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Precision Electroweak Measurements

Marcel Demarteau

Fermilab, P.O. Box 500, Batavia, IL 60510, USA

Recent electroweak precision measurements from e+e� and pp colliders are presented. Some emphasis is placed
on the recent developments in the heavy avor sector. The measurements are compared to predictions from the
Standard Model of electroweak interactions. All results are found to be consistent with the Standard Model.
The indirect constraint on the top quark mass from all measurements is in excellent agreement with the direct
mt measurements. Using the world's electroweak data in conjunction with the current measurement of the top
quark mass, the constraints on the Higgs mass are discussed.

1 Introduction

Radiative corrections in the standard model of

electroweak interactions (Standard Model) have

taken a very prominent position in today's de-

scription of experimental results. Perhaps the

most compelling reason for this state of a�airs

is that the experimental results have reached a

level of precision which require a comparison with

theory beyond the Born calculations, which the

Standard Model is able to provide. If loop calcu-

lations are needed for the calculation of physics

observables, the measurements show sensitivity to

the masses and couplings of the particles propagat-

ing in the loops. The experimental measurements

can thus provide information about the particles

contributing to the radiative corrections well be-

low the threshold for directly producing them.

In this summary the most recent electroweak

results from e+e� and pp colliders will be de-

scribed. The emphasis will be on electroweak re-

sults from data taken on the Z resonance. Within

the Standard Model, the description of all pro-

cesses involving neutral currents is given in terms

of the chiral couplings of the fermion f to the Z

boson, g
f
L and g

f
R, or more commonly in terms of

the vector and axial-vector couplings, g
f
V and g

f
V :

g
f
V = (g

f
L + g

f
R) = I

f
3 � 2Qf sin2 #W

g
f
A = (g

f
L � g

f
R) = I

f
3 :

Here #W is the weak mixing angle, I
f
3 the weak

isospin component of fermion f and Qf its charge.

Because the left-handed and right-handed

coupling of fermions to the Z boson are not the

same, the angular distribution of the outgoing

fermion with respect to the incoming fermion in

the center of mass frame for the process e+e� !

ff has a term linear in cos(#) [1]. The distribu-

tion is thus asymmetric and will exhibit a forward-

backward asymmetry, de�ned as

AFB =
�F � �B

�F + �B
;

where �F is the cross section for fermion produc-

tion in the forward hemisphere (0� < # < 90�) and

�B the cross section for the backward hemisphere

(90� < # < 180�).

Around the Z pole, the photon exchange and

Z interference are only small corrections to the

resonance cross section. Retaining only the reso-

nance cross section, the forward-backward asym-

metry on the pole is, at lowest order, given by

A
0; `
FB =

3

4
AeA` ;

where the asymmetry of couplings, Af , are given

by

Af � gfL
2 � gfR

2

g
f
L

2
+ g

f
R

2
=

2 gfV g
f
A

g
f
V

2
+ g

f
A

2
:

These expressions will be modi�ed when including

higher order corrections. Weak vertex corrections

and self-energy diagrams will introduce fermion

dependent form factors which can be absorbed in

the de�nition of the coupling constants [2]. By

introducing e�ective coupling constants the Born

structure of the processes can to a good approxi-

mation be retained. Since all asymmetry measure-

ments determine essentially the ratio of couplings

g
f
V =g

f
A it is convenient to de�ne an e�ective elec-

troweak mixing angle

sin2�
lept
e� � 1

4

 
1� g

f
V

2

g
f
A

2

!
;
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which is well matched with the quantities mea-

sured experimentally. The e�ective electroweak

mixing angle is, coincidentally, very close to the

de�nition in the MS scheme [3].

The results presented are based on event sam-

ples of about 4�105 leptonic and 3:5�106 hadronicZ
decays per LEP experiment, complemented with

1:6�105 Z decays recorded at SLC with a polarized

electron beam. The pp experiments CDF and D�

each have approximately 60,000 leptonic W and

6000 leptonic Z decays collected during the 1992-

1993 run (Run 1a) and the 1994-1995 run (Run 1b)

combined. A �vefold increase in luminosity was

obtained in the latter run. All results presented

are preliminary.

