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Abstract

A study of the fragmentation properties of charm and bottom quarks into D
mesons is presented. From 263 700 Z° hadronic decays collected in 1991 with the
DELPHI detector at the LEP collider. D’. DT and D** are reconstructed in the
modes N=7t, N=at7T and D’z F followed by DY — =7, respectively. The
fractional decay widths ['(Z" — D/DX)/I', are determined. and first results
are presented for the production of D mesons from ¢ and bb events separately.
The average energyv fraction of D** in charm quark fragmentation is found
to be < Xg(D*) >.= 0.487 £ 0.015 (stat) & 0.005 (svs). Assuming that the
fraction of Dy and charm-baryvons produced at LEP is similar to that around
10 GeV. the Z° partial width into charm quark pairs is determined to be I'. /T, =
0.187 £ 0.031 (stat) £ 0.023 (svs). The probability for a b quark to fragment
into B, or b-barvons is inferred to be 0.26840.094 (stat)40.100 (svs) from the

measured probability that it fragments into a B or B~

(To be submitted to Zeitschrift fur Physik)
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1 Introduction

D mesons are known to be abundantly produced in the fragmentation and decay of
c and b quarks. The charm quark fragments directly to the D. whereas the bottom
quark fragments first into a B which subsequently decays to a D. This difference in
the hadronization leads to energetic D mesons from primary charm quarks and a softer
spectrum from bottom quarks.

An analvsis of the production of D°. Dt and D** mesons' is presented using Z°
hadronic decayvs collected in 1991 at LEP with the DELPHI detector. C‘harmed mesons
are reconstructed in the following channels :

- Dt — D7 followed by DY — K==+

-DY - Kot

-DT - Koatat

In the last two channels. the kaon is tagged by the ionization measurements made in
the Time Projection CChamber. The silicon strip Vertex Detector helps separate primary
and secondary vertices and improves the momentum resolution of charged particles.

After a brief description of the detector. the selection of Z° hadronic events and the
Monte C‘arlo simulation are presented in section 2. The methods for vertex reconstruction
and the selections made for the various D mesons are detailed in section 3. In section 4
the results of the fits to the D meson energy spectra are given and compared in sections 5
to 7 with previous analvses performed around the T,g.

2 The Detector, Event Selection and Simulation

A description of the DELPHI apparatus can be found in reference [1]. Only tracking
detectors for charged particles were relevant for the present analysis : the Vertex De-
tector (VD). the Inner Detector (ID), the Time Projection C‘hamber (TP('), the Outer
Detector (OD) and the Forward Chambers A and B (FCA. FCB). The coordinate system
is defined by the polar angle # to the electron beam direction, z. the azimuthal angle o
and the radius R.

In 1991 the Vertex Detector consisted of three lavers of silicon. at radii 6.3 cm. 9.0 cm
and 11.0 em. The lavers allowed R coordinates to be measured over a length in = of
24 em. and defined an acceptance for polar angles of 27-153", 37-143% and 42-138° for
hits in the first. second and third lavers. respectively. The residual of a hit in the inner
laver relative to a charged particle with hits associated in the outer layers was measured
to have an average resolution of 9.0 pfm [2].

The TPC'. the principal tracking device of DELPHI is a cylinder of 30 cm inner radius.
122 cm outer radius and has a length of 2.7 m divided into two halves separated by the
high voltage plane. Each half is divided into 6 sectors. each with 192 sense wires used for
the particle identification. The dE/dv energy loss of a charged particle is measured by
these wires as the 80 % truncated mean of the amplitudes of the wire signals. According
to the study presented in section 3.1 for particles from D° decays, the dE /da resolution
has been measured to be 7.5 %. However 25 % of charged particles with momentum
above 1 GeV'/c have no dF /dx information because they are too close to another track
or have too few wire hits (a minimum of 30 wires was required).

T Throughout the paper charge-conjugate states are implicitly included



By using the combined information from OD+TPC+ID4+VD tracking detectors a
resolution of 3.5 % on o(p)/p was obtained for 15 GeV /¢ muons. Charged particles were
retained if thev satisfied the following selection criteria :

- momentum between 0.4 Ge\'/¢ and 50 GeV /¢ :

- relative error on momentum measurement less than 100 %:

- more than 30 em track length in the TPC:
distance to the nominal interaction point along the beam direction below 10 cm:

- projection of impact parameter relative to the interaction point in the plane trans-
verse to the beam direction less than 4 cm.

These selections allow a reliable measurement of the multiplicity and momentum of
the charged particles. Hadronic events were then accepted by requiring :

- five or more charged particles:

- total energy of the charged particles greater than 12 % of the centre-of-mass energy.
assuming all charged particles to be pions.

A total of 250 500 hadronic events was selected from the 1991 data sample at centre-of-
mass energies between 88.2 GeV and 94.2 GeV'. This corresponds to 263700 ZY hadronic
decays when corrected for the selection efficiency which was determined by Monte (‘arlo
simulation as described below.

Simulated hadronic events have been generated using the Lund Parton Shower Monte
C'arlo program [3]. The fragmentation parameters of the simulation® were tuned from
various event-shape distributions observed in DELPHI hadronic final states [4]. The
fragmentation of ¢ and b quarks was described in the Lund string fragmentation model
by the Peterson fragmentation function [5] :

1
Dq(=) , - 5 (1)
o[l =(1)z) == /(1 = 2)]
where = = (£ + pihadron/(E + p)g=cp. i being the longitudinal momentum 1‘elraitri_\’e to
the quark axis. For b quark fragmentation. the Peterson coefficient ), = 0.008%570; was

used [6]. The analysis presented in section 4 describes the measurement of the Peterson
coefficient, =, for ¢ quark fragmentation.

