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Measurement of 
harm fragmentation fra
tionsin photoprodu
tion at HERAZEUS Collaboration
Abstra
tThe produ
tion of D0, D�+, D+, D+s and �+
 
harm hadrons and their antiparti
lesin ep s
attering at HERA has been studied with the ZEUS dete
tor, using a totalintegrated luminosity of 372 pb�1. The fra
tions of 
harm quarks hadronising into aparti
ular 
harm hadron were derived. In addition, the ratio of neutral to 
harged D-meson produ
tion rates, the fra
tion of 
harged D mesons produ
ed in a ve
tor state,and the stangeness-suppression fa
tor have been determined. The measurements havebeen performed in the photoprodu
tion regime. The 
harm hadrons were re
onstru
tedin the range of transverse momentum pT > 3:8GeV and pseudorapidity j�j < 1:6. The
harm fragmentation fra
tions are 
ompared to previous results from HERA and frome+e� experiments. The data support the hypothesis that fragmentation is independentof the produ
tion pro
ess.
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1 Introdu
tion
The fragmentation fra
tions of 
harm quarks into spe
i�
 
harm hadrons 
annot be predi
tedby Quantum Chromodynami
s (QCD) and have to be measured. It is usually assumed thatthey are universal, i.e. the same for 
harm quarks produ
ed in e+e� annihilation, in ep
ollisions and also in pp or other hadroni
 
ollisions, even though the 
harm produ
tionme
hanisms are not the same: in e+e� 
ollisions, 
�
 pairs are produ
ed dominantly by QEDpair produ
tion, whereas in ep 
ollisions, the main produ
tion me
hanism is the QCD boson-gluon fusion pro
ess 
g ! 
�
. The fragmentation universality 
an be tested by measuringthe fragmentation fra
tions at HERA and 
omparing the results with those obtained withe+e� 
ollisions. Additionally, the values of the fragmentation fra
tions are 
ru
ial parametersused in 
omparisons of perturbative QCD (pQCD) 
al
ulations with measurements of 
harmprodu
tion at HERA and elsewhere.In this paper, measurements of the photoprodu
tion of 
harm hadrons in ep 
ollisionsat HERA are presented. The relative produ
tion rates of the most 
opiously produ
ed
harm ground states, the D0, D+, D+s mesons and the �
 baryon, and of the D�+ mesonwere measured1. The fra
tions of 
harm quarks hadronising into a parti
ular 
harm had-ron, f(
 ! D;D�;�
) were determined in the kinemati
 range of transverse momentumpT (D;D�;�
) > 3:8GeV and pseudorapidity j�(D;D�;�
)j < 1:6 of the 
harm state. HereD stands for D0, D+ and D+s mesons. In addition, the ratio of neutral to 
harged D-mesonprodu
tion rates, the fra
tion of 
harged D mesons produ
ed in a ve
tor state, and thestrangeness-suppression fa
tor were determined.The analysis presented here is based on an independent data set with an integrated lumin-osity over 4.5 times larger than the previous ZEUS measurement [1℄. The new measurementbene�ts also from the ZEUS mi
rovertex dete
tor (MVD), whi
h made it possible to identifythe se
ondary de
ay verti
es of the 
harm ground states and thereby to suppress ba
kgroundsigni�
antly. The new results are 
ompared to the previous ZEUS measurement [1℄ in pho-toprodu
tion, other HERA results from H1 [2℄ and ZEUS [3, 4℄ in deep inelasti
 s
attering,and to results from experiments at e+e� storage rings [5, 6℄.1 For all studied 
harm hadrons, the 
harge 
onjugated states are implied throughout the paper.1



2 Experimental set-upThe analysis was performed with data taken from 2004 to 2007, when HERA 
ollided ele
-trons or positrons with energy Ee = 27:5 GeV and protons with energy Ep = 920 GeV. The
orresponding total integrated luminosity was 372� 7 pb�1.A detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [7℄. A brief outline ofthe 
omponents that are most relevant for this analysis is given below.In the kinemati
 range of the analysis, 
harged parti
les were tra
ked in the 
entral tra
kingdete
tor (CTD) [8℄ and the mi
rovertex dete
tor (MVD) [9℄. These 
omponents operated ina magneti
 �eld of 1.43 T provided by a thin super
ondu
ting solenoid. The CTD 
onsistedof 72 
ylindri
al drift-
hamber layers, organised in nine superlayers 
overing the polar-angle2region 15Æ < � < 164Æ. The MVD sili
on tra
ker 
onsisted of a barrel (BMVD) and a forward(FMVD) se
tion. The BMVD 
ontained three layers and provided polar-angle 
overage fortra
ks from 30Æ to 150Æ. The four-layer FMVD extended the polar-angle 
overage in theforward region to 7Æ. After alignment, the single-hit resolution of the MVD was 24 µm.The transverse distan
e of 
losest approa
h (DCA) of tra
ks to the nominal vertex in XYwas measured to have a resolution, averaged over the azimuthal angle, of (46�122=pT ) µm,with pT in GeV. For CTD-MVD tra
ks that pass through all nine CTD superlayers, themomentum resolution was �(pT )=pT = 0:0029pT � 0:0081� 0:0012=pT , with pT in GeV.The high-resolution uranium�s
intillator 
alorimeter (CAL) [10℄ 
onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h partwas subdivided transversely into towers and longitudinally into one ele
tromagneti
 se
tion(EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni
 se
tions (HAC).The smallest subdivision of the 
alorimeter was 
alled a 
ell. The CAL energy resolutions, asmeasured under test-beam 
onditions, were �(E)=E = 0:18=pE for ele
trons and �(E)=E =0:35=pE for hadrons, with E in GeV.The luminosity was measured using the Bethe-Heitler rea
tion ep ! e
p by a luminositydete
tor whi
h 
onsisted of independent lead-s
intillator 
alorimeter [11℄ and magneti
-spe
trometer [12℄ systems. The fra
tional systemati
 un
ertainty on the measured luminos-ity was 1.9%.2 The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in the nominalproton beam dire
tion, referred to as the �forward dire
tion�, and the X axis pointing left towards the
entre of HERA. The 
oordinate origin is at the 
entre of the CTD. The pseudorapidity is de�ned as� = � ln �tan �2�, where the polar angle, �, is measured with respe
t to the Z axis.2



