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Abstract. The study of the properties of  inclusive pro- 
duction of  D s mesons and of events in which a q5 and a 
muon are present in the same jet provides two indepen- 
dent measurements of  the probability, f f ,  for a heavy 
quark to hadronize into a strange B or D meson. The 
data sample analysed corresponds to 243,000 hadronic 
Z ~ decays. The combined value of  these measurements is 
f w = 0.19 + 0.06 • 0.08. F rom the flight distance distri- 
butions of  D~ and of  (qS-lepton) secondary vertices, with 
the lepton emitted at high transverse momentum relative 
to the jet axis, two values are obtained for the B ~ meson 
lifetime. Combining these measurements with a previous 
result based on the study of  D~ - p events, the B ~ meson 
lifetime is measured to be: 0.96_+ 0.37 ps. 

1 Introduction 

In this article a study of strange B meson production in 
243,000 hadronic Z ~ decays recorded in the D E L P H I  
detector in 1991 is reported. Using two independent in- 
clusive channels, the B ~ production rate and the decay 
lifetime have been measured. The study of  B~ ~ oscil- 
lations, providing important  constraints on the C K M  ma- 
trix elements and leading to a measurement of  the phase 
responsible for CP violation, will become possible when 
the available statistics are considerably greater than at 
present. 

B ~ mesons are expected to be produced at a rate an 
order of  magnitude smaller than non-strange B mesons; 
thus decay channels which allow strong rejection against 
non-strange B-hadrons have to be used. In a recent pub- 
lication [1] evidence has been given for the production 
of B ~ mesons at LEP from the observation of seven events 

in which a muon and a D s meson were present in the 
same jet. The muon was required to have large transverse 
momentum (p[) relative to the jet axis, and, as a conse- 
quence, the sample was enriched in direct B-hadron semi- 
leptonic decays. The D_s meson, exclusively reconstructed 
through the re or /( .or.-  q~ ~. 1~ aecay modes, signalled the 
Bo 

To increase statistics, two more inclusive decay chan- 
nels have been used for the present analysis. Since the 
presence of a D~ meson provides an enriched B ~ sample, 
the first consists of  events containing a D s meson decaying 
to ~o~. The second sample contains events with a high 
p{ lepton accompanied by a q5 meson in the same jet. 

In Sect. 2, a description of  the components  of  the 
D E L P H I  detector which are used in this analysis is given. 
The inclusive production of D~ meson and of (~b-lepton) 
events are treated in Sects. 3 and 4 respectively. 

Since these studies are based on samples of  events rich 
in strange D or B hadrons, the measured rate of  the 
selected events is used to evaluate the probability, f w, 
that a weakly decaying strange heavy meson is produced 
during the hadronization process of  a c or a b quark. 
Throughout  this paper  this parameter  is assumed to have 
the same value for the two flavours of  heavy quarks. It  
differs from the usual probability, fs, that a heavy quark 
hadronizes with a strange antiquark because of  the pos- 
sible production of D** or B ~ states that could decay 
into non-strange D or B mesons (non-strange D ** or B** 
states can conversely decay into D, or B~ mesons). Also 
f w is more directly related to the measurements and is 
independent of  the modelling of  the hadronization mech- 
anism. Similarly, fb"s is the probabili ty that a weakly 
decaying heavy baryon be produced by the hadronization 
of  a heavy flavour quark. 

The two selected samples of  events have also been used 
to measure the B ~ meson lifetime. 
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2 The detector 

The components of the DELPHI detector which play an 
important role in the present analysis are described here. 
A complete description of the DELPHI apparatus is given 
in [2]. 

The muon identification relies mainly on the muon 
detector, a set of drift chambers (each with 2 layers) pro- 
viding three dimensional information. In the barrel part 
three sets of chambers (MUB) cover polar angles between 
52 ~ and 128 ~ , with the first located inside the magnet 
return yoke, the second set just outside the yoke, and 
the third set further out having a small overlap with 
the others. The two sets of forward muon chambers 
(MUF) cover polar angles between 9 ~ and 43 ~ and be- 
tween 137 ~ and 171 ~ In each ann the first set is located 
inside the yoke and the second outside. 

The central tracking system, comprising the inner de- 
tector (ID), the time projection chamber (TPC) and the 
outer detector (OD), measures the charged particle tracks 
at polar angles between 30 ~ and 150 ~ with a resolution 
o f a  (p)/p~O.O013 • (p in GeV/c). The TPC, the main 
tracking device, is a cylinder of 30 cm inner radius, 122 cm 
outer radius and length 2.7 m. For the polar angles be- 
tween 39 ~ and 141 ~ it provides up to 16 space points 
along the charged particle trajectory. The energy loss 
(dE/dX) for each charged particle is measured by the 
192 TPC sense wires as the truncated mean of the smallest 
80% of the wire signals. Using Z~ - events, the 
dE/dX resolution has been measured to be 5.5%. For 
particles in hadronic jets the resolution is 7.5%, and for 
25% of the particles the dE/dX is not measured due to 
the presence of another charged particle within the two- 
track resolution distance in z of  the TPC. 