Only D or D* mesons were produced in the charm quark fragmentation. or in B meson
decay, with a rate D*/D = 3. No D™ production was considered, apart from a 20 %
contribution in B meson semi-leptonic decays. The D** contribution in the charm quark
fragmentation and in B meson decays will be discussed in section 5.

The events were followed through the detailed detector simulation DELSIN [7] which
included simulation of secondary interactions and digitization of all electronic signals.
The simulated data were then processed through the same analvsis chain as the real
data. The Z° hadronic decay selection efficiency was thus estimated to be 95.040.4 %.
A total of 700000 Z° hadronic events was simulated for background studies. and 10000
events were generated in each DY, DT and D** decay channel in order to estimate the D
meson acceptance and reconstruction efficiency.

tThe relevant parameters were : effective Agep = 255 MeV, invariant mass cut-off Q¢ = 1.3 GeV/c?, transverse
momentum spread o(pr) = 0.395 GeV/c for primary hadrons: the fragmentation of light quark flavours was described by
the “symmetric Lund fragmentation function” with coefficients a = 0.18 and b = 0.34 GeV =2,



3 Charmed Meson Reconstruction

The analvsis of charmed mesons was based on the separation between primary and
secondary vertices and on kaon assignment using the dF'/da information. A more detailed
description of the D meson reconstruction is presented in sections 3.1 to 3.3. Only the
part common to each analysis is summarized here.

The mean transverse position of the beam. known for each fill. was added as a con-
straint into a primary vertex fit. The measured r.m.s. widths of the beam spot in the
horizontal and vertical directions were 150 fam and 20 gm. respectively. Charged particles
were assigned to the primary interaction vertex by a two-stage impact parameter cut :
first a loose cut (0.75 ecm) with respect to the beam spot. then a tighter one (0.30 cm)
with respect to the vertex from the first iteration.

Depending on whether the D” or D* decay final state was considered. a K=7t or
KN~7T7% combination was selected to compute a secondary vertex in space. The DY or
DT momentum was calculated by the sum of the momenta of the decay products from
this secondary vertex. C‘harged particles were considered if thev had momentum above
1 GeV/c. and the energy fraction, Ng(D) = E(D)/Epeam. of the D meson was required
to exceed 0.15.

As the fitted vertex positions was most precise in the Ro plane. the distance between
the primary and secondary vertices was calculated in this transverse plane. This distance
was given the same sign as the scalar product of the D momentum with the vector joining
the primary to the secondary vertices. Its length in space was then computed using the
direction of the D meson. This signed apparent decay length in space. AL. was required
to lie between —0.5 cm and 2 cm in order to eliminate poorly reconstructed vertices.

Using the Vertex Detector, decay lengths can be measured with a resolution of about
300 pgm in the transverse plane, or about 350 pm in space. This resolution is much
smaller than the apparent decay length of charmed D mesons produced in ¢c events or
in B meson decays, which are typically between 1.5 mm and 3 mm at LEP energies.
The combinatorial background can be reduced by imposing a cut on AL /0. the signed
apparent decay length divided by its measured error. An enriched sample of bb events
was obtained as follows : the apparent proper time ¢ of a reconstructed D meson is defined
as t = AL - M(D)/p(D) where M(D) and p(D) are the mass and momentum of the D
meson. For a D meson from charm quark fragmentation, ¢ is the D proper decay time
and is on average 0.42 ps for DY and 1.07 ps for DT [8]. For a D or D from B decay. AL
is greater than the D decay length whereas the D momentum is lower on average than
for ¢ events. This results in an apparent proper time which is longer than the B proper
time. assumed to be 1.3 ps on average in the following [9]. Selecting from the simulation
decavs with an apparent proper time greater than 1 ps would retain 9 % of D" mesons
from ¢c events and 60 % of DY from bb events: whereas a selection of greater than 1.5 ps
would retain 25 % of DT mesons from ¢@ events and 60 % of D from bb events.

In the following. whenever the normalised decay length AL /o or the apparent proper
time ¢ is considered, the Vertex Detector is required to have been used in the track fit for
at least two charged particles from the DY or Dt decay candidates.

No particle identification was applied in the D** — (K~ 7%)7T decay mode, but this
channel was used to check the dFE /dx information as shown in section 3.1 and Figure 3
below. For the D° or DT analysis. the measured dE/dx of the kaon candidate was
required to be at least one standard deviation below the theoretical energy loss of a pion.

The number of reconstructed D mesons was obtained by fitting the invariant mass (or
the mass difference in the case of D*7) distributions in different X intervals.



3.1 D' - (N #f)n*

The selection criteria for the decay D*T — DUz* followed by DY — K~ 7T relied
mainly on the small mass difference between D*T and DY mesons. and on the peculiar
kinematics of the pion from the D** decav. hereafter called the bachelor pion.

To reduce the combinatorial background. the angle 8* hetween the DY flight direction
and the kaon direction in the DY rest frame was required to satisfy the condition cos #* >
—0.6.—0.8. =0.9 for Xg(D*") in the range 0.15 — 0.25. 0.25 — 0.5. 0.5 — 1. respectively.
For genuine DY candidates an isotropic distribution in cos#* is expected whereas the
background is strongly peaked in the backward direction.

The mass difference AAM = M (“D"7%) — M (*D"") was computed by adding in turn
all possible bachelor pions to the D" combination. where “D" refers here to candidate
K=7T pairs without their mass being constrained to the DY mass. In order to reject
poorly measured tracks. only charged particles with an impact parameter lower than
0.3 cm with respect to the primary vertex were retained as bachelor pion candidates.
The four-momentum of these candidates was calculated after the primary vertex fit.
These requirements improve the A resolution and the signal-to-noise ratio without
loss of genuine D** from B decays. The bachelor pion momentum had to be between
0.3 GeV/cand 4.5 GeV/c, corresponding to Ng(D*) between 0.15 and 1.

