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1 Introduction

The four LEP experiments have previously presented [1] parameters derived from the Z resonance
using published and preliminary results based on data recorded until the end of 1995. Since then
additional results have become available. To allow a quick assessment, a box highlighting the updates
is given at the beginning of each section. Since 1996 LEP has run at energies above the W-pair
production threshold. In 1998 the delivered luminosity was significantly higher than in previous years,
and thus the knowledge of the properties of the W boson, especially its mass, has been significantly
improved. These results are denoted as LEP-II results.

The LEP-I data (1990-1995) consist of the hadronic and leptonic cross sections, the leptonic
forward-backward asymmetries, the τ polarisation asymmetries, the bb and cc partial widths and
forward-backward asymmetries and the qq charge asymmetry. The measurements of the bb and cc
partial widths and left-right-forward-backward asymmetries for b and c quarks from SLD are treated
consistently with the LEP data. Many technical aspects of their combination have already been
described in References 2, 3 and references therein.

This note is organised as follows:

Section 2 Z line shape and leptonic forward-backward asymmetries;

Section 3 ff production at energies above the Z;

Section 4 τ polarisation;

Section 5 ALR measurement at SLD;

Section 6 Heavy flavour analyses;

Section 7 Inclusive hadronic charge asymmetry;

Section 8 W boson properties, including mW, branching ratios, WW production cross sections and
triple-gauge-boson couplings;

Section 9 ZZ production cross sections;

Section 10 Interpretation of the results, including the combination of results from LEP, SLD, neu-
trino interaction experiments and from CDF and DØ;

Section 11 Prospects for the future.
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2 Z Lineshape and Lepton Forward-Backward Asymmetries

Updates with respect to last summer:
All experiments have updated their results. ALEPH have presented final values. Many recent theo-
retical developments have been included in the results and fits.

2.1 Results from the Z Peak Data

The results presented here are based on the full LEP-I data set. This includes the data taken during
the energy scans in 1990 and 1991 in the range1 |√s−mZ| < 3 GeV, the data collected at the Z peak
in 1992 and preliminary analyses of the energy scans in 1993 and 1995 (|√s−mZ| < 1.8 GeV) and the
peak running in 1994. The total statistics and the systematic errors on the individual analyses of the
four LEP collaborations are given in Tables 1 and 2. Details of the individual analyses can be found
in References 4–7.

ALEPH DELPHI L3 OPAL LEP
qq ’90-’91 433 357 416 454 1660

’92 633 697 678 733 2741
’93 prel. 630 682 646 642 2600
’94 prel. 1640 1310 1359 1585 5894
’95 prel. 735 659 526 652 2572

total 4071 3705 3625 4066 15467
`+`− ’90-’91 53 36 40 58 187

’92 77 70 58 88 293
’93 prel. 78 75 64 79 296
’94 prel. 202 137 127 191 657
’95 prel. 90 66 54 81 291

total 500 384 343 497 1724

Table 1: LEP statistics in units of 103 events used for the analysis of the Z line shape and lepton
forward-backward asymmetries.

For the averaging of results the LEP experiments provide a standard set of 9 parameters describing
the information contained in hadronic and leptonic cross sections and leptonic forward-backward
asymmetries [2, 10]. These parameters are convenient for fitting and averaging since they have small
correlations. They are:

• The mass and total width of the Z boson, where the definition is based on the Breit-Wigner
denominator (s − m2

Z + isΓZ/mZ) (s-dependent width) [11].

• The hadronic pole cross section of Z exchange:

σ0
h ≡ 12π

m2
Z

ΓeeΓhad

Γ2
Z

. (1)

Here Γee and Γhad are the partial widths of the Z for decays into electrons and hadrons.
1In this note h̄ = c = 1.
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ALEPH DELPHI L3 OPAL
’93 ’94 ’95 ’93 ’94 ’95 ’93 ’94 ’95 ’93 ’94 ’95

prel. prel. prel. prel. prel. prel. prel. prel. prel.

Lexp. (a) 0.067% 0.073% 0.080% 0.24% 0.09% 0.09% 0.086% 0.064% 0.068% 0.033% 0.033% 0.034%
σhad 0.069% 0.072% 0.073% 0.10% 0.11% 0.10% 0.042% 0.041% 0.042% 0.073% 0.073% 0.082%
σe 0.18% 0.16% 0.18% 0.46% 0.52% 0.52% 0.24% 0.17% 0.28% 0.17% 0.14% 0.16
σµ 0.11% 0.09% 0.11% 0.28% 0.26% 0.28% 0.32% 0.31% 0.40% 0.16% 0.10% 0.12
στ 0.26% 0.18% 0.25% 0.60% 0.60% 0.60% 0.68% 0.65% 0.76% 0.49% 0.42% 0.48
Ae

FB 0.0012 0.0012 0.0012 0.0026 0.0021 0.0020 0.0025 0.0025 0.0025 0.001 0.001 0.001
Aµ

FB 0.0005 0.0005 0.0005 0.0009 0.0005 0.0010 0.0008 0.0008 0.0015 0.0004 0.0003 0.0004
Aτ

FB 0.0009 0.0007 0.0009 0.0020 0.0020 0.0020 0.0032 0.0032 0.0032 0.0012 0.0012 0.0012

Table 2: Experimental systematic errors for the analysis of the Z line shape and lepton forward-
backward asymmetries at the Z peak. The errors quoted do not include the common uncertainty due
to the LEP energy calibration. The treatment of correlations between the errors for different years is
described in References 4–7.
(a)In addition, there is a theoretical error for the calculation of the small angle Bhabha cross section of 0.054% [8]
for OPAL and a common 0.06% for the other three experiments [9]; the OPAL error has been treated as a fully
correlated component of the common 0.06% error.

• The ratios:
Re ≡ Γhad/Γee, Rµ ≡ Γhad/Γµµ and Rτ ≡ Γhad/Γττ . (2)

Here Γµµ and Γττ are the partial widths of the Z for the decays Z → µ+µ− and Z → τ+τ−. Due
to the large mass of the τ lepton, a small difference of 0.2% is expected between the values for
Re and Rµ, and the value for Rτ , even under the assumption of lepton universality [12].

• The pole asymmetries, A0, e
FB, A0, µ

FB and A0, τ
FB , for the processes e+e− → e+e−, e+e− → µ+µ− and

e+e− → τ+τ−. In terms of the real parts of the effective vector and axial-vector neutral current
couplings of fermions, gV f and gAf , the pole asymmetries are expressed as

A0, f
FB ≡ 3

4
AeAf (3)

with
Af ≡ 2gV fgAf

g2
V f + g2

Af

. (4)

The imaginary parts of the vector and axial-vector coupling constants as well as real and imaginary
parts of the photon vacuum polarisation are taken into account explicitly in the fitting formulae and
are fixed to their Standard Model values. The fitting procedure takes into account effects of initial-
state radiation [11] to O(α3) [13–15], as well as t-channel and s-t interference contributions in the case
of e+e− final states.

The set of 9 parameters does not describe hadron and lepton-pair production completely, because
it does not include the interference of the s-channel Z exchange with the s-channel γ exchange. For
the results presented in this section and used in the rest of the note, the γ-exchange contributions
and the hadronic γZ interference terms are fixed to their Standard Model values. The leptonic γZ
interference terms are expressed in terms of the effective couplings.

The four sets of 9 parameters provided by the LEP experiments are presented in Table 3. The
covariance matrix of these parameters is constructed [10, 16] from the covariance matrices of the
individual LEP experiments and common systematic errors [16]. The common systematic errors
include theoretical errors as well as errors arising from the uncertainty in the LEP beam energy. The
beam energy contributes 1.7 MeV to mZ and 1.2 MeV to ΓZ [17]. In addition, the uncertainty in the
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centre-of-mass energy spread of about 1 MeV [18] contributes 0.2 MeV to ΓZ. The theoretical error
on calculations of the small-angle Bhabha cross section is 0.054% [8] for OPAL and 0.06% [9] for all
other experiments, and results in the largest systematic uncertainty on σ0

h. QED radiation, dominated
by photon radiation from the initial state electrons, contributes an estimated common uncertainty of
±0.02% on σ0

h and of ±0.5 MeV on mZ and ΓZ, where the latter one is dominated by the uncertainty in
fermion pair radiation. The contribution of t-channel diagrams and the s-t interference in Z → e+e−

leads to an additional theoretical uncertainty estimated to be ±0.11% on Re and to ±0.0013 on
A0, e

FB, which are −100% correlated. Uncertainties from the model-independent parameterisation of
the energy dependence of the cross section are almost negligible, if the definitions of Reference [19]
are applied. Through unavoidable Standard Model remnants, dominated by the need to fix the γ-Z
interference contribution in the qq channel, there is some small dependence of ±0.3 MeV of mZ on
the Higgs mass, mH (in the range 95 GeV to 1000 GeV), or the value of the electromagnetic coupling
constant. Such “parametric” errors are negligible for the other pseudo-observables. The combined
parameter set and its correlation matrix are given in Tables 4 and 5.

ALEPH DELPHI L3 OPAL
mZ(GeV) 91.1886±0.0031 91.1864±0.0029 91.1893±0.0030 91.1852±0.0029
ΓZ(GeV) 2.4952±0.0043 2.4870±0.0041 2.5017±0.0041 2.4941±0.0041

σ0
h(nb) 41.558±0.057 41.580±0.069 41.536±0.055 41.508±0.055

Re 20.683±0.075 20.88±0.12 20.814±0.089 20.905±0.085
Rµ 20.800±0.056 20.650±0.076 20.860±0.097 20.813±0.058
Rτ 20.707±0.062 20.84±0.13 20.79±0.14 20.834±0.091

A0, e
FB 0.0184±0.0034 0.0173±0.0049 0.0106±0.0058 0.0090±0.0044

A0, µ
FB 0.0171±0.0024 0.0165±0.0025 0.0188±0.0033 0.0154±0.0023

A0, τ
FB 0.0170±0.0028 0.0241±0.0037 0.0260±0.0047 0.0145±0.0030

χ2/d.o.f. 169/176 179/168 159/166 157/202

Table 3: Line shape and asymmetry parameters from 9-parameter fits to the data of the four LEP
experiments.

Parameter Average Value
mZ(GeV) 91.1872±0.0021
ΓZ(GeV) 2.4944±0.0024
σ0

h(nb) 41.544±0.037
Re 20.803±0.049
Rµ 20.786±0.033
Rτ 20.764±0.045
A0, e

FB 0.0145±0.0024
A0, µ

FB 0.0167±0.0013
A0, τ

FB 0.0188±0.0017

Table 4: Average line shape and asymmetry parameters from the data of the four LEP experiments
given in Table 3, without the assumption of lepton universality. The χ2/d.o.f. of the average is 32/27.

If lepton universality is assumed, the set of 9 parameters given above is reduced to a set of 5
parameters. R` is defined as R` ≡ Γhad/Γ``, where Γ`` refers to the partial Z width for the decay into
a pair of massless charged leptons. The data of each of the four LEP experiments are consistent with
lepton universality (the difference in χ2 over the difference in d.o.f. with and without the assumption
of lepton universality is 4/4, 5/4, 5/4 and 2/4 for ALEPH, DELPHI, L3 and OPAL, respectively).
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Table 6 gives the five parameters mZ, ΓZ, σ0
h, R` and A0, `

FB for the individual LEP experiments, assuming
lepton universality. Tables 7 and 8 give the combined result and the corresponding correlation matrix.
Figure 1 shows, for each lepton species and for the combination assuming lepton universality, the
resulting 68% probability contours in the R`-A

0, `
FB plane. For completeness the partial decay widths of

the Z boson are listed in Table 9, although it should be noted that they are more correlated than the
ratios given in Tables 4 and 5.

mZ ΓZ σ0
h Re Rµ Rτ A0, e

FB A0, µ
FB A0, τ

FB

mZ 1.000 −0.008 −0.050 0.073 0.001 0.002 −0.015 0.046 0.034
ΓZ −0.008 1.000 −0.284 −0.006 0.008 0.000 −0.002 0.002 −0.003
σ0

h −0.050 −0.284 1.000 0.109 0.137 0.100 0.008 0.001 0.007
Re 0.073 −0.006 0.109 1.000 0.070 0.044 −0.356 0.023 0.016
Rµ 0.001 0.008 0.137 0.070 1.000 0.072 0.005 0.006 0.004
Rτ 0.002 0.000 0.100 0.044 0.072 1.000 0.003 −0.003 0.010
A0, e

FB −0.015 −0.002 0.008 −0.356 0.005 0.003 1.000 −0.026 −0.020
A0, µ

FB 0.046 0.002 0.001 0.023 0.006 −0.003 −0.026 1.000 0.045
A0, τ

FB 0.034 −0.003 0.007 0.016 0.004 0.010 −0.020 0.045 1.000

Table 5: The correlation matrix for the set of parameters given in Table 4.

ALEPH DELPHI L3 OPAL
mZ(GeV) 91.1888±0.0031 91.1862±0.0029 91.1890±0.0030 91.1847±0.0029
ΓZ(GeV) 2.4951±0.0043 2.4870±0.0041 2.5017±0.0041 2.4941±0.0040
σ0

h(nb) 41.558±0.057 41.580±0.069 41.536±0.054 41.508±0.054
R` 20.726±0.039 20.728±0.060 20.810±0.061 20.824±0.045

A0, `
FB 0.0172±0.0016 0.0186±0.0019 0.0192±0.0024 0.0142±0.0017

χ2/d.o.f. 173/180 184/172 165/170 160/206

Table 6: Line shape and asymmetry parameters from 5-parameter fits to the data of the four LEP
experiments, assuming lepton universality. R` is defined as R` ≡ Γhad/Γ``, where Γ`` refers to the
partial Z width for the decay into a pair of massless charged leptons.

Parameter Average Value
mZ(GeV) 91.1871±0.0021
ΓZ(GeV) 2.4944±0.0024
σ0

h(nb) 41.544±0.037
R` 20.768±0.024

A0, `
FB 0.01701±0.00095

Table 7: Average line shape and asymmetry parameters assuming lepton universality. These results
are derived from the LEP average given in Table 4.
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mZ ΓZ σ0
h R` A0, `

FB

mZ 1.000 −0.008 −0.051 0.031 0.053
ΓZ −0.008 1.000 −0.284 0.002 −0.002
σ0

h −0.051 −0.284 1.000 0.193 0.010
R` 0.031 0.002 0.193 1.000 −0.054

A0, `
FB 0.053 −0.002 0.010 −0.054 1.000

Table 8: The correlation matrix for the set of parameters given in Table 7.

Without Lepton Universality
Γee (MeV) 83.90±0.12
Γµµ (MeV) 83.96±0.18
Γττ (MeV) 84.05±0.22

With Lepton Universality
Γ`` (MeV) 83.959±0.089
Γhad (MeV) 1743.9±2.0
Γinv (MeV) 498.8±1.5

Table 9: Partial decay widths of the Z boson, derived from the results of the 9-parameter (Tables 4
and 5) and the 5-parameter (Tables 7 and 8) fits. In the case of lepton universality, Γ`` refers to the
partial Z width for the decay into a pair of massless charged leptons.
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Figure 1: Contours of 68% probability in the R`-A
0, `
FB plane. For better comparison the results for

the τ lepton are corrected to correspond to the massless case. The Standard Model prediction for
mZ = 91.1871 GeV, mt = 174.3 GeV, mH = 300 GeV, and αs(m2

Z) = 0.119 is also shown. The lines
with arrows correspond to the variation of the Standard Model prediction when mt, mH and αs(m2

Z)
are varied in the intervals mt = 174.3 ± 5.1 GeV, mH = 300+700

−205 GeV, and αs(m2
Z) = 0.119 ± 0.002,

respectively. The arrows point in the direction of increasing values of mt, mH and αs.
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3 Fermion-pair production at LEP2 energies

Updates with respect to last summer:
This is a new section.

LEP has operated at energies well above the Z resonance since autumn 1995. During this time data
have been collected at centre-of-mass energies of 130.2 and 136.2 GeV (in 1995 and 1997), 161.3 and
172.1 GeV (in 1996), 182.7 GeV (in 1997) and 188.6 GeV (in 1998). In this section the combination
of the LEP results on e+e− → ff for the data taken up to 1998 is considered.

The effect of initial state radiation is to reduce the effective center-of-mass energy
√

s′ of the
final state fermion-pair. Because of the presence of the Z resonance, a large fraction of the events
produced via an s=channel process will have

√
(s′) ≈ mZ. For this reason, all experiments have

divided their LEP-II samples into “radiative” and non-radiative samples, based on the the value of√
(s′). The events with high effective center-of-mass energy are particularly interesting as they probe

the hard-scattering processes at these high energies.