The Microvertex detector (VD) [3] is made of three 
concentric shells of silicon-strip detectors at radii of 6.3, 
9 and 11 cm covering the central region of the DELPHI 
apparatus at polar angles between 27 ~ and 153 ~ . The 
shells surround the beam pipe, a beryllium cylinder 
1.45 mm thick with a 5.3 cm inner radius. Each shell con- 
sists of 24 modules with about 10% overlap in azimuth 
between the modules. Each module holds 4 detectors with 
strips parallel to the beam direction. The silicon detectors 
are 300 gm thick and have a diode pitch of 25 gm. The 
read-out strips (50 gm pitch) are AC-coupled and give a 
5 gm intrinsic precision on the coordinates of the charged 
particle tracks, transverse to the beam direction. After a 
careful procedure of relative alignment of each single de- 
tector, an overall precision of 8 ~m has been achieved. 
Using the combined information from OD, TPC, ID and 
VD a resolution of 3.5% on a (p)/p has been obtained 
for 45 GeV/c muons. 

3 Inclusive D~ meson production 

3.1 D~ production in Z ~ decays 

The decay of a B meson usually yields a charmed hadron. 
The simplest way to represent this process is by the spec- 
tator quark model where the b to c transition occurs via 

X 

b W ~z--- - - - -~ 

c 0 o 

~ D s  
b W . ~  

q X 

Fig. la-c. Quark diagrams contributing to inclusive D s meson pro- 
duction 

the emission of a virtual W which couples to a lepton 
anti-neutrino or a ~Td pair. The resultant c quark recom- 
bines with the spectator antiquark to form a D meson. 
The corresponding diagram (Fig. la) shows a B ~ meson 
decaying to a D s with either a charged lepton anti-neu- 
trino pair or light meson(s). Other B-meson decay dia- 
grams also contribute and have been included in the ver- 
sion of the JETSET 7.3 generator [4] program presently 
used in DELPHI.  The branching ratios of the B decays 
have been tuned to reproduce the measured inclusive de- 
cay properties of B ~ and B + mesons. According to this 
simulation program, which uses the same type of decay 
mechanisms for all B hadrons, the inclusive branching 
fraction BR (B~ is 70%, which agrees with a the- 

giving BR (B~ X) = 86 +_ 1~3 Y0 [5]. oretical calculation 
The latter value has been used in this analysis. 

There are, however, other sources of D s mesons in Z ~ 
decays: the hadronization of charm quarks coming di- 
rectly from the Z ~ (Fig. lb) and the decays of non-strange 
B's which produce a Ds mainly in the quasi two-body 
process B~D(*)D(~ *) (Fig. lc). The purity of B ~ in a D~ 
sample will therefore depend both on the relative strength 
of these different sources and on the experimental selec- 
tion procedure. 

Initial estimates of the branching ratios for the proc- 
esses illustrated in Fig. 1 have been made by assuming 
that 

�9 the couplings of the Z ~ to cg and bb quarks pairs 
agree with the Standard Model expectation 

( Fz~ =O.171and Fz~ ) 
/ ' Z  0 ~ H a d  . . . .  /]"~ZO ~ H a d  . . . .  - -  0.217 , 

�9 the hadronization of c and b quarks into heavy had- 
rons is given by the JETSET7.3 generator program 
(f~w=0.12, fbWryon = 0.08, Prob(b-~B,,d) =0.8 ) and 
�9 the production of Ds mesons in B -  or B ~ decays is 
the same as the one measured in Y(4S) decays 
(BR (B~,,d---*D~X) = I0.0 + 2.0(stat) _ 4.0(syst)% [6]), 
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obtaining: 

BR (Z ~176 X) 

F z o ~ b ~  
•  f f  x B R ( B ~  , 

C z o ~ H a d r o n  s Czo~Hadrons 
Czo---~c~ 

B R ( Z ~  . . . .  • 2 1 5  

BR ( Z~ B.,d--* D,X) 

_ rzo+ea • 2 1 5  
Fzo~Hadrons 

• BR (B,,d-* DsX)= 3.5%. 

Hereafter D~ mesons produced in the process of Fig. lb 
will be referred to as direct D~ and those coming from 
the processes of Figs. la  and c as cascade D~. 

Using the kinematical cuts described below for se- 
lecting events with a D~ meson, the contribution from 
direct D~ is suppressed and a sample of events enriched 
in B ~ mesons is obtained. 

3.2 Reconstruction of  D~ mesons 

Events containing D~ mesons are selected by the decay of 
a D~ to q ~  (BR(D~--*q~Tr)= 3.0+ 1.0% [6]) with the ~b 
decaying to a K + K -  system. The narrow width (4.4 MeV) 
of the ~b meson and its position (1020 MeV), close to 
threshold, in the K + K -  mass distribution ensure a low 
combinatorial background. The spatial and the momen- 
tum resolutions of charged particles reconstructed in the 
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25 

0 i i J i I i r i i I i , i ~ I , p J i ~ l  i i i A _ l  r i i 1 1 ~ ,  q { 

1 1.025 1 . 0 5  1.075 1.I 1.125 1.15 1.175 

m(K+K -) (GeV/c 2) 

Fig. 2. K + K -  mass distribution for particles with momentum greater 
than 2 GeV/c  and measured ionization in the TPC consistent with 
that of a kaon. The curve shows the result of a fit with a Oaussian 
and a term for the background. The latter has been parametrized 
with the function B ( m ) = p ] m P 2 ( l + p 3 m + P 4 m 2 ) ,  where m =  
m ( K K )  - 2 m x 

central tracking detector are considerably improved when 
the reconstructed trajectory can be associated to points 
measured in the vertex detector. Only particles with mo- 
mentum greater than 1 GeV (0.5 GeV for the candidate 
pion) with at least two associated hits in the VD and 
having an impact parameter with respect to the fitted 
primary vertex less than 2 mm in the transverse plane are 
used in the analysis, 

The invariant mass of pairs of oppositely charged par- 
ticles is computed with each particle assigned the kaon 
mass and with the requirement that the ionisation in the 
TPC for each track be either unmeasured or lower than 
the one expected for a pion of the same momentum. 