In the next section results from line shape

measurements will be described. The results

on the e�ective coupling constants from the line

shape measurements and the forward-backward

asymmetries in the leptonic sector will be sum-

marized in section 2.3. The section following de-

scribes the main developments in the hadronic sec-

tor with the emphasis on Rb and Rc. Given the

full set of measurements, an overall �t is performed

within the framework of the Standard Model and

the consistency of the results veri�ed. We will

conclude with some recent developments.

2 Line shapes and Asymmetries

2.1 Line shape Measurements

In pp and e+e� collisions �nal state lepton pairs

are produced through photon and Z exchange.

The cross section at lowest order is given by

�ff / 12�

M2
Z

�ee�ff

�2Z

s�2Z
(s�M2

Z)
2 + s2�2Z=M

2
Z

+\Z" + \"

consisting of the Z resonance cross section, the

QED annihilation term (\") and the Z inter-

ference term (\Z"). At proton colliders the res-

onance cross section for W and Z production is

used to indirectly determine the width of the W

boson through the ratio of the W and Z produc-

tion cross sections. At e+e� colliders the measure-

ment of the resonance line shape is used to extract

mZ and �Z. Figure 1 shows the hadronic reso-

nant cross section as measured by the L3 experi-

ment. From the hadronic decays of the Z boson

the hadronic pole cross section, �0h � 12�
M2

Z

�ee�had
�2
Z

is determined. From the leptonic decays the ra-

tio of the partial hadronic and leptonic widths,

R` � �had
�``

, is derived. This particular choice of

variables, mZ;�Z; �
0
h and R`, is motivated by the

desire to minimize the correlation among the vari-

ables and to minimize any model dependence. One

of the main challenges of these measurements is

to control the systematic uncertainties and keep

them at the same level as the statistical uncertain-

ties. Since the measurements of these quantities

entail both an absolute cross section measurement

and an absolute mass determination, the luminos-

ity and energy calibration are crucial.

The LEP experiments all measure the lumi-

nosity with small angle silicon based calorime-

ters with good spatial resolution counting Bhabha

events. At small scattering angles #, the cross

section for Bhabha scattering shows a #�3 depen-

dence. For the luminosity measurement a very

precise knowledge of the edges of the acceptance

is required. An accuracy of 10 �m is currently

achieved, resulting in an uncertainty of �(L) �
(0:07 � 0:15)%, surpassing the theoretical uncer-

tainty [4]. Recent advances in the calculation of

the Bhabha cross section [5] have signi�cantly re-

duced the theoretical uncertainty on the luminos-

ity to the level of 0.11%, with a further reduction

of a factor of two anticipated in the near future.

The calibration of the LEP beam energy is a

remarkable feat. The beam energy is measured

most accurately using the technique of resonant

depolarization which has an ultimate accuracy of

about 200 keV. This calibration, however, cannot

be performed very often since it takes a long time

for the transverse beam polarization to build up

in the accelerator. Moreover, it cannot be done

during a physics run and has been performed with

separated beams only. The energy of the beam

is generally tracked using NMR probes. Over the

course of the years it was discovered that the cir-

cumference of the LEP tunnel, and thus the beam

energy, was sensitive to the water level of Lake

Geneva and the phases of the moon. The sun

and moon tides changed the LEP orbit by up to

1 mm [6]. In 1995 NMR probes were installed in-

side two of the LEP magnets in the tunnel and

a new puzzle arose. It was observed that there

were large uctuations in the beam energy which

magically disappeared at midnight only to show
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Figure 1: Hadronic resonant cross section as function ofp
s as measured by L3 (top) and the comparison with the

theoretical prediction (bottom).

up again shortly after 4am each day. This e�ect

was eventually traced to an induction voltage on

the LEP beam pipe caused by vagabond currents

on the TGV train track rails (see Fig. 2) [6]. All

these e�ects have been taken into account for the

results presented here and propagated back into

the previous years with a resulting uncertainty on

the Z mass and width of �MZ = 1.5 MeV/c2 and

��Z = 1.7 MeV.

The results of the line shape measurements of

the four LEP experiments are given in the �rst 6

rows of Table 1. The last column lists the LEP

averagesa. The accuracy of the measurements is

impressive. It should be noted that the e�ects of

radiative corrections are applied within the frame-

work of the Standard Model. For example, initial

state radiation, which shifts the peak cross section

by � 89 MeV and reduces it by � 26%, are taken

into account through QED radiator functions.

