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Abstract

Measurements of the production of the weakly decaying charmed hadrons: D°, D+, DF
and A in both Z° — cc and Z° — bb events are reported. By summing the partial
contributions from each of these states we measure the partial width for Z° decays into
a cC pair as:
Lez
Lhad

= 0.167 & 0.011(stat) + 0.011(sys) % 0.005(br)

where the errors are statistical, systematic and due to the uncertainties in the charmed
hadron branching ratios, respectively. The relative production rates for the formation
of the charmed hadrons from primary ¢ quarks is found to be in good agreement with
continuum e*e” data at /s ~ 10 GeV.

The measured rates of these four charmed hadrons in b hadron decays is found to
account for

1.061 £ 0.045(stat) £ 0.060(sys) £+ 0.037(br)

cor ¢ quarks per b hadron decay. Comparison of the relative rates of the different charmed
hadron species with Y(45) data indicates higher rates for DY and A} hadrons and lower
rates of DY and Dt mesons as expected due to the different mixture of b hadrons.

(Submitted to Z. Phys.)
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1 Introduction

Charmed hadrons are known to be copiously produced in both Z° — c¢ and Z° — bb decays.
Although the production of the different charmed hadrons has been studied in detail in con-
tinuum ete” annihilations at /s & 10 GeV [1, 2, 3] and in the decays of B mesons produced
in T (4S) decays [2, 4, 5], no comprehensive studies have been carried out at higher energies.

In this paper we present measurements of the production rates for the four dominant weakly
decaying charmed hadrons: DY, D, D} and A}. Since more than 98% of primary charm
quarks and most b hadron decays are expected to result in these states, the combination of
these results allows one to obtain a comprehensive picture of charm production. The charmed
hadrons are reconstructed in the decay modes!:

DY - K7, Dt — K ntrn™,
D} — ¢(1020)7, D — K (892)°K,

Af — pK7t.

In order to separate primary charm production in Z° — c¢ events from charm hadrons pro-
duced in b hadron decays, the apparent decay length distributions and energy spectra of the
charmed hadrons are utilized. Because of the relatively large b hadron lifetimes and hard b
fragmentation, charmed hadrons originating from b hadron decays have significantly longer
apparent decay lengths than those from primary production. In addition the energy spectrum
of these charmed hadrons is much softer than that due to primary charm production.

The measurements of charm hadron production from primary ¢ quarks may be used to
measure ['.z/Tpqq. In the method presented in this paper I'.z/T'jqq is determined by summing
the partial contributions from each of the four charmed hadrons, correcting for the small
additional contribution expected from strange-charmed baryons.

Theoretical expectations for the charm multiplicity, n., in b hadron decays are typically in
the range 1.11-1.30 [6, 7]. The measurement of n, is of particular interest because the value
inferred from the ARGUS [2, 4] and CLEO [5] data is at the lower end of the theoretical
expectations. Since the mixture of b hadrons and the experimental systematics are different
at LEP, it is important to make an independent measurement of this quantity. By comparing
LEP measurements with T (45) data one may also expect to learn about the production rates
and decay modes of the B? and b baryons.

2 The OPAL detector

A complete description of the OPAL detector may be found elsewhere [8]. We describe briefly
the aspects of the detector pertinent to this analysis. Charged particle tracking is performed
by the central detector which consists of a large volume jet chamber, a precision vertex drift
chamber and chambers measuring the z-coordinate? of tracks as they leave the jet chamber.
In 1991 this tracking system was enhanced by the addition of a silicon microvertex detector
providing r — ¢ coordinate measurements. For the 1993 run this device was replaced by
an improved detector providing additional z coordinate measurements, but only the r — ¢

!Charge conjugation is implicitly implied throughout this paper.
2The OPAL coordinate system is defined with positive z being along the electron beam direction, § and ¢
being the polar and azimuthal angles respectively.



information is used in this analysis. The r — ¢ tracking precision provided by both silicon
detectors is almost identical, with space-point resolutions, including alignment uncertainties,
of about 9 ym. When combined with the angle and curvature information provided by the
other central detector components this results in an impact parameter resolution of 15 um
for tracks in Z° — ptp~ and Z° — ete” events. The central detector is positioned inside a
solenoidal coil that provides a uniform magnetic field of 0.435 T. The momentum resolution
obtained is approximately (oy,,/Psy)? = (0.02)? 4 (0.0015p,,)?, where p,, is the momentum
transverse to the beam direction in GeV. In addition to tracking charged particles, the jet
chamber provides measurements of the ionization loss, dE/dz, of charged particles, which are
used for particle identification [9]. For the momentum region between 2 GeV and 20 GeV
the separation between pions and kaons is greater than two standard deviations. The coil is
surrounded by a time-of-flight counter array and a lead-glass electromagnetic calorimeter with
presampler. Outside the electromagnetic calorimeter is the instrumented return yoke of the
magnet, which forms the hadron calorimeter. This is surrounded by muon chambers.

3 Event selection

This analysis uses all OPAL data recorded in 1992 and 1993, as well as those collected after the
silicon microvertex detector was commissioned in 1991. The data consist of e"e™ annihilations
at centre of mass energies between 88.5 and 93.8 GeV. The selection criteria for hadronic Z°
decays are described elsewhere[10] and have an efficiency of (98.4 +0.4)%. After data quality
and detector performance requirements, the available data sample consists of 1.71 million
events.

Candidates for the decays D — K 7", D* — K ntr", Df — or",¢ — KK,
Df — KK+ K° = K 7t and AF — pK 7t are formed by considering all possible combi-
nations of pion, kaon and proton track candidates. Pion, kaon and proton track candidates
are selected using dF/dz information from the jet chamber. Pion candidates are required to
have a momentum greater than 0.5 GeV, whilst kaon and proton candidates are required to
have a momentum greater than 2 GeV. All particle candidates are required to have a dE/dx
measurement [9] consistent with the hypothesized particle type with a corresponding proba-
bility greater than 1%. In addition, for kaons and protons, if the measured dE/dx is larger
than the expected value, we tighten this requirement to be greater than 3%. This requirement
suppresses pion background because, in the momentum range of interest, pions have a larger
expected dE /dz measurement than kaons. To suppress pion background further, it is required
that the kaon candidates in the decays D* — K 7*, D™ — K 77" and D} — KK* and
at least one of the kaons in the mode Df — ¢n™ have a probability for a pion hypothesis less
than 10%. Since the decay A7 — pK~ 7" suffers from a relatively high level of combinatorial
background, stronger particle identification criteria were applied. In this case, both proton
and kaon candidates were required to have a probability for a pion hypothesis less than 1%.

All the charm hadron candidates were required to satisfy | cos@ |< 0.85 and to have
rrp = Ex./Epeam > 0.15, where X, indicates any of the charmed hadrons and Epe,y, is the
beam energy.

In order to reject both fully and partially reconstructed D** — D% D% — K=7+X decays
from the D' sample we require that the invariant masses of both (K~7")7" combinations
satisfy m(Knrm) — m(Kr) > 0.16 GeV.