We combine directly the measured data in terms of cross sections (for qq, µ+µ− and τ+τ− final
states) and forward-backward asymmetries (for µ+µ− and τ+τ− final states). In this first attempt
at such a combination, the e+e− final state is not considered, due to the complication of the t-
channel effects. Nor are measurements for specific quark flavour final states combined. Only data
corresponding to the non-radiative event samples are considered. Furthermore, the combination is
made, so far, only for the 183 and 189 GeV datasets as these have the highest luminosities and
centre-of-mass energies.

3.1 Definition of the ff Signal

There are differences between the LEP experiments in the methods used to determine
√

s′, the treat-
ment of the ISR-FSR interference and the angular acceptance over which the results are presented.
The definition of

√
s′ has some subtleties which are discussed in more detail in Reference 20. Therefore

it was necessary to choose a common definition of the ff signal.

The averages presented here are obtained using two alternatives for the common signal definition:

• Definition 1:
√

s′ is taken to be the mass of the s-channel propagator, with the ff signal being
defined by the cut

√
s′/s > 0.85. ISR-FSR photon interference is subtracted to render the

propagator mass unambiguous.

• Definition 2: For dilepton events,
√

s′ is taken to be the bare invariant mass of outgoing
difermion pair. For hadronic events, it is taken to be the mass of the s-channel propagator.
In both cases, ISR-FSR photon interference is included and the signal is defined by the cut√

s′/s > 0.85. When calculating the contribution to the hadronic cross section due to ISR-FSR
interference, since the propagator mass is ill-defined, it is replaced by the bare qq mass.

For both definitions, results are presented inside the full 4π angular acceptance. Events containing
additional fermion pairs from radiative processes are considered to be signal, providing that the pri-
mary pair passes the cut on

√
s′/s and that the secondary pair has a mass below 70 GeV. The signal

definitions used by the individual LEP experiments can be found in Reference 20. Definition 1 corre-
sponds to that used by L3 and OPAL, whereas Definition 2 represents a compromise between those
of ALEPH and DELPHI.
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3.2 Input ff Data

In order to make the combination, each LEP experiment provided their measurements of the qq,
µ+µ− and τ+τ− cross sections and of the µ+µ− and τ+τ− asymmetries at 183 and 189 GeV according
to their own signal definition. The results given by the experiments are based on numbers in their
publications [21], although some applied small corrections to these.

The total uncertainty on each measurement is broken down into five subcomponents. For the
results of final state X from experiment Y at a particular centre-of-mass energy, these are:

1) The statistical uncertainty plus uncorrelated systematic uncertainties, combined in quadrature.

2) The systematic uncertainty for the final state X which is fully correlated between energy points
for that experiment.

3) The systematic uncertainty for experiment Y which is fully correlated between different final
states for this energy point.

4) The systematic uncertainty for the final state X which is fully correlated between energy points
and between different experiments.

5) The systematic uncertainty which is fully correlated between energy points and between different
experiments for all final states.

Note that cross section measurements are always considered to be uncorrelated with asymmetry mea-
surements.

It should be stressed that the breakdown of the errors in this form is a first attempt to do so and
that, as such, it should be considered as preliminary.

3.3 Averaging Method for ff

Before they are averaged, the measurements from each experiment are corrected to the common choice
of signal definition by comparing Standard Model (SM) predictions for the measurements, according
to the experiment’s own signal definition, to predictions for the common definition.

The SM predictions are calculated using the semi-analytical program ZFITTER 6.04 [22]. The
theoretical uncertainties on these predictions are assessed by comparison with the results of the semi-
analytical program TOPAZ0 4.4 [23] and the Monte Carlo generator KK 4.02 [24]. More details
on these, plus other generators used in e+e− → ff analysis, can be found in the web pages of the
LEP-II Monte Carlo Workshop [25]. The corrections applied to the data typically correspond to
adding/removing ISR-FSR photon interference, changing the definition of

√
s′ between propagator and

bare difermion mass, and altering the cuts on
√

s′ or on the polar angle acceptance. The maximum
discrepancies seen between ZFITTER, TOPAZ0 and KK for the size of the corrections are 0.2% for the
hadronic cross sections, 0.7% for dilepton cross sections and 0.003 for the leptonic asymmetries. These
are taken as preliminary estimates of the theoretical uncertainty on the correction procedure [26]. A
more exhaustive evaluation of the theoretical uncertainties is currently underway within the framework
of the LEP-II Monte Carlo Workshop.
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There are 40 input measurements, comprising 2 centre-of-mass energies times 4 experiments times
3 cross sections plus 2 asymmetries. The 40×40 error matrix E on these measurements is constructed,
such that its element i, j is given by

Eij =
5∑

k=1

Ck
ijσ

k
i σk

j ,

where the sum extends over the five error contributions described in Section 3.2. σk
i represents the

uncertainty on measurement i due to error source k (1 ≤ k ≤ 5). The factor Ck
ij is equal to 1 if error

k correlates measurements i and j and equals zero if it does not.

The χ2 which must be minimized to obtain the averages is then

χ2 = (V − A)T E−1 (V − A),

where V is a vector containing the 40 corrected input measurements, and A is a vector containing the
desired averages corresponding to each of these measurements. The 40 elements of vector A consist
of ten independent numbers (the averages) repeated four times.

3.4 Results of ff averages

In this section the results of the combination made for the 1999 Summer Conferences are presented.
This information is also available on the web page [27].

Table 10 shows the preliminary combined results corresponding to the signal Definition 1, described
in Section 3.1. Shown are the average cross sections and lepton forward-backward asymmetries at 183
and 189 GeV, together with the corresponding SM predictions obtained from ZFITTER 6.04. The
quoted uncertainties on each result do not include the theoretical uncertainties arising from correcting
the input data to a common signal definition, discussed in Section 3.3. Also shown is the difference
between the results for Definition 1 and Definition 2. Due to the procedure of correcting the data, the
same correction must be applied to the results and to the SM prediction.

The χ2 per degree of freedom of the two sets of averages are identical at 24.6/30. The correlation
matrix for the combination is also identical in both cases. It is given Table 11. The correlations
are rather small, with the largest being 18% between the qq cross sections at 183 and 189 GeV. The
combined errors are dominated by the statistical and uncorrelated experimental systematics. For
example, for the 189 GeV hadronic cross section the part of the error arising from the correlated
components is about one-third of the total error.

Figure 2 shows the LEP averaged cross sections and asymmetries, respectively, (based on Defini-
tion 1), as a function of centre-of-mass energy, together with the SM predictions.

There is good agreement between the SM expectations and the measurements of the individual
experiments and the combined averages. There is no evidence in e+e− → ff for physics beyond the
SM.

3.5 Contact Interactions

The data can be used to put limits on various models of new physics beyond the SM. As an example
of the sensitivity to physics beyond the Standard Model, the combined cross sections and asymmetries
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cms energy quantity average value SM prediction ∆(2 − 1)
182.7 GeV σ(qq) 24.54 ± 0.43 pb 24.20 pb −0.11 pb

σ(µ+µ−) 3.44 ± 0.14 pb 3.45 pb −0.14 pb
σ(τ+τ−) 3.43 ± 0.18 pb 3.45 pb −0.05 pb
AFB(µ+µ−) 0.547 ± 0.034 0.576 0.018
AFB(τ+τ−) 0.615 ± 0.044 0.576 0.018

188.6 GeV σ(qq) 22.38 ± 0.25 pb 22.16 pb −0.10 pb
σ(µ+µ−) 3.193 ± 0.083 pb 3.207 pb −0.131 pb
σ(τ+τ−) 3.135 ± 0.102 pb 3.207 pb −0.048 pb
AFB(µ+µ−) 0.562 ± 0.022 0.569 0.019
AFB(τ+τ−) 0.597 ± 0.027 0.569 0.018

Table 10: Preliminary combined 183 and 189 GeV LEP results for e+e− → ff. The results all
correspond to the signal Definition 1 described in Section 3.1. The quoted uncertainties do not
include the theoretical uncertainties discussed in Section 3.3. The last column shows the value that
must be added to the result and the SM prediction to get the values corresponding to Definition 2.

cms energy quantity
183 GeV σ(qq) 1.00 0.01 0.02 0.00 0.00 0.18 0.01 0.01 0.00 0.00

σ(µ+µ−) 0.01 1.00 0.01 0.00 0.00 0.01 0.08 0.00 0.00 0.00
σ(τ+τ−) 0.02 0.01 1.00 0.00 0.00 0.01 0.00 0.09 0.00 0.00

AFB(µ+µ−) 0.00 0.00 0.00 1.00 0.01 0.00 0.00 0.00 0.04 0.00
AFB(τ+τ−) 0.00 0.00 0.00 0.01 1.00 0.00 0.00 0.00 0.00 0.03

189 GeV σ(qq) 0.18 0.01 0.01 0.00 0.00 1.00 0.01 0.01 0.00 0.00
σ(µ+µ−) 0.01 0.08 0.00 0.00 0.00 0.01 1.00 0.00 0.00 0.00
σ(τ+τ−) 0.01 0.00 0.09 0.00 0.00 0.01 0.00 1.00 0.00 0.00

AFB(µ+µ−) 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 1.00 0.04
AFB(τ+τ−) 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.04 1.00

Table 11: The correlation matrix of the averaged results.

for e+e− → µ+µ− and e+e− → τ+τ− have been used to place limits on contact interactions between
leptons. Following reference [28] these interactions are parameterised by an effective Lagrangian Leff ,
added to the Standard Model Lagrangian of the form

Leff =
g2

(1 + δ)Λ2

∑
i,j=L,R

ηijeiγµeif jγ
µfj, (5)

where g2/4π is taken to be 1 by convention, δ = 1 (0) for f = e (f 6= e), ηij = ±1 or 0, Λ is
the scale of the contact interactions, ei and fj are left or right-handed spinors. By assuming different
helicity coupling between the initial state and final state currents and either constructive or destructive
interference with the Standard Model (according to the choice of each ηij) a basic set of 6 different
models can be defined from this Lagrangian [29], with either constructive (+) or destructive (−)
interference between the Standard Model process and the contact interactions. The models LL, RR,
VV and AA are considered here since these models lead to large deviations in the e+e− → µ+µ−

and e+e− → τ+τ− channels. The total hadronic cross section on its own is not particularly sensitive
to contact interactions involving quarks. For the purpose of fitting contact interaction models to
the data, a new parameter ε = 1/Λ2 is defined with ε = 0 in the limit that there are no contact
interactions. This parameter is allowed to take both positive and negative values in the fits. The
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Figure 2: Preliminary combined LEP results on the cross sections and forward-backward asymmetries
as a function of cms energy. The expectations of the SM are also shown. The lower plots show the
differences between the data and the SM, divided by the SM prediction.

values of ε extracted for each model were all compatible with the Standard Model expectation ε = 0,
at the two standard deviation level. These errors on ε are typically a factor of two smaller than those
obtained from a single LEP experiment with the same data set. The fitted values of ε were converted
into 95% confidence level lower limits on Λ, and are shown in Table 12.
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e+e− → µ+µ−

Model ε (TeV−2) Λ+(TeV) Λ−(TeV)

LL −0.001+0.008
−0.008 8.8 8.4

RR −0.002+0.009
−0.009 8.4 8.0

VV 0.000+0.003
−0.003 14.0 14.4

AA −0.002+0.004
−0.004 12.0 10.6

e+e− → τ+τ−

Model ε (TeV−2) Λ+(TeV) Λ−(TeV)

LL −0.002+0.009
−0.010 7.9 7.3

RR −0.002+0.010
−0.011 7.5 7.0

VV −0.003+0.004
−0.004 12.7 10.3

AA 0.004+0.005
−0.005 9.1 10.9

e+e− → `+`−

Model ε (TeV−2) Λ+(TeV) Λ−(TeV)

LL −0.003+0.006
−0.006 10.0 8.8

RR −0.003+0.007
−0.007 9.5 8.4

VV −0.002+0.002
−0.002 16.2 14.0

AA 0.000+0.003
−0.003 13.6 13.2

Table 12: Fitted values of ε and 95% confidence limits on the scale, Λ, for constructive (+) and
destructive interference (−) with the Standard Model, for the contact interaction models discussed in
the text. Results are given for e+e− → µ+µ−, e+e− → τ+τ− and e+e− → `+`−, assuming universality
in the contact interactions between e+e− → µ+µ− and e+e− → τ+τ−.
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4 The τ Polarisation

Updates with respect to last summer:
DELPHI have updated their results.

The longitudinal τ polarisation Pτ of τ pairs produced in Z decays is defined as

Pτ ≡ σR − σL

σR + σL
, (6)

where σR and σL are the τ -pair cross sections for the production of a right-handed and left-handed
τ−, respectively. The distribution of Pτ as a function of the polar scattering angle θ between the e−

and the τ−, at
√

s = mZ, is given by

Pτ (cos θ) = −Aτ (1 + cos2 θ) + 2Ae cos θ

1 + cos2 θ + 2AτAe cos θ
, (7)

with Ae and Aτ as defined in Equation (4). Equation (7) is valid for pure Z exchange. The effects
of γ exchange, γ-Z interference and electromagnetic radiative corrections for initial-state and final-
state radiation are taken into account in the experimental analyses. In particular, these corrections
account for the

√
s dependence of the τ polarisation, which is important because the off-peak data are

included in the event samples for all experiments. When averaged over all production angles Pτ is a
measurement of Aτ . As a function of cos θ, Pτ (cos θ) provides nearly independent determinations of
both Aτ and Ae, thus allowing a test of the universality of the couplings of the Z to e and τ .

Each experiment makes separate Pτ measurements using the five τ decay modes eνν, µνν, πν, ρν
and a1ν [30–33]. The ρν and πν are the most sensitive channels, contributing weights of about 40%
each in the average. DELPHI and L3 have also used an inclusive hadronic analysis. The combination
is made using the results from each experiment already averaged over the τ decay modes.

4.1 Results

Tables 13 and 14 show the most recent results for Aτ and Ae obtained by the four LEP collabora-
tions [30–33] and their combination. Common systematic errors arise from uncertainties in the decay
radiation in the πν and ρν channels, and in the modelling of the a1 decays [2]. These errors need
further investigation and might need to be taken into account for the final results (see Reference 32).
For the current combination the systematic errors on Aτ and Ae are treated as uncorrelated between
the experiments. The statistical correlation between the extracted values of Aτ and Ae is small (≤
5%), and is neglected.

The average values for Aτ and Ae:

Aτ = 0.1425 ± 0.0044 (8)
Ae = 0.1483 ± 0.0051 , (9)

are compatible, in agreement with lepton universality. Assuming e-τ universality, the values for Aτ

and Ae can be combined. This combination is performed neglecting any possible common systematic
error between Aτ and Ae within a given experiment, as these errors are also estimated to be small.
The combined result of Aτ and Ae is:

A` = 0.1450 ± 0.0033 . (10)
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Experiment Aτ

ALEPH (90 - 95), prel. 0.1452 ± 0.0052 ± 0.0032
DELPHI (90 - 95), prel. 0.1359 ± 0.0079 ± 0.0055
L3 (90 - 95), final 0.1476 ± 0.0088 ± 0.0062
OPAL (90 - 94), final 0.134 ± 0.009 ± 0.010

LEP Average 0.1425 ± 0.0044

Table 13: LEP results for Aτ . The χ2/d.o.f. for the average is 1.3/3. The first error is statistical
and the second systematic. In the LEP average, statistical and systematic errors are combined in
quadrature. The systematic component of the error is ±0.0026.

Experiment Ae

ALEPH (90 - 95), prel. 0.1505 ± 0.0069 ± 0.0010
DELPHI (90 - 95), prel. 0.1382 ± 0.0116 ± 0.0005
L3 (90 - 95), final 0.1678 ± 0.0127 ± 0.0030
OPAL (90 - 94), final 0.129 ± 0.014 ± 0.005

LEP Average 0.1483 ± 0.0051

Table 14: LEP results for Ae. The χ2/d.o.f. for the average is 4.8/3. The first error is statistical
and the second systematic. In the LEP average, statistical and systematic errors are combined in
quadrature. The systematic component of the error is ±0.0009.
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5 Measurement of ALR at SLC

Updates with respect to last summer:
SLD have updated the ALR and the leptonic left-right forward-backward asymmetries.

The measurement of the left-right cross section asymmetry (ALR) by SLD [34] at the SLC provides
a systematically precise, statistics dominated, determination of the coupling Ae, and is presently the
most precise single measurement, with the smallest systematic error, of this quantity. In principle
the analysis is straightforward: one counts the numbers of Z bosons produced by left and right
longitudinally polarised electrons, forms an asymmetry, and then divides by the luminosity-weighted
e− beam polarisation magnitude (the e+ beam is not polarised):

ALR =
NL − NR

NL + NR

1
Pe

. (11)

Since the advent of high polarisation “strained lattice” GaAs photocathodes (1994), the average elec-
tron polarisation at the interaction point has been in the range 73% to 77%. The method requires no
detailed final state event identification (e+e− final state events are removed, as are non-Z backgrounds)
and is insensitive to all acceptance and efficiency effects. The small total systematic error of 0.65%
relative is dominated by the 0.5% relative systematic error in the determination of the e− polarisation.
The present relative statistical error on ALR is about 1.3%.