For illustration purposes in Fig. 2 the K + K -  mass 
spectrum is shown for particles passing a stronger cut on 
the ionization, namely requiring that the ionization be 
measured and smaller than 90% of that expected for a 
pion of the same momentum. The ~b peak is observed at 
1020.2 • 0.5 MeV and has a width of 4.6 + 0.5 MeV. This 
mass resolution is consistent with the expected value from 
the Monte Carlo simulation. 

Secondary vertices are reconstructed for each pair of 
charged particles with a (K + K - )  mass within + 12 MeV 
of the nominal ~b mass with a third charged particle (as- 
sumed to be a pion) in the same jet. The 3-prong com- 
bination is retained as a D s candidate if 

�9 the vertex )C 2 probability is greater than 1%; 
�9 the distance, projected in the plane perpendicular to 
the beam, from the primary interaction point is larger 
than the experimental error on the flight path (typically 
300 I~m), 
�9 the angle ~ between the kaon and the pion in the q~ 
rest frame satisfies the condition ]cos)v) I > 0.4, 
�9 the angle 0", defined as the angle between the ~b di- 
rection in the Ds rest frame and the D~ line of flight in 

60 

40 

20 

r 

~  " ' / 8  " ; 1 9  ' ' ] " " ; . ;  " ' ; J  " ' ; .3  " " " " 

m(q~)  (GeV/c 2) 

Fig. 3. Invariant mass distribution of the q~ n candidates. The curve 
shows the result of a fit with a Gaussian and a term for the back- 
ground. The latter has been parametrized with the exponential of 
a second order polynomial 
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Fig. 4. a [cos (~)] distribution for the events selected in the D s 
signal region after combinatorial background subtraction, b Trans- 
verse momentum distribution of the selected D~ candidates. The 
Monte Carlo predictions for D~ meson production for bb and c6 
events are shown as dotted and hatched histograms respectively 

the laboratory-, satisfies the condition cos (0") > - 0.8 
and 
�9 the fraction of the beam energy taken by a Ds meson 
(x = ED,/Ebeam ) is smaller than 0.5 (this reduces the direct 
D, contribution). 

The resulting q5 rc invariant mass distribution is shown in 
Fig. 3. A clear signal, centered at 1962 +_ 2 MeV, contain- 
ing 58 + 12 events can be seen. This peak lies 7 MeV 
below the nominal D~ mass; a similar displacement has 
been observed by this collaboration on other recon- 
structed charm signals such as D ~  + [7] and has 
been attributed to residual distortions in the relative 
alignment of individual tracking detectors. 

The cos (~/) distribution, before the cut on this vari- 
able, has been studied to verify that the signal behaves 
as expected for a pseudoscalar particle decaying into a 
vector plus a pseudoscalar particle. The ]cos (~,)1 dis- 
tribution (see Fig. 4a) after background subtraction is 
found to be consistent with the expected cos2(~ ,) be- 
haviour. The tight cut on the K + K -  mass has the effect 
of strongly suppressing contributions to the signal from 
kinematical reflections of other charmed mesons. 

3.3 Measurement of  f~ ~ 
from inclusive D ~ meson production 

The efficiencies of the selection criteria are not the same 
for each of the processes contributing to the observed D~ 
meson sample. The respective contributions from the 
processes of Fig. Ia, b and e are different from the pro- 
duction rates given in Sect. 3.1. The cuts applied on the 
measured decay length and on the beam energy fraction 
taken by the D~ meson reduce the contribution from di- 
rect D,. These efficiencies have been determined from the 

Monte Carlo samples to be l l .6+0.6(s ta t )% and 
4.7 _ 0.8(stat)% for the cascade and the direct Ds meson 
samples, respectively, not including the branching frac- 
tion of the q5 meson into K + K  - .  

The residual contribution of direct D~ has been studied 
as a function of the transverse momentum of the D~ mea- 
sured with respect to the jet axis. The latter is computed 
using charged particles including the decay products of 
the D s. This distribution, shown in Fig. 4b, has been fitted 
to a linear combination of  the distributions for direct and 
cascade Ds obtained from Monte Carlo simulation. An 
upper limit of  9.3 events is obtained for the contribution 
of the direct D~ component using its fitted value increased 
by 1 standard deviation. This component corresponds 
then to less than 16% of the total number of  candidates. 

A consistency check of the enrichment of the sample 
in cascade D~ is obtained from the distribution of 
the apparent lifetime of  the D~ defined as "~'app= 
L/ (y f l c  sin (0)) where L is the distance, in the transverse 
plane, between the primary vertex and the D~ decay ver- 
tex. Selecting events with a transverse momentum larger 
than 0.5 GeV, the mean apparent D s lifetime has been 
measured to be 1.3 _+ 0.4 ps. This value can be compared 
to the corresponding expectation from the Monte Carlo 
simulation of 1.5 ps for cascade and 0.6 ps for direct D~ 
meson production (this latter value is not equal to the 
true D~ lifetime because of the cut on the flight path 
previously described). This argument is valid if the B ~ 
lifetime is not too different from the value of 1.2 ps used 
in the Monte Carlo simulation; this assumption is in 
agreement with the result obtained in this article (see 
Sect. 5). 

