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Abstract

The production of J= mesons in Z0 decays is studied using 3.6 million hadronic events recorded

by the OPAL detector at LEP. The inclusive Z0 to J= and b-quark to J= branching ratios are

measured from the total yield of J= mesons, identi�ed from their decays into lepton pairs. The J= 

momentum distribution is used to study the fragmentation of b-quarks. The production rate of  0

mesons, identi�ed from their decays into a J= and a �+�� pair, is measured as well. The following

results are obtained:

Br(Z0!J= X) = (3:9� 0:2� 0:3) � 10�3 and

Br(Z0! 0 X) = (1:6� 0:3� 0:2) � 10�3;

where the �rst error is statistical and the second systematic. Finally the J= sample is used to

reconstruct exclusive b-hadron decays and calculate the corresponding b-hadron branching ratios and

masses.

(To be submitted to Zeitschrift f�ur Physik C)
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1 Introduction

J= mesons are produced in Z0 decays predominantly via b-hadron decays and can be identi�ed

from their decays into lepton pairs. A small number are expected to be produced in fragmentation

processes. The production of `colour-singlet' J= in fragmentation processes has been calculated using

perturbative QCD and is found to be negligible (a summary of the various `colour-singlet' models is

given in [1]). These models fail however to explain the unexpectedly large production of quarkonia

at the Tevatron. It has been proposed to consider `colour-octet' models to explain this discrepancy

between theory and experimental data (see [2] and references therein). In these models, the J= is

�rst produced in a `colour-octet' state and then evolves into a `colour-singlet' state by emission of soft

gluons. These `colour-octet' models predict a sizable production of J= in Z0 decays as well [3].

In all of these processes (b-quark decays and fragmentation), the J= is produced either directly or

via the decay of other charmonium states like �c1 and  
0 mesons1. According to theoretical calculations

[4], charmonium states are produced in b-hadron decays in the following proportions:

�c : J= : �c1 :  
0 = 0:57 : 1 : 0:27 : 0:31:

The inclusive production of J= in Z0 decays has already been measured by OPAL [5] and by the

other LEP experiments [6, 7, 8].  0 and �c1 mesons can be identi�ed using their decays into a J= and a

�+�� pair or a photon, respectively. Evidence for the production of  0 and �c1 mesons has been found

in this way, both in �(4S) decays [9] and in Z0 decays [7, 8]. In this paper, inclusive measurements of

the J= and  0 production ratios are presented, using a considerably enlarged multihadronic sample

compared to that in the previous OPAL J= analysis [5]. The increased statistics allow additional

studies of b-quark fragmentation.

J= decays represent a clear signature for individual b-hadrons [10]. If the b-hadron can be

fully reconstructed, these decays provide clean mass and lifetime measurements. The low-multiplicity

modes B0 ! J= K0
S, B

0 ! J= K�0, B+ ! J= K+, have been observed with signi�cant statistics

in p�p collisions [11] and in �(4S) decays [12], and with marginal statistics in Z0 decays [6, 8]. The

observation of a few decays in the modes Bs! J= � and Bs! 0� has been decisive for the discovery

of the Bs and the measurement of its mass [13, 14, 15, 16]. The observation of the decay �b! J= �

would be of similar importance for �b baryons. A �rst observation of this decay in p�p collisions [17]

is however not con�rmed by more recent measurements [18], and no signal has been reported in Z0

decays either. Similarly, a search for the yet unobserved Bc meson can be performed using the decay

mode Bc ! J= �+. In this paper, a search for low multiplicity b-hadron decays is presented, and

the reconstructed decays are used to calculate b-hadron decay rates and masses. The statistics are

however insu�cient to study other b-hadron properties.

The outline of this paper is as follows: the OPAL detector is briey described in section 2, the

inclusive J= analysis, including event selection requirements, the inclusive branching ratio and a

b-quark fragmentation analysis, is presented in section 3, a search for  0 mesons decaying into a J= 

and a �+�� pair is presented in section 4, and �nally a search for exclusive b-hadron decays into J= 

is presented in section 5.

2 The OPAL detector

The OPAL detector is a multi{purpose apparatus installed at the electron{positron collider LEP. A

detailed description of its layout and performance can be found in [19]. The detector components that

are relevant to this analysis are briey mentioned below. Tracking of charged particles is performed

using the central detector which is contained in a magnetic �eld of 0.435 T. The central tracking system

consists of a two layer silicon microstrip vertex detector, a high precision drift chamber, a large volume

1 0 mesons are also referred to as  (2S) or  (3685).
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jet chamber and a set of z chambers measuring the track coordinates along the beam direction2. The

silicon microvertex detector [20], operational from 1991 onwards, allows a reconstruction of secondary

vertices in each event with high precision in the r{� plane. Particle identi�cation is provided by the

measurement of the speci�c ionisation loss, dE/dx, in the jet chamber [21]. The dE/dx resolution

obtained in multihadronic events for minimum ionising particles with the maximum of 159 ionisation

samples is 3.5%. The momentum resolution of the central detector in the plane perpendicular to the

beam axis is (�pt=pt)
2 = (0:02)2+ (0:0015 � pt)

2, where pt is given in [GeV=c]. The central detector is

surrounded by a lead glass electromagnetic calorimeter, which is equipped with a presampler. Beyond

this are the hadron calorimeter and the muon chambers.

3 Inclusive J= production

3.1 Event, lepton and J= selection

The initial multihadron sample was de�ned using standard OPAL criteria [22]. Tracks were required

to satisfy minimum quality cuts as in [23]. Only events with at least 7 tracks passing these quality

cuts were considered. After all cuts, a total of 3.6 million hadronic events were selected. The selection

e�ciency for this hadronic sample is (98:1�0:5)%, and the background is less than 0.1%. The avour-

bias for b-quark events introduced by this selection was determined to be less than 0.1% using simulated

events. A sample of 10 000 Monte Carlo (MC) events containing the decay chain Z0!b�b!J= !`+`�,

generated using JETSET 7.4 [24] with parameter settings as in [25] and with full detector simulation

[26] has been used to calculate selection e�ciencies. These events were generated using the Peterson

fragmentation function for b-quarks [27]. A sample of about 2 million MC events containing hadronic

Z0 decays has been used to deduce corrections to the e�ciency based on a comparison between various

data and MC distributions. Finally, a sample of 2000 MC events simulating the fragmentation process

described in [3] has been used to determine selection e�ciencies and momentum spectra. In this

simulation, JETSET 7.4 was used for parton hadronisation and particle decay processes.

