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ZEUS Collaboration
AbstratThe prodution of exited harm, D1(2420)0 and D�2(2460)0, and harm-strange,Ds1(2536)�, mesons in ep ollisions was measured with the ZEUS detetor atHERA using an integrated luminosity of 126 pb�1. Masses, widths and heliityparameters were determined. The measured yields were onverted to the ratesof  quarks hadronising as a given exited harm meson and to the ratios ofthe dominant D�2(2460)0 and Ds1(2536)� branhing frations. A searh for theradially exited harm meson, D�0(2640)�, was also performed. The results areompared with those measured previously and with theoretial expetations.
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1 IntrodutionHeavy-quark spetrosopy has reently undergone a renaissane with the disovery ofseveral new states [1℄. The properties of these states hallenge the theoretial desriptionof heavy-quark resonanes. Therefore, further measurements of exited harm and harm-strange mesons are important.The lowest-mass states of the �q (�q) system (q = u; d; s) with spin zero (D mesons) andspin one (D� mesons) and with orbital angular momentum L = 0 are well established [1℄.A singlet and a triplet of states with L = 1 are expeted. These P -wave (L = 1)mesons an deay to harm mesons with L = 0 by emitting a pion or a kaon. HeavyQuark E�etive Theory [2℄ (HQET) predits that, in the heavy-quark limit (mQ!1), theproperties of the P -wave mesons are determined mainly by the total angular momentumof the light quark, j = L + s, where s denotes the spin of the light quark. Consequently,the four states are grouped in two doublets with j = 3=2 or 1=2. Only D-wave deaysare allowed for the members of the j = 3=2 doublet; therefore they are supposed to benarrow. On the other hand, the members of the j = 1=2 doublet deay through S-waveonly and therefore are expeted to be broader [3℄. Due to the �nite harm quark mass aseparation of the two doublets is only an approximation and amplitudes of two observablestates with JP = 1+ an be mixtures of D- and S-wave amplitudes. Here J and P arethe total angular momentum and parity of the �q system.Two pairs (neutral and harged) of narrow non-strange exited harm mesons, D1(2420)0;�and D�2(2460)0;�, and a pair of narrow harm-strange exited mesons, Ds1(2536)� andDs2(2573)�, were observed and tentatively identi�ed as the members of the j = 3=2doublets with JP = 1+ and 2+, respetively [1℄. Reently, the HQET expetations weresupported by the �rst measurements of the broad non-strange exited harm mesons:neutral and harged D�0(2400)0;� with JP = 0+ [4, 5℄, and D1(2430)0 with JP = 1+ [4℄.The predited broad non-strange harged exited harm meson with JP = 1+ has notyet been observed. The reent disovery of two additional harm-strange exited mesons,D�s0(2317)� with JP = 0+ and Ds1(2460)� with JP = 1+ reported initially by BABAR [6℄and CLEO [7℄, respetively, revealed their surprisingly small masses and narrow widths [1℄.The small mass values forbid their deay into D(�)K �nal states.In addition to the orbital exitations, radially exited harm mesons D0(JP = 0�) andD�0(JP = 1�) were predited with masses of about 2:6 GeV and dominant deay modesto D�� and D���, respetively [8, 9℄. An observation of a narrow resonane in the �nalstate D���+�� at 2637 MeV was reported and interpreted as the radially exited D�0�meson by DELPHI [10℄. However, OPAL found no evidene for this narrow resonane inan analogous searh [11℄.Prodution of non-exited harm and harm-strange hadrons was extensively studied at1



HERA [12,13℄. The large harm prodution ross setion at HERA also provides a meansto study exited harm and harm-strange mesons produed in ep ollisions. The �rstsuh study is reported in this paper. It is restrited to deays, for whih signi�ant signalswere identi�ed: D1(2420)0 ! D�+��;D�2(2460)0 ! D�+��; D+��;Ds1(2536)+ ! D�+K0S; D�0K+:The orresponding antipartile deays were also measured1. A searh for the radiallyexited harm meson, D�0(2640)+, in the D�+�+�� �nal state was also performed.2 Experimental set-upThe analysis was performed using data taken with the ZEUS detetor from 1995 to 2000.In this period, HERA ollided eletrons or positrons2 with energy Ee = 27:5 GeV andprotons with energy Ep = 820 GeV (1995{1997) or Ep = 920 GeV (1998{2000). The dataused in this analysis orrespond to an integrated luminosity of 126:5� 2:4 pb�1.A detailed desription of the ZEUS detetor an be found elsewhere [14℄. A brief outlineof the omponents most relevant to this analysis is given below.Charged partiles were traked in the entral traking detetor (CTD) [15℄, whih operatedin a magneti �eld of 1:43 T provided by a thin superonduting solenoid. The CTDonsisted of 72 ylindrial drift hamber layers, organized in nine superlayers overing thepolar-angle3 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-lengthtraks was �(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV. To estimate theenergy loss per unit length, dE=dx, of harged partiles in the CTD [16,17℄, 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 for a number of e�ets [18℄ and normalised suh that the orretedvalue was one for a minimum ionising partile. The resolution of the dE=dx measurementfor full-length traks was about 9%.The high-resolution uranium{sintillator alorimeter (CAL) [19℄ onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah part was1 Hereafter, harge onjugation is implied.2 From now on, the word \eletron" is used as a generi term for eletrons and positrons.3 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



subdivided transversely into towers and longitudinally into one eletromagneti setion(EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni setions (HAC).The smallest subdivision of the alorimeter was alled a ell. The CAL energy resolutions,as measured under test-beam onditions, were �(E)=E = 0:18=pE for eletrons and�(E)=E = 0:35=pE for hadrons, with E in GeV.The luminosity was determined from the rate of the bremsstrahlung proess ep ! ep,where the photon was measured with a lead{sintillator alorimeter [20℄ loated at Z =�107 m.3 Event simulationMonte Carlo (MC) samples of harm and beauty events were produed with the Pythia6.156 [21℄ and Rapgap 2.0818 [22℄ event generators. The Rapgap MC used Hera-les 4.6.1 [23℄ in order to inorporate �rst-order eletroweak orretions. The generationinluded diret photon proesses, in whih the photon ouples diretly to a parton in theproton, and resolved photon proesses, where the photon ats as a soure of partons, oneof whih partiipates in the hard sattering proess. The CTEQ5L [24℄ and GRV LO [25℄parametrisations were used for the proton and photon struture funtions, respetively.The harm and bottom quark masses were set to 1:5 GeV and 4:75 GeV, respetively.Events for all proesses were generated in proportion to the MC ross setions. The Lundstring model [26℄ as implemented in Jetset [21℄ was used for hadronisation in Pythiaand Rapgap. The Bowler modi�ation [27℄ of the Lund symmetri fragmentation fun-tion [28℄ was used for the harm and bottom quark fragmentation. To generate D�0+mesons, whih are not present in the Jetset partile table, the mass of a harged harmmeson in the table was set to 2:637 GeV, its width was set to 15 MeV and the deayhannel was set to D�+�+�� [10℄.The Pythia and Rapgap generators were tuned to desribe the photoprodution and thedeep inelasti sattering (DIS) regimes, respetively. Consequently, the Pythia events,generated with Q2 < 0:6 GeV2, were ombined with the Rapgap events, generated withQ2 > 0:6 GeV2, where Q2 is the exhanged-photon virtuality. Di�rative events, hara-terised by a large rapidity gap between the proton at high rapidities and the entrally-produed hadroni system, were generated using the Rapgap generator in the di�rativemode and ombined with the non-di�rative MC sample. The ontribution of di�rativeevents was estimated by �tting the �max distribution4 of the data with a linear ombinationof the non-di�rative and di�rative MC samples.4 The quantity �max is de�ned as the pseudorapidity of the CAL energy deposit with the lowest polarangle and an energy above 400MeV. 3