The contribution of direct D, has been computed 
from the production rate measured by ARGUS and 
CLEO [8, 9] below the threshold for B meson produc- 
tion and from the inclusive cross-section a (e+e - --*cg) 
measured at the same energy, resulting in 
Prob(c~Ds)BR(Ds~e~zr)=0.300+O.045% [9]. As- 
suming that this probability does not depend on the 
centre of mass energy, this corresponds to 5.8_+1.3 
reconstructed events which have been subtracted from 
the observed sample. Correcting the number of re- 
constructed D~ meson for the overall acceptance and 
efficiency and assuming the Standard Model value 
F ( Z ~ 1 7 6  = 0.217, the inclusive frac- 
tion of  B decays to D~ mesons, subsequently decaying 
into ~b ~z, at LEP energies is: 

B 1 = BR (b-~D~X) BR ( D s ~ b  z~) 

= (8.5 _+ 1.9(stat)_+ 1.0(syst) • 10 -3 . 

The same quantity has been measured at the Y(4S), 
where no B ~ mesons are produced, by ARGUS and CLEO 
collaborations [10] giving a combined value of: 

B 2 = BR ( b ~ D , X ) ) l r ( 4 s ) B R  (D,--*q~ r 0 

=(2.99__0.35))< 10 -3 . 

This clearly implies an excess, Es, of inclusive D s pro- 
duction in B decays at LEP. The measured excess can be 
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Systematic source Parameter range Absolute variation 
o n  f s  w 

- 0.07 
BR ( D ~ q ~ )  3_ 1% +0.14 

BR (B~ 86 + ~3 % - 0.03 
- + 0.05 

BR (b~D~Y) Ir(4s) BR (D,~q5 ~z) (2.994- 0.35) • 10 -3 -T- 0.01 

Selection efficiency l 1.7 _+ 1.3 % T 0.04 

attributed to the production of D~ mesons in B ~ decays 
and calculated from E~ = B 1 - (1 - f S )  B2. Using, con- 
servatively, (1 - f S ) =  0.8 + 0.2 this excess is found to be 

E~ = BR (b-~B~ BR (D~--, q~ 7r) 

= (6.1 __ 1.9(stat)+ 1.2(syst))• l0 -3 . 

This measurement confirms the ]production of B ~ mesons 
reported earlier in the study of D, production in associ- 
ation with a charged lepton [1]. 

Alternatively the measurement of  B 1 and B 2 together 
with the BR(Ds-*~Tr)=3+_I% and BR(B~ 

=86+81 - 3 % can be used to evaluate f w f rom 

B 1 = fs w BR ( B ~  BR (D~-*~b 7~) + (1 - f w) B2" 

In this way the probabili ty of  a b quark fragmenting into 
a B ~ meson is determined to be 

+ 0 1 5 ,  . 
f S  = 0.24 _+ 0.08(stat) _ 0"09(syst) . .  

The sources of  the systematic error and their contribu- 
tions are listed in Table 1. 

The systematic uncertainty on the selection efficiency 
takes into account both the difference between the Monte- 
Carlo simulation and the actual performance of  the 
D E L P H I  detector and the dependence of this efficiency 
on the B ~ meson lifetime [11 ]. The latter effect provides 
the dominant  contribution giving a 5% change in the 
selection efficiency for a 20% variation around the central 
value of 1.2 ps for the B ~ meson lifetime used in the Monte 
Carlo. 

3.4 A measurement of the B ~ meson lifetime 

For  a lifetime measurement of  B ~ the selected sample of  
events has to have a high signal 1Lo background ratio. To 
achieve this the selection criteria described in Sect. 3.2 
have been tightened, in particular those based on the TPC 
particle identification because they are not correlated with 
the variables used in this measurement. It  was required 
that 

�9 the ionisation information be present for both kaon 
candidates and be compatible, at the level of  one standard 
deviation, with the kaon hypothesis, 
�9 the K+K - mass be within 8 M e V  of the q~ mass 
(1020 MeV), 

�9 the transverse momentum of the D~(p~ ~ be greater 
than 0.5 GeV/c.  

The residual component  due to direct D~ production was 
reduced to 0.6 __ 0.4 events by the p ~  cut. The resulting 
q~ rc mass spectrum is shown in the inset of  Fig. 5. In the 
mass interval between 1940 and 1970 MeV/c  2, 17 events 
pass these cuts of  which 2.8 +_ 0.8 can be attributed to the 
combinatorial background. 

For  these events a B meson proper lifetime was defined 
a s :  

L/(c sin (0D))  - YD,/?D, rD~ 
t g - -  

?'s B B 

where L is the distance between the primary vertex and 
the D~ decay vertex in the transverse plane. ?B has been 
estimated using a parametrisation of the relation between 
fib and the D~ energy. The form 1 / 7 = a / ( E D + b ) + c  
with a = 0.314 ___ 0.006 GeV, b = - 4.03 _+ 0.07 GeV and 
e=0.1313 ___ 0.0004, determined from Monte Carlo sim- 
ulation, has been used. After this rescaling, the B ~ energy 
resolution is found to be 21%. 
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Fig. 5. The measured B proper time distribution for the D, sample, 
shown by the points with the error bars. The curve is the result of 
the likelihood fit. The shaded area corresponds to the background 
distribution. In the inset is plotted the invariant mass distribution 
of the q5 n candidates used for the lifetime measurement after tighter 
selection cuts 
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A maximum likelihood fit has been performed on the 
proper decay time distribution shown in Fig. 5. The fit- 
ting function was made up of  a superposition of  two 
distributions : 

�9 the distribution for B ~ events, determined from Monte 
Carlo, taking into account the experimental resolution 
on the flight distance, the smearing of the estimated )'B 
factor for B ~ and the effect of the cut on the flight distance 
and 
�9 the distribution for background, as measured from two 
control regions either side of the signal in the mass dis- 
tribution. 