For the two D — KK~ 7" decays studied, the resonance substructure allows a significant



improvement in the signal to noise. D — ¢7r" candidates were required to have a KTK~
invariant mass in the range 1005 — 1035 MeV and D} — K™K+ candidates were required to
have a K~7" invariant mass in the range 845 — 945 MeV. In addition to these requirements
on the mass of the vector meson candidates, selection criteria were applied to the angle (6,)
between the final state pseudoscalar meson (K or 7) from the decay of the vector meson (¢ or
K*U), and the D, in the rest frame of the vector meson. This angle is distributed in proportion
to cos? 6, for true D} decays, but is close to flat for the combinatorial background. It was
therefore required that | cos@, |> 0.4(0.6) for the D} — ¢7T+(K*OK+) decays respectively.

D} — ¢n" decays are a potential background to the A} — pK~ 7" sample since the K™
may be misidentified as a p. These are effectively removed by rejecting events where the
invariant mass of the candidate pK~ combination, assuming a K™K~ hypothesis, is in the
range 1010-1030 MeV.

In order to reject decays having poor resolution and possibly bad reconstruction, we require
that at least two of the charmed hadron decay tracks each be associated with at least one
hit in the microvertex detector. This ensures precise vertex reconstruction. The x? for the
association of microvertex hits to tracks found in the other central tracking components is
required to have a probability greater than 0.1%.

The charm hadron decay vertices are reconstructed in the r-¢ plane. The apparent decay
length is calculated in the r-¢ plane using the position of the reconstructed vertex and the
average eTe” interaction point. The average interaction point was determined using charged
tracks from many consecutive events during that LEP fill. The decay length is signed according
to the cosine of the angle between the charmed hadron momentum vector and the vector
separating the decay vertex from the average interaction point. The decay length is converted
into three dimensions using the charmed hadron direction cosines. For the three-track decays,
where the vertex fit constraint has one degree of freedom, the x? is required to be less than
15.

Use of the decay length information provides a powerful method of rejecting combinatorial
background. To achieve significant background reduction the D% DF and A} candidates are
required to have a decay length of more than 500 pm, whilst for the Dt decay, candidates are
required to have a decay length of at least 800 ym. Compared with the typical decay length
resolutions, these requirements represent a decay length significance of approximately 1.5 and
2.0 standard deviations respectively.

The resulting invariant mass distributions are shown in figure 1. Clear signals are observed
for each of the charmed hadrons.

4 Monte Carlo modelling

Simulated event samples were used to determine the reconstruction efficiencies and to study
the sensitivity of the results to uncertainties in the physics processes responsible for charmed
hadron production. These studies were carried out using the JETSET Monte Carlo pro-
gram [12]. The parameters used in this model have been tuned to optimize the description of
OPAL data [13]. The main features relevant to this analysis are modifications to the B hadron
decay tables to describe better all available data [14], and allowing L = 1 P-wave mesons to
be formed in both the fragmentation process and particle decays. Based on available LEP
data on heavy flavour production [15, 16] the probability for forming a P-wave meson dur-
ing fragmentation of ¢ and b quarks was taken as 36%. The remaining 64% is accounted



for by vector and pseudoscalar mesons in the ratio 2.6:1. The B hadron lifetimes used were
based on PDG averages [14] updated with more recently published results [17] which give:
7(B*) = 1.64 £ 0.07 ps, 7(BY) = 1.57 £ 0.08 ps, 7(B?) = 1.55 &+ 0.12 ps and an average
b baryon lifetime of 1.12 4+ 0.08 ps. The b hadrons were fragmented according to the model of
Peterson et al. [11]. Within the framework of this tune, which has * Appx = 250 MeV [12],
we are able to match our results [18] of (xg) = 0.695 for B’/BT mesons, with a Peterson
fragmentation parameter, ¢, = 0.0038.

To simulate the detector response, event samples were processed using a detailed simulation
of the OPAL detector [19]. This simulation has been tuned to describe the impact parameter,
angular and curvature resolutions measured in OPAL data. After this tuning good agreement
is found between the vertex and mass resolutions measured in data and the simulations.
Uncertainties in the tracking resolutions are treated as systematic errors.

In order to determine the reconstruction efficiencies samples of JETSET simulated events
were generated for each of the exclusive decays in both Z° — c¢ and Z° — bb events. In each
case the number of events in the simulated samples was at least 2.5 times larger than the
number of events expected in the data. For these simulated samples the overall efficiencies
including the 25 > 0.15 requirement are listed in table 1. The efficiencies for the two D decay

Decay Mode | (¢ — X.) | n(b — X,)
(%) (%)

DO — K-t | 201402 |23.9+0.2
Dt — K mtrt | 20.0£0.2 | 21.0 +0.2
Df — ¢rt | 15.7£0.3 | 18.9+0.3
Df » K"K* | 6.74+02 | 81+£0.2
Af 5 pKnt | 63402 | 10.6+0.3

Table 1: Reconstruction efficiencies for the charmed hadrons produced from primary charm
quarks n(c — X,) and in b hadron decays n(b — X,).

channels include the ¢ and K* branching ratios to the appropriate final state. The efficiencies
are different for ¢ — X, events compared with b — X, events because of the different energy
spectra and decay length distributions. It should be noted that the efficiencies used in the
remainder of this analysis are evaluated in bins of xx and decay length, separately for prompt
and b hadron decays.

5 Mass fits

By studying the simulations, it was found that the signals can not be well described by a single
Gaussian resolution function. However, in each case it was found that a good description of
the simulated data could be obtained by using a function consisting of the linear combination

3JETSET parameter PARJ(81).



Decay Mode No. Events Fitted Mass | Narrow Gaussian o
(MeV) (MeV)

DY - K7t 6461 4+ 201 1863.8 £ 0.9 28.7£0.9

Dt — K rtat | 5297 + 269 1866.7 + 1.2 23.1+1.5

Df — ¢t 638 + 85 1967.3 £ 2.8 21.5£3.0

Df — KK+ 381 + 86 1965.9 + 4.7 24.3+6.3

Af — pK 7t 594 + 101 2283.8 + 4.0 22.1+3.9

Table 2: Results of mass fits to the inclusive mass distribution.

of two Gaussians with a common mean. The mass resolutions vary as a function of zp, but
by allowing the width of the narrow Gaussian to vary, whilst keeping the fraction and relative
width of the wider Gaussian fixed, a generally good description of the simulated signals was
obtained. Typically it was found that using a wide Gaussian fraction of 10% and relative
width of 6 provided the best description, but the fit results were insensitive to the precise
values.

Using simulated samples, the different sources of backgrounds have also been investigated.
In addition to the true combinatorial background, where the tracks are not associated with the
decay of a single hadron, track combinations may result from partially reconstructed decays
or be the result of particle misidentification. Due to kinematics, partially reconstructed charm
decays form a significant fraction of the particle combinations in the mass regions below the
charm signals. In particular, the K=zt mass distribution shows a familiar satellite peak
around 1.6 GeV, of width ~ 70 MeV. This enhancement is largely the result of the decay
DY — K=pt, p™ — 7t Other partially reconstructed decay modes produce much less
structure in the mass plots.

