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Measurement of the harm fragmentationfuntion in D� photoprodution at HERA

ZEUS Collaboration
AbstratThe harm fragmentation funtion has been measured in D� photoprodutionwith the ZEUS detetor at HERA using an integrated luminosity of 120 pb�1.The fragmentation funtion is measured versus z = (E + pk)D�=2Ejet, whereE is the energy of the D� meson and pk is the longitudinal momentum of theD� meson relative to the axis of the assoiated jet of energy Ejet. Jets werereonstruted using the kT lustering algorithm and required to have transverseenergy larger than 9 GeV. The D� meson assoiated with the jet was requiredto have a transverse momentum larger than 2 GeV. The measured funtion isompared to di�erent fragmentation models inorporated in leading-logarithmMonte Carlo simulations and in a next-to-leading-order QCD alulation. Thefree parameters in eah fragmentation model are �tted to the data. The extratedparameters and the funtion itself are ompared to measurements from e+e�experiments.
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1 IntrodutionThe prodution of a harm hadron is desribed as the onvolution of the perturbativeprodution of a harm quark and the non-perturbative transition of a harm quark toa hadron. The non-perturbative omponent is assumed to be universal, i.e. indepen-dent of the initial onditions. It is desribed by so-alled fragmentation funtions whihparametrise the transfer of the quark's energy to a given hadron. The free parametersare determined from �ts to data. The transition of a harm quark to a D� meson is thesubjet of this paper.The parameters of the various fragmentation funtion ans�atze were so far derived fromdata obtained at e+e� olliders. The e+e� data span a wide range of entre-of-massenergies and the fragmentation of a harm quark to a D� meson has been measuredmany times [1℄, most reently by the CLEO [2℄ and Belle [3℄ ollaborations at a entre-of-mass energy of �10.5 GeV and the ALEPH [4℄ ollaboration at 91.2 GeV. Due tosaling violations in QCD, the dependene of the fragmentation funtion on produtionenergy [1, 5℄ is expeted to follow the DGLAP equations [6℄.The fragmentation funtion has reently been measured by the H1 Collaboration for theprodution of D� mesons in deep inelasti sattering (DIS) [7℄. A measurement of thefragmentation funtion at HERA and its omparison with that dedued from experi-ments at e+e� olliders provides a measure of the universality of harm fragmentationand further onstrains its form. The analysis presented here has been performed in thephotoprodution regime in whih a quasi-real photon of low virtuality, Q2, is emitted fromthe inoming eletron or positron and ollides with a parton in the proton.2 Experimental onditionsThe analysis was performed using data olleted with the ZEUS detetor at HERAduring 1996{2000. In this period, HERA ollided eletrons or positrons with energyEe = 27:5 GeV and protons with energy Ep = 820 GeV (1996{1997) or Ep = 920 GeV(1998{2000) orresponding to integrated luminosities of 38:6 � 0:6 and 81:9 � 1:8 pb�1and to entre-of-mass energies ps = 300 GeV and ps = 318 GeV, respetively.A detailed desription of the ZEUS detetor an be found elsewhere [8℄. A brief outlineof the omponents that are most relevant for this analysis is given below.Charged partiles were traked in the entral traking detetor (CTD) [9℄, whih operatedin a magneti �eld of 1:43 T provided by a thin superonduting oil. The CTD onsisted1