3 Monte Carlo simulationMonte Carlo (MC) simulations were used in the analysis for modelling signal and ba
k-ground pro
esses and to 
orre
t the data for a

eptan
e e�e
ts. MC samples of 
harm andbeauty photoprodu
tion events were produ
ed with the Pythia 6.416 event generator [13℄.The generation of events, based on leading-order matrix elements, in
ludes dire
t photonpro
esses, in whi
h the photon 
ouples as a point-like obje
t in the hard s
atter, and resolvedphoton pro
esses, where the photon a
ts as a sour
e of partons, one of whi
h parti
ipates inthe hard s
attering pro
ess. Initial- and �nal-state parton showering is added to simulatehigher-order pro
esses. The CTEQ5L [14℄ and GRV LO [15℄ parametrisations were usedfor the parton distribution fun
tions of the proton and photon, respe
tively. The 
harm(beauty) quark masses were set to 1:5 (4:75) GeV. Events for all pro
esses were generated inproportion to the predi
ted MC 
ross se
tions. The Lund string model [16℄ as implementedin Jetset [13℄ was used for hadronisation in Pythia. The Bowler modi�
ation [17℄ of theLund symmetri
 fragmentation fun
tion [18℄ was used for the longitudinal 
omponent of the
harm- and beauty-quark fragmentation. The generated events were passed through a fullsimulation of the dete
tor usingGeant 3.21 [19℄ and pro
essed with the same re
onstru
tionprogram as used for the data.To ensure a good des
ription of the data, a reweighting was applied to the transverse mo-mentum, pT (D;D�;�
), and pseudorapidity, �(D;D�;�
), distributions of the Pythia MCsamples. The reweighting fa
tors were tuned using a large D�+ sample. The fa
tors deviateby no more than �15% from unity. The e�e
t of the reweighting on the measured frag-mentation fra
tions was small; the reweighting un
ertainty was in
luded in the systemati
un
ertainty.4 Event sele
tionA three-level trigger system [20℄ was used to sele
t events online. The �rst- and se
ond-leveltrigger used CAL and CTD data to sele
t ep 
ollisions and to reje
t beam-gas events. Atthe third level, the full event information was available. The sample used in this analysiswas mainly sele
ted by third-level triggers where at least one re
onstru
ted 
harm-hadron
andidate was required. A dijet trigger was used in addition to in
rease the e�
ien
y.Photoprodu
tion events were sele
ted by requiring that no s
attered ele
tron with en-ergy of greater than 5 GeV be identi�ed in the CAL [21℄. The photon-proton 
entre-of-mass energy, W , was re
onstru
ted using the Ja
quet-Blondel [22℄ estimator of W ,3



WJB =q2EpPi Ei(1� 
os �i). Here Ei and �i denote the energy and polar angle of the ithenergy-�ow obje
t (EFO) [23℄, respe
tively, and the sum i runs over all �nal-state energy-�ow obje
ts built from CTD-MVD tra
ks and energy 
lusters measured in the CAL. After
orre
ting for dete
tor e�e
ts, the most important of whi
h were energy losses in ina
tivematerial in front of the CAL and parti
le intera
tions in the beam pipe [21,24℄, events weresele
ted in the interval 130 < WJB < 300 GeV. The lower limit was set by the triggerrequirements, while the upper limit was imposed to suppress remaining DIS events with anunidenti�ed low-energy s
attered ele
tron in the CAL [21℄.5 Re
onstru
tion of 
harm hadronsThe produ
tion yields of D0, D�+, D+, D+s and �+
 
harm hadrons were measured in therange of transverse momentum pT (D;D�;�
) > 3:8GeV and the range of pseudorapidityj�(D;D�;�
)j < 1:6. The pT 
ut was imposed by trigger requirements and the � 
ut ensureda good a

eptan
e in the CTD-MVD dete
tor system. Charm hadrons were re
onstru
tedusing CTD-MVD tra
ks. Combinations of good tra
ks were used to form 
harm-hadron
andidates, as detailed in the following se
tions. To ensure good momentum resolution,ea
h tra
k was required to rea
h at least the third superlayer of the CTD. The 
ombin-atorial ba
kground was signi�
antly redu
ed by requiring pT (D;D�)=E�>10ÆT > 0:2 andpT (�
)=E�>10ÆT > 0:25 for 
harm mesons and baryons, respe
tively. The transverse energywas 
al
ulated as E�>10ÆT = �i;�i>10Æ(Ei sin �i), where the sum runs over all energy depositsin the CAL with polar angles �i above 10Æ. A further ba
kground redu
tion was a
hieved byapplying 
uts on the minimal transverse momenta of the 
harm-hadron de
ay produ
ts. Thelarge 
ombinatorial ba
kground for the D0, D+ and D+s mesons was additionally suppressedby se
ondary-de
ay vertex 
uts (see Se
tion 5.1).5.1 Re
onstru
tion of D0D0D0 mesonsThe D0 mesons were re
onstru
ted using the de
ay modeD0 ! K��+. In ea
h event, tra
kswith opposite 
harges and pT > 0:8GeV were 
ombined in pairs to form D0 
andidates. Thenominal kaon and pion masses were assumed in turn for ea
h tra
k and the invariant massof the pair, M(K�), was 
al
ulated.The kaon and pion tra
ks, measured pre
isely in the CTD-MVD dete
tor system, were usedto re
onstru
t the de
ay point of the D0 meson. The relatively long lifetime of the D0 meson4