To ensure a good desription of the data, the transverse momenta, pT (D�+; D+; D0), andpseudorapidity, �(D�+; D+; D0), distributions were reweighted to the data for the om-bined Pythia+Rapgap MC sample. The reweighting fators, tuned using a large D�+sample (Setion 4), were used for D+ and D0 mesons relying on the MC desription of thedi�erenes between the D�+ and D+ or D0 distributions. The e�et of the reweighting onthe measured values was small; the reweighting unertainty was inluded when evaluatingsystemati unertainties (Setion 8).The generated events were passed through a full simulation of the detetor using Geant3.13 [29℄ and proessed with the same reonstrution program as used for the data.4 Event seletion and reonstrution of lowest-massharm mesonsEvents from both photoprodution [30℄ and DIS [13℄ were seleted online with a three-level trigger [14, 31℄. The �rst- and seond-level trigger used CAL and CTD data toselet ep ollisions and to rejet beam-gas events. At the third level, where the fullevent information was available, the nominal harm-meson trigger branhes required thepresene of a reonstruted D�+, D+ or D0 andidate. The eÆieny of the online harm-meson reonstrution, determined relative to the eÆieny of the o�ine reonstrution,was above 95%. Events missed by the nominal harm-meson triggers but seleted withany other trigger branh, dominantly from an inlusive DIS trigger and a photoprodutiondijet trigger, were also used in this analysis.In the o�ine analysis, only events with jZvtxj < 50 m, where Zvtx is the primary vertexposition determined from the CTD traks, were used. The D�+, D+ and D0 mesonswere reonstruted using traks measured in the CTD and assigned to the reonstrutedprimary event vertex. To ensure both good trak aeptane and good momentum reso-lution, eah trak was required to have a transverse momentum greater than 0:1 GeV andto reah at least the third superlayer of the CTD.To suppress the ombinatorial bakground, a ut on the ratio pT (D�+; D+; D0)=E�>10ÆT ,motivated by the hard harater of harm fragmentation, was applied. The transverseenergy, E�>10ÆT , was alulated as �i;�i>10Æ(Ei sin �i), where the sum runs over all energydeposits in the CAL with the polar angle � outside a one of � = 10Æ around the forwarddiretion. Moreover, the measured dE=dx values of those traks that were andidates toome from D�+, D+ and D0 were used. The parametrisations of the dE=dx expetationvalues and the �2 probabilities lK and l� of the kaon and pion hypotheses, respetively,were obtained in the same way as desribed in previous publiations [30,32℄. To maximise4



the ratios of the numbers of orretly assigned kaons and pions to the square roots of thenumbers of bakground partiles, the uts lK > 0:03 and l� > 0:01 were applied.The measurements were done in the full kinemati range of Q2. Events produed in thephotoprodution regime with Q2 < 1 GeV2 ontributed 70�80 % of the seleted D�+, D+and D0 samples.4.1 Reonstrution of D�+ mesonsThe D�+ mesons were identi�ed using the two deay hannelsD�+ ! D0�+s ! (K��+)�+s ; (1)D�+ ! D0�+s ! (K��+�+��)�+s : (2)The pion from the D�+ deays is referred to as the \soft" pion, �s, beause it is onstrainedto have limited momentum by the small mass di�erene between the D�+ and D0 [1℄.Seleted traks were ombined to form D0 andidates assuming the deay hannels (1) or(2). For both ases, D0 andidates were formed by alulating the invariant mass M(K�)or M(K���) for ombinations having a total harge of zero. The soft pion was requiredto have a harge opposite to that of the partile taken as a kaon and was used to forma D�+ andidate having mass M(K��s) or M(K����s). To redue the ombinatorialbakground, requirements (see Table 1) similar to those used in a previous publiation [32℄were applied.The mass di�erene �M = M(K��s)�M(K�) for hannel (1) or �M = M(K����s)�M(K���) for hannel (2) was evaluated for all remaining D�+ andidates. Figures 1aand 1b show the mass-di�erene distributions for hannels (1) and (2), respetively. Peaksat the nominal value of M(D�+)�M(D0) are evident.To determine the bakground under the peaks, wrong-harge ombinations were used. Forboth hannels (1) and (2), these are de�ned as ombinations with total harge �2 for theD0 andidate and total harge �1 for the D�+ andidate. The histograms in Fig. 1 showthe �M distributions for the wrong-harge ombinations, normalised to the distributionsof D�+ andidates with the appropriate harges in the range 0:15 < �M < 0:1685 GeVfor hannel (1) and 0:15 < �M < 0:16 GeV for hannel (2). The upper ends of thenormalisation ranges orrespond to the trigger seletions of D�+ andidates in the twodeay hannels. The multiple ounting of a D�+ andidate produed by D0 andidatesformed by the same traks was exluded [32℄.To improve the signal-to-bakground ratio, only D�+ andidates with 0:144 < �M <0:147 GeV for hannel (1) and 0:1445 < �M < 0:1465 GeV for hannel (2) were kept5



for the exited harm and harm-strange meson studies. After bakground subtration,signals of 39500�310D�+ mesons in hannel (1) and 17300�210D�+ mesons in hannel (2)were found in the above �M ranges.The �M distributions were also �tted to a sum of a modi�ed Gaussian funtion desribingthe signal and a bakground funtion. The modi�ed Gaussian funtion was de�ned asGaussmod / exp[�0:5 � x1+1=(1+0:5�x)℄; (3)where x = j(�M �M0)=�j. This funtional form desribed both data and MC signalswell. The signal position, M0, and width, �, as well as the numbers of D�+ mesons inthe signal window were free parameters of the �t. The bakground funtion had a formA � (�M �m�+)B � exp[C � (�M �m�+)℄, where m�+ is the pion mass [1℄ and A, B andC were free parameters. The �t yielded mass di�erene values of 145:46� 0:01 MeV forhannel (1) and 145:45� 0:01 MeV for hannel (2), in agreement with the PDG value [1℄.The widths of the signals were 0:59�0:01 MeV and 0:51�0:01 MeV, respetively, reetingthe detetor resolution.4.2 Reonstrution of D+ mesonsThe D+ mesons were reonstruted from the deay D+ ! K��+�+. In eah event, twotraks with the same harges and pT > 0:5 GeV and a third trak with opposite harge andpT > 0:7 GeV were ombined to form D+ andidates. The pion masses were assigned tothe two traks with the same harges and the kaon mass was assigned to the third trak,after whih the andidate invariant mass, M(K��), was alulated. To suppress theombinatorial bakground, a ut of os ��(K) > �0:75 was imposed, where ��(K) is theangle between the kaon in the K�� rest frame and the K�� line of ight in the laboratoryframe. To further suppress the ombinatorial bakground, a ut pT (D+)=E�>10ÆT > 0:25was applied. To suppress bakground from D�+ deays, ombinations with M(K��) �M(K�) < 0:15 GeV were removed. The bakground from D+s ! ��+ with � ! K+K�was suppressed by requiring that the invariant mass of any two D+ andidate traks withopposite harges was not within �8 MeV of the nominal � mass when the kaon mass wasassigned to both traks. Only D+ andidates in the kinemati range pT (D+) > 2:8 GeVand �1:6 < �(D+) < 1:6 were kept for further analysis.Figure 2a shows the M(K��) distribution for the D+ andidates after all uts. Reetionsfrom D+s and �+ deays to three harged partiles were subtrated using the simulatedreetion shapes normalised to the D+s and �+ prodution rates previously measured byZEUS [30℄. A lear signal is seen at the nominal value of the D+ mass. To improve thesignal-to-bakground ratio, only D+ andidates with 1:850 < M(K��) < 1:890 GeV werekept for the exited harm meson studies. The mass distribution was �tted to a sum of6



a modi�ed Gaussian funtion desribing the signal and a linear funtion desribing thenon-resonant bakground. The �t yielded a D+ mass value 1867:9�0:5 MeV in agreementwith the PDG value [1℄. The width of the signal was 12:9�0:5 MeV, reeting the detetorresolution. The number of D+ mesons yielded by the �t in the above M(K��) range wasN(D+) = 20430� 510.4.3 Reonstrution of D0 mesonsThe D0 mesons were reonstruted from the deay D0 ! K��+. In eah event, trakswith opposite harges and pT > 0:8 GeV were ombined in pairs to form D0 andidates.To suppress the ombinatorial bakground, a ut of j os ��(K)j < 0:85 was imposed,where ��(K) is the angle between the kaon in the K� rest frame and the K� line ofight in the laboratory frame. To further suppress the ombinatorial bakground, a utpT (D0)=E�>10ÆT > 0:25 was applied.For seleted D0 andidates, a searh was performed for a trak that ould be the softpion in a D�+ ! D0�+s deay. The soft pion was required to have pT > 0:1 GeV and aharge opposite to that of the partile taken as a kaon. The orresponding D0 andidatewas rejeted if the mass di�erene, �M = M(K��s)�M(K�), was below 0:15 GeV. Allremaining D0 andidates were onsidered \untagged", i.e. not originating from identi�edD�+ deays. Only D0 andidates in the kinemati range pT (D0) > 2:8 GeV and �1:6 <�(D0) < 1:6 were kept for further analysis.Figure 2b shows the M(K�) distribution for untagged D0 andidates after all uts. Areetion, produed by D0 mesons with the wrong (opposite) kaon and pion mass assign-ment, was subtrated using the rejeted sample of the D0 mesons originating from D�+deays [30℄. A lear signal is seen at the nominal value of the D0 mass. To improve thesignal-to-bakground ratio, only D0 andidates with 1:845 < M(K�) < 1:885 GeV werekept for the exited harm-strange meson studies. The mass distribution was �tted toa sum of a modi�ed Gaussian funtion desribing the signal and a bakground funtion.Monte Carlo studies showed that the bakground shape was ompatible with being linearin the mass range above the signal. For smaller M(K�) values, the bakground shapeexhibits an exponential enhanement due to ontributions from other D0 deay modesand other D mesons. Therefore the bakground shape in the �t was desribed by the form[A+B �M(K�)℄ for M(K�) > 1:86 GeV and [A+B �M(K�)℄ � expfC � [M(K�)� 1:86℄gfor M(K�) < 1:86 GeV, where A, B and C were free parameters. The �t yielded theD0 mass value 1864:9� 0:2 MeV in agreement with the PDG value [1℄. The width of thesignal was 17:4�0:2 MeV, reeting the detetor resolution. The number of untagged D0mesons yielded by the �t in the above M(K�) range was N(D0untag) = 22110� 440.7



