band for positive traks, whih suggestsa small ontribution from seondary interations. To remove the region where the protonband ompletely overlaps the pion band, the proton momentum was required to be lessthan 1:5 GeV. Finally, a ut requiring dE=dx � 1:15 mips was applied.4



After these uts, the purity of the proton sample, estimated from the MC simulation,is around 60%, varying from 96% at low momentum to 17% at the highest aeptedmomenta. Applying a higher dE=dx ut leads to higher purity, but redues the aeptanefor protons in the high-momentum region and redues the statistis.7 Reonstrution of K0S p (�p) invariant massThe K0S p (�p) invariant mass was obtained by ombining K0S and (anti)proton andidatesseleted as desribed above, and �xing the K0S mass to the PDG value. The resolutionof the K0S p (�p) invariant-mass measurement was estimated using MC simulations to be2:0 � 0:5 MeV in the region near 1530 MeV, for both the K0S p and the K0S �p hannels.The resolution was independently veri�ed from the data by reonstruting the K�(892)peak, assuming that the momentum and angle resolution for (anti)protons is similar tothat for pions. Traks passing the same angle and momentum uts as the proton andidatesample were taken from the pion band, assigned the pion mass, and ombined with theK0S andidates. A �t was performed using a Breit-Wigner funtion onvoluted with aGaussian to desribe the resolution. The width of the Breit-Wigner funtion was �xedto the natural width of the K� resonane of 50:8 MeV [6℄. The resulting width of theGaussian was 5� 2(stat:) MeV, independent of the pion harge.8 ResultsThe K0S p (�p) mass spetrum, in the range from threshold to 1700 MeV, is shown in Fig. 3for various regions of the DIS phase spae. Figures 3a-3d show the mass distributionintegrated above a minimum Q2 ranging from 1 GeV2 to 50 GeV2. The data show signsof struture below about 1600 MeV. For Q2 > 10 GeV2, a peak is seen in the massdistribution around 1520 MeV. Figures 3e and 3f show the Q2 > 1 GeV2 sample dividedinto two bins of the photon-proton entre-of-mass energy, W . A peak is seen in the lowerW bin.The expetation from the MC simulation, saled to agree with the data in the mass regionabove 1650 MeV, is also shown. If normalised to the luminosity, the simulation lies belowthe data by a fator of approximately two (not shown). Even after saling, the data arenot well desribed by the simulation for masses below 1600 MeV, and no struture is seenin the simulated data. The PDG reports a � bump at 1480 MeV, and several states above1550 MeV. None of these states are inluded in the simulation, whih inludes only wellestablished resonanes. 5



Several funtional forms were �t to the data for Q2 > 20 GeV2 over the mass range fromthreshold up to 1700 MeV to estimate the signi�ane of the peak, as well as its positionand width. A bakground of the formP1(M �mp �mK0S)P2 � (1 + P3(M �mp �mK0S));where M is the K0S p(�p) andidate mass, mp and mK0S are the masses of the proton and theK0S , respetively, and P1, P2 and P3 are parameters, was found to give a good desriptionof the data when ombined with Gaussians to desribe the signal near 1520 MeV aswell as possible ontributions from � bumps. The parameters of the Gaussians and thebakground were left free. A bin-by-bin �2 minimisation was used. The results of the �tusing the bakground funtion plus one and two Gaussians are shown in Table 1. Reduingthe number of parameters in the bakground funtion signi�antly redues the quality ofthe �t. Adding a third Gaussian does not signi�antly improve the �t. The result of the�t using two Gaussians is shown in Fig. 4. The seond Gaussian signi�antly improvesthe �t in the low mass region, and has a mass of 1465:1 � 2:9(stat:) MeV and a widthof 15:5 � 3:4(stat:) MeV and may orrespond to the �(1480). However, the parametersand signi�ane of any state in this region are diÆult to estimate due to the steeplyfalling bakground lose to threshold. The signal peak position is 1521:5�1:5(stat:) MeV,with a measured Gaussian width 6:1�1:6(stat:) MeV, onsistent with the resolution. The�t gives 221 � 48 events above the bakground, orresponding to 4:6�. The equivalentestimate for the single Gaussian �t is 3:9�. The �2 per degree of freedom for the �tover the whole �tted range of masses is 35/44. Over the same range, the �2 per degreeof freedom for the �t with no Gaussians is 69/50, whih is an aeptable �t. However,this value is dominated by ontributions from the high-mass region. A number of MCexperiments were arried out, using the bakground �t with zero gaussians as a startingdistribution and generating random data using Poisson statistis. The probability of autuation leading to a signal with 3:9� signi�ane or more in the mass range 1500{1560MeV and with a Gaussian width in the range 1.5{12 MeV, was found to be 6�10�5. Thesame exerise was arried out using the bakground plus the 1465 MeV Gaussian as thestarting distribution, and the probability was found to be about a fator of ten lower.The Gaussian funtion was replaed by a Breit-Wigner funtion onvoluted with a Gaus-sian to desribe the peak near 1522 MeV. The width of the Gaussian distribution was�xed to the experimental resolution to obtain an estimate of the intrinsi width of thesignal. The extrated width was � = 8 � 4(stat:) MeV.The �t was repeated for di�erent values of the minimum Q2 ut. Above Q2 � 10 GeV2both the signal and bakground are onsistent with having a 1=Q4 dependene, similarto the inlusive ross setion. A MC study in whih �+ partiles were modi�ed to have amass of 1530 MeV and arti�ially fored to deay to K0S p(�p) indiated that, at low Q2, the6