Particle misidentification may also result in structure in the mass distributions due to
‘reflections’ from other decay modes. In some cases these have been effectively eliminated
during selection. For the D® — K~7" decay, there remains residual background close to the
mass peak in the K=71 mass distribution due to single particle misidentification in the decays
D? — K K*, where the K* is misidentified as 7% and double particle misidentification in
the decay DO — 7~ K*, where the kaon and pion assignments are reversed. These misiden-
tification rates have been studied in the simulations and parameterized as a function of zp.
The simulation of the misidentification of K=" as 7K™ has been studied using a sample of
D*t — (K~7n")n ™ decays and is found to be in good agreement with the data.

The D, D and A} decays into three charged tracks may form ‘reflections’ in each other’s
mass distributions. These contributions were parameterized as a function of xz and decay
length using the simulations. Since a prior: the relative rates of the different charmed hadrons
were unknown, they were estimated assuming: f(c — DY) =12+4%, f(b — DY) = 17+ 5%,
fle = Af) =8+ 4% and f(b — A}) = 11 + 3%. Here f(c(b) — X.) is the probability
that a primary ¢(b) quark results in the production of a particular charmed hadron X, or its



anti-particle. It should be noted that these estimated rates are ultimately consistent with
the results obtained in this analysis. The estimated errors were used for the evaluation of
systematic uncertainties. With the exception of the D} — ¢m channel, the ‘reflected’ mass
distributions are broad and do not produce significant distortions in the smooth background
shapes.

The observed mass distributions were fitted using a binned maximum likelihood method
to determine the number of signal events in the data. As a result of the Monte Carlo studies
the fitted functions were chosen to consist of a linear combination of the signal Gaussians
and polynomial functions, to describe the smoothly varying backgrounds. The polynomials
were of fifth order for the D® and D fits and third for the others. The contributions to the
mass distributions from the ‘reflection’ backgrounds were also included. In the case of the
D? — K—7t decay the contributions from D® — K~K* and misidentified DO — 7~ K* were
fixed relative to the signal and the size of satellite was allowed to vary in the fit. For the
other channels the absolute rates for the ‘reflection’ contribution were fixed to the predictions
discussed above. For the D — ¢7r™ and D} — KK+ mass distributions it is expected that,
in addition to the Dy signals, there may be contributions from fully reconstructed Dt — ¢+
and D* — KK+ decays, respectively. These were accounted for in the fits by allowing a
second double Gaussian signal term.

The fitted signals are summarized in table 2 and illustrated in figure 1. In each case the
fitted masses are in reasonable agreement with the PDG average [14] values.

6 Separation of charm and bottom decays

The lifetime information provided by the precise reconstruction of the charmed hadron decay
vertices provides a means of separating the production mechanisms of the charmed hadrons.
Because of the relatively large b hadron lifetimes and hard fragmentation the cascade charmed
hadrons originating from b hadron decays have a distinctly different decay length distribution
compared with prompt® production. The differences are more distinct for the D°, D and A}
than the DT because of their shorter lifetimes. Neglecting experimental resolution, the decay
length distributions for promptly produced charm hadrons in Z° — ¢¢ decays of fixed energy
are given by simple exponential distributions. Because the charm hadron lifetimes are precisely
known, there is little systematic uncertainty in these distributions. In contrast the decay length
distributions for cascade charmed hadrons are more complicated, being the convolution of the
two exponential functions corresponding to the b hadron and charm decay distributions and the
b hadron energy spectrum corresponding to a particular zg. There are significant uncertainties
in these distributions due to uncertainties in the b lifetimes, b fragmentation and the modelling
of the b decays.

In order to utilize the decay length information to separate the different sources of charmed
hadrons, the samples are subdivided into regions of xp and decay length. Within each region
a maximum likelihood fit to the mass spectrum is used to determine the number of signal
events. The distribution of charm hadrons as a function of xx and decay length is used as
input to a 2 fit in order to separate the contributions from the two sources.

The D° and D* data distributions were each divided up into 13 regions of xy, in steps

1f(b — X.) has contributions from both the b — ¢X and and b — ¢X processes.
5This includes charm hadrons produced in the fragmentation process as well as those resulting from primary
¢ quarks.



of 0.05 between 0.15 and 0.70, 0.70-0.80 and greater than 0.80. Each zg bin was subdivided
into five decay length regions. Different decay length bins were chosen for the D° (0.05-0.15,
0.15-0.25, 0.25-0.35, 0.35-0.55 and 0.55-2.00 cm) and DT (0.08-0.25, 0.25-0.50, 0.50-0.75,
0.75-1.00 and 1.00-2.00 cm) to reflect the longer D lifetime. Within each 5 bin the number
of signal events was determined by a binned maximum likelihood fit simultaneously to the five
decay length regions. These fits were similar to those used for the overall mass distributions
described above, except the signal shape was constrained to be common between the five decay
length regions with a common mean and narrow Gaussian width, which were allowed to vary
in the fits. The background shape functions were allowed to vary independently. However, to
reflect better the lower statistics, the orders of the polynomial backgrounds were reduced to
three in the xx regions below 0.55 (0.25) and two for higher zp values for the D° (D). An
example of one of the mass fits is shown in figure 2.

For the D and A} decays, the lower statistics necessitate coarser binning. For these decays,
four xp bins (0.15-0.30, 0.30-0.45, 0.45-0.60 and 0.60-1.00) were used, each subdivided into
three decay length regions (0.05-0.25, 0.25-0.45 and 0.45-2.00 cm). In order to improve the
statistical precision of the mass fits to these samples the widths of the signal Gaussians were
constrained to the predictions of the simulation. It should be noted that there is generally
good agreement between the mass resolutions observed in the data and the simulation.

In all cases, the mass fits resulted in numbers of reconstructed charm hadrons as a function
of xr and decay length. Because of the simultaneous fitting technique, there are small corre-
lations within each xg region, which are taken into account by calculating the full covariance
matrix. The total number of fitted events is in reasonable agreement with the simple fits to
the overall mass distributions.

The observed distributions of charmed hadrons as a function of zz region, ¢, and decay
length region, j, were used to determine the number of charmed hadrons due to prompt
(mainly from primary ¢ quarks) production and b hadron decays. The expected number of
events for each bin, n?7*!, may be expressed as follows:

Jt
nfit = NS ()i ()i + NP D2 ()i )i (1)
k k
where N7 (N?) is the unknown total number of charmed hadrons due to prompt production
(b hadron decays) in a particular xx region i and fP (f?) is the true distribution of decay
lengths normalized so that 3, (fF); = X,(f2); = 1, where the summation is over true decay
length regions, k. The (n;x); are elements of efficiency matrices, which were determined using
the exclusive fully simulated Monte Carlo samples. These allow for the mapping of the true
decay length distributions onto the reconstructed distributions. Because the efficiencies depend
on both the source of the charmed hadrons and uncertainties in the physics parameters used
in the simulations, they were calculated separately for each xp region ¢ and decay length
region j. The distributions of f and f? may be taken from Monte Carlo samples without
detector simulation. By varying these physics distributions the reconstruction efficiencies may
be reweighted appropriately.
Using the efficiency matrices a x? fit may be performed to the data in order to extract N7
and N

F(NEND) = Vo 'V (2)

where V; is a vector of fitted differences to the data, with elements Vii = n?;”“ —nf °d and

o; is the sum of the covariance matrices resulting from the mass fits and uncertainties in the



reconstruction efficiencies. It should be noted that in general N and N} are anticorrelated.
Therefore the uncertainty on the total rate, N’ + NP, is typically much smaller than the
quadrature sum of the two components.

