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ABSTRACT

Inclusive J production in Z0 decays is observed via the leptonic decay mode J! `+`� (` =

e; �). We measure the branching ratio Br(Z0 ! J + X) = (4:1� 0:7 (stat:)� 0:3 (sys:)) � 10�3.

We have calculated the fraction of the J mesons from b-hadron decay and �nd a branching

ratio of Br(b ! J + X) = (1:3 � 0:2 (stat:) � 0:2 (sys:)) � 10�2. We determine the average

fractional energy of bottom hadrons hx
E
i = 0:70 � 0:03 (stat:)+0:02

�0:01 (sys:) using the momentum

spectrum of the J mesons. From a study of the angle between the J and the most energetic jet,

we set an upper limit on the branching ratio Br(Z0 ! q�qg�; g� ! J + X) < 7:0 � 10�4 at 90%

con�dence level.

(Submitted to Phys. Lett. B)



1 Introduction

The dominant mechanism for the production of J mesons in Z0 decays is expected to be:

e+e� ! Z0 ! b�b; b(�b)! J + X: (1)

This is illustrated in Figure 1a. The latter decay proceeds mainly through a \colour-suppressed"

spectator diagram, in which the c and �c have to match in colour. However, the magnitude of

this colour suppression can be reduced by QCD e�ects, which leads to a considerable change

in the inclusive branching ratio [1]. The decay b ! J + X has also been suggested [2] as a

favourable mode to tag b-hadrons1. Measurements of Br(b ! J + X) have been performed

by experiments at CESR and DORIS [3] for B-mesons produced at the �(4S). Recently, a

measurement of Br(Z0 ! J + X) has been reported at LEP energies [4].

The J momentum in b-hadron decays is strongly correlated with the parent particle mo-

mentum, which is sensitive to the fragmentation of the b-quark. This allows us to determine

the b-quark fragmentation parameter using the measured J momentum distribution.

In addition to process (1), at LEP energies the J meson can also be produced from gluon

jets:

e+e� ! Z0 ! q�qg�; g� ! J + X: (2)

The dominant diagram is illustrated in Figure 1b. An estimate of this rate was �rst made more

than a decade ago [5]. Recently, a new calculation has been performed [6]. The calculated rate

is 2:3 � 10�4, but has a theoretical uncertainty of at least a factor of two. Studies of the process

(2) give information on the interplay between the non-perturbative and perturbative e�ects in

QCD. In order to produce a J meson, the gluon bremsstrahlung must be hard. Therefore, the J

mesons from this process are expected to be produced at large angles with respect to the most

energetic quark [6]. The production rate of J mesons via other processes is predicted [7] to be

smaller than 10�5, and is not considered in this analysis.

Figure 1: Diagrams for a) e+e� ! Z0 ! b�b; b(�b)! J + X; and

b) e+e� ! Z0 ! q�qg�; g� ! J + X.

J mesons are identi�ed by their leptonic decay, J! `+`� (` = e; �). Inclusive leptons used

in this analysis are selected from a sample of 410 000 e+e� ! hadrons events, recorded in 1990

and 1991 with the L3 detector at
p
s � mZ. The data sample corresponds to an integrated

luminosity of 17.5 pb�1.

1
In this paper, references to a speci�c charged state also imply the charged conjugate state.
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2 The L3 Detector

The detector consists of a central tracking chamber, a high resolution electromagnetic calorime-

ter composed of BGO crystals, a cylindrical array of scintillation counters, a uranium and brass

hadron calorimeter with proportional wire chamber readout, and a precise muon spectrometer.

These detectors are installed in a 12 m diameter solenoid which provides a uniform �eld of 0.5 T

along the beam direction. A detailed description of the L3 detector can be found elsewhere [8].

The central tracking chamber is a time expansion chamber (TEC) which consists of two

cylinders, the inner and outer chambers, with 12 and 24 sectors, respectively. The R-� co-

ordinate of a track is measured with a maximum of 62 anode wires (8 in the inner chamber,

54 in the outer). The single wire resolution is 58 �m averaged over the entire cell and the

double-track resolution is 640 �m.

The �ne segmentation of the electromagnetic and hadron calorimeters allows us to measure

the direction of jets with an angular resolution of 2:1�, and to measure the total energy of

hadronic events from Z0 decay with a resolution of 10.2% [9]. The muon detector consists of

three layers of precise drift chambers, which measure a muon trajectory 56 times in the bending

plane, and 8 times in the non-bending direction. For this analysis, electrons are identi�ed in

the angular range 42� < # < 138�, and muons in the range 36� < # < 144�.