The precision Compton polarimeter detects beam electrons that have been scattered by photons
from a circularly polarised laser. Two additional polarimeters that are sensitive to the Compton-
scattered photons and which are operated in the absence of positron beam, have verified the precision
polarimeter result to within their estimated errors of about 0.5%. In 1998, a dedicated experiment
was performed in order to directly test the expectation that accidental polarisation of the positron
beam was negligible; the e+ polarisation was found to be consistent with zero (−0.02 ± 0.07%).

The ALR analysis includes several very small corrections. The polarimeter result is corrected for
higher order QED and accelerator related effects (a total of −0.22± 0.15% for 1997/98 data), and the
event asymmetry is corrected for backgrounds and accelerator asymmetries (a total of +0.15± 0.07%,
for 1997/98 data).

The translation of the ALR result to a “pole” value is a −2.5 ± 0.4% effect, where the uncertainty
arises from the precision of the centre-of-mass energy determination. This small error due to the
beam energy measurement is slightly larger than seen previously (it was closer to 0.3%) and reflects
the results of a scan of the Z peak used to calibrate the energy spectrometers to LEP data, which was
performed for the first time during the most recent SLC run. The pole value, A0

LR, is equivalent to a
measurement of Ae.

The 1999 result is included in a running average of all of the SLD ALR measurements (1992, 1993,
1994/1995, 1996, 1997 and 1998). This updated result for A0

LR (Ae) is 0.15108± 0.00218. In addition,
the left-right forward-backward asymmetries for leptonic final states have been measured. From these,
the parameters Ae, Aµ and Aτ can be determined. The preliminary results are Ae = 0.1558± 0.0064,
Aµ = 0.137 ± 0.016 and Aτ = 0.142 ± 0.016.

Assuming lepton universality, the ALR result and the results on the leptonic left-right forward-
backward asymmetries can be combined yielding

A` = 0.15121 ± 0.00204. (12)
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6 Results from b and c Quarks

Updates with respect to last summer:
DELPHI has published their Rb and Rc measurements with the full LEP-I dataset, SLD has included
data up to spring 1998 and L3 have updated their Rb result.
SLD have updated their Rc measurement with more data.
L3 has published their Abb̄

FB with jet charge and Abb̄
FB with lepton measurements. DELPHI has published

Abb̄
FB with jet charge and Abb̄

FB and Acc̄
FB with D mesons. ALEPH has presented new measurements of

Abb̄
FB and Acc̄

FB with leptons at the peak.
SLD have updated most of their Ab and Ac analyses with new data.
DELPHI, L3 and OPAL have updated their BR(b → `) and BR(b → c → ¯̀) measurement.
BR(c → `) is now a fit parameter.

The relevant quantities in the heavy quark sector at LEP/SLD which are currently determined by the
combination procedure are:

• The ratios of the b and c quark partial widths of the Z to its total hadronic partial width:
R0

b ≡ Γbb̄/Γhad and R0
c ≡ Γcc̄/Γhad.

• The forward-backward asymmetries, Abb̄
FB and Acc̄

FB.

• The final state coupling parameters Ab, Ac obtained from the left-right-forward-backward asym-
metry at SLD.

• The semileptonic branching ratios, BR(b → `), BR(b → c → ¯̀) and BR(c → `), and the average
time-integrated B0B0 mixing parameter, χ. These are often determined at the same time or
with similar methods as the asymmetries. Including them in the combination greatly reduces
the errors. For example the measurements of χ act as an effective measurement of the charge
tagging efficiency, so that all errors coming from the mixture of different lepton sources in bb
events cancel in the asymmetries.

For the first time the branching ratio BR(c → `) is also taken from LEP measurements. Because
of the large differences in semileptonic branching ratios of the different charmed hadrons the
usage of the low energy number implied the assumption that the D-hadron mixture is energy
independent. This assumption could be dropped with the new measurements of BR(c → `) at
LEP. However, the LEP results are in excellent agreement with the old assumption.

• The probability that a c quark produces a D+, Ds, D∗+ meson2 or a charmed baryon. The prob-
ability that a c quark fragments into a D0 is calculated from the constraint that the probabilities
for the weakly decaying charmed hadrons add up to one. These quantities (fX) are determined
now with good accuracy by the LEP experiments. The interpretation of the D∗ rate in terms
of Rc and the determination of the charm background in the lifetime tag Rb measurements can
now be made without assumptions on the energy dependence of the D meson production rates.

A full description of the averaging procedure is published in [3]; the main motivations for the procedure
are outlined here. Several analyses measure more than one parameter simultaneously, for example
the asymmetry measurements with leptons or D mesons. Some of the measurements of electroweak
parameters depend explicitly on the values of other parameters, for example Rb depends on Rc.

2Actually the product P(c → D∗+) × BR(D∗+ → π+D0) is fitted because this quantity is needed and measured by
the LEP experiments.
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The common tagging and analysis techniques lead to common sources of systematic uncertainty,
in particular for the double-tag measurements of Rb. The starting point for the combination is
to ensure that all the analyses use a common set of assumptions for input parameters which give
rise to systematic uncertainties. The input parameters have been updated and extended [35] to
accommodate new analyses and more recent measurements. The correlations and interdependences
of the input measurements are then taken into account in a χ2 minimisation which results in the
combined electroweak parameters and their correlation matrix.

In a first fit the asymmetry measurements on peak, above peak and below peak are corrected to
three common centre-of-mass energies and are then combined at each energy point. The results of this
fit, including the SLD results, are given in Appendix A. The dependence of the average asymmetries
on centre-of-mass energy agrees with the prediction of the Standard Model. A second fit is made to
derive the pole asymmetries A0, q

FB from the measured quark asymmetries, in which all the off-peak
asymmetry measurements are corrected to the peak energy before combining. This fit determines
a total of 14 parameters: the two partial widths, two LEP asymmetries, two coupling parameters
from SLD, three semileptonic branching ratios, the average mixing parameter and the probabilities
for c quark to fragment into a D+, a Ds, a D∗+, or a charmed baryon. If the SLD measurements are
excluded from the fit there are 12 parameters to be determined.

6.1 Summary of Measurements and Averaging Procedure

All measurements are presented by the LEP and SLD collaborations in a consistent manner for the
purpose of combination. The tables prepared by the experiments include a detailed breakdown of the
systematic error of each measurement and its dependence on other electroweak parameters. Where
necessary, the experiments apply small corrections to their results in order to use agreed values and
ranges for the input parameters to calculate systematic errors. The measurements, corrected where
necessary, are summarised in Appendix A in Tables 35–54, where the statistical and systematic errors
are quoted separately. The correlated systematic entries are from sources shared with one or more
other results in the table and are derived from the full breakdown of common systematic uncertainties.
The uncorrelated systematic entries come from the remaining sources.

Recently the OPAL collaboration have published a new measurement of the gluon splitting prob-
ability into a cc pair [36]. Using this result instead of the old one and following the averaging proce-
dure [35] for the gluon splitting rates to bb and cc yields for the rate of heavy quark pairs from gluon
splitting in hadronic events:

gcc = (3.19 ± 0.46)% (13)
gbb = (0.251 ± 0.063)% (14)

These values are used consistently by all experiments.

In addition the QCD corrections to the forward-backward asymmetries have been updated. A
summary of the new corrections can be found in section 6.1.3.

6.1.1 Averaging procedure

A χ2 minimisation procedure is used to derive the values of the heavy-flavour electroweak parameters
as published in Reference 3. The full statistical and systematic covariance matrix for all measurements
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is calculated. This correlation matrix takes into account correlations between different measurements
of one experiment and between different experiments. The explicit dependence of each measurement
on the other parameters is also accounted for. The most important example is the dependence of the
value of Rb on the assumed value of Rc.

Since c-quark events form the main background in the Rb analyses, the value of Rb depends on
the value of Rc. If Rb and Rc are measured in the same analysis, this is reflected in the correlation
matrix for the results. However the analyses do not determine Rb and Rc simultaneously but instead
measure Rb for an assumed value of Rc. In this case the dependence is parameterised as

Rb = Rmeas
b + a(Rc)

(Rc − Rused
c )

Rc
. (15)

In this expression, Rmeas
b is the result of the analysis assuming a value of Rc = Rused

c . The values
of Rused

c and the coefficients a(Rc) are given in Table 35 where appropriate. The dependence of all
other measurements on other electroweak parameters is treated in the same way, with coefficients a(x)
describing the dependence on parameter x.

6.1.2 Partial width measurements

The measurements of Rb and Rc fall into two categories. In the first, called a single-tag measurement,
a method to select b or c events is devised, and the number of tagged events is counted. This number
must then be corrected for backgrounds from other flavours and for the tagging efficiency to calculate
the true fraction of hadronic Z decays of that flavour. The dominant systematic errors come from
understanding the branching ratios and detection efficiencies which give the overall tagging efficiency.
For the second technique, called a double-tag measurement, the event is divided into two hemispheres.
With Nt being the number of tagged hemispheres, Ntt the number of events with both hemispheres
tagged and Nhad the total number of hadronic Z decays one has

Nt

2Nhad
= εbRb + εcRc + εuds(1 − Rb − Rc), (16)

Ntt

Nhad
= Cbε2

bRb + Ccε
2
cRc + Cudsε

2
uds(1 − Rb − Rc), (17)

where εb, εc and εuds are the tagging efficiencies per hemisphere for b, c and light-quark events, and
Cq 6= 1 accounts for the fact that the tagging efficiencies between the hemispheres may be correlated.
In the case of Rb one has εb � εc � εuds, Cb ≈ 1. The correlations for the other flavours can be
neglected. These equations can be solved to give Rb and εb. Neglecting the c and uds backgrounds
and the correlations they are approximately given by

εb ≈ 2Ntt/Nt, (18)
Rb ≈ N2

t /(4NttNhad). (19)

The double-tagging method has the advantage that the b tagging efficiency is derived directly from
the data, reducing the systematic error. The residual background of other flavours in the sample, and
the evaluation of the correlation between the tagging efficiencies in the two hemispheres of the event
are the main sources of systematic uncertainty in such an analysis.

This method can be enhanced by including more tags. All additional efficiencies can be determined
from data, reducing the statistical uncertainties without adding new systematic uncertainties.
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Small corrections must be applied to the results to obtain the partial width ratios R0
b and R0

c from
the cross section ratios Rb and Rc. These corrections depend slightly on the invariant mass cutoff of
the simulations used by the experiments, so that they are applied by the collaborations before the
combination.

The partial width measurements included are:

• Lifetime (and lepton) double tag measurements for Rb from ALEPH [37], DELPHI [38], L3
[39], OPAL [40] and SLD [41]. These are the most precise determinations of Rb. Since they
completely dominate the combined result, no other Rb measurements are used at present. The
basic features of the double-tag technique were discussed above. In the ALEPH, DELPHI, OPAL
and SLD measurements the charm rejection has been enhanced by using the invariant mass
information. DELPHI also adds information from the energy of all particles at the secondary
vertex and their rapidity. The ALEPH and DELPHI measurements make use of several different
tags; this improves the statistical accuracy and reduces the systematic errors due to hemisphere
correlations and charm contamination, compared with the simple single/double tag.

• Analyses with D/D∗± mesons to measure Rc from ALEPH, DELPHI and OPAL. All measure-
ments are constructed in such a way that no assumptions on the energy dependence of charm
fragmentation are necessary. The available measurements can be divided into four groups:

– inclusive/exclusive double tag (ALEPH [42], DELPHI [43, 44], OPAL [45]): In a first step
D∗± mesons are reconstructed in several decay channels and their production rate is mea-
sured, which depends on the product Rc × P(c → D∗+) × BR(D∗+ → π+D0). This sample
of cc (and bb) events is then used to measure P(c → D∗+)×BR(D∗+ → π+D0) using a slow
pion tag in the opposite hemisphere. In the ALEPH measurement Rc is unfolded internally
in the analysis so that no explicit P(c → D∗+) × BR(D∗+ → π+D0) is available.

– exclusive double tag (ALEPH [42]): This analysis uses exclusively reconstructed D∗+, D0

and D+ mesons in different decay channels. It has lower statistics but better purity than
the inclusive analyses.

– reconstruction of all weakly decaying charmed states (ALEPH [46], DELPHI [44], OPAL
[47]): These analyses make the assumption that the production rates of D0, D+, Ds and Λc

saturate the fragmentation of cc with small corrections applied for the unobserved baryonic
states. This is a single tag measurement, relying only on knowing the decay branching ratios
of the charm hadrons. These analyses are also used to measure the c hadron production
ratios which are needed for the Rb analyses.

Since DELPHI have presented their final results for the inclusive/exclusive Rc measurement, the
old, preliminary, double inclusive result [48] is no longer used.

• A lifetime plus mass double tag from SLD to measure Rc [49]. This analysis uses the same
tagging algorithm as the SLD Rb analysis, but requires that the mass of the secondary vertex
be smaller than the D meson mass. Although the charm tag has a purity of about 67%, most of
the background is from b which can be measured from the b/c mixed tag rate.

• A measurement of Rc using single leptons assuming BR(c → `) from ALEPH [42].

6.1.3 Asymmetry measurements

All b and c asymmetries given by the experiments are corrected to full acceptance.
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The QCD corrections to the forward-backward asymmetries depend strongly on the experimental
analyses. For this reason the numbers given by the collaborations are also corrected for QCD effects.
A detailed description of the procedure can be found in Reference 50.

Recently an analytic calculation of the second order QCD corrections [51] gave a result not in
agreement with the one used in Reference 50. This result had been confirmed by a numerical calcu-
lation [52]. This calculation also gives the second order result using the thrust axis, which is actually
used in the experimental analyses. The calculation in Reference 52 is strictly massless and also ne-
glects the so called 2-jet and 3-jet corrections in Reference 53 which come from triangle diagrams
involving top quarks and thus depend on the top quark mass. The diagrams corresponding to the
much larger 2-jet correction lead to two parton final states. The correction has thus to be identical
for the quark and the thrust axis and can be safely added to the final result from Reference 52. The
second order coefficients of the QCD corrections to the asymmetries which are used from now on
are c2 = 5.93 for Ab

FB and c2 = 8.5 for Ac
FB. Following the notation of Reference 50 the final QCD

correction coefficients, including fragmentation effects, are then Chad,T
QCD = 0.0354±0.0063 for Ab

FB and

Chad,T
QCD = 0.0413 ± 0.0063 for Ac

FB. The breakdown of the errors is given in Table 15.

Error source bb cc
higher orders [52] 0.0025 0.0046
mass effects [50] 0.0015 0.0008
higher order mass [52] 0.005 0.002
αs(0.119 ± 0.003) 0.0012 0.0015
hadronisation [50] 0.0023 0.0035
total 0.0063 0.0063

Table 15: Error sources for the QCD corrections to the forward-backward asymmetries. The evaluation
of the error follows exactly the quoted references.

For the 12- and 14-parameter fits described above, the LEP peak and off-peak asymmetries are
corrected to

√
s = 91.26 GeV using the predicted dependence from ZFITTER [22]. The slope of the

asymmetry around mZ depends only on the axial coupling and the charge of the initial and final state
fermions and is thus independent of the value of the asymmetry itself.

After calculating the overall averages, the quark pole asymmetries, A0, q
FB , are derived by applying

the corrections described below. To relate the pole asymmetries to the measured ones a few corrections
that are summarised in Table 16 have to be applied. These corrections are due to the energy shift from
91.26 GeV to mZ, initial state radiation, γ exchange and γ-Z interference. A very small correction
due to the nonzero value of the b quark mass is included in the correction called γ-Z interference. All
corrections are calculated using ZFITTER.

Source δAb
FB δAc

FB√
s = mZ −0.0013 −0.0034

QED corrections +0.0041 +0.0104
γ, γ-Z, mass −0.0003 −0.0008
Total +0.0025 +0.0062

Table 16: Corrections to be applied to the quark asymmetries as A0
FB = Ameas

FB + δAFB.

The SLD left-right-forward-backward asymmetries are also corrected for all radiative effects and
are directly presented in terms of Ab and Ac.

22



The measurements used are:

• Measurements of Abb̄
FB and Acc̄

FB using leptons from ALEPH [54], DELPHI [55], L3 [56] and
OPAL [57]. These analyses measure either Abb̄

FB only from a high pt lepton sample or they obtain
Abb̄

FB and Acc̄
FB from a fit to the lepton spectra. In the case of OPAL the lepton information has

been combined with hadronic variables in a neural net. Some asymmetry analyses also measure
χ.