In pp collisions the lineshape of the Z reso-

aThe determination of averages will be discussed in sec-
tion 2.3.
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LEP beam pipe

LEP NMR

Figure 2: From top to bottom: voltage on the rails, voltage
on the beampipe and dipole �eld strength over a period
of 15 minutes while the TGV travels closest to the LEP

tunnel.

nance is also probed. Because of the large range

of available partonic center of mass energies the

Drell-Yan process (qq ! (;Z !) `+`�) can be

studied over a large di-lepton invariant mass re-

gion. The invariant mass region well above the

Z pole is the region where the Z interference

e�ects are strongest. A possible substructure of

the partons would manifest itself most promi-

nently in a modi�cation of the interference pat-

tern. Substructure of partons is most commonly

parametrized in terms of a contact interaction

characterized by a phase, �, leading to construc-

tive (� = �1) or destructive interference (� = +1)

with the Standard Model Lagrangian, and a com-

positeness scale, �� [7]. By �tting the di-lepton in-

variant mass spectrum to various assumptions for

the compositeness scale and the phase of the in-

terference, lower limits on the compositeness scale

can be set.

The CDF experiment has measured the dou-

ble di�erential Drell-Yan cross section d2�=dM dy

for electron and muon pairs in the mass range

11 < M`` < 150 GeV/c2 for the Run 1a data [8],

3



ALEPH DELPHI L3 OPAL Average Value

mZ(GeV) 91:1873�0:0030 91:1859�0:0028 91:1883�0:0029 91:1824�0:0039 91:1863�0:0020
�Z(GeV) 2:4950�0:0047 2:4896�0:0042 2:4996�0:0043 2:4956�0:0053 2:4946�0:0027
�0h(nb) 41:576�0:083 41:566�0:079 41:411�0:074 41:53�0:09 41:508�0:056

Re 20:64�0:09 20:93�0:14 20:78�0:11 20:82�0:14 20:754�0:057
R� 20:88�0:07 20:70�0:09 20:84�0:10 20:79�0:07 20:796�0:040
R� 20:78�0:08 20:78�0:15 20:75�0:14 20:99�0:12 20:814�0:055

A
0; e
FB 0:0187�0:0039 0:0179�0:0051 0:0148�0:0063 0:0104�0:0052 0:0160�0:0024

A
0; �
FB 0:0179�0:0025 0:0153�0:0026 0:0176�0:0035 0:0146�0:0025 0:0162�0:0013

A
0; �
FB 0:0196�0:0028 0:0223�0:0039 0:0233�0:0049 0:0178�0:0034 0:0201�0:0018

Table 1: Line shape and asymmetry parameters from 9-parameter �ts to the data of the four LEP experiments. The last
column gives the LEP averages.

and 40 < M`` < 550 GeV/c2 for the Run 1b

data. Figure 3 shows the measured cross section

for electrons and muons combined together with

the theoretical predictions. The theory curves cor-

respond to a calculation of the Drell-Yan cross

section with in addition a contact interaction of

left-handed quarks and leptons with positive in-

terference for di�erent values of the compositeness

scale. The curve for �� = 1000 TeV indicates

the Standard Model prediction. A maximum like-

lihood �t of the combined electron and muon data

to the predictions yields lower limits in the scale

factors of �+ � 2.9 TeV and �� � 3.8 TeV. This

implies that up to a distance of < 10�17 cm the

interacting particles reveal no substructure.

At e+e� colliders particle substructure is also

probed using the angular distribution of the �-

nal state leptons in the energy range
p
s = 130�

140 GeV with similar limits [9].

Another very important line shape which

yields a mass measurement [10] is the distribu-

tion in transverse mass of W ! `� decays. Un-

til very recently the mass of the W boson could

only be measured directly in pp collisions. In

a W event originating from a pp interaction in

essence only two quantities are measured: the lep-

ton momentum and the transverse momentum of

the recoil system. The latter consists of the \hard"

W -recoil and the underlying event contribution,

which for W -events are inseparable. The trans-

verse momentum of the neutrino is inferred from

these two observables. Since the longitudinal mo-

mentum of the neutrino cannot be determined un-

ambiguously, the W -boson mass is determined us-

Figure 3: Double di�erential cross section d2�=dM dy for
CDF electron and muon data combined. The open symbols
are from the 88/89 data. The solid symbols correspond to
the full Run I data. The curves are the theoretical predic-

tions for di�erent �� values.

ing the transverse mass:

mT =

q
2 peT p

�
T (1� cos'e�) ;

where 'e� is the angle between the electron and

neutrino in the transverse plane. This distribution

exhibits a Jacobian edge, characteristic of two-

body decays, which contains most of the mass in-

formation.