3 Identi�cation of J Candidates

The trigger requirements and the selection criteria for hadronic events have been described

in detail elsewhere [10]. Muons are identi�ed and measured in the muon chamber system.

We require that a muon track consists of track segments in at least two of the three layers

of the muon chambers and that the muon track points to the interaction region. Electrons

are identi�ed by associating clusters of energy in the BGO calorimeter with charged tracks in

the central tracking chamber. The lateral shower pro�le has to be consistent with the shape

of an electromagnetic shower as determined from test beam studies. Furthermore, the track

associated with the cluster should be separated from other tracks.

In the laboratory system, the J mesons often decay into one high and one low momentum

lepton. We therefore select muons and electrons with a momentum larger than 2 GeV, rather

than the usual 3 or 4 GeV criterion that we impose for other analyses [11], and place less

stringent cuts on the shower shape for one of the electrons. We require the opening angle

between two oppositely charged lepton candidates to be smaller than 90�.

Lepton pairs that pass the above cuts can also arise from several di�erent background

sources. The dominant source is the semileptonic decay of a b-hadron to a c-hadron, followed

by the semileptonic decay of the c-hadron. Other sources are: a prompt lepton from a b- or

c-hadron decay, with a misidenti�ed hadron or a lepton from K or � decay; a misidenti�ed

hadron with a lepton from K or � decay; and two misidenti�ed hadrons. All these processes

tend to give masses well below that of the J meson.

4 Background Simulation and Acceptance Calculation

To simulate the background processes, we use 800 000 �ve 
avour Z0 ! q�q Monte Carlo events

produced using the JETSET model [12]. In addition, we generate 70 000 and 90 000 b-
avour
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events, in which one of the b-quarks is forced to decay semileptonically into a � or e, respectively.

These are of particular relevance due to the dominant background coming from Z0 ! b�b events.

The events are passed through the full L3 detector simulation [13], which includes the

e�ects of experimental resolution, energy loss, multiple scattering, interactions and decays

in the detector materials. The Peterson fragmentation function [14] is used in the Monte

Carlo simulation to describe the fragmentation of c- and b-quarks. The input fragmentation

parameters used in the generator are: "zc = 0.07 for c-quarks, found by extrapolation from

PETRA and PEP data [15], and "zb = 0.008 for b-quarks, taken from our own measurement [11].

We also use the L3 measurement of Br(b ! ` + X) = 0:119 � 0:003 (stat:) � 0:006 (sys:) [11]

and take Br(c! ` +X) = 0:096 � 0:006 from measurements at PETRA and PEP [16].

The acceptance for J ! �+�� is mainly determined by the angular coverage of the muon

chambers and the absorption of low momentum muons in the calorimeter. The acceptance

calculation was based on the fully simulated JETSET Monte Carlo b-
avour events, requiring

the decay chain b! J + X; J! �+�� for one of the b-hadrons. The acceptance for this process

is calculated to be 0:28�0:01(stat:). The acceptance for J! e+e� is determined by the angular

coverage of the BGO barrel electromagnetic calorimeter and the isolation requirements imposed

by the electron selection criteria. The acceptance for J ! e+e� coming from b ! J + X is

calculated to be 0:15� 0:01 (stat:).

The systematic error on the selection e�ciencies is estimated by varying the cuts, in partic-

ular the momentum cut which is varied from 2 to 4 GeV. We also apply extra kinematic cuts,

especially for the case when the two leptons are in di�erent jets.

Ine�ciencies in the TEC, BGO and muon chambers are not included in the Monte Carlo

simulation. They are calculated using the data. Taking into account the correlations between

the two leptons, the e�ciency for �nding the two muons is "�+�� = 0:92 � 0:02 (stat:) and for

the two electrons is "e+e� = 0:82 � 0:02 (stat:).

J mesons can also result from the cascade decay of  0's and the radiative decay of �c's

produced in b-hadron decay [17]. From a Monte Carlo simulation, the e�ect of the cascade

decays on the acceptance and the J momentum spectrum is negligible.

5 Determination of Br(Z0 ! J + X)

The measured invariant mass distributions of the `+`� pairs are shown in Figure 2. We �t the

invariant mass distribution in the mass region 2:0 < m`+`� < 4:0 GeV with a Gaussian for the

signal and a polynomial for the background. The width of the Gaussian and the shape of the

background are determined using the Monte Carlo events. We use a width of 110 MeV for the

�+�� channel and 100 MeV for the e+e� channel. As can be seen from the �gure the shape of

the background is well reproduced by the simulation. The scale is left free in the �t, but di�ers

from the absolute prediction by less than 10%. We �nd 43�8 J! �+�� candidates and 15�5

J! e+e� candidate events over backgrounds of 15 and 5 events, respectively.

