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Measurement of D mesons Produ
tionin Deep Inelasti
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attering at HERA

ZEUS Collaboration
Abstra
tCharm produ
tion in deep inelasti
 s
attering has been measured with the ZEUSdete
tor at HERA using an integrated luminosity of 82 pb�1. Charm has beentagged by re
onstru
ting D�+, D0, D+ and D+s (+ 
.
.) 
harm mesons. The
harm hadrons were measured in the kinemati
 range pT (D�+; D0; D+) > 3 GeV,pT (D+s ) > 2 GeV and j�(D)j < 1:6 for 1:5 < Q2 < 1000 GeV2 and 0:02 < y < 0:7.The produ
tion 
ross se
tions were used to extra
t 
harm fragmentation ratiosand the fra
tion of 
 quarks hadronising into a parti
ular 
harm meson in thekinemati
 range 
onsidered. The 
ross se
tions were 
ompared to the predi
tionsof next-to-leading-order QCD, and extrapolated to the full kinemati
 region inpT (D) and �(D) in order to determine the open-
harm 
ontribution, F 
�
2 (x;Q2),to the proton stru
ture fun
tion F2.
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1 Introdu
tionHeavy-quark produ
tion in ep intera
tions in the deep inelasti
 s
attering (DIS) regime isdominated by the intera
tion between the ex
hanged virtual photon and a gluon withinthe proton, the so-
alled Boson Gluon Fusion (BGF) me
hanism. Heavy-quark produ
tionprovides a twofold test of perturbative quantum 
hromodinami
s (pQCD): a study of theBGF pro
ess and the higher order 
orre
tions to it, and an independent 
he
k of thevalidity of the gluon density in the proton extra
ted from the in
lusive DIS data. Of thetwo heavy quarks whose produ
tion is a

essible by HERA, 
 and b, the latter is stronglysuppressed due to its smaller ele
tri
 
harge and larger mass. This paper reports a studyof 
-quark produ
tion.A 
harm quark in the �nal state is identi�ed by the presen
e of a 
orresponding 
harmedhadron. This paper studies the produ
tion of the pseudo-s
alar mesons D0, D+, D+s andthe ve
tor meson D�+ from the de
ays D0 ! K��+, D+ ! K��+�+, D+s ! ��+ !K+K��+ and D�+ ! D0�+ ! K��+�+ (the 
harge 
onjugated modes are impliedthroughout this paper). Sin
e a D hadron is measured and not the 
 quark itself, any
omparison with pQCD requires a modelling of the 
! D fragmentation. A 
onsequen
eof the QCD fa
torisation theorem [1℄ is that the \hard" (pQCD governed) 
-produ
tionme
hanism is independent of the \soft" fragmentation pro
ess. Measurements of D-hadron 
ross se
tions provide therefore information about both 
-quark produ
tion andits fragmentation.This paper presents a 
omplete study of D-meson produ
tion in DIS at HERA: measure-ments of 
-quark fragmentation ratios and fra
tions with unpre
edent pre
ision, D-mesondi�erential 
ross se
tions and the 
harm 
ontribution, F 
�
2 , to the proton stru
ture fun
-tion F2. It addresses the universality of fragmentation and tests the predi
tions of pQCDfor 
harm produ
tion. The data sample used was taken by the ZEUS dete
tor during theyears 1998 { 2000. The fragmentation measurements follow 
losely those reported re
entlyby ZEUS in the photoprodu
tion regime [2℄. Using a variety of D mesons, the pQCD anal-ysis 
omplements the study done with D�+ in the same data sample [3℄. Measurementsof D� 
ross se
tions are only used in this paper for the extra
tion of the fragmentationparameters.Similar measurements of the properties of 
-quark fragmentation in DIS have also beenperformed by the H1 
ollaboration [4℄. Other previous measurements of 
harm produ
tionin DIS with pQCD analyses used the D�+ meson [3, 5{9℄ or in
lusive lifetime tags [10℄.There are also several measurements of 
harm photoprodu
tion [9, 11{15℄.1



2 Experimental set-upThe analysis was performed with data taken from 1998 to 2000, when HERA 
ollidedele
trons or positrons with energy Ee = 27.5 GeV on protons of energy Ep = 920 GeV.The results are based on e�p and e+p samples 
orresponding to integrated luminositiesof 16:7� 0:3 pb�1 and 65:1� 1:5 pb�1, respe
tively.1A detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [16℄. A brief outlineof the 
omponents that are most relevant for this analysis is given below.Charged parti
les are tra
ked in the 
entral tra
king dete
tor (CTD) [17℄, whi
h oper-ates in a magneti
 �eld of 1:43 T provided by a thin super
ondu
ting 
oil. The CTD
onsists of 72 
ylindri
al drift 
hamber layers, organised in 9 superlayers 
overing thepolar-angle2 region 15Æ < � < 164Æ. The transverse-momentum resolution for full-lengthtra
ks is �(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV.The high-resolution uranium{s
intillator 
alorimeter (CAL) [18℄ 
onsists of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h partis subdivided transversely into towers and longitudinally into one ele
tromagneti
 se
-tion and either one (in RCAL) or two (in BCAL and FCAL) hadroni
 se
tions. Thesmallest subdivision of the 
alorimeter is 
alled a 
ell. The CAL energy resolutions,as measured under test-beam 
onditions, are �(E)=E = 0:18=pE for ele
trons and�(E)=E = 0:35=pE for hadrons, with E in GeV.The position of the s
attered ele
tron was determined by 
ombining information fromthe CAL, the small-angle rear tra
king dete
tor (SRTD) [19℄ and the hadron-ele
tronseparator (HES) [20℄.The luminosity was measured from the rate of the bremsstrahlung pro
ess ep ! e
p,where the photon was measured in a lead{s
intillator 
alorimeter [21℄ pla
ed in the HERAtunnel at Z = �107 m.3 Theoreti
al predi
tionsThe next-to-leading order (NLO) QCD predi
tions for 
�
 
ross se
tions were obtained us-ing the HVQDIS program [22℄ based on the so-
alled �xed-
avour-number s
heme (FFNS).In this s
heme, only light partons (u; d; s; g) are in
luded in the proton parton density1 Hereafter, both ele
trons and positrons are referred to as ele
trons, unless expli
itly stated otherwise.2 The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam dire
tion, referred to as the \forward dire
tion", and the X axis pointing left towardsthe 
entre of HERA. The 
oordinate origin is at the nominal intera
tion point.2



fun
tions (PDFs) whi
h obey the DGLAP equations [23℄, and the 
�
 pair is produ
ed viathe BGF me
hanism [24℄ with NLO 
orre
tions [25℄. This 
al
ulation is expe
ted to bevalid [26℄ in the kinemati
 range of this measurement, 1:5 < Q2 < 1000 GeV2, where Q2is the negative of the four-momentum transfer squared, hereafter referred to as photonvirtuality.The following inputs have been used to obtain the predi
tions for D-meson produ
tion atNLO using the program HVQDIS. The FFNS variant of the ZEUS-S NLO QCD �t [27℄to stru
ture-fun
tion data was used as the parameterisation of the proton PDFs. In this�t the three-
avour QCD s
ale �QCD was set to �(3)QCD = 0:363 GeV and the mass ofthe 
harm quark was set to 1.35 GeV; the same mass and �(3)QCD were therefore usedin the HVQDIS 
al
ulation. The renormalisation and fa
torisation s
ales were set to� = pQ2 + 4m2
 for 
harm produ
tion both in the �t and in the HVQDIS 
al
ulation.The 
harm fragmentation to the parti
ular D meson was 
arried out using the Petersonfun
tion [28℄. The values used for the hadronisation fra
tions to D mesons, f(
 ! D),were those measured in this paper, and the Peterson parameter, �, was set to 0.035 [29℄.The e�e
t of J= produ
tion was found to be negligible [30, 31℄.4 Kinemati
 re
onstru
tion and event sele
tionThe kinemati
 variables Q2, the Bjorken s
aling variable, x (in the quark-parton modelx 
an be interpreted as the fra
tion of proton momentum 
arried by the stru
k quark),and the fra
tion of the ele
tron energy transferred to the proton in the rest frame of theproton, y, 
an be re
onstru
ted using a variety of methods, whose a