As in the measurement of the Z mass, knowl-

edge of the absolute energy scale is crucial. At

LEP the experiments calibrate to the energy of

the beams, which is known with high precision.

The Tevatron experiments calibrate to known res-

onances. In the CDF W -mass analysis [11], the

momentum scale of the central magnetic tracker

4



Figure 4: D� transverse mass distribution for W ! e�

events for the Run 1b data. The points are the data and
the line is the best �t to the data. The dashed line indicates

the background contribution.

is set by scaling the measured J= -mass, based on

an event sample of approximately 60,000 events,

to the world average value using J= ! �+�� de-

cays. This procedure establishes the momentum

scale at the J= -mass, where the average muon pT
is about 3 GeV/c, and needs to be extrapolated to

the momentum range appropriate for leptons from

W -decays. The error due to possible nonlinearities

in the momentum scale is addressed by studying

the measured J= -mass as function of h1=p2T i, ex-
trapolated to zero curvature. Having established

the momentum scale, the calorimeter energy scale

is determined from a line shape comparison of the

observed E=p distribution with a detailed Monte

Carlo prediction.

In the D� W -mass analysis [12] the electro-

magnetic energy scale is set by calibrating to the

Z ! ee resonance. The quantity measured is es-

sentially the ratio of the measured W and Z mass

and the world average Z mass is used to deter-

mine the W boson mass. By measuring a ratio

a number of systematic e�ects common to both

measurements cancel. Most notably, the ratio is to

�rst order insensitive to the absolute energy scale.

The linearity of the calorimeter is addressed by

combining the measurement of the Z mass with

measurements of the decays J= ! e+e� and

�0 !  ! e+e�e+e�.

Since there is no analytic description of the

transverse mass distribution, theW -mass is deter-

mined by �tting Monte Carlo generated templates

in transverse mass for di�erent masses of the W -

boson to the data distribution. Figure 4 shows the

transverse mass distributions for the data together

with the best �t of the Monte Carlo for the Run

Ib electron data for D�. The W mass is obtained,

using central leptons only, from a �t in trans-

verse mass over a range 60 < mT < 90 GeV/c2

for D� and 65 < mT < 100 GeV/c2 for CDF.

The W -mass values obtained are M
�
W = 80:310�

0:205(stat) � 0:130(sys) GeV/c2, based on 3268

W ! �� events in the mass �tting window, and

Me
W = 80:490� 0:145(stat)� 0:175(sys) GeV/c2,

based on 5718 events, for CDF using the MRSD0-

parton distribution function (pdf). D� �nds

Me
W = 80:350 � 0:140 (stat:) � 0:165 (syst:) �

0:160 (scale) GeV/c2, based on 5982 events in

the mass �tting window using the Ia data, and

Me
W = 80:380 � 0:070 (stat:) � 0:130 (syst:) �

0:080 (scale) GeV/c2, based on 27040 events for

the Ib data [13]. Both D� measurements are

quoted using the MRSA pdf. Table 2 lists the sys-

tematic and common errors on the measurements.

From the table it can been seen that the er-

ror due to the pWT and recoil model and the pro-

ton structure are the dominant ones. The fact

that there are spectator interactions, multiple in-

teractions and pile-up, with their associated uc-

tuations and uncertainties, is reected in the re-

coil modeling. It is controlled through the study

of Z events and is expected to scale with the Z

statistics. The uncertainty due to the parton dis-

tribution inside the proton is constrained in part

by the measurement of the W charge asymme-

try [14]. The CDF experiment uses this mea-

surement as the sole constraint on the uncertainty

due to the pWT and parton distribution functions.

The D� experiment addresses the correlation be-

tween the parton distributions and the spectrum

in pWT by varying both the pWT input spectrum and

the parton distribution functions simultaneously.