resulted in a se
ondary vertex that is often well separated from the primary intera
tion point.This property was exploited to improve the signal-to-ba
kground ratio. The de
ay-lengthsigni�
an
e, Sl, was used as a dis
riminating variable. It is de�ned as Sl = l=�l, where lis the de
ay length in the transverse plane and �l is the un
ertainty asso
iated with thisdistan
e. The de
ay length is the distan
e in the transverse plane between the point of
reation and de
ay vertex of the meson and is given byl = �~SXY � ~BXY � � ~pDTpDT ; (1)where ~pDT is the transverse momentum ve
tor and ~SXY is the two-dimensional position ve
torof the re
onstru
ted de
ay vertex proje
ted onto the XY plane. The ve
tor ~BXY points tothe �tted geometri
al 
entre of the beam-spot whi
h is taken as the origin of the D meson.The 
entre of the ellipti
al beam-spot was determined using the average primary-vertexposition for groups of a few thousand events. The ve
tor ~BXY was 
orre
ted for ea
h eventfor the small di�eren
e in angle between the beam dire
tion and the Z dire
tion, using theZ position of the primary vertex of the event. The widths of the beam spot were 88µm(80µm) and 24µm (22µm) in the X and Y dire
tions, respe
tively, for the e+p (e�p)data. The de
ay-length error, �l, was determined by folding the width of the beam-spotwith the 
ovarian
e matrix of the de
ay vertex after both were proje
ted onto the D-mesonmomentum ve
tor.A 
ut Sl > 1 was applied. In addition, the �2 of the vertex �t was required to be less than15; this quality 
ut was applied for all se
ondary D-meson de
ay-vertex �ts in this paper.For the sele
ted D0 
andidates, a sear
h was performed for a tra
k that 
ould be a �soft�pion, �s, from a D�+ ! D0�+s de
ay. The soft pion was required to have pT > 0:2GeVand a 
harge opposite to that of the parti
le taken as a kaon. The 
orresponding D0
andidate was assigned to the 
lass of 
andidates �with �M tag� if the mass di�eren
e,�M =M(K��s)�M(K�), was in the range 0:143 < �M < 0:148GeV. All remaining D0
andidates were assigned to the 
lass of 
andidates �without �M tag�.For D0 
andidates with �M tag, the kaon and pion mass assignment was �xed a

ordingto the 
harge of the tra
ks. For D0 
andidates without �M tag, two mass assignmentswere assumed for ea
h K� pair, yielding two entries into the mass distribution: the truevalue, 
orresponding to the signal, and a wrong value, distributed over a broad range. Toremove this ba
kground, the mass distribution, obtained forD0 
andidates with�M tag andassigning the wrong masses to the kaon and pion tra
ks, was subtra
ted from the M(K�)5



distribution for all D0 
andidates without �M tag. The subtra
ted mass distribution wasnormalised to the ratio of numbers of D0 mesons without and with �M tag obtained fromthe �t des
ribed below. Re�e
tions from D0 ! K�K+ and D0 ! ���+ de
ays were seenas two small bumps below and above the signal peak, respe
tively, of the D0 ! K��+de
ay. They were subtra
ted using the simulated re�e
tion shapes and normalised to theD0 ! K��+ signal a

ording to the normalisation ratios observed in the simulation andusing the PDG values of the respe
tive bran
hing ratios [25℄.Figure 1 shows the M(K�) distribution for D0 
andidates with and without �M tag ob-tained after the subtra
tions des
ribed above. Clear signals are seen at the nominal value ofthe D0 mass in both distributions. The distributions were �tted simultaneously, assumingthe same shape for the signals in both distributions. To des
ribe the shape, a modi�edGaussian fun
tion was used:Gaussmod / exp[�0:5 � x1+1=(1+0:5�x)℄; (2)where x = j[M(K�) �M0℄=�j. This fun
tional form des
ribed both data and MC signalswell. The signal position, M0, and width, �, and the number of D0 mesons in ea
h signalwere free parameters of the �t. The ba
kground shape in both distributions is 
ompatiblewith being approximately linear in the mass range above 1:92GeV. For smaller M(K�)values, there is an enhan
ement due to 
ontributions from other D0 de
ay modes and otherD mesons, as was veri�ed by the Monte Carlo simulation.The ba
kground shape in the �t was des
ribed by the form [A+B �M(K�)℄ for M(K�) >1:92GeV and [A+B �M(K�)℄ � expfD � [M(K�)� 1:92℄2g forM(K�) < 1:92GeV. The freeparameters A, B and D were assumed to be independent for the two M(K�) distributions.The numbers of D0 mesons yielded by the �t were N tag(D0) = 7281�104 and Nuntag(D0) =27787�680 for sele
tions with and without �M tag, respe
tively. The mass value obtainedfrom the �t3 was 1865:4 � 0:3 MeV for the D0 tagged and 1865:1 � 0:4 MeV for the D0untagged samples, 
ompared to the PDG value of 1864:83� 0:14 MeV [25℄.5.2 Re
onstru
tion of additional D�+D�+D�+ mesonsThe D�+ ! D0�+s de
ays with pT (D�+) > 3:8GeV and j�(D�+)j < 1:6 
an be 
onsidered asa sum of two subsamples: de
ays with the D0 having pT (D0) > 3:8GeV and j�(D0)j < 1:6,and de
ays with the D0 outside that kinemati
 range. The former sample is represented3 For all �tted mass values in this paper the quoted un
ertainties are only statisti
al.6