ura
y depends onthe variable of interest and its range:� for the ele
tron method (spe
i�ed with the subs
ript e), the measured energy andangle of the s
attered ele
tron are used;� the double angle (DA) method [32℄ relies on the angles of the s
attered ele
tron andof the hadroni
 system;� the Ja
quet-Blondel (JB) method [33℄ is based entirely on measurements of the hadroni
system;� the �-method [34℄ uses both the s
attered-ele
tron energy and angle, and measure-ments of the hadroni
 system.The re
onstru
tion of Q2 and x was performed using the �-method, sin
e it has betterresolution at low Q2 than the DA method. At high Q2, the �-method and the DA methodare similar, and both have better resolution than the ele
tron method. The DA methodwas used as a systemati
 
he
k. 3



A three-level trigger system was used to sele
t events online [16, 35℄. At the third level,events having at least a re
onstru
ted D�+; D0; D+ (only e+p sample), D+s or �+
 
an-didate, as well as a s
attered-ele
tron 
andidate, were kept for further analysis. TheeÆ
ien
y of the online re
onstru
tion for any of the above hadrons, determined relativeto an in
lusive DIS trigger, was generally above 95%.The events were sele
ted o�ine [5, 36℄ using the following 
uts:� the s
attered ele
tron was identi�ed using a neural-network pro
edure [37, 38℄. Itsenergy, Ee0 , was required to be larger than 10 GeV;� ye�0:95 (where ye is y re
onstru
ted with the ele
tron method) and yJB � 0:02 (whereyJB is y re
onstru
ted with the JB method). The former 
ondition removes eventswhere fake ele
trons are found in the FCAL and the latter reje
ts events where thehadroni
 system 
annot be measured pre
isely, in order to re
onstru
t the kinemati
variables;� 40 � Æ � 65 GeV, where Æ = PEi(1 � 
os �i) and Ei and �i are the energy andthe polar angle of the ith energy-
ow obje
t (EFO) [39℄ re
onstru
ted from 
hargedtra
ks, as measured in the CTD, and energy 
lusters measured in the CAL. The sumi runs over all EFOs;� a primary vertex position determined from the tra
ks �tted to the vertex in the rangejZvertexj < 50 
m;� the impa
t point (X, Y ) of the s
attered ele
tron on the RCAL was required to lieoutside the region 26 � 14 
m2 
entred on X = Y = 0.The angle of the s
attered ele
tron was determined using either its impa
t position on theCAL inner fa
e or a re
onstru
ted tra
k in the CTD. When available, SRTD and HESwere also used. The energy of the s
attered ele
tron was 
orre
ted for non-uniformitye�e
ts 
aused by 
ell and module boundaries.The sele
ted kinemati
 region was 1:5 < Q2 < 1000 GeV2 and 0:02 < y < 0:7.5 Re
onstru
tion of 
harm hadronsThe produ
tion of D�+, D0, D+, and D+s 
harm mesons was measured in the range oftransverse momentum pT (D) > 3 GeV and pseudorapidity j�(D)j < 1:6. For the D+s ,the pT (D+s ) requirement was relaxed to pT (D+s ) > 2 GeV, as the 
onstraint provided bythe K+K� pair 
oming from a � meson kept the 
ombinatorial ba
kground at a

eptablelevels. The re
onstru
tion of the �+
 baryon was attempted using the de
ay �+
 ! K�p�+.4



The signal a
hieved had a statisti
al signi�
an
e of around three standard deviations, andtherefore it was not used.The 
harm mesons were re
onstru
ted using tra
ks measured in the CTD and assignedto the re
onstru
ted event vertex. To ensure good momentum resolution, ea
h tra
kwas required to rea
h at least the third superlayer of the CTD. Further ba
kgroundredu
tion was a
hieved by imposing 
uts on the transverse momenta and de
ay anglesof the 
harm-hadron de
ay produ
ts. The 
ut values were optimised using Monte Carlo(MC) simulation to enhan
e signal over ba
kground ratios while keeping a

eptan
es high.The 
ross se
tions of the D0 and D�+ mesons and related quantities involved in themeasurements of fragmentation properties 
an be obtained from the 
ombination of threeindependent samples [2℄: those of D0 
andidates with and without a \�M" tag and thatof \additional" D�+ 
andidates. The samples are des
ribed below. The rationale for thisdivision [2℄ will be
ome apparent in Se
tions 8 and 9.5.1 Re
onstru
tion of D0 mesonsThe D0 mesons were re
onstru
ted from the de
ay 
hannel D0 ! K��+. In ea
h event,D0 
andidates were formed from pairs of tra
ks with opposite 
harges and pT > 0:8 GeV.The nominal kaon and pion masses were assumed in turn for ea
h tra
k. To redu
e the
ombinatorial ba
kground, a further 
ut was applied in the angle, ��(K), between thekaon in the D-
andidate rest frame and the D-
andidate line of 
ight in the laboratoryframe, j 
os ��(K)j < 0:85. The D0 
andidates were separated into two groups. The �Mtag group 
onsists of D0 
andidates that, when 
ombined with a third tra
k that 
ould bea \soft" pion (�s) in a D�+ ! D0�+s de
ay, have �M = M(K��s)�M(K�) in the range0:143 < �M < 0:148 GeV. The soft pion was required to have pT > 0:2 GeV and 
hargeopposite to that of the kaon. This 
ut was raised to pT > 0:25 GeV for a data subsample,
orresponding to an integrated luminosity of 17 pb�1, for whi
h the tra
k re
onstru
tioneÆ
ien
y at low momentum was smaller due to the operating 
onditions of the CTD [40℄.For the untagged D0 
andidates, the in
orre
t assignment of the pion and kaon masses tothe two tra
ks produ
es a wider re
e
ted signal. This re
e
tion was estimated from theD0 
andidates with a �M tag and normalised to the ratio of numbers of D0 without andwith �M tag; it was then subtra
ted from the untagged D0 
andidates.Figure 1 shows the M(K�) distributions for untagged D0 
andidates after the re
e
tionsubtra
tion and for tagged D0 
andidates. The distributions were �tted simultaneouslyassuming that both have the same shape and are des
ribed by the \modi�ed" Gaussianfun
tion [2℄: 5



Gaussmod(M0; �) / e[�0:5�x1+1=(1+0:5�x)℄; (1)where x = j[M(K��+) �M0℄=�j. The ba
kground shape in the �t was des
ribed [2℄ bythe form [A+B �M(K��+)℄ for M(K��+) > 1:86 GeV and [A+B �M(K��+)℄ � expfC �[M(K��+) � 1:86℄g for M(K��+) < 1:86 GeV. The free parameters A, B and C wereassumed to be independent for the two M(K��+) distributions. Clear signals are seen atthe nominal value of M(D0) [41℄. The number of untagged (tagged) D0 mesons yieldedby the �t was Nuntag(D0) = 7996� 488 (N tag(D0) = 1970� 78).5.2 Re
onstru
tion of \additional" D�+ mesonsThe D�+ ! D0�+s events with pT (D�+) > 3 GeV and j�(D�+)j < 1:6 
an be 
onsidered asa sum of two subsamples: events with the D0 having pT (D0) > 3 GeV and j�(D0)j < 1:6,and events with the D0 outside of that kinemati
 range. The former sample is a subsetof D0 mesons re
onstru
ted with �M tag, as dis
ussed above. The latter sample ofadditional D�+ mesons was obtained using the same D0 ! K��+ de
ay 
hannel. In ea
hevent, pairs of tra
ks with pT > 0:4 GeV were 
ombined to form a D0 
andidate. Only
ombinations with invariant mass 1:80 < M(K�) < 1:92 GeV were 
onsidered. The D0
andidates were required to have pT (D0) < 3:0 GeV or j�(D0)j > 1:6. A third tra
k withpT > 0:2 GeV, with 
harge opposite to that of the kaon tra
k and assumed to have thepion mass, was 
ombined with the D0 
andidate to form an additional D�� 
andidate.Here again the 
ut value was pT > 0:25 GeV for the data subsample for whi
h the tra
kre
onstru
tion eÆ
ien
y at low momentum was smaller.Figure 2 shows the distribution of the mass di�eren
e �M = M(K��s) �M(K�) foradditional D� 
andidates. A 
lear signal is seen around the nominal value of M(D��)�M(D0) [41℄. The 
ombinatorial ba
kground under the signal was estimated from the mass-di�eren
e distribution of the wrong-
harge 
ombinations, in whi
h both tra
ks asso
iatedto the D0 
andidate have the same 
harge and the third tra
k has opposite 
harge. Thenumber of re
onstru
ted additional D�+ mesons was 
al
ulated by subtra
ting the wrong-
harge �M distribution, after normalising it to the number of right-
harge 
andidates inthe region 0:150 < �M < 0:170 GeV. The subtra
tion was done in the signal region0:143 < �M < 0:148 GeV and yielded Nadd(D�+) = 317� 26.5.3 Re
onstru
tion of D+ mesonsThe D+ mesons were re
onstru
ted from the de
ay 
hannel D+ ! K��+�+. The anal-ysis for this meson was done using the e+p data sample only, where the D+ third level6