5 Study of the exited harm mesons D01 and D�025.1 Reonstrution of D01; D�02 ! D�+�� deaysTo reonstrut the D01; D�02 ! D�+�� deays, an exited harm meson andidate wasformed by ombining eah seleted D�+ andidate (Setion 4.1) with an additional trak,assumed to be a pion (�a), with a harge opposite to that of the D�+ andidate. The addi-tional trak was required to satisfy the pion dE=dx hypothesis with l� > 0:01 (Setion 4).To redue the ombinatorial bakground, the following requirements were applied:pT (�a) > 0:15 GeV; pT (D�+�a)=E�>10ÆT > 0:25; os ��(D�+) < 0:9for the D�+ deay hannel (1), andpT (�a) > 0:25 GeV; pT (D�+�a)=E�>10ÆT > 0:30; os ��(D�+) < 0:8for the D�+ deay hannel hannel (2). The deay angle ��(D�+) is the angle betweenthe D�+ in the D�+�a rest frame and the D�+�a line of ight in the laboratory frame. Aut �(�a) < 1:1 was applied to exlude the region of large trak density in the forward(proton) diretion.For eah exited harm meson andidate, the \extended" mass di�erene, �M ext =M(K��s�a)�M(K��s) or �M ext = M(K����s�a)�M(K����s), was alulated. Theinvariant mass of the D�+�a system was alulated as M(D�+�a) = �M ext+M(D�+)PDG,where M(D�+)PDG is the nominal D�+ mass [1℄. The resolution in M(D�+�a) around thenominal masses of the D01 and D�02 mesons [1℄ was estimated from MC simulations to be5:6 MeV.Figure 3a shows the M(D�+�a) distribution for D�+ meson andidates reonstrutedin both deay hannels (1) and (2). A lear enhanement is seen in the range 2:4 <M(D�+�a) < 2:5 GeV, where ontributions from D1(2420)0 and D�2(2460)0 mesons are ex-peted. The wide D1(2430)0 meson, whih is also expeted to ontribute to the M(D�+�a)distribution, is not distinguishable from bakground due to its large width (384+107�75 �74 MeV [1℄). No enhanement is seen in the M(D�+�a) distribution for wrong hargeombinations (histogram) formed by ombining a D�+ andidate and �a with the sameharges. The wrong harge distribution lies generally below the distribution for the ombi-nations with the appropriate harges, in agreement with MC preditions; this is expetednear threshold sine, due to harge onservation, the invariant mass distribution for ran-dom trak ombinations with total harge �2 should lie below that for trak ombinationswith total harge zero. 8



5.2 Reonstrution of D�02 ! D+�� deaysTo reonstrut the D�02 ! D+�� deays, an exited harm meson andidate was formedby ombining eah seleted D+ andidate (Setion 4.2) with an additional trak, assumedto be a pion (�a), with a harge opposite to that of the D+ andidate. The additionaltrak was required to satisfy the pion dE=dx hypothesis with l� > 0:01 (Setion 4). Toredue the ombinatorial bakground, the following requirements were applied:�(�a) < 1:1; pT (�a) > 0:30 GeV; pT (D+�a)=E�>10T > 0:35; os ��(D+) < 0:8;where ��(D+) is the angle between the D+ in the D+�a rest frame and the D+�a line ofight in the laboratory frame.For eah exited harm meson andidate, the extended mass di�erene, �M ext =M(K���a) � M(K��), was alulated. The invariant mass of the D+�a system wasalulated as M(D+�a) = �M ext + M(D+)PDG, where M(D+)PDG is the nominal D+mass [1℄. The resolution in M(D+�a) around the nominal mass of the D�02 meson [1℄ wasestimated from MC simulations to be 7:3 MeV.Figure 3b shows the M(D+�a) distribution for the seleted exited harm meson an-didates. A small exess is seen around the nominal mass of the D�02 meson. The wideD�0(2400)0 meson, whih is also expeted to ontribute to the M(D+�a) distribution, isnot distinguishable from bakground due to its large width (261 � 50 MeV [1℄). As ex-peted from parity and angular momentum onservation for a 1+ state, no indiationof the D01 deay to D+�� is seen. Feed-downs from the D01 and D�02 mesons deayingto D�+�� with a onsequent D�+ deay to a D+ and undeteted neutrals, predited byMC at M(D+�a) � 2:3 GeV, are not seen, probably due to the large ombinatorial bak-ground. No signal is seen in the M(D+�a) distribution for wrong harge ombinations(histogram) formed by ombining a D+ andidate and a �a with the same harges.5.3 Mass, width and heliity parametersTo distinguish the D01 (1+ state from j = 3=2 doublet) and D�02 (2+ state from j = 3=2doublet) mesons from eah other and from the wide D1(2430)0 (1+ state from j = 1=2doublet) meson, the heliity angular distribution was used. The heliity angle (�) isde�ned as the angle between the �a and �s momenta in the D�+ rest frame. The heliityangular distribution an be parametrised asdNd os� / 1 + h os2 �; (4)where h is the heliity parameter. HQET predits h = 3 (h = 0) for the 1+ state fromthe j = 3=2 (j = 1=2) doublet, and h = �1 for the 2+ state from the j = 3=2 doublet.9



Figure 4 shows the M(D�+�a) distribution in four heliity intervals. The D01-meson ontri-bution is inreasing with j os(�)j and dominates the exess in the M(D�+�a) distributionfor j os(�)j > 0:75. The dependene of the D�02 -meson ontribution on the heliity angleis less pronouned; it is onsistent with the expeted slow derease with j os(�)j.To extrat the D01 and D�02 yields and properties, a minimal �2 �t was performed using si-multaneously the M(D+�a) distribution (Fig. 3b) and the M(D�+�a) distributions in fourheliity intervals (Fig. 4). Eah of the D01 ! D�+��, D�02 ! D�+�� and D�02 ! D+��signals was represented in the �t by a relativisti D-wave Breit-Wigner funtion (seeAppendix) onvoluted with a Gaussian resolution funtion with a width �xed to the or-responding MC predition. The dependene of the detetor aeptane and resolution onthe M(D�+�a) or M(D+�a) was obtained from MC and orreted for in the �t funtion.Equation (4) was used to desribe the heliity distributions. The aeptane dependeneon the heliity angle, found from MC to be very weak, was orreted for in the �t fun-tion. Yields of all three signals, the D01 and D�02 masses, and the D01 width and heliityparameters were free parameters of the �t. Sine the data were not able to onstrainreliably the D�02 width and heliity parameter, the D�02 width was �xed to the reentlyupdated world average value of 43� 4 MeV [1℄ and the HQET predition, h(D�02 ) = �1,was used for the heliity parameter.To desribe bakgrounds in the M(D�+�a) and M(D+�a) distributions, a funtional formwith three shape parameters xA exp(�Bx + Cx2), where x = �M ext � m�+, was used.It was heked that suh a funtional form desribes the wrong harge distributions well.The yields and shape parameters of the M(D�+�a) and M(D+�a) bakground funtionswere independent free parameters of the �t. Sine neither data nor MC demonstrated asizeable bakground dependene on the heliity angle, the same bakground funtion wasused for the M(D�+�a) distributions in the four heliity intervals.The expeted feed-downs from D01; D�02 ! D�+�� ! D+��+ neutrals (Setion 5.2) wereinluded in the M(D+�a) �t funtion; the e�et on the �t results was small. Contributionsfrom the wide D1(2430)0 and D�0(2400)0 states were added to the M(D�+�a) and M(D+�a)�t, respetively. Their shapes were desribed with a relativisti S-wave Breit-Wignerfuntion (see Appendix) onvoluted with a Gaussian resolution funtion with widths �xedto the MC predition. The masses and widths of the wide exited harm mesons wereset to the world-average values [1℄. The D1(2430)0 yield was set to that of the narrowD1(2420)0 meson sine both have the same quantum numbers. The D�0(2400)0 yield wasset to 1:7 times the D�02 ! D+�� yield as observed by the FOCUS ollaboration [5℄.The yield measured by FOCUS overs both a diret signal from the D�0(2400)0 and afeed-down from the D1(2430)0, deaying to D�+�� with a onsequent D�+ deay to a D+and undeteted neutrals [5℄.The results of the simultaneous �t inluding all ontributions are shown in Figs. 3{4. The10