The B lifetime, the only parameter of the fit, was deter- 
mined to be 

0 94 + 0  35 ( B ~ D ~ X )  = . _0"22(stat). _+0.15(syst) ps. 

The dominant contributions to the systematic error come 
from the background parametrisation and from the un- 
certainty on the parameters of the relation between ?s  
and the D~ energy. 

Using the combined measurement of f w (0.19• 
- see Sect. 5) presented in this article the purity in B ~ 
meson of  this sample is estimated to be 71 ___ 8 + 6%. Us- 
ing the average value for the B lifetime [12] a determi- 
nation of the B ~ lifetime was obtained: 

+ 0  49 
r (B ~ = 0.75 _ 0"33(stat). _+ 0.22(syst) ps. 

4 Inclusive associated production of  t~ meson and lepton 

A second sample of events rich in B ~ mesons, independent 
of the sample just described, has been obtained by se- 
lecting events containing a high p[ lepton accompanied 
by a q~ meson in the same jet. The q~ meson is more likely 
to be a decay product of D~ than of non-strange charm 
hadrons because of the presence of a strange valence 
quark in the D s. The inclusive production rate for ~b from 
decays of D + and D O due to Cabibbo suppressed tran- 
sitions and also due to W-exchange diagrams for the D ~ 
or from final-state interactions has not been measured. 
Nevertheless, from the measured exclusive decay chan- 
nels, it has been shown [13] that the inclusive rate of ~b 
mesons from D ~ D + and D s meson production can be 
inferred with reasonable accuracy. Also, it has been 
shown, in Sect. 3, that the probability that a D~ meson is 
produced in a B ~ meson decay is an order of magnitude 
larger than in non-strange B meson decays. 

A sample of events with a ~b meson is thus likely to 
contain a mixture of b and c quark events (direct and 
cascade D~ events of Sect. 3). The additional requirement 
of an identified charged lepton in the same jet reduces 
the contribution of light quarks to the production of q~ 
mesons. 

Since prompt leptons from B meson decays are emitted 
at larger transverse momenta than in direct charm or 
cascade B meson decays, selection of events with a q5 
meson and a charged lepton emitted at large p~ should 
provide a substantially enriched sample of B ~ decays. 

4.1 Selection of  4) meson-lepton events 

To measure the B ~ production rate from ~b-lepton events 
only muons are used. Details on muon identification are 
given in [14]. The identified muon is required to have 
associated hits in at least two layers of the VD and a 
measured momentum greater than 2 GeV/c.  

In each event whith an identified muon all other 
charged particle tracks with an impact parameter less 
than 2 mm are used to reconstruct the primary vertex 
using the known position of the beam spot as a constraint. 
If  the primary vertex fit has a xZ-probability less than 
10 -3, an iterative procedure is applied removing, at each 
iteration, the track contributing most to the X 2. In a Monte 
Carlo generated bb sample, this procedure is found to 
reconstruct vertices with an accuracy of 80 gm in the 
horizontal direction, where the beam spot has the larger 
spread, and 40 gm vertically. 

Charged particles are then separated in two hemi- 
spheres by the plane orthogonal to the event thrust axis 
and containing the primary vertex. It has also been re- 
quired that the two kaons and the lepton form a vertex 
with a xZ-probability greater than 10 -3. The invariant 
mass of pairs of  oppositely charged particles, assigned 
the kaon mass, having momentum greater than 2.5 
GeV/c  and in the same hemisphere as the identified mu- 
ons is shown in Fig. 6a. A signal 5 1 _  11 events is ob- 
served centered at the expected q~ mass. Restricting the 
sample to events with the muon having transverse mo- 
mentum greater than 1 GeV/c  (to the jet axis determined 
without including the muon) the observed ~b signal is 
22_+ 6 as shown in Fig. 6b. The cut on the transverse 
momentum of  the a improves the signal to noise ratio by 
a factor 2. 
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n~, =51.4-11. 
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p, > 1 GaV/c 
n~ = 2 2 . 4 - 6 .  
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m(K+I( ) (GeV/c 2) m(K+IC ) (GeV/c 2) 

Fig. 6a, b. 4) meson signal in events accompanied by a muon in the 
same jet: a with no muon transverse momentum cut, and b with a 
muon transverse momentum greater than 1 GeV/c. The curves are 
the result of the fit of the mass spectrum using a Gaussian distri- 
bution for the signal and the same parametrizafion for the back- 
ground as in Fig. 2 
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4,2 Measurement of  f ~  from ~ meson-lepton correlations 

In order to extract f/~ from the data, the different source 
of signal and background have been examined. Three 
main processes contributing to the selected events are 
listed below in decreasing value of the mean transverse 
momentum of the muon with their probabilities per had- 
ronic Z ~ decay. The different probabilities for a given 
process I are noted P~ where the letter x refers to a 
subprocess which depends mainly on the strangeness con- 
tent of the decaying heavy hadron. These different sub- 
process are displayed in Fig. 7. 

