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Bose-Einstein Correlations of Charged andNeutral Kaons in Deep Inelasti Satteringat HERA

ZEUS Collaboration
AbstratBose-Einstein orrelations of harged and neutral kaons have been measured ine�p deep inelasti sattering with an integrated luminosity of 121 pb�1 usingthe ZEUS detetor at HERA. The two-partile orrelation funtion was stu-died as a funtion of the four-momentum di�erene of the kaon pairs, Q12 =p�(p1 � p2)2, assuming a Gaussian shape for the partile soure. The values ofthe radius of the prodution volume, r, and of the orrelation strength, �, wereobtained for both neutral and harged kaons. The radii for harged and neutralkaons are similar and are onsistent with those obtained at LEP.
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1 IntrodutionThe use of Bose-Einstein orrelations (BEC) in partile physis as a method of deter-mininig the size and the shape of the soure from whih partiles originate was �rstonsidered by Goldhaber et al. [1, 2℄ in 1959 for p�p annihilations. Bose-Einstein orre-lations originate from the symmetrization of the two-partile wave funtion of identialbosons and lead to an enhanement of boson pairs emitted with small relative momenta.The e�et is sensitive to the size of the emitting soure. The studies of BEC for pairsof idential partiles have been arried out in a large variety of partile interations. Inpartiular, H1 and ZEUS have reported results on inlusive harged partile pairs in e�pollisions at HERA [3,4℄. Reent reviews [5{9℄ summarise the underlying theoretial on-epts and experimental results. The measurements of the radius of the emission sourehave been mostly performed for neutral and harged pions. For other bosons, e.g. kaons,the information is santy.This paper reports �rst results on BEC for pairs of harged (K�K�) and neutral (K0SK0S)kaons in deep inelasti sattering (DIS) at HERA. The measurements are ompared withresults from e+e� interations whose fragmentation properties are expeted to be similarto the urrent region of DIS [10℄. However, proton fragmentation may lead to a signi�antdi�erene in the properties of the hadroni �nal state.The orrelation funtion for two idential kaons is de�ned asR(Q12) = P (Q12)P0(Q12) ; (1)where Q12 is the four-momenta di�erene of the kaons with four momenta p1 and p2 givenas Q12 =p�(p1 � p2)2 =qM2KK � 4m2K; (2)where MKK is the invariant mass of the pair of kaons and mK is the kaon rest mass. Thefuntion P (Q12) in Eq. (1) is the two-partile density: P (Q12) = (1=N)(dnKK=dQ12),where nKK is the number of kaon pairs and N is the number of events. The denominatorof Eq. (1), P0(Q12), is the two-partile density in the absene of BEC.For a stati soure with a Gaussian density distribution, the orrelation funtion an beparametrised as follows [2℄: R(Q12) = 1 + � exp(�r2Q212): (3)1



The � parameter gives information about the strength of the BEC. For a ompletelyoherent soure, � is zero, while for a ompletely inoherent soure, � is one [11℄. Con-tributions from deays of short-lived resonanes an further modify this parameter. Theparameter r is related to the size of the soure and is alled the radius in the followingsetions.2 Experimental set-upThe analysis was performed with data taken by the ZEUS detetor between 1996 and 2000at HERA. The data from e�p ollisions olleted in this period with eletron1 energy Ee =27:5 GeV and proton energy Ep = 820 GeV (1996� 1997) or Ep = 920 GeV (1998� 2000)orrespond to an integrated luminosity of 121 pb�1.A detailed desription of the ZEUS detetor an be found elsewhere [12℄. 