of 72 ylindrial drift hamber layers, organised in 9 superlayers overing the polar-angle1region 15Æ < � < 164Æ. The transverse-momentum resolution for full-length traks was�(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV.The high-resolution uranium{sintillator alorimeter (CAL) [10℄ onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah part wassubdivided 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 measured from the rate of the bremsstrahlung proess ep ! ep,where the photon was measured in a lead{sintillator alorimeter [11℄ plaed in the HERAtunnel at Z = �107 m.3 Event seletion and reonstrutionA three-level trigger system was used to selet events online [8, 12, 13℄. At the �rst- andseond-level triggers, general harateristis of photoprodution events were required andbakground due to beam-gas interations rejeted. At the third level, a version of thetraking information lose to the o�ine version was used to selet D� andidates.Kinemati variables and jets were reonstruted o�ine using a ombination of trak andalorimeter information that optimises the resolution of reonstruted kinemati vari-ables [14℄. A seleted trak or alorimeter luster is referred to as an Energy Flow Objet(EFO). The jets were reonstruted with the kT luster algorithm [15℄ in its longitudi-nally invariant inlusive mode [16℄, where the parameter R is hosen equal to 1. Jetswere formed from the EFOs with at least one jet required to have transverse energy,EjetT > 9 GeV and pseudorapidity, j�jetj < 2.4. The photon-proton entre-of-mass energy,Wp, was alulated using the formula Wp = p2Ep(PiEi � pZ;i), where the sum runsover the energy and longitudinal momentum omponent of all EFOs. Due to trigger re-quirements and beam-gas bakground at low Wp and bakground from DIS events athigh Wp, the requirement 130 < Wp < 280 GeV was made. Neutral urrent DIS events1 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. The pseudorapidityis de�ned as � = � ln �tan �2�, where the polar angle, �, is measured with respet to the proton beamdiretion. 2



with a sattered eletron or positron andidate in the CAL were also removed by ut-ting [17℄ on the inelastiity, y, whih is estimated from the energy, E 0e, and polar angle,�0e, of the sattered eletron or positron andidate using ye = 1� E0e2Ee (1� os �0e). Eventswere rejeted if ye < 0:7.The D� mesons were identi�ed using the deay hannel D�+ ! D0�+s with the subsequentdeay D0 ! K��+ and the orresponding anti-partile deay. They were reonstrutedfrom harged traks in the CTD using the mass-di�erene tehnique [18℄. Traks withopposite harges and transverse momenta greater than 0.5 GeV were ombined into pairsto form D0 andidates. No partile identi�ation was used, so kaon and pion masses wereassumed in turn for eah trak to alulate the invariant mass M(K�). A third trak,assumed to be the soft pion, �+s , with transverse momentum greater than 0.12 GeV andof opposite harge to the kaon, was ombined to form a D� andidate with invariant massM(K��s). The D� andidates were then required to have pD�T > 2 GeV and j�D�j < 1:5.To minimise bakground, narrow windows were seleted for the mass di�erene, �M =M(K��s) �M(K�), and the mass of the D0 meson: 0:1435 < �M < 0:1475 GeV and1:83 < M(D0) < 1:90 GeV. For bakground determination, D0 andidates with wrong-harge ombinations, in whih both traks forming the D0 andidates have the sameharge and the third trak has the opposite harge, were also retained. The same kinematirestritions were applied as for those D0 andidates with orret-harge ombinations. Thenormalisation fator of the wrong-harge sample (a value of 1.02 for the distribution afterall requirements shown in Fig. 1) was determined as the ratio of events with orret-hargeombinations to wrong-harge ombinations in the region 0:150 < �M < 0:165 GeV. Aut of pD�T =E�>10Æ? > 0.1 was imposed to further redue ombinatorial bakground, whereE�>10Æ? is the transverse energy measured using all EFOs outside a one of 10Æ in theforward diretion. The forward region was exluded beause of the strong inuene of theproton remnant [19℄.Finally, the D� meson was assoiated with the losest jet (with EjetT > 9 GeV andj�jetj < 2:4) in � � � spae and requiring R �= p(�jet � �D�)2 + (�jet � �D�)2� < 0.6.The ombined eÆieny for all the above requirements was about 35%. A lear D� masspeak above a relatively small bakground is shown in Fig. 1. Subtration of the bak-ground of 634� 30 andidates, estimated from the wrong-harge sample, gave 1307� 53D� mesons. The bakground was subtrated bin-by-bin as a funtion of the measuredfragmentation variable and all other subsequent distributions.3