�9 process 1: the muon is produced in the direct semilep- 
tonic decay of a B meson. Two processes contribute - 
from strange and non-strange initial B mesons (Fig. 7a): 

\ / ~ Z ~  ~ H a d r o n s  

• (BR (B~ * X BR (D~dpX)* 

+ BR (B~ spX) * x BR (D,~cfiX)*), 

where D,, means non-strange D mesons, and (Fig. 7b) 

P ~ = 2 X (  Fz~ ) •  - r ' - c ~ *  a 
\ / ~ Z 0  ___~ H a d r o n  s / d s  J ba ryon  ] 

x BR (B~D~X) • BR ( D ~ t a v ) .  

�9 process 3: the muon comes from the sernileptonic de- 
cay a D meson produced in Z ~  events (Fig. 7f). Only 
D, semileptonic decays are expected to contribute to this 
process: 

P f = 2 x  ( Fz~ 
\ F Z O ~ H a d  . . . .  ) X f S X  BR (D/-*~Uv)" 

In these expressions it has been assumed that B baryons 
were not contributing to q~ - l  events; this assumption 
gives a negligible contribution to the overall systematic 
uncertainty attached to the measurement of f~ .  

In the above expressions, quantities marked by a (*) 
have not been directly measured up to now and their 
possible ranges of variation are studied below. 

The inclusive branching fractions of the D ~ D + and 
D{ mesons into a q~ meson have been considered in [13], 
and the following values are found to be most likely 

( r ~ o ~ ) X d _ s 1 6 3  ) 
e~ = 2 X \ FZ~ . . . .  

• (BR (B~D~ • BR (D~ * 

+ BR (B~D+ltX) x BR (D + ~ b X ) * ) .  

Non strange B meson semileptonic decay to D~ is highly 
suppressed since it requires a cascade B~D**~D~ and 
hence has not been included. 
�9 process 2: both the muon and the ~ come from a D 
meson produced in the cascade decay of a B meson. There 
are three main sub-classes: 

1. the initial B meson is not strange; the q~ and the ~ are 
produced through decays of two different D hadrons 
(Fig. 7c): 

2; 

Ds v 

2; 
_ w ~ _ ~ ,  

B 

5 s b 2 ~ *  r~,~ x v s ~ /  

D - " 2  be --\" ~P ~ ""~:'Y~ 
| | ,,\2 | x 

) __ ,,v w e~=ax rz0_b~ x(1 L--s 
, , /~Z0- - -~Hadrons  / 

• BR (B--*D~DX) 

• (BR (D--,uX) • BR (Ds--,4JX)* 

+ BR (Ds- ,uX) • BR (D-+4~X)*). 

2. the initial B meson is a B~ both the ~b and the tt are 
produced through the decay of a D~ meson (Fig. 7d) : 

P ~ = 2 •  ( Fzo~j, 
\-F'ZO~Had . . . .  ) X f ~  

• BR (B~ * • BR (D~dp/av). 

3. the initial B meson is not strange; both the ~b and the 
/a are produced through the decay o fa  D s meson (Fig. 7e): 

Ds 2"f--Cv 

2; 

B w~lg 

0---, 

u,d ~ 
s, c "2 
b H 

| 
2bc 

| @ 
Fig. 7a- i .  Processes contributing to the production o f r  - b t  events 
with the 4) and the muon appearing in the same jet. When several 
mechanisms of the same type contribute to a given process, only 
the dominant diagram has been displayed 
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BR ( D ~ r  = (4.8 • 0.5) • BR (Ds--* r ~z +),  

BR ( D ~ 1 6 2  -- (1.8 • 0.3)%, 

BR ( n  + ~ r  = (1.7 _+ 0.3)%. 

As indicated in Sect. 3.1, the inclusive branching fraction 

B~ is assumed to be 86 t 813~ 

The probability of a b quark fragmenting to a B bar- 
yon, fbW*o~, is assumed to lie within 5 and 15% (set to 
8% in JETSET 7.3). 

The expected fractions of strange and non-strange D 
mesons produced in the semileptonic decays of B ~ mesons 
have been inferred from the D ** production rate mea- 
sured in non-strange B decays [15]. For  the transitions 
B~ Ds lv and B~ D * Iv, a D s meson is always produced 
in the final state, whereas in case of 0 ** B; --* D~ lv or 
B~ lv decays, the produced charmed meson is 
mainly non-strange [16]. In this analysis the following 
values have been used: 

BR (B~ = 10.8 _ 0.4%, 

BR (B ~ oD~uX)  = (0.85 _+ 0.05) > BR (B ~  

The main sources of background have been evaluated 
from the Monte Carlo simulation, which has been found 
to describe them correctly in the analysis of inclusive 
muon production [ 14]. 
These are: 

�9 events tagged by a non prompt or fake muon (the main 
sources are light hadron decays and hadronic punch- 
through) (Fig. 7g). They amount to about 40% of all the 
candidates. Their contribution is greater at low p2, while 
for pU greater than 1 GeV/c  it amounts to 20 + 7% of 
the candidates. The contribution of this contamination 
has been evaluated from a Monte Carlo sample of size 
close to that of the data. 
�9 events tagged by a prompt muon with the r meson 
produced as part of the original b-quark fragmentation 
(Fig. 7h). This contribution is expected to be small, about 
5%. 
�9 events tagged by a prompt muon with the r meson a 
decay product of the B meson and not a secondary charm 
particle. Contributions from non-strange B meson decays 
are expected to be negligible since these originate from 
Cabbibo suppressed transitions or non-planar hadroni- 
zation mechanisms which require the presence of an sg 
quark pair (Fig. 7i). In case of  strange B hadron decays 
there could be a contribution from normal (planar) had- 
ronization processes that require the presence of a sg 

quark pair. Monte Carlo simulation suggests that this 
source can also be neglected. 
The one remaining parameter, fs w, has been determined 
by comparing the pt u distribution to the sum of the dis- 
tributions predicted from Monte Carlo simulation for the 
various contributing processes. The relative contribution 
of each predicted distribution is set equal to the central 
values of the branching fractions quoted above. Mini- 
mizing the X 2 over 4 p f  bins, the probability of a b-quark 
fragmenting to a B ~ meson is determined to be 

fs w = 0.18 __ 0.12(stat). 