This uncertainty is the dominant theoretical un-

certainty which is not expected to scale with event

statistics.

Combining [15] these measurements with pre-

vious W mass measurements [16], assuming the

only correlated uncertainty between the measure-

ments from di�erent experiments is due to the par-

ton distribution functions, gives a world average of

5



CDF D�

e � common Ia Ib common

Statistical 145 205 | 140 70 |

Energy scale 120 50 50 160 80 25

Angle scale | | | 50 40 40

E or p resolution 80 60 | 70 25 10

pWT and recoil model 80 75 65 110 95

pdf's 50 50 50 65 65 65

QCD/QED corr's 30 30 30 20 20 20

W -width 20 20 20 20 10 10

Backgrounds 10 25 | 35 15 |

E�ciencies 0 25 | 30 25 |

Fitting procedure 10 10 | 5 5 |

Total 230 240 100 270 170 80

Combined 180 150

Table 2: Errors on MW in MeV/c2.

MW = 80:356� 0:125 GeV/c2. Since the mass of

theW -boson is one of the fundamental parameters

of the Standard Model, a precision measurement

of the W -boson mass can be used to look for in-

consistencies between the di�erent measurements

and the theoretical predictions, possibly indicating

processes beyond the Standard Model. The direct

W mass measurements will be confronted with the

prediction from the world's data in section 4.

2.2 Forward-Backward Asymmetry

The forward-backward asymmetries for leptonic Z

decays essentially measure the single parameter

sin2�
lept
e� . The LEP experiments have measured

AFB both on-pole and o�-pole. The o�-pole mea-

surements are shifted to the pole center of mass

energy using the Standard Model predicted de-

pendence. This is justi�ed since the slope of the

asymmetry around mZ depends only on the ax-

ial coupling and the charge of the initial and �-

nal state fermions and is thus independent of the

value of the asymmetry itself. Figure 5 shows the

comparison of the A
0; `
FB measurements, assuming

lepton universality, with the Standard Model pre-

diction. The Standard Model prediction with its

uncertainty is given as function of mt. In this �g-

ure, and in Fig. 13, three sources of uncertainty

on the prediction are indicated by bands. Moving

outward from the central value they correspond to

the uncertainty on mZ, �s(m
2
Z) and mH, respec-

tively. The average value is A
0; `
FB = 0:0174�0:0010

to be compared to the Standard Model prediction

of A
0; `
FB = 0:0159 .

2.3 Results from Lineshape and

Forward-Backward Asymmetry

Once the Z lineshape parameters, the forward-

backward asymmetries and the center of mass en-

ergies are determined, the results are unfolded

for initial state radiation and interference ef-

fects. That is, the -exchange contributions

and the Z interference terms are �xed to their

Standard Model values. Each LEP experiment

then performs a �t of the measured quantities in

terms of 9 variables, mZ, �Z, �
0
h, R` and A

0; `
FB .

This particular choice of variables minimizes the

model dependence as well as the correlation among

them. It is the correlation among the parame-

ters that governs which variables are grouped to-

gether in the averaging procedure. For example,

A
0; `
FB is strongly dependent on the center of mass

energy and is thus sensitive to initial state radia-

tion and the beam energy. This then introduces a

correlation with mZ. Therefore, A
0; `
FB is included

in this particular set of variables for the averag-

ing procedure. The correlations among the di�er-

ent measured quantities is a delicate matter and

a lot of care is given in their determination [17].

The results among the di�erent experiments are

correlated through, for example, the theoretical

uncertainty on the luminosity normalization, the

6
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ALEPH 0.0187 ± 0.0017

DELPHI 0.0175 ± 0.0020

L3 0.0187 ± 0.0026

OPAL 0.0150 ± 0.0019
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Figure 5: A0; `
FB

measurements of the LEP experiments and
their average compared to the Standard Model prediction

uncertainty on the beam spread and the absolute

energy calibration of the beams. The results of

the 9 parameter �t to the combined LEP data is

given in the last column of Table 1. They are con-

sistent with lepton universality. The maximum

deviation is observed in the � sector. Assuming

lepton universality the parameter space is reduced

to 5 and the results are given in Table 3. It should

be noted that under this assumption �`` in the

de�nition of R` � �had=�`` now refers to the par-

tial Z width for the decay into a pair of massless

leptons. The small mass corrections due to the

fermion mass are derived within the framework of

the Standard Model. The results of the lineshape

and forward-backward asymmetry measurements

are shown as 68% probability contours in Fig. 6.