4 Fragmentation variables and kinemati regionIn e+e� ollisions, at leading order (LO), the two produed harm quarks eah arry halfof the available entre-of-mass energy, ps. The fragmentation variable of a D� meson antherefore be simply related to one of the two produed jets. In ep ollisions, the de�nitionof the fragmentation variable is not so simple as only a fration of the available entre-of-mass energy ontributes to the prodution of harm quarks in the hard satteringproess. However, harm quarks produed in the hard satter form �nal-state jets ofwhih the meson is a onstituent. Therefore, the fragmentation variable, z, is alulatedas z = (E + pk)D�=(E + pk)jet, where pk is the longitudinal momentum of the D� mesonor of the jet relative to the axis of the assoiated jet of energy, Ejet, where all quantitiesare given in the laboratory frame. As the jets are reonstruted as massless objets, zsimpli�es to: z = (E + pk)D�=2Ejet: (1)The analysis was performed in the photoprodution regime with 130 < Wp < 280 GeVand Q2 < 1 GeV2. The D� meson was required to be in the region j�D�j < 1:5 andpD�T > 2 GeV. The D� meson was inluded in the jet-�nding proedure and was therebyuniquely assoiated with one jet only. Eah jet assoiated with a D� was required tosatisfy j�jetj < 2:4 and EjetT > 9 GeV.Cuts on the minimum jet transverse energy and minimum D� transverse momentumwill lead to a bias in the z distribution as z � pD�=Ejet. Therefore the minimum jettransverse energy was hosen to be as high as possible and the minimum D� transversemomentum to be as low as possible whilst maintaining statistial preision. With theabove requirements, the z distribution is unbiased above 0.22.5 Fragmentation modelsVarious parametrisations of fragmentation funtions have been proposed. Those onsid-ered in this paper are detailed below.A parametrisation often used to desribe the fragmentation of heavy quarks is the funtionfrom Peterson et al. [20℄ whih has the formf(z) / 1[z(1� 1=z � �=(1� z))2℄ ; (2)where � is a free parameter. 4



The funtion from Kartvelishvili et al. [21℄ has the formf(z) / z�(1� z); (3)where � is a free parameter.Within the framework of the Artru-Mennessier model [22℄, Bowler [23℄ developed a frag-mentation funtion for heavy quarks of mass, mQ, whih has the formf(z) / 1z1+rQbm2Q (1� z)a exp��bm2?z � ; (4)where a and b are free parameters and rQ is predited to be unity. The quantity m? is thetransverse mass of the hadron, m2? = m2 + (prelT )2, where m is the hadron's mass and prelTthe transverse momentum relative to the diretion of the quark. The additional freedomgiven by rQ allows a smooth transition to the symmetri Lund form [24℄ (rQ � 0) used todesribe light-quark fragmentation.6 Monte Carlo modelsMonte Carlo (MC) models were used both to alulate the aeptane and e�ets of thedetetor response and to extrat fragmentation parameters. The programmes Herwig6.1 [25℄ and Pythia 6.1 [26℄ whih implement LO matrix elements followed by partonshowers and hadronisation were used to model the �nal state. Di�erent parameter settingswere used in the MC models when orreting the data or when extrating fragmentationparameters; the settings used when extrating fragmentation parameters are given inSetion 8.1. The MC used to orret the data had the default settings, apart from thefollowing hanges: the fration of harged D mesons produed in a vetor state was setto 0.6 [27℄; and the exited D-meson prodution rates were set to non-zero values2 [28℄.The ZEUS detetor response was simulated in detail using a programme based on Geant3.13 [29℄. The Pythia 6.1 MC programme was used with two di�erent fragmentationshemes: the default whih is the Lund string model [30℄ modi�ed aording to Bowlerfor heavy quarks; and the Peterson fragmentation funtion with � = 0:06 (see Setion 5).The Herwig 6.1 MC programme uses a luster model [31℄ for its fragmentation.2 These hanges orrespond to the Pythia parameters: PARJ(13) = 0.6, PARJ(14) = 0.13, PARJ(15)= 0.01, PARJ(16) = 0.03 and PARJ(17) = 0.13.5