The invariant mass (IK~7%) and the mass difference AAM are shown in Figures 1(a)
and (b). respectively. The mass difference distribution is given for a (K™71) mass inter-
val between 1.79 GeV /c? and 1.94 Ge\V/c?. The (K™7T) mass is given for AM between
0.1435 GeV/c? and 0.1475 GeV/c?. The hatched histograms (scaled up by a factor 2)
are the same distributions for Np above 0.55 where the combinatorial background is
significantly reduced. The (K~ 77) mass distribution was fitted by using the following
contributions : an exponential function for the combinatorial background. a Gaussian
function for the DY — K~ 7T events, and a parameterization from the Monte (‘arlo simu-
lation of the DY — W=7+ (7%) contribution which appears as a shoulder below 1.7 GeV /¢?.
The measured (N~ 7%) mass is 1.85940.003 GeV /¢, about two standard deviations lower
than the expected DY mass [8]. and the experimental resolution is 2443 MeV/c?. This
mass shift. which is also observed for the direct D” analvsis (see section 3.2) and with
less significance for the DT (see section 3.3). could be due to residual alignment errors of
the detectors used in the tracking.

The signal in the mass difference distribution was described by a Gaussian function.
and the background by the function a(AM —m,)” . In order to have a better description
of the background. especially at low Xpg, the exponent 4 was determined using two
different background estimates :

- In the first case the upper side band (2.1 GeV/c? to 2.5 GeV/c?) of the (K™ 71) mass
distribution was used with the same selection criteria as for the D*T. vielding a value for
3 of 0.44 4+ 0.02.

- In the second case only particles with charge opposite to the bachelor pion were
required in a (IN777) mass combination : the selections in cos#™ and in distance be-
tween vertices were removed. and the (IN”77) mass combination was taken between
1.80 GeV/c? and 1.92 GeV/c?. The obtained value for 3 was 0.43 £ 0.02.

The fitted parameters were thus the normalisation, the central value and the width of
the Gaussian function. and the normalisation a of the background. The curve presented
in Figure 1(b) is the result of a fit obtained by averaging the high mass and the same
sign background shapes. Within statistical error both choices of the exponent /4 lead
to compatible numbers of D** 1 361£25 and 355425, counted with the high (KN=77)
mass and with the (K~ 77 ) mass backgrounds. respectively. for Ng(D*") above 0.15. The
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fitted value of AM is 0.1454£0.0001 GeV /¢ in good agreement with the (D*t — D)
mass difference [8] and the resolution is 0.840.1 Me\V/¢?.

Figure 2(a) displays the experimental apparent proper time distribution for DY from
Dt with Ng(D*t) above 0.15 and with the two tracks of the DY having hits in the
Vertex Detector. The estimated background. as defined previously. has been subtracted.
This distribution (data points) exhibits a tail at large positive proper time which is not
described by the distribution of D in simulated ¢t events (dashed histogram). This tail
is close to the DY apparent proper time distribution from simulated B decays (dotted
histogram. with a B lifetime of 1.3 ps). Figure 2(b) displays the normalised decay length
AL/o for the same DY candidates. The sum of ¢@ and bb contributions (solid histograms)
describes the experimental distributions well. Here the relative probabilities for b and
¢ quarks to fragment into a D*F meson are taken as P, p«+/FP._p=+ = 0.87. as quoted
in Table 4 below. Selecting D*F with a DY apparent proper time greater than 1 ps. as
discussed previously. retains 125415 D*t originating mainly from B meson decays.

The measured dE /dr distributions for pion and kaon candidates from DY mesons in
these D*T decays are presented in Figure 3 as a function of the particle momentum. The
observed ionization loss is in good agreement with the expectation. The mean dL'/dx for
a kaon with momentum above 3 GeV/c is about 1.6 standard deviations below the mean
dFE/dx for a pion.

3.2 D'V K#F

The selection criteria for DY — K= 7T decays were similar to those already presented
for the DY from D** decay. but the higher combinatorial background required in addition
the following constraints :

- Each particle was required to have associated hits in the Vertex Detector.

- At least one particle had to be measured in the Outer Detector. This requirement
improved the invariant mass resolution and the signal-to-noise ratio.

- The dE/dv information from the TP(' was used to select the kaon candidate. as
defined above. This reduced the “I\"7 combinatorial background by a factor 3.4 and kept
about 70 % of the genuine D® — W=7* . when the dE/dx information was available.

- The \? probability of the fit of the N\™ and 77 candidates to a secondary vertex in
space had to be larger than 1 %.

Two event samples were then selected :

1. A first sample where the normalised decay length AL/o was required to be above 1.
In the simulation. 73 % of D° from cc events and 94 % of DY from bb events were
retained with this selection.

2. A bb enriched sample. obtained by requiring that the DY apparent proper time was
greater than 1 ps. This procedure led to the rejection of 91 % of DY from ¢T events.

Due to the different production rates and selection criteria. 30 % of the D samples were
estimated to be also included in the previously defined D** sample.

The (Ix~71) mass distribution with AL/ above 1 is presented in Figure 4. A fit was
performed where the combinatorial background was described by an exponential function,
the DY — I\~ 7t events were assigned a Gaussian shape, and another Gaussian function
of r.m.s. width 170 MeV /c? described 15 % of incorrectly assigned K7~ pairs where the
“kaon” candidate also fulfilled the dE /da constraint. The D® — K~a*(7?) contribution.
where the 79 was not observed. was parameterized according to the simulation by fixing
the ratio (D' — K=7t7%)/(D® — K~7%) to 1.8. the relative branching fraction and



acceptance of the K=nt 7% decay channel. The measured D? mass is 1.86040.002 Ge\ /c?.
the (IN~7%) mass resolution is 1242 MeV/c? and 369£40 DY are reconstructed. The
hatched histogram (scaled up by a factor 6) corresponds to N™7 ™ pairs with Xp above
0.55 : the (K~ 71) mass resolution is about 30 MeV/c? and 90414 DY ave fitted with a
better signal-to-noise ratio. Requiring an apparent proper time greater than 1 ps retains
159425 DY mesons with Ng above 0.15.