Lepton candidates were required to satisfy the following kinematic and geometrical cuts:

� p > 2 GeV=c, where p is the track momentum.

� j cos�j < 0:9, where � is the polar angle with respect to the electron beam direction.

In order to ensure su�cient track quality for the calculation of the invariant mass, an accurate polar

angle measurement (z chamber match, for barrel tracks, or constraint to the point where the track

leaves the jet chamber, in the case of forward tracks) was required for all lepton tracks. A second

requirement that at least 10 hits were used for the calculation of the ionisation energy loss eliminates

tracks too close to other tracks or to the anode and cathode planes of the central detector. Lepton

identi�cation with the OPAL detector is described in detail in [23]. The selection requirements used

in the present analysis are briey described below.

The following electron identi�cation requirements were applied:

� (dE=dx)norm > �2:0, where (dE=dx)norm is a normalised dE=dx value de�ned as:

(dE=dx)norm = [dE=dx� (dE=dx)0]=�(dE=dx);

dE=dx being the measured track ionisation energy loss per unit length, (dE=dx)0 the average

dE=dx for electrons at the measured momentum, and �(dE=dx) the resolution on dE=dx for

the candidate track.

� E=p > 0:7, where E is the electromagnetic energy associated with the track, as de�ned in [28].

2The OPAL right-handed coordinate system is de�ned with positive z being along the electron beam direction, and
� and � being the polar and azimuthal angles, respectively.
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� Electrons identi�ed as originating in photon conversions by the algorithm described in [23] were

rejected.

The following muon identi�cation requirements were applied:

� �pos < 3, where �pos is a positional matching parameter, de�ned as the distance between the

extrapolated candidate track and a muon segment reconstructed in the external muon chambers,

normalised by the expected error on that distance at the position of the muon chambers.

� Only the best segment match for each track and the best track for each segment is considered.

J= candidates were selected by demanding two electron or two muon tracks of opposite charge,

with an opening angle smaller than 60� and with invariant mass in the range 2.9{3.3 GeV=c2. The

total number of J= candidates in the data sample is Ncand=741.

3.2 Background and e�ciency

The background of the J= sample has been calculated directly from the data, using `wrong lepton

combinations'. These combinations are opposite charge track pairs formed by an electron and a muon,

but passing otherwise the same selection criteria as J= candidates. These events provide an exact

description of the background only in the limit of equal e�ciency and background for the electron and

muon selection. In case of di�erences between electrons and muons, this method underestimates the

background and a scaling factor is needed. This scaling factor has been obtained from the ratio between

the number of e+e� + �+�� pairs and the number of e��� pairs in the invariant mass interval 2.0{

4.0 GeV=c2, after excluding the region 2.8{3.3 GeV=c2. The correction to the scaling factor introduced

by J= and  0 lepton pairs outside the signal region is �6.4% and �1.3%, respectively. After applying

this correction, the result is 1:01� 0:03� 0:03, where the �rst error is statistical and the second error

results from the correction. The background is then (see Fig. 1) Nbkg = 230� 18 events, where the

error includes both statistical and scaling factor uncertainties. The background subtracted number of

J= candidates is therefore

NJ= = Ncand�Nbkg = 511� 27� 18;

where the �rst error is statistical and the second results from the background subtraction. An alter-

native method to determine the background using a �tting function has been used as a cross-check.

The �tting function consists of an exponential to describe the background and two Gaussians with

radiative tails, to describe the J= and  0 signals. The radiative tails account for both bremsstrahlung

radiation in the detector and �nal state radiation in J= and  0 decays (see below). The shape of the

exponential used to describe the background was adjusted to the e��� invariant mass distribution

and the function used to describe the signal was obtained from the MC. The normalisation of the J= 

and  0 signals and that of the background were allowed to vary. The result of this �t (see Fig. 2) is

a background of Nbkg = 237� 16, compatible with the previous value. The error on this background

number does not include any uncertainty related to the shape of the signal. Taking into account

the reduced leptonic branching ratio and the production rate from b-hadron decays (see later), the

 0 yield is expected to be approximately 20 times smaller than the J= yield. The number of  0

obtained from the �t is compatible with the expected number. For completeness, the �t has been

repeated for electron and muon pairs separately. In the electron case, the J= signal is 356 events

and the background 141 events. In the muon case, the signal and background are 385 and 95 events,

respectively.

The e�ciency of the J= selection algorithm has been calculated using the MC sample con-

taining 10 000 J= mesons produced in b-quark decays. The following corrections and systematic

uncertainties3 have been considered (see Table 1):

3All percentage errors and corrections in this paper are relative to central values.
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� The MC events have been generated using the Peterson fragmentation function for b-quarks.

The average energy of the primary b-hadron, scaled by the beam energy, has been measured

experimentally, in a model dependent way using the JETSET 7.3 version of the MC generator,

to be hxEib = 0:713� 0:012 [29] (since the JETSET 7.4 version of the generator is used in this

analysis, the result has been corrected by +0:016 to take into account the inclusion of resonances

with orbital momentum L=1). The uncertainty in hxEib results in a 0.8% error in the e�ciency.

� The MC momentum distribution of J= in the rest frame of the decaying b-hadron has been

reweighted to match the distribution measured by CLEO in �(4S) decays [9]. Taking into

account both the statistical uncertainties in this distribution and the di�erence in b-hadron

composition, the corresponding e�ciency error is estimated to be 0.6%.

� The MC generator does not include radiative J= decays into lepton pairs. These radiative

decays produce a tail towards lower values in the invariant mass distribution, especially signif-

icant in the electron case. The result is a drop in e�ciency of (12:4� 0:8)% for electrons and

(3:7� 0:4)% for muons. The photon spectrum calculated in [30] using �rst order perturbative

QED has been used to obtain this result. The uncertainties take into account an estimation of

higher order QED corrections [31] and detector simulation e�ects.