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) [13℄, whih operatesin a magneti �eld of 1:43 T provided by a thin superonduting oil. The CTD on-sists of 72 ylindrial drift hamber layers, organized in 9 superlayers overing the polar-angle2 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-length traksis �(pT )=pT = 0:0058pT � 0:0065 � 0:0014=pT , with pT in GeV. To estimate the energyloss, dE=dx, of traks, the trunated mean of the sense-wire pulse-heights was reordedfor eah trak, disarding the 10% lowest and up to the 30% highest pulses [14{16℄. Themeasured dE=dx values were normalised to the dE=dx peak position for traks with mo-menta 0:3 < p < 0:4 GeV, the region of minimum ionisation for pions. Heneforth,dE=dx is quoted in units of minimum ionising partiles (mips). The resolution of thedE=dx measurement for full-length traks is about 9%. The traking system was used toestablish the primary and seondary verties.The high-resolution uranium{sintillator alorimeter (CAL) [17℄ onsists of three parts:the forward, the barrel and the rear (RCAL) alorimeters. Eah part is subdivided trans-versely into towers and longitudinally into one eletromagneti setion and either one ortwo hadroni setions. The smallest subdivision of the alorimeter is alled a ell. TheCAL energy resolutions, as measured under test-beam onditions, are �(E)=E = 0:18=pEfor eletrons and �(E)=E = 0:35=pE for hadrons, with E in GeV.1 Here and in the following, the term ,,eletron" denotes generially both the eletron and the positron.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.2



The energy of the sattered eletron was orreted for energy loss in the material betweenthe interation point and the alorimeter using the small-angle rear traking detetor[18, 19℄ and the presampler [18, 20℄.3 Event and trak seletionThe inlusive neutral urrent DIS proess e(k) + p(P ) ! e(k0) + X an be desribed interms of the following kinemati variables: Q2, the virtuality of the exhanged photon,x, the Bjorken saling variable and y, the fration of the lepton energy transferred to theproton in the proton rest frame. They are de�ned as follows: Q2 = �q2 = �(k � k0)2;x = Q2=(2P � q); y = (q � P )=(k � P ), where k, k0 and P are the four-momenta of initialand �nal sattered eletrons and inoming proton, respetively. These variables werereonstruted using the eletron method (denoted by the subsript e), whih requiresmeasurements of the energy and angle of the sattered eletron.A three-level trigger system [12℄ was used to selet events online. At the third level,eletrons with energy greater than 4 GeV and position outside a retangle de�ned byjXj < 12 m, jYj < 6 m on the fae of the RCAL were aepted. Data below Q2 �20 GeV2 were presaled to redue the trigger rate.The o�ine seletion of DIS events was based on the following requirements:� jZvtxj < 50 m, where Zvtx is the Z omponent of the primary-vertex position deter-mined from the traks. This ut redues the bakground from non-ep interations;� an identi�ed sattered eletron in the CAL with energy Ee � 8:5 GeV;� 2 � Q2e � 15000 GeV2;� 35 < Æ < 60 GeV, where Æ =PEi(1 � os �i), Ei is the energy of the ith alorimeterell and �i is its polar angle as viewed from the primary vertex. The sum runs over allCAL ells. This ut redues the bakground from photoprodution and events withlarge initial-state radiation;� ye � 0:95, to remove events with misidenti�ed sattered eletrons;� yJB � 0:04, to remove events with low hadroni ativity, where yJB is the value of yreonstruted using the Jaquet-Blondel method [21℄.Good quality traks measured in the CTD with high aeptane and resolution wereseleted using the following requirements: transverse momentum pT > 0:15 GeV andpseudorapidity j�j < 1:75. In addition, the traks were required to pass through morethan three CTD superlayers. 3