impat of detetor aeptane on the visible ross setion is important; for Q2 < 10 GeV2the number of seleted andidates rises more slowly than 1=Q4, as well as more slowlythan the bakground. Suh aeptane e�ets may be the reason for the absene of alear signal at low Q2 and high W . However, this suppression of the signal may also berelated to the unknown prodution mehanism of the signal.The invariant-mass spetrum was investigated for the K0S p and K0S �p samples separately.The result is shown as an inset in Fig. 4 for Q2 > 20 GeV2, ompared to the �t to the om-bined sample saled by a fator of 0.5. The results for two deay hannels are ompatible,though the number of K0S �p andidates is systematially lower. The mass distributionswere �tted using the same funtion as the ombined sample and gave statistially on-sistent results for the peak position and width (not shown). The number of events inthe K0S �p hannel is 96 � 34. If the signal orresponds to the �+, this provides the �rstevidene for its antipartile.If an isotensor state is responsible for the signal, a �++ signal might be expeted in theK+p spetrum [22℄. The K�p(K��p) invariant mass spetra were investigated for a widerange of minimumQ2 values, identifying proton and harged kaon andidates using dE=dxin a kinemati region similar to that used in the K0S p (�p) analysis. No peak was observedin the K+p spetrum, while a lean 10� signal3 was observed in the K�p spetrumat 1518:5 � 0:6(stat:) MeV, orresponding to the �(1520)D03. Performing a �t using aGaussian �xed to the detetor resolution onvoluted with a Breit-Wigner gives an intrinsiwidth of 13:7 � 2:1(stat:) MeV, onsistent with the PDG value of 15:6 � 1:0 MeV [6℄.8.1 Systemati heksA number of heks have been arried out to study possible reetions from known statesand to verify the robustness of the 1522 MeV peak.Traks from the proton band within twie the width of the K� peak were removed. A-ording to a MC alulation, this ut inreased the purity of the proton sample by 15%and redued the statistis by a fator of 2.5. The resulting peak position was unhanged.The energy of the proton andidates was required to be higher than that of the K0S , toredue the ombinatorial bakground [23℄. Using this ut and the K�-rejetion ut, apeak may be seen in the mass spetrum even in the Q2 > 1 GeV2 sample. However, thisombination of uts leads to a ompliated bakground shape, making the signi�aneand the mass of the signal diÆult to evaluate.3 The signal for ��(1520) in the K+ �p spetrum has the same number of events and signi�ane as the�(1520) signal in the K�p spetrum. 7