� According to the MC, 2.6% of the J= events have only one reconstructed lepton track inside

the acceptance region (p > 2 GeV=c and j cos �j < 0:9). A systematic error of 1.3%, equivalent

to 50% of the number of events lost, has been assigned to account for the uncertainty in this

e�ect.

� E�ciency of the lepton selection for j cos �j < 0:7:

The track selection requires for both electrons and muons a certain number of quality cuts, in

particular a z chamber match and a minimum number of dE/dx hits. The e�ciency of this cut

has been obtained by comparing data and MC events for inclusive muon pairs with invariant mass

in the range 2.0-4.0 GeV=c2, passing all J= selection cuts except the track quality cuts. The

result of this analysis is that the MC reproduces the e�ciency of the track quality cuts with 3.1%

accuracy; this number includes both statistical and MC background modelling uncertainties. The

e�ciency of the lepton selection in the central region of the detector, after applying the track

quality cuts, has been studied as in [23]. The result of this analysis is an uncertainty of 2.0% in

the MC modelling of these e�ciencies, both in the electron and in the muon case. The e�ciency

uncertainties for lepton pairs are taken to be 4.0%, assuming totally correlated errors for the

two tracks.

� E�ciency of the lepton selection for j cos �j > 0:7:

The e�ciency of the lepton selection in the forward region of the detector, relative to the central

part, is determined by comparing the angular distributions, obtained in data and MC, of all

tracks in inclusive lepton pairs, with invariant mass between 2.0 and 4.0 GeV=c2, passing all other

selection criteria as J= candidates. These distributions, normalised in the region j cos �j < 0:7,

are shown in Fig. 3. The MC reproduces accurately the lepton-pair e�ciency in the forward

region, relative to the central part. The corresponding uncertainty in the global J= selection

e�ciency is 1.9%; this error includes both the statistical and the MC background modelling

uncertainty.

� The e�ect of material around the beam pipe is important in determining the electron e�ciency.

The MC describes this material with better than 10% accuracy [23], resulting in an electron

e�ciency uncertainty of 3.8% .

� The J= signal from �+�� pairs can be described by a Gaussian with a mean of (3101�5)MeV=c2

(compatible with the nominal J= mass from the Particle Data Group (PDG) of 3097 MeV=c2
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[32]) and a width of (62 � 4) MeV=c2. The uncertainties in the mean and the width lead to a

systematic error in the e�ciency of 0.6% for electrons and 0.2% for muons.

error source ��(ee) ��(��) ��(J= )

b-quark fragmentation 0.8 % 0.8 % 0.8 %

J= momentum distribution 0.6 % 0.6 % 0.6 %

�nal state radiation 0.8 % 0.4 % 0.6 %

track reconstruction 1.3 % 1.3 % 1.3 %

track quality cuts 3.1 % 3.1 % 3.1 %

lepton e�.(j cos�j < 0:7) 4.0 % 4.0 % 2.8 %

lepton e�.(j cos�j > 0:7) 1.9 % 1.9 % 1.9 %

detector radiation losses 3.8 % � 1.6 %

invariant mass resolution 0.6 % 0.2 % 0.4 %

MC statistics 2.9 % 2.8 % 2.0 %

total error 7.5 % 6.3 % 5.6 %

Table 1: Systematic errors in the calculation of the e�ciency.

The e�ciency of the J= selection algorithm is found to be �J= = (21:0� 1:2)%, where the error

includes all systematic uncertainties. The correlation between the electron and the muon e�ciency

errors has been taken into account in obtaining the total error. According to the MC, the e�ciency

for muon pairs is 30% larger than for electron pairs, in agreement with the observed number of events

in these two channels.

3.3 Inclusive branching ratios

The Z0 branching ratio to J= is calculated as follows:

Br(Z0!J= X) =
NJ= 

Nhad

�
�had

�J= 
�

Rhad

2Br(J= !`+`�)

where NJ= is the number of J= candidates (corrected for background), Nhad is the number of

multihadronic events, �had and �J= are their respective selection e�ciencies, Rhad = �had=�Z =

0:699� 0:002 [32], and Br(J= !`+`�) = (5:91� 0:23)% [33] (where ` can be either an electron or a

muon, which explains the factor 2 in front of the leptonic branching ratio in the above formula). This

leptonic branching ratio has been used in all previous LEP measurements of the inclusive J= ratio,

except in the original OPAL result [5].

In order to calculate the selection e�ciency, the origin of the J= meson must be known. According

to MC calculations, the e�ciency to select J= mesons produced in fragmentation processes via the

`colour-octet' mechanism is 5% smaller than for those produced in b-hadron decays, due to their softer

momentum spectrum. According to [3], the J= fragmentation yield in Z0 decays is

Br(Z0!prompt J= ) = (3:3+3:3�1:6) � 10
�4;

assuming a factor 2 uncertainty in this calculation. This theoretical prediction is compatible with

the measurement presented by DELPHI in [8], although a direct comparison is not possible since this

measurement was obtained assuming a `colour-singlet' J= production mechanism. In the following,

the `colour-octet' yield is used to obtain an e�ective selection e�ciency. This e�ective e�ciency is

smaller than the e�ciency from b-hadron decays alone by only (0:4�0:3)%. Taking this into account,

the inclusive decay ratio of Z0 into J= mesons is:

Br(Z0!J= X) = (3:9� 0:2� 0:3) � 10�3;
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where the �rst error is statistical and the second systematic (see Table 2 for a detailed list of errors).

error source �Br(Z0!J= X) �Br(b!J= X)

�J= 5.6 % 5.6 %

Nbkg 3.5 % 3.5 %

�had 0.5 % 0.5 %

Rhad 0.5 % �

Rb � 1.5 %

Br(J= !`+`�) 3.9 % 3.9 %

fragm. component 0.3 % 6.2 %

systematic error 7.7 % 9.9 %

statistical error 5.3 % 5.3 %

total error 9.3 % 11.2 %

Table 2: Summary of errors in the measurement of inclusive branching ratios.