• Measurements of Abb̄
FB based on lifetime tagged events with a hemisphere charge measurement

from ALEPH [58], DELPHI [59], L3 [60] and OPAL [61]. These measurements contribute roughly
the same weight to the combined result as the lepton fits.

• Analyses with D mesons to measure Acc̄
FB from ALEPH [62] or Acc̄

FB and Abb̄
FB from DELPHI [63]

and OPAL [64].

• Measurements of Ab and Ac from SLD. These results include measurements using lepton [65],
D meson [65] and vertex mass plus hemisphere charge [66] tags, which have similar sources of
systematic errors as the LEP asymmetry measurements. SLD also uses vertex mass for bottom or
charm tags in conjunction with a kaon tag for an Ab measurement [67], with a vertex charge and
kaon tag for an Ac measurement [68] and with vertex charge only for an Ab measurement [69].

6.1.4 Other measurements

The measurements of the charmed hadron fractions P(c → D∗+) × BR(D∗+ → π+D0), f(D+), f(Ds)
and f(cbaryon) are included in the Rc measurements and are described there.

ALEPH [70], DELPHI [71], L3 [39, 72] and OPAL [73] measure BR(b → `), BR(b → c → ¯̀) and
χ or a subset of them from a sample of leptons opposite to a b-tagged hemisphere and from a double
lepton sample. DELPHI [43] and OPAL [74] measure BR(c → `) from a sample opposite to a high
energy D∗±.

6.2 Results

6.2.1 Results of the 12-Parameter Fit to the LEP Data

Using the full averaging procedure gives the following combined results for the electroweak parameters:

R0
b = 0.21642 ± 0.00075 (20)

R0
c = 0.1675 ± 0.0048

A0, b
FB = 0.0988 ± 0.0020

A0, c
FB = 0.0689 ± 0.0037 ,

where all corrections to the asymmetries and partial widths have been applied. The χ2/d.o.f. is
51/(87 − 12). The corresponding correlation matrix is given in Table 17.
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R0
b R0

c A0, b
FB A0, c

FB

R0
b 1.00 −0.15 −0.03 0.01

R0
c −0.15 1.00 0.07 −0.06

A0, b
FB −0.03 0.07 1.00 0.09

A0, c
FB 0.01 −0.06 0.09 1.00

Table 17: The correlation matrix for the four electroweak parameters from the 12-parameter fit.

6.2.2 Results of the 14-Parameter Fit to LEP and SLD Data

Including the SLD results for Rb, Ab and Ac into the fit the following results are obtained:

R0
b = 0.21642 ± 0.00073 (21)

R0
c = 0.1674 ± 0.0038

A0, b
FB = 0.0988 ± 0.0020

A0, c
FB = 0.0692 ± 0.0037
Ab = 0.911 ± 0.025
Ac = 0.630 ± 0.026 ,

with a χ2/d.o.f. of 56/(96 − 14). The corresponding correlation matrix is given in Table 18 and the
dominant errors for the electroweak parameters are listed in Table 19.

In deriving these results the parameters Ab and Ac have been treated as independent of the
forward-backward asymmetries A0, b

FB and A0, c
FB. In Figure 3 the results for R0

b and R0
c are shown

compared with the Standard Model expectation.

R0
b R0

c A0, b
FB A0, c

FB Ab Ac

R0
b 1.00 −0.14 −0.03 0.01 −0.03 0.02

R0
c −0.14 1.00 0.05 −0.05 0.02 −0.02

A0, b
FB −0.03 0.05 1.00 0.09 0.02 0.00

A0, c
FB 0.01 −0.05 0.09 1.00 −0.01 0.03

Ab −0.03 0.02 0.02 −0.01 1.00 0.15
Ac 0.02 −0.02 0.00 0.03 0.15 1.00

Table 18: The correlation matrix for the six electroweak parameters from the 14-parameter fit.

The 14 parameter fit yields the b → ` branching ratio:

BR(b → `) = 0.1062 ± 0.0017. (22)

The dominant error sources on this quantity are the dependences on the semileptonic decay models
b → `, c → ` with

∆BR(b → `)(b → `model) = 0.0006,
∆BR(b → `)(c → `model) = 0.0006.

Extensive studies have been made to understand the size of these errors. If only the measurements of
BR(b → `) are combined a consistent result is obtained with modelling errors of 0.0008 and 0.0007.
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R0
b R0

c A0, b
FB A0, c

FB Ab Ac

(10−3) (10−3) (10−3) (10−3) (10−2) (10−2)
statistics 0.46 2.6 1.8 3.2 1.8 2.0

internal systematics 0.32 2.3 0.8 1.5 1.7 1.6
QCD effects 0.21 0.2 0.2 0.1 0.5 0.2

BR(D → neut.) 0.17 0.1 0 0 0 0
D decay multiplicity 0.10 0.3 0 0 0 0
BR(D+ → K−π+π+) 0.11 0.4 0.1 0 0 0

BR(Ds → φπ+) 0.03 0.9 0.1 0 0 0
BR(Λc →p K−π+) 0.06 0.8 0 0.1 0 0

D lifetimes 0.07 0.2 0 0.1 0 0
gluon splitting 0.28 0.7 0 0.2 0.1 0.1
c fragmentation 0.08 0.4 0.1 0.1 0.1 0.1

light quarks 0.08 0.3 0.5 0.1 0 0
total 0.73 3.8 2.0 3.7 2.5 2.6

Table 19: The dominant error sources for the electroweak parameters from the 14-parameter fit.

The reduction of the modelling uncertainty is due to the inclusion of asymmetry measurements using
different methods. Those using leptons depend on the semileptonic decay models while those using
a lifetime tag and jet charge or D mesons do not. The mutual consistency of the asymmetry mea-
surements effectively constrains the semileptonic decay models, and reduces the uncertainty in the
semileptonic branching ratio.

The result of the full fit to the LEP+SLC results including the off-peak asymmetries and the
non-electroweak parameters can be found in Appendix A. It should be noted that the results for the
non-electroweak parameters are independent of the treatment of the off-peak asymmetries and the
SLD data.
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Figure 3: Contours in the R0
b-R0

c plane derived from the LEP+SLD data, corresponding to 68%
and 95% confidence levels assuming Gaussian systematic errors. The Standard Model prediction for
mt = 174.3 ± 5.1 GeV is also shown. The arrow points in the direction of increasing values of mt.

26



7 The Hadronic Charge Asymmetry 〈QFB〉

Updates with respect to last summer:
L3 have published their result.

The LEP experiments ALEPH [75–77], DELPHI [78, 79], L3 [60] and OPAL [80, 81] have provided
measurements of the hadronic charge asymmetry based on the mean difference in jet charges measured
in the forward and backward event hemispheres, 〈QFB〉. DELPHI have also provided a related mea-
surement of the total charge asymmetry by making a charge assignment on an event-by-event basis
and performing a likelihood fit [78]. The experimental values quoted for the average forward-backward
charge difference, 〈QFB〉, cannot be directly compared as some of them include detector dependent
effects such as acceptances and efficiencies. Therefore the effective electroweak mixing angle, sin2θlept

eff ,
as defined in Section 10.4, is used as a means of combining the experimental results summarised in
Table 20.

Experiment sin2θlept
eff

ALEPH (90-94), final 0.2322 ± 0.0008 ± 0.0011
DELPHI (91-94), prel. 0.2311 ± 0.0010 ± 0.0014
L3 (91-95), final 0.2327 ± 0.0012 ± 0.0013
OPAL (91-94), prel. 0.2326 ± 0.0012 ± 0.0013

LEP Average 0.2321 ± 0.0010

Table 20: Summary of the determination of sin2θlept
eff from inclusive hadronic charge asymmetries

at LEP. For each experiment, the first error is statistical and the second systematic. The latter is
dominated by fragmentation and decay modelling uncertainties.

The dominant source of systematic error arises from the modelling of the charge flow in the
fragmentation process for each flavour. All experiments measure the required charge properties for
Z → bb events from the data. ALEPH also determines the charm charge properties from the data.
The fragmentation model implemented in the JETSET Monte Carlo program [82] is used by all
experiments as reference; the one of the HERWIG Monte Carlo program [83] is used for comparison.
The JETSET fragmentation parameters are varied to estimate the systematic errors. The central
values chosen by the experiments for these parameters are, however, not the same. The smaller of the
two fragmentation errors in any pair of results is treated as common to both. The present average
of sin2θlept

eff from 〈QFB〉 and its associated error are not very sensitive to the treatment of common
uncertainties. The ambiguities due to QCD corrections may cause changes in the derived value of
sin2θlept

eff . These are, however, well below the fragmentation uncertainties and experimental errors.
The effect of fully correlating the estimated systematic uncertainties from this source between the
experiments has a negligible effect upon the average and its error.

There is also some correlation between these results and those for Abb̄
FB using jet charges. The

dominant source of correlation is again through uncertainties in the fragmentation and decay models
used. The typical correlation between the derived values of sin2θlept

eff from the 〈QFB〉 and the Abb̄
FB

jet charge measurements has been estimated to be about 20% to 25%. This leads to only a small
change in the relative weights for the Abb̄

FB and 〈QFB〉 results when averaging their sin2θlept
eff values

(Section 10.4). Furthermore, the jet charge method contributes at most half of the weight of the Abb̄
FB

measurement. Thus, the correlation between 〈QFB〉 and Abb̄
FB from jet charge will have little impact

on the overall Standard Model fit, and is neglected at present.
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8 Measurement of W Boson Properties at LEP-II

Updates with respect to last summer:
There are new results on the WW cross section, the W mass and the Triple Gauge Boson couplings
at 189 GeV. The W decay branching ratios have been updated.

In 1996 the energy of LEP was increased in two steps to 161 GeV and 172 GeV, allowing the production
of W boson pairs. In 1997 and 1998, the energy was further increased to 183 and 189 GeV, respectively.
The data recorded at 161 GeV, which is just above the pair production threshold, was used to determine
the W mass by comparing the measured cross section with the predicted cross section. At higher
energies, the mass is determined by directly reconstructing the decay products of the W bosons. In
addition, the data at all energies have been used to determine other properties, such as the W decay
branching ratios and the couplings of the W to other bosons.

In 1998, at an average centre-of-mass energy of 188.6 GeV [84], the average integrated luminosity
collected per experiment is approximately 172 pb−1.

All LEP experiments have final measurements of the WW cross section at 183 GeV [85–88] and
preliminary results at 189 GeV [89–92].

All LEP experiments have final W mass results based on the combined 172 GeV and 183 GeV
data [93–96]; in addition ALEPH has a preliminary update from an analysis of the fully leptonic
channel [97]. All LEP experiments [98–101] have produced preliminary W mass results based on data
collected at a centre-of-mass energy of 188.6 GeV in 1998.

8.1 WW cross sections

Table 21 summarises the W-pair cross section (CC03) values, assuming Standard Model decay branch-
ing ratios for the W decays, obtained by ALEPH, DELPHI, L3 and OPAL. The LEP average for the
different centre-of-mass energies is also given in the table. In the averaging procedure, the QCD
component of the systematic errors from each individual measurement has been taken as correlated
between experiments. The average WW cross section at 182.67 GeV centre-of-mass energy [102] is
15.83 ± 0.36 pb, with a χ2 per degree of freedom of 1.49/3; the common error amounts to 0.10 pb.
At a preliminary mean centre-of-mass energy of 188.63 GeV [84], the averaged WW cross section is
16.05 ± 0.22 pb, with a χ2 per degree of freedom of 2.94/3; the common error amounts to 0.08 pb.
Figure 4 shows the evolution of the W-pair cross section with centre-of-mass energy.

From the cross sections for the individual W decay channels measured by the four experiments
(at all centre-of-mass energies up to 189 GeV), the W decay branching ratios have been determined,
with and without the assumption of lepton universality (Table 22). Correlated errors between the
individual channels have been taken into account.

Due to cross-contaminations in the identification of W decays, BR(W → τν) is 24% anti-correlated
with each of the other two leptonic branching ratios, while BR(W → µν) and BR(W → eν) are less
than 1.0% correlated. Under the assumption of lepton universality, the measured hadronic W decay
branching ratio is 67.96 ± 0.41% and the leptonic one is 10.68 ± 0.13%.

Within the Standard Model the branching ratios of the W boson depend on the six elements of
the Cabibbo-Kobayashi-Maskawa quark-mixing matrix (VCKM) not involving the top quark and on
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σW+W− (pb)
Experiment 172.12 GeV 182.67 GeV 188.63 GeV

(final) (final) (preliminary)

ALEPH 11.7 ± 1.2 ± 0.3 15.57 ± 0.62 ± 0.29 15.69 ± 0.34 ± 0.17
DELPHI 11.58+1.4

−1.3 ± 0.32 15.86 ± 0.69 ± 0.26 15.79 ± 0.38 ± 0.31
L3 12.27+1.4

−1.3 ± 0.23 16.53 ± 0.67 ± 0.26 16.20 ± 0.37 ± 0.27
OPAL 12.3 ± 1.3 ± 0.3 15.43 ± 0.61 ± 0.26 16.55 ± 0.35 ± 0.20

LEP Average 12.0 ± 0.7 15.83 ± 0.36 16.05 ± 0.22

Table 21: The measurements of the W-pair cross sections by the four LEP experiments from 172.12
to 188.63 GeV. The first error is statistical and the second is the total systematic error

Experiment BR(W→eν) BR(W→ µν) BR(W→ τν) BR(W→hadrons)
ALEPH 11.34 ± 0.46 ± 0.17 11.29 ± 0.44 ± 0.15 10.48 ± 0.56 ± 0.22 66.89 ± 0.67 ± 0.31
DELPHI 10.11 ± 0.53 ± 0.28 10.86 ± 0.48 ± 0.22 11.14 ± 0.72 ± 0.36 67.96 ± 0.73 ± 0.58

L3 10.31 ± 0.44 ± 0.17 9.95 ± 0.46 ± 0.17 11.20 ± 0.63 ± 0.25 68.69 ± 0.68 ± 0.39
OPAL 10.52 ± 0.42 ± 0.15 10.47 ± 0.40 ± 0.13 10.69 ± 0.51 ± 0.22 68.34 ± 0.61 ± 0.31

LEP Average 10.61 ± 0.25 10.65 ± 0.24 10.82 ± 0.32 67.96 ± 0.41

Table 22: Preliminary measurements of the W decay branching ratios in percent. The hadronic
branching ratio is determined assuming lepton universality. There are large correlations between the
individual leptonic branching ratios, which have been taken into account in determining the hadronic
branching ratio. The first error is statistical and the second is the total systematic error.

αs. Using the current world-average values and errors of the other matrix elements not assuming
the unitarity of VCKM [104], and from the world average value of αs(m2

W) = 0.121 ± 0.002 [104], a
constraint on the least well measured CKM matrix element is obtained:

|Vcs| = 0.997 ± 0.020. (23)

The error includes the errors on αs and the other VCKM elements but is dominated by the statistical
error (0.016) on the W branching fractions. The element Vcs is also determined by counting charm
and strange jets in W decays; details are given in References 105–108.

8.2 W mass measurement

Examples of the invariant mass distributions of the reconstructed decay products of W bosons from
the four experiments at 189 GeV are shown in Figure 5. The data have been analysed in terms of all
W-pair final states, qqqq, qq`ν and `ν`ν. The first is referred to as 4q and the latter two are collectively
referred to as non-4q. Table 23 summarises the W mass values measured by each experiment [98–101]
at this centre-of-mass energy.

A combined W mass measurement has been obtained from the results of the four LEP experiments
in the 4q and non-4q decay channels at each individual centre of mass energy (172, 183 and 189 GeV;
L3 combined 172 and 183 GeV). There are 22 measurements in total. Correlations of systematic errors
between channels and between experiments have been taken into account in the averaging procedure.
Five different sources of systematic errors have been considered:
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Figure 4: The W-pair cross section as a function of the centre-of-mass energy. The data points are
the LEP averages. Also shown is the Standard Model prediction [103] (shaded area) with a possible
theoretical uncertainty of ±2% on the calculations, and for comparison the cross section if the ZWW
coupling did not exist (dashed line), or if only the t-channel νe exchange diagram existed (dotted line).

