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Abstract

A presentation is given of a selection of the electroweak precision tests that have been carried out at

LEP. Measurements of the Z0 lineshape and asymmetries from the LEP1 era as well as measurements

of the W mass from LEP2 are described, and up-to-date results presented. A brief overview is given

of some experimental aspects that are crucial to the precision tests. Radiative corrections and some

of the constraints that they impose on the Standard Model are discussed.

1 Introduction

LEP has operated successfully since 1989, with steady improvements in its performance and increased

integrated luminosity for each year. When the data taking at and in the vicinity of the Z0 pole,p
s = 91 GeV, �nished in 1995, each of the four LEP experiments had collected an integrated lumi-

nosity of about 160 pb�1, and together they had recorded approximately 20 million Z0 bosons. This

wealth of statistics has allowed unprecedented testing of the electroweak theory of the Standard Model,

and the results obtained have been in excellent agreement with the model, leaving only small openings

for any new physics beyond the Standard Model.

The LEP2 era started in the summer of 1996 with collisions at the threshold for W+W� production,p
s = 161 GeV. The experiments each recorded about 10 pb�1 during this period. Later in the year,

the energy was increased to
p
s = 172 GeV, and another 10 pb�1 were recorded by each experiment. In

1997 the energy was increased further to
p
s = 183 GeV, and the integrated luminosity at this energy

reached about 55 pb�1 per experiment. The higher energies of LEP2 allow a range of precision tests of

the Standard Model with W pairs, including a good determination of the mass of the W boson.

Section 2 presents a selection of the tests of the electroweak theory carried out at the Z0 pole. A

summary of the measurements of beam energy and luminosity, crucial to the precision of the electroweak

tests, is given in Section 3. Section 4 contains a short introduction to the measurements of the W mass.

Section 5 brie
y discusses radiative corrections and presents some examples of how they are used to put

constraints on the Standard Model.

2 Z
0 Lineshape Measurements and Asymmetries

2.1 Z
0 Lineshape

The Z0 lineshape measurements consist of a series of measurements of cross sections of the production

of di�erent fermions at di�erent energy points around the Z0 resonance. The parameters that one has

chosen to extract from these measurements are the mass of the Z0 boson, mZ , the total width, �Z , the

peak hadronic cross section, �0h and the ratios of partial widths for leptons, Re, R� and R� , de�ned as

Re � �h=�ee, where �h is the partial width for decay into hadrons and �ee the partial width for decay

into an electron-positron pair, and analogously for the � and � leptons. When lepton universality is

assumed, one quotes instead Rl � �h=�ll, where l denotes charged leptons. This particular parameter

choice has the advantages that the parameters are nearly statistically independent; they are easily related

to basic electroweak parameters, such as coupling strengths; and they are also easily related to speci�c

experimental errors. mZ , �Z and �0h also have a close correspondence to the position, the width and the

height of the Z0 resonance curve as a function of energy.
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The parameters are extracted through a �t to a function describing the total cross section for decay

into a pair of fermions, e+e� ! f �f , as a function of s, the square of the centre-of-mass energy:

�f (s) = �0f
s�2Z

(s�m2
Z) +

s2�2
Z

m2

Z

+ 
 + 
Z0; (1)

where �0f is the peak cross section for decay into a fermion pair. The terms 
 and 
Z0 represent

contributions from photon exchange and 
 � Z0 interference. These contributions are small relative to

that of Z0 exchange at the Z0 pole, O(1%) [1], and are �xed to their Standard-Model values in the �t.

Before the function is compared with the experimental results, it is convoluted with a function describing

QED corrections (mainly initial-state radiation). The peak cross section for decay into fermions is de�ned

as

�0f �
12��e�f

m2
Z�

2
Z

: (2)

Using this and

�Z =
X

�f ;

one can extract the partial widths � and the ratios R from the �tted parameters. The current values

of the lineshape parameters, where the results of the four LEP experiments have been averaged, are

presented in Table 1.

Parameter Average Value

mZ (GeV) 91:1867� 0:0020

�Z (GeV) 2:4948� 0:0025

�0h (nb) 41:486� 0:053

Re 20:757� 0:056

R� 20:783� 0:037

R� 20:823� 0:050

Rl 20:775� 0:027

Table 1: Average lineshape parameters from the preliminary results of the four LEP experi-

ments [2], [3], [4].