by D0 mesons re
onstru
ted with �M tag, as dis
ussed in the previous se
tion. The lattersample of additional D�+ mesons was obtained using the same D0 ! K��+ de
ay 
hanneland the sele
tion des
ribed below.In ea
h event, tra
ks with opposite 
harges and pT > 0:4GeV were 
ombined in pairs to formD0 
andidates. To 
al
ulate the invariant mass,M(K�), kaon and pion masses were assumedin turn for ea
h tra
k. Only D0 
andidates whi
h satisfy 1:81 < M(K�) < 1:92GeV werekept. Moreover, theD0 
andidates were required to have pT (D0) < 3:8GeV or j�(D0)j > 1:6.Any additional tra
k with pT > 0:2GeV and a 
harge opposite to that of the kaon tra
kwas assigned the pion mass and 
ombined with the D0 
andidate to form a D�+ 
andidatewith invariant mass M(K��s).Figure 2 shows the �M =M(K��s)�M(K�) distribution for the D�+ 
andidates from theadditional D�-meson subsample after all 
uts. A 
lear signal is seen at the nominal value ofM(D�+)�M(D0). The sum of the modi�ed Gaussian fun
tion (Eq. (2)) des
ribing the signaland a fun
tion of the form A�(�M�m�)B �e�C��M , des
ribing the non-resonant ba
kground,was used to �t the data. Here m� is the pion mass and A, B and C are free parametersof the �t. The �tted mass value3 for the �M signal is 145:51� 0:01MeV, 
ompared to thePDG value of 145:42� 0:01MeV [25℄. The number of re
onstru
ted additional D�+ mesonsdetermined from the �t was Nadd(D�+) = 2139� 59.The 
ombinatorial ba
kground was estimated also from the mass-di�eren
e distributionfor wrong-
harge 
ombinations, in whi
h both tra
ks forming the D0 
andidate had thesame 
harge and the third tra
k had the opposite 
harge. The number of re
onstru
tedadditional D�+ mesons was determined by subtra
ting the wrong-
harge �M distributionafter normalising it to the distribution of D�+ 
andidates with the appropriate 
harges inthe range 0:151 < �M < 0:167 GeV. The subtra
tion was performed in the signal range0:143 < �M < 0:148 GeV. The results obtained using the subtra
tion pro
edure instead ofthe �t were used to estimate the systemati
 un
ertainty of the signal extra
tion.5.3 Re
onstru
tion of D+D+D+ mesonsThe D+ mesons were re
onstru
ted using the de
ay mode D+ ! K��+�+. In ea
h event,two tra
ks with the same 
harge and pT > 0:5GeV and a third tra
k with the opposite 
hargeand pT > 0:7GeV were 
ombined to form D+ 
andidates. The pion mass was assigned tothe two tra
ks with the same 
harge, the kaon mass was assigned to the third tra
k, andthe 
andidate invariant mass, M(K��), was 
al
ulated. To suppress ba
kground from D�+de
ays, 
ombinations with M(K��)�M(K�) < 0:15GeV were removed. The ba
kground7



from D+s ! ��+ with � ! K+K� was suppressed by requiring that the invariant mass ofany two tra
ks with opposite 
harges from D+ 
andidates was not within �8 MeV of the� mass [25℄ when the kaon mass was assigned to both tra
ks. To suppress 
ombinatorialba
kground, a 
ut on the de
ay-length signi�
an
e for D+ 
andidates was applied of Sl >3.Figure 3 shows theM(K��) distribution for the D+ 
andidates after all 
uts. A 
lear signalis seen at the nominal value of the D+ mass. The sum of two Gaussian fun
tions with thesame peak position was used to des
ribe the signal:Gausssum = p0p2� � p3=p2 � exp[�(x� p1)2=2p22℄ + (1� p3)=p4 � exp[�(x� p1)2=2p24℄ � ; (3)where x =M(K��).An exponential fun
tion des
ribing the non-resonant ba
kground was used. Re�e
tions
aused by wrong mass assignments for the de
ay produ
ts of D+s and �+
 de
aying to three
harged parti
les were added to the �t fun
tion using the simulated re�e
tion shapes nor-malised to the measured D+s and �+
 produ
tion rates. They give rise to a small in
reaseof the ba
kground in the signal region. The number of re
onstru
ted D+ mesons yieldedby the �t was N(D+) = 18917 � 324. The �tted mass3 of the D+ was 1869:0 � 0:2MeV,
ompared to the PDG value of 1869:62� 0:15MeV [25℄.5.4 Re
onstru
tion of D+sD+sD+s mesonsThe D+s mesons were re
onstru
ted using the de
ay mode D+s ! ��+ with � ! K+K�.In ea
h event, tra
ks with opposite 
harges and pT > 0:7GeV were assigned the kaon massand 
ombined in pairs to form � 
andidates. The � 
andidate was kept if its invariant mass,M(KK), was within �8 MeV of the � mass [25℄. Any additional tra
k with pT > 0:5GeVwas assigned the pion mass and 
ombined with the � 
andidate to form a D+s 
andidatewith invariant mass M(KK�). The 
ut on the de
ay-length signi�
an
e for D+s 
andidateswas Sl > 0.Figure 4 shows theM(KK�) distribution for the D+s 
andidates after all 
uts. A 
lear signalis seen at the nominal D+s mass. There is also a smaller signal around the nominal D+ massas expe
ted from the de
ay D+ ! ��+ with � ! K+K�. The mass distribution was�tted by the sum of two modi�ed Gaussian fun
tions (Eq. (2)) des
ribing the signals andan exponential fun
tion des
ribing the non-resonant ba
kground. To redu
e the numberof free �t parameters in the �t, the ratio of the widths of the D+ and D+s signals was8