trigger logi
 was implemented. In ea
h event, two tra
ks with the same 
harge and a thirdtra
k with opposite 
harge were 
ombined to form a D+ 
andidate. The tra
ks with thesame 
harge were assigned the pion mass and required to have pT (�) > 0:5 GeV. For theremaining tra
k, the kaon mass was assumed and pT (K) > 0:7 GeV was required. Combi-natorial ba
kground was further suppressed by requiring 
os ��(K) > �0:75. Ba
kgroundfrom D�+ and D+s ! ��+ with �! K+K� was suppressed by applying suitable 
uts [2℄.Figure 3 shows the M(K��+�+) distribution for the D+ 
andidates. A 
lear signal is seenat the nominal value of D+ mass [41℄. The mass distribution was �tted to a sum of themodi�ed Gaussian fun
tion (Eq. (1)) des
ribing the signal and a linear fun
tion des
ribingthe non-resonant ba
kground. The number of re
onstru
ted D+ mesons yielded by the�t was N(D+) = 4785� 501.5.4 Re
onstru
tion of D+s mesonsThe D+s mesons were re
onstru
ted from the de
ay 
hannel D+s ! ��+ with �! K+K�.In ea
h event, two tra
ks with opposite 
harges were ea
h assigned the kaon mass and
ombined to form the � 
andidates if the invariant mass M(KK) was within �8 MeVof the nominal � mass [2℄. A third tra
k, assumed to be a pion, was 
ombined withthe � 
andidate, yielding the D+s 
andidate. Only tra
ks with pT (�) > 0:5 GeV andpT (K) > 0:7 GeV were 
onsidered. To redu
e the 
ombinatorial ba
kground further, a
ut was applied in the angle, ��(�), between the pion in the KK� rest frame and theKK� line of 
ight in the laboratory frame, 
os ��(�) < 0:85, and in the angle, �0(K),between one of the kaons and the pion in the KK rest frame, j 
os3 �0(K)j > 0:1.Figure 4 shows the M(K+K��+) distributions for the D+s 
andidates after all 
uts. A
lear signal is seen at the nominal D+s mass [41℄. There is also a smaller signal aroundthe nominal D+ mass as expe
ted from the de
ay D+ ! ��+. The mass distributionwas �tted to a sum of two modi�ed Gaussian fun
tions (Eq. (1)) des
ribing the signalsand an exponential fun
tion des
ribing the non-resonant ba
kground. The number ofre
onstru
ted D+s mesons yielded by the �t was N(D+s ) = 647� 80, for pT (D+s ) > 3 GeVand N(D+s ) = 773� 96, for pT (D+s ) > 2 GeV.6 A

eptan
e 
orre
tionsThe a

eptan
es were 
al
ulated using the Rapgap 2.08 [42℄ MC model and 
he
ked withHerwig 6.3 [43℄. The Rapgap MC model was interfa
ed with Hera
les 4.6.1 [44℄ inorder to in
orporate �rst-order ele
troweak 
orre
tions. The generated events were then7



passed through a full simulation of the dete
tor, using Geant 3.13 [45℄, pro
essed andsele
ted with the same programs as used for the data.The MC models were used to produ
e 
harm by the BGF and the resolved photon pro-
esses. In the latter the virtual photon behaves as a hadron-like sour
e of partons, one ofwhi
h intera
ts with a parton of the initial proton. The CTEQ5L [46℄ and GRV-LO [47℄PDFs were used for the proton and the photon, respe
tively. The 
harm-quark masswas set to 1:5 GeV. Both the Rapgap and Herwig MCs use LO matrix elements withleading-logarithmi
 parton showers. Charm fragmentation is implemented using either theLund string fragmentation (in Rapgap) or a 
luster fragmentation [48℄ model (in Her-wig). It was 
he
ked that both MC samples, Rapgap and Herwig, give a reasonabledes
ription of the data for DIS and D-meson variables when 
ompared at dete
tor-level.For a given observable Y , the produ
tion di�erential 
ross se
tions were determined usingd�dY = N(D)A � L � B ��Y ;where N(D) is the number of re
onstru
ted D mesons in a bin of size �Y . The re
on-stru
tion a

eptan
e A takes into a

ount small admixtures in the re
onstru
ted signalsfrom other de
ay modes, migrations, eÆ
ien
ies and QED radiative e�e
ts for that bin, Lis the integrated luminosity and B is the bran
hing ratio [41℄ for the de
ay 
hannel usedin the re
onstru
tion (see Table 1). The total produ
tion 
ross se
tions were determinedusing � = N(D)A � L � B ;where N(D) and A are now for the whole kinemati
al range of the measurement.The re
onstru
tion a

eptan
es were 
al
ulated with Rapgap and vary depending on theparti
le and the kinemati
 region of the measurement. For 1:5 < Q2 < 1000 GeV2, 0:02 <y < 0:7, transverse momenta pT (D0; D+) > 3 GeV, pT (D+s ) > 2 GeV and pseudorapidityj�(D)j < 1:6 the overall a

eptan
es were � 42%, � 26% and � 17% for D0, D+, and D+smesons, respe
tively.The relative b-quark 
ontributions, predi
ted by the MC simulation using bran
hing ratiosof b-quark de
ays to the 
harmed hadrons measured at LEP [49,50℄, were subtra
ted fromall measured 
ross se
tions. The subtra
tion of the b-quark 
ontribution redu
ed themeasured 
ross se
tions by 3.1% for the D0 and D+ and 4.3% for the D+s and 
hangedthe measured 
harm fragmentation ratios and fra
tions by less than 1%.8