This result is compatible with the previous OPAL measurement [5], and in good agreement with

other LEP measurements (see Table 3 which includes the previous OPAL measurement, scaled to

account for the latest Br(J= !`+`�) measurement). It corresponds to an average J= multiplicity

in hadronic Z0 decays of:

hNJ= i = (5:6� 0:3� 0:4) � 10�3:

Measurement Ref. Br(Z0!J= X)

OPAL [5] (5:3� 0:9� 0:5) � 10�3

ALEPH [6] (3:8� 0:4� 0:3) � 10�3

L3 [7] (3:6� 0:5� 0:4) � 10�3

DELPHI [8] (3:7� 0:4� 0:4) � 10�3

OPAL this work (3:9� 0:2� 0:3) � 10�3

Table 3: LEP measurements of J= production in Z0 decays.

The inclusive branching ratio of b-quarks to J= mesons is calculated as follows:

Br(b!J= X) =
Nb
J= 

Nhad

�
�had

�J= 
�

1

2Rb � 2Br(J= !`+`�)
;

where Nb
J= is the number of J= candidates produced in b-quark decays and Rb = �b�b=�had =

0:221�0:003 [32] . As discussed before, a small fraction of J= candidates originate from fragmentation

processes. After subtracting this component from NJ= , based on the `colour-octet' yield prediction

quoted above, the result is:

Br(b!J= X) = (1:15� 0:06� 0:12)%;

where the errors are again detailed in Table 2. It is noted that the fragmentation component is in

this case an important contribution to the total systematic error. This result is in good agreement

with the measurement performed in �(4S) decays [9], Br(B0;�!J= X) = (1:12 � 0:07)%. The

di�erence in b-hadron composition is not expected to produce any substantial di�erence between the

two measurements. Theoretical predictions for this branching ratio range between 0.2% and 2% (see

discussion in [9] and references therein).
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3.4 b-quark fragmentation

The momentum distribution of J= candidates can be used to study the fragmentation function of

b-quarks. Fig. 4 shows the normalised momentum distribution, after subtracting the background and

correcting for e�ciency (see also Table 4).

xp = p=Ebeam (1=N) � (dN=dxp)

0.0 { 0.1 �

0.1 { 0.2 0:097� 0:033

0.2 { 0.3 0:125� 0:021

0.3 { 0.4 0:194� 0:025

0.4 { 0.5 0:262� 0:025

0.5 { 0.6 0:212� 0:022

0.6 { 0.7 0:070� 0:012

0.7 { 0.8 0:030� 0:007

0.8 { 0.9 0:009� 0:004

0.9 { 1.0 0:001� 0:001

Table 4: Normalised momentum distribution of J= candidates, after subtracting the background and

correcting for e�ciency. The errors are bin-to-bin uncorrelated. There is in addition a bin-to-bin

systematic correlated error of 7%, not included in the table.

The momentum distribution of background events was obtained from e��� pairs, in the same way

as the total background. The MC J= momentum distribution based on the Peterson fragmentation

function for b-quarks was �tted to the data, using hxEib as the only �t parameter. The optimum

value for this parameter was found to be hxEib = 0:709� 0:012, where the error is only statistical.

The �2 of this �t is 0.6 per degree of freedom. The following systematic error sources were considered:

uncertainties in the background and e�ciency determination, �nal state radiation and radiation in the

detector material, the fragmentation component (shown in Fig. 4), the J= momentum distribution in

the rest frame of the decaying b-hadron (discussed previously), and �nally the b-quark fragmentation

model (the same models as in [29] were considered). The contribution of each individual source to

the total systematic error is detailed in Table 5. The central value was obtained assuming that the

fragmentation component is described by [3]. The �nal result is:

hxEib = 0:709� 0:012� 0:013;

the �rst error being statistical and the second systematic. This result is in good agreement with the

inclusive lepton result [29], hxEib = 0:713 � 0:006 � 0:011, which has been corrected as explained

previously. Since the J= in b-hadron decays carries a larger fraction of the energy than inclusive

leptons in b-hadron semileptonic decays, the J= momentum spectrum provides an increased sensi-

tivity to the b-quark fragmentation function, relative to the inclusive lepton spectrum, but su�ers

from considerably reduced statistics. This inclusive measurement of hxEib is also in agreement with

measurements based on samples of B0 and B+ decaying into D-mesons and leptons [34].

4 Inclusive  0
production

4.1  0 reconstruction

Once a J= candidate is identi�ed,  0 mesons can be reconstructed using the decay  0 ! J= �+��,

which has a branching ratio Br( 0 ! J= �+��) = (32:4� 2:6)% [32].
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error source �hxEib
background 0.004

e�ciency 0.004

radiative decays 0.001

detector radiation 0.002

fragm. component 0.004

momentum at rest 0.005

fragmentation model 0.008

MC statistics 0.005

total error 0.013

Table 5: Systematic errors in the measurement of hxEib.

A di�erent J= selection, optimised to maximise e�ciency rather than minimise systematic errors,

was used in this part of the analysis. Leptons were selected inside the larger acceptance region

j cos �j < 0:95. Electrons were identi�ed by a neural net algorithm as in [35] and photon conversions

were rejected as in the inclusive J= analysis. Muons were identi�ed using the same algorithm as in

the inclusive J= analysis or by an algorithm including the hadron calorimeter outside the acceptance

of the muon chambers, as in [29]. Otherwise the J= selection proceeded as before. The e�ciency of

the above J= selection is, according to the MC, (32:1� 0:4)% for the inclusive J= sample, corrected

for �nal state radiation as discussed previously, the error being only statistical. The number of J= 

candidates found in this way is, after background subtraction,

NJ= = 718� 32� 25;

where the �rst error is statistical and the second results from the background subtraction; the un-

certainty on the background subtraction under the J= peak has been estimated as in the inclusive

analysis.

In addition to the MC samples used in the inclusive analysis, a sample of 6000 MC events containing

the decay chain Z0 ! b(b) !  0 ! J= �+��, and the subsequent decay J= ! `+`�, has been

generated to optimize selection criteria and to compute e�ciencies. In these events the �+�� invariant

mass distribution has been generated according to the measured one [33].  0 mesons have been

reconstructed by associating to each J= candidate a pair of tracks ful�lling the following requirements:

� The two tracks must have opposite charge.