The results of the �ve parameter �t can be

used to derive the leptonic and hadronic partial

decay widths of the Z boson. An important aspect

of these measurements is the information relayed

regarding the invisible Z decay width, given by

�inv = �Z � �had � (3 + �� ) �`` :

Here �� = �0:0023 represents a small correc-

Parameter Average Value

mZ (GeV/c2) 91:1863�0:0020
�Z(GeV) 2:4946�0:0027
�0h(nb) 41:508�0:056
R` 20:778�0:029
A
0; `
FB 0:0174�0:0010

Table 3: Average line shape and asymmetry parameters
from the results of the four LEP experiments given in Ta-

ble 1 assuming lepton universality.

tion due to the � -mass. The measurements give

�inv=�`` = 5:952 � 0:023. The Standard Model

predicts ���=�`` = 1:991 � 0:001, giving for the

number of light neutrino species

N� =
�inv

�``

�
�``

���

�
= 2:989� 0:012 :

The advantage here is again the use of ratios. The

partial widths have a non-negligible top mass de-

pendence due to radiative corrections. Since these

corrections are mostly universal, the dependence is

signi�cantly reduced in the ratio of partial widths.

The disadvantage is that the result for the num-

ber of light neutrino species is only valid in the

framework of the Standard Model.

2.4 Polarization

The Standard Model predicts parity violation not

only for charged currents but for neutral currents

as well. For the process e+e� ! ff it mani-

fests itself through a di�erence in production cross

section for fermions with a di�erent polarization.

Polarization studies have experimentally been ap-

proached in two ways. One method, employed by

the SLC collider, is to polarize the electron beam

and measure the asymmetry ALR de�ned as

ALR =
�L � �R

�tot

where �R(L) is the total production cross section

for right (left) handed polarized electrons. The

source of polarized electrons is a strained GaAs

photocathode, illuminated with circularly polar-

ized light. Because of the mechanical strain in

the solid there is no theoretical limitation to the

polarization achievable. The SLC polarization

group has steadily improved the polarization over

the years reaching an average polarization dur-

ing the 1994-1995 run of Pe = (77:34 � 0:62)%.
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Figure 6: Contours of 68% probability in the R`-

A
0; `
FB

plane. The Standard Model prediction for mZ =

91:1863 GeV/c2, mt = 175 GeV/c2, mH = 300 GeV/c2,
and �s = 0:123 is also shown. The lines with arrows
correspond to the variation of the Standard Model pre-
diction when mt, mH or �s(m2

Z
) are varied in the inter-

vals mt = 175 � 6 GeV/c2, mH = 300+700�240 GeV/c2, and

�s(m2
Z
) = 0:123� 0:006, respectively. The arrows point in

the direction of increasing values of mt, mH and �s.

The degree of polarization is measured using a

multi-channel �Cerenkov detector which measures

Compton-scattered electrons from the collision of

the longitudinally polarized electron beam with a

circularly polarized photon beam. The laser po-

larization can be ipped randomly and the asym-

metry in cross section is measured. Special care

has been taken to determine the true luminosity

weighted polarization for Z production at the in-

teraction point. The Compton polarimeter mea-

sures the polarization of the entire electron bunch.

The machine optics and the inherent beam spread

in the bunch, however, reduce the contribution

from o�-energy electrons to the Z production lu-

minosity [18]. These e�ects have all been evalu-

ated and result in a small correction of �0.07%
to the measured polarization. The uncertainty on

the polarization measurement is dominated by the

uncertainty on the calibration of the �Cerenkov de-

tector.