�xed to the value observed in the MC simulation. Re�e
tions arising from wrong massassignments for the de
ay produ
ts of D+ and �+
 de
ays to three 
harged parti
les wereadded to the �t fun
tion using the simulated re�e
tion shapes normalised to the measuredD+ and �+
 produ
tion rates. The number of re
onstru
ted D+s mesons yielded by the �twas N(D+s ) = 2802� 141. The �tted mass3 of the D+s was 1968:0� 0:5 MeV, 
ompared tothe PDG value of 1968:49� 0:32 MeV [25℄.
5.5 Re
onstru
tion of �+
�+
�+
 baryonsThe �+
 baryons were re
onstru
ted using the de
ay mode �+
 ! K�p�+. In ea
h event,two same-
harge tra
ks and a third tra
k with opposite 
harge were 
ombined to form �+

andidates. Due to the large di�eren
e between the proton and pion masses and the high�+
 momentum, the proton momentum is typi
ally larger than that of the pion. Therefore,the proton (pion) mass was assigned to the tra
k of the same-
harge pair with the larger(smaller) momentum. The kaon mass was assigned to the third tra
k and the invariantmass, M(Kp�), was 
al
ulated. Only 
andidates with pT (K) > 0:5GeV, pT (p) > 1:3GeVand pT (�) > 0:5GeV were kept. Re�e
tions from D+ and D+s de
ays to three 
hargedparti
les were subtra
ted from the M(Kp�) spe
trum using the simulated re�e
tion shapesnormalised to the measured D+ and D+s produ
tion rates.Figure 5 shows the M(Kp�) distribution for the �+
 
andidates after all 
uts, obtainedafter the re�e
tion subtra
tion. A 
lear signal is seen at the nominal �+
 mass. The sumof a modi�ed Gaussian fun
tion (Eq. (2)) des
ribing the signal and a ba
kground fun
tionparametrised as exp[A �M(Kp�) +B℄ �M(Kp�)C ;where A;B and C are free parameters, was �tted to the mass distribution. The widthparameter of the modi�ed Gaussian was �xed to � = 10 MeV. This value 
orresponds to thewidth determined in the MC, multiplied by a fa
tor 1:11. The un
ertainty of this number istaken into a

ount in the systemati
s variations. The fa
tor 1:11 
orre
ts for the di�eren
eof the observed width of the D+ ! K��+�+ signal between data and simulation. Thenumber of re
onstru
ted �+
 baryons yielded by the �t was N(�+
 ) = 7682 � 964. The�tted mass3 of the �+
 was 2290� 1:8 MeV, 
ompared to the PDG value of 2286:46� 0:14MeV [25℄. 9



6 Charm-hadron produ
tion 
ross se
tionsThe 
ross se
tions for the produ
tion of the various 
harm hadrons were determined, butresults involve only ratios, in whi
h 
ommon normalisation un
ertainties 
an
el.The fra
tion of 
harm quarks hadronising as a parti
ular 
harm hadron, f(
! D;D�;�
),is given by the ratio of the produ
tion 
ross se
tion for the hadron to the sum of theprodu
tion 
ross se
tions for all 
harm ground states. The 
harm-hadron 
ross se
tionswere determined for the pro
ess ep! e(D;D�;�
)X in the kinemati
 region Q2 < 1GeV2,130 < W < 300GeV, pT (D;D�;�
) > 3:8GeV and j�(D;D�;�
)j < 1:6.The 
ross se
tion for a given 
harm hadron was 
al
ulated from�(D;D�;�
) = Ndata(D;D�;�
) � sb �N b;MC(D;D�;�
)A � L � B ; (4)where Ndata(D;D�;�
) denotes the number of re
onstru
ted 
harm hadrons in the data, A thea

eptan
e for this 
harm hadron, L the integrated luminosity and B the bran
hing ratio orthe produ
t of the bran
hing ratios [25℄ for the de
ay 
hannels used in the re
onstru
tion.The Pythia MC sample of 
harm photoprodu
tion (see Se
tion 3) was used to evaluatethe a

eptan
e. The 
ontributions from beauty-hadron de
ays were subtra
ted using thepredi
tion from Pythia. For this purpose, the bran
hing ratios of beauty-quark de
ays tothe 
harmed hadrons were 
orre
ted in the MC, using the 
orre
tion fa
tors [1℄ based onthe values measured at LEP [26, 27℄. Finally, the number of re
onstru
ted 
harm hadronsfrom beauty, N b;MCD;D�;�
, in the MC, normalised to the data luminosity and multiplied bya s
ale fa
tor, sb, was subtra
ted from the data (Eq. 4). The s
ale fa
tor was 
hosen assb = 1:5� 0:5, an average value whi
h was estimated from ZEUS measurements [28�30℄ ofbeauty photoprodu
tion.Using the number of re
onstru
ted signal events (see Se
tion 5), the following 
ross se
tionsfor the sum of ea
h 
harm hadron and its antiparti
le were 
al
ulated:� for D0 mesons not originating from D�+ ! D0�+s de
ays, �untag(D0);� for D0 mesons from D�+ ! D0�+s de
ays, �tag(D0). The ratio �tag(D0)=BD�+!D0�+gives the D�+ 
ross se
tion, �(D�+), 
orresponding to D0 produ
tion in the kin-emati
 range pT (D0) > 3:8GeV and j�(D0)j < 1:6 for the D�+ ! D0�+s de
ay. HereBD�+!D0�+ = 0:677 is the bran
hing ratio of the D�+ ! D0�+s de
ay [25℄;10