1. Systematic errors uncorrelated between channels and experiments,

2. Systematic errors correlated within an experiment between channels but uncorrelated with other
experiments, such as detector calibration and simulation,
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Experiment mW (GeV)
non-4q 4q combined

ALEPH (prel.) 80.406 ± 0.114 ± 0.033 80.561 ± 0.116 ± 0.077 80.472 ± 0.081 ± 0.050
DELPHI (prel.) 80.163 ± 0.174 ± 0.067 80.467 ± 0.110 ± 0.067 80.370 ± 0.093 ± 0.054
L3 (prel.) 80.133 ± 0.140 ± 0.080 80.610 ± 0.126 ± 0.118 80.353 ± 0.093 ± 0.082
OPAL (prel.) 80.366 ± 0.111 ± 0.055 80.315 ± 0.112 ± 0.094 80.345 ± 0.080 ± 0.055

Table 23: The (preliminary) measurements of mW at 189 GeV in the qq`ν, qqqq and combined
channels, for the four experiments and the LEP average. In this table, the first error is statistical and
the second is the total systematic error which includes the LEP energy uncertainty.
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Figure 5: Examples of reconstructed W mass distributions from the four LEP experiments at 189
GeV.
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3. Systematic uncertainties associated to Final State Interactions (Bose-Einstein and Colour Re-
connection effects) which affect the 4q channel only,

4. Systematic uncertainties arising from ISR and fragmentation effects have been considered to be
correlated between different channels and different experiments,

5. The LEP energy error [102] and its correlation between years have also been considered.

Using different models, all experiments have evaluated the uncertainty on the W mass from Final
State Interactions. In table 24 are summarised the W mass measurements from direct reconstructiuon
from the four LEP experiments in the non-4q and 4q channels.

Experiment mW (GeV)
non-4q 4q

ALEPH (prel.) 80.343 ± 0.098 80.561 ± 0.121
DELPHI (prel.) 80.297 ± 0.155 80.367 ± 0.115
L3 (prel.) 80.224 ± 0.135 80.656 ± 0.156
OPAL (prel.) 80.362 ± 0.105 80.345 ± 0.134
LEP Average 80.313 ± 0.063 80.429 ± 0.089

Table 24: Summary of W mass measurements by direct reconstruction (from 172 to 189 GeV) from
the four LEP experiments in the non-4q and the 4q channels

The combined W mass measurement derived from the non-4q channels is

mnon-4q
W = 80.313 ± 0.052(stat.) ± 0.032(syst.) ± 0.017(LEP) GeV. (24)

The combined W mass measurement from the fully hadronic channel is

m4q
W = 80.429 ± 0.049(stat.) ± 0.043(syst.) ± 0.058(FSI) ± 0.017(LEP) GeV. (25)

The total errors of these two mass measurements are 25% correlated and the χ2 per degree of freedom
is 17.9/20.

The difference between the 4q and the non-4q masses has been determined to be ∆(m4q
W−mnon-4q

W ) =
152±74 MeV, neglecting the FSI uncertainty which amounts to 58 MeV (the χ2 per degree of freedom
is 18.3/20). At the current level of accuracy there is no significant difference between the W mass
determined from the two channels.

The combined mass value from all channels is

m4f
W = 80.347 ± 0.036(stat.) ± 0.036(syst.) ± 0.020(FSI) ± 0.017(LEP) GeV; (26)

the χ2 per degree of freedom is 19.4/21.

The W mass measurement from direct reconstruction is combined with the W mass determination
from the WW cross section at threshold (80.400 ± 0.220 ± 0.025(LEP) GeV [109]), yielding

mLEP
W = 80.350 ± 0.056 GeV (27)

as the current LEP-II average W mass.
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8.3 TGC

The W+W− production process involves the triple gauge boson vertices between the W+W− and the
Z or photon. The four LEP experiments have already combined [110], together with DØ, preliminary
and published [111–115] measurements of coupling parameters.

The parametrization of TGCs is described in References 116–121. Assuming electromagnetic gauge
invariance and C and P conservation there are five free parameters. One common set is {gz

1, κz, κγ , λz,
λγ} where gz

1 = κz = κγ = 1 and λz = λγ = 0 in the Standard Model.

The LEP collaborations agreed to express their results directly through the parameters ∆gz
1, ∆κγ ,

λγ , imposing the constraints [121]

∆κz = −∆κγtan2 θW + ∆gz
1, (28)

λz = λγ (29)

where ∆ indicates the deviation of the respective quantity from its Standard Model value (and there-
fore are all zero in this context), and θW is the electroweak mixing angle.

Anomalous TGCs can affect both the total production cross section and the shape of the differential
cross section as a function of the W− production angle in W pair production. The relative contributions
of each helicity state of the W bosons are also changed, which in turn affects the distributions of their
decay products. Results from eνW (“single W”) and νν̄γ production have also been included. Single
W production has a particular sensitivity to κγ and therefore provides complementary information to
W pair production. The analyses presented by each experiment make use of different combinations of
these quantities. The results presented here use measurements of all three parameters ∆gz

1, ∆κγ and
λγ , by ALEPH, DELPHI, L3 and OPAL. In each case, the individual references should be consulted
for details.

The method followed for the combination is the same as that used previously [110]. Single and
double parameter fits are performed. In the first case, the values of all the parameters are set to their
Standard Model values, except the one to be measured. The results from each experiment and the
combined results are shown in Table 25. The combined results are also shown in Figure 6. The value
of each TGC parameter given in the table is consistent with the expectation of the Standard Model.

The results of fits to data in which two parameters were allowed to vary are shown in Table 26 for
each of the four LEP experiments and combined. The combinations of the two-dimensional likelihood
distributions result in the 68% C.L. and 95% C.L. contours, as shown in Figure 7, for example. The
68% C.L. contours are obtained by requiring ∆ logL = +1.15, while for the 95% C.L. contours a value
∆ logL = +3.0 is required.
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∆gz
1 ∆κγ λγ

ALEPH [111] 0.00+0.06
−0.06 −0.01+0.14

−0.11 −0.05+0.07
−0.06

DELPHI [112] −0.02+0.07
−0.06 0.23+0.16

−0.18 0.02+0.08
−0.08

L3 [113] −0.02+0.07
−0.07 −0.18+0.14

−0.13 0.00+0.08
−0.07

OPAL [114] −0.01+0.08
−0.07 0.00+0.27

−0.19 −0.11+0.08
−0.07

68% C.L. −0.01+0.03
−0.03 0.04+0.08

−0.08 −0.04+0.04
−0.04

95% C.L. interval [−0.07, 0.06] [−0.11, 0.20] [−0.10, 0.03]

Table 25: The combined 68% C.L. errors and 95% confidence intervals obtained after combination
(last two rows) of the results from the four LEP experiments.

∆gz
1 ∆κγ ∆gz

1

∆κγ λγ λγ

ALEPH [111] 0.03+0.06
−0.06 0.07+0.12

−0.11 −0.02+0.07
−0.07

−0.05+0.13
−0.11 −0.07+0.06

−0.06 −0.02+0.08
−0.07

DELPHI [112] −0.03+0.07
−0.06 0.20+0.16

−0.15 −0.03+0.09
−0.09

0.28+0.15
−0.16 0.02+0.09

−0.08 0.04+0.11
−0.11

L3 [113] 0.00+0.07
−0.07 −0.14+0.17

−0.14 −0.05+0.11
−0.11

−0.13+0.17
−0.14 0.03+0.08

−0.08 0.04+0.12
−0.11

OPAL [114] −0.13+0.08
−0.06 0.66+0.27

−0.72 0.14+0.10
−0.11

0.62+0.31
−0.33 −0.20+0.08

−0.07 −0.23+0.10
−0.09

68% C.L. 0.00+0.04
−0.04 0.09+0.09

−0.08 0.00+0.05
−0.05

0.04+0.10
−0.09 −0.05+0.04

−0.04 −0.03+0.05
−0.05

95% C.L. interval [−0.09, 0.07] [−0.07, 0.26] [−0.09, 0.09]
[−0.12, 0.24] [−0.12, 0.03] [−0.13, 0.07]

Correlation −0.49 −0.41 −0.71

Table 26: The combined 68% C.L. errors and 95% C.L. intervals obtained after combination (last two
rows) of the results from the four LEP experiments. The two listed parameters are varied while the
third one is fixed to its SM value. Both statistical and systematic errors are included.
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Figure 6: Results for the three couplings from the individual experiments (dashed lines) and the
combination (solid lines).
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obtained from the sum of the log-likelihood distributions from the individual experiments, plotting
the contours at ∆ logL = 1.15 and ∆ logL = 3.0, respectively.
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9 Measurement of the ZZ production cross section

Updates with respect to last summer:
This is a new section.

At center-of-mass energies above twice the Z boson mass, the production of pairs of Z bosons is
possible. The Z boson pair production cross section has been measured at centre-of-mass energies
of 183 [122] and 189 GeV [123–126]. Table 27 summarises the Z-pair cross section (NC02) values,
assuming Standard Model decay branching ratios for the Z decays, obtained by ALEPH, DELPHI, L3
and OPAL. The LEP average for the different centre-of-mass energies is also given in the table. In the
averaging procedure the following uncertainties have been taken as correlated between experiments:
5% on the QCD 4-jet rate, 2% on the WW rate. The average ZZ cross section at 183 GeV centre-of-
mass energy is 0.17±0.09 pb, with a χ2 per degree of freedom of 0.83/2; the common error amounts to
0.01 pb. At 189 GeV the averaged ZZ cross section is 0.70± 0.08 pb, with a χ2 per degree of freedom
of 0.65/3; the common error amounts to 0.02 pb. Figure 8 shows the evolution of the Z-pair cross
section with centre-of-mass energy.

σZZ (pb)
Experiment 182.67 GeV 188.63 GeV

(preliminary) (preliminary)

ALEPH 0.11+0.16
−0.11 ± 0.04 0.67 ± 0.13 ± 0.04

DELPHI 0.58 ± 0.17 ± 0.06
L3 0.31+0.16

−0.15
+0.07
−0.03 0.75+0.15

−0.14 ± 0.03
OPAL 0.12+0.20

−0.18
+0.03
−0.02 0.76+0.14

−0.13
+0.06
−0.05

LEP Average 0.17 ± 0.09 0.70 ± 0.08

Table 27: The measurements of the Z-pair cross sections by the four LEP experiments from 183 to
189 GeV. The first error is statistical and the second is the total systematic error.
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Figure 8: The Z-pair cross section as a function of the centre-of-mass energy. The data points are
the LEP averages. Also shown is the Standard Model prediction [127] (shaded area) with a possible
theoretical uncertainy of ±2% on the calculations.
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10 Interpretation of Results

Updates with respect to last summer:
For the Standard Model fits, new versions of the analytical programs which incorporate higher-order
corrections have been used.

10.1 Number of Neutrino Species

An important aspect of our measurement concerns the information related to Z decays into invisible
channels. Using the results of Tables 7 and 8, the ratio of the Z decay width into invisible particles
and the leptonic decay width is determined:

Γinv/Γ`` = 5.941 ± 0.016 . (30)

The Standard Model value for the ratio of the partial widths to neutrinos and charged leptons is:

(Γνν/Γ``)SM = 1.9912 ± 0.0012 . (31)

The central value is evaluated for mZ = 91.1869 GeV and the error quoted accounts for a variation of
mt in the range mt = 174.3± 5.1 GeV and a variation of mH in the range 95 GeV ≤ mH ≤ 1000 GeV.
The number of light neutrino species is given by the ratio of the two expressions listed above:

Nν = 2.9835 ± 0.0083, (32)

which is 2 standard deviations below the expected value of 3.

Alternatively, one can assume 3 neutrino species and determine the width from additional invisible
decays of the Z. This yields

∆Γinv = −2.9 ± 1.7 MeV. (33)

The negative additional width results from a measured total width that is below the Standard Model
expectation. If a conservative approach is taken to limit the result to only positive values of ∆Γ inv,
then the 95% CL upper limit on additional invisible decays of the Z is

∆Γinv < 2.0 MeV. (34)

The uncertainties on Nν and ∆Γinv are dominated by the theoretical error on the luminosity. These
results have therefore improved due to the improved theoretical calculations on Bhabha scattering [9].

10.2 The Coupling Parameters Af

The coupling parameters Af are defined in terms of the effective vector and axial-vector neutral current
couplings of fermions (Equation (4)). The LEP measurements of the forward-backward asymmetries
of charged leptons (Section 2) and b and c quarks (Section 6) determine the products A0, f

FB = 3
4AeAf

(Equation (3)). The LEP measurements of the τ polarisation (Section 4), Pτ (cos θ), determine Aτ

and Ae separately (Equation (7)).

Table 28 shows the results for the leptonic coupling parameter A` from the LEP and SLD mea-
surements, assuming lepton universality.

39



A` Cumulative Average χ2/d.o.f.

A0, `
FB 0.1506 ± 0.0042

Pτ (cos θ) 0.1450 ± 0.0033 0.1471 ± 0.0026 1.1/1
A` (SLD) 0.1512 ± 0.0020 0.1497 ± 0.0016 2.6/2

Table 28: Determination of the leptonic coupling parameter A` assuming lepton universality. The
second column lists the A` values derived from the quantities listed in the first column. The third
column contains the cumulative averages of these A` results. The averages are derived assuming no
correlations between the measurements. The χ2 per degree of freedom for the cumulative averages is
given in the last column.

LEP SLD LEP+SLD
(A` = 0.1471 ± 0.0026) (A` = 0.1497 ± 0.0016)

Ab 0.896 ± 0.024 0.911 ± 0.025 0.892 ± 0.016
Ac 0.625 ± 0.035 0.630 ± 0.026 0.625 ± 0.021

Table 29: Determination of the quark coupling parameters Ab and Ac from LEP data alone (using the
LEP average for A`), from SLD data alone, and from LEP+SLD data (using the LEP+SLD average
for A`) assuming lepton universality.

Using the measurements of A` one can extract Ab and Ac from the LEP measurements of the b and
c quark asymmetries. The SLD measurements of the left-right forward-backward asymmetries for b
and c quarks are direct determinations of Ab and Ac. Table 29 shows the results on the quark coupling
parameters Ab and Ac derived from LEP or SLD measurements separately (Equations 20 and 21) and
from the combination of LEP+SLD measurements (Equation 21). The LEP extracted values of Ab

and Ac are in excellent agreement with the SLD measurements, and in reasonable agreement with
the Standard Model predictions (0.935 and 0.668, respectively, essentially independent of mt and mH)
However, the combination of LEP and SLD of Ab is 2.7 sigma below the Standard Model. This is due
to three independent results: the SLD measurement of Ab is low compared to the Standard Model,
while the LEP measurement of A0, b

FB and the combined LEP+SLD measurement of A` are respectively
low and high compared with the Standard Model fit of Table 32. This can be seen in Figure 9.

10.3 The Effective Vector and Axial-Vector Coupling Constants

The partial widths of the Z into leptons and the lepton forward-backward asymmetries (Section 2),
the τ polarisation and the τ polarisation asymmetry (Section 4) can be combined to determine the
effective vector and axial-vector couplings for e, µ and τ . The asymmetries (Equations (3) and (7))
determine the ratio gV `/gA` (Equation (4)), while the leptonic partial widths determine the sum of
the squares of the couplings:

Γ`` =
GFm3

Z

6π
√

2
(g2

V ` + g2
A`)(1 + δQED

` ) , (35)

where δQED
` = 3q2

` α(m2
Z)/(4π) accounts for final state photonic corrections. Corrections due to lepton

masses, neglected in Equation 35, are taken into account for the results presented below.

The averaged results for the effective lepton couplings are given in Table 30 for both the LEP data
alone as well as for the LEP and SLD measurements. Figure 10 shows the 68% probability contours
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Figure 9: The measurements of the combined LEP+SLD A` (vertical band), SLD Ab (horizontal
band) and LEP A0, b

FB (diagonal band), compared to the Standard Model expectations (arrows). The
arrow pointing to the left shows the variation in the SM prediction for mH in the range 300+700

−205 GeV,
and the arrow pointing to the right for mt in the range 174.3 ± 5.1 GeV. It should be noted that
although the A0, b

FB measurements prefer a high Higgs mass, the Standard Model fit to the full set of
measurements prefers a low Higgs mass because of the influence of A`.

in the gA`-gV ` plane for the individual lepton species from the LEP data. The signs of gA` and gV ` are
based on the convention gAe < 0. With this convention the signs of the couplings of all charged leptons
follow from LEP data alone. For comparison, the gV `-gA` relation following from the measurement of
A` from SLD [34] is indicated as a band in the gA`-gV `-plane of Figure 10. The measured ratios of
the e, µ and τ couplings provide a test of lepton universality and are shown in Table 30. All values
are consistent with lepton universality. The combined results assuming universality are also given in
the Table and are shown as a solid contour in Figure 10.

The neutrino couplings to the Z can be derived from the measured value of the invisible width of the
Z, Γinv (see Table 9), attributing it exclusively to the decay into three identical neutrino generations

41



(Γinv = 3Γνν) and assuming gAν ≡ gV ν ≡ gν . The relative sign of gν is chosen to be in agreement with
neutrino scattering data [128], resulting in gν = +0.50058 ± 0.00075.