7 Charm-meson produ
tion 
ross se
tionsCharm-meson 
ross se
tions were 
al
ulated using the re
onstru
ted signals for the pro
essep! eDX in the kinemati
 region 1:5 < Q2 < 1000 GeV2, 0:02 < y < 0:7, pT (D) > 3 GeV(for the D+s also pT (D+s ) > 2 GeV) and j�(D)j < 1:6.The systemati
 un
ertainties presented in this and the following se
tions will be dis
ussedin Se
tion 11. The third set of un
ertainties quoted for the measured 
ross se
tionsand 
harm fragmentation ratios and fra
tions are due to the propagation of the relevantbran
hing-ratio un
ertainties.The following 
ross se
tions were measured:� the produ
tion 
ross se
tion for D0 mesons not originating from the D�+ ! D0�+sde
ays, hereafter 
alled untagged D0 mesons, is:�untag(D0) = 5:56� 0:35(stat:)+0:32�0:26(syst:)� 0:10(br:) nb;� the produ
tion 
ross se
tion for D0 mesons originating from the D�+ ! D0�+s de
ays:�tag(D0) = 1:78� 0:08(stat:)+0:12�0:10(syst:)� 0:03(br:) nb;� the produ
tion 
ross se
tion for all D0 mesons:�(D0) = �untag(D0) + �tag(D0) = 7:34� 0:36(stat.)+0:35�0:27(syst.)� 0:13(br.) nb;� the produ
tion 
ross se
tion for additional D�+ mesons:�add(D�+) = 0:518� 0:046(stat:)+0:051�0:046(syst:)� 0:01(br:) nb:The produ
tion 
ross se
tion for D�+ mesons in the kinemati
 range pT (D�+) > 3 GeVand j�(D�+)j < 1:6, �kin(D�+), is given by the sum �add(D�+) + �tag(D0)=BD�+!D0�+:�kin(D�+) = 3:14� 0:12(stat:)+0:18�0:15(syst:)� 0:06(br:) nb;� the produ
tion 
ross se
tion for D+ mesons:�(D+) = 2:80� 0:30(stat:)+0:18�0:14(syst:)� 0:10(br:) nb;9



� the produ
tion 
ross se
tion for D+s mesons with pT (D+s ) > 3 GeV:�(D+s ) = 1:27� 0:16(stat:)+0:11�0:06(syst:)+0:19�0:15(br:) nb;� the produ
tion 
ross se
tion for D+s mesons with pT (D+s ) > 2 GeV:�2(D+s ) = 2:42� 0:30(stat.)+0:30�0:14(syst.)+0:35�0:27(br.) nb:8 Charm fragmentation ratiosIn this se
tion, the ratio of neutral to 
harged D-meson produ
tion rates, Ru=d, thestrangeness-suppression fa
tor, 
s, and the fra
tion of 
harged D mesons produ
ed ina ve
tor state, P dv , are presented in the kinemati
 range 1:5 < Q2 < 1000 GeV2, 0:02 <y < 0:7, pT (D) > 3 GeV and j�(D)j < 1:6.8.1 Ratio of neutral to 
harged D-meson produ
tion ratesNegle
ting in
uen
es from de
ays of heavier ex
ited D mesons, the ratio of neutral to
harged D-meson produ
tion rates is given by the ratio of the sum of D�0 and dire
t D0produ
tion 
ross se
tions to the sum of D�+ and dire
t D+ produ
tion 
ross se
tions.This ratio 
an be 
al
ulated as [2℄Ru=d = �untag(D0)�(D+) + �tag(D0) :Using the measured 
ross se
tions, the ratio of neutral to 
harged D-meson produ
tionrates is Ru=d = 1:22� 0:11(stat:)+0:05�0:02(syst:)� 0:03(br:).The measured Ru=d value agrees with unity, i.e. it is 
onsistent with isospin invarian
e,whi
h implies that u and d quarks are produ
ed equally in 
harm fragmentation.In Table 2 and Fig. 5, this measurement is 
ompared with those obtained in DIS by the H1
ollaboration [4℄, in photoprodu
tion [2℄ and in e+e� annihilations [51℄. All measurementsagree within experimental un
ertainties. 10



8.2 Strangeness-suppression fa
torThe strangeness-suppression fa
tor for 
harm mesons is given by the ratio of twi
e theprodu
tion rate of 
harm-strange mesons to the produ
tion rate of non-strange 
harmmesons. All D�+ and D�0 de
ays produ
e either a D+ or a D0 meson, while all D�+sde
ays produ
e a D+s meson [41℄. Thus, negle
ting de
ays of heavier ex
ited 
harm-strange mesons to non-strange 
harm mesons, the strangeness-suppression fa
tor 
an be
al
ulated as the ratio of twi
e the D+s 
ross se
tion to the sum of D0 and D+ 
rossse
tions.For the 
omparison of the in
lusive D+, D0 and D�+ 
ross se
tions with ea
h other, theequivalent phase-spa
e treatment [2℄ was used. The equivalent D+ and D0 
ross se
tionswere de�ned as the sum of their dire
t 
ross se
tions, i.e. D+ and D0 not 
oming fromD�, and the 
ontribution from D�+ and D�0 de
ays [2℄:�eq(D+) = �(D+) + �add(D�+) � (1� BD�+!D0�+);�eq(D0) = �untag(D0) + �tag(D0) + �add(D�+) � BD�+!D0�+ + �add(D�0).It was also assumed that the produ
tion 
ross se
tion for \additional" D�0 mesons, pro-du
ing D0 mesons outside of the nominal kinemati
 range, is �add(D�0) = Ru=d�add(D�+).The strangeness-suppression fa
tor is then given by
s = 2 �(D+s )�eq(D+) + �eq(D0) = 2 �(D+s )�(D+) + �untag(D0) + �tag(D0) + �add(D�+) � (1 +Ru=d) .Using the measured 
ross se
tions, the strangeness-suppression fa
tor is
s = 0:225� 0:030(stat:)+0:018�0:007(syst:)+0:034�0:026(br:).Table 3 and Fig. 5 
ompare this measurement with the values measured in photoprodu
-tion [2℄, in DIS by the H1 
ollaboration [4℄ and in e+e� annihilations [51℄. All measure-ments agree within experimental un
ertainties. The large bran
hing-ratio un
ertaintiesare dominated by the un
ertainties of the D+s ! ��+ bran
hing ratio.8.3 Fra
tion of 
harged D mesons produ
ed in a ve
tor stateNegle
ting in
uen
es from de
ays of heavier ex
ited D mesons, the fra
tion of 
harged Dmesons produ
ed in a ve
tor state, P dv , is given by the ratio of ve
tor to (ve
tor+pseudos
alar)
harm meson produ
tion 
ross se
tions. The following relation holds [2℄:11



P dv = �tag(D0)=BD�+!D0�+ + �add(D�+)�(D+) + �tag(D0) + �add(D�+) :Using the measured 
ross se
tions, the fra
tion of 
harged D mesons produ
ed in a ve
torstate is P dv = 0:617� 0:038(stat:)+0:017�0:009(syst:)� 0:017(br:).The measured P dv value is smaller than the naive spin-
ounting predi
tion of 0:75. Table 4and Fig. 5 
ompare this measurement with the values measured in photoprodu
tion [2℄,in DIS by the H1 
ollaboration [4℄ and in e+e� annihilations [51℄. All the measurementsare 
onsistent.9 Charm fragmentation fra
tionsThe fra
tion of 
 quarks hadronising as a parti
ular 
harm meson, f(
! D), is given bythe ratio of the produ
tion 
ross se
tion for the meson to the sum of the produ
tion 
rossse
tions for all 
harm ground states that de
ay weakly, �gs. In addition to the measuredD0, D+ and D+s 
harm ground states, the produ
tion 
ross se
tions of the �+
 baryonand of the 
harm-strange baryons �+
 , �0
 and 
0
 should be in
luded in the sum. Theprodu
tion rates for the latter are expe
ted to be mu
h lower than that of the �+
 due tostrangeness suppression.The �(�+
 ) was estimated using the 
orresponding fragmentation fra
tion measured ine+e� [51℄, f(
! �+
 )e+e�, by the relation below:f(
! �+
 )e+e� = �(�+
 )=�gs (2)The un
ertainty of this pro
edure was estimated by using f(
! �+
 ) obtained in photo-produ
tion [2℄, and 
onsidering the un
ertainty in f(
! �+
 )e+e� [51℄.The relative rates for the weakly-de
aying 
harm-strange baryons were estimated fromthe non-
harm se
tor following the LEP pro
edure [52℄. The measured ��=� and 
�=�relative rates are (6:65� 0:28)% and (0:42� 0:07)%, respe
tively [41℄. Assuming equalprodu
tion of �0 and �� states and that a similar suppression is appli
able to the 
harmbaryons, the total rate for the three 
harm-strange baryons relative to the �+
 state isexpe
ted to be about 14%. Therefore, the estimated �+
 produ
tion 
ross se
tion wass
aled by a fa
tor 1:14 in the sum of the produ
tion 
ross se
tions. An error of �0:05 wasassigned to the s
ale fa
tor when evaluating systemati
 un
ertainties.12