The various contributions in the 4p,  u bins are summa- 
rized in Table 2 and shown in Fig. 8. 

As shown in Fig. 8 a muons from direct B decays ac- 
count for 80% of the candidates at transverse momenta 
larger than 1.2 GeV/c.  In Fig. 8b the fit to the data is 
shown and compared with the predictions obtained for 
fs w = 0 and f w = 0.40. 

The efficiency of the selection has been measured using 
a Monte Carlo sample equivalent to four times the data 
statistics and was found to be 

e (direct beauty) = 10.0_+ 0.9%, 

e (cascade decay) = 5.0__ 0.9%, 

e (direct charm) = 6.1 _+ 1.5%, 

for the three classes of  events. The differences in the ac- 
ceptances for the different classes are mainly due to the 
minimum muon momentum (2.0 GeV/c)  and r meson 
energy requirements. 

Differences between data and Monte Carlo generated 
events have been investigated, the main one being due to 
the requirement of at least 2 VD hits associated to the 
muon. The efficiency of the VD cuts used to select the 
r - /~  candidates has been determined from the data, us- 
ing the decay chain D *+ --*D~ + where the D o decays 
into K- re  +. A D *+ signal of about 300 events is observed 
without any vertex detector requirement. The cuts used 
in selecting the r  candidates have been applied to 
both data and Monte Carlo D *+ candidate events. Other 
minor differences come from the cut on the X 2 of the 
secondary vertex fit and from the muon identification 
[14]. The efficiency determined from Monte Carlo was 
then corrected by the factor 0.78 • 0.07 which takes into 
account all these effects. 

The systematic uncertainty on the value of f S  has been 
obtained by varying the parameters inside their respective 
acceptable range of values. The results of this study are 
summarized in Table 3. The total absolute variation is 

Table 2. Number of r -/1 events in data and in Monte Carlo simulation 

r -/~ candidates p, (0.0 - 0.4) Pt (0.4 - 0.8) Pt (0.8 - 1.2) p, > 1.2 Processes 

DATA 12.0 • 7.0 11.0 _+ 7.7 11.3 _+ 6.3 16.7 _+ 5.7 
MC-non-prompt muons 7.3 7.3 4.4 2.9 
MC-direet charm 4.6 1.2 0.3 0.3 P/  

P2 + P2 + P2 MC-cascade decays 2.1 6.3 0.9 0.4 c a e 
MC-direct beauty 0.6 0.8 2.7 11.6 P~ + P~ 
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Fig. 8a, b. Transverse momentum distribution of the muon in 
4) -~t  events. The last bin contains all events with pU greater than 
1.2 GeV/c. a Data (points with error bars) and contributions from 
(i) fake muons (cross-hatched), (ii) direct muons from D mesons 
(dense cross-hatched), (iii) cascade muons (diagonal hatched) and 
(iv) direct muons from B ~ mesons (dark-hatched). b Data compared 
with expectations for different values of f ~ :  (i) 0.2 (the fit result 

- dashed), (ii) 0.0 (dotted), and (iii) 0.4 (dash-dotted) 

0.08. The partial correlation between the branching ratio 
of D ~ b  rc and of D~q~p v has been taken into account 
[16] (see first row of Table 3). The largest systematic un- 
certainty comes from poor knowledge of the decay 
branching fractions of the D~ meson. The contribution 
coming from all the other parameters not reported in 
Table 3 has been verified to be between 0.005 - 0.01. The 
result is 

f w = 0.18 +_ 0.12(stat) +_ 0.08(syst). 

4.3 B ~ meson li fet ime 

In the preceding section it has been shown that the B 
signal to background ratio increases as the cut on the 
muon transverse momentum is increased. The B ~ lifetime 
measurement has, therefore, been restricted to events con- 
taining a muon with pt u greater than 1 GeV/c.  To increase 
the statistics, qS-electron events with p71 greater than 
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Fig. 9. Measured proper time distribution ofq~ - 1  events. The curve 
is the result of the likelihood fit. The shaded area corresponds to 
the background distribution. In the inset is plotted the invariant 
mass distribution of the q5 candidates used for the lifetime mea- 
surement. The curve is the result of the fit of the mass spectrum 
using a Gaussian distribution for the signal and the same para- 
metrization for the background as in Fig. 2 

1 GeV/c  have been included in the analysis. Above this 
Pt the purity of the identified electron sample is similar 
to that of the muon sample. The contamination from 
misidentified hadrons is at the level of 20%. The com- 
bined q5 signal contains 31 ___ 8 events as shown in the 
inset of Fig. 9, which have to be compared with the 22 +_ 6 
events obtained with the muons alone (Fig. 6b). 