Without Lepton Universality:
LEP LEP+SLD

gV e −0.0375 ± 0.0011 −0.03809 ± 0.00047
gV µ −0.0374 ± 0.0032 −0.0360 ± 0.0024
gV τ −0.0365 ± 0.0011 −0.0364 ± 0.0010
gAe −0.50099 ± 0.00038 −0.50105 ± 0.00036
gAµ −0.50081 ± 0.00058 −0.50117 ± 0.00054
gAτ −0.50173 ± 0.00065 −0.50198 ± 0.00064

Ratios of couplings:
LEP LEP+SLD

gV µ/gV e 0.998 ± 0.099 0.946 ± 0.065
gV τ/gV e 0.972 ± 0.042 0.955 ± 0.030
gAµ/gAe 1.0000 ± 0.0014 1.0002 ± 0.0013
gAτ/gAe 1.0019 ± 0.0015 1.0019 ± 0.0015

With Lepton Universality:
LEP LEP+SLD

gV ` −0.03707 ± 0.00067 −0.03772 ± 0.00041
gA` −0.50121 ± 0.00027 −0.50117 ± 0.00027
gν +0.50085 ± 0.00075 +0.50085 ± 0.00075

Table 30: Results for the effective vector and axial-vector couplings derived from the combined LEP
data without and with the assumption of lepton universality. For the right column the SLD measure-
ments of A0

LR, Ae, Aµ and Aτ are also included.

10.4 The Effective Electroweak Mixing Angle sin2θlept
eff

The asymmetry measurements from LEP can be combined into a single observable, the effective
electroweak mixing angle, sin2θlept

eff , defined as:

sin2θlept
eff ≡ 1

4

(
1 − gV `

gA`

)
, (36)

without making strong model-specific assumptions.

For a combined average of sin2θlept
eff from A0, `

FB, Aτ and Ae only the assumption of lepton universality,
already inherent in the definition of sin2θlept

eff , is needed. We can also include the hadronic forward-
backward asymmetries if we assume the quark couplings to be given by the Standard Model. This
is justified within the Standard Model as the hadronic asymmetries A0, b

FB and A0, c
FB have a reduced

sensitivity to corrections particular to the quark vertex. The results of these determinations of sin2θlept
eff

and their combination are shown in Table 31 and in Figure 11. Also the value derived from the
measurements of A` from SLD is given.
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sin2θlept
eff Average by Group Cumulative

of Observations Average χ2/d.o.f.

A0, `
FB 0.23107 ± 0.00053

Aτ 0.23210 ± 0.00056

Ae 0.23136 ± 0.00065 0.23151 ± 0.00034 0.23151 ± 0.00034 1.8/2

A0, b
FB 0.23228 ± 0.00036

A0, c
FB 0.23255 ± 0.00086 0.23232 ± 0.00034 0.23191 ± 0.00024 4.7/4

〈QFB〉 0.2321 ± 0.0010 0.2321 ± 0.0010 0.23192 ± 0.00023 4.8/5

A` (SLD) 0.23099 ± 0.00026 0.23099 ± 0.00026 0.23151 ± 0.00017 11.9/6

Table 31: Determinations of sin2θlept
eff from asymmetries. The second column lists the sin2θlept

eff values
derived from the quantities listed in the first column. The third column contains the averages of these
numbers by groups of observations, where the groups are separated by the horizontal lines. The fourth
column shows the cumulative averages. The χ2 per degree of freedom for the cumulative averages is
also given. The averages have been performed including the small correlation between A0, b

FB and A0, c
FB.
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Afb
0,l 0.23107 ± 0.00053

Aτ 0.23210 ± 0.00056
Ae 0.23136 ± 0.00065
Afb

0,b 0.23228 ± 0.00036
Afb

0,c 0.23255 ± 0.00086
〈Qfb〉 0.2321 ± 0.0010

Average(LEP) 0.23192 ± 0.00023

Al(SLD) 0.23099 ± 0.00026

Average(LEP+SLD) 0.23151 ± 0.00017

∆αhad
(5)= 0.02804 ± 0.00065

αs= 0.119 ± 0.002
mt= 174.3 ± 5.1 GeV

Figure 11: Comparison of several determinations of sin2θlept
eff from asymmetries. In the average,

the small correlation between A0, b
FB and A0, c

FB has been included. Also shown is the prediction of the
Standard Model as a function of mH. The width of the Standard Model band is due to the uncertainties
in ∆α

(5)
had(m2

Z) (see Section 10.5), αs(m2
Z) and mt. The total width of the band is the linear sum of

these effects.
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10.5 Constraints on the Standard Model

The precise electroweak measurements performed at LEP and elsewhere can be used to check the
validity of the Standard Model and, within its framework, to infer valuable information about its
fundamental parameters. The accuracy of the measurements makes them sensitive to the top quark
mass mt, and to the mass of the Higgs boson mH through loop corrections. While the leading mt

dependence is quadratic, the leading mH dependence is logarithmic. Therefore, the inferred constraints
on mH are not very strong.

The LEP measurements used are summarised in Table 32 together with the results of the Standard
Model fit. Also shown are the results from the SLD collaboration [34] as well as measurements of mW

from UA2 [129], CDF [130, 131], and DØ [132]3, measurements of the top quark mass by CDF [134]
and DØ [135]4, and measurements of the neutrino-nucleon neutral to charged current ratios from
CCFR [137] and NuTeV [138]. It should be noted that although these latter results are quoted in
terms of sin2 θW = 1 − m2

W/m2
Z, radiative corrections result in small mt and mH dependences5 that

are included in the fit. In addition, the value of the electromagnetic coupling constant α(m2
Z), which

is used in the fits, is shown. An additional input parameter, not shown in the table, is the Fermi
constant GF , determined from the µ lifetime, GF = (1.16637 ± 0.00001) × 10−5GeV−2 [139]. The
relative error of GF is comparable to that of mZ; both have neglible effects in the fit results.

Detailed studies of the theoretical uncertainties in the Standard Model predictions due to missing
higher-order electroweak corrections and their interplay with QCD corrections have been carried out in
the working group on ‘Precision calculations for the Z resonance’ [142]. Theoretical uncertainties are
evaluated by comparing different but, within our present knowledge, equivalent treatments of aspects
such as resummation techniques, momentum transfer scales for vertex corrections and factorisation
schemes. The effects of these theoretical uncertainties have been reduced by the inclusion of higher-
order corrections [143, 144] in the electroweak libraries [145]. The use of the new QCD corrections
[144] increases the value of αs(m2

Z) by 0.001, as expected. The effects of missing higher-order QCD
corrections on αs(m2

Z) covers missing higher-order electroweak corrections and uncertainties in the
interplay of electroweak and QCD corrections and has been estimated to be about 0.002 [146]. A
discussion of theoretical uncertainties in the determination of αs can be found in References 142
and 146. For the moment, the determination of the size of remaining theoretical uncertainties is still
under study. All theoretical errors discussed in this paragraph have been neglected for the results
presented in Table 33.

At present the impact of theoretical uncertainties on the determination of SM parameters from
the precise electroweak measurements is small compared with the error due to the uncertainty in the
value of α(m2

Z). The uncertainty in α(m2
Z) arises from the contribution of light quarks to the photon

vacuum polarisation (∆α
(5)
had(m2

Z)):

α(m2
Z) =

α(0)

1 − ∆α`(m2
Z) − ∆α

(5)
had(m2

Z) − ∆αtop(m2
Z)

. (37)

The top contribution depends on the mass of the top quark, and is therefore determined inside the
electroweak libraries [145]. The leptonic contribution has been recently calculated to third order [141]
to be 0.031498. For the hadronic contribution, we use the value 0.02804± 0.00065 [140], which results
in 1/α(5)(m2

Z) = 128.878 ± 0.090. This uncertainty causes an error of 0.00023 on the Standard Model
3See Reference 133 for a combination of these mW measurements.
4See Reference 136 for a combination of these mt measurements.
5The formula used is δ sin2 θW = −0.00142

m2
t −(175GeV)2

(100GeV)2
+ 0.00048 ln( mH

150GeV
). See Reference 138 for details.
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Measurement with Systematic Standard Pull
Total Error Error Model fit

α(5)(m2
Z)−1 [140,141] 128.878 ± 0.090 0.083 128.878 0.0

a) LEP
line-shape and
lepton asymmetries:
mZ [GeV] 91.1871 ± 0.0021 (a)0.0017 91.1869 0.1
ΓZ [GeV] 2.4944 ± 0.0024 (a)0.0013 2.4957 −0.6
σ0

h [nb] 41.544 ± 0.037 0.035 41.479 1.7
R` 20.768 ± 0.024 0.017 20.740 1.2
A0, `

FB 0.01701 ± 0.00095 0.00060 0.01625 0.8
+ correlation matrix Table 8

τ polarisation:
Aτ 0.1425 ± 0.0044 0.0026 0.1472 −1.1
Ae 0.1483 ± 0.0051 0.0009 0.1472 0.2

qq charge asymmetry:
sin2θlept

eff (〈QFB〉) 0.2321 ± 0.0010 0.0008 0.23150 0.6

mW [GeV] 80.350 ± 0.056 0.043 80.385 −0.6

b) SLD [34]
sin2θlept

eff (A`) 0.23099 ± 0.00026 0.00018 0.23150 −2.0

c) LEP and SLD Heavy Flavour
R0

b 0.21642 ± 0.00073 0.00056 0.21583 0.8
R0

c 0.1674 ± 0.0038 0.0028 0.1722 −1.3
A0, b

FB 0.0988 ± 0.0020 0.0010 0.1032 −2.2
A0, c

FB 0.0692 ± 0.0037 0.0019 0.0738 −1.2
Ab 0.911 ± 0.025 0.017 0.935 −0.9
Ac 0.630 ± 0.026 0.016 0.668 −1.5
+ correlation matrix Table 18

d) pp and νN
mW [GeV] (pp [133]) 80.448 ± 0.062 0.050 80.385 1.0
1 − m2

W/m2
Z (νN [137,138]) 0.2255 ± 0.0021 0.0010 0.2229 1.1

mt [GeV] (pp [136]) 174.3 ± 5.1 4.0 173.2 0.2

Table 32: Summary of measurements included in the combined analysis of Standard Model param-
eters. Section a) summarises LEP averages, Section b) SLD results (sin2θlept

eff includes ALR and the
polarised lepton asymmetries), Section c) the LEP and SLD heavy flavour results and Section d)
electroweak measurements from pp colliders and νN scattering. The total errors in column 2 include
the systematic errors listed in column 3. Although the systematic errors include both correlated and
uncorrelated sources, the determination of the systematic part of each error is approximate. The
Standard Model results in column 4 and the pulls (difference between measurement and fit in units
of the total measurement error) in column 5 are derived from the Standard Model fit including all
data (Table 33, column 5) with the Higgs mass treated as a free parameter.
(a)The systematic errors on mZ and ΓZ contain the errors arising from the uncertainties in the LEP energy
only.
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prediction of sin2θlept
eff , an error of 1 GeV on mt, and 0.2 on log(mH), which are included in the

results. The effect on the Standard Model prediction for Γ`` is negligible. The αs(m2
Z) values for

the Standard Model fits presented in this Section are stable against a variation of α(m2
Z) in the

interval quoted. There are several evaluations of ∆α
(5)
had(m2

Z) [140,147–153]. The most recent of these
(References 150–153) are more theory-driven, and result in a smaller error on ∆α

(5)
had(m2

Z). To show the
effects of the uncertainty of α(m2

Z), we also use the evaluation of ∆α
(5)
had(m2

Z) = 0.02784±0.00026 [151]
which results in 1/α(5)(m2

Z) = 128.905 ± 0.036.

Figure 12 shows a comparison of the leptonic partial width from LEP (Table 9) and the effective
electroweak mixing angle from asymmetries measured at LEP and SLD (Table 31), with the Stan-
dard Model. Good agreement with the Standard Model prediction is observed. The point with the
arrow shows the prediction if among the electroweak radiative corrections only the photon vacuum
polarisation is included, which shows an example of evidence that LEP+SLD data are sensitive to
electroweak corrections. Note that the error due to the uncertainty on α(m2

Z) (shown as the length of
the arrow) is larger than the experimental error on sin2θlept

eff from LEP and SLD. This underlines the
growing importance of a precise measurement of σ(e+e− → hadrons) at low centre-of-mass energies.

Of the measurements given in Table 32, R` is the most sensitive to QCD corrections. Thus, it can
be used to determine the value of αs(m2

Z). For mZ = 91.1871 GeV, and imposing mt = 174.3±5.1 GeV
as a constraint, αs = 0.123 ± 0.004 ± 0.001 is obtained, where the second error accounts for varying
mH in the range mH = 77+69

−39 GeV. This result is in very good agreement with the world average
(αs(m2

Z) = 0.119 ± 0.002 [104]).

To test the agreement between the LEP data and the Standard Model, we first perform a fit to
the data (including the LEP-II mW determination) leaving the top quark mass and the Higgs mass as
free parameters. The result is shown in Table 33, column 2. This fit shows that the LEP data prefer
a light top quark and a light Higgs boson, albeit with very large errors. The strongly asymmetric
errors on mH are due to the fact that to first order, the radiative corrections in the Standard Model
are proportional to log(mH). The correlation between the top quark mass and the Higgs mass is 0.87
(see Figure 13).

The data can also be used within the Standard Model to determine the top quark and W masses
indirectly, which can be compared to the direct measurements performed at the Tevatron and LEP.
For this, we perform several fits. In the first fit, we use all the results in Table 32, except the LEP-II
and Tevatron mW and mt results. The results are shown in column 3 of Table 33. The indirect
measurements of mW and mt from this data sample are shown in Figure 14, compared with the
direct measurements. Also shown is the Standard Model predictions for Higgs masses between 90 and
1000 GeV. As can be seen in the figure, the indirect and direct measurements of mW and mt are in
good agreement, and both sets prefer a low Higgs mass. For the second fit, we include the direct mW

measurements from LEP and Tevatron to obtain mt = 169.7+9.8
−7.0 GeV, in good agreement with the

direct measurement of mt = 174.3 ± 5.1 GeV. For the next fit, we use the direct mt measurements
to obtain the best indirect determination of mW. The result is shown in column 4 of Table 33. Also
here, the direct measurements of mW are in excellent agreement with the indirect one.

Finally, the best constraints on mH are obtained when all data are used in the fit. The results
of this fit are shown in column 5 of Table 33 and in Figure 13. In Figures 15 and 16 the sensitivity
of the LEP and SLD measurements to the Higgs mass is shown. As can be seen, the most sensitive
measurements are the asymmetries. A reduced uncertainty for the value of α(m2

Z) would therefore
result in an improved constraint on mH, as shown in Figure 12.

In Figure 17 the observed value of ∆χ2 ≡ χ2 − χ2
min as a function of mH is plotted for the fit
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including all data. The solid curve is the result using ZFITTER, and corresponds to the last column
of Table 33. The shaded band represents the uncertainty due to uncalculated higher-order corrections,
as estimated by ZFITTER and TOPAZ0. The 95% confidence level upper limit on mH (taking the
band into account) is 215 GeV. The lower limit on mH of approximately 95 GeV obtained from direct
searches [154] has not been used in this limit determination. Also shown is the result (dashed curve)
obtained when using α(5)(m2

Z) of Reference 151. The fit results in log(mH/GeV) = 1.96+0.21
−0.23, a 25%

reduction of the error.

LEP including all data except all data except all data
LEP-II mW mW and mt mW

mt [GeV] 172+14
−11 167+11

−8 172.9 ± 4.7 173.2 ± 4.5

mH [GeV] 134+268
−81 55+84

−27 81+77
−42 77+69

−39

log(mH/GeV) 2.13+0.48
−0.40 1.74+0.40

−0.30 1.91+0.29
−0.32 1.88+0.28

−0.30

αs(m2
Z) 0.120 ± 0.003 0.118 ± 0.003 0.119 ± 0.003 0.118 ± 0.003

χ2/d.o.f. 11/9 21/12 21/13 23/15

sin2θlept
eff 0.23184 ± 0.00021 0.23151 ± 0.00017 0.23152 ± 0.00018 0.23150 ± 0.00016

1 − m2
W/m2

Z 0.2237 ± 0.0006 0.2233 ± 0.0007 0.2230 ± 0.0005 0.2229 ± 0.0004

mW [GeV] 80.342 ± 0.032 80.366 ± 0.035 80.381 ± 0.026 80.385 ± 0.022

Table 33: Results of the fits to LEP data alone, to all data except the direct determinations of mt

and mW (Tevatron and LEP-II), to all data except direct mW determinations, and to all data. As the
sensitivity to mH is logarithmic, both mH as well as log(mH/GeV) are quoted. The bottom part of the
table lists derived results for sin2θlept

eff , 1 − m2
W/m2

Z and mW. See text for a discussion of theoretical
errors not included in the errors above.
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11 Prospects for the Future

Most of the measurements from data taken at or near the Z resonance, both at LEP as well as at
SLC, that are presented in this report are either final, or are being finalized. The major improvements
will therefore take place in the high energy data. The expected increase in statistics at LEP-II to
500 pb−1 per experiment will lead to substantially improved measurements of certain electroweak
parameters. As a result, the measurements of mW are likely to match the error obtained via the
radiative corrections of the Z data, providing a further important test of the Standard Model. In the
measurement of the WWγ and WWZ triple-gauge-boson couplings the increase in LEP-II statistics,
together with the increased sensitivity at higher beam energies, will lead to an improvement in the
current precision by about a factor of 3. The anticipated improvements in the measurements of the
hadronic cross section at low energy will reduce the error on the Higgs mass.