�t with 15 free parameters desribed well the M(D+�a) distribution and the M(D�+�a)distributions in four heliity intervals with a �2 of 913 for 925 degrees of freedom. Thenumbers of reonstruted exited harm mesons and values of all free bakground param-eters yielded by the �t are summarised in Table 2.The di�erenes between the D01 and D�02 masses and M(D�+)PDG wereM(D01)�M(D�+)PDG = 410:2� 2:1(stat:)� 0:9(syst:) MeV;M(D�02 )�M(D�+)PDG = 458:8� 3:7(stat:)+1:2�1:3(syst:) MeV;and, hene, the masses of the D01 and D�02 wereM(D01) = 2420:5� 2:1(stat:)� 0:9(syst:)� 0:2(PDG) MeV;M(D�02 ) = 2469:1� 3:7(stat:)+1:2�1:3(syst:)� 0:2(PDG) MeV:The �rst unertainties are statistial, the seond are systemati (Setion 8) and the thirdare due to the unertainty of the M(D�+)PDG value. Small errors due to the unertaintyof the M(D�+)PDG�M(D+)PDG value were inluded in the systemati unertainties. Themeasured D01 and D�02 masses are in fair agreement with the world average values [1℄. TheD01 width yielded by the �t is�(D01) = 53:2� 7:2(stat:)+3:3�4:9(syst:) MeVwhih is above the world average value 20:4 � 1:7 MeV [1℄. The observed di�erene anbe a onsequene of di�ering prodution environments. The D01 width an have a sizeableontribution from the broad S-wave deay even if the S-wave admixture is small [33,34℄.A larger S-wave admixture at ZEUS with respet to that in measurements with restritedphase spae, whih an suppress prodution of the broad state, ould explain why themeasured D01 width is larger than the world average value.The D01 heliity parameter wash(D01) = 5:9+3:0�1:7(stat:)+2:4�1:0(syst:):This is inonsistent with the predition for a pure S-wave deay of the 1+ state, h = 0.It is onsistent with the predition for a pure D-wave deay, h = 3.In the general ase of D- and S-wave mixing, the heliity angular distribution form of the1+ state is:dNd os� / r + (1� r)(1 + 3 os2 �)=2 +p2r(1� r) os�(1� 3 os2 �); (5)11



where r = �S=(�S + �D), �S=D is the S-=D-wave partial width and � is the relative phasebetween the two amplitudes. Using Eqs. (4) and (5), os� an be expressed in terms ofr and the measured value of the heliity parameter, h:os� = (3� h)=(3 + h)� r2p2r(1� r) : (6)Figure 5 ompares with previous measurements the range restrited by the measuredh(D01) value and its unertainties in a plot of os� versus r. The ZEUS range has amarginal overlap with that restrited by the CLEO measurement of h(D01) = 2:74+1:40�0:93 [35℄.BELLE performed a three-angle analysis and measured both the os� and r values [4℄.The BELLE measurement, whih suggested a very small admixture of S-wave to theD1(2420)0 ! D�+�� deay and almost zero phase between two amplitudes, is outside theZEUS range; the di�erene between the two measurements, evaluated with Eq. (6), is � 2standard deviations.5.4 Fragmentation and branhing frationsThe numbers of reonstruted D01; D�02 ! D�+�� and D�02 ! D+�� deays were dividedby the numbers of reonstruted D�+ and D+ mesons, yielding the rates of D�+ andD+ mesons originating from the D01 and D�02 deays. To orret the measured ratesfor detetor e�ets, the relative aeptanes were alulated using the MC simulation asratios of aeptanes for the D01; D�02 ! D�+�� and D�02 ! D+�� states to the inlusiveD�+ and D+ aeptanes, respetively. The aeptane of the requirement l� > 0:01for the additional trak was alulated with data using identi�ed pions from D�+ deays(Setion 4.1), to be (98:9 � 0:1)%; only pions in the kinemati range of the additionalpion seletion were used.Charm prodution at HERA is larger than beauty prodution by two orders of magni-tude. The small b-quark relative ontributions, predited by the MC simulation usingbranhing frations of b-quark deays to the harm hadrons measured at LEP [36{39℄5,were subtrated when alulating the relative aeptanes; the subtration hanged therelative aeptanes by less than 1:5% of their values. The relative aeptanes were 52%for the D01; D�02 ! D�+�� and 47% for D�02 ! D+�� in the kinemati ranges desribedin Setion 4.The frations, F , of D�+ mesons originating from D01 and D�02 deays were alulated inthe kinemati range j�(D�+)j < 1:6 and pT (D�+) > 1:35 GeV for the D�+ deay hannel5 The published branhing frations of the b-quark deays were realulated using updated values [1℄ ofthe relevant harm-hadron deay branhing frations.12



(1), ombined with hannel (2) for pT (D�+) > 2:8 GeV:FD01!D�+��=D�+ = 10:4� 1:2(stat:)+0:9�1:5(syst:) %;FD�02 !D�+��=D�+ = 3:0� 0:6(stat:)� 0:2(syst:) %:The fration of D+ mesons originating from D�02 deays, alulated in the kinemati rangepT (D+) > 2:8 GeV and j�(D+)j < 1:6 isFD�02 !D+��=D+ = 7:3� 1:7(stat:)+0:8�1:2(syst:) %:The frations measured in the restrited pT (D�+; D+) and �(D�+; D+) kinemati rangeswere extrapolated to the frations in the full kinemati phase spae using the Bowlermodi�ation [27℄ of the Lund symmetri fragmentation funtion [28℄ as implemented inPythia [21℄. Applying the estimated extrapolation fators, � 1:1 for FD01;D�02 !D�+��=D�+and � 1:2 for FD�02 !D+��=D+, givesF extrD01!D�+��=D�+ = 11:6� 1:3(stat:)+1:1�1:7(syst:) %;F extrD�02 !D�+��=D�+ = 3:3� 0:6(stat:)� 0:2(syst:) %;F extrD�02 !D+��=D+ = 8:6� 2:0(stat:)+1:1�1:4(syst:) %:In the full kinemati phase spae, the extrapolated frations of D�+ originating from D01and D�02 and of D+ originating from D�02 an be expressed asF extrD01!D�+��=D�+ = f(! D01)f(! D�+) � BD01!D�+�� ;F extrD�02 !D�+��=D�+ = f(! D�02 )f(! D�+) � BD�02 !D�+��;FextrD�02 !D+��=D+ = f(! D�02 )f(! D+) � BD�02 !D+��;where the fragmentation frations f(! D01), f(! D�02 ), f(! D�+) and f(! D+)are the rates of  quarks hadronising as a given harm meson, and BD01!D�+��, BD�02 !D�+��and BD�02 !D+�� are the orresponding branhing frations.These expressions provide a means to alulate the fragmentation frations f(! D01)and f(! D�02 ), and the ratio of the two branhing frations for the D�02 meson:f(! D01) = F extrD01!D�+��=D�+BD01!D�+�� � f(! D�+);13



f(! D�02 ) = F extrD�02 !D�+��=D�+ � f(! D�+) + FextrD�02 !D+��=D+ � f(! D+)BD�02 !D�+�� + BD�02 !D+�� ;BD�02 !D+��BD�02 !D�+�� = F extrD�02 !D+��=D+ � f(! D+)FextrD�02 !D�+��=D�+ � f(! D�+) :The f(! D�+) and f(! D+) values, previously measured by ZEUS [30℄, were real-ulated with the updated PDG values of the branhing frations [1℄ to bef(! D�+) = 20:4� 0:9(stat:)+0:8�0:7(syst:)+0:7�1:1(br:) %;f(! D+) = 21:7� 1:4(stat:)+1:3�0:5(syst:)+1:0�1:3(br:) %;where the third unertainties are due to the branhing-fration unertainties. This yieldsBD�02 !D+��BD�02 !D�+�� = 2:8� 0:8(stat:)+0:5�0:6(syst:)in agreement with the world average value of 2:3� 0:6 [1℄. Theoretial models [34,40,41℄predit the ratio to be in the range from 1.5 to 3.Assuming isospin onservation, for whihBD01!D�+�� = 2=3; BD�02 !D�+�� + BD�02 !D+�� = 2=3;yields f(! D01) and f(! D�02 ) (Table 3). In order to hek fragmentation universal-ity for the exited harm mesons, the measured fragmentation frations are omparedand found to be onsistent with those obtained in e+e� annihilations. The measuredf(! D01) and f(! D�02 ) values are above the preditions of the thermodynamialmodel [42℄ (Table 3). The sum of the two fragmentation frations,f(! D01) + f(! D�02 ) = 7:3� 0:8(stat:)+0:7�0:8(syst:) %;agrees with the predition of the tunnelling model of 8:5% [43℄. The preditions of bothmodels are based on �ts to the prodution rates of light-avoured hadrons at LEP.The ratio f(! D01)=f(! D�02 ) = 0:93� 0:20(stat:)� 0:16(syst:)is onsistent with the simple spin-ounting predition of 3=5. Both thermodynamial andtunnelling models suggest the ratio should exeed the spin-ounting predition due to thedi�erene between the D01 and D�02 masses.14