The measurement of ALR is relatively

straightforward, since it essentially relies on count-

ing Z events irrespective of their �nal state. The

measurement is therefore relatively free of system-

atic e�ects. Events from the process e+e� !
e+e� are excluded due to the large zero asymme-

try contribution from the t-channel diagram. At

the Z pole, ignoring photonic corrections, ALR =

Ae independent of the �nal state couplings. The

SLD collaboration measures [19]

A0
LR = 0:1542� 0:0037 :

where the superscript \0" indicates that small cor-

rections have been applied,

using the Standard Model dependencies, to cor-

rect for electroweak interference and pure photon

exchange contributions. This result yields directly

sin2�
lept
e� = 0:23061� 0:00047 :

It is noteworthy that this single measurement

has an accuracy similar to the measurement of

sin2�
lept
e� from A

0; `
FB from all LEP experiments com-

bined. The sensitivities are related as @AFB

@ sin2�
lept

eff

=

3
2
Af

1
Pe

@ALR
@ sin2�

lept

eff

. Compared to an ALR measure-

ment using all Z decay channels, an approximately

90-fold larger data sample is required to achieve a

similar accuracy in sin2�
lept
e� from AFB using lep-

tonic Z decays.

The time-reversal of this process is measured

at LEP where the polarization of the �nal state

particles is measured for unpolarized e+e�-beams:

Pf =
�
f
R � �

f
L

�tot
= Af ;

where �
f
R (�

f
L) refers to the production cross sec-

tion for right(left)-handed fermions. Similarly to

ALR being independent of the �nal state couplings,

the average polarization of the �nal state fermions

is independent of the initial state couplings. Be-

cause of the helicity of fermions, Pf obviously has
an angular dependence given by

Pf (cos#) = �Af(1 + cos2 #) + 2Ae cos#

1 + cos2 # + 2AeAf cos#
:

This gives rise to a forward-backward polarization

asymmetry

A
Pf

FB =
(�

f
L � �

f
R)F � (�

f
L � �

f
R)B

(�
f
L + �

f
R)F + (�

f
L + �

f
R)B

=
3

4
Ae =

3

4
hPZi ;
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which obviously is independent of the �nal state

couplings. The forward-backward asymmetry of

the fermion polarization is governed by the av-

erage polarization of the Z boson, hPZi, which
depends only on the initial state couplings. The

angular distribution of the polarization thus gives

independent measurements of Af and Ae, linear in

both variables, which allows a relative sign deter-

mination of gV and gA.

The polarization has to date only been mea-

sured for � leptons for which the decay products

can be used as spin analyzers assuming the V �A
structure of the weak decay. The decays used are

� ! ��� , � ! ��� , � ! a1�� , � ! e���e and

� ! �����. The extraction of the � polarization

basically employs the particle momentum spec-

trum of the decay particles. The ��� and ��� de-

cays contribute most signi�cantly. The LEP mea-

sured average values for A� and Ae,

A� = 0:1401� 0:0067

Ae = 0:1382� 0:0076 ;

are compatible with lepton universality. Assuming

e � � universality, the values for A� and Ae can

be combined giving A` = 0:1393� 0:0050 .

2.5 Results on Neutral Current Couplings from

the Lepton Sector

It is useful at this point to take stock of all the

measurements in hand. The results on �`` from

the line shape measurements, A
0; `
FB , P� , AP�FB and

ALR are all proportional to A` or a combination

of A`'s. The results can be combined to determine

the e�ective vector and axial-vector coupling con-

stants for e, � and � and provides a test of lepton

universality. Figure 7 summarizes the results as

contours of 68% probability in the g`V -g
`
A plane

from LEP measurements. The solid contour re-

sults from a �t assuming lepton universality. Also

shown is the one standard deviation band result-

ing from the ALR measurement of SLD. The grid

corresponds to the Standard Model prediction for

mt = 175� 6 GeV/c2 and mH = 300+700�240 GeV/c
2.

The arrows point, as usual, in the direction of in-

creasing value of mt and mH. The average central

values are given in Table 4. The neutrino coupling

to the Z is derived from the measured value of its

invisible width, �inv, attributing it exclusively to

the decay into three identical neutrino generations

(�inv = 3���) and assuming g�A = g�V = g� .

LEP LEP+SLD

g`V �0:03688� 0:00085 �0:03776� 0:00062

g`A �0:50115� 0:00034 �0:50108� 0:00034

g� +0:5009� 0:0010 +0:5009� 0:0010

Table 4: Results for the e�ective vector and axial-vector
couplings from the combined LEP data assuming lepton
universality. For the right column the SLD measurement

of ALR has been included.