After the above uts, the data sample ontained 25 million events with at least two goodtraks and the average Q2 of the sample was hQ2i = 35 GeV2.3.1 Seletion of harged kaonsCharged kaons were seleted using the energy-loss measurement, dE=dx. The analysisused all traks �tted to the primary vertex with the exeption of the sattered-eletrontrak. Traks were seleted as desribed above. The dE=dx as a funtion of momentumfor positively harged traks is shown in Fig. 1a. The urves indiate the region used foridenti�ation of positively harged kaons. Kaons were seleted by requiring f < dE=dx <F , where f and F are funtions of the trak momentum, p, motivated by the Bethe-Blohequation. For positive kaons f = 0:08=p2 + 1:0, F = 0:17=p2 + 1:03 mips and for negativekaons f = 0:08=p2 + 1:0 and F = 0:18=p2 + 1:03 mips (with p in GeV). The slightdi�erene arises from the di�erent response of the CTD to positive and negative traks.The kaons were identi�ed for p < 0:9 GeV and dE=dx > 1:25 mips.The kaon identi�ation eÆieny for pt > 0:15 GeV, j�j < 1:5 and p < 0:9 GeV was 61%,with a purity of 90%. The resulting data sample ontained 55522 K+K+ or K�K� pairs.3.2 Neutral kaon seletionThe K0S mesons were identi�ed using the harged-deay hannel K0S ! �+�� with asimilar seletion as in a previous publiation [22℄. The pion traks were required tooriginate from seondary verties. Assigning the pion mass to both traks, the invariantmass M(�+��) was alulated and the andidate was aepted if the mass was within� 20 MeV of the nominal PDG [23℄ K0S mass. To eliminate traks from photon onversionsand �=�� ontamination, the eletron, pion and proton masses were assigned to traks andthe following uts were used: M(e+e�) > 80 MeV and M(�p) > 1121 MeV.The following additional requirements were applied to the seleted K0S andidates:� 2 < Ld < 30 m, where Ld is the deay length of the K0S andidate;� �Z < 0:8 m, where �Z is the projetion on the Z axis of the vetor de�ned by theprimary interation point and the point of losest approah of the K0S andidate;� �XY < 8Æ, where �XY is the (ollinearity) angle between the andidate K0S momentumvetor and the vetor de�ned by the interation point and the K0S deay vertex in theXY plane;� pPAt > 0:11 GeV, where the Podolanski-Armenteros variable pPAt is the projetion ofthe andidate pion momentum onto a plane perpendiular to the K0S momentum di-retion [24℄. 4



The total number of K0S andidates was 725505. After all uts, the seleted data sampleontained 19494 K0SK0S pairs and 400 triples. Eah ombination of two partiles wasinluded in the analysis. Figure 1b shows the �+�� invariant mass distribution after theK0S-pair seletion and a �t to the signal plus linear bakground, whih resulted in anestimated bakground of 1:4%.4 Monte Carlo simulationInlusive DIS events with Q2 > 2 GeV2 were generated without BEC using the Ariadne4.10 Monte Carlo (MC) model [25℄ interfaed with Herales 4.6.1 [26℄ via the Djangoh1.1 program [27,28℄ in order to inorporate �rst-order eletroweak orretions. The Lundstring model [29℄ was used for the desription of hadronisation, as implemented in theJetset 7.4 [30℄ program.The generated events were passed through a full simulation of the detetor using theGeant 3.13 program [31℄ and reonstruted and analyzed in the same way as the data.The Ariadne MC sample orresponds to a similar integrated luminosity as that of thedata.5 Extration of BEC parametersThe main diÆulty in measuring BEC is in the onstrution of a referene sample whihshould be as lose as possible to the analyzed data in all aspets but free from the Bose-Einstein e�et. The obvious referene sample provided by unlike-sign harged kaon pairsannot be used due to the strong signal of the �0(1020) ! K+K� deay at low values ofQ12.A referene sample an be derived from a Monte Carlo simulation without BEC. In thisso-alled single-ratio method, the orrelation funtion R(Q12) is de�ned as: RS(Q12) =P (Q12)data=P (Q12)MC;noBEC, where P (Q12)data