6 Study of the exited harm-strange meson D+s16.1 Reonstrution of D+s1 ! D�+K0S deaysThe K0S mesons were reonstruted in their harged-deay mode, K0S ! �+��, for thoseevents ontaining a D�+ andidate. To identify K0S andidates, displaed seondary ver-ties reonstruted from pairs of oppositely harged traks [44℄ were used. The identi�a-tion eÆieny degraded for the displaed seondary verties lose to the primary vertex.Therefore, additional seondary verties were formed from pairs of oppositely hargedtraks that were not assigned to one of the displaed seondary verties. This was doneby alulating the intersetion points of the two traks in the XY plane and requiringj�Zj < 3 m between the two traks at the intersetion point. To redue the ombinato-rial bakground originating from traks from the primary vertex, the additional seondaryverties with distanes between the primary and seondary verties in the XY plane ofless than 0:5 m were removed.To redue the ombinatorial bakground, it was required that pT > 0:15 GeV for eahtrak from any K0S andidate, os�XY > 0:97 and os��Z > 0:85, where �XY and ��Z arethe projeted angles in the XY and �Z planes, respetively, between the K0S-andidatemomentum and the line joining the primary to the seondary vertex. Figure 6 showsthe invariant-mass, M(�+��), distribution for all remaining K0S andidates. Only K0Sandidates with 0:480 < M(�+��) < 0:515 GeV were kept for the reonstrution ofexited harm-strange mesons. The mass distribution was �tted to a sum of a modi�edGaussian funtion desribing the signal and a linear funtion desribing the non-resonantbakground. The �t yielded the K0S mass value 497:8� 0:1 MeV, in agreement with thePDG value [1℄. The width of the signal was 4:1�0:1 MeV reeting the detetor resolution.The number of reonstruted K0S mesons in the range 0:480 < M(�+��) < 0:515 GeVyielded by the �t was N(K0S) = 8540� 120.To reonstrut the D+s1 ! D�+K0S deays, a D+s1-meson andidate was formed by om-bining eah seleted D�+ andidate (Setion 4.1) with the K0S andidates reonstrutedin the same event. For eah D+s1 andidate, the extended mass di�erene, �M ext =M(K��s�+��)�M(K��s)�M(�+��) or �M ext = M(K����s�+��)�M(K����s)�M(�+��), was alulated. The invariant mass of the D�+K0S system was alulated asM(D�+K0S) = �M ext + M(D�+)PDG + M(K0S)PDG, where M(K0S)PDG is the nominal K0Smass [1℄. The resolution in M(D�+K0S) around the nominal mass of the D+s1 [1℄ wasestimated from MC simulations to be 2:2 MeV.Figure 7a shows the M(D�+K0S) distribution for D�+ meson andidates reonstruted inboth deay hannels. A lear signal is seen at the nominal value of M(D+s1).15



6.2 Reonstrution of D+s1 ! D�0K+ deaysMonte Carlo studies show that a signal from the D+s1 ! D�0K+ deay, with a onsequentD�0 deay to a D0 and undeteted neutrals, should be seen in the M(D0K+) distributionwith an average negative shift of 142:4�0:2 MeV with respet to the nominal D+s1 mass [1℄,and that the shape of the signal an be reasonably well desribed by the modi�ed Gaussianfuntion (Eq. 3) with a width of 3:1 MeV.To reonstrut the D+s1 ! D�0K+ deays, an exited harm-strange meson andidate wasformed by ombining eah seleted untagged D0 andidate (Setion 4.3) with an additionaltrak, assumed to be a kaon (Ka), with a harge opposite to that of the partile taken asa kaon to form the D0 andidate. The additional trak was required to satisfy the kaondE=dx hypothesis with lK > 0:03 (Setion 4). To redue the ombinatorial bakground,the following requirements were applied:�(Ka) < 1:1; pT (Ka) > 0:60 GeV; pT (D0Ka)=E�>10T > 0:35; os ��(D0) < 0:8;where ��(D0) is the angle between the D0 in the D0Ka rest frame and the D0Ka line ofight in the laboratory frame.For eah exited harm-strange meson andidate, the extended mass di�erene, �M ext =M(K�Ka)�M(K�) was alulated. The invariant mass of the D0Ka system was alu-lated as M(D0Ka) = �M ext +M(D0)PDG, where M(D0)PDG is the nominal D0 mass [1℄.Figure 7b shows the M(D0Ka) distribution for the seleted exited harm-strange mesonandidates. A signal is seen at the expeted position of the feed-down from the D+s1 !D�0K+ deay. No signal from the known deay Ds2(2573)+ ! D0K+ [1℄ was observed,probably due to the large ombinatorial bakground.6.3 Mass, width and heliity parametersThe M(D�+K0S) distribution in four heliity intervals is shown in Fig. 8, with the heliityangle (�) de�ned as the angle between the K0S and �s momenta in the D�+ rest frame.The D+s1 signal dereases with j os(�)j.To extrat the D+s1 yields and properties, an unbinned likelihood �t was performed usingsimultaneously values of M(D0Ka), M(D�+K0S), and os(�) for D�+K0S ombinations.The observed narrow signals in the M(D�+K0S) and M(D0Ka) distributions were de-sribed in the �t by a Gaussian funtion and a modi�ed Gaussian funtion, respetively.Equation (4) was used to desribe the heliity distribution. The aeptane dependeneon the heliity angle, found from MC to be very weak, was orreted for in the �t fun-tion. The average shift of the signal in the M(D0Ka) distribution with respet to the16



mass of D+s1 meson was �xed to the MC predition (Setion 6.2). Yields and widths ofboth signals, the D+s1 mass and the D+s1 heliity parameter were free parameters of the �t.To desribe the bakground in the M(D�+K0S) distribution, a funtion xA, where x =�M ext, was used. The bakground desription for the M(D0Ka) distribution requireda funtional form with two shape parameters xA exp(�Bx), where x = �M ext � mK+and mK+ is the kaon mass [1℄. The shape parameters of the M(D�+K0S) and M(D0Ka)bakground funtions were independent free parameters of the �t. Sine neither data norMC demonstrated a sizeable bakground dependene on the heliity angle, the bakgroundfuntion for D�+K0S ombinations was assumed to be heliity independent. The numbersof reonstruted D+s1 mesons and values of all free bakground parameters yielded by the�t are summarised in Table 4.The widths of both signals yielded by the �t agree with the MC preditions for theorresponding resolutions. Thus the value of the natural D+s1 width annot be extrated.The di�erene between the D+s1 mass and M(D�+)PDG wasM(D+s1)�M(D�+)PDG = 525:30+0:44�0:41(stat:)� 0:10(syst:) MeV;and, hene, the mass of the D+s1 wasM(D+s1) = 2535:57+0:44�0:41(stat:)� 0:10(syst:)� 0:17(PDG) MeV:The �rst unertainty is statistial, the seond is systemati (Setion 8) and the third isdue to the unertainty of the M(D�+)PDG value. Small errors due to the unertaintiesof the M(D�+)PDG �M(D0)PDG and M(K0S)PDG values were inluded in the systematiunertainty. The measured D+s1 mass is in good agreement with the world average value [1℄.The D+s1 heliity parameter wash(D+s1) = �0:74+0:23�0:17(stat:)+0:06�0:05(syst:):The measured h value is inonsistent with the predition for a pure D-wave deay ofthe 1+ state, h = 3, and is barely onsistent with the predition for a pure S-wavedeay, h = 0. Figure 9 shows a range, restrited by the measured h(D+s1) value andits unertainties, in a plot of os� versus r = �S=(�S + �D) (Eq. 6). The measurementsuggests a signi�ant ontribution of both D- and S-wave amplitudes to the Ds1(2536)+ !D�+K0S deay. The ZEUS range agrees with that restrited by the CLEO measurementof h(D+s1) = �0:23+0:40�0:32 [45℄ and with the BELLE three-angle measurement of both os�and r values [46℄.6.4 Fragmentation and branhing frationsThe numbers of reonstruted D+s1 ! D�+K0S and D+s1 ! D�0K+ deays were divided bythe numbers of reonstruted D�+ and untagged D0 mesons, respetively, yielding rates of17