7 Results for D? and D' production

The relatively high statistics available in the D° and Dt samples allows a detailed study of
the xg distributions of D mesons produced in both the ¢ — D and b — D processes. These
samples have been used to study these processes in both the context of several fragmentation
models and a model independent way.

The fragmentation models considered in this paper are those of Peterson et al. [11]

£lz) o 27! (1—1—%>_2,

z (1-z

Collins and Spiller [20]

Kartvelishvili [21]

and the Lund Group [22]

1 bM2

F2) o Z(1 = 2)el =)

The first three of these models have one free parameter: €, € and « respectively, while the
Lund model has two parameters a and bM?. Direct comparison of the data with these models
is complicated because they are generally a function of the fragmentation variable, z, which
is not directly observable and model dependent®. The mapping of the z distribution onto the
observable xg distribution requires a simulation to account for QCD effects. In addition this
mapping is sensitive to features of the fragmentation process, for example, the fraction (f**)
of primary ¢ quarks which fragment to P-wave or higher mass states. For these studies we
used the OPAL tuned JETSET simulation as described in section 4.

The presence of a small fraction of D mesons formed during fragmentation, mainly via
the gluon splitting process g — cc, presents an additional complication. The resulting D
mesons have a very soft xp distribution, with about 50% having zz < 0.15. The decay
length distribution does not allow us to separate this process from the primary D mesons.
The first experimental evidence for this process has recently been reported by OPAL [23, 24].
The measured rate for this process is (2.27 £ 0.28 + 0.41) x 1072 per hadronic event, which
corresponds to 1.4 4 0.3 times the JETSET predictions, but, because of the limited statistics,
this does not provide a constraint on the xp distribution of D mesons originating from this
process. Therefore, because we are relatively insensitive to prompt D production in the low

6We use the JETSET definition, z = (E+p))hadron/ (E+p||)avaitabie, Where p|| is the momentum component
in the quark direction.
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Model De—sDO Dp—sDO Total € (xg) x2/df
(x1073) (x1073) (x1072)
Peterson 3.89 +0.27 | 4.54 +0.23 | 1.784 4 0.066 | 0.027 +0.006 | 0.487 4 0.009 | 58.5/50
Collins & Spiller | 4.02 +0.28 | 4.49 +0.23 | 1.804 & 0.066 | 0.037 £ 0.014 | 0.479 4 0.010 | 58.1/50
Kartvelishvili | 3.80 £0.28 | 4.55 £0.23 | 1.770 £0.066 | 4.96 +0.64 | 0.495 £ 0.011 | 60.0/50
Lund 3.93+0.30 | 4.51 +£0.23 | 1.786 +0.072 | 1.92+0.32 | 0.487 4 0.010 | 62.1/50
Model Indep. | 4.11 +0.36 | 4.50 £ 0.26 | 1.824 + 0.072 - - 36.6/39
Model DesD+ Pp—D+ Total £ (xg) x2/df
(x1073) (x1073) (x1072)
Peterson 3.58 £0.46 | 3.79 +0.31 | 1.548 4 0.081 | 0.035 £0.012 | 0.483 4 0.015 | 59.4/50
Collins & Spiller | 3.66 + 0.50 | 3.76 4+ 0.31 | 1.560 & 0.086 | 0.059 +0.032 | 0.473 4+ 0.017 | 60.5/50
Kartvelishvili | 3.49 +0.48 | 3.83 £0.31 | 1.540 £0.090 | 4.024+0.78 | 0.484 +0.018 | 60.5/50
Lund 3.384£0.47 | 3.91+£0.31 | 1.534 £ 0.093 | 1.55+0.36 | 0.478 +0.018 | 61.0/50
Model Indep. | 3.14 +0.55 | 4.08 £0.43 | 1.520 + 0.086 - - 45.8/39

Table 3: D meson production rates with different ¢ — D fragmentation models. The symbol
e is used to refer generically to the fitted fragmentation model parameters, and (zg). is the
average v value for D mesons formed from primary ¢ quarks.

xp region, we have chosen to fix the shapes of the zg distributions to those predicted by
JETSET, but to scale the rates by 1.4.

For each of the four fragmentation models we have fitted a model parameter and the overall
normalization of the ¢ — D component. For the Lund model, the a parameter was fixed to be
0.18, as measured using inclusive event shapes [25] and an effective bMZ was fitted. Because
the xg distribution of D mesons from b hadron decays is a complicated function of the b quark
fragmentation and the b hadron decay modelling, which are not necessarily expected to be
well modelled by the simulations, it is convenient to retain model independence by allowing
the fitted number of b — D events to vary freely within each z region. After constraining
the functional forms of the prompt charm components, and summing over the x? given by
equation 2, the y? function becomes:

XZ(NtCotagathotaNfaNga"'N{)3) = Z‘ZTU{I‘Z7 (3)

)

where Ny, is the total number of ¢ — D events, ¢ is a fitted charm fragmentation model
parameter, Ni, is the fixed total number of D mesons formed via the gluon splitting process
g — cc and the N? are the number of D mesons from b hadron decays for each xy region i.
Figure 3 shows the D data and Peterson model fit results for two of the z regions. The
different decay length distributions which allow the statistical separation of the prompt from

the b — D process are apparent.
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Decay Des X, Db X, Total xX2/df
(x1073) (x1073) (x1073)

Df — ¢t 0.56 + 0.15 | 1.66 + 0.18 | 4.60 + 0.36 | 23.6/19

Af - pK 7t 1 0414£0.19 | 1.224+0.23 | 345+ 0.52 | 4.9/7

Table 4: Results of fits to the DY and A data assuming Peterson fragmentation for the
primary ¢ components.

The results of the fits to the Peterson fragmentation model to the D° and DT data are
shown in figure 4. The main figures show the fitted contribution from the ¢ — D and ¢ — D
processes to the total measured rates, whilst the inserts compare the unfolded = spectra from
b — D decays with those in the simulation. Reasonable agreement is observed.