is the normalized two-partile density dis-tribution for the data and P (Q12)MC;noBEC is the orresponding distribution obtained forMC without BEC. However, this approah requires a orret simulation of the physisproesses in the absene of BEC, as well as a good desription of the detetor e�ets.In another approah, a referene sample an be obtained using an event-mixing proedurewhere two kaons from di�erent events are ombined. This method, whih is used inthis analysis, is less sensitive to imperfetions in the MC simulation. To orret forother orrelations lost in the event-mixing proedure, the two-partile orrelation funtionR(Q12) was alulated using the double-ratio method:5



R(Q12) = P (Q12)dataPmix(Q12)data, P (Q12)MC;noBECPmix(Q12)MC;noBEC ; (4)where Pmix(Q12)data is the two-partile density onstruted from pairs of kaons omingfrom di�erent events and Pmix(Q12)MC;noBEC is obtained in a similar way for MC events.The double-ratio method was used for the main analysis and the single-ratio method onlyto estimate systemati unertainties.To �t the orrelation funtionR(Q12) de�ned by Eq. (4), the modi�ed Goldhaber parametri-sation (Eq. (3)) multiplied by an empirial term 1+�Q12, whih aounts for the preseneof possible long-range two-partile orrelations for high Q12, is often used:R(Q12) = �(1 + �e�Q212r2)(1 + �Q12): (5)Suh orrelations are imposed for example by energy and harge onservation, phase-spaeonstraints or strangeness ompensation. In this analysis, the � parameter was found tobe zero within errors and its possible deviation from zero was inluded in the systematiunertainties.6 Systemati unertaintiesSystemati unertainties on the �tted � and r parameters arise from event and trakseletion, the modeling of dE=dx, the �tting proedure and the onstrution of the ref-erene sample. They were alulated from the deviation of the �t parameters from theirnominal values after hanging the analysis uts or proedures. For harged kaons, a biasoriginating from the ontamination of the experimental kaon sample by pion, proton andantiproton is expeted. For neutral kaons, a bias an be introdued by the ontaminationof the sample by K0SK0S pairs from the deay of f0(980) resonane. These e�ets aredisussed in the next setions.The following systemati studies were arried out for the harged kaon sample. Theresulting hanges for � and r are given in parentheses as [��;�r℄:� the orrelation funtion was alulated using the single-ratio method [�0:01;�0:03℄;� the �t was repeated for di�erent lower and upper limits of Q12. In addition the binningin Q12 was modi�ed [+0:04�0:04;+0:09�0:04 ℄;� the momentum range was redued to p < 0:7 GeV for both the double [+0:06;+0:06℄and single [+0:01;�0:01℄ ratio methods;6



� the de�nition of the kaon band was varied for the double-ratio method [�0:02;+0:05℄and the single-ratio method [�0:04;�0:02℄;� the trak quality uts were hanged within their resolutions [�0:02;+0:04℄;� the DIS seletion uts on Ee, ye, yJB, Æ were varied within the resolutions [+0:02�0:02;+0:02�0:02 ℄;� the inuene of pion, proton and antiproton ontamination was heked by tighteningand relaxing the kaon seletion riteria. The purity was raised to 99% [+0:05;+0:07℄and was brought down to 80% [�0:04;�0:05℄.The following systemati unertainties for neutral kaons were onsidered:� the orrelation funtion was alulated using the single-ratio method [+0:10;+0:02℄;� the �t was repeated for di�erent lower and upper limits of Q12. In addition, the binningin Q12 was modi�ed [+0:04�0:04;+0:09�0:04 ℄;� the uts on the K0S momentum, �XY, �Z, M(�+��) were varied [�0:08;�0:08℄;� the ut on pPAt was hanged to 0:12 GeV [+0:04;+0:02℄;� the full Eq. (5) was used to hek the sensitivity of the �t to possible long-rangeorrelations [+0:11;+0:03℄;� the trak quality uts were hanged within