� The angle between each track and the J= direction must be smaller than 90�.

� The momentum of each track must exceed 400 MeV=c.

� The invariant mass of the two charged tracks must be, under the pion hypothesis, in the range

0.45-0.60 GeV=c2. This range is optimized to reject the background4.

� The impact parameter of each track with respect to the J= vertex must be compatible with

the hypothesis of a common vertex, within 3 standard deviations.

The mass of the  0 is calculated after kinematically constraining the lepton pair mass to the

nominal J= mass. The invariant mass distribution obtained in this way is displayed in Fig. 5. In

order to calculate the background, the invariant mass distribution has been �tted using a binned

4The observed �+�� invariant mass distribution is consistent with the hypothesis of a quasiparticle in this mass
range.
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maximum likelihood method. The �tting function consists of a Gaussian to describe the signal and a

second order polynomial to describe the background. The  0 signal can be described by a Gaussian

with a mean of (3688� 2) MeV=c2 and a width of (7� 2) MeV=c2. The mean value agrees with the

nominal  0 mass of 3686 MeV=c2 [32].  0 candidates were selected by demanding an invariant mass in

the range 3662{3712MeV=c2, corresponding to 2.5 standard deviations in the MC around the nominal

 0 mass. The number of  0 candidates, obtained by subtracting the calculated background from the

observed number of candidates in the signal region, is:

N 0 = 46:9� 9:7� 3:9;

where the �rst error is statistical and the second results from the background subtraction.

4.2 Inclusive branching ratio

The e�ciency to select a J= is the same for a J= produced directly in a b-hadron decay and for a

J= produced in a cascade decay through a  0, within the uncertainties discussed below. The ratio of

inclusive branching ratios from Z0 decays is therefore:

Br(Z0 !  0 X)

Br(Z0 ! J= X)
=

N 0

NJ= 

�
1

� 0
�

1

Br( 0 ! J= �+��)
;

where � 0 is de�ned as the e�ciency to �nd a  0 ! J= �+�� decay once a J= has been selected.

According to the MC, � 0 = (49:5� 1:6)%, where the error is only statistical.

The following systematic uncertainties on the ratio of branching ratios have been considered (see

summary in Table 6):

� The uncertainties on the J= and  0 backgrounds have been determined as described above.

� Most systematic uncertainties connected to the J= selection e�ciency cancel out in the ratio,

and can be neglected. The J= detection e�ciency depends however on the J= momentum

and thus on its production mechanism. This uncertainty on the production mechanism has been

studied using MC calculations and the momentum spectra in the rest frame of the decaying

b-hadron, measured by CLEO [9].

� The MC resolutions for track parameters in r-� (track curvature �, distance of closest approach

to the coordinate origin d0, and azimuthal angle at the point of closest approach �0) and in z

(tangent of the dip angle tan� and the z-coordinate at the point of closest approach z0) were

tuned to describe the data. These track parameter resolutions were further varied by 10% in

r-� and 30% in z to obtain the corresponding systematic error in the e�ciency.

Error source Error

J= background 3.5 %

 0 background 8.2 %

J= e�. ratio 1.5 %

 0 e�ciency 5.5 %

Br( 0 ! J= �+��) 8.0 %

MC statistics 3.2 %

total error 13.6 %

Table 6: Summary of systematic uncertainties on the ratio of branching ratios.
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Including all uncertainties, the result is:

Br(Z0 !  0 X)

Br(Z0 ! J= X)
= 0:41� 0:09� 0:06;

where the �rst error is statistical and the second systematic. The branching ratio Br(Z0 !  0 X) can

be obtained using the result of the inclusive J= analysis:

Br(Z0 !  0 X) = (1:6� 0:3� 0:2) � 10�3;

in agreement with a previous DELPHI measurement [8] of Br(Z0 !  0 X) = (1:6� 0:7� 0:3) � 10�3,

and corresponds to an average  0 multiplicity in hadronic Z0 decays of:

hN 0i = (2:3� 0:4� 0:3) � 10�3:

The corresponding b-quark decay ratio can be extracted, after subtracting the expected contribu-

tion from  0 produced in fragmentation processes. According to [3], the prompt  0 yield in Z0 decays

is:

Br(Z0!prompt  0) = (1:0+1:0
�0:5) � 10

�4;

assuming again a factor 2 uncertainty in this calculation. Taking this into account, the following result

is obtained:

Br(b!  0 X) = (0:49� 0:10� 0:09)%;

in agreement with the result obtained in �(4S) decays [9], Br(B0;� !  0 X) = (0:34� 0:05)%.

5 Exclusive b-hadron reconstruction using J= decays

5.1 b-hadron reconstruction

Candidate b-hadrons can be reconstructed by combining the J= with other particles in the event. In

this analysis, the low-multiplicity modes5 B0 ! J= K0
S, B

0 ! J= K�0, B+ ! J= K+, Bs ! J= �

and �b ! J= �, where all the decay products can be identi�ed without excessive combinatorial

backgrounds, were considered. J= candidates were selected as in the  0 analysis. In addition to the

MC samples used in the inclusive analysis, samples of 1250 exclusive J= events in each of the various

decay modes were generated and used to calculate the corresponding selection e�ciencies.

The following requirements were applied in all modes:

� All added tracks were required to lie in the same thrust hemisphere as the J= .

� All added tracks, except those from K0
S or � decays, were required to have an impact parameter

with respect to the J= vertex, d0 (with error �d0), satisfying jd0j < 0:03 cm, and jd0j=�d0 < 2.

� Charged kaons were required to satisfy wK
dE=dx > 5% if their dE=dx was above the expected

value for kaons at their measured momentum ( wdE=dx is the probability of measuring the

observed speci�c ionisation dE=dx). This requirement provides good kaon identi�cation against

the majority pionic background. Charged kaon momenta were required to exceed 2 GeV=c. This

requirement reduces the low-momentum combinatorial background and puts the kaon above the

region where the dE=dx versus momentum curves for kaons and pions cross.