An important aspect of the Standard Model that is tested in the lineshape measurements is that of

lepton universality. The partial widths �l are proportional to the vector and axial-vector couplings gV f
and gAf of the Z0 to fermions according to

�f =
GFm

3
Z

6�
p
2

�
g2V f + g2Af

�
; (3)

where GF is the Fermi constant. As a consequence thereof, the ratios Re, R� and R� should be the

same if the couplings to the di�erent lepton 
avours are the same. Lepton universality is excellently con-

�rmed by the LEP experiments, with good agreement between the di�erent ratios R, as shown in Table 1.

Another test of the Standard Model is to count the number of light neutrino species. This is done at

LEP by measuring the invisible decay width �inv = N��� , where N� is the number of neutrino species

and �� the partial width for decay into a neutrino-antineutrino pair. N� is determined from

N� =
�l

��

�inv

�l
=

�l

��

 s
12�Rl

m2
Z�

0
h

�Rl � 3

!
; (4)

where one uses the fact that

�Z =
X

�f = �h + 3�l + �inv (5)
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and the de�nition of the peak cross section (eq. 2). The ratio �inv=�l is the measured quantity, and

�l=�� is taken from the Standard Model. The number of neutrinos measured in this way is

N� = 2:993� 0:011.

A di�erent approach to this measurement is instead to assume that the number of neutrinos is 3

and extract an upper limit for additional invisible decays of the Z0 by adding a term ��inv to the �t.

Limiting the result to include only positive values of ��inv yields the upper limit

��inv < 2:8 MeV at 95% C.L.

2.2 Asymmetries

The asymmetries that are measured at LEP have their origin in the fact that neutral-current couplings

are di�erent for left-handed and for right-handed fermions:

gLf = I3Lf �Qf sin
2 �W

gRf = �Qf sin
2 �W ; (6)

where gLf and gRf are the couplings to left-handed and right-handed fermions respectively, I3Lf and Qf

the weak isospin and the charge of the fermion and �W the electroweak mixing angle. This di�erence

leads to polarisation e�ects and to forward-backward asymmetries that can be measured at LEP.

Using the relations

gV f = gLf + gRf

gAf = gLf � gRf ; (7)

one can express the di�erence in the neutral-current coupling in terms of the chiral-coupling asymmetry

Af de�ned as

Af �
g2Lf � g2Rf

g2Lf + g2Rf
=

2gV fgAf

g2V f + g2Af
: (8)

The chiral-coupling asymmetry manifests itself in di�erent ways that can be measured experimentally:

There are the so-called left-right asymmetries, which require longitudinally polarised e+e� beams and

which are measured at SLD; there are the forward-backward asymmetries, which are measured at LEP

for the three lepton 
avours and for b and c quarks; there are the polarisation asymmetries, which the

LEP experiments measure for the � lepton; and there are hadronic jet charge asymmetries. The charge

asymmetries and the forward-backward asymmetries for quarks will not be discussed further here.

2.3 Forward-Backward Asymmetries

The forward-backward asymmetry AFB for the process e+e� ! Z0 ! f �f is de�ned as

AFB(s) =
�F (s)� �B(s)

�F (s) + �B(s)
; (9)

where �F (B) denotes the cross section for the antifermion emerging in the forward (backward) direction

from the interaction point, the forward direction being that of the incoming positron (see Figure 1). The

forward-backward asymmetry enters the polar-angular dependence of the cross section:

d�

d (cos �)
= 1 + cos2 � +

8

3
AFB cos �: (10)

At LEP, where the beams are longitudinally unpolarised, one measures the forward-backward asymmetry

at the Z0 pole:

AFB(s = m2
Z) ' A

0;f

FB �
3

4
AeAf ; (11)
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where A
0;f
FB is called the pole asymmetry. With polarised beams one can measure the left-right asymmetry

ALR, which is de�ned as

ALR � �L � �R

�L + �R
' Ae; (12)

where �L and �R refer to the cross sections for Z0 decays for left- and right-polarised beams respectively.

As mentioned previously, this measurement is carried out at SLD.

B F

e+ e-

f

f
–

θ

B F

e+ e-

f

f
–

θ

Figure 1: De�nition of polar angle in e+e� collisions.

The forward-backward asymmetries are extracted from �ts to the angular distribution of events at

each energy point. The e+e� �nal state receives a signi�cant contribution from t-channel e+e� (Bhabha)

scattering and must be corrected for this.