A summary of the D® and D¥ fit results may be found in table 3. The results are expressed
in terms of p,,p = T'yg/Thaa - f(¢ — D) - Bp, where T',;/T 144 is the Z° partial width to a
particular quark type ¢ and Bp is the appropriate D branching ratio. In each case the quoted
rates are corrected for efficiency and include the part of the x5 spectra below 0.15. For b — D
decays the correction factors were obtained from the simulations and were found to be 1.15.
The total rates are 2(p.,p + pp—p) plus the estimated contribution from gluon splitting and
correspond to 7i(Z° — D) - Bp, the product of the D multiplicity in hadronic Z° decays and
the appropriate D branching ratio. The errors are statistical only. It is apparent from the
comparison of the y? of the fits that we are currently unable to distinguish between the models.
Therefore, in order to obtain our final results, we have chosen to use the results of the Peterson
model fits and to use the other model fits to assess the systematic uncertainties.

As an additional cross-check we have also performed model independent fits to the data
using equation 2 to fit each xg region separately. These results are also included in table 3.
To obtain the total primary charm production rates it is still necessary to make a small model
dependent correction to correct for the region xp < 0.15. This correction factor was estimated
using the Peterson model to be 1.06. The results of these model independent fits were found
to be consistent with the model dependent results.

8 Results for DI and A} production

Due to the lower statistics available in the D} and A} samples it is not possible to constrain
significantly the charm fragmentation function. However, it is expected that the fragmentation
model parameters which describe D} and A} production are similar to those for D and Dt
mesons, since the first rank hadrons have similar masses. Therefore, in order to fit the D}
and A} data we have used the results of the Peterson model fits to the D® and DT data. The
average of the two channels gives €, = 0.029 + 0.005. The uncertainty on this parameter and
the results of the other fragmentation models were used to assess the systematic uncertainties.

After constraining the shape of the primary charm hadron spectra and fixing the rate
expected from gluon splitting to be 1.4 times the JETSET prediction, the x? fit analogous
to equation 3 is reduced to a five parameter fit: N, and N? for each of the four xg regions.
For the D the two decay channels were combined into a single fit with the ratio fixed to the
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PDG ratio of branching fractions [14]: B(DS — K*OK+)/B(Dj — ¢rt) = 0.95 £ 0.10. The
results are expressed in terms of B(D} — ¢7™) and the uncertainty in this ratio is treated as
a systematic error. The results of these y? fits are summarized in table 4 and illustrated in
figure 5. It may be seen that within the limited statistics the xp distributions are similar to
those observed for DY and DT mesons. However, for these states the overall fraction of events
resulting from b hadron decays is larger than that found for D° and D mesons. This is as
generally expected, since D and A hadrons result from the decays of BY and B* mesons as
well as forming the dominant charmed hadrons in B? and A? decays, respectively.

9 Systematic errors

The systematic errors in this analysis may be broadly divided into uncertainties in the physics
assumed in the source separation fits and effects due to the modelling of the detector. We
have considered the effect of each error on both the source separated measurements and
the total Z° — X, production rates. In addition we have investigated the sensitivity of
the measurements of (zg) for the D® and D' mesons to the different sources of systematic
uncertainty. The results of these studies are summarized in tables 5, 6, 7 and 8.

The systematic errors due to uncertainties in the physics parameters assumed during the
fits, ¢.e., b hadron lifetimes, ¢, and the charmed hadron lifetimes have been evaluated by
repeating the fits using physics distributions generated, in turn, with each of the parameters
differing by its estimated uncertainty. The b hadron lifetimes were each varied independently
by their uncertainties. The b hadron energy spectrum was varied by changing the Peterson
fragmentation parameter in a range 0.003870005 corresponding to (zz) of 0.695 + 0.010[18].
The effects of different fragmentation models on the kinematic acceptance of the charmed
hadrons in b decays has also been investigated by considering the four different fragmentation
models used in reference [18]. These two errors have been combined in quadrature. The
lifetimes of the charmed hadrons have also been varied by amounts corresponding to the
errors on the PDG [14] averages. The source separated results are found to be fairly sensitive
to the assumed b hadron lifetimes, but relatively insensitive to the other parameters.

In order to determine the total b — X, rates it is necessary to correct for the unobserved
fraction with zp < 0.15. Although the OPAL tuned simulation provides a good description
of the xg distribution in the region with xg > 0.15, we have carried out a study of possible
differences due to b hadron decay modelling. The size of these uncertainties was evaluated
by considering the fraction of events with zz < 0.15 for each of five categories of b hadron
decays: semileptonic, two body b — X.X, two body b — X.X,, three body b — X.X, and
b — X XX, where X, indicates a charmed hadron and X a non-charmed state. Although the
types of decay result in different spectra there are only small differences in the fractions with
rp < 0.15. The largest deviations from the average were considered as the b decay model
systematic errors.

Constraining the shape of the xy distribution of D mesons to that predicted by the Peterson
model clearly results in a systematic uncertainty. Because all of the models considered are
able to give an adequate description of the data we have estimated the systematic uncertainty
from the maximum variations of the model dependent fits from the Peterson results. These
uncertainties are currently small compared with the statistical errors. With higher statistics it
might be better to use the model independent method to reduce the total error. In the case of
D} and A}, the systematic errors have been estimated by using the average of the model fits
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Systematic DY D* Df A.
7(BT) = 1.64 4+ 0.07 ps +13% | £1.1 % | £0.6 % | £0.7 %
7(B%) = 1.57 4 0.08 ps +1.1% | 225 % | £1.0% | £1.0 %
7(B) = 1.55 £ 0.12 ps +0.3% | £0.1% | +3.1% | £0.4 %

7(bbaryon) = 1.12 4+ 0.08 ps +0.1% | <01% | <0.1% | £5.6 %
charm lifetimes L% | 9e% | £34% | £1.6 %
b fragmentation +0.7% | 08 % | 15 % | 51 %
¢ fragmentation model A% | 2% | v % | 80w
[r=36+18% +03% | £1.2 % - -
(g — c&) +0.8 % | £0.6 % | 0.3 % | 0.4 %
B(DF — KK+)/B(Df — ¢n) - - +0.5 % -
dE/dz efficiency +31% | £31% | £6.4 % | 4.7 %
Si Matching efficiency +1.5% | £0.5% | £0.5 % | £0.5 %
Track resolution Te% | 2T % | 431 % | £71 %
Mass fits B1% | B2 % | £53% | £94 %
Separation method £22% | 222 % | £22 % | £2.2 %
Total A% | TS % | Tse % | Tigd %
Table 5: Relative systematic errors on f(c — D) measurements.