Using the equivalent D0 and D+ 
ross se
tions [2℄, �gs is given by�gs = �eq(D+) + �eq(D0) + �(D+s ) + �(�+
 ) � 1:14,whi
h 
an be expressed as�gs = �(D+) +�untag(D0) +�tag(D0) +�add(D�+) � (1 +Ru=d) +�(D+s ) +�(�+
 ) �1:14. (3)Using the measured 
ross se
tions and 
ombining Eqs. (3) and (2) yields�gs = 13:7� 0:6 (stat:)+1:4�0:6 (syst:)� 0:6 (br:) nb.The fragmentation fra
tions for the measured 
harm ground state are given byf(
! 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:The fragmentation fra
tion for the D�+ isf(
! D�+) = �kin(D�+)=�gs = [�tag(D0)=BD�+!D0�+ + �add(D�+)℄=�gs:The open-
harm fragmentation fra
tions, measured in the kinemati
 region 1:5 < Q2 <1000 GeV2, 0:02 < y < 0:7, pT (D) > 3 GeV and j�(D)j < 1:6, are summarised in Table 5and Fig. 5. The results are 
ompared with the values obtained in photoprodu
tion [2℄, inDIS by the H1 
ollaboration [4℄ and in e+e� annihilations [51℄. All the measurements are
onsistent. A Monte Carlo study [2℄ suggested that the measured 
harm fragmentationratios and fra
tions are 
lose to those in the full pT (D) and �(D) phase spa
e.The hadronisation fra
tion into untagged D0, needed in the next se
tion for 
omparisonswith theory, was:funtag(
! D0) = f(
! D0)� f(
! D�+)BD�+!D0�+= (�untag(D0) + �add(D�0))=�gs= 0:450� 0:020(stat:) +0:009�0:039(syst:) +0:012�0:017(br:),where the equivalent phase-spa
e treatment and �add(D�0) were 
onsidered as in Se
-tion 8.2. 13



10 Cross se
tions and pQCD 
omparisonsFor the 
ross se
tions presented in Se
tion 7 the predi
tions from the HVQDIS programare �(D0) = 7:90 nb, �untag(D0) = 5:88 nb, �(D+) = 2:82 nb and �2(D+s ) = 2:40 nb,with un
ertainties around 15%, dominated by the input PDF and the mass of the 
harmquark. They are in good agreement with the data.The di�erential 
ross se
tions for untagged D0 (the D0 mesons 
oming from D�+ arealready in
luded in the previous ZEUS publi
ation [3℄), D+ and D+s as a fun
tion of Q2,x, pT (D) and �(D) are shown in Figs. 6, 7 and 8 and given in Tables 6 and 7. The 
rossse
tions in Q2 and x both fall by about three orders of magnitude in the measured region.The 
ross-se
tion d�=dpT (D) falls by two orders of magnitude with in
reasing pT (D). The
ross-se
tion d�=d�(D0) shows a mild in
rease with in
reasing �(D0); for the D+ and D+sno statisti
ally signi�
ant dependen
e with �(D) is observed.Figures 6, 7 and 8 show also the 
orresponding NLO 
al
ulations implemented in theHVQDIS program as well as their un
ertainties (Se
tion 11.2). All the di�erential 
rossse
tions measured are well des
ribed by the NLO 
al
ulation.11 Systemati
 un
ertainties11.1 Systemati
 un
ertainties of measurementsThe systemati
 un
ertainties of the measured 
ross se
tions and fragmentation ratios andfra
tions were determined by 
hanging the analysis pro
edure and repeating all 
al
ula-tions.In the measurement of fragmentation ratios and fra
tions the following groups of system-ati
 un
ertainty sour
es were 
onsidered (Table 8):� fÆ1g the model dependen
e of the a

eptan
e 
orre
tions was estimated using theHerwig MC sample;� fÆ2g the un
ertainty of the beauty subtra
tion was determined by varying the b-quark
ross se
tion by a fa
tor of two in the referen
e MC sample;� fÆ3g the un
ertainty of the tra
king simulation was obtained by varying all momentaby �0:3% whi
h 
orresponds to the un
ertainty in the magneti
 �eld; and by 
hangingthe tra
k momentum resolution and the angular resolution by +20�10% of their values.The asymmetri
 resolution variations were used sin
e the MC signals typi
ally hadsomewhat narrower widths than observed in the data;14



� fÆ4g the un
ertainty in the CAL energy s
ale was studied by varying in the MC theenergy of the s
attered e� by �1% and the energy of the hadroni
 system by �3%;� fÆ5g the un
ertainties related to the signal extra
tion pro
edures were studied asfollows:{ the 
uts on the minimum pT for the � and K 
andidates were independently raisedand lowered by 10% from their nominal values,{ the 
ut on the minimum pT for the �s was raised and lowered by 0:02 GeV (for�tag(D0), �untag(D0), �add(D�+)),{ the �M signal region was widened symmetri
ally by 0:003 GeV (for �tag(D0),�untag(D0), �add(D�+)),{ the M(K�) signal region was widened and narrowed symmetri
ally by 0:01 GeV(for �add(D�+)),{ the wrong-
harge ba
kground normalisation region was 
hanged to 0:152 < �M <0:168 (for �add(D�+));� fÆ6g the un
ertainties of the luminosities of the e�p (�1:8%) and e+p (�2:25%) datasamples were in
luded, taking into a

ount their 
orrelations;� fÆ7g the un
ertainty in the estimate of �(�+
 ) (see Se
tion 9);� fÆ8g the un
ertainty in the rate of the 
harm-strange baryons (see Se
tion 9);Contributions from the di�erent systemati
 un
ertainties were 
al
ulated and added inquadrature separately for positive and negative variations. Correlated systemati
 un
er-tainties largely 
an
el in the 
al
ulation of the fragmentation ratios and fra
tions.For the total and di�erential 
ross-se
tion measurements dis
ussed in Se
tion 10 andthose used for the extra
tion of F 
�
2 (Se
tion 12), further sour
es of systemati
s werestudied [3, 5, 53℄, fÆ9g:� the 
ut on ye was 
hanged to ye � 0:90;� the 
ut on yJB was 
hanged to yJB � 0:03;� the 
ut on Æ was 
hanged to 42� Æ � 70 GeV;� the 
ut on jZvertexj was 
hanged to jZvertexj < 45 
m;� the 
ut on Ee0 was 
hanged to Ee0 > 11 GeV;� the ex
luded region for the impa
t position of the s
attered ele
tron in the RCAL wasin
reased by 1 
m in ea
h dire
tion;� the ele
tron method was used, ex
ept for 
ases when the s
attered ele
tron tra
k wasre
onstru
ted by the CTD. In the latter 
ase, the DA method, whi
h has the bestresolution at high Q2, was used. 15