� The number of hits used for the calculation of dE=dx was required to be at least 10 for all

charged kaons and pions, except those from K0
S or � decays.

5Charge conjugation is implied throughout.
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� The momentum of the reconstructed b-hadron was required to exceed 25 GeV=c. This provides

good rejection of combinatorial background owing to the hardness of b fragmentation.

The following requirements were applied to individual modes:

� B0 ! J= K0
S: the K

0
S were identi�ed via their �+�� decay mode. They were identi�ed using

a procedure based on a search for a displaced V0 vertex. The selection is the same as in [36]

without d0 cuts, in order to increase the e�ciency. A cut of 0:467 � mK0
S
� 0:527 GeV=c2 was

applied on the mass of the reconstructed K0
S.

� B0!J= K�0: the K�0 were identi�ed via their K+�� decay mode. A cut of 0:836 � mK�0 � 0:956

GeV=c2 was applied on the mass of the reconstructed K�0. The momentum of the �� was

required to exceed 1 GeV=c, and its w�dE=dx was required to exceed 2.5% if its dE=dx was below

the expected value for a pion, and 0.1% if it was above.

� B+ ! J= K+: no additional cuts were applied.

� Bs ! J= �: the � were identi�ed via their K+K� decay mode. A cut of 0:999 � m� � 1:039

GeV=c2 was applied on the mass of the reconstructed �. To reduce backgrounds from reections

of B0 ! J= K�0 decays where the pion is misidenti�ed as a kaon, the mass of the pair of kaon

candidates under the kaon-pion hypothesis was required to be below 0.850 GeV=c2.

� �b ! J= �: the � were identi�ed via their p�� decay mode, using a similar algorithm as for

the K0
S. A cut of 1:100 � m� � 1:130 GeV=c2 was applied on the mass of the reconstructed �.

The momentum of the � was required to exceed 4 GeV=c.

Kinematic �tting, using the SQUAW package [37], was employed to improve mass resolutions. In

this way, the mass resolution in the mode Bs! J= �, for example, was improved from 100 MeV=c2 to

45 MeV=c2, according to the MC. In these �ts, the J= , K0
S, � and � were kinematically constrained

to their nominal masses, but not the K�0, since this particle is a wide resonance for which kinematic

�tting is problematic. The �2 probability for the overall kinematic �t, including all particles involved

in the b-hadron decay, was required to exceed 1%. The invariant mass distributions are shown in

Fig. 6, where several modes are added in both data and MC, and in Fig. 7, where all individual modes

are displayed. B+ and B0 candidates were selected in the mass range 5.15{5.40 GeV=c2, Bs candidates

in the range 5.30{5.45 GeV=c2, and �nally �b candidates in the range 5.50{5.80 GeV=c2. These mass

ranges correspond approximately to two standard deviations, according to MC, around the nominal

particle masses [32]. The number of candidates found in each mode, Ncand, is listed in Table 7.

5.2 Branching ratio determination

The e�ciencies of the above selections (excluding the e�ciency of the J= selection and the branching

ratios of K0
S, K

�0, � and � decays), estimated from the exclusive MC samples, are shown in Table 7,

where the errors are statistical only.

Both the combinatorial background and that originating from physics processes is obtained for the

�rst three modes in a MC-independent way by performing an unbinned extended maximum likelihood

�t [38] to the mass distribution, as illustrated in Fig. 6 for the sum of the three modes. The probability

density function consists of a Gaussian whose width is the event-by-event candidate mass error for the

signal, and an exponential for the background. The �t parameters are the position of the Gaussian

(corresponding to the �tted b-hadron mass), the slope of the exponential and the fraction of the

background component (corresponding to the fraction of background in the mass distribution). This

simple parametrisation was chosen after consideration of the possible backgrounds. The random

combinatorial background is not expected to produce any structure beyond the usual exponential fall-

o�. Physics background can come either from reections, where one particle is misidenti�ed as another,
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Mode e�ciency(%) Ncand NB

B0 ! J= K0
S 34:0� 2:5 10 8:4� 3:2� 0:1

B0
! J= K�0 23:0� 1:9 4 3:1+2:6

�1:6 � 0:1

B+ ! J= K+ 47:5� 2:3 12 9:2� 3:5� 0:1

Bs ! J= � 22:8� 1:9 2 1:9+2:0
�1:0 � 0:1

�b ! J= � 21:7� 2:2 � �

Table 7: Reconstruction e�ciencies, number of candidates, Ncand, and number of background sub-

tracted candidates, NB, for each decay mode. The errors on the e�ciencies are statistical only. The

�rst error on the number of b-hadrons is statistical and the second results from the background sub-

traction.

or from satellites, where one or more particles are missed. The former can lead to a signi�cant peak

in the signal region, and the cuts were chosen to reduce such backgrounds. The latter will typically

produce structure located below the signal region. In the absence of any visible structure in either

data or MC (see again Fig. 6) this is taken to be subsumed in the exponential. The exponential

resulting from the �ts (see Fig. 7) is used to calculate the expected background inside the invariant

mass windows de�ned for each decay mode. The number of background subtracted candidates, NB, is

obtained in each individual mode by subtracting this background from the total number of candidates

Ncand (see Table 7). In the Bs! J= � mode, the background is directly estimated from the MC. No

signal is observed in the �b! J= � channel; in all the other modes the probability of the expected

background uctuating to the observed number of events in the signal region or more is below 10%.

The product branching ratios are then determined. For example, the product branching ratio for

the mode Bs ! J= � is calculated as:

f(�b! Bs) �Br(Bs ! J= �) =
NB

Nhad

�
�had

2Rb � 2Br(J= ! `+ `�) �Br(�!K+ K�) � �J= � ��

where f(�b!Bs) is the production rate of Bs by b-quarks from Z0 decays, �J= is the selection e�ciency

for the J= in this particular b-hadron decay mode, �� is the selection e�ciency for the � assuming a

J= has been identi�ed, and all other quantities have already been de�ned. It is noted that the �J= 
values are typically 10% larger than the inclusive e�ciency, since they involve only two body decays of

b-hadrons. The product branching ratios can further be converted into branching ratios by dividing

by the production rates for each b-hadron from b-quarks, which are taken to be (39:5�3:0)% for each

of B+ and B0, (12:0� 4:0)% for Bs, and (8:0� 4:0)% for �b, as in [39].