-0.045

-0.04

-0.035

-0.03

-0.502 -0.501 -0.5

Preliminary

gAl

g V
l

ALR (SLD)

mt

mH

l+l−

e+e−

µ+µ−

τ+τ−

Figure 7: Contours of 68% probability in the g`
V
-g`
A
plane

from LEP measurements. The grid corresponds to the
Standard Model prediction for mt = 175 � 6 GeV/c2 and

mH = 300+700�240 GeV/c2.

3 Heavy Flavor Sector

Of particular interest in the heavy avor sec-

tor are the ratios of the b and c quark partial

widths of the Z to the total hadronic partial width,

Rb � �b�b=�had and Rc � �c�c=�had, respectively.

Because the b quark is in the same isospin dou-

blet as the t quark, the Z ! bb partial width

receives vertex corrections which are unique to

this particular decay mode and is thus very sen-

sitive to physics beyond the Standard Model. For

a long time both Rc and Rb deviated substan-

tially from the Standard Model prediction. At the

1995 summer conferences the values reported were

Rc = 0.1543 (74) and Rb = 0.2219 (17), com-

9



pared to their Standard Model values of 0.1724

and 0.2156, respectively [20]. Taken at face value,

assuming Gaussian errors, the Rb measurement

ruled out the Standard Model at more than 99.9%

CL, and excited tremendous interest among the-

orists proposing all kinds of extensions to the

Standard Model [21]. Because the new results for

Rb and Rc have changed signi�cantly, the focus of

this section will be on the new measurements of

these two quantities.

3.1 Rc

The Rc and Rb analyses rely on the identi�ca-

tion of events as originating from the decay of

a c or b quark, called \tagging", with a min-

imal background and small hemisphere correla-

tions. The oldest method to tag events employs

the lepton pT spectrum of the semi-leptonic de-

cays of the heavy quarks. Two new methods to

tag c quark events for the Rc measurement have

been developed based on \charm counting" and

tagging charm events using a \slow" pion.

The charm counting method is based on the

observation that all charm quarks end up in the

weakly decaying charmed hadronsb D0, D+, Ds and

�c:

P(c! D0) + P(c! D+) + P(c! Ds) +

P(c! �c)(1 + Sbaryon) = 1

Here P(c! Xc) is the probability that a primary c

quark results in the production of charmed hadron

Xc. Sbaryon is a correction factor of 0.15 for the for-

mation of strange-charmed baryons, like �+c . The

charmed hadrons are reconstructed in the decay

modes
D0 ! K��+

D+ ! K��+�+

Ds ! ��+

Ds ! K
�0
K+

�c ! pK��+

Figure 8 shows the mass distributions from the

OPAL experiment for the �ve decay modes [22].

These event samples are certainly not free of

charmed hadrons from b decays. The relatively

large b hadron lifetimes and hard b fragmenta-

tion result in signi�cantly longer apparent de-

cay lengths and softer energy spectra for these

bCharge conjugation is implied throughout in this
section.

charmed hadrons compared to those from primary

charm production. This provides handles to sep-

arate the contributions from b hadron decays and

from prompt production. The overall contribution

from b decays in the event sample, however, still

exceeds that from primary c decays and the results

are sensitive to uncertainties in b fragmentation

and b hadron lifetimes. These are the dominant

systematic uncertainties and have been addressed

by Monte Carlo. The reconstruction e�ciencies

for each of the separate decays have also been de-

termined by Monte Carlo. They are slightly lower

for primary charmed hadrons than for charmed

hadrons coming from b decays. An important

additional source of background is the produc-

tion of charmed hadrons through gluon splitting,

g ! cc. Although the event selection is geared

towards selecting energetic D mesons, about half

of all the D mesons from gluon splitting remain

in the event sample. The mean multiplicity of

cc production from gluon splitting in hadronic Z

decays was measured from the production of D�

mesons to be ng!cc = (4:4 � 2:1)% [23]. Re-

cent measurements based on leptonic events yield

ng!cc = (2:38 � 0:48)%, thus raising Rc since

less charm background from gluon splitting is sub-

tracted.
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Figure 8: OPAL mass distributions of the �ve recon-
structed D meson decays.

Knowing the e�ciencies and the background

contributions the data allows for a direct mea-

10



surement of �c�c
�had