D�+ and untagged D0 mesons originating from D+s1 deays. To orret the measured ratesfor detetor e�ets, the relative aeptanes were alulated using the MC simulation asratios of aeptanes for the D+s1 ! D�+K0S and D+s1 ! D�0K+ states to the inlusiveD�+ and untagged-D0 aeptanes, respetively. The untagged-D0 aeptane inludedsubtration of a small ontamination to N(D0untag) from unidenti�ed D�+ mesons. Theaeptane of the requirement lK > 0:03 for the additional trak was alulated with datausing identi�ed kaons from D�+ deays (Setion 4.1), to be (95:3� 0:2)%; only the kaonsfrom the kinemati range of the additional kaon seletion were used. Subtration of thesmall b-quark ontribution hanged the relative aeptanes by less than 2:2% of theirvalues. The relative aeptanes were 38% for D+s1 ! D�+K0S and 48% for D+s1 ! D�0K+in the kinemati ranges desribed in Setion 4.The fration, F , of D�+ mesons originating from D+s1 deays, orreted to the frationof K0 mesons deaying as K0S (50%) and to the branhing fration of the K0S deayinto �+�� (69:20% [1℄), was alulated in the kinemati range j�(D�+)j < 1:6 andpT (D�+) > 1:35 GeV for the D�+ deay hannel (1), ombined with hannel (2) forpT (D�+) > 2:8 GeV:FD+s1!D�+K0=D�+ = 1:35� 0:18(stat:)� 0:03(syst:) %:The fration of untagged D0 mesons originating from D+s1 deays, alulated in the kine-mati range pT (D0) > 2:8 GeV and j�(D0)j < 1:6 isFD+s1!D�0K+=D0untag = 1:28� 0:26(stat:)� 0:07(syst:) %:The frations measured in the restrited pT (D�+; D0) and �(D�+; D0) kinemati rangeswere extrapolated to the frations in the full kinemati phase spae (Setion 5.4). Ap-plying the estimated extrapolation fators, � 1:2 for FD0s1!D�+K0=D�+ and � 1:5 forFD+s1!D�0K+=D0untag , givesF extrD+s1!D�+K0=D�+ = 1:67� 0:22(stat:)� 0:07(syst:) %;FextrD+s1!D�0K+=D0untag = 1:93� 0:40(stat:)+0:12�0:16(syst:) %:In the full kinemati phase spae, the extrapolated frations of D�+ and untagged D0mesons originating from D+s1 an be expressed asFextrD+s1!D�+K0=D�+ = f(! D+s1)f(! D�+) � BD+s1!D�+K0;F extrD+s1!D�0K+=D0untag = f(! D+s1)f(! D0untag) � BD+s1!D�0K+;18



where the fragmentation frations f(! D+s1), f(! D�+) and f(! D0untag) are therates of  quarks hadronising as a given harm meson, and BD+s1!D�+K0 and BD+s1!D�0K+are the orresponding branhing frations.These expressions provide a means to alulate the fragmentation fration f(! D+s1)and the ratio of the two D+s1 branhing frations:f(! D+s1) = FextrD+s1!D�+K0=D�+ � f(! D�+) + F extrD+s1!D�0K+=D0untag � f(! D0untag)BD+s1!D�+K0 + BD+s1!D�0K+ ;BD+s1!D�0K+BD+s1!D�+K0 = F extrD+s1!D�0K+=D0untag � f(! D0untag)F extrD+s1!D�+K0=D�+ � f(! D�+) :Using f(! D�+) and f(! D0) [30℄, realulated with the updated values of thebranhing frations [1℄, and alulating the fragmentation fration into untagged D0f(! D0untag) = f(! D0)� f(! D�+) � BD�+!D0�+= 39:8� 1:9(stat:)� 1:5(syst:)+1:5�2:1(br:) %;where BD�+!D0�+ is the branhing fration of the deay D�+ ! D0�+ (67:7% [1℄) andthe third unertainty is due to the branhing-fration unertainties, yieldsBD+s1!D�0K+BD+s1!D�+K0 = 2:3� 0:6(stat:)� 0:3(syst:)in omparison with the world average value of 1:27� 0:21 [1℄. Isospin invariane requiresthe matrix elements of the two measured D+s1 deay modes to be the same, while anenhanement of the D�0K+ �nal state is expeted due to the larger phase spae [41℄.Assuming that the deay width of the D+s1 is saturated by the D�K �nal states, i.e.BD+s1!D�+K0 + BD+s1!D�0K+ = 1;yields f(! D+s1) (Table 3). The measured fragmentation fration value agrees withthose obtained in e+e� annihilations and is above the predition of the thermodynamialmodel [42℄.The ratio for the two 1+ statesf(! D+s1)=f(! D01) = 0:31� 0:06(stat:)+0:05�0:04(syst:)represents the strangeness-suppression fator for P -wave harm mesons. The measuredvalue agrees with measurements of the strangeness-suppression fator for the lowest-massharm mesons [13, 30, 47℄ and with the value of 0:3, used by default in simulations basedon the Lund string fragmentation sheme [48℄.19



7 Searh for the radially exited harm meson D�0+To searh for the D�0+ ! D�+�+�� deays, a D�0+ andidate was formed by ombin-ing eah seleted D�+ andidate (Setion 4.1) with two additional traks with oppositeharges. The additional traks were assumed to be pions (��a ), and were required to sat-isfy the pion dE=dx hypothesis with l� > 0:01 (Setion 4). To redue the ombinatorialbakground, the uts �(��a ) < 1:1 and os ��(D�+) < 0:8 were imposed, where ��(D�+)is the angle between the D�+ in the D�+�+a ��a rest frame and the D�+�+a ��a line of ightin the laboratory frame. To further redue the ombinatorial bakground, the followingrequirements were applied:pT (��a ) > 0:15 GeV; pT (D�+�+a ��a )=E�>10T > 0:25for the D�+ deay hannel (1) andpT (��a ) > 0:25 GeV; pT (D�+�+a ��a )=E�>10T > 0:30for the D�+ deay hannel hannel (2).For eah D�0+ andidate, the extended mass di�erene, �M ext = M(K��s�+a ��a ) �M(K��s) or �M ext = M(K����s�+a ��a ) �M(K����s), was alulated. The invariantmass of the D�+�+a ��a system was alulated as M(D�+�+a ��a ) = �M ext + M(D�+)PDG.The resolution in M(D�+�+a ��a ) around 2:64 GeV, where a narrow signal was reported bythe DELPHI Collaboration [10℄, was estimated from MC simulations to be 5:6 MeV.Figure 10 shows the M(D�+�+a ��a ) distribution below 2:9 GeV. The distribution was in-vestigated in the full aessible range; no narrow resonane was observed.An estimate of the fration of D�+ mesons originating from the D�0+ ! D�+�+�� de-ays was performed in the signal window of 2:59 < M(D�+�+a ��a ) < 2:69 GeV. Thiswindow overs both theoretial preditions [9℄ and the DELPHI measurement [10℄. TheM(D�+�+a ��a ) distribution was �tted outside the signal window to the bakground fun-tional form with two shape parameters, xA exp(�Bx), where x = �M ext � 2m�+. Thenumber of reonstruted D�0+ mesons was estimated to be 104� 83 by subtrating thebakground funtion, integrated over the signal window, from the observed number ofandidates in the window.The number of reonstruted D�0+ ! D�+�+�� deays was divided by the number ofreonstruted D�+ mesons, yielding a fration of D�+ mesons originating from the D�0+deays. To orret the measured fration for detetor e�ets, the relative aeptane wasalulated using the MC simulation (Setion 3) as a ratio of an aeptane for the D�0+ !D�+�+�� state to the inlusive D�+ aeptane. The aeptane of the requirementl� > 0:01 for the additional traks was alulated with data (Setion 5.4). Subtration20