3.3 Dt > LK #t#"

Compared to the DY the D¥ — IN~7%7" decay suffers from a higher combinatorial
background. but benefits from the longer D¥ lifetime and from the unique kaon assign-
ment in the three-particle combination. Slightly different selections were thus applied for
this decay channel :

- At least two particles were required to have associated hits in the Vertex Detector.

- The momenta of the kaon and pion candidates had to exceed 2 Ge\'/c and 1 GeV/c.
respectively.

- The impact parameter of each track with respect to the secondary vertex had to be
lower than 100 gon.

- For Xi below 0.55. the kaon hyvpothesis was assigned using the dE/dx information.
This requirement was not necessary above 0.55 due to the lower background.

Two event samples were then defined :

1. A first sample where the normalised decay length AL /o was required to be above 3.
This cut retains 69 % of Dt from ¢ events and 90 % of DT from bb events.

2. A bb enriched sample. obtained by requiring that the Dt apparent proper time was
greater than 1.5 ps. This cut rejects 75 % of DT from € events. As the DT lifetime
is close to the B lifetime, the bh purity of this sample was weaker than in the
DY analvsis.

The invariant mass distribution (K~ 77 1) for the first sample is shown in Figure 5. The
DT signal. 539452 events. was fitted with a linear background and a Gaussian shape
for the DT peak. Those K~ mTrtcandidates compatible with a D™ — (K= 77 )7 T decay
were removed. The fitted DT mass is 1.8674£0.002 Ge\'/c?. compatible with the expected
value [8]. and the resolution is 2042 MeV /c?. The hatched histogram (scaled up by a fac-
tor 2) corresponds to (N~ 777 1) events with XNz above 0.55. where the dF /dv information
is not used : the (KN~ 7 7%) mass resolution is about 23 Me\ /c? and 247428 DT arve fitted
with a lower backeround. Requiring an apparent proper time greater than 1.5 ps retains
205428 DT mesons with Nz above 0.15.

4 Heavy Quark Fragmentation and D Meson Rates

The invariant mass spectra were fitted as described previously in eight Xg intervals
ranging from 0.15 to 1. The number of D mesons and their efficiencies are presented in
Tables 1. 2 and 3 for D**, DY and DT. respectively. The quoted efficiencies include the
geometrical acceptance, the reconstruction efficiency and the d £ /da constraint which do
not depend on the original quark flavour of the event. and the selections on the normalised
decay length or on the apparent proper time which are different if the D meson is produced
in a cc or a bb event. In the following when combining D**, DY and DT samples. the
30 % of DY decays. which are also part of the D*T sample. will be included only once in
the quoted results.



For each of the three D meson tyvpes. the Ng distribution can be described as the sum
of three contributions. according to each quark flavour :
I dN(D — Knn)
‘\"Zh (1_\75

= ZBD [’\;udsfuds(A\rE) + A/CP<.‘—>D~’F;r(—\rEw50) + A,‘be—>D~}—b(‘\’E~ 5}))] (2)

where N7, is the number of collected Z° hadronic final states: N(D) is the number of
measured D mesons. corrected for acceptance and efficiencies; 5, = I'q/I' (q=uds.c.b)
stands for the normalised ZY partial width (q4as + 3¢ + 3 = 1): Bp is the branching
fraction Br(D — Kknm) (n = 1.2): Po_,p and P,_p are the probabilities for a ¢ or a b
quark to fragment into a D meson. respectively: F is the fragmentation function for each
quark flavour.

For light quarks. Fuqs describes the probability to generate a D meson after gluon
radiation and conversion into a virtual ¢@ pair. This contribution is small and is concen-
trated at low X due to the infra-red divergency of the gluon Bremsstrahlung spectrum.
In the following. the shape of ~uaeFuas( Ng) will be taken from the simulation, where
< Xg(D) >u4s= 0.18 and with a rate estimated as 5.0 & 2.5% of the charm quark rate
’)<?P«r—>[)'

For charm and bottom quarks. Fycn(Np. 2q) includes the effects of initial state pho-
ton radiation. gluon emission. the Peterson fragmentation [5]. and B meson decays for
b events. The fragmentation functions JF, were taken from the simulation. For the
bottom quark. the Peterson coefficient ), was fixed to 0.008. as quoted in section 2.

For each D meson type. an overall \? fit was performed both to the full sample (with
only a AL/o selection for the D and D) and to the sample with an apparent proper
time selection. The latter is contained in the former, and this was taken into account
in the fit. According to equations (1) and (2), the free parameters of the fits were : the
fragmentation rates v, P,pBp and 4.FP..pBp. and the Peterson parameter = of the
charm quark fragmentation function D.(z).

The \p distributions are displayed as full dots in Figures 6. 7 and 8 for the D**,
D and Dt samples. respectively. The distribution of D** mesons with a DY apparent
proper time longer than 1.0 ps is presented as triangles in Figure 6. where the 9 %
fraction of ¢@ events has been subtracted. This last distribution is found to agree with
the b — D"t X" Monte Carlo prediction where the normalisation is obtained from the fit
(dotted histograms). It confirms that D mesons from bb events have a softer spectrum
than D mesons from ¢€ events (dashed histograms). A similar behaviour is observed in
Figures 7 and 8 for DY and DT mesons. The D meson data (full dots) are well fitted by
the sum of both ¢¢ and bb contributions (solid line histograms).