The systematic error coming from the �t was estimated by using an exponential function

for the background shape, by varying the width of the Gaussian by 10 MeV and by varying the

range over which we performed the �t. Leaving the width or the background shape free in the

�t, we obtain consistent results, but with larger errors.

The branching ratio Z0 ! J + X is calculated as follows:

Br(Z0 ! J + X) =
NJ

"J � "`+`�

� "h
Nh

� �h

�Z

� 1

Br(J! `+`�)
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where NJ and Nh are the number of the J meson signal events and the total number of hadronic

Z0 decays, respectively, and "h is the selection e�ciency for hadronic events [10]. "J denotes

the geometric and kinematic acceptance for the J meson, while "`+`� takes into account detec-

tor ine�ciencies that are not included in the Monte Carlo simulation. Both e�ciencies were

described in the previous section.
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Figure 2: The invariant mass distributions of (a) �+��, and (b) e+e� pairs. The

curves are the result of the �t described in the text. The contributions from the

various backgrounds are shown by the histograms.

�h and �Z are taken from the L3 measurements [10]. We use the recent measurement of

Br(J ! `+`�) = 0:0590 � 0:0015 (stat:) � 0:0019 (sys:) from the MARK-III experiment [18].

We determine:

Br(Z0 ! J + X) = (4:5� 0:8 (stat:) � 0:4 (sys:)) � 10�3 from the �+�� channel and

Br(Z0 ! J + X) = (3:5� 1:2 (stat:) � 0:4 (sys:)) � 10�3 from the e+e� channel.

Table 1 lists the various contributions to the systematic error on the measurement of the

branching ratio Br(Z0 ! J + X). These are added in quadrature to obtain the total systematic

error. Combining the two measurements and taking into account the common systematic errors,
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we obtain an average branching ratio:

Br(Z0 ! J + X) = (4:1� 0:7 (stat:)� 0:3 (sys:)) � 10�3:

This is in good agreement with the other measurement made at LEP [4].

Contribution �Br(Z0 ! J + X) � 10�3

�+�� e+e�

Fitting procedure 0.2 0.3

J selection 0.2 0.2

Dimuon detection e�ciencies 0.1 |

Dielectron detection e�ciencies | 0.1

Br(J! `+`�) 0.2 0.2

Table 1: Contributions to the systematic error on the Br(Z0 ! J + X) measurement,

obtained by changing the method or varying the parameters by their errors, as

described in the text.

6 Upper Limit on Br(Z0 ! q�qg�; g� ! J + X)

To distinguish the J mesons produced by gluon jets from those coming from the b-hadron

decays, we make use of the fact that in the former case the J mesons are expected to be

produced at large angles, #J, with respect to the most energetic quark. We approximate the

quark direction by that of the most energetic jet in the event. Figure 3a shows the angular

distribution of #J for the J candidate events in the mass region 2:8 < m`+`� < 3:4 GeV and for

the predicted background. The predicted distributions for b! J+X and g� ! J+X are shown

in Figures 3b and 3c respectively. The angular distribution for Figure 3c is produced using the

CORFUJ model [19], in which the excited gluon decays into a J meson and two gluons. The

muon and electron samples are combined in these �gures. A sample enriched in J particles

from gluon jets can be obtained by selecting events in the range 20� < #J < 160�. There are a

total of 11 data events in this range. The number of background events predicted by the Monte

Carlo is 4, leaving 7 events from gluons or b-decays. This number is small compared with the

59 events obtained without this additional cut, indicating that J production from gluon jets is

suppressed.

We set a limit on the production rate from gluon jets by performing a maximum likelihood

�t to the #J distribution over the entire angular range. In the �t we vary the fraction of

g� ! J + X and b ! J + X. The background contribution is obtained using the �ve-
avour

Monte Carlo events generated with JETSET. The fraction of J mesons coming from gluon jets

is determined to be:

fg = 0:03+0:08
�0:06 (stat:) � 0:02 (sys:)

The systematic error comes from the uncertainty in the background contribution.
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Figure 3: The #J distributions for (a) the data, and the background as predicted by

Monte Carlo; (b) the decay chain Z0 ! b�b; b(�b)! J + X; J! `+`� Monte Carlo

simulation; and (c) the decay chain Z0 ! q�qg�; g� ! J + X; J! `+`� as predicted

by the CORFUJ model. Figures (b) and (c) are normalized to the number of events

in the background-subtracted data.