of the small b-quark ontribution, performed under a onservative assumption that allD�0+ mesons are produed in harm fragmentation, hanged the relative aeptane by� 1:7% of its value. The relative aeptane was found to be 34% in the kinemati rangedesribed in Setion 4.1.The fration, F , of D�+ mesons originating from D�0+ deays was alulated in the kine-mati range j�(D�+)j < 1:6 and pT (D�+) > 1:35 GeV for the D�+ deay hannel (1),ombined with hannel (2) for pT (D�+) > 2:8 GeV:FD�0+!D�+�+��=D�+ = 0:54� 0:43(stat:)+0:03�0:08(syst:) %:The fration measured in the restrited pT (D�+) and �(D�+) kinemati range was ex-trapolated to the fration in the full kinemati phase spae (Setion 5.4). Applying theestimated extrapolation fator, � 1:2, givesF extrD�0+!D�+�+��=D�+ = 0:67� 0:53(stat:)+0:03�0:10(syst:) %:In the full kinemati phase spae, the extrapolated ratio an be expressed asFextrD�0+!D�+�+��=D�+ = f(! D�0+)f(! D�+) � BD�0+!D�+�+��;where the fragmentation fration f(! D�0+) is the rate of  quarks hadronising as D�0+,and BD�0+!D�+�+�� is the branhing fration of the deay D�0+ ! D�+�+��.Using f(! D�+) [30℄, realulated with the updated branhing frations [1℄, an upperlimit was set on the produt of the fration of  quarks hadronising as a D�0+ mesonand the branhing fration of the D�0+ ! D�+�+�� deay in the mass range 2:59 <M(D�+�+a ��a ) < 2:69 GeV:f(! D�0+) � BD�0+!D�+�+�� < 0:4% (95% C:L:):The upper limit is the frequentist on�dene bound alulated assuming a Gaussian prob-ability funtion in the uni�ed approah [49℄. It is stronger than the 0:9% limit on D�0�prodution in harm fragmentation obtained by OPAL [11℄.The ratio of the D�0+ ! D�+�+�� to D01; D�02 ! D�+�� deay yields, alulated asRD�0+!D�+�+��=D01 ;D�02 !D�+�� = F extrD�0+!D�+�+��=D�+F extrD01!D�+��=D�+ + FextrD�02 !D�+��=D�+ ;is ompared with those obtained by DELPHI [10℄ and OPAL [11℄ in Table 5. TheZEUS measurement is more sensitive to the existene of a narrow resonane deayingto D�+�+��. However, it is sensitive only to the resonane prodution in harm fragmen-tation while the LEP measurements are also sensitive to beauty fragmentation.21



8 Systemati unertaintiesThe systemati unertainties of the measured values were determined by varying theanalysis proedure and repeating all alulations. The sizes of the variations were hosenommensurate with the estimated unertainties of the relevant parameters and variables.The following groups of systemati unertainties were onsidered.� fÆ1g The unertainties related to the signal and heliity extration proedures wereobtained as follows:{ for the D�+ signals: the ranges for the bakground normalisation were redued by2 MeV on either side; the �t was used instead of the subtration proedure;{ for the D+ signal: the range for the signal �t was redued by 20 MeV on eitherside; the amounts of the subtrated D+s and �+ reetions were varied in the rangeof their unertainties; a higher-order polynomial was inluded in the bakgroundparametrisation;{ for the untagged D0 signal: the range for the signal �t was redued by 20 MeVon either side; the value of M(K�), where the bakground form with the expo-nential enhanement turns into the linear form, was varied between 1:84 GeV and1:88 GeV; a higher-order polynomial was inluded in the bakground parametrisa-tion;{ for the D01 and D�02 signals: the ranges for the signal �t were redued by 20 MeVon either side; higher-order polynomials were inluded in the exponential of thebakground parametrisations; the masses and widths of the wide exited harmmesons were varied in the range of their unertainties [1℄ and their yields werevaried by �50%;{ for the D01 heliity distribution: the aeptane dependene on the heliity anglewas varied in the range of its unertainty; the bakground funtions in the fourheliity intervals were allowed to have separate normalisations;{ for the D+s1 signals: the ranges for the signal �t were redued by 12 MeV onthe upper side; higher-order polynomials were inluded in the exponential of thebakground parametrisations; the average shift of the signal in the M(D0Ka)distribution with respet to the mass of D+s1 meson was varied in the range of itsunertainty (Setion 6.2);{ for the D+s1 heliity distribution: the aeptane dependene on the heliity anglewas varied in the range of its unertainty; the bakground funtion was allowed tohave a free heliity parameter; 22



{ for the D�0+ signal searh: the range for the bakground �t was redued by 12 MeVon the upper side; a higher-order polynomial was inluded in the exponential ofthe bakground parametrisation;� fÆ2g The unertainty of the traking reonstrution and simulation was taken into a-ount by varying all momenta by �0:1% (magneti �eld unertainty) and by hangingthe trak momentum and angular resolutions by �5% of their values.� fÆ3g The unertainties of M(D�+)PDG �M(D+)PDG, M(D�+)PDG �M(D0)PDG andM(K0S)PDG were inluded.� fÆ4g The unertainties of the dE=dx requirements applied to the additional traks(Setions 5.4, 6.4 and 7) were taken into aount.� fÆ5g The unertainty of the CAL simulation was determined by varying the CALenergy sale by �2%.� fÆ6g The unertainties of the fragmentation frations f(! D�+), f(! D+) andf(! D0untag) were determined by adding in quadrature their statistial and system-ati unertainties and the errors originating from the branhing-fration unertainties.The unertainty of the branhing fration of the K0S deay into �+�� [1℄ was alsotaken into aount.� fÆ7g The model dependene of the aeptane orretions was estimated by varyingthe pT (D�+; D+; D0) and �(D�+; D+; D0) distributions of the MC sample by theirunertainties; the MC fration of the lowest-mass harm mesons produed in a vetorstate was taken to be 0:6� 0:1.� fÆ8g The unertainty of the beauty subtration was determined by varying the b-quark ross setion by a fator of two in the MC sample and by varying the branhingfrations of b-quarks to harm hadrons by their unertainties [36{39℄.� fÆ9g The extrapolation unertainties were determined by varying relevant parametersof the Pythia simulation using the Bowler modi�ation [27℄ of the Lund symmetrifragmentation funtion [28℄6. The following variations were performed:{ the mass of the  quark was taken to be 1:5� 0:2 GeV;{ the strangeness suppression fator was taken to be 0:3� 0:1;{ the fration of the lowest-mass harm mesons produed in a vetor state was takento be 0:6� 0:1;6 An adequate use of the Peterson fragmentation funtion [50℄ for the extrapolation was not possibledue to the absene of preditions or measurements of the Peterson parameter values for all involvedharm mesons. Using the Peterson fragmentation funtion with the same parameter value (0:05) forall harm mesons inreases the extrapolation fators by 10� 25%.23



{ prodution rates of the exited harm and harm-strange mesons were varied by�50% around the entral values tuned to reprodue the measured frations of quarks hadronising into D01, D�02 or D+s1;{ the Bowler fragmentation funtion parameter r was varied from the preditedvalue 1 to 0:5; the a and b parameters of the Lund symmetri funtion were variedby �20% around their default values [21℄.Contributions from the di�erent systemati unertainties were alulated and added inquadrature separately for positive and negative variations. The results are given in Ta-bles 6{7.The relatively narrow �M , M(K��) and M(K�) ranges, used for the exited harmand harm-strange meson studies, seleted only the entral parts of the D�+, D+ andD0 signals, respetively (Setion 4). It was heked that inreasing the narrow ranges by25 � 50% produed no e�et on the results beyond the expeted statistial utuations.Similarly, no systemati shifts were found when removing the �(�a; Ka) < 1:1 requirementfrom the exited state seletions (Setions 5.1, 5.2, 6.2 and 7). It was also heked thatthe D01 width value annot be signi�antly redued by inluding an interferene betweenthe signal and bakground.9 SummarySizeable prodution of the exited harm and harm-strange mesons was observed in epinterations. The measured masses of the D01, D�02 and D+s1 are in reasonable agreementwith the world average values [1℄. The measured D01 width is�(D01) = 53:2� 7:2(stat:)+3:3�4:9(syst:) MeVwhih is above the world average value 20:4� 1:7 MeV [1℄.The measured D01 heliity parameter ish(D01) = 5:9+3:0�1:7(stat:)+2:4�1:0(syst:);whih is inonsistent with the predition of h = 0 for a pure S-wave deay of the 1+ state,and is onsistent with the predition of h = 3 for a pure D-wave deay. In the generalase of D- and S-wave mixing, the allowed region of the mixing parameters is onsistentwith the CLEO measurement [35℄ and marginally onsistent with the BELLE result [4℄.The measured D+s1 heliity parameter ish(D+s1) = �0:74+0:23�0:17(stat:)+0:06�0:05(syst:):24