Compared to the D and D* channels. the D** distributions have a lower background
and a better statistical accuracy. For this reason. the fit to the Ng(D*t) distributions is
used to determine the Peterson parameter of the charm quark fragmentation function :

2= 007675050 (stat) £ 0.004 (sys) with Agep = 255 MeV (3)

where the systematic error reflects the uncertainty on the background estimate. the ap-
parent proper time selection and the =), uncertainty, but does not include the choice
of the other fragmentation parameters of the simulation. Using s, = 0.008T500; [6].
the ratio zp,/2. is found to be 0.11T30%. in agreement with the expectation (m./my)* =
0.0940.03 [5] where the evaluation of the ¢ and b quark masses from reference [8] is used.
From the fitted =. value, an average N for D*t from charm fragmentation is found to

be :

< Np(D*) >o= 0.487 £ 0.015 (stat) £ 0.005 (svs) (4)



which is less sensitive to the {ragmentation parameters. This result is in agreement with
previous analvses at LEP [10] [11]. The measured =, from D™t was used to describe the
shape of the charm quark fragmentation function into D? or D* mesons.

The D meson production rates are presented in Table 4 together with their statistical
and svstematic errors. For the first time at LEP. they are measured for charm and bottom
quarks separately. and include D and D production. The Z° decay rates into D mesons
are the sum of uds. ¢ and b quark contributions. The ZY and the charm quark decay
rates into D™ are in good agreement with the values given in references [10] and [11].
Taking the Standard Model values 4. = 0.171 and ~, = 0.220. the weighted average of
the measured ratio A,_.p / P._p is :

P,
P20~ 0.76 4 0.15 (stat) £ 0.06 (svs) (:

it
~—

= R?—-)D

It is somewhat lower than the value of 0.96 from the simulation. The difference could be
due to a lower fraction. fy(b). of b quarks fragmenting into B’ or B~ (see section 7). The
contribution of b-barvon and c-barvon decays into D mesons largelyv cancel in the ratio.
However some channels. which may be underestimated in the simulation, exist only for
B meson decays (such as ¢ resonances. DJN. Ap or the b — uW™ transition). and may
explain the “charm deficit™ which has been observed at the Yuq [12]. In addition. the D
meson selection with Ng above 0.15 could suppress some D** contribution from b quark
fragmentation.

The various contributions to the experimental svstematic uncertainty are listed in
Table 5 for each tyvpe of D meson. The svstematic error on the reconstruction efficiency
was estimated by varving each selection criterion both on the data and on the Monte (‘arlo
samples. It is larger for D*T. due to the D and bachelor pion selections. The uncertainty
on the background estimate describes observed differences in the simulation between the
fitted number of D mesons and their expected value. In the case of DT — K~7T7T. part
of the difference is attributed to the reflection of other charmed hadron decayvs. such as
Df — KtK=7t or AF — pKk—at. The B lifetime uncertainty affects the data samples
where a selection was applied on the normalised decay length or on the apparent proper
time. The kaon assignment using dE/da was used for the DY and DT samples only.

Using the D meson branching fractions By = Br(D? — K~ 7%) = 0.0365 4+ 0.0021.
By = Br(D* — K-rtx%) = 0.080 £ 0.008 [8] and B. = Br(D*" — D) = 0.681 +
0.016 [13]. the fractional decay widths of the Z” into D mesons are measured :

Iz’ — D*i‘\’)/Fh = 0.171 £0.012 (stat) & 0.011 (svs.exp) £ 0.011 (syvs.Br)

[(7° = DY/D X )/T, = 0.103 £ 0.038 (stat) & 0.038 (svs.exp) = 0.023 (svs. Br) (6)
[(7° = DEX)/T, = 0.199 £ 0.019 (stat) 4 0.014 (svs.exp) £ 0.020 (svs. Br)

where the branching ratios into ground state D mesons include the contributions from
D*.

Similar analyses of D meson production have been published on the same decay chan-
nels at centre-of-mass energies around the Yys : below the BB threshold for the charm
quark fragmentation [14], and at the T,q for the B meson branching fractions [15]. They
are summarized in Table 6, where CLEO and ARGUS branching ratios for B mesons are
combined. In the following, the DELPHI and T, measurements will be compared.



5 Discussion on Primary D Mesons

In this section. the nature of the primary D meson will be discussed. In charm quark
| |
fragmentation or in B meson decav. the primary D can be a D*. a D* or a D meson.
) ! )
Subsequently the D™= decayvs into D™ or into D. Whereas D™ branching fractions are now
accurately measured [13]. very little is known about D™ production and decay [16].
The difference between the DY and DT production fractions arises from the observed
- - 1 -
(D*t — D% 7F) fraction. Y. while D*¥ always decay to DV. If fy(c) is defined as the proba-
bility for a charm quark to fragment into a primary charged D. D* or D™ meson (assumed
equal to fy(c). similarly defined for the fragmentation to a neutral D meson). then the
probabilities for a charm quark to fragment into final state D mesons are expressed as :

Pp+B. = Y falc)
])c_ﬂ)o = (J + )r)f(l((.) (
Peyp+ = (1 =Y ) falc)

In the absence of D™ production. Y = B,Py where P~ = V/(1V" 4 P) is defined as the
ratio of the primary vector meson rate to the total primary vector+pseudoscalar meson
rate. and B, as the branching fraction Br(D*T — Dz 7).