The K0S K� invariant mass was reonstruted from the data using the K� mass hypoth-esis for proton andidates, to see whether DS deays ontribute to the signal. It wasveri�ed that heavy-avour partiles annot ontribute to this spetrum if M(K0Sp(�p)) �2000 MeV.The K0S andidates were ombined with primary traks in the region dE=dx � 1:15 mipsand p � 1:5 GeV, where pions are expeted to dominate over (anti)protons. The invariantmass was reonstruted using the same proedure as before, applying the proton-masshypothesis for seleted traks. In addition, the mass distribution was alulated usingthe pion band of the dE=dx plot to selet proton andidates, and by using proton andK0S andidates from di�erent events. In none of these ases was any struture seen in themass distribution.The robustness of the peak was also heked by varying the event and trak seletions.The maximum momentum for the proton andidates was hanged in a wide range from1:2 GeV to 4:0 GeV. The dE=dx ut was varied in the range 1:1 to 1:3 mips. No hangewas seen in the peak position.8.2 Systemati unertaintiesThe systemati unertainties on the peak position and the width, determined from the �tshown in Fig. 4, were evaluated by hanging the seletion uts and the �tting proedure.The largest unertainties on the peak position and the Gaussian width for eah hek aregiven in parentheses (in MeV). The following systemati studies have been evaluated:� the DIS seletion uts were found to have a negligible e�et on the peak position. Thelargest unertainty was found by raising the Q2 ut to 30 GeV2 (+0:8, +0:3);� the 40-hit requirement for the proton andidates was not used (+0:1, +1:5). Thevariations of the uts on the traks in the laboratory frame were found to have anegligible e�et on the peak;� the dE=dx ut was inreased to 1:3 mips (+0:6, �0:7). The maximum momentum ofprotons was varied within 1:3 � 4:0 GeV (�0:4�0:5, +0:8�0:3);� the bin size was raised and lowered by 1 MeV (�1:2�0:4, +0:1+0:6 ); the log-likelihood methodwas used for the �tting proedure instead of the �2 method (no hange);� the �t was made using only a single Gaussian (+0:6, �1:2), or with three Gaussians(�0:1, +0:7); the bakground funtion was hanged to a third-order polynomial (+0:6,0:0);� the CTD momentum alibration unertainty on the peak position was alulated fromthe mass measurements of K0S , � and K�, as well as the � reonstruted in the K0Sp(�p)8



deay hannel (+2:4�0:8).The overall systemati unertainties of +2:8�1:7 MeV and +2:0�1:4 MeV on the peak position andthe width were determined by adding the above unertainties in quadrature.9 Summary and onlusionsThe K0S p (�p) invariant mass spetrum has been studied in inlusive deep inelasti epsattering for a large range in the photon virtuality. For Q2 & 10 GeV2 a peak is seenaround 1520 MeV.The peak position, determined from a �t to the mass distribution in the kinemati regionQ2 � 20 GeV2, is 1521:5 � 1:5(stat:)+2:8�1:7(syst:) MeV, and the measured Gaussian widthof � = 6:1 � 1:6(stat:)+2:0�1:4(syst:) MeV is above, but onsistent with, the experimentalresolution of 2:0 � 0:5 MeV. The number of events asribed to the signal by this �t is221 � 48. The statistial signi�ane, estimated from the number of events assigned tothe signal by the �t, varies between 3:9� and 4:6� depending upon the treatment of thebakground. The probability of a similar signal anywhere in the range 1500{1560 MeVarising from utuations of the bakground is below 6 � 10�5.The results provide further evidene for the existene of a narrow baryon resonane on-sistent with the predited �+ pentaquark state with a mass lose to 1530 MeV and awidth of less than 15 MeV. Evidene for suh a state has been seen by other experiments,although the mass reported here lies somewhat below the average mass of these previ-ous measurements. In the �+ interpretation, the signal observed in the K0S �p hannelorresponds to �rst evidene for an antipentaquark with a quark ontent of �u�u �d �ds. Theresults, obtained at high energies, onstitute �rst evidene for the prodution of suh astate in a kinemati region where hadron prodution is dominated by fragmentation.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.9
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Fit Gaussian+Bkg. 2 Gaussians + Bkg.�2=ndf M�1700 MeV 51/47 35/44mass (MeV) - 1465:1 � 2:9Peak 1 width (MeV) - 15:5� 3:4events - 368 � 121mass (MeV) 1522:2 � 1:5 1521:5 � 1:5Peak 2 width (MeV) 4:9� 1:3 6:1� 1:6events 155 � 40 221 � 48Table 1: Fit results for Q2 > 20GeV 2.
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Figure 1: The �+�� invariant-mass distribution for Q2 > 1GeV 2. The solidline shows the �t result using a double Gaussian plus a linear bakground, while thedashed line shows the linear bakground.
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