12 Conclusions

The combination of the many precise electroweak results yields stringent constraints on the Standard
Model. All measurements agree with the predictions. In addition, the results are sensitive to the
Higgs mass.

The LEP experiments wish to stress that this report reflects a preliminary status at the time of
the 1999 summer conferences. A definitive statement on these results must wait for publication by
each collaboration.
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Appendix

A Heavy-Flavour Fit including Off-Peak Asymmetries

The full 18 parameter fit to the LEP and SLD data gave the following results:

R0
b = 0.21643 ± 0.00073

R0
c = 0.1674 ± 0.0038

Abb̄
FB(−2) = 0.0570 ± 0.0078

Acc̄
FB(−2) = −0.037 ± 0.017

Abb̄
FB(pk) = 0.0968 ± 0.0021

Acc̄
FB(pk) = 0.0628 ± 0.0038

Abb̄
FB(+2) = 0.1130 ± 0.0069

Acc̄
FB(+2) = 0.138 ± 0.015

Ab = 0.911 ± 0.025
Ac = 0.630 ± 0.026

BR(b → `) = 0.1062 ± 0.0017
BR(b → c → ¯̀) = 0.0807 ± 0.0025

BR(c → `) = 0.0985 ± 0.0032
χ = 0.1186 ± 0.0043

f(D+) = 0.239 ± 0.016
f(Ds) = 0.117 ± 0.025

f(cbaryon) = 0.084 ± 0.023
P(c → D∗+) × BR(D∗+ → π+D0) = 0.1653 ± 0.0053

with a χ2/d.o.f. of 54/(96 − 18). The corresponding correlation matrix is given in Table 34. The
energy for the peak−2, peak and peak+2 results are respectively 89.55 GeV, 91.26 GeV and 92.94 GeV.
Note that the asymmetry results shown here are not the pole asymmetries shown in Section 6.2.2.
The non-electroweak parameters do not depend on the treatment of the asymmetries.
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1) 2) 3) 4) 5) 6) 7) 8) 9) 10) 11) 12) 13) 14) 15) 16) 17) 18)

Rb Rc Abb̄
FB Acc̄

FB Abb̄
FB Acc̄

FB Abb̄
FB Acc̄

FB Ab Ac BR BR BR χ f(D+) f(Ds) f(cbar.) PcDst
(−2) (−2) (pk) (pk) (+2) (+2) (1) (2) (3)

1) 1.00 −0.14 −0.01 −0.01 −0.02 0.01 −0.01 0.01 −0.03 0.02 −0.14 0.03 −0.04 −0.04 −0.16 −0.04 0.12 0.12
2) −0.14 1.00 0.01 0.01 0.05 −0.05 0.02 −0.02 0.02 −0.03 0.04 −0.02 −0.34 0.03 −0.15 0.22 0.21 −0.54
3) −0.01 0.01 1.00 0.13 0.04 0.01 0.02 0.00 0.01 0.00 0.02 −0.03 0.01 0.06 0.00 0.00 0.00 0.00
4) −0.01 0.01 0.13 1.00 0.01 0.01 0.00 0.00 0.00 0.00 0.02 −0.02 0.02 0.02 0.00 0.00 0.00 0.00
5) −0.02 0.05 0.04 0.01 1.00 0.09 0.11 0.00 0.02 0.00 0.00 −0.07 0.01 0.16 0.01 0.03 0.00 −0.03
6) 0.01 −0.05 0.01 0.01 0.09 1.00 −0.01 0.12 −0.01 0.03 0.22 −0.26 −0.04 0.22 0.01 −0.01 −0.02 0.02
7) −0.01 0.02 0.02 0.00 0.11 −0.01 1.00 0.11 0.01 0.00 −0.02 −0.01 0.00 0.06 0.01 0.01 0.00 −0.01
8) 0.01 −0.02 0.00 0.00 0.00 0.12 0.11 1.00 0.00 0.01 0.05 −0.07 −0.05 0.04 0.00 −0.01 0.00 0.01
9) −0.03 0.02 0.01 0.00 0.02 −0.01 0.01 0.00 1.00 0.15 −0.01 0.02 0.04 0.08 −0.01 0.00 0.01 −0.01
10) 0.02 −0.03 0.00 0.00 0.00 0.03 0.00 0.01 0.15 1.00 0.02 −0.04 −0.03 0.01 −0.01 0.00 0.01 0.01
11) −0.14 0.04 0.02 0.02 0.00 0.22 −0.02 0.05 −0.01 0.02 1.00 −0.37 0.23 0.44 0.05 0.02 −0.02 −0.03
12) 0.03 −0.02 −0.03 −0.02 −0.07 −0.26 −0.01 −0.07 0.02 −0.04 −0.37 1.00 −0.06 −0.43 0.00 −0.01 0.00 0.01
13) −0.04 −0.34 0.01 0.02 0.01 −0.04 0.00 −0.05 0.04 −0.03 0.23 −0.06 1.00 0.21 0.04 −0.05 −0.06 0.19
14) −0.04 0.03 0.06 0.02 0.16 0.22 0.06 0.04 0.08 0.01 0.44 −0.43 0.21 1.00 0.02 0.02 −0.01 −0.03
15) −0.16 −0.15 0.00 0.00 0.01 0.01 0.01 0.00 −0.01 −0.01 0.05 0.00 0.04 0.02 1.00 −0.38 −0.28 0.12
16) −0.04 0.22 0.00 0.00 0.03 −0.01 0.01 −0.01 0.00 0.00 0.02 −0.01 −0.05 0.02 −0.38 1.00 −0.44 −0.13
17) 0.12 0.21 0.00 0.00 0.00 −0.02 0.00 0.00 0.01 0.01 −0.02 0.00 −0.06 −0.01 −0.28 −0.44 1.00 −0.19
18) 0.12 −0.54 0.00 0.00 −0.03 0.02 −0.01 0.01 −0.01 0.01 −0.03 0.01 0.19 −0.03 0.12 −0.13 −0.19 1.00

Table 34: The correlation matrix for the set of the 18 heavy flavour parameters. BR(1), BR(2) and BR(3) denote BR(b → `), BR(b → c → ¯̀)
and BR(c → `) respectively, PcDst denotes P(c → D∗+) × BR(D∗+ → π+D0).
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The Measurements used in the Heavy Flavour Averages

In the following 20 tables the results used in the combination are listed. In each case an indication of
the dataset used and the type of analysis is given. Preliminary results are indicated by the symbol “†”.
The values of centre-of-mass energy are given where relevant. In each table, the result used as input
to the average procedure is given followed by the statistical error, the correlated and uncorrelated
systematic errors, the total systematic error, and any dependence on other electroweak parameters.
In the case of the asymmetries, the measurement moved to a common energy (89.55 GeV, 91.26 GeV
and 92.94 GeV, respectively, for peak−2, peak and peak+2 results) is quoted as corrected asymmetry.

Contributions to the correlated systematic error quoted here are from any sources of error shared
with one or more other results from different experiments in the same table, and the uncorrelated errors
from the remaining sources. In the case of Ac and Ab from SLD the quoted correlated systematic
error has contributions from any source shared with one or more other measurements from LEP
experiments. Constants such as a(x) denote the dependence on the assumed value of xused, which is
also given.
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ALEPH DELPHI L3 OPAL SLD
92-95 92-95 94-95† 92-95 93-98†
[37] [38] [39] [40] [41]

Rb 0.2157 0.2163 0.2171 0.2174 0.2159
Statistical 0.0009 0.0007 0.0015 0.0011 0.0014
Uncorrelated 0.0007 0.0004 0.0015 0.0009 0.0013
Correlated 0.0007 0.0004 0.0018 0.0008 0.0006
Total Systematic 0.0009 0.0006 0.0023 0.0012 0.0014
a(Rc) -0.0033 -0.0041 -0.0376 -0.0122 -0.0074
Rused

c 0.1720 0.1720 0.1734 0.1720 0.1710
a(BR(c → `)) -0.0133 -0.0067
BR(c → `)used 9.80 9.80
a(f(D+)) -0.0010 -0.0010 -0.0086 -0.0029 -0.0004
f(D+)used 0.2330 0.2330 0.2330 0.2380 0.2370
a(f(Ds)) -0.0001 0.0001 -0.0005 -0.0001 -0.0002
f(Ds)

used 0.1020 0.1030 0.1030 0.1020 0.1140
a(f(Λc)) 0.0002 0.0003 0.0008 0.0003 -0.0004
f(Λc)

used 0.0650 0.0630 0.0630 0.0650 0.0730

Table 35: The measurements of R0
b. All measurements use a lifetime tag enhanced by other features

like invariant mass cuts or high pT leptons.

ALEPH DELPHI OPAL SLD
91-95† 91-95 92-95 92-95 92-95 91-94 90-95 93-97†
c-count D meson lepton c-count D meson c-count D meson vertex-mass

[46] [42] [42] [44] [44] [47] [45] [49]
Rc 0.1734 0.1679 0.1668 0.1692 0.1610 0.164 0.1760 0.1680
Statistical 0.0049 0.0082 0.0062 0.0047 0.0104 0.011 0.0095 0.0047
Uncorrelated 0.0057 0.0078 0.0059 0.0050 0.0064 0.012 0.0102 0.0044
Correlated 0.0101 0.0026 0.0010 0.0083 0.0060 0.010 0.0062 0.0003
Total Systematic 0.0116 0.0082 0.0059 0.0097 0.0088 0.016 0.0120 0.0044
a(Rb) -0.0050 -0.0239
Rused

b 0.2159 0.2175
a(BR(c → `)) -0.1646
BR(c → `)used 9.80

Table 36: The measurements of R0
c . “c-count” denotes the determination of R0

c from the sum of
production rates of weakly decaying charmed hadrons. “D meson” denotes any single/double tag
analysis using exclusive and/or inclusive D meson reconstruction.
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ALEPH DELPHI L3 OPAL
90-95 90-95 90-95 91-95 91-93† 92-95 92-95 90-95 91-95 90-95† 90-95
lepton lepton lepton jet charge lepton D meson jet charge lepton jet charge lepton D meson

[54] [54] [54] [58] [55] [63] [59] [56] [61] [57] [64]√
s (GeV) 88.380 89.380 90.210 89.430 89.430 89.434 89.550 89.500 89.440 89.490 89.490

Abb̄
FB(−2) -3.53 5.47 9.11 7.46 6.40 5.65 6.80 6.14 4.10 3.56 -9.30

Abb̄
FB(−2)Corrected 5.87 7.75 6.69 5.93 6.80 6.26 4.36 3.70 -9.16

Statistical 1.90 1.78 3.87 7.59 1.80 2.93 2.10 1.73 10.80
Uncorrelated 0.39 0.19 0.16 0.91 0.12 0.37 0.25 0.16 2.62
Correlated 0.70 0.15 0.12 0.08 0.01 0.19 0.02 0.04 1.19
Total Systematic 0.80 0.24 0.20 0.91 0.13 0.41 0.25 0.16 2.88
a(Rb) -0.3069 -0.2430 -0.7233 -0.1962 -1.4467 -0.7300 -0.1000
Rused

b 0.2192 0.2155 0.2170 0.2158 0.2170 0.2150 0.2155
a(Rc) 0.0362 1.4800 0.1221 0.3200 0.3612 0.0700 0.1000
Rused

c 0.1710 0.1726 0.1710 0.1720 0.1734 0.1730 0.1720
a(Acc̄

FB(−2)) -0.2244 -0.2501 -0.1000 -0.3156
Acc̄

FB(−2)used -2.34 -2.70 -2.50 -2.81
a(BR(b → `)) -0.2486 -0.9706 -1.0290 0.3406
BR(b → `)used 11.34 11.00 10.50 10.90
a(BR(b → c → ¯̀)) -0.1074 0.1580 -0.1440 -0.5298
BR(b → c → ¯̀)used 7.86 7.90 8.00 8.30
a(BR(c → `)) -0.0474 0.5880 0.5096 0.1960
BR(c → `)used 9.80 9.80 9.80 9.80
a(χ) 5.259 2.0533
χused 0.12460 0.12100
a(f(D+)) 0.5083 0.0949
f(D+)used 0.2210 0.2330
a(f(Ds)) 0.1742 0.0035
f(Ds)

used 0.1120 0.1020
a(f(Λc)) -0.0191 -0.0225
f(Λc)

used 0.0840 0.0630

Table 37: The measurements of Abb̄
FB(−2). All numbers are given in %.
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ALEPH DELPHI OPAL
91-95 92-95 90-95† 90-95

D meson D meson lepton D meson
[62] [63] [57] [64]√

s (GeV) 89.370 89.434 89.490 89.490
Acc̄

FB(−2) -1.10 -5.04 -6.92 3.90

Acc̄
FB(−2)Corrected -0.02 -4.35 -6.56 4.26

Statistical 4.30 3.69 2.44 5.10
Uncorrelated 1.00 0.40 0.39 0.86
Correlated 0.09 0.09 0.21 0.02
Total Systematic 1.00 0.41 0.44 0.86
a(Rb) -3.4000
Rused

b 0.2155
a(Rc) 3.2000
Rused

c 0.1720
a(Abb̄

FB(−2)) -1.3365
Abb̄

FB(−2)used 6.13
a(BR(b → `)) -1.7031
BR(b → `)used 10.90
a(BR(b → c → ¯̀)) -1.4128
BR(b → c → ¯̀)used 8.30
a(BR(c → `)) 3.3320
BR(c → `)used 9.80
a(f(D+)) -0.3868
f(D+)used 0.2210
a(f(Ds)) -0.1742
f(Ds)

used 0.1120
a(f(Λc)) -0.0878
f(Λc)

used 0.0840

Table 38: The measurements of Acc̄
FB(−2). All numbers are given in %
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ALEPH DELPHI L3 OPAL
91-95† 91-95 91-95† 92-95 92-95 91-95 90-95 91-95 90-95† 90-95
lepton jet charge lepton D meson jet charge jet charge lepton jet charge lepton D meson

[54] [58] [55] [63] [59] [60] [56] [61] [57] [64]√
s (GeV) 91.210 91.250 91.26 91.235 91.260 91.240 91.260 91.210 91.240 91.240

Abb̄
FB(pk) 9.71 10.40 9.89 7.59 9.83 9.31 9.85 10.06 9.14 8.90

Abb̄
FB(pk)Corrected 9.81 10.42 9.99 7.63 9.83 9.35 9.85 10.15 9.18 8.94

Statistical 0.40 0.40 0.65 1.97 0.47 1.01 0.67 0.52 0.44 2.70
Uncorrelated 0.16 0.23 0.18 0.77 0.14 0.51 0.27 0.41 0.14 2.16
Correlated 0.12 0.22 0.19 0.07 0.04 0.21 0.14 0.20 0.15 0.37
Total Systematic 0.20 0.32 0.26 0.77 0.14 0.55 0.31 0.46 0.20 2.20
a(Rb) -0.9545 -0.2430 -1.773 -0.1962 -9.1622 -2.1700 -7.6300 -0.7000
Rused

b 0.2172 0.2170 0.2170 0.2158 0.2170 0.2170 0.2150 0.2155
a(Rc) 0.6450 1.4900 0.9593 0.8400 1.0831 1.3005 0.4600 0.6000
Rused

c 0.1720 0.1726 0.1733 0.1720 0.1733 0.1734 0.1730 0.1720
a(Acc̄

FB(pk)) 0.6345 1.1603 0.9262 0.6870
Acc̄

FB(pk)used 6.85 6.91 7.41 6.19
a(BR(b → `)) -1.8480 -2.789 -2.0160 -0.3406
BR(b → `)used 10.78 11.12 10.50 10.90
a(BR(b → c → ¯̀)) 0.4233 0.7321 -0.1280 -0.3532
BR(b → c → ¯̀)used 8.14 8.03 8.00 8.30
a(BR(c → `)) 0.5096 0.3341 1.5288 0.5880
BR(c → `)used 9.80 9.80 9.80 9.80
a(χ) 2.9904 3.2259
χused 0.12460 0.12140
a(f(D+)) 0.0442 0.2761
f(D+)used 0.2210 0.2330
a(f(Ds)) -0.0788 0.0106
f(Ds)

used 0.1120 0.1020
a(f(Λc)) -0.0115 -0.0495
f(Λc)

used 0.0840 0.0630

Table 39: The measurements of Abb̄
FB(pk). All numbers are given in %
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ALEPH DELPHI L3 OPAL
91-95† 91-95 91-95† 92-95 90-95 90-95† 90-95
lepton D meson lepton D meson lepton lepton D meson