The asymmetry measurements provide another important test to lepton universality; the pole asym-

metries for the di�erent lepton 
avours must be the same if their gauge couplings are the same:

A
0;e
FB = A

0;�
FB = A

0;�
FB : (13)

Also in this respect LEP data show strong evidence for lepton universality (see Table 2).

Parameter Average Value

A
0;e
FB 0:0160� 0:0024

A
0;�
FB 0:0163� 0:0014

A0;�
FB 0:0192� 0:0018

A
0;l
FB 0:0171� 0:0010

Table 2: Forward-backward asymmetries without and with lepton universality; average results from the

four LEP experiments.

2.4 � Polarisation

The � polarisation P� is de�ned as

P� � �R � �L

�R + �L
; (14)

where �R(L) is the cross section for a � pair with the �� being right-(left-)handed. The chiral-coupling

asymmetries Ae and A� are extracted from the polar-angular dependence of the polarisation:

P� (cos �) ' �
A� +

2 cos �
1+cos2 �

Ae

1 + 2 cos �
1+cos2 �

AeA�

: (15)
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The polarisation of the � lepton is measured through reconstruction of the kinematic parameters of

its decay products. Five di�erent decay modes are used: � ! e���; � ! ����; � ! ��; � ! ��; and

� ! a1�. The decay channels involving a � or a � yield the best sensitivity; the channel involving an a1
has a relatively small branching fraction, and the purely leptonic channels have their polarisation signal

diluted due to the fact that the two neutrinos involved in the decay prevent reconstruction of the decay

angles. The experimental challenge lies in distinguishing between the di�erent decay modes; the decay

products of the � are very well collimated due to the high momentum of the � . The coupling asymmetries

extracted from the � polarisation measurements at LEP also show strong support for lepton universality

(see Table 3).

Parameter Average Value

Ae 0:1399� 0:0073

A� 0:1411� 0:0064

Table 3: Chiral-coupling asymmetries from � polarisation measurements; average results from the four

LEP experiments.

2.5 E�ective Couplings of the Z
0 Boson to Leptons

The data from the partial widths, the lepton forward-backward asymmetries and the � polarisation can

be combined to determine the e�ective couplings gV l and gAl of the Z
0 to charged leptons. The couplings

to the neutrinos can be measured from the invisible width of the Z0, �inv , under the assumptions that

there are three identical neutrino generations (�inv = 3��) and gV � � gA� � g� . The averaged results,

assuming lepton universality, for the e�ective couplings are given in Table 4. Figure 2 shows the 68%

probability contours in the gAl � gV l plane.

Parameter Average Value

gV l �0:03681� 0:00085

gAl �0:50112� 0:00032

g� +0:50125� 0:00092

Table 4: E�ective couplings of the Z0 boson to leptons from LEP measurements of partial widths, lepton

forward-backward asymmetries and � polarisation. Lepton universality is assumed.

The asymmetry measurements determine the ratio gV l=gAl, and the results are often expressed in

terms of the e�ective electroweak mixing angle sin2 �
eff
W de�ned as

sin2 �
eff
W � 1

4

�
1� gV l

gAl

�
: (16)

This de�nition of the electroweak mixing angle is convenient because it absorbs vertex corrections for

leptons. The results of these determinations are shown in Table 5.
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Figure 2: Contours of 68% probability in the gV �gA plane from measurements of asymmetries and partial

widths at LEP. The solid contour shows the result from a �t assuming lepton universality. Also included

is the one-standard-deviation band from left-right asymmetry measurements at SLD. The shaded region

shows the Standard-Model prediction for a top mass of mt = 175:6 � 5:5 GeV and a Higgs mass of

mH = 300+700
�240 GeV. The arrows point in the direction of increasing values of mt and mH .

3 Experimental Aspects

The high precision of the LEP experiments require very accurate measurements of the beam energy and

of the luminosity. The main contribution to the error on the Z0 mass comes from the uncertainty of

the absolute beam energy, while the error on the Z0 width is related to the uncertainty of the di�erence

in centre-of-mass energies around the Z0 pole. Accurate knowledge of the luminosity is crucial to the

precision of the cross-section measurements.