In fact the fraction of D** mesons produced depends also on the probability. H. for
a charm quark to fragment into a D*** and on the average branching fraction B.. =
Br(D* — D*tX) (assumed to be identical to D**X" decay). Then the above set of
equations (7) remains valid if the observed D** rate is redefined as :

Y = B.JH(2B.. — Py') + Py/] (8)

=1

where the same notation as in reference [11] is used. Therefore from the measurement of
Y. information on D** as well as on P- may be obtained.

The same relations (7-8) hold for b quark fragmentation where fq(c) is replaced by
fa(b). the probability for a b quark to fragment into a charged or neutral B meson
(assumed to be identical). However By meson and b-barvons. produced with a b frag-
mentation probability f, + fi, = 1 — 2f4(b). may decay into final state D mesons. The
average branching ratio of B, and b-barvons decaying to D mesons is assumed to be a
fraction b, of the B meson branching ratio Br(B — D). Then fa(c) in equation (7) has
to be replaced by Br(B — DX ) [2f4(b) + b(1 — 2f4(b))].

As a cross-check on this formulation. when adding ¢ and bb contributions. the fol-
lowing ratio is found compatible with the expected value of 1 :

[z’ — DU/[_)OX) ~ (7" = DEX) B ()
270 — DENB, B '
= 0.88 £ 0.19 (stat) £ 0.17 (svs.exp) = 0.10 (svs.Br)

where the last systematic error includes the error on the DY and D branching ratios [8].
The observed fraction of D*t produced. Y. has been obtained from a \? fit to equation (7),
for ¢t and bb events separately :

Y(c) = 0.367 £0.056 (stat) 4+ 0.021 (sys.exp) £ 0.027 (svs.Br) (10)
Y(b) = 0.377 £0.060 (stat) £ 0.031 (syvs.exp) £ 0.027 (sys.Br)
These values are close to those measured around the Tyg @ Y(c) = 0.426 £0.039 (stat) +

0.030 (svs.exp) £ 0.028 (sys.Br) and Y (b) = 0.394 £ 0.023 (stat) £ 0.030 (svs.exp) £
0.027 (svs.Br) ; see Table 6.



In the absence of D™ production and if Py- is equal to 0.75. the naive spin counting
expectation. a value of Y = B,Py- = 0.51 £ 0.01 is expected. The value of ¥ would be
reduced to 0.341 £+ 0.01 if a value of Py = 0.5 was used. Both the T, and DELPHI data
favour a D** fraction corresponding to Py~ lower than 0.75 if there is no D™ production.

However D** mesons have been observed [16]. The measured value of Y™ is compatible
with P = 0.75 if the branching fraction B.. = Br(D™ — D*T.X) is lower than Fy-/2 =
0.38. according to equation (3). This ambiguity will be resolved with more accurate data
and direct D™ measurements.

6 Measurement of the Z' partial width I'./T,

The Z° partial width into charm quark pairs can be inferred from the DELPHI and
('LEO [14] measurements. In € events from Z” decays. the fraction of D mesons produced
is proportional to I'./T}, times the probability for a charm quark to to fragment into a
final state D meson. whereas only this probability is involved at centre-of-mass energies
around 10 GeV. Two measurements of I'./I', will be presented. the second one relyving
on less arbitrary assumptions.

If the D**. D, and charm-barvon production ratios are assumed to be similar at LEP
energies and at around 10 GeV. then combining the D**. DY and DT decay channels
leads to :

e (P=pBplpeLem (11)

Fh ( Pc—>D BD )(‘LEO
= 0.161 £ 0.020 (stat) £ 0.019 (svs)
where the svstematic uncertainty is dominated by the 8.5 % normalisation uncertainty
of CLEO.
Since all D™ decay into D* or D mesons (neglecting D™ decay into D). then
I'./T), can be measured assuming only that the production of Dy and charm-baryons
by primary charm quarks is equal at LEP energies and at around 10 GeV :

Ei _ (Ve Pespo + e Pesspt )ppLpnr (12)
I‘h (P<:'-—>D0 + P<:~—>D+ )(‘LEO
— 0.187 = 0.031 (stat) = 0.023 (svs)

If the fraction of D, (or charm-barvons) was to differ by 10 % at LEP energies and at
around 10 GeV. the value of I'./I';, would change by about 0.002 in equation (12). Half of
the svstematic uncertainty is due to the CLEO normalisation. The errors on the DY and
DT branching fractions now contribute to the systematic error. although they partially
cancel in the ratio. These measurements are in good agreement with the Standard Model
expectation 3. = 0.171.

7 Measurement of f4(b)

Using similar arguments to those above, the probability fq(b) for a b quark to fragment
into B’ (or B7) meson in Z° hadronic decays can be inferred from DELPHI and Y,q [15]
measurements. In the latter case, B, or b-barvon production is kinematically forbidden.
and fq(b) is 0.5 at the Y45. Hence the probability for a b quark to fragment into a D
meson at LEP energies can be expressed as :

Py Bo = Br(B = DX Bp [2fa(b) + b1 — 2fa(b))] (13)
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where Bp is the branching ratio Br(D — Knw) (n = 1.2) and the fraction b,. defined
in section 5. is assumed to be 0.1 & 0.1. The branching fractions Br(B — DX)Bp are
listed in Table 6 from Y,¢ data. The rates P,,_.pBp are measured in DELPHI and listed
in Table 4. assuming the Standard Model value 5}, = 0.220. Then f4(b) can be measured
for each D meson and a weighted average value computed :

fib) = 1 (P—sp Bo)peLpnr b (14)
Je 21 =) | (Br(B - .—D".\’)BD% o

= 0.366 £ 0.047 (stat) £ 0.043 (svs.exp) £ 0.015 (svs.by)

in agreement with the value fq(b) = 0.40 of the simulation. Both DELPHI and T4g results
contribute a similar systematic uncertainty. The probability for a b quark to fragment
into B, or b-barvon is inferred :

L+, = 1=2fa(b) (15)
0.268 £ 0.094 (stat) 4= 0.096 (svs.exp) =+ 0.030 (svs.by)

This measurement confirms and improves a recent one based only on B — D(TX de-
cays [17].