7 Data orretion and systemati unertaintiesThe data were orreted for aeptane and e�ets of detetor response using a bin-by-bin method with the Pythia simulation used as the entral MC. The distribution of thedi�erene in z between hadron and detetor levels is symmetri, has a mean of zero anda width of 0.06 units. To maintain both high purity and the validity of the bin-by-binmethod, a bin width of at least twie this value (0.14 units) was hosen. The rate dueto b quarks was subtrated using the Pythia MC predition normalised to a previousmeasurement of jet photoprodution [32℄. Therefore the ross setion as a funtion of z isfor proesses in whih an initial-state harm quark hadronises to a D� meson. A detailedanalysis [33℄ of the possible soures of systemati unertainty was performed. The souresare:Æ1 the use of an alternative fragmentation model in the Pythia MC simulation (seeSetion 6). As the Herwig MC simulation gave a poor desription of the data, it wasnot used to orret the data;Æ2 the b fration subtrated was hanged by (a) +30% and (b) �30% in aordanewith the level of agreement between data and Pythia MC preditions [32℄ for jetphotoprodution;Æ3 the total energy in the jet reonstruted from the CAL EFOs was varied by (a) +3%and (b) �3% in the simulation, in aordane with the unertainty in the jet energysale;Æ4 the range of Wp was hanged to (a) 124 < Wp < 267 GeV and (b) 136 < Wp <293 GeV, in aordane with the resolution;Æ5 the ut on EjetT was hanged to (a) 10 GeV and (b) 8 GeV, in aordane with theresolution;Æ6 the value of the ut on pD�T =E�>10Æ? was varied to (a) 0.08 and (b) 0.12;Æ7 the lower (upper) bound on the normalisation region for the wrong-harge andidateswas hanged to (a) 0.152 ((b) 0.163) GeV.The uts on �jet, �D� and pD�T were also varied in aordane with their resolution andprodued negligible e�ets. The values of the above unertainties for eah bin in thenormalised ross setion, (1=�)d�=dz, are given in Table 1. The individual systematiunertainties were added in quadrature separately for the positive and negative deviationsfrom the nominal ross-setion values to obtain the total systemati unertainties. Thesystemati unertainties on the �ts of the various fragmentation parametrisations to thedata desribed in Setion 8 were obtained from �ts to the ross setion for eah systemativariation. The resulting variations in a given fragmentation parameter were added inquadrature to yield the systemati unertainty on that parameter.6



8 ResultsThe distributions of the variables z, prelT , where prelT is the transverse momentum of theD� meson relative to the jet, pD�T , �D�, EjetT and �jet are shown in Fig. 2 and ompared tothe distributions from the MC programmes, normalised to the data. Also shown is thepredition of the Pythia simulation for the prodution of beauty quarks subsequentlyproduing a D� meson; this amounts to about 6%. The z distribution is reasonably welldesribed by the Pythia MC preditions, whereas the Herwig predition does not de-sribe the data. This an be seen in the di�erenes between the measured pD�T distributionand that predited by Herwig. The MC preditions for the EjetT distribution are, how-ever, similar and agree reasonably well with the measurement. For the prelT distribution,the Pythia simulations give a good desription of the data and are again better thanthat from Herwig. This shows that the Pythia MC model using both the Bowler andPeterson fragmentation for harm quarks gives a good desription of the transverse as wellas the longitudinal omponent of the D� fragmentation proess. The distribution of thepseudorapidities