3.1 Measurements of Beam Energy

Beam energy is measured at LEP through a method called resonant depolarisation [5], [7], which is the

cornerstone in the determination of the beam energy. However, several corrections to the value mea-

sured by resonant depolarisation must be made before a �nal value of the energy is obtained. Resonant

depolarisation makes use of the fact that transverse spin polarisation builds up naturally in e+e� stor-

age rings through interaction of the electrons or positrons with the magnetic guide �eld, the so-called

Sokolov-Ternov e�ect. The beam is depolarised by an applied oscillating magnetic �eld, which is made

to resonate with the spin precession of the polarised beam electrons. The number of spin precessions per

turn is proportional to the average beam energy. Such calibrations are typically performed at the end

of physics �lls, although they were less frequent in the early days of LEP. The intrinsic accuracy of the

method is of the order of 200 keV [8].
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sin2 �effW

A
0;l
FB 0:23102� 0:00056

A� 0:23228� 0:00081

Ae 0:23243� 0:00093

A
0;b
FB 0:23237� 0:00043

A
0;c
FB 0:2315� 0:0011

< Qfb > 0:2322� 0:0010

Average(LEP) 0:23199� 0:00028

ALR (SLD) 0:23055� 0:000412

Average(LEP+SLD) 0:23152� 0:00023

Table 5: E�ective electroweak mixing angle determined from di�erent asymmentry measurements. For

comparison, values obtained from forward-backward asymmetries with b and c quarks and from charge

asymmetries are also included, as well as the result from left-right asymmetry measurements at SLD.

Ground motion, due to terrestrial tides, heavy rainfalls, etc., causes the energy of LEP to vary with

time, because the circumference is altered so that the ideal orbit no longer passes through the centre of

the quadrupoles. The variation of the energy due to ground motion is about 10 MeV [9]. Therefore, the

beam orbit is continually monitored during the physics periods.

The beam energy is extracted from a model that is based on the resonant-depolarisation measurement

and which takes into account the beam-orbit measurements as well as other terms correcting for varia-

tions in, for example, RF cavity voltages, magnetic dipole �elds and temperatures. The determination of

the beam energy at LEP1 according to this method results in an uncertainty of 1.5 MeV in the Z0 mass;

the uncertainty in the Z0 width is also 1.5 MeV [3].

The method of resonant depolarisation is not directly applicable at LEP2 energies; it becomes very

di�cult to achieve su�cient polarisation at beam energies above 45 GeV. Energy calibrations based on

resonant polarisation are performed at lower energies, and the results are extrapolated to LEP2 energies.

The extrapolation is based on magnetic-�eld measurements. The resulting uncertainty of the LEP en-

ergy is 30 MeV; however, the knowledge of the beam energy is less crucial at LEP2 than at LEP1 [4], [10].

3.2 Luminosity

The determination of luminosity at LEP is based on counting Bhabha events at low angles. Bhabha

scattering is t-channel e+e� scattering, a well-known QED process with a large event rate and little

dependence on the parameters to be measured in the precision tests. The di�erential cross section of the

process has a steep angular dependence, 1=�3, which places high requirements on the electromagnetic

calorimeters that are used as luminosity monitors. They must have good energy resolution; their geo-

metrical acceptance must be known very precisely; and they must be very accurately positioned around

the beam pipe on either side of the experiments. The inner edge of the monitors must be known with

a precision better than 100 �m in order to match the statistical accuracy. Shifts in the location of the

interaction point and in the beam alignment must also be carefully followed. The experimental uncer-

tainty is now below 0.1% [9], which is smaller than the theoretical uncertainty of about 0.11% [3] in the

calculation of the Bhabha cross section. The precision of the Bhabha cross section is currently limited

by the lack of calculations of higher-order corrections.
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4 Measurements of W Mass

The measurements of the W mass are treated elsewhere in these proceedings; therefore, only a brief

indication of the principles and the results is given here.

Three channels are involved in the production ofW pairs through e+e� !W+W� at LEP: s-channel

exchange of a photon or a Z0 and t-channel exchange of a neutrino �e. The decay modes areW
+W� ! q�qq�q

with a branching ratio of 45.6%; W+W� ! q�ql� with a branching ratio of 43.8% and W+W� ! l�l�

with a branching ratio of 10.6% [1].

At energies just above the threshold forW -pair production, theW mass is measured through the cross

section forW production, which has its maximum sensitivity to theW mass in this region. The measured

cross section is compared with the predicted cross section as a function of the W mass. Consequently,

this method was used for the data collected at
p
s = 161 GeV. During this period of data taking, each

of the four LEP experiments recorded about 30 W pairs. The W mass determined by this measurement,

combining the results of the four experiments, is 80:40+0:22
�0:20 GeV (see Figure 3).

At higher energies, theW mass is determined through kinematic reconstruction of the decay products.

This is the method used for data taken at
p
s = 172 GeV, as well as for data taken at

p
s = 183 GeV.