[54] [62] [55] [63] [56] [57] [64]√
s (GeV) 91.210 91.220 91.260 91.235 91.240 91.240 91.240

Acc̄
FB(pk) 5.69 6.20 7.69 6.58 7.94 5.97 6.60

Acc̄
FB(pk)Corrected 5.94 6.39 7.69 6.70 8.04 6.07 6.70

Statistical 0.53 0.90 1.13 0.97 3.70 0.59 1.20
Uncorrelated 0.24 0.23 0.62 0.25 2.40 0.37 0.51
Correlated 0.36 0.17 0.29 0.04 0.49 0.32 0.19
Total Systematic 0.44 0.28 0.69 0.25 2.45 0.49 0.54
a(Rb) 1.4318 2.702 4.3200 4.1000
Rused

b 0.2172 0.2170 0.2160 0.2155
a(Rc) -2.9383 -5.481 -6.7600 -3.8000
Rused

c 0.1720 0.1733 0.1690 0.1720
a(Abb̄

FB(pk)) -2.1333 6.4274
Abb̄

FB(pk)used 9.79 8.84
a(BR(b → `)) 1.8993 3.674 3.5007 5.1094
BR(b → `)used 10.78 11.12 10.50 10.90
a(BR(b → c → ¯̀)) -1.0745 -2.964 -3.2917 -1.7660
BR(b → c → ¯̀)used 8.14 8.03 7.90 8.30
a(BR(c → `)) -3.2732 -1.864 -6.5327 -3.9200
BR(c → `)used 9.80 9.80 9.80 9.80
a(χ) 0.0453 -0.0784
χused 0.12460 0.12140
a(f(D+)) -0.0221
f(D+)used 0.2210
a(f(Ds)) 0.0788
f(Ds)

used 0.1120
a(f(Λc)) 0.0115
f(Λc)

used 0.0840

Table 40: The measurements of Acc̄
FB(pk). All numbers are given in %
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ALEPH DELPHI L3 OPAL
90-95 90-95 90-95 91-95 91-93† 92-95 92-95 90-95 91-95 90-95† 90-95
lepton lepton lepton jet charge lepton D meson jet charge lepton jet charge lepton D meson

[54] [54] [54] [58] [55] [63] [59] [56] [61] [57] [64]√
s (GeV) 92.050 92.940 93.900 92.970 93.017 92.990 92.940 93.100 92.910 92.950 92.950

Abb̄
FB(+2) 3.93 10.60 9.03 9.24 15.50 8.78 12.30 13.78 14.60 10.75 -3.40

Abb̄
FB(+2)Corrected 10.03 9.21 15.42 8.73 12.30 13.62 14.63 10.74 -3.41

Statistical 1.51 1.79 3.67 6.37 1.60 2.40 1.70 1.43 9.00
Uncorrelated 0.14 0.45 0.50 0.97 0.25 0.34 0.64 0.25 2.16
Correlated 0.24 0.26 0.41 0.13 0.05 0.20 0.34 0.28 1.59
Total Systematic 0.28 0.52 0.65 0.98 0.26 0.40 0.73 0.37 2.68
a(Rb) -1.964 -0.2430 -2.8933 -0.1962 -3.3756 -12.9000 -0.8000
Rused

b 0.2192 0.2155 0.2170 0.2158 0.2170 0.2150 0.2155
a(Rc) 1.575 1.4900 -0.9771 1.2000 1.9869 0.6900 0.8000
Rused

c 0.1710 0.1726 0.1710 0.1720 0.1734 0.1730 0.1720
a(Acc̄

FB(+2)) 1.081 1.2018 0.5206 1.3287
Acc̄

FB(+2)used 12.51 12.96 12.39 12.08
a(BR(b → `)) -1.762 -3.2353 -2.0790 -1.3625
BR(b → `)used 11.34 11.00 10.50 10.90
a(BR(b → c → ¯̀)) -0.2478 0.4740 -1.1200 0.7064
BR(b → c → ¯̀)used 7.86 7.90 8.00 8.30
a(BR(c → `)) 1.524 -1.3720 1.9796 0.7840
BR(c → `)used 9.80 9.80 9.80 9.80
a(χ) 6.584 4.8400
χused 0.12460 0.12100
a(f(D+)) 0.3978 0.4229
f(D+)used 0.2210 0.2330
a(f(Ds)) -0.0788 0.0211
f(Ds)

used 0.1120 0.1020
a(f(Λc)) 0.0573 -0.0855
f(Λc)

used 0.0840 0.0630

Table 41: The measurements of Abb̄
FB(+2). All numbers are given in %
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ALEPH DELPHI OPAL
91-95 92-95 90-95† 90-95

D meson D meson lepton D meson
[62] [63] [57] [64]√

s (GeV) 92.960 92.990 92.950 92.950
Acc̄

FB(+2) 10.94 11.78 15.65 16.70

Acc̄
FB(+2)Corrected 10.89 11.65 15.62 16.67

Statistical 3.30 3.20 2.02 4.10
Uncorrelated 0.79 0.52 0.75 0.95
Correlated 0.18 0.07 0.37 0.46
Total Systematic 0.81 0.52 0.84 1.05
a(Rb) 9.6000
Rused

b 0.2155
a(Rc) -8.9000
Rused

c 0.1720
a(Abb̄

FB(+2)) -2.6333
Abb̄

FB(+2)used 12.08
a(BR(b → `)) 9.5375
BR(b → `)used 10.90
a(BR(b → c → ¯̀)) -1.5894
BR(b → c → ¯̀)used 8.30
a(BR(c → `)) -9.2120
BR(c → `)used 9.80
a(f(D+)) -0.2984
f(D+)used 0.2210
a(f(Ds)) 0.0539
f(Ds)

used 0.1120
a(f(Λc)) 0.0764
f(Λc)

used 0.0840

Table 42: The measurements of Acc̄
FB(+2). All numbers are given in %
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SLD
93-98† 93-98† 94-98† 97-98†
lepton jet charge K± multi
[155] [66] [67] [69]√

s (GeV) 91.280 91.280 91.280 91.280
Ab 0.924 0.882 0.960 0.897
Statistical 0.032 0.020 0.040 0.027
Uncorrelated 0.020 0.029 0.056 0.034
Correlated 0.007 0.001 0.002 0.002
Total Systematic 0.022 0.029 0.056 0.034
a(Rb) -0.0483
Rused

b 0.2173
a(Rc) 0.0472
Rused

c 0.1730
a(Ac) 0.0578 0.0134 -0.0112
Ac

used 0.667 0.670 0.666
a(BR(b → `)) -0.2037
BR(b → `)used 11.06
a(BR(b → c → ¯̀)) 0.1103
BR(b → c → ¯̀)used 8.02
a(BR(c → `)) 0.0529
BR(c → `)used 9.80
a(χ) 0.2884
χused 0.12170

Table 43: The measurements of Ab.
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SLD
93-98† 93-97† 93-98†
lepton D meson K+vertex
[155] [156] [68]√

s (GeV) 91.280 91.280 91.280
Ac 0.567 0.688 0.603
Statistical 0.051 0.035 0.028
Uncorrelated 0.056 0.022 0.023
Correlated 0.018 0.003 0.001
Total Systematic 0.059 0.022 0.023
a(Rb) 0.2173
Rused

b 0.2173
a(Rc) -0.4089
Rused

c 0.1730
a(Ab) 0.2151 -0.0617 -0.0306
Ab

used 0.935 0.935 0.900
a(BR(b → `)) 0.2328
BR(b → `)used 11.06
a(BR(b → c → ¯̀)) -0.1178
BR(b → c → ¯̀)used 8.02
a(BR(c → `)) -0.4077
BR(c → `)used 9.80
a(χ) 0.1138
χused 0.12170
a(f(D+)) -0.0140
f(D+)used 0.2300
a(f(Ds)) -0.0028
f(Ds)

used 0.1150
a(f(Λc)) 0.0005
f(Λc)

used 0.0740

Table 44: The measurements of Ac.
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ALEPH DELPHI L3 OPAL
92-93† 94-95† 92 94-95† 92-95
multi multi lepton multi multi
[70] [71] [72] [39] [73]

BR(b → `) 11.01 10.65 10.68 10.18 10.83
Statistical 0.10 0.07 0.11 0.13 0.10
Uncorrelated 0.20 0.23 0.36 0.21 0.20
Correlated 0.17 0.42 0.22 0.12 0.21
Total Systematic 0.26 0.48 0.42 0.24 0.29
a(Rb) -9.2571 -0.1808
Rused

b 0.2160 0.2169
a(Rc) 1.4450 0.4867
Rused

c 0.1734 0.1770
a(BR(b → c → ¯̀)) -1.1700 0.1618
BR(b → c → ¯̀)used 9.00 8.09
a(BR(c → `)) 0.1960 -0.1960 -2.5480 0.9212
BR(c → `)used 9.80 9.80 9.80 9.80
a(χ) 0.2075
χused 0.12610
a(f(D+)) 0.5523 0.1445
f(D+)used 0.2330 0.2380
a(f(Ds)) 0.0213 0.0055
f(Ds)

used 0.1030 0.1020
a(f(Λc)) -0.0427 -0.0157
f(Λc)

used 0.0630 0.0650

Table 45: The measurements of BR(b → `). All numbers are given in %
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ALEPH DELPHI OPAL
92-93† 94-95† 90-95
multi multi multi
[70] [71] [73]

BR(b → c → ¯̀) 7.68 7.88 8.40
Statistical 0.18 0.13 0.16
Uncorrelated 0.26 0.26 0.19
Correlated 0.38 0.36 0.34
Total Systematic 0.46 0.45 0.39
a(Rb) -0.1808
Rused

b 0.2169
a(Rc) 0.3761
Rused

c 0.1770
a(BR(c → `)) -0.5880 -0.1960
BR(c → `)used 9.80 9.80
a(χ) -0.5108
χused 0.12610
a(f(D+)) 0.1190
f(D+)used 0.2380
a(f(Ds)) 0.0028
f(Ds)

used 0.1020
a(f(Λc)) -0.0110
f(Λc)

used 0.0660

Table 46: The measurements of BR(b → c → ¯̀). All numbers are given in %

DELPHI OPAL
92-95 90-95

D+lepton D+lepton
[43] [74]

BR(c → `) 9.59 9.60
Statistical 0.42 0.60
Uncorrelated 0.24 0.49
Correlated 0.14 0.43
Total Systematic 0.27 0.65
a(BR(b → `)) -0.5600 -1.4335
BR(b → `)used 11.20 10.99
a(BR(b → c → ¯̀)) -0.4100 -0.7800
BR(b → c → ¯̀)used 8.20 7.80

Table 47: The measurements of BR(c → `) . All numbers are given in %
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ALEPH DELPHI L3 OPAL
90-95 dbl 90-95 90-95†
multi multi lepton lepton
[54] [71] [56] [57]

χ 0.12461 0.12700 0.11920 0.11390
Statistical 0.00515 0.01300 0.00680 0.00540
Uncorrelated 0.00252 0.00566 0.00214 0.00306
Correlated 0.00397 0.00554 0.00252 0.00324
Total Systematic 0.00470 0.00792 0.00330 0.00446
a(Rb) 0.0341 0.0000
Rused

b 0.2192 0.2170
a(Rc) 0.0009 0.0004
Rused

c 0.1710 0.1734
a(BR(b → `)) 0.0524 0.0550 0.0170
BR(b → `)used 11.34 10.50 10.90
a(BR(b → c → ¯̀)) -0.0440 -0.0466 -0.0318
BR(b → c → ¯̀)used 7.86 8.00 8.30
a(BR(c → `)) 0.0035 -0.0020 0.0006 0.0039
BR(c → `)used 9.80 9.80 9.80 9.80

Table 48: The measurements of χ.

DELPHI OPAL
92-95 90-95

D meson D meson
[43] [45]

P(c → D∗+) × BR(D∗+ → π+D0) 0.1740 0.1513
Statistical 0.0100 0.0096
Uncorrelated 0.0040 0.0088
Correlated 0.0007 0.0011
Total Systematic 0.0041 0.0089
a(Rb) 0.0293
Rused

b 0.2166
a(Rc) -0.0158
Rused

c 0.1735

Table 49: The measurements of P(c → D∗+) × BR(D∗+ → π+D0).
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ALEPH DELPHI OPAL
91-95† 92-95 91-94

D meson D meson D meson
[46] [44] [47]

RcfD+ 0.0406 0.0384 0.0390
Statistical 0.0013 0.0013 0.0050
Uncorrelated 0.0014 0.0015 0.0042
Correlated 0.0032 0.0025 0.0031
Total Systematic 0.0035 0.0030 0.0052
a(f(D+)) 0.0008
f(D+)used 0.2210
a(f(Ds)) -0.0002
f(Ds)

used 0.1120
a(f(Λc)) 0.0000
f(Λc)

used 0.0840

Table 50: The measurements of RcfD+.

ALEPH DELPHI OPAL
91-95† 92-95 91-94

D meson D meson D meson
[46] [44] [47]

RcfDs 0.0207 0.0213 0.0160
Statistical 0.0033 0.0017 0.0042
Uncorrelated 0.0011 0.0010 0.0016
Correlated 0.0053 0.0054 0.0043
Total Systematic 0.0054 0.0055 0.0046
a(f(D+)) 0.0007
f(D+)used 0.2210
a(f(Ds)) -0.0009
f(Ds)

used 0.1120
a(f(Λc)) -0.0001
f(Λc)

used 0.0840

Table 51: The measurements of RcfDs .
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ALEPH DELPHI OPAL
91-95† 92-95 91-94

D meson D meson D meson
[46] [44] [47]

RcfΛc 0.0157 0.0169 0.0091
Statistical 0.0018 0.0035 0.0050
Uncorrelated 0.0007 0.0016 0.0015
Correlated 0.0044 0.0045 0.0035
Total Systematic 0.0045 0.0048 0.0038
a(f(D+)) 0.0002
f(D+)used 0.2210
a(f(Ds)) -0.0001
f(Ds)

used 0.1120
a(f(Λc)) -0.0002
f(Λc)

used 0.0840

Table 52: The measurements of RcfΛc .

ALEPH DELPHI OPAL
91-95† 92-95 91-94

D meson D meson D meson
[46] [44] [47]

RcfD0 0.0964 0.0926 0.0997
Statistical 0.0029 0.0026 0.0070
Uncorrelated 0.0040 0.0038 0.0057
Correlated 0.0045 0.0023 0.0041
Total Systematic 0.0060 0.0044 0.0070
a(f(D+)) 0.0020
f(D+)used 0.2210
a(f(Ds)) -0.0004
f(Ds)used 0.1120
a(f(Λc)) -0.0004
f(Λc)

used 0.0840

Table 53: The measurements of RcfD0.
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DELPHI OPAL
92-95 90-95

D meson D meson
[44] [45]

RcP(c → D∗+) × BR(D∗+ → π+D0) 0.0282 0.0266
Statistical 0.0007 0.0005
Uncorrelated 0.0010 0.0010
Correlated 0.0007 0.0009
Total Systematic 0.0012 0.0014
a(f(D+)) 0.0006
f(D+)used 0.2210
a(f(Ds)) -0.0001
f(Ds)

used 0.1120
a(f(Λc)) -0.0004
f(Λc)

used 0.0840

Table 54: The measurements of RcP(c → D∗+) × BR(D∗+ → π+D0).
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M. Böhm et al., in Z Physics at LEP 1, Vol. 1, ed. G. Altarelli, R. Kleiss and C. Verzegnassi,
(CERN Report: CERN 89-08, 1989), p. 203.

[12] See, for example, M. Consoli et al., in “Z Physics at LEP 1”, CERN Report CERN 89-08 (1989),
eds G. Altarelli, R. Kleiss and C. Verzegnassi, Vol. 1, p. 7.

[13] S. Jadach, et al., Phys. Lett. B257 (1991) 173.

[14] M. Skrzypek, Acta Phys. Pol. B23 (1992) 135.

[15] G. Montagna, et al., Phys. Lett. B406 (1997) 243.

[16] LEP Electroweak Working Group, Precise Determination of Z-Boson Parameters from Com-
bined Results of LEP Experiments, LEP EWWG/LS 99-01.

[17] LEP Energy Working Group, R. Assmann et al., Eur. Phys. Jour. C6 (1999) 187.

[18] LEP Energy Working Group note 96-07, E. Lancon and A. Blondel, Determination of the LEP
Energy Spread Using Experimental Constraints.
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