� for additional D�+ mesons, �add(D�+). The sum �tag(D0)=BD�+!D0�+ + �add(D�+)gives the D�+ 
ross se
tion, �kin(D�+), 
orresponding to D�+ produ
tion in the kin-emati
 range pT (D�+) > 3:8GeV and j�(D�+)j < 1:6;� for D+ mesons, �(D+);� for D+s mesons, �(D+s );� for �+
 baryons, �(�+
 ).7 Systemati
 un
ertaintiesThe systemati
 un
ertainties were determined by 
hanging the analysis pro
edure or byvarying parameter values within their estimated un
ertainties. The following systemati
un
ertainty sour
es were 
onsidered:� fÆ1g the un
ertainty of the beauty subtra
tion (see Se
tion 6) was determined byvarying the s
ale fa
tor sb for the Pythia MC predi
tion by �0:5 from the nominalvalue sb = 1:5. This was done to a

ount for the range of the Pythia beauty-predi
tion s
ale fa
tors extra
ted in various analyses [28�30℄. In addition the bran
hingratios of b quarks to 
harm hadrons were varied by their un
ertainties [26, 27℄;� fÆ2g the un
ertainty in the rate of the 
harm-strange baryons (see Se
tion 8.2) wasdetermined by varying the normalisation fa
tor for the �+
 produ
tion 
ross se
tionby its estimated un
ertainty [1℄ of �0:05 from the nominal value 1.14;� fÆ3g the un
ertainties related to the signal extra
tion pro
edures (see Se
tions 5.1�5.5)were obtained by the following (independent) variations:� for the D0 signals with and without �M tag: the ba
kground parametrisationwas 
hanged: for the regionM(K�) < 1:92 GeV a linear term C � [M(K�)�1:92℄was added to the argument of the exponential fun
tion; the transition point forthe parametrisation was moved from 1:92GeV to 1:84GeV. The �t range wasnarrowed by 50 MeV on both sides;� for the additional D�+ signal: the M(K�) mass window for the sele
ted D0
andidates was narrowed by 5.5 MeV on both sides. The range used for the �t ofthe �M distribution was narrowed by 1 MeV (left) and 5 MeV (right);The wrong-
harge subtra
tion pro
edure was used instead of the �t; the rangeused for the normalisation of the wrong-
harge ba
kground was narrowed by11



1 MeV (left) and 5 MeV (right); the signal range used for the wrong-
hargesubtra
tion was narrowed or broadened by 1 MeV on both sides;� for theD+ signal: a modi�ed Gaussian was used as an alternative parametrisationfor the signal; the ba
kground parametrisation was 
hanged to a parabola. The�t range was narrowed by 50 MeV on both sides;� for the D+s signal: the ba
kground parametrisation was 
hanged to a parabola.The �t range was narrowed by 50 MeV (left) and 30 MeV (right);� for the �+
 signal: the ba
kground parametrisation was 
hanged to a 
ubi
 polyno-mial. The �t range was narrowed by 30 MeV on both sides. The width parameter� of the modi�ed Gaussian (Eq. (2)) was varied by �10% from its nominal value,a 
onservative estimate of its un
ertainty. Further 
ross 
he
ks were performed:the width of the modi�ed Gaussian was used as a free �t parameter; the mass ofthe �+
 was �xed to the PDG value [25℄. The resulting signal-yield 
hanges fromthese two variations were negligible.The un
ertainties arising from the various re�e
tions in the mass spe
tra (see Se
tion 5)were evaluated by varying the size of ea
h re�e
tion 
onservatively by �20%.The largest 
ontribution to the signal extra
tion pro
edures was the 
hange of theba
kground parametrisation;� fÆ4g the model dependen
e of the a

eptan
e 
orre
tions was estimated by varying thereweighting of the MC kinemati
 distributions (see Se
tion 3) until 
lear dis
repan
iesbe
ame visible between the shapes observed in the data and in the MC;� fÆ5g the un
ertainty of the trigger e�
ien
y was evaluated by 
omparing the �ttedsignal yields taken with independent triggers. This un
ertainty largely 
an
els in thefragmentation fra
tions;� fÆ6g the tra
k-�nding ine�
ien
y in the data with respe
t to the MC was estimatedto be at most 2%. This leads to a possible underestimation of the produ
tion 
rossse
tions for the 
harm hadrons with two (three) de
ay tra
ks by a fa
tor 1:022 (1:023)whi
h was taken into a

ount for the systemati
s of the fragmentation fra
tions;� fÆ7g the un
ertainty of the CAL simulation was determined by varying the simulation:the CAL energy s
ale was 
hanged by �2% and the CAL energy resolution by �20%of its value; 12



� fÆ8g the un
ertainty related to the Sl 
ut was determined by 
hanging the value ofthe 
ut to Sl > 4 for D+ and by omitting the Sl 
ut for D0 and D+s .Contributions from the di�erent systemati
 un
ertainties were 
al
ulated and added in quad-rature separately for positive and negative variations. The total and individual systemati
un
ertainties Æ1 to Æ8 for the 
harm fragmentation fra
tions are summarised in Table 2.The largest systemati
 un
ertainties are related to the signal-extra
tion pro
edures.
8 Results8.1 Equivalent phase-spa
e treatmentTo 
ompare the in
lusive D+ and D0 
ross se
tions with ea
h other and with the in
lusiveD�+ 
ross se
tion, it is ne
essary to take into a

ount that in the D� de
ay only a fra
tion ofthe parent D� momentum is transferred to the daughter D meson. For su
h a 
omparison,the �equivalent� D+ and D0 
ross se
tions, �eq(D+) and �eq(D0), were de�ned [1℄ as the
ross se
tion for D+ and D0 produ
tion in
luding the 
ontributions from D� de
ay, plus the
ontribution from additional D� mesons (see Se
tion 5.2). The 
ross se
tion for D+ andD0 produ
tion is �(D+) and �tag(D0) + �untag(D0), respe
tively. The 
ontributions fromadditional D� mesons are, for the D+ meson,�add(D+) = �add(D�+) � (1� BD�+!D0�+)and for the D0 meson �add(D0) = �add(D�+)BD�+!D0�+ + �add(D�0);noting that D�0 de
ays always to D0 [25℄.The 
ross-se
tion �add(D�0) is not measured and is determined as�add(D�0) = �add(D�+) �Ru=d; (5)where Ru=d is the ratio of neutral to 
harged D-meson produ
tion rates. It is given bythe ratio of the sum of D�0 and dire
t D0 produ
tion to the sum of D�+ and dire
t D+13