Each experiment recorded approximately 100 W pairs at 172 GeV and close to 800 W pairs at 183 GeV.

The W mass determined from the data collected at 172 GeV is 80:53� 0:18 GeV; combining it with the

result from the measurement at 161 GeV yields a LEP average of the W mass of

mW = 80:48� 0:14 GeV.

No result from the data taking at 183 GeV was available at the time of writing.

In addition, the LEP experiments determine the W -pair cross section also at energies above the

threshold. These measurements are in excellent agreement with the Standard Model and show strong

support for the existence of all of the three production channels mentioned above (see Figure 4).

5 Radiative Corrections and Constraints on the Standard Model

The high precision with which the LEP experiments measure the directly observable parameters of the

Standard Model makes them sensitive also to parameters that appear virtually in some of the radiative

corrections at LEP energies. If one assumes the validity of the Standard Model, the radiative e�ects can

be measured and used to put constraints on these parameters. The sensitivity of the LEP experiments

to radiative e�ects is illustrated in Figure 5. It was demonstrated by the highly successful prediction of

the mass of the top quark before the top quark was discovered and its mass measured directly at the

Tevatron: The last prediction from precision measurements before the top quark was observed at the

Tevatron in 1994 was mt = 174� 11+17
�19 GeV [11]; averaged results from the CDF and D� collaborations

give a current top mass of 175:6� 5:5 GeV [12], [13], [14].

5.1 Important Radiative E�ects

The radiative e�ects that are important to the LEP experiments can be classi�ed in di�erent categories

(see, e.g., [15], [16], [17], [18]):

� One large group of corrections are those that arise from pure QED e�ects, i.e., emission of real or

virtual photons. They depend on energies, experimental cuts, etc., but can be calculated within the

framework of QED. As mentioned in Section 2.1, the method to take these corrections into account

is to convolute Eq. 1 by a radiator function before the lineshape parameters are extracted.
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Figure 3: The determination of the mass of the W boson, mW , from the cross section for W -pair

production, �WW , at a centre-of-mass energy of 161 GeV. The curve shows the Standard-Model prediction

for the cross section as a function of the W mass. The shaded band shows the measured cross section

with its uncertainty.

� A second group pertains to the running of the QED coupling constant, �, due to the photon self

energy:

�! �(m2
Z) =

�(0)

1���(m2
Z)

: (17)

The value of � at the Z0 pole is an important input parameter to the precision electroweak mea-

surements. Unfortunately, however, it is not known with great precision. The contribution from

leptons to the photon self energy can be calculated analytically and is well known. The contribution

from quarks is not entirely calculable due to uncertainty of the light quark masses; instead it is

measured experimentally through integration of

Rh � � (e+e� ! hadrons)

� (e+e� ! �+��)
(18)

over
p
s. The largest uncertainty comes in the contribution from the low-energy range: More than

75% of the error comes from the range 1 � ps � 5 GeV [19].
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Figure 4: The cross section forW -pair production, �WW , as a function of the centre-of-mass energy. The

dots show the LEP averages at 161 and 172 GeV. The solid curve shows the Standard-Model prediction

when all three production channels are included (s-channel exchange of a 
 or a Z0 and t-channel exchange

of a neutrino �e); the dotted curve shows the prediction if the ZWW coupling did not exist, and the

dashed curve shows the prediction if only t-channel neutrino exchange existed.

� Loop corrections to Z0 and W propagators give rise to corrections to the � parameter,

� =
m2
W

cos2 �Wm2
Z

; (19)

which is equal to 1 at tree level. This group contains corrections that are sensitive to the top mass

with a quadratic dependence:

��t � m2
t

m2
Z

:

There is also sensitivity to the Higgs mass, although this dependence is much weaker; it is only

logarithmic:

��H � log
m2
H

m2
Z

:

However, the LEP experiments have now reached a level of sensitivity high enough for the constraints

on the Higgs mass to be interesting, despite the weak dependence.

� Corrections to the Z ! b�b vertex are sensitive to the top mass, with a quadratic dependence:

�vb � m2
t

m2
Z

;

where �vb is given by �bb = �dd (1 + �vb).