Using the values of q5 meson production rate in D 
meson decays [13] and the probabilities for D ~ D +, or 
Ds + meson production in b semileptonic decays [15], the 
purity of  B ~ in the ~b - I sample, from B decays, is de- 
termined to be 

Ne~ts(B~ ) o�89 
Nevt~ ( ~ - - "  r t x )  - - �9 

In the calculation of the decay time of  the B meson, two 
physical quantities need to be determined" the flight dis- 
tance and the energy of the B meson. 

Table 3. Systematic errors on f ~  
determination 

Systematic source Range of variation Absolute variation 
off~ W 

BR (D~---r~b ~r) 3.0 _+ 0.7% - 0.06 
BR ( D s ~ q S i 2 v )  corr. 1.5 i 0.3 % + 0.04 

BR (D~q~ re) 3.0 _ 0.7% -T- 0.025 

BR ( D , ~ c ~ X )  (4.8 ___ 0.5) BR (Ds---rq~ lr) -T-0.01 

D A T A / M C  eff. corr. factor 78 _+ 8% _+ 0.04 

Selection efficiency: 
�9 Hadron misidentified 40_+ 8% T-0.03 
�9 Processes 1, 2, 3 _+20% ~0.03 
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The K + K - I  pseudo-vertex is a good estimator of the 
B decay vertex as it has been verified using the Monte 
Carlo simulation. The distance (dmea~) between the pri- 
mary vertex and the K + K -  l vertex has been compared 
with the generated B flight distance ( d g J  from a sample 
of  B ~ ~ D ~ q ~  IX Monte Carlo generated events. The dis- 
tribution of (dm~a~ - dge,) has been found to have a mean 
value of 30 ~tm with a resolution of 330 Ixm indicating 
that the bias introduced in determining the lifetime using 
dr~as is negligible. This result comes from the small decay 
distance of the D r meson from the B decay and the small 
opening angle between the K § and the K -  from the q~ 
decay. 

The energy of the B meson has been evaluated from 
the momentum of the ~b - I system. A linear relation be- 
tween the fraction of the B momentum carried by the 
q~ - l  system and the momentum of the q~ - l  system is 
observed in the Monte Carlo: 

p ( ~ l ) _  a+ b • p(~ol), 
P(~) 

with a = 0.215 +_ 0.014 and b = 0.018 • 0.005 ( G e V / c ) -  t 
Using this relationship the B momentum is determined 

with a mean resolution of 17%. The resolution improves 
with increasing energy of the q 5 -  l system. The proper 
decay time distribution obtained is shown in Fig. 9. 

A maximum likelihood fit has been performed on the 
proper time distribution with the fitting function con- 
taining two terms, one describing the signal and the other 
the background, weighted according to their relative pro- 
portions. The proper-time distribution for the signal is 
obtained from an exponential convoluted with a Gaus- 
sian whose width is evaluated for each event, taking into 
account the accuracy on the actual vertex determination 
and the resolution on the B momentum. The proper-time 
distribution for the background has been obtained from 
events selected in the wings of the q~ meson signal. It 
contains two components, one of zero lifetime, which 
accounts for about 50% of  the events, and one with a 
lifetime of 1.54 ps (arising essentially from semi-leptonic 
non-strange B decays). Their proper time distributions 
are convoluted with Gaussian distributions to account 
for the finite accuracy of the proper-time determination. 
The fraction (20%) of the events which corresponds to 
genuine q~ mesons associated to hadrons misidentified as 
leptons is assumed to have the same lifetime distribution 
as background events. This assumption is justified in the 
present situation of low statistics. 

The lifetime of  this sample is determined to be 

I + 0  44 
7: ( B - - ~ b ) =  1.18 _ 0"36(stat) + 0.15(syst) ps . .  

The systematic error is dominated by the uncertainty 
in the parametrisation of the background distribution 
and its lifetime. Using the value for the B ~ purity of 

66% + 8(stat) +13  o _16(syst)Vo obtained above, and taking 

the measured average value for the B meson lifetime [ 12], 
the B ~ lifetime is found to be 

7: (O ~ = 1.08 ! 0.73 ps. 

This result is consistent with the one recently published 
by OPAL [17], and with the preliminary result from 
ALEPH reported in [18]. 

5 Conclusions 

From the measured production rates of D r mesons and 
of 4) - p  events, the probability that a b quark combines 
with a strange antiquark to form a strange B~ in 
the hadronization process has been measured to be 

f ~  = 0.24 + O.08(stat) + 0.15- - - _ O.09(syst), 

and 

f ~  = 0.18 _+ 0.12(stat) +_ 0.08(syst) 

respectively. 
In both analyses the largest contributions to the sys- 

tematic error come from poor knowledge of the D r and 
B ~ branching fractions. From the measurement of the 
production rate of Dr-lepton in the same jet [1 ] f S  was 
determined to be 

fs" = 0.17 _+ 0.08(stat) +__ 0.06(syst). 

Combining these three measurements the following value 
has been obtained: 

fs w = 0.19 -4- 0.06(stat) _ 0.08(syst). 

From the decay time distributions, the lifetimes for the 
D r and ~b-lepton samples have been measured to be 

7:(B~D~X) =0.94_+00"32~(stat)-4-0.15(syst)ps , .  

+ 0  44 
7: (B~qb lvX) = 1.18 _ 0136 (stat) -+ 0.15 (syst) ps. 

Taking into account the purities of B ~ in these two sam- 
ples and combining them with a previous result obtained 
by this collaboration with D r - p  events [ 1 ], 

7: (B~D~ lvX)/7: (B) = 0.8 • 0.4, 

the B ~ meson lifetime is measured to be 

7: (B ~ = 0.96 _ 0.37 ps. 
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