The following systematic errors were considered (see Table 8):

� In order to obtain the error on the e�ciencies, the modelling of track parameters was varied as

in the inclusive  0 analysis.

� dE=dx particle identi�cation. The MC models the dE=dx distributions with uncertainties of

about 1% on the mean and 15% on the width. These values are conservative in view of the

results obtained in [40]. These values were used to evaluate the corresponding systematic errors

in the e�ciencies.

� For b-quark fragmentation, the same procedure as in the inclusive analysis was applied.

� The uncertainty on the J= selection e�ciency was estimated by comparing the inclusive J= 

branching ratio obtained with the present lepton selection and the inclusive branching ratio

measured in the inclusive analysis.
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� The errors on the branching ratios for J= , K0
S, K

�0, � and � decays were taken from [32]. For

Rb, the error previously quoted was used.

� For b-hadron production rates, the errors quoted above were used.

� The MC statistical errors include, in addition to the uncertainty in the e�ciencies reported in

Table 7, a component due to the J= selection e�ciency in each decay mode, and a component

from the uncertainty on �had.

error source B0
! J= K0

S B0
! J= K�0 B+

! J= K+ Bs ! J= � �b! J= �

track parameters 14 % 12 % 6 % 12 % 14 %

particle dE=dx { 7 % 1 % 5 % {

b fragmentation 2 % 5 % 3 % 3 % 10 %

J= selection e�. 8 % 8 % 8 % 8 % 8 %

branching ratios 4 % 4 % 4 % 4 % 4 %

production rates 8 % 8 % 8 % 33 % 50 %

MC statistics 8 % 9 % 6 % 9 % 11 %

total error 20 % 21 % 15 % 38 % 55 %

Table 8: Systematic errors in the determination of branching ratios for each decay mode.

The branching ratios obtained, together with their statistical and systematic errors, are listed in

Table 9. The value for the �b!J= � mode corresponds to a product branching ratio 90% C.L. upper

limit of f(b! �b) �Br(�b! J= �) < 2:4 � 10�4.

Mode Br/10�3 PDG mB(GeV=c
2) PDG

B0 ! J= K0
S 1:22� 0:46� 0:24 0:38� 0:11 5:269� 0:009� 0:004 5:279� 0:002

B0 ! J= K�0 < 1:9 @ 90% C.L. 1:58� 0:28 5:288� 0:023� 0:007 5:279� 0:002

B+ ! J= K+ 0:78� 0:30� 0:12 1:02� 0:14 5:298� 0:012� 0:003 5:279� 0:002

Bs ! J= � < 7:4 @ 90% C.L. `seen' 5:367� 0:015� 0:005 5:375� 0:006

�b ! J= � < 4:2 @ 90% C.L. `seen' { 5:641� 0:050

Table 9: Branching ratios and reconstructed b-hadron masses obtained for each decay mode, with

statistical and systematic errors. The PDG values are given for comparison.

5.3 Mass determination

The �tting procedure also returns, as discussed above, the invariant masses of B0 and B+ mesons. The

Bs mass is calculated from a weighted average of the two candidate events. The following systematics

were considered (see Table 10):

� Modelling of track parameters. This e�ect was studied as above, by varying the resolution of

track parameters, and taking the shift in �tted mass as the systematic error.

� Uncertainty in the absolute mass scale. Studies of the K0
S mass have shown that reconstructed

track momenta could be shifted by at most 0.25%. This e�ect was consequently studied by

shifting all momenta on input to the kinematic �tter by 0.25%, again taking the shift in �tted

mass as the systematic error.
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error source B0
! J= K0

S B0
! J= K�0 B+

! J= K+ Bs ! J= �

track parameters 4 MeV=c2 2 MeV=c2 2 MeV=c2 1 MeV=c2

mass scale 1 MeV=c2 7 MeV=c2 2 MeV=c2 5 MeV=c2

total error 4 MeV=c2 7 MeV=c2 3 MeV=c2 5 MeV=c2

Table 10: Systematic errors in the determination of masses for each decay mode.

The invariant masses obtained, together with their statistical and systematic errors, are shown in

Table 9, and are consistent with the PDG values. The Bs mass obtained in this analysis is consistent

with a previous OPAL result [13] based on the observation of only one of the two Bs candidates.

5.4 Search for Bc

Bc mesons have not yet been observed. A summary of the expected properties of these particles,

according to theoretical calculations, is given below (see a review in [41] and references therein). The

mass is expected to be 6.25 GeV=c2, with a spread between the various models smaller than 0.05

GeV=c2, and the lifetime in the range 0.4{0.9 ps. They can be produced in b-quark and c-quark

fragmentation processes, but the second mechanism is expected to provide a negligible contribution to

the total yield, as shown in [41]. The probability that a b-quark hadronises into a Bc, either directly

or via the decay of excited states, is expected to be f(�b! Bc) � 9 � 10�4, but this prediction has a

factor 2 uncertainty. Since the Bc contains a constituent c-quark, the inclusive branching ratio of Bc

into J= is expected to be much larger than for other b-hadrons, around 20%, but exclusive branching

ratios are likely to be small. For example the mode Bc! J= �+ is expected to have a branching ratio

between 0.2% and 0.4%.

A search for Bc was performed in the decay mode Bc ! J= �+. The selection of J= candidates

and general requirements for this particular mode were the same as for the other exclusive modes,

namely:

� The pion track was required to lie in the same thrust hemisphere as the J= .

� The pion track was required to have an impact parameter with respect to the J= vertex,

satisfying jd0j < 0:03 cm and jd0j=�d0 < 2.

� The number of hits used for the calculation of the charged pion dE=dx was required to be at

least 10.

� The momentum of the reconstructed Bc was required to exceed 25 GeV=c.

The following requirements were applied to this particular mode:

� The momentum of the pion was required to exceed 4 GeV=c.