5.2 Measurements

The Standard-Model parameters that are determined through radiative corrections at LEP are the mass

of the top quark, the strong coupling constant �s(m
2
Z) and either the mass of the Higgs boson or that
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Figure 5: Contours of 68% and 95% probability of the e�ective electroweak mixing angle (LEP+SLD)

vs. the leptonic partial width. The shaded area shows the Standard-Model prediction for a top mass

of mt = 175 � 5:5 GeV and a Higgs mass mH = 300+700
�240 GeV; the arrows indicate the directions of

increasing top and Higgs masses. The star shows the Standard-Model prediction if all the electroweak

radiative corrections except the running of � are left out. The arrow on the star indicates the in
uence

of an uncertainty of one standard deviation on �(M2
Z).

of the W boson. Di�erent �t strategies are used to determine the di�erent parameters. Three examples

showing how mH , mt and mW are determined are given here:

� An indirect measurement of mt and mW is compared to direct measurements at LEP2 and the

Tevatron. The indirect measurement uses data from LEP, SLD and neutrino-scattering experiments,

excluding data on mW ; mW and mt are left as free parameters in the �t. The indirect and the

direct measurements are compatible, which implies stringent limits on physics beyond the Standard

Model (see Figure 6).

� The Higgs mass is constrained in a �t that uses all LEP data, including mW from LEP2; only mt

and mH are left free in the �t.

� The best constraint on the Higgs mass is obtained from a �t using all available electroweak data

from not only LEP but also SLD, p�p colliders and neutrino-scattering experiments, notably the top

mass from the Tevatron.

The results of the two di�erent �ts of the Higgs mass are shown in Figure 7. The �t to LEP data only

shows a preference for a light Higgs boson and a light top quark. The �t to all data yields a Higgs mass

of

mH = 115+116
�66 GeV.

Figure 8 shows ��2 = �2��2min as a function of the Higgs mass for the �t using all available data. With

the error on the theoretical calculations taken into account, this �t yields a one-sided con�dence level for

the Higgs mass of

mH < 420 GeV at 95% C.L.
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Figure 6: Contours of 68% probability for the W mass, mW , vs. the top mass, mt. The solid curve shows

the result of the indirect measurement where data from LEP, SLD and neutrino-scattering experiments

have been used. The dashed curve shows the results of direct measurements of mW and mt at LEP2 and

at the Tevatron. The shaded region shows the Standard-Model relationship for the masses as a function

of the Higgs mass. The LEP data indicate a preference for a light top quark and a light Higgs boson.

6 Conclusions and Outlook

The successful operation of LEP over several years has allowed precise tests of the Standard Model to be

performed. The SU(2)L�U(1) structure has been extremely well veri�ed, with no deviation at the 10�3

level [9]. The radiative corrections have also been very well con�rmed. The prediction of the top mass

before it was discovered at the Tevatron in 1994 was indeed very successful. The predictions of the Higgs

mass, together with the limits set by direct searches, are now becoming highly interesting and indicate

the importance of the remaining years of data taking at high energies with LEP.

The LEP1 era ended in 1995. Some analyses are still un�nished, notably those of the � polarisa-

tion and the quark forward-backward asymmetries. The results of what was probably the �nal LEP1

energy calibration were presented recently, and these results are now being taken into account by the

experiments. At LEP2, improvements of the measurement of the W mass down to uncertainties of

�mW = 25� 50 MeV should be possible [1], [9]. When the LEP2 results are combined with those of the

Tevatron, an uncertainty of �mW ' 20 MeV should be within reach [16].

The Higgs mass remains the only free parameter of the Standard Model still to be measured. Im-

provements in the prediction of the Higgs mass by precision electroweak tests will require improvements

in all of the following [9], [16]:

� The determination of the top mass. This should come with increased statistics when the Tevatron

restarts in 1999 after its upgrade.
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Figure 7: Contours of 68% probability for the top mass, mt, vs. the Higgs mass, mH . The dashed curve

shows the result of the �t to LEP data only, with mt and mH left as free parameters. The solid curve

shows the result of the �t using data from LEP, SLD, p�p colliders and neutrino-scattering experiments,

including the data on the top mass from the Tevatron. The shaded area shows the mass region excluded

by direct searches. The LEP data again show a slight preference for a light top quark and a light Higgs

boson.

� The measurements of sin2 �
eff
W . The improvements will come from some un�nished analyses at

LEP1 and from better statistics at SLD; the uncertainty can be expected to be reduced by a factor

of 1.5 at most.

� The determination of �(m2
Z). This is the most uncertain ingredient in an improved constraint on

the Higgs mass. The improved value of �(m2
Z) would come through measurements of low-energy

hadronic cross sections, possibly from BES or Novosibirsk.
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