This value is inonsistent with the predition of h = 3 for a pure D-wave deay of the 1+state, and is barely onsistent with the predition of h = 0 for a pure S-wave deay. Themeasurement suggests a signi�ant ontribution of both D- and S-wave amplitudes to theDs1(2536)+ ! D�+K0S deay. The allowed region of the mixing parameters is onsistentwith the CLEO measurement [45℄ and with the BELLE result [46℄.The ratios of the dominant D�02 and D+s1 branhing frations areBD�02 !D+��BD�02 !D�+�� = 2:8� 0:8(stat:)+0:5�0:6(syst:);BD+s1!D�0K+BD+s1!D�+K0 = 2:3� 0:6(stat:)� 0:3(syst:)in agreement with the world average values [1℄.The frations of  quarks hadronising into D01, D�02 or D+s1 mesons are onsistent withthose obtained in e+e� annihilations (Table 3), in agreement with harm fragmentationuniversality. Sizeable frations of the D�+, D+ and D0 mesons emanate from these exitedstates.No radially exited D�0+ meson was observed. An upper limit, stronger than that obtainedby OPAL [11℄, was set on the produt of the fration of  quarks hadronising as a D�0+meson and the branhing fration of the D�0+ ! D�+�+�� deay in the range of the D�0+mass from 2:59 to 2:69 GeV:f(! D�0+) � BD�0+!D�+�+�� < 0:4% (95% C:L:):AppendixRelativisti Breit-Wigner funtionThe mass distribution, M , of a resonane with a non-negligible natural width deaying intotwo partiles is desribed by a relativisti Breit-Wigner funtion with a mass-dependentwidth [51℄: dNdM / MM0�(M)(M2 �M20 )2 + M20�2(M) ;�(M) = �0M0M �p�p�0�2l+1 F l(p�; p�0);where �0 is the nominal resonane width, p� is the momentum of the deay produts inthe resonane rest frame and p�0 is the value of p� at the resonane nominal mass M0.25
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deay D�+ hannel (1) D�+ hannel (2)pT (K) (GeV) > 0:45 > 0:5pT (�) (GeV) > 0:45 > 0:2pT (�s) (GeV) > 0:1 > 0:15pT (D�+)=E�>10ÆT > 0:12 > 0:2pT (D�+) (GeV) > 1:35 > 2:8j�(D�+)j < 1:6 < 1:6M(D0) (GeV) for 1:83� 1:90 1:845� 1:885pT (D�+) < 3:25 GeVM(D0) (GeV) for 1:82� 1:91 1:845� 1:8853:25 < pT (D�+) < 5 GeVM(D0) (GeV) for 1:81� 1:92 1:835� 1:8955 < pT (D�+) < 8 GeVM(D0) (GeV) for 1:80� 1:93 1:825� 1:905pT (D�+) > 8 GeVTable 1: Requirements applied for seletions of D�+ andidates in the deay han-nels (1) and (2) (see text). The mass resolution dependene on pT (D�+) is takeninto aount in the requirement on onsisteny of the reonstruted and nominalD0 masses.
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�nal state D�+�a D+�aSignal yieldsN(D01) 3110� 340N(D�02 ) 870� 170 690� 160Bakground parametersYield 169� 18 1540� 300A 0:37� 0:3 1:27� 0:7B 1:3� 0:3 7:7� 0:4C �1:4� 0:3 2:3� 0:3Table 2: The numbers of reonstruted D01 and D�02 mesons and values of all freebakground parameters yielded by the simultaneous �t of the M(D+�a) distributionand the M(D�+�a) distributions in four heliity intervals (see text). The mass,width and heliity parameters are given in the text.f(! D01) [%℄ f(! D�02 ) [%℄ f(! D+s1) [%℄ZEUS 3:5� 0:4+0:4�0:6 3:8� 0:7+0:5�0:6 1:11� 0:16+0:08�0:10OPAL [38℄ 2:1� 0:7� 0:3 5:2� 2:2� 1:3 1:6� 0:4� 0:3ALEPH [39℄ 0:94� 0:22� 0:07Model [42℄ 1:7 2:4 0:54Table 3: The frations of  quarks hadronising into the D01, D�02 and D+s1 mesons(Setions 5.4 and 6.4). The �rst unertainty is statistial and the seond is sys-temati (Setion 8). �nal state D�+K0S D0KaSignal yieldsN(D+s1) 100� 13 136� 27Bakground parametersA 0:43� 0:06 0:43� 0:05B 4:3� 1:0Table 4: The numbers of reonstruted D+s1 mesons and values of all free bak-ground parameters yielded by the unbinned likelihood �t performed simultaneouslyusing values of M(D0Ka), M(D�+K0S) and heliity angle for D�+K0S ombinations(see text). The mass, width and heliity parameters are given in the text.31



RD�0+!D�+�+��=D01 ;D�02 !D�+��DELPHI [10℄, Z0 ! b�b; � 49� 18� 10 %OPAL [11℄, Z0 ! b�b; � 5� 10� 0:2 %< 22 % (95% C:L:)ZEUS, ep! �X 4:5� 3:6+0:6�0:7 %< 12 % (95% C:L:)Table 5: The ratio of the D�0+ ! D�+�+�� and D01; D�02 ! D�+�� deay yields,RD�0+!D�+�+��=D01 ;D�02 !D�+��. The �rst unertainty is statistial and the seond issystemati (Setion 8).

total Æ1 Æ2 Æ3M(D01) [MeV℄ �0:9 +0:4�0:5 �0:8 �0:0M(D�02 ) [MeV℄ +1:2�1:3 +0:6�0:8 �1:0 +0:1�0:0�(D01) [MeV℄ +3:3�4:9 +3:3�4:9 �0:2 �0:0h(D01) +2:4�1:0 +2:4�1:0 �0:0 �0:0M(D+s1) [MeV℄ �0:10 +0:06�0:05 �0:08 �0:02h(D+s1) +0:06�0:05 +0:06�0:05 � �0:00Table 6: The total and Æ1-Æ3 (see text) systemati unertainties for the mass,width and heliity parameters of the exited harm and harm-strange mesons.
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total Æ1 Æ2 Æ3 Æ4 Æ5 Æ6 Æ7 Æ8 Æ9(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)FextrD01!D�+��=D�+ +9:3�14:4 +8:5�13:9 +0:6�0:3 �0:0 �0:1 +2:2�2:3 � +1:1�0:6 �0:7 �2:6FextrD�02 !D�+��=D�+ +6:5�7:1 +5:1�5:9 +0:3�0:5 �0:0 �0:1 +2:4�2:1 � +1:0�0:6 �1:2 +2:8�2:9FextrD�02 !D+��=D+ +12:3�16:7 +10:8�15:8 +3:0�0:7 +0:2�1:0 �0:1 +2:8�3:1 � +1:0�0:4 +1:4�1:0 +4:6�4:2BD�02 !D+��BD�02 !D�+�� +18:3�20:0 +12:0�16:1 +1:7�0:4 �0:2 �0:0 +0:4�1:0 +13:2�11:2 +0:5�0:8 +1:3�0:9 +3:2�4:8f(! D01) +11:5�16:4 +8:5�13:9 +0:6�0:3 �0:0 �0:1 +2:2�2:3 +6:9�7:8 +1:1�0:6 �0:7 �2:6f(! D�02 ) +12:3�14:6 + 8:2�11:8 +0:9�0:0 +0:1�0:7 �0:1 +2:7�2:8 +7:7�7:1 +0:3�0:0 +1:2�1:0 +4:0�3:6F extrD+s1!D�+K0=D�+ +4:5�4:1 +1:6�2:0 +0:7�0:3 �0:0 �0:0 +0:1�0:0 �0:1 +1:7�1:0 �0:6 +3:7�3:3FextrD+s1!D�0K+=D0untag +6:3�8:3 +1:9�4:0 +3:0�0:7 �0:2 �0:3 +3:8�3:5 � +0:5�0:4 +1:4�0:7 +3:3�6:2BD+s1!D�0K+BD+s1!D�+K0 +12:5�13:3 +2:7�4:3 +2:6�0:4 +0:2�1:0 �0:3 +3:6�3:5 +11:0�10:3 +1:2�1:8 +0:9�0:4 +2:0�6:0f(! D+s1) +7:4�8:6 +1:4�2:8 +2:3�0:6 +0:1�0:2 �0:2 +2:6�2:8 +5:3�6:1 +0:6�0:4 +1:1�0:7 +3:2�4:8FextrD�0+!D�+�+��=D�+ +4:7�15:0 +3:0�13:9 +1:6�2:0 � �0:2 +2:0�2:4 � +1:3�0:7 +2:0�1:0 +1:2�4:5Table 7: The total and Æ1-Æ9 (see text) systemati unertainties for extrapolatedfrations, for ratios of the dominant branhing frations and for fragmentationfrations of the exited harm and harm-strange mesons.
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