These estimations were made in ea
h bin in whi
h the di�erential 
ross se
tions weremeasured. In addition, for the lowest x bin of the di�erential 
ross se
tion of untaggedD0, the systemati
 error a

ounted also for instabilities in the signal extra
tion, not en-
ountered in any other bin. The overall systemati
 un
ertainty was determined by addingthe individual un
ertainties in quadrature. Typi
ally Æ9 was below 4%. The un
ertaintyon the luminosity measurement was not in
luded in the systemati
 un
ertainties for thedi�erential 
ross se
tions.11.2 Un
ertainties on theoreti
al predi
tionsThe NLO QCD predi
tions for D meson produ
tion are a�e
ted by the systemati
 un
er-tainties listed below. Typi
al values are quoted for the total 
ross se
tion:� the ZEUS PDF un
ertainties were propagated from the experimental un
ertainties ofthe �tted data (�5%). As an alternative parametrisation in the FFNS, the CTEQ5F3PDF was used in HVQDIS with a 
harm mass of 1.3 GeV (�2%);� the 
harm mass was 
hanged simultaneously in the PDF �t and in HVQDIS by�0:15 GeV �+8�8%�. The largest e�e
t was at low pT (D);� the s
ale was 
hanged to 2pQ2 + 4m2
 and to max(pQ2=4 +m2
 ; 2m
) �+5�6%�;� the Jetset fragmentation as implemented in the previous analyses [3, 5℄ was usedinstead of the Peterson fragmentation (+5% to +20%). The largest deviations wereobserved for D0 and D+ parti
les at the lowest Q2 and x.12 Extra
tion of F 
�
2The open 
harm 
ontribution, F 
�
2 , to the proton stru
ture-fun
tion F2 
an be de�ned interms of the in
lusive double-di�erential 
�
 
ross se
tion in x and Q2 byd2�
�
(x;Q2)dxdQ2 = 2��2xQ4 f[1 + (1� y)2℄F 
�
2 (x;Q2)� y2F 
�
L (x;Q2)g:In this paper, the 
�
 
ross se
tion is obtained by measuring the untagged D0, D+ and D+sprodu
tion 
ross se
tions and employing the measured hadronisation fra
tions f(
! D).Sin
e only a limited kinemati
 region in pT (D) and �(D) is a

essible, a pres
ription forextrapolating to the full kinemati
 phase spa
e is needed.As reported in Se
tion 10, the measured di�erential 
ross-se
tions are well des
ribed inthe probed kinemati
 region. Therefore the following relation was used to extra
t F 
�
2 :16



F 
�
2 (xi; Q2i ) = �i;meas(ep! DX)�i;theo(ep! DX) F 
�
2;theo(xi; Q2i ); (4)where �i;meas is the 
ross se
tion in the bin i in the measured region of pT (D) and �(D)and �i;theo is the 
orresponding 
ross se
tion evaluated with HVQDIS. The value of F 
�
2 theowas 
al
ulated in FFNS from the NLO 
oeÆ
ient fun
tions [27℄ using the same valuesof parameters as in the 
al
ulation of �i;theo. The 
ross se
tions �i;meas(ep ! DX) weremeasured in bins of Q2 and y (Table 9) and F 
�
2 was quoted at representative Q2 and xvalues for ea
h bin (Table 10). The F 
�
2 measurements obtained from ea
h D meson were
ombined into a single set of measurements; the result is also shown in Table 10.The extrapolation fa
tors from the measured pT (D) and �(D) ranges to the full phasespa
e, as estimated using HVQDIS, were between 17 at low Q2 and 2.5 at high Q2 for theD0 and D+ measurements. For the D+s , the lower pT requirement leads to lower extrapo-lation fa
tors between 5:6 and 1:9. They are all shown in Table 10. The un
ertainty fromthe bran
hing ratios was estimated by 
hanging ea
h bran
hing ratio independently in the
al
ulation by �1 standard deviation and adding in quadrature the resulting variationsof F 
�
2 (+2:7�4:1%).The following un
ertainties of the extrapolation pres
ription of Eq. (4) have been evalu-ated:� using Jetset instead of the Peterson fragmentation yielded 
hanges of� +28%, +15%and +5% for the data points at the lowest, middle and largest Q2 ranges, respe
tively;� 
hanging the 
harm mass by �0:15 GeV 
onsistently in the HVQDIS 
al
ulation andin the 
al
ulation of F 
�
2;theo led to di�eren
es in the extrapolation of �5% at low x,low Q2; the value de
reases rapidly at higher x and higher Q2;� the un
ertainty in the ZEUS NLO PDF �t led to un
ertainties in the extra
ted valuesof F 
�
2 typi
ally less than 1%;� the extrapolation fa
tors were evaluated using the CTEQ5F3 proton PDF yieldingdi�eren
es 
ompared to the nominal fa
tors of � +10%, +6% and +1% for the lowest,middle and largest Q2 ranges, respe
tively.The 
ombined F 
�
2 measurements are shown in Fig. 9. The quadrati
 addition of theextrapolation un
ertainties is shown independently as a band. Also shown in Fig. 9 isthe previous measurement [3℄ and the ZEUS NLO QCD �t. The two sets of data are
onsistent3. The predi
tion des
ribes the data well for all Q2 and x. The un
ertainty3 The previous data were measured at Q2 = 4, 18 and 130 GeV2 and have been shifted to Q2 = 4:2,20:4 and 111:8 GeV2 using the ZEUS NLO QCD �t.17



on the theoreti
al predi
tion is that from the PDF �t propagated from the experimentalun
ertainties of the �tted data.13 Summary and 
on
lusionsThe produ
tion of the 
harm mesons D�+, D0, D+ and D+s has been measured withthe ZEUS dete
tor in the kinemati
 range 1:5 < Q2 < 1000 GeV2, 0:02 < y < 0:7,pT (D�+; D0; D+) > 3 GeV, pT (D+s ) > 2 GeV and j�(D)j < 1:6.The 
ross se
tions have been used to determine the 
harm fragmentation ratios and fra
-tions. The ratio of neutral to 
harged D-meson produ
tion, Ru=d, is 
ompatible withunity, i.e. it is 
onsistent with isospin invarian
e, whi
h implies that u and d quarks areprodu
ed equally in 
harm fragmentation. The strangeness-suppression fa
tor in 
harmfragmentation, 
s, was measured to be about 20%. The fra
tion of 
harged D mesonsprodu
ed in a ve
tor state, P dv , was found to be smaller than the naive spin-
ountingpredi
tion of 0:75. The fra
tion of 
 quarks hadronising as D�+, D0, D+ and D+s mesonshave been 
al
ulated. The measured Ru=d, 
s, P dv and open 
harm fragmentation fra
tionsare 
onsistent with those obtained in 
harm photoprodu
tion and in e+e� annihilation.These measurements generally support the hypothesis that fragmentation pro
eeds inde-pendently of the hard sub-pro
ess.The measured D0, D+ and D+s di�erential 
ross se
tions were 
ompared to the predi
tionsof NLO QCD with the proton PDFs extra
ted from in
lusive DIS data. A good des
riptionwas found.The double-di�erential 
ross se
tion in y and Q2 has been used to extra
t the open
harm 
ontribution to F2, by using the NLO QCD 
al
ulation to extrapolate outside themeasured pT (D) and �(D) regions. The F 
�
2 values obtained from the di�erent D mesonsagree with previous results where a D�+ meson was tagged.A
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De
ay mode Bran
hing ratioD0 ! K��+ 0:0380� 0:0007D�+ ! D0�+s 0:6770� 0:0050D+ ! K��+�+ 0:0951� 0:0034D+s ! ��+ ! K+K��+ 0:0216� 0:0028Table 1: Bran
hing ratios of the D-meson de
ay modes [41℄.
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Ru=dZEUS (DIS) 1:22� 0:11(stat:)+0:05�0:02(syst:)� 0:03(br:)ZEUS (
p) [2℄ 1:100� 0:078(stat:)+0:038�0:061(syst:)+0:047�0:049(br:)
ombined e+e� data 1:020� 0:069(stat:� syst:)+0:045�0:047(br:)H1 (DIS) [4℄ 1:26� 0:20(stat:)� 0:11(syst:)� 0:04(br:� theory)Table 2: The ratio of neutral to 
harged D-meson produ
tion rates, Ru=d. Thee+e� values are taken from [2℄; they are an update of the 
ompilation in [51℄ usingthe bran
hing-ratio values of [54℄. The measurements in this paper, ZEUS (DIS),took the values for all the bran
hing ratios involved from [41℄, the rest of the quotedmeasurements took them from [54℄.