the resolution [+0:15;+0:02℄;� the ut to remove the e+e� bakground was hanged toM(e+e�) > 50 MeV [+0:08;+0:03℄;� the DIS seletion uts on Ee, ye, yJB, Æ were varied within resolutions [+0:02�0:02;+0:02�0:02 ℄.The ontributions from the di�erent groups of systemati unertainties in the parameters� and r were added in quadrature separately for positive and negative variations. Theoverall systemati unertainties in � and r for K�K� and K0SK0S are presented in Table 1.7 Results7.1 Correlations in K�K� pairsFigure 2 shows the measured two-partile orrelation funtion for K�K� pairs. Theresults obtained by the �t funtion given by Eq. (5) with � = 0 are r = 0:57 � 0:09fm and � = 0:31 � 0:06. The 90% purity of the kaon seletion introdues in the kaonpair sample an 18% admixture of unlike partiles pairs whih are not orrelated. Themeasured � is therefore expeted to be underestimated by 18%. The systemati heksinvolving purity on�rm this expetation. After the orretion for purity, the result is� = 0:37 � 0:07+0:09�0:08. The value of the radius is not a�eted by this orretion and7



the result is r = 0:57 � 0:09+0:15�0:08 fm. The orreted parameters of BEC orrelationsfor K�K� pairs are presented in Table 1. The radius value is onsistent with that forharged partiles: r = 0:54 � 0:03+0:03�0:02 fm for H1 [3℄ and r = 0:666 � 0:009+0:022�0:036 fmfor ZEUS [4℄. The obtained value of � for kaons is in agreement with the H1 result forharged partiles � = 0:32�0:02�0:06, although somewhat smaller than the ZEUS result� = 0:475� 0:007+0:011�0:003.7.2 Correlations in K0SK0S pairsThe K0SK0S pairs may originate not only from K0K0, �K0 �K0 (strangeness S = �2) statesbut also from the K0 �K0 (strangeness S = 0) system, whih may ome from the deayof resonanes. It has been shown [32, 33℄ that a Bose-Einstein-like enhanement is ne-vertheless expeted in the Q12 distribution of the K0SK0S pairs, even when their origin isfrom the K0 �K0 system. Aording to the MC simulation of DIS events, about 75% oflow-Q12 K0SK0S pairs ome from K0 �K0. Similar to the ase of harged kaons, Eq. (5) with� = 0 was used to �t the orrelation funtion alulated for K0SK0S pairs. The so-alledraw results are � = 1:16�0:29+0:28�0:08 and r = 0:61�0:08+0:07�0:08 fm. The results are presentedin Table 1 and Fig. 3. The measured radii for K�K� and K0SK0S are lose to eah other.For K0SK0S the �t does not take into aount a possible ontamination from the salarf0(980) resonane deaying below the K �K threshold. The deay hannel f0(980) ! K0 �K0is not inluded in the standard MC, therefore the f0(980) ontribution may distort thestrength of the Bose-Einstein e�et. In order to investivate this, a MC sample with BECat maximum strength was generated. A omparison of this MC with the data showed anexess for Q12 < 0:6 GeV, whih may indiate a possible f0 ontribution. The same exessis also visible in the MKK distribution, as illustrated in Fig. 4a.The expeted ontribution from f0 an be approximated by a modi�ed Breit-Wignerfuntion as proposed by Flatt�e [34{36℄:d�dMKK = NF � m20 � �KK(m20 �M2KK)2 + (m0 � (��� + �KK))2 ; (6)where m0 = 0:954 GeV is the mass of f0(980) and the widths ��� and �KK are relatedto the oupling onstants g� = 0:11 and gK = 0:423 by ��� = g�pM2KK=4�m2� and�KK = gKpM2KK=4�m2K . The normalization fator, NF , was adjusted to give the totalnumber of f0(980) ! K0SK0S deays for MKK < 1:8 GeV. Fig. 4a shows the distributionof d�=dMKK aording to Eq. (6). Figure 4b shows the MKK distribution in the dataafter subtration of the standard MC without BEC together with di�erent ontributionsof the f0 resonane. An f0 ontribution of about 7% is suÆient to aount for the data,8