� w�
dE=dx

was required to exceed 2.5% if dE=dx was below the expected value for a pion, and 0.1%

if it was above.

Kinematic �tting was employed as before to improve the Bc mass resolution. The invariant mass

distribution is shown in Fig. 7. Bc candidates were selected in the mass range 6.0{6.5 GeV=c2,

corresponding to approximately 2 standard deviations around the expected Bc mass. The invariant

mass uncertainty includes both the experimental resolution and the theoretical uncertainty. Only 1

candidate was found in this mass interval, with a mass of 6:31� 0:17� 0:01 GeV=c2, the �rst error

resulting from the kinematical �t and the second from the uncertainty in the mass scale, calculated
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as for the other modes. The expected background was calculated using the inclusive J= MC sample

and resulted to be (0:3�0:1) events. The observed event is compatible with the expected background.

A sample of 1250 multihadronic events including a Bc and the subsequent decays Bc!J= �+ and

J= ! `+`�, was generated using the JETSET 7.4 MC as before, in order to determine the selection

e�ciency. For the momentum distribution of the primary Bc, two distributions were considered:

the distribution provided by JETSET 7.4 and the distribution proposed in [41], approximated by

a Peterson function with �b = m2
c=(2mb)

2 � 0:021. The e�ciency was obtained by averaging the

e�ciencies obtained with these two models. The e�ciency for the J= selection was found to be

(31:1 � 1:2)% and the e�ciency to detect the pion, once the J= is reconstructed, was found to be

(33:7� 2:2)%, the errors being only statistical. The following systematic errors were considered in the

calculation of the product branching ratio f(�b! Bc) �Br(Bc ! J= �+) (see Table 11): the modelling

of track parameters and dE=dx, the b-quark fragmentation, the uncertainty on the J= selection

e�ciency, the errors on the branching ratio for J= decays and on Rb, and �nally the MC statistical

error. All these errors, except the fragmentation error, were calculated as for the other b-hadron decay

modes. For the fragmentation error, a larger variation of the hxEib parameter has been considered

to account for uncertainties in the fragmentation mechanism. The di�erence between the two models

used for the fragmentation of the Bc resulted in a �13% variation in the e�ciency. The theoretical

uncertainties in the Bc mass and lifetime resulted in negligible contributions to the total uncertainty.

error source Bc ! J= �+

track parameters 5 %

pion dE=dx 5 %

b fragmentation 13 %

J= selection e�. 8 %

branching ratios 4 %

MC statistics 9 %

total error 19 %

Table 11: Summary of systematic errors used in the determination of the upper limit to the product

branching ratio f(�b! Bc) �Br(Bc ! J= �+).

Taking into account the observed candidate and the systematic error, the following 90% C.L. upper

limit is obtained for Bc production in b-quark decays:

f(�b! Bc) �Br(Bc! J= �+) < 2:1 � 10�4:

6 Summary

The fraction of events containing a J= meson in Z0 decays has been measured using a sample of

3.6 million hadronic events collected by OPAL between 1990 and 1994. The result of this analysis is:

Br(Z0!J= X) = (3:9� 0:2� 0:3) � 10�3;

where the �rst error is statistical and the second systematic. The b-quark decay ratio into J= is

measured to be:

Br(b!J= X) = (1:15� 0:06� 0:12)%;

assuming that J= candidates originate predominantly in b-quark decays. The momentum distribution

of J= candidates is used to study the fragmentation function of b-quarks. The average scaled energy

of the primary b-hadron produced in the fragmentation process is found to be:

hxEib = 0:709� 0:012� 0:013;
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assuming the Peterson model for b-quark fragmentation, implemented in the framework of the JETSET

7.4 MC generator.

The inclusive J= sample is used to reconstruct  0 mesons decaying into a J= and a �+�� pair.

The corresponding inclusive decay ratio is measured to be:

Br(Z0! 0 X) = (1:6� 0:3� 0:2) � 10�3:

The b-quark decay ratio into  0 is measured to be:

Br(b!  0 X) = (0:49� 0:10� 0:09)%;

assuming that  0 candidates originate predominantly in b-quark decays.

Finally, the inclusive J= sample is used to reconstruct b-hadron candidates by combining the J= 

with other particles in the event. The low-multiplicity modes B0!J= K0
S, B

0!J= K�0, B+!J= K+,

Bs! J= � and �b! J= �, are considered. After background subtraction, the number of candidates

for the �rst four modes is found to be 8.4, 3.1, 9.1 and 1.9, respectively, and no candidate is found in

the last mode. These fully reconstructed candidates are used to calculate b-hadron decay ratios and

masses, as given in Table 9. A search for Bc mesons is performed in the mode Bc ! J= �+, yielding

the following 90% C.L. upper limit for Bc production in b-quark decays:

f(�b! Bc) �Br(Bc! J= �+) < 2:1 � 10�4:
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Figure 1: Invariant mass of e+e� and �+�� pairs. The shaded histogram of e��� pairs used to

calculate the background is superimposed.
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Figure 2: Invariant mass of e+e� and �+�� pairs. The background exponential function and the two

Gaussians with radiative tails used in the �t are shown. The two Gaussians describe the J= and  0

signals.
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Figure 3: Angular distribution of all tracks in selected lepton pairs with invariant mass between 2.0

and 4.0 GeV=c2. The points are data and the histogram MC. The distributions are normalised for

j cos �j < 0:7.
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Figure 4: Normalised momentum distribution of J= candidates, after subtracting the background

and correcting for e�ciency. The points correspond to data, the histogram to a MC distribution using

the Peterson fragmentation model, and the hatched distribution to the fragmentation component.
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Figure 5: Invariant mass distribution of  0 candidates. The data are �tted with a Gaussian to describe

the signal and a second order polynomial to describe the background.
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Figure 7: The mass spectra for the modes B0 ! J= K0
S, B

0 ! J= K�0, B+ ! J= K+, Bs ! J= �,

�b ! J= � and Bc ! J= �+, respectively. The points are the data, the solid line the maximum

likelihood �tted probability distribution function (p.d.f.), and the hashed area the �tted p.d.f. for the

signal.
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