8 Conclusion

From 263 700 Z° hadronic decays collected in 1991. charmed mesons were reconstructed
using the channels D' — K=7%, D¥ — K=a%7" and D** — D%t followed by DY —
K~nt. The D meson apparent proper time was used to select an enriched sample of B
decay events. From the observed Xg(D) = E(D)/FEyeam distributions. the production
fraction of each D meson in Z° hadronic decayvs is measured for the first time for ¢ and
for bb events separately. The relative probabilities for b and ¢ quarks to fragment into a
final state D meson is found to be in average :

Pb—}D

>=0.76 £ 0.15 (stat) £ 0.06 (svs)
PC—)D

The average energy fraction of D* in charm quark fragmentation function is obtained :
< Xg(D") >.= 0.487 £ 0.015 (stat) £ 0.005 (svys)
and the fractional decay widths of the Z° into D mesons are measured to be :

[(7Z° = D=X)/Iy = 0171 £0.012 (stat) £ 0.016 (svs)
[(7° = DY/D'X)/Ty, = 0.403 £ 0.038 (stat) + 0.044 (svs)
I(Z° = DEXN)/Ty, = 0.199 4 0.019 (stat) + 0.024 (svs)

where the branching ratios into ground state D mesons include the contributions from
D~.

Clomparing these results for ¢@ and bb events separately with those measured around
the Yy [14] [15], some D** production would be favoured with a branching fraction
Br(D* — D*tX) lower than 0.38 if the ratio Py of primary vector mesons to vec-
tor-+pseudoscalar mesons equals 0.75. Otherwise a lower value for Py~ would be favoured.
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Assuming that the fraction of primary charm quarks fragmenting to D, and charm-
barvons is equal at LEP energies and at around 10 GeV. the ZY partial width into charm
quark pairs is determined :

[

T = 0.187 £0.031 (stat) & 0.023 (svs)
h

Assuming the Standard Model value ', /I, = 0.220. the probability fq(b) for a b
. =0 .
quark to fragment into B™ (or B7) is measured to be :
fa(b) = 0.366 £ 0.047 (stat) £+ 0.050 (svs)
and the probability for a b quark to fragment into B, or b-baryon is inferred :

fot fr, =1 = 2fa(b) = 0.268 £ 0.094 (stat) + 0.100 (sys)
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Tables

Full sample Apparent proper time > 1 ps

Y’ N(D )+ (stat) |efficiency || N(D*t)£(stat) [eff. ¢ |eff. Db
0.15 = 0.25|| 41.1 £ 11.3 0.31 26.5 £ 8.6 0.02 0.17
0.25 = 0.35| 101.4 £ 13.8 0.34 52.1 £ 8.8 0.03 | 0.18
0.35 = 0.45| 584 £ 10.5 0.35 22.0 £ 5.7 0.03 | 0.17
0.45 —0.55| 52.9 + 8.1 0.36 124 £+ 4.0 0.03 | 0.16
0.55 — 0.65| 53.2 £ 8.4 0.36 9.0 £ 3.3 0.03 | 0.15
0.65 —0.75| 36.0 £ 3.0 0.36 27+ 1.8 0.03 | 0.14
0.75 = 0.85] 13.5 £ 3.7 039 | — 0.03 0.14
0.85 — 1.00 2.0 £ 2.0 039 || — 0.03 | 0.12

Table 1: Dt — (K-71)z* data. showing the number N(D**) of fitted D mesons and
their efficiencies (which include the geometrical acceptance and the reconstruction and
selection efficiencies)

ALjo > 1 Apparent proper time > 1 ps

Ng N(D%)£(stat) |eff. ¢ |eff. bb || N(D%)%(stat)|eff. cT |eff. bb
0.15—=0.25) 79.5 £ 24.7 | 0.10 | 0.13 42,5 £ 135 | 0.01 0.09
0.25 =035 73.3 £ 19.6 | 0.09 | 0.11 35.5 £ 14.3 | 0.01 0.07
0.35=0.45] 729+ 17.7 | 0.09 | 0.11 484 £+ 13.1 | 0.01 0.07
0.45—0.55] 53.4 + 108 | 0.09 | 0.11 15.9 + 5.6 0.01 0.06
0.55—=0.65| 57.6 + 10.4 | 0.10 | 0.13 6.9 + 3.6 0.01 0.06
0.65—0.75] 25.0 £ 7.5 0.11 0.13 .9+ 2.7 0.01 0.05
0.75—=0.85] 7.7 £ 5.3 0.11 0.13 14+ 1.4 0.01 0.04
0.85 —1.00 — 0.11 0.13 — 0.01 0.04

Table 2: DY — K~ 71 data



ALjo >3 Apparent proper time > 1.5 ps

Ng N(D*+)£(stat) |eff. cc |eff. b |[N(DT)%(stat)|eff. ¢ |eff. bh
0.15—=0.25| 47.8 +£20.0 | 0.06 | 0.08 3.7 £ 145 | 0.02 0.05
0.25 —0.35| 92.3 +£26.3 | 0.08 | 0.10 345 £ 12.6 | 0.02 0.06
0.35 = 0.45([105.0 £ 24.6 | 0.09 | 0.12 51.6 £ 15.0 | 0.03 0.06
0.45 =055 46.9 £ 14.1 | 0.10 | 0.12 18.9 + 6.9 0.03 0.06
0.55 —0.65(|133.3 £21.9 | 0.26 | 0.32 35.6 £ 9.9 0.08 0.15
0.65 —0.75| 68.7 + 14.1 | 0.26 | 0.32 21.5 +£ 6.6 0.08 0.13
0.75 = 0.85| 37.9 £ 8.2 0.26 | 0.32 4.0 £ 2.7 0.08 0.11
0.85 —1.00 7.0 £ 4.2 0.26 | 0.32 1.0 £ 1.0 0.08 0.09