sZEUS (DIS) 0:225� 0:030(stat:)+0:018�0:007(syst:)+0:034�0:026(br:)ZEUS (
p) [2℄ 0:257� 0:024(stat:)+0:013�0:016(syst:)+0:078�0:049(br:)ZEUS (
p) [11℄ 0:27� 0:04(stat:)+0:02�0:03(syst:)� 0:07(br:)
ombined e+e� data 0:259� 0:023(stat:� syst:)+0:087�0:052(br:)H1 (DIS) [4℄ 0:36� 0:10(stat:)� 0:01(syst:)� 0:08(br:� theory)Table 3: The strangeness-suppression fa
tor in 
harm fragmentation, 
s. Thee+e� values are taken from [2℄; they are an update of the 
ompilation in [51℄ usingthe bran
hing-ratio values of [54℄. The measurements in this paper, ZEUS (DIS),took the values for all the bran
hing ratios involved from [41℄, the rest of the quotedmeasurements took them from [54℄.
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P dvZEUS (DIS) 0:617� 0:038(stat:)+0:017�0:009(syst:)� 0:017(br:)ZEUS (
p) [2℄ 0:566� 0:025(stat:)+0:007�0:022(syst:)+0:022�0:023(br:)
ombined e+e� data 0:614� 0:019(stat:� syst:)+0:023�0:025(br:)H1 (DIS) [4℄ 0:693� 0:045(stat:)� 0:004(syst:)� 0:009(br:� theory)Table 4: The fra
tion of 
harged D mesons produ
ed in a ve
tor state, P dv . Thee+e� values are taken from [2℄; they are an update of the 
ompilation in [51℄ usingthe bran
hing-ratio values of [54℄. The measurements in this paper, ZEUS (DIS),took the values for all the bran
hing ratios involved from [41℄, the rest of the quotedmeasurements took them from [54℄.
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ZEUS (DIS) ZEUS (
p) [2℄ Combined H1 (DIS)pT (D) > 3 GeV pT (D) > 3:8 GeV e+e� data [51℄ [4℄j�(D)j < 1:6 j�(D)j < 1:6stat. syst. br. stat. syst. stat.� syst. br. totalf(
! D+) 0:216� 0:019 +0:002+0:008�0:020�0:010 0:217� 0:014 +0:013�0:005 0:226 � 0:010 +0:016�0:014 0:203� 0:026f(
! D0) 0:605� 0:020 +0:009+0:015�0:052�0:023 0:523� 0:021 +0:018�0:017 0:557 � 0:023 +0:014�0:013 0:560� 0:046f(
! D+s ) 0:092� 0:011 +0:007+0:012�0:008�0:010 0:095� 0:008 +0:005�0:005 0:101 � 0:009 +0:034�0:020 0:151� 0:055f(
! D�+) 0:229� 0:011 +0:006+0:007�0:021�0:010 0:200� 0:009 +0:008�0:006 0:238 � 0:007 +0:003�0:003 0:263� 0:032Table 5: The fra
tions of 
 quarks hadronising as a parti
ular 
harm hadron,f(
 ! D). The fra
tions are shown for the D+, D0 and D+s 
harm ground statesand for the D�+ state. The measurements in this paper, ZEUS (DIS), took thevalues for all the bran
hing ratios involved from [41℄, the rest of the quoted mea-surements took them from [54℄.25



untagged D0 D+Q2 bin ( GeV2) d�=dQ2 �stat �syst d�=dQ2 �stat �syst(nb/ GeV2) (nb/ GeV2)1.5, 5 0:56 �0:08 +0:09�0:03 0:275 �0:066 +0:056�0:0445, 15 0:141 �0:008 +0:011�0:006 0:089 �0:014 +0:003�0:01015, 40 0:044 �0:005 +0:003�0:002 0:016 �0:003 +0:002�0:00140, 1000 0:0012 �0:0002 +0:0002�0:0001 0:0007 �0:0002 +0:0001�0:0001x bin d�=dx �stat �syst d�=dx �stat �syst(nb) (nb)0.000021, 0.0001 15197 �2543 +1137�5789 4470 �1572 +1078�11120.0001, 0.0005 4162 �304 +457�231 2295 �327 +157�1990.0005, 0.001 1476 �195 +128�72 1049 �178 +39�1250.001, 0.1 20:7 �2:3 +2:7�1:0 10:5 �2:2 +1:4�0:5pT (D) bin ( GeV) d�=dpT (D0) �stat �syst d�=dpT (D+) �stat �syst(nb/ GeV) (nb/ GeV)3.0, 3.5 3:13 �0:39 +0:28�0:12 1:61 �0:44 +0:45�0:213.5, 4.5 1:93 �0:20 +0:12�0:11 0:77 �0:14 +0:09�0:064.5, 6.0 0:78 �0:11 +0:05�0:08 0:49 �0:08 +0:05�0:026.0, 20. 0:051 �0:009 +0:004�0:003 0:028 �0:007 +0:002�0:001�(D) bin d�=d�(D0) �stat �syst d�=d�(D+) �stat �syst(nb) (nb)�1:6; �0:6 1:18 �0:19 +0:13�0:10 0:65 �0:11 +0:08�0:09�0:6; 0.0 1:59 �0:19 +0:10�0:11 1:20 �0:25 +0:15�0:220.0, 0.6 2:05 �0:22 +0:18�0:14 1:06 �0:21 +0:08�0:150.6, 1.6 2:31 �0:37 +0:09�0:20 0:74 �0:23 +0:22�0:07Table 6: Measured di�erential 
ross se
tions for D0 not 
oming from a D�+(left), and D+ (right) as a fun
tion of Q2, x, pT (D) and �(D) for 1:5 < Q2 <1000 GeV2, 0:02 < y < 0:7, pT (D) > 3 GeV and j�(D)j < 1:6. The estimatedb-quark 
ontribution of 3.1 % has been subtra
ted. The statisti
al and systemati
un
ertainties are shown separately. The D0 (D+) 
ross se
tions have a further 1:8%(3:6%) un
ertainty from the D0 ! K��+ (D+ ! K��+�+) bran
hing ratios.
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D+sQ2 bin ( GeV2) d�=dQ2 �stat �syst(nb/ GeV2)1.5, 5 0:31 �0:07 +0:08�0:055, 15 0:092 �0:016 +0:004�0:01715, 40 0:016 �0:005 +0:004�0:00340, 1000 0:00025 �0:00010 +0:00008�0:00004x bin d�=dx �stat �syst(nb)0.000021, 0.0001 4982 �1967 +1354�13330.0001, 0.0005 2765 �443 +65�6440.0005, 0.001 934 �250 +118�1550.001, 0.1 6:1 �1:5 +0:8�0:6pT (D+s ) bin ( GeV) d�=dpT (D+s ) �stat �syst(nb/ GeV)2.0, 2.5 1:65 �0:52 +0:36�0:502.5, 3.0 0:62 �0:22 +0:14�0:113.0, 3.5 0:59 �0:21 +0:08�0:123.5, 4.5 0:55 �0:11 +0:05�0:054.5, 6.0 0:20 �0:05 +0:02�0:016.0, 20. 0:011 �0:004 +0:002�0:001�(D+s ) bin d�=d�(D+s ) �stat �syst(nb)�1:6, �0:6 0:94 �0:24 +0:11�0:26�0:6, 0.0 0:57 �0:15 +0:14�0:040.0, 0.6 0:76 �0:18 +0:06�0:090.6, 1.6 0:85 �0:22 +0:17�0:12Table 7: Measured D+s di�erential 
ross se
tions as a fun
tion of Q2, x, pT (D+s )and �(D+s ) for 1:5 < Q2 < 1000 GeV2, 0:02 < y < 0:7, pT (D+s ) > 2 GeV andj�(D+s )j < 1:6. The estimated b-quark 
ontribution of 4.3 % has been subtra
ted.The statisti
al and systemati
 un
ertainties are shown separately. The 
ross se
-tions have a further 13% un
ertainty from the D+s ! ��+ ! K+K��+ bran
hingratio.
27