therefore, the present analysis annot distinguish the Bose-Einstein e�et from the e�etof an f0 ontribution. Assuming that both BEC and f0 are present, the amount of f0 wasestimated from the shape of the R(Q12) distribution (Eq. (4)). For this purpose, �ts ofthe orrelation funtion were arried out with di�erent perentages, f0 , of f0 subtratedfrom the data. A shallow minimum of the �2(f0) value for f0 = 4% was found, withone-sigma limits of f0 = 1% and f0 = 7%. The values of � and r at f0 = 4% were takenas the most probable result and their unertainties were alulated from the one sigmalimits of f0 .The results orreted for the f0 ontamination are inluded in Table 1. After addingthe unertainties oming from the f0 subtration to systematis, the orreted resultsare � = 0:70 � 0:19+0:47�0:53 and r = 0:63 � 0:09+0:11�0:08 fm. The unertainty on a possible f0admixture leads to a large systemati unertainty on �. The radius r is less sensitive tothe f0 admixture. The radii for K0SK0S and K�K� are very similar.7.3 Comparison with e+e� interationsFigure 5 shows the omparison for r between DIS and e+e� annihilation results atLEP [36{39℄ for both harged and neutral kaons. The radius value obtained in DIS agreeswith the measurements from LEP. The same �gure also presents DIS results for uniden-ti�ed harged partiles. The kaon results agree with those for harged partiles withinsystemati unertainties. The � value for harged kaons in DIS is somewhat smaller thanthat in e+e� ollisions, whih may be related to the fat that the DIS data mostly populatethe proton fragmentation region in the Breit frame.8 ConlusionsBose-Einstein orrelations have been measured for pairs of harged and neutral kaons indeep inelasti sattering at HERA using the ZEUS detetor. The values of the radiusfor harged and neutral kaons agree within systemati unertainties. They are also on-sistent with the measurements for harged partiles in DIS and kaons in e+e� ollisionsat LEP. The f0(980) ! K0SK0S deay an signi�antly a�et the � parameter for K0SK0Sorrelations.9 AknowledgmentsWe wish to thank the DESY Diretorate for their strong support and enouragement. Theremarkable ahievements of the HERA mahine group were essential for the suessful9
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Figure 1: (a) The energy-loss dE=dx as a funtion of the momentum p for trakswith positive harge. The traks with f < dE=dx < F , dE=dx > 1:25 mips andp < 0:9GeV were taken as K+. (b) The �+�� invariant-mass distribution of theK0S andidates. The solid line shows the result of a �t with the sum of two Gaussianfuntions and linear bakground. The two Gaussians were �xed to the same meanvalue. A mass in agreement with the Partile Data Group value [23℄ and a widthof 3:2MeV (6:3MeV ) were obtained from the �t for the entral (seond) Gaussian.The dashed line shows the linear bakground. The short vertial lines show themass window used to de�ne the signal.
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Figure 2: The two-partile orrelation funtion for harged kaons with a �t toEq. (5), with � = 0. The error bars represent the statistial unertainties.
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� r [fm℄K�K� (orreted) 0:37� 0:07 +0:09�0:08 0:57� 0:09 +0:15�0:08K0SK0S (raw) 1:16� 0:29 +0:28�0:08 0:61� 0:08 +0:07�0:08K0SK0S (orreted) 0:70� 0:19 +0:28+0:38�0:08�0:52 0:63� 0:09 +0:07+0:09�0:08�0:02Table 1: The radius r and the orrelation strength � for harged and neutral kaonsextrated from �tting the Goldhaber parametrization (Eq. (5) with � = 0) to theBose-Einstein orrelation funtion. The �rst unertainties are statistial and theseond systemati. The raw results for K0SK0S pairs orrespond to those shown inFig. 3; the orreted results were obtained after subtration of the f0 ontributionfrom the data. For the orreted values the third unertanty omes from the f0subtration.
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