Systematic DO D+ Df A,
7(BT) = 1.64 4+ 0.07 ps +1.1% | £0.7% | £0.4 % | £0.3 %
7(B%) = 1.57 4+ 0.08 ps +09% | £22 % | £0.6 % | £0.4 %
7(B) = 1.55 £ 0.12 ps +£0.2% | £0.1 % | £1.7% | £0.2 %

7(bbaryon) = 1.12 £ 0.08 ps +0.1% | <01% | <01% | £1.6 %

charm lifetimes 030 | D09 | £15% | +£17 %

b fragmentation L% Y% | £14% | £1.8%

b decay model BI% | BT % | T2 % | £1.0%

¢ fragmentation model 3% | TR | % | f %
fr=36+£18 % +0.2 % | +£0.2 % - -

(g — t) +£0.3% | 204 % | 0.3 % | £0.2 %

B(DF — KK+)/B(Df — ¢n) _ _ +£1.3 % -
dE/dz efficiency +31% | £3.1% | £6.4 % | 4.7 %
Si Matching efficiency +1.5% | £0.5% | £0.5 % | £0.5 %
Track resolution % | 3% | £16% | £1.6 %
Mass fits 9% | 0% | £6.0% | £5.5 %
Separation method +1.7% | £1.7% | £1.7% | £1.7 %
Total I % | TR % | 29T % | £82 %

Table 6: Relative systematic errors on f(b — D) measurements.
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Systematic DO D+ D} A,
7(BT) =1.64 +0.07 ps <01% ]| 01 % | £0.2 % | £0.1 %
7(B®) = 1.57 £ 0.08 ps <01% | £0.2% | £02% | 0.1 %
7(BY) = 1.55 + 0.12 ps <01%|<01%| £05% | £0.1 %

7(bbaryon) = 1.12 4 0.08 ps <01%|<01%|<01%|+02%

charm lifetimes 2% | 6% | £03% | £0.9 %

b fragmentation +0.7% | £1.0 % | £0.8 % | £0.2 %

b decay model 8% | % | 3% | 0% %

¢ fragmentation model 0% | 0T | Y% | %
> =36+£18 % +0.2 % | £0.2 % - -

(g — cc) +12% | £1.0% | £1.1 % | £21 %

B(DF — KK+)/B(DF — ¢n) - - +0.8 % -
dE/dz efficiency +3.1% | £3.1% | £6.4 % | £4.7 %
Si Matching efficiency +1.5% | £0.5% | £0.5% | £0.5 %
Track resolution % ] 1% | 204 % | £0.6 %
Mass fits A% | A8 % | £5.7% | £6.2 %
Total +48% | 23 % | £8.8% | +8.3 %

Table 7: Relative systematic errors on the inclusive charm production rate measurements.

Systematic (xp(DY) | (zg(DT))
b lifetimes 900 20004
b fragmentation o004 *0:002
Charm lifetimes £0.001 o001
fi* =36+ 18% o001 *o.002
['(g — ce) o0 +0.001
Track resolution oo o0
Mass fits o0 +0.001
c fragmentation model | £0.008 0000
Total .00 oot

Table 8: Systematic errors on (zy) measurements.
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obtained from the D® and Dt data and by varying the Peterson fit parameter by its statistical
errors. These were combined in quadrature.

In order to evaluate the systematic errors due to uncertainties in f* the fits were repeated
using z — xp mappings determined assuming fr* = 0.18 and f}* = 0.54. The observed
changes were taken as systematic errors.

Uncertainties in the rate of the process ¢ — c¢ were taken into account by changing the
rates by the uncertainty in the OPAL results [23, 24] and repeating the fits.

The reconstruction of the charmed mesons relies heavily on both the microvertex infor-
mation and the particle identification provided by the dE/dx measurements. It is therefore
important to verify that both of these are well simulated by the Monte Carlo. Both of these
requirements were studied using D** — (K~7")7t decays. A high purity sample of D**
decays was obtained using requirements on the m(Kznr) — m(Km) mass difference, and on the
reconstructed decay length. Using this sample the efficiencies of the dE/dz requirements were
studied and compared with the simulation, and good agreement was obtained. The relative
statistical uncertainty on the efficiency corresponding to the selection criteria applied in the
D% and DT analyses is 3.1%. Because the momentum spectrum of these decays closely matches
the inclusive samples this uncertainty was considered a common overall systematic error.

A similar method was used to measure the efficiency of the proton dE/dx selection using
a sample of A — pr~ decays. Again good agreement was obtained and the statistical uncer-
tainty of the comparison has been included in the quoted dF/dx systematic error quoted for
Af — pK7t.

In addition, the special case of the kaons produced in ¢ — K*K~ in D — ¢nt was
studied using a large inclusive sample of ¢ decays. The number of events in which both kaons
passed the dF/dx selection as a fraction of the events where at least one passed was found to
be in good agreement with the detector simulation. The relative statistical uncertainty of this
comparison was included in the dE/dz systematic error quoted for D} — ¢nt.

The modelling of the association of silicon microvertex detector hits to tracks was studied
in a similar way after requiring the D** sample to pass a tight dE/dx selection. The efficiency
for requiring both tracks to have silicon hits associated was found to be 82.0 & 1.5% in the
data and 82.2 4+ 0.6% in the simulation. The relative statistical uncertainty (1.5%) was taken
directly as the systematic error for the D results. For the other decays the uncertainty is
smaller because only two of the three tracks are required to be matched to silicon hits. In this
case the systematic error was estimated assuming the matching of tracks is uncorrelated.

Uncertainties in the impact parameter and angular resolutions affect the vertex resolution.
Because of the decay length requirements, this changes the overall efficiencies as well as the
smearing between decay length bins. These uncertainties have been evaluated by repeating the
analysis using efficiency matrices determined using Monte Carlo samples in which the track
resolutions have been varied by +15%. The observed variations were treated as systematic
errors.

Uncertainties in the mass resolutions have been studied by varying the fraction of events
in the wide Gaussian by +25%. The observed variations were treated as systematic errors.
It should be noted that there is good agreement been the mass resolutions observed in the
data and the simulation. An additional source of systematic errors in the mass fits is the
level of the misidentified backgrounds discussed in section 3. These errors were determined by
changing the expected rates of the contributing processes by their uncertainties and repeating
the analyses.

Finally we have conservatively assigned an error on the source separation fit method equal
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to the statistical level to which it has been tested using high statistics samples generated using
a fast simulation of the OPAL detector [19].
The total systematic errors were obtained by adding all of the components in quadrature.

10 Results

Our measurements of the production of D?, D, D} and A hadrons are summarized in table 9.
The overall multiplicity measurements are equal to twice the sum of the contributions from
primary ¢ and b quarks plus the contributions from gluon splitting.

Particle | <= - f(c — X,) - Bx, Lop f(b—X,)- Bx, n(Z° — X,) - Bx,

Thad Chad
(%) (%) (%)
DO 0.389 + 0.02719:92¢ 0.454 4 0.02370-022 | 1.784 4 0.066 + 0.086
D+ 0.358 4+ 0.04613:92° 0.379 4 0.031+3:928 1.548 + 0.08279:082

Df 0.056 +0.015 += 0.007 | 0.166 = 0.018 = 0.016 | 0.460 £ 0.036 £ 0.040
Af 0.041 £ 0.019 £ 0.007 | 0.122 £ 0.023 £ 0.010 | 0.345 £ 0.052 £ 0.029

Table 9: Summary of the OPAL product branching ratio measurements.