produ
tion 
ross se
tions. It 
an be written as [1℄Ru=d = �untag(D0)�(D+) + �tag(D0) : (6)Combining everything produ
es the following expressions for �eq(D+) and �eq(D0):�eq(D+) = �(D+) + �add(D+) = �(D+) + �add(D�+) � (1�BD�+!D0�+)and �eq(D0) = �untag(D0) + �tag(D0) + �add(D0)= �untag(D0) + �tag(D0) + �add(D�+)BD�+!D0�+ + �add(D�0);whi
h together with Eq. (5) gives�eq(D0) = �untag(D0) + �tag(D0) + �add(D�+) � (BD�+!D0�+ +Ru=d):The observable Ru=d was measured in the kinemati
 region Q2 < 1GeV2, 130 < W <300GeV, pT (D) > 3:8GeV and j�(D)j < 1:6. The value obtained from Eq. (6) isRu=d = 1:09� 0:03 (stat:)+0:04�0:03 (syst:)� 0:02 (br);where the last un
ertainty arises from the un
ertainties of the bran
hing ratios used. Theresult is in agreement with the previous measurement [1℄ and slightly above but still 
om-patible with Ru=d = 1, expe
ted from isospin invarian
e in the kinemati
 range of thismeasurement.Monte Carlo studies performed for the previous ZEUS measurement [1℄ showed that thisequivalent phase-spa
e treatment for the non-strange D and D� mesons minimises di�er-en
es between the fragmentation fra
tions measured in the a

epted pT (D;D�;�
) and�(D;D�;�
) kinemati
 region and those in the full phase spa
e. The extrapolation fa
torsusing the Pythia MC with either the Peterson or Bowler fragmentation fun
tion weregenerally 
lose to unity to within a few per
ent [1℄.8.2 Charm fragmentation fra
tionsFor the determination of the fragmentation fra
tions of the D0, D+, D+s and �+
 
harmground states, the produ
tion 
ross se
tions of the 
harm-strange baryons �+
 , �0
 and 
0
14



were taken into a

ount. The produ
tion rates for these baryons are expe
ted to be mu
hlower than that of the �+
 due to strangeness suppression. The relative rates for the groundstates of the 
harm-strange baryons were estimated from the non-
harm se
tor following theLEP pro
edure [31℄. The total rate for the three 
harm-strange baryons relative to the �+
state is expe
ted to be about 14% [1℄. Therefore the �+
 produ
tion 
ross se
tion was s
aledby the fa
tor 1:14.Using the equivalent D0 and D+ 
ross se
tions, the sum of the produ
tion 
ross se
tions forall open-
harm ground states, �gs, is given by�gs = �eq(D+) + �eq(D0) + �(D+s ) + �(�+
 ) � 1:14;whi
h 
an be expressed using Ru=d from Eq. (6) as�gs = �(D+) + �untag(D0) + �tag(D0) + �add(D�+) � (1 +Ru=d) + �(D+s ) + �(�+
 ) � 1:14:The fragmentation fra
tions for the measured 
harm ground states and for D�+ are givenby f(
! D+) = �eq(D+)=�gs = [�(D+) + �add(D�+) � (1� BD�+!D0�+)℄=�gs;f(
! D0) = �eq(D0)=�gs= [�untag(D0) + �tag(D0) + �add(D�+) � (Ru=d + BD�+!D0�+)℄=�gs;f(
! D+s ) = �(D+s )=�gs;f(
! �+
 ) = �(�+
 )=�gs;f(
! D�+) = �kin(D�+)=�gs = [�tag(D0)=BD�+!D0�+ + �add(D�+)℄=�gs:The 
harm fragmentation fra
tions, measured in the kinemati
 region Q2 < 1GeV2, 130 <W < 300GeV, pT (D;D�;�
) > 3:8GeV and j�(D;D�;�
)j < 1:6, are summarised inTable 1. These results have been 
omputed using the PDG 2012 bran
hing-ratio values [25℄.The measurements are 
ompared to previous HERA results [1�4℄ and to the 
ombined frag-mentation fra
tions for 
harm produ
tion in e+e� annihilations 
ompiled previously [5℄ andupdated [6,32℄ with the 2010 bran
hing-ratio values [33℄. This 
omparison is also shown inFig. 6. The obtained pre
ision of the fragmentation fra
tions is 
ompetitive with measure-ments in e+e� 
ollisions. All data from ep and e+e� 
ollisions are in agreement with ea
hother. This demonstrates that the fragmentation fra
tions of 
harm quarks are independ-ent of the produ
tion pro
ess and supports the hypothesis of universality of heavy-quarkfragmentation. 15