Table 3: Dt — K- 7T#x% data
D>+ DY Dt

I'z° — D/D X)Bp

I h

(%)

0.425 £ 0.029 +£ 0.026

147 £0.14 £0.14

1.59 £ 0.15 £ 0.11

e PespBp (V0)

0.100 £ 0.015 £+ 0.007

0.403 4+ 0.076 £ 0.046

9 =+0.06940.032
0.367 5075207020

P,pBp (%)

0.509 £+ 0.073 £ 0.040

144 +0.27 £0.14

1.87 4+ 0.40 £0.21

Pb—)D / Pc—>D

L~+0.25
0.8725:%

+0.07

0.61 £0.20 £ 0.07

0.87 £ 0.3279 1

Table 4: D meson production fractions measured in DELPHI (the first error is statistical
and the second one is systematic). Bp is the branching ratio Br(D — Knm) (n = 1.2) of
each channel D° — K=7*. Dt — K- 7t#xT and D*F — D%z followed by DY — K~ 7.
The Standard Model value ~y,

0.220 is used for the P,_pBp computation.
P,~p/Pesp. the value 4. = 0.171 is also assumed.

For




D=t | DY | DT
Monte (‘arlo statistics 0.01 10.0210.02
Background estimate 0.04 10.080.06

Reconstruction (without dE/dx )| 0.04]0.03{0.03

dE [dx selection — 10.03]0.02

B lifetime (7(B)=1.34+0.1 ps) || — 0.01]0.01
=1 (= 0.00879:99%) 0.010.01(0.01
Light flavours i 0.01]0.0110.01

Total 0.06 10.09]0.07

Table 5: Relative svstematic uncertainty on the Z° — D/DX decay rates (experimental
contribution).

D=t DY D+

Pe—pBp (%) [14] 0.69040.06140.081 [2.1140.2040.20 | 2.074+0.28%£0.19

Br(B — DX)Bp (%) [15]]|0.63040.03040.062 | 2.1840.0940.13 | 2.1740.20£0.17

Table 6: D meson production rates measured at the Yyq (the first ervor is statistical. the
second is systematic and includes, in the case of charm fragmentation. a 8.5 % relative
contribution which is common to each D meson)
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Figure Captions

Figure 1: The invariant mass M(KN~7%) (a) and AM = M(K-atat) — M(K~7F)
(b) distributions for events with Np = E(K"7777)/Eyeam above 0.15. The (K~71) mass
distribution is presented for NAL in the range 0.1435—0.1475 Ge\ /¢, The mass difference
distribution is presented for a (N~ 77) mass between 1.79 Ge\'/c? and 1.94 GeV/¢?. The
solid line curves are fits as described in the text. The dashed lines show the background
contribution to the fits. The hatched histograms (scaled up by a factor 2) are the same
experimental distributions for X' above 0.55.

Figure 2: Apparent proper time distribution ¢ = AL - M(D")/p(D?) (a) and normalised
decay length AL /o (b) for D? mesons from D** with Ng(D*) above 0.15. where both
tracks (IKN~7T) have hits in the Vertex Detector. The measured distribution after back-
ground subtraction is shown with data points. I'he simulated DY from ¢€ events (dashed
histogram). simulated DU from bb events (dotted histogram). and sum of the ¢ and
bb contributions (solid histogram) assume 7(B)=1.3 ps and B, p«+/Poeype+ = 0.87.

Figure 3: The measured dF/dv as a function of the momentum for (a) pion and () kaon
candidates from reconstructed D” in D*T — (K~ 71)7" decays. The dF/dr is expressed
in units of minimum ionization. The curves are the expected lonization losses for pions
and kaons.

Figure 4: N~ 7% invariant mass distribution for Xg above 0.15 and normalised decay
length AL /o larger than 1. The kaon hypothesis is assigned from the d £ /dx information.
The solid line curves are fits as described in the text. The dashed line shows the back-
ground contribution to the fit. The hatched histogram (scaled up by a factor 6) is the
same experimental distribution for N above 0.55.

Figure 5: N~ 717 Tinvariant mass distribution for X'z above 0.15 and normalised decay
length AL/o > 3. The kaon hypothesis is assigned from the dE/dr information for
g below 0.55. The hatched histogram (scaled up by a factor 2) is the same experimental
distribution for Nz > 0.55. The solid line curves are fits as described in the text.

Figure 6: X distributions of all D** (full dots). and for D** with a D apparent proper
time longer than 1.0 ps (triangles). The data points are corrected for acceptance and
reconstruction efficiency. The 9 % fraction of ¢ events is subtracted from the triangles.
The shape of the Monte Carlo prediction for D** produced from b quark fragmentation
is displayed as a dotted histogram. its normalisation being imposed by a fit to both data
samples. The result of the fitted ¢ quark contribution is presented as a dashed histogram.
The sum of ¢ and b quark fragmentation contributions is the upper solid line histogram.

Figure 7: X distributions of D mesons with AL/o > 1 (full dots). or apparent proper
time above 1 ps (triangles) where the 9 % ¢¢ contribution is subtracted. The histograms
are as in Iigure 6.

Figure 8: Xp distributions of D* mesons with AL/o > 3 (full dots). or apparent
proper time above 1.5 ps (triangles) where the 25 % ¢¢ contribution is subtracted. The
histograms are as in Figure 6.
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