The acceptance for the decay chain Z0 ! q�qg�; g� ! J + X; J ! `+`� is determined to

be 0:20 � 0:01 for J ! �+�� and 0:12 � 0:01 for J ! e+e�, including all detector e�ciencies.

Constraining 0 � fg � 1, we set an upper limit of Br(Z0 ! q�qg�; g� ! J + X) < 7:0 � 10�4

at 90% con�dence level.

7 Determination of Br(b! J + X)

The branching ratio Br(b! J + X) can be deduced using the following relationship:

Br(b! J + X) =
�Z

2 � �b�b

� (1 � fg) � Br(Z0 ! J + X):

Using the L3 measurement of �Z [10] and �b�b [11], we �nd

Br(b! J + X) = (1:3� 0:2 (stat:)� 0:2 (sys:)) � 10�2:
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This branching ratio may be compared with (1:12 � 0:20) � 10�2 obtained by experiments

at CESR and DORIS [3] for Bu and Bd mesons. Taking into account the di�erent values for

Br(J! `+`�) used in the calculations, the ratio of the two branching ratios is 1:00 � 0:24. It

should be noted that in addition to the Bu and Bd mesons, Bs and Bc mesons and b-baryons

are also produced at LEP. We therefore measure the average branching ratio of Br(b! J + X)

weighted by a larger variety of b-hadrons than at CESR and DORIS.

8 Measurement of the b-quark Fragmentation

Given that the J mesons are produced predominantly from the decay of the b-hadrons, the

measured J momentum is sensitive to the fragmentation of the b-quark. We can use the J

momentum distribution to determine that of the b-quark.

The momentum distributions for the J meson candidates from the �+�� and e+e� channels

in the mass region 2:8 < m`
+
`
� < 3:4 GeV are shown in Figure 4. The fraction of the events

that are from b ! J + X is about 75%. The background is dominated by events with one

prompt lepton and one from a cascade decay. We perform a binned maximum likelihood �t to

the distributions, to extract the Peterson fragmentation parameter [14], "b. In the �t, the J

momentum distribution and the one due to the cascade decay of the b-hadron are weighted as

a function of x
E
� 2Ehadron=

p
s by varying the parameter "b, assuming that the xE

distribution

can be approximated by the Peterson function (replacing z by x
E
). The number of Monte Carlo

events is normalized to the number of J candidate events.

The systematic error is estimated by varying background fraction and selection criteria

and includes the uncertainty in the fraction of events coming from gluons. We also used the

EURODEC [20] package to simulate the weak decay of the b-hadron produced by the JETSET

program. The di�erences in the treatment of the b-hadron decay contributes �0:006 to the

systematic error on "b.

We perform a combined �t using the inclusive e+e� and �+�� events and obtain:

"b = 0:044+0:026
�0:018 (stat:)

+0:009
�0:013 (sys:);

which corresponds to the average energy fraction of b-hadron:

hx
E
i = 0:70� 0:03 (stat:)+0:02

�0:01 (sys:):

This measurement is in good agreement with our earlier results on b-quark fragmentation,

obtained by a study of the momentum and transverse momentum spectra of inclusive leptons

from b-hadron semileptonic decays [11], where we found "b = 0:050�0:004(stat:)�0:010(sys:).

9 Summary

We have performed a measurement of the production of J mesons using a sample of 410 000

hadronic Z0 decays. From a study of the invariant mass spectra of muon and electron pairs, we

�nd

Br(Z0 ! J + X) = (4:1� 0:7 (stat:)� 0:3 (sys:)) � 10�3:

By studying the angular distribution of the J mesons with respect to most energetic jet, we

set an upper limit on J meson production from excited gluons of

Br(Z0 ! q�qg�; g� ! J + X) < 7:0 � 10�4
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Figure 4: The J momentum distributions from (a) the �+��, and (b) the e+e�

channels. The �t result and the background contributions are also shown.

at 90% con�dence level.

The branching ratio for the production of J mesons from b-quarks, taking into account those

coming from gluons, is calculated to be

Br(b! J + X) = (1:3� 0:2 (stat:)� 0:2 (sys:)) � 10�2:

From a �t to the momentum distribution of the J meson candidates, the average fractional

energy of b-hadrons in Z0 ! b�b decays is determined to be

hx
E
i = 0:70� 0:03 (stat:)+0:02

�0:01 (sys:):
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