In addition we have measured the average xp of D and D* mesons produced from primary
¢ quarks to be:

(xp(D%) = 0.487+0.0099-011

(xp(DT)) = 0.483 £0.0157397

10.1 Measurement of I'.z/T'pqq by charm counting

Perhaps the most direct method of measuring I'.z/T'sqq is to sum the partial contributions
from each of the weakly decaying charm hadrons. In addition to the states we have measured,
the primary ¢ quarks may result in strange-charmed baryons =, =2 and QF. Although there
are no direct experimental measurements, the production rates for these baryons are expected
to be much lower than that of the A} due to strangeness suppression. The relative rates may
be estimated by reference to the light quark sector, where it is found that the =~ /A ratio is
(6.840.7)% and the Q= /A ratio is (1.540.4)% [14]. Assuming equal production of the =° and
=~ states and that a similar suppression rate is applicable to the charm baryons one expects
the total rate for the three strange-charmed baryons to be 15% of the A} rate. We refer to
the scale factor necessary to convert the measured A} rate to the total charmed baryon rate
as S, = 1.15. We assign an error of +0.05 to this ratio when evaluating systematic errors.
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To convert the measured product branching ratios given in table 9 to partial widths to the
different charm states the absolute charm hadron branching ratios are required. The averages
quoted by the PDG [14] for the reference modes which we use are listed in table 10.

Decay Mode | Branching fraction (%)

DY - K-zt 3.84 +0.13
Dt - K ntn™ 9.1+0.6

D¥ — ¢t 3.5+ 0.4
AF = ptKort 44406

Table 10: PDG quoted averages for the reference branching ratios.

3 FCE . 2
Particle re - fle = Xe) x10
D° 10.13 4+ 0.707987 +0.34
D+ 3.93 +0.507928 +0.26
D} 1.61 +0.4270355 £ 0.18

A} (x1.15) | 1.07+0.50015 +0.21

Loz 16.7+£1.1£1.1£0.5

Phad

Table 11: Measurement of I'.z/T'j4q from summation of partial contributions. The errors are
statistical, systematic and due to the charm branching ratios respectively. The systematic
error on ['z/T'hqq allows for the correlations between those on the individual measurements.

Combining our measurements with the PDG branching ratios results in the partial widths
given in table 11. The total ¢ — baryon rate is estimated by multiplying the measured ¢ — A}
rate by S,. The errors listed are statistical, systematic and external, due to uncertainties in
the branching ratios, respectively. Addition of these partial widths yields:

Lee

Uhad

= 0.167 £ 0.011(stat) & 0.011(sys) & 0.005(br),

where the combined systematic error allows for the correlations between the measurements
listed in table 5. A summary of the contributions to the systematic errors is given in table 12.
It is interesting to note that although the D and A} branching ratios are relatively poorly
known, their contribution to the total error is small because of the small partial contributions
of Df and A} to T'ee/Thaq-
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Source A ( Le ) x 102

Chad

INTERNAL SYSTEMATICS

7(B?) +0.19
T(B+) +0.23
7(BY) +0.09

7(AY) £0.07
Charm lifetimes 007
b fragmentation 019
¢ fragmentation ig:g%
fr +0.08

U +0.11
dE/dz calibration +0.58
Track resolution J_rgjgg
Silicon matching +0.18
Mass fits 036
Separation method +0.36

EXTERNAL SYSTEMATICS

B(D? — K=n) +0.34

B(DT - K ntxt) +0.26

B} — ¢rt) +0.18

B(Df — KK+)/B(DF — ¢n) +0.01
B(AS — pK 7t) +0.20

Sp = 1.15 + 0.05 +0.05
TOTAL INTERNAL +1.1
TOTAL EXTERNAL +0.5

Table 12: Summary of systematic errors on the I'.z/T';,q measurement from charm counting.

19



10.2 Comparison of primary charm hadron production rates with
low energy data

It is also of interest to compare the relative production rates of the different charmed hadrons
with lower energy data. The only comprehensive studies of charm production in eTe™ annihi-
lations are those by the CLEO [1] and ARGUS [2, 3] collaborations at /s ~ 10 GeV. These
measurements are summarized in table 13.

o+ Bp (pb)
Experiment DY D+ Df A
CLEO [1] 524+5+4 |51 4+7+2 | 724+19+1.0| 10+1.5+1.5
ARGUS [2, 3] | 43.8 £5.6 | 50.0 6.9 : 9.0+1.2+1.0
Average 474+ 4.2 | 50.5+5.0 7.2+2.1 94+1.3

Table 13: Measured cross-sections for the reference charm decay modes at /s &~ 10 GeV.

In order to calculate the fraction of primary ¢ quarks which result in each of the weakly
decaying species we have used the PDG charm branching ratios listed in table 10. For both the
OPAL and low energy results the total charm production rate was assumed to be saturated
by the three charm mesons plus the measured A} rate, scaled by S, = 1.15 4+ 0.05 to allow
for the strange-charmed baryons. The charm fractions listed in table 14 were then calculated
from the ratios of the separate contributions to the total rates.

Particle OPAL CLEO/ARGUS
(%) (%)

D° 60.5 £ 3.7
D+ 23.5£2.9

595.1£3.1
24.7+23

Table 14: Comparison of the results of the fit to our measurements of charm production rates
from primary ¢ quarks with the average of the CLEO and ARGUS measurements. The errors
in parentheses are due to the common uncertainties in the charmed hadron branching ratios.

Comparing the results shows that there is good agreement between the two energies on
the relative production rates of the different charmed hadron species.

20



10.3 Measurement of the charm hadron multiplicity in b decays

Because of the dominance of the b — ¢ weak transition nearly all B meson or b baryon decays
are expected to result in a hadron containing a ¢ quark. In addition ¢ quarks may result
from virtual W~ — €s process in the decay. Experimentally it is easier to measure the total
yield of ¢ and ¢ quarks, n.. To a good approximation this should be equal to 1 + B(b — cés).
Theoretical estimates for n. are typically in the range 1.11 to 1.30 [6, 7]. The estimates depend
strongly on the assumed b and ¢ quark masses. However, because these also enter into the
calculation of the semileptonic decay widths, which are experimentally well determined [14], a
comparison of the two provides a significant test of the theory. Recently it has been suggested
that a value of n, = 1.2840.08 is required [7] to make the theory consistent with the measured
semileptonic branching ratios.

The ARGUS [2, 4] and CLEO [5] experiments have measured the production of charmed
hadrons in BT and B® meson decays produced at the Y(4S5). These measurements favour values
of n. at the lower end of the theoretical expectations. A recent review of the Y(4S5) results [27]
obtains n, = 1.10 £ 0.06. It is therefore of significant interest to measure n. for b hadrons
produced in Z° decays, where the mix of b hadrons and experimental systematics are different.
In order to study n. we have divided our measurements listed in table 9 by T'y;/Theae =
0.2216 + 0.0017 [28] and the appropriate charm branching ratios. The results are listed in
table 15. The sum of the four charmed hadrons is found to account for:

1.061 £ 0.045 £+ 0.060 £+ 0.037

c or ¢ quarks per b-hadron decay, where the errors are statistical, systematic and external, due
to the charm branching ratios, respectively. The systematic error allows for the correlations
between the errors on the individual measurements and includes a small contribution from the
uncertainty on I'y5/T haq-