of both jet and D� are similarly well desribed by both MC programmes.As the Herwig MC model is known to give a better desription than Pythia of data [34℄sensitive to the parton-shower model, the di�erenes shown here suggest that the lustermodel does not desribe the hadronisation proess of harm quarks to D� mesons.The normalised di�erential ross setion, 1=�(d�=dz), is presented in the kinemati regionQ2 < 1 GeV2 and 130 < Wp < 280 GeV, requiring at least one jet with EjetT > 9 GeV andj�jetj < 2:4. A D� meson with pD�T > 2 GeV and j�D�j < 1:5 was required to be assoiatedwith any jet that satis�ed the above jet requirements on EjetT and �jet. The D� mesonwas inluded in the jet-�nding proedure and was thereby uniquely assoiated with onejet only. The values of the ross setion are given in Table 2 and shown in Figs. 3 and 4ompared to various expetations. In Fig. 5, the same data are shown ompared withresults from e+e� experiments.8.1 Comparison with fragmentation models in PythiaThe normalised ross setion is shown in Fig. 3 ompared to the Pythia MC simulationusing di�erent fragmentation models. The original default settings for Pythia 6.1 wereused with the proton and photon parton density funtions set to GRV94 LO [35℄ and GRV-LO [36℄, respetively and a di�erent value for the maximum parton virtuality allowed inspae-like showers (PARP(67) in Pythia hanged from 1.0 to 4.0 [37℄). Otherwise, onlythe fragmentation parameters onsidered (see Setion 5) were varied.The default fragmentation setting in the simulation is the symmetri Lund string frag-mentation modi�ed for heavy quarks aording to Bowler (see Eq. 4). Three preditions7



for di�erent values of rQ are shown ompared to the data in Fig. 3(a). The default predi-tion with rQ = 1 gives a reasonable desription of the data; as rQ dereases, the preditiondeviates more and more from the data.The Peterson funtion (see Eq. 2) and the option to vary � is available within the Pythiasimulation. The value of � was varied in the range 0.01 to 0.1, with the Lund stringfragmentation model used for lighter avours. For eah value in the MC simulation, thefull event reord was generated and the kinemati requirements applied, allowing a diretomparison to the data. The result of varying � is shown in Fig. 3(b). Here it an be seenthat values as low as � = 0:01 are disfavoured, produing a muh harder spetrum thanthe data, while values as high as � = 0:1 result in too soft a spetrum and are thereforealso disfavoured. The result of �tting the MC to the data was � = 0:062 � 0:007+0:008�0:004where the �rst unertainty is statistial and the seond systemati. The value is onsistentwith the default value in the MC of � = 0:05 whih was obtained from omparisons [26℄with LEP and SLD data at the Z0 mass. The �tted value was then used in the MC andthe result ompared in Fig. 3(b); the data are well desribed.8.2 Comparison with next-to-leading-order QCD alulationsThe data were ompared with a next-to-leading-order (NLO) QCD predition [38℄ whihis a �xed-order alulation from Frixione et al. (FMNR). As default, the programme isinterfaed to the Peterson fragmentation funtion; the funtion from Kartvelishvili etal. (see Eq. 3) was also implemented. The other parameters used in the NLO QCDalulation were as follows: the renormalisation and fatorisation sales were set to � =ph(pT )2i+ m2 , where h(pT )2i is the average squared transverse momentum of the twoharm quarks and m = 1.5 GeV; the proton parton density funtion was CTEQ5M1 [39℄;and the photon parton density funtion was AFG-HO [40℄.As the �nal state partiles in the NLO QCD alulation are partons, to enable a fairomparison with the data, the preditions were orreted for e�ets of hadronisationusing a bin-by-bin proedure aording to �� = ��NLO � Chad, where ��NLO is theross setion for partons in the �nal state of the NLO alulation. The hadronisationorretion fator, Chad, was de�ned as the ratio of the ross setions after and before thehadronisation proess, Chad = ��HadronsMC =��PartonsMC , where the partons used are those afterparton showering. The values of Chad from Pythia were used for the entral results. Asthe results of Herwig do not desribe the data (see Setion 6), they are used only as asystemati hek. The predition from this ombination of NLO QCD and hadronisationorretion is termed \FMNR�CPYThad ". The values of Chad are given for Pythia andHerwig in Table 2. 8



The result of varying � in the Peterson funtion and � in the Kartvelishvili funtion for thepreditions of FMNR�CPYThad are shown in Figs. 4(a) and (b), respetively. The data againshow sensitivity to these fragmentation funtions and an onstrain their free parameters.The results of �ts to the data are � = 0:079� 0:008+0:010�0:005 and � = 2:67� 0:18+0:17�0:25 for thePeterson and Kartvelishvili funtions, respetively, where the �rst unertainty is statistialand the seond systemati.A number of parameter settings whih are ommonly used in omparison with data [34℄were onsidered. Using Chad from Herwig gave � = 0:094� 0:008 and � = 2:46� 0:17,where the unertainty is statistial only. The e�et of the input parameters in the NLOQCD programme was heked by hanging the renormalisation sale and harm masssimultaneously to 2� and 1.7 GeV and 0.5� and 1.3 GeV. The di�erent settings gavevalues of � (�) of 0.082 (2.55) and 0.077 (2.80), respetively; the unertainty from theNLO QCD input parameters is signi�antly smaller than the experimental unertainties.The default � value used so far in NLO QCD alulations, extrated from a �t [41℄ toARGUS [42℄ data, was 0.035. As the perturbative part of the prodution in alulationsof e+e� and ep ross setions depends on the sale of the proess and olour onnetionsbetween the outgoing quarks and the proton remnant an have an e�et, the values of �extrated with NLO QCD from e+e� and ep data may not neessarily be the same. Thisillustrates that are is needed in hoosing the appropriate fragmentation parameter.8.3 Measurement of hzi and omparisons with e+e� dataIn Fig. 5, the ZEUS data are shown ompared with measurements from the Belle [3℄,CLEO [2℄ and ALEPH [4℄ ollaborations in e+e� interations. The Belle and CLEOdata are measured at a similar entre-of-mass energy of about 10.5 GeV, whereas theALEPH data was taken at 91.2 GeV. The orresponding sale of the ZEUS data is givenby twie the average transverse energy of the jet, 23.6 GeV, and is between the two e+e�entre-of-mass energies.Although using a di�erent de�nition for z, the general features of the data presented hereare similar to those at e+e� experiments. However the ZEUS data are shifted somewhat tolower values of z ompared to the CLEO and Belle data with the ALEPH data even lower.This an be seen more quantitatively by extrating the mean value of the distribution,hzi = 0:588 � 0:025 (stat:) � 0:029 (syst:). The Pythia MC programme was used toextrapolate the phase spae to pD�T = 0 and to orret for the subsequent exlusion ofthe region 0 < z < 0:16. It was also used to orret for the �nite bin size. The resultingfator was 0.961. The orreted value, 9



hzi = 0:565� 0:024 (stat:)� 0:028 (syst:) (5)and those from ALEPH, Belle and CLEO are shown in Table 3. It should be noted thatthe ALEPH data uses the beam energy as the sale rather than the jet energy whih,due to hard gluon emission, would be a better equivalent to the jet energy used in thisanalysis. The usage of jet energy for ALEPH data would lead to an inrease in hzi.Although the unertainties on the urrent measurement are larger than those from thee+e� experiments, the value is qualitatively onsistent with expetations from salingviolations in QCD in whih hzi dereases with inreasing energy [43℄.9 SummaryThe fragmentation funtion for D� mesons has been measured in photoprodution atHERA using the variable z = (E+ pk)D�=2Ejet and requiring a jet with EjetT > 9 GeV andj�jetj < 2.4 to be assoiated with a D� meson in the range pD�T > 2 GeV and j�D�j < 1:5.The data are ompared to di�erent fragmentation models in MC simulations and a NLOQCD alulation. The luster model used in the Herwig programme does not desribethe data. Within the framework of NLO QCD and the Pythia simulation, the freeparameters of the Peterson fragmentation funtion and, for NLO QCD, the Kartvelishvilifuntion have been �tted.The value of � in the Peterson funtion, extrated within the framework of NLO QCD, isdi�erent to that extrated using data from e+e� ollisions. As the perturbative aspetsof the orresponding alulations and the energy sales are di�erent, the results are notexpeted to be the same. Future alulations of harm hadron ross setions at NLO QCDat HERA should always use the appropriate values. Within the onsistent frameworkgiven by the Pythia model, the extrated fragmentation parameters agree with thosedetermined in e+e� data.The fragmentation funtion and the hzi are di�erent to those measured at di�erent entre-of-mass energies in e+e� ollisions; the measured hzi is higher than the ALEPH data andlower than the CLEO and Belle data, qualitatively onsistent with the saling of thisvariable as predited by QCD.AknowledgementsWe thank the DESY Diretorate for their strong support and enouragement. The re-markable ahievements of the HERA mahine group were essential for the ompletion of10
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z binSoure (0.16, 0.30) (0.30, 0.44) (0.44, 0.58) (0.58, 0.72) (0.72, 0.86) (0.86, 1)Æ1 (%) +17.0 �1.9 �6.4 +3.2 +8.8 �21.0Æ2a (%) +8.4 +2.2 �1.0 �1.0 �1.8 �2.2Æ2b (%) +7.0 �2.2 +0.9 +0.9 +1.7 +2.0Æ3a (%) +1.4 �5.8 +0.3 +1.2 +1.6 +3.1Æ3b (%) +4.1 +2.9 +0.4 �0.1 �3.4 �2.7Æ4a (%) �2.9 +5.3 �0.3 +3.0 �2.0 �11.0Æ4b (%) +14.0 �1.8 �1.1 �0.5 �0.8 �2.6Æ5a (%) �6.8 +3.6 �1.9 +2.5 +5.9 �16.0Æ5b (%) �29.0 �7.9 +2.1 +12.0 �0.6 +4.9Æ6a (%) �39.0 +6.1 +2.7 +2.3 +2.3 +2.3Æ6b (%) +37.0 �3.3 �3.5 �2.7 �2.4 �2.4Æ7a (%) �0.3 +0.3 +0.5 �0.5 �0.3 �0.8Æ7b (%) �1.7 +1.1 �0.1 �0.3 +0.4 �1.7Table 1: Individual soures of systemati unertainty (in %) per bin of the nor-malised ross-setion (1=�)d�=dz. The desription of eah variation is given inSetion 7. z bin (1=�)d�=dz Æstat Æsyst CPYThad CHRWhad0.16, 0.30 0.53 � 0.19 +0:23�0:26 1.82 1.430.30, 0.44 1.26 � 0.17 +0:12�0:14 1.58 1.080.44, 0.58 1.67 � 0.15 +0:06�0:13 1.28 1.000.58, 0.72 1.68 � 0.14 +0:22�0:05 1.18 0.910.72, 0.86 1.36 � 0.12 +0:15�0:07 1.02 0.850.86, 1 0.63 � 0.08 +0:04�0:18 1.33 1.16Table 2: Measured normalised ross-setion (1=�)d�=dz. The statistial (Æstat) andsystemati (Æsyst) unertainties are shown separately. The bin-by-bin orretions forhadronisation (see Setion 8.2) are shown for Pythia, CPYThad , and Herwig, CHRWhad .
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Collaboration Sale (GeV) Measured variable hzi � stat. � syst.ALEPH 91.2 hED�=Ebeami 0:4878� 0:0046� 0:0061Belle 10.6 hpD�=pmaxi 0:61217� 0:00036� 0:00143CLEO 10.5 hpD�=pmaxi 0:611� 0:007� 0:004ZEUS 23.6 h(E + pk)D�=2Ejeti 0:565� 0:024� 0:028Table 3: Mean value, hzi, of the fragmentation funtion in e+e� ollisions,ALEPH, Belle and CLEO, ompared with the measurement in this paper. Thestatistial and systemati unertainties are shown separately.
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Figure 5: D� fragmentation funtion for the ZEUS data (solid points) omparedto measurements of the Belle (open irles), CLEO (open triangles) and ALEPH(open squares) ollaborations in e+e� ollisions. For shape omparison, the datasets were normalised to 1=(bin width) for z > 0:3. For the ALEPH data, thefragmentation funtion is measured versus the ratio of the energy of the D� mesonand the beam energy, whereas for the Belle and CLEO data, the fragmentationfuntion is measured versus the ratio of the momentum of the D� meson and themaximum attainable momentum at the relevant beam energy.
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