Æ1 � Æ9 Æ1 � Æ8 Æ1 Æ2 Æ3 Æ4 Æ5 Æ6 Æ7 Æ8(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)�untag(D0) +5:8�4:7 +5:4�4:1 +2:5�0:0 +1:7�3:3 +1:3�0:9 +1:5�0:6 +3:5�0:4 +2:2�2:1�(D+) +6:6�5:0 +3:2�4:6 +0:6�0:0 +1:5�3:1 +1:0�1:9 +1:4�0:6 +0:0�1:5 +2:3�2:2�2(D+s ) +9:1�7:4 +8:8�7:2 +0:0�2:0 +0:0�4:0 +1:2�0:0 +0:5�0:4 +8:0�5:1 +2:2�2:1�tag(D0) +5:6�4:6 +0:0�1:5 +1:8�3:5 +2:3�1:1 +1:5�0:3 +4:0�0:8 +2:2�2:1�add(D�+) +9:9�8:9 +0:0�2:9 +1:9�3:8 +4:2�0:2 +2:3�0:5 +8:2�7:2 +2:2�2:1�kin(D�+) +5:7�4:7 +0:0�1:8 +1:8�3:6 +2:5�0:8 +1:6�0:3 +4:0�1:1 +2:2�2:1�(D+s ) +8:9�4:9 +2:8�0:0 +2:2�4:5 +4:0�0:0 +0:4�0:1 +6:8�0:0 +2:2�2:1Ru=d +4:3�1:4 +2:7�0:0 +0:0�0:1 +1:4�1:4 +0:1�0:1 +3:0�0:3 +0:1�0:1
s +7:9�3:0 +1:8�0:0 +0:5�1:2 +4:1�0:4 +0:6�1:3 +6:4�2:4 +0:0�0:0P dv +2:8�1:4 +0:0�1:3 +0:1�0:3 +1:4�0:0 +0:2�0:0 +2:4�0:0 +0:0�0:1�gs +10:3�4:3 +1:2�0:0 +1:7�3:4 +1:2�0:5 +1:4�0:5 +2:4�0:5 +2:2�2:1 +9:3�0:9 +0:4�0:4f(
! D+) +1:1�9:2 +0:0�0:7 +0:3�0:2 +0:1�1:7 +0:1�0:2 +0:2�2:9 +0:1�0:1 +0:9�8:5 +0:4�0:4f(
! D0) +1:1�8:6 +0:0�0:0 +0:0�0:0 +0:5�0:4 +0:2�0:1 +1:8�0:0 +0:0�0:0 +0:9�8:5 +0:4�0:4funtag(
! D0) +2:0�8:6 +1:0�0:0 +0:1�0:0 +0:5�0:9 +0:2�0:1 +1:4�0:2 +0:0�0:0 +0:9�8:5 +0:4�0:4f(
! D+s ) +7:1�8:9 +1:6�0:0 +0:5�1:0 +3:7�0:3 +0:5�1:2 +5:7�2:1 +0:0�0:0 +0:9�8:5 +0:4�0:4f(
! D�+) +2:8�9:1 +0:0�2:9 +0:1�0:1 +1:5�0:3 +0:2�0:0 +2:2�1:5 +0:0�0:0 +0:9�8:5 +0:4�0:4Table 8: The systemati
 un
ertainties resulting from Æ1-Æ9, from Æ1-Æ8, and fromÆ1 to Æ8 independently (see text) for the 
harm hadron 
ross se
tions and 
harmfragmentation ratios and fra
tions.
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untagged D0Q2 bin ( GeV2) y bin � �stat �syst (nb)1.5, 9 0.18, 0.70 1:50 �0:19 +0:14�0:160.02, 0.18 1:03 �0:19 +0:16�0:129, 44 0.20, 0.70 1:02 �0:14 +0:12�0:090.02, 0.20 1:02 �0:14 +0:12�0:0544, 1000 0.02, 0.70 1:03 �0:19 +0:16�0:05D+Q2 bin ( GeV2) y bin � �stat �syst (nb)1.5, 9 0.18, 0.70 0:63 �0:14 +0:05�0:100.02, 0.18 0:65 �0:13 +0:09�0:089, 44 0.20, 0.70 0:52 �0:11 +0:03�0:100.02, 0.20 0:44 �0:11 +0:06�0:0344, 1000 0.02, 0.70 0:61 �0:25 +0:08�0:09D+sQ2 bin ( GeV2) y bin � �stat �syst (nb)1.5, 9 0.18, 0.70 0:97 �0:23 +0:16�0:210.02, 0.18 0:56 �0:15 +0:11�0:089, 44 0.20, 0.70 0:61 �0:15 +0:14�0:150.02, 0.20 0:29 �0:07 +0:12�0:0344, 1000 0.02, 0.70 0:20 �0:11 +0:08�0:03Table 9: Measured 
ross se
tions for D0 not 
oming from a D�+, D+ and D+sin ea
h of the Q2 and y bins for pT (D0; D+) > 3 GeV, pT (D+s ) > 2 GeV andj�(D)j < 1:6. The estimated b-quark 
ontribution of 3.1 % for D0 andD+ and 4.3 %for D+s has been subtra
ted. The statisti
al and systemati
 un
ertainties are shownseparately. The D0, D+ and D+s 
ross se
tions have further 1:8%, 3:6% and 13%un
ertainties from the D0 ! K��+, D+ ! K��+�+ and D+s ! ��+ ! K+K��+bran
hing ratios, respe
tively.
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untagged D0Q2 ( GeV2) x F 
�
2 �stat �syst �extrap fa
tor4.2 0.00013 0:141 �0:017 +0:013�0:015 +0:048�0:013 8.90.00061 0:090 �0:017 +0:014�0:011 +0:036�0:006 1720.4 0.00062 0:320 �0:044 +0:037�0:029 +0:061�0:020 4.90.00281 0:156 �0:021 +0:019�0:008 +0:041�0:004 5.8111.8 0.00676 0:217 �0:039 +0:033�0:011 +0:014�0:002 2.5D+Q2 ( GeV2) x F 
�
2 �stat �syst �extrap fa
tor4.2 0.00013 0:123 �0:025 +0:010�0:020 +0:037�0:011 8.90.00061 0:109 �0:020 +0:015�0:014 +0:039�0:007 1720.4 0.00062 0:331 �0:067 +0:016�0:067 +0:066�0:021 4.90.00281 0:130 �0:039 +0:017�0:009 +0:030�0:003 5.8111.8 0.00676 0:293 �0:124 +0:037�0:041 +0:021�0:003 2.5D+sQ2 ( GeV2) x F 
�
2 �stat �syst �extrap fa
tor4.2 0.00013 0:221 �0:044 +0:037�0:048 +0:036�0:016 4.30.00061 0:075 �0:017 +0:016�0:011 +0:019�0:004 5.620.4 0.00062 0:470 �0:100 +0:109�0:112 +0:037�0:017 2.80.00281 0:100 �0:022 +0:043�0:009 +0:013�0:001 2.9111.8 0.00676 0:179 �0:058 +0:075�0:025 +0:013�0:001 1.9CombinedQ2 ( GeV2) x F 
�
2 �stat �syst �extrap4.2 0.00013 0:144 �0:014 +0:022�0:015 +0:045�0:0130.00061 0:090 �0:010 +0:010�0:004 +0:029�0:00520.4 0.00062 0:341 �0:035 +0:046�0:042 +0:063�0:0210.00281 0:132 �0:014 +0:024�0:005 +0:024�0:001111.8 0.00676 0:211 �0:032 +0:044�0:013 +0:013�0:002Table 10: The extra
ted values of F 
�
2 from the produ
tion 
ross se
tions of D0 not
oming from D�+, D+ and D+s and the 
ombination of them at ea
h Q2 and x value.The statisti
al, systemati
 and extrapolation un
ertainties are shown separately.The values of the extrapolation fa
tor used to 
orre
t the full pT (D) and �(D) phasespa
e are also shown. All the extra
ted F 
�
2 values have a further +2:7% �4:1%un
ertainty from the D0 ! K��+, D+ ! K��+�+ and D+s ! ��+ ! K+K��+bran
hing ratios and the f(
! �+
 ) value.30
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