The only other states which may contribute to n. are the strange charmed baryons and
charmonium mesons. We make no attempt to correct for the strange charmed baryons; how-
ever, due to strangeness suppression these are not expected to give a large contribution to
ne. The total rate to charmonium states may be estimated from the OPAL measurement
of the B(b — J/¢¥X) = (1.15 £ 0.06 £ 0.12)% rate [29]. Assuming the relative production
rates of the different charmonium states is 1 : 0.57 : 0.27 : 0.31 for the J/¢ : n. : xa : ¢ as
predicted in reference [30] and allowing for feed-down a correction scale factor of 1.7 is esti-
mated. This must be further multiplied by 2, to allow for the ¢ and ¢ quark in the charmonium
states. Applying this correction to the the OPAL measurement we estimate a contribution
of 0.039 £ 0.002 4+ 0.004 to n.. Here no errors have been added due to the uncertainties in
the correction factor. Since the total charmonium rate is small, and dominated by direct and
indirect J/1) production, it is not a significant contribution to the overall uncertainty. With
the addition of the charmonium contribution, the measured states are found to correspond to
a charm quark multiplicity of

1.100 £ 0.045 £+ 0.060 £+ 0.037

c or ¢ quarks per b hadron decay.

In table 15 we compare our results with a recent review of Y (4S) measurements [27]. To
facilitate comparison the averages given in [27] have been adjusted to use the charm hadron
branching ratios listed in table 10. It should be noted the Y(4S) averages include some
preliminary results. The comparison indicates that, as expected, the relative production rates
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Particle OPAL T(4S5)

(%) (%)
DO 53.44 2.7+ 3.1(£1.8) | 63.1+2.0(x2.1)
D+ 18.8 4+ 1.5+ 1.3(£1.2) | 24.2 4+ 3.1(£1.6)
D+ 21.4+2.3+21(£2.5) | 10.4+0.9(+1.2)
AF 125+ 24+ 1.0(£1.7) | 4.6+ 0.7(£0.6)
=f and =0 - 39+1.5

Sum of charmed hadrons | 106.1 4+ 4.5 + 6.0(£3.7) | 106.2 4+ 4.1(+3.0)

charmonia (x2) 39+£024+04 3.6 £0.3
Total 110.0 + 4.5 +£6.0(£3.7) | 109.8 + 4.2(+£3.0)

Table 15: Comparison of our results on charm production rates in b hadron decays with Y(4S5)
measurements. The errors in parenthesis are due to the uncertainties in the charm branching
ratios and are common between the measurements.

of Df and A} hadrons are larger in our data and that there is a corresponding reduction in
the rates of D° and D™ mesons. Despite the different mixture of charm hadrons, the total
charm multiplicity is in good agreement with the Y(4S) measurements. All of the charm
multiplicity measurements rely on the absolute charm hadron branching ratios and because
those of the D and A hadrons are relatively poorly determined, there is a possibility that the
values quoted in [14] are inaccurate. However, because our data and the T(4S) measurements
have different sensitivity to the DY and A} branching ratios, the good agreement observed
disfavours significant inaccuracies in these branching ratios.

11 Summary and Conclusions

Using 1.71 million hadronic Z° decays we have studied the production of D°, D™, D and A
hadrons. Using the PDG average charm branching ratios, the overall production rates are
found to correspond to multiplicities of

0.465 + 0.017 + 0.022 + 0.016 ~ D°,
0.170 4 0.009 + 0.009 + 0.011 D,
0.131+0.010 + 0.011 +0.014 D,
0.078 +0.012 + 0.006 + 0.010 A}

hadrons per hadronic Z° decay. The errors are statistical, systematic and due to the charm
branching ratios respectively. Using decay length information we have separated the contri-
butions from b hadron decays and prompt production.
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The measurements of the rates of charm hadrons formed from primary ¢ quarks have been
used to measure I'.z/Theq- By summing the partial contributions from D° D D and A}
and estimating the small contribution from strange-charmed baryons, we have made a direct
measurement of

Lee

Uhad

= 0.167 £ 0.011(stat) # 0.011(sys) % 0.005(br),

where the errors are statistical, systematic and due the uncertainties in the charm hadron
branching ratios, respectively. This result is in good agreement with the Standard Model
prediction of 0.172 [26] and with other LEP results [24, 31]. Unlike some other methods this
technique is not severely limited by external systematic errors and there is considerable scope
for improvements as more data are analysed.

Comparison of our results on the relative production rates of the different charmed hadron
species from primary ¢ quarks shows good agreement with ARGUS and CLEO data. The
composition of the hadrons arising from primary charm quarks is currently one of the largest
systematic errors in measurements of ['y;/['.q and our results should lead to a significant
reduction in this.

Combining our measurements of DY, D™, Df and A} production in b hadron decays, we
find that these states account for

1.061 + 0.045(stat) & 0.060(sys) % 0.037(br)

¢ or ¢ quarks per b hadron decay. The addition of the contribution from charmonium states
which is estimated from OPAL data increases this to 1.100 £ 0.045(stat) £+ 0.060(sys) +
0.037(br). Since the contribution from strange-charmed baryons is expected to be small,
our measurements confirm the observation of ARGUS and CLEO that n, is at the lower end
of theoretical expectations. In particular it would be difficult to accommodate the prediction
of n. = 1.28 £ 0.08 [7] with the data. Since this implies a higher theoretical prediction for the
semileptonic widths of b hadrons, it makes these measurements more difficult to understand.
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Figure 1: Mass distributions for a) K=7 ", b) K~n*7*, ¢) K"K™7* and d) pK~ 7" combina-
tions. In each case the points are the data and the curves are the fits.
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Figure 2: Results of the mass fit for the D — K~ 7" data in the zx region 0.20-0.25 divided
into the five decay length regions a) 0.05-0.15 cm, b) 0.15-0.25 c¢m, ¢) 0.25-0.35 cm, d) 0.35-
0.55 cm, e) 0.55-2.00 cm and f) the total. In each case the points are the data and the
histogram is the result of the maximum likelihood fit.
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Figure 3: Results of the Peterson fragmentation fit for two of the 13 different xp regions of
the D* — K=t data. a) 0.25 < g < 0.30 and b) 0.50 < xx < 0.55. In both cases the
points are the data and the solid histograms are the results of the simultaneous fit to all
the zp regions. The dashed and dotted histograms show the contributions from the prompt
and b — D° components, respectively.
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Figure 4: Results of the source separation fits assuming Peterson fragmentation for Z° — cc
decays: a) D° and b) D*. In the main plots the histograms indicate the fitted ¢ — D
component, the solid region is the fixed contribution from ¢ — DX and the points are the
total including b — D. In the inserts the unfolded energy spectra for b — D decays are
compared with the predictions of the JETSET simulation.
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Figure 5: Results of the source separation fits assuming Peterson fragmentation for Z° — cc
decays: a) Df and b) A}. In each case the histogram indicates the fitted ¢ — X, component,
the solid region is the fixed contribution from gluon splitting and the points are the total
including b — X,.. In the inserts the unfolded energy spectra for b — X, decays are compared
with the predictions of the JETSET simulation.
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