The 
harm fragmentation fra
tions 
an also be used [1℄ to determine the fra
tion of 
hargedD mesons produ
ed in a ve
tor state, P dv , and the strangeness-suppression fa
tor, 
s:P dv = �kin(D�+)�kin(D�+) + �dir(D+) = �tag(D0)=BD�+!D0�+ + �add(D�+)�(D+) + �tag(D0) + �add(D�+)and 
s = 2�(D+s )�eq(D+) + �eq(D0) :The value of P dv obtained isP dv = 0:595� 0:020(stat:)� 0:015(syst:)� 0:011(br:):This is 
onsistent with the result from the previous publi
ation [1℄ and with the result from
ombined e+e� data [5,6℄. It is smaller than the naive spin-
ounting predi
tion of 0.75 andalso smaller than 2/3, the value predi
ted by the string-fragmentation approa
h [34℄.The strangeness-suppression fa
tor obtained is
s = 0:214� 0:013(stat:)+0:006�0:017(syst:)� 0:012(br:);
onsistent with the result from the previous publi
ation [1℄. It is interesting to 
ompare thisvalue, derived from 
harm de
ays, with values derived from strange parti
le produ
tion,whi
h are between 0.22 and 0.3 [35�39℄.9 SummaryThe photoprodu
tion of the 
harm hadrons D0, D�+, D+, D+s and �+
 and their 
orres-ponding antiparti
les has been measured with the ZEUS dete
tor in in the kinemati
 rangepT (D;D�;�
) > 3:8GeV, j�(D;D�;�
)j < 1:6, 130 < W < 300GeV and Q2 < 1GeV2.Using a data set with an integrated luminosity of 372 pb�1, the fra
tions of 
harm quarkshadronising as D0, D�+, D+, D+s and �+
 hadrons have been determined. In addition, theratio of neutral to 
harged D-meson produ
tion rates, the fra
tion of 
harged D mesonsprodu
ed in a ve
tor state, and the strangeness-suppression fa
tor have been determined.The pre
ision of the fragmentation fra
tions obtained is 
ompetitive with measurements ine+e� 
ollisions. All data from ep and e+e� 
ollisions are in agreement with ea
h other.This demonstrates that the fragmentation fra
tions of 
harm quarks are independent of the16



produ
tion pro
ess and supports the hypothesis of the universality of heavy-quark fragment-ation.A
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ZEUS (
p) ZEUS (
p) [1℄ ZEUS (DIS) [3,4℄HERA II HERA I HERA Istat. syst. br. stat. syst. br. stat. syst. br.f(
! D+) 0:234� 0:006 +0:004�0:006 +0:006�0:008 0:222� 0:015 +0:014�0:005 +0:011�0:013 0:217� 0:018 +0:002�0:019 +0:009�0:010f(
! D0) 0:588� 0:017 +0:011�0:006 +0:012�0:018 0:532� 0:022 +0:018�0:017 +0:019�0:028 0:585� 0:019 +0:009�0:052 +0:018�0:019f(
! D+s ) 0:088� 0:006 +0:002�0:007 +0:005�0:005 0:075� 0:007 +0:004�0:004 +0:005�0:005 0:086� 0:010 +0:007�0:008 +0:005�0:005f(
! �+
 ) 0:079� 0:013 +0:005�0:009 +0:024�0:014 0:150� 0:023 +0:014�0:022 +0:038�0:025 0:098� 0:027 +0:020�0:017 +0:025�0:023f(
! D�+) 0:234� 0:006 +0:004�0:004 +0:005�0:007 0:203� 0:009 +0:008�0:006 +0:007�0:010 0:234� 0:011 +0:006�0:021 +0:007�0:010H1 (DIS) [2℄ Combinede+e� data [5,6℄stat.� syst. br. stat.� syst. br.f(
! D+) 0:204� 0:026 +0:009�0:010 0:222 � 0:010 +0:010�0:009f(
! D0) 0:584� 0:048 +0:018�0:019 0:544 � 0:022 +0:007�0:007f(
! D+s ) 0:121� 0:044 +0:008�0:008 0:077 � 0:006 +0:005�0:004f(
! �+
 ) 0:076 � 0:007 +0:027�0:016f(
! D�+) 0:276� 0:034 +0:009�0:012 0:235 � 0:007 +0:003�0:003Table 1: Fra
tions of 
harm quarks hadronising as a parti
ular 
harm hadron, f(
 !D;D�;�
). The fra
tions are shown for the D+, D0, D+s and �+
 
harm ground states andfor the D�+ state. The fra
tions in this and the previous ZEUS paper [1℄ were determinedfor the kinemati
 range pT > 3:8 GeV, j�j < 1:6 and 130 < W < 300GeV. Data forprevious results [1-6℄ were updated to 2010 bran
hing ratios [6,32,33℄; data from this paperwere 
al
ulated with 2012 bran
hing ratios [25℄.
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total Æ1 Æ2 Æ3 Æ4 Æ5 Æ6 Æ7 Æ8(%) (%) (%) (%) (%) (%) (%) (%) (%)f(
! D+) +1:8�2:7 +0:3�0:3 +0:4�0:4 +1:4�2:0 +0:3�0:3 +0:6�0:6 +1:0 +0:2�1:6 +0:2�0:1f(
! D0) +1:7�1:0 +0:2�0:2 +0:4�0:4 +1:6�0:6 +0:1�0:1 +0:3�0:3 �0:7 +0:8 +0:2�0:1f(
! D+s ) +2:1�8:0 +0:4�0:4 +0:4�0:3 +1:3�7:6 +0:1�0:1 +0:8�0:9 +1:1 +0:3�1:9 +0:2�0:1f(
! �+
 ) +6:4�11:7 +0:1�0:1 +0:4�0:3 +6:1�11:6 +0:2�0:1 +1:1�0:4 +1:0 +0:5�0:9 �0:7f(
! D�+) +1:9�1:9 +1:0�1:0 +0:4�0:4 +1:5�1:6 +0:2�0:1 +0:4�0:4 �0:4 +0:3�0:1 +0:2Table 2: The total and individual Æ1�Æ8 (see text) systemati
 un
ertainties for the 
harm-hadron fragmentation fra
tions.
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Figure 1: The M(K�) distribution (dots) for (a) the D0 
andidates with �M tag, and for(b) the D0 
andidates without �M tag, obtained after the subtra
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ribed in the text.The solid 
urves represent a �t to the sum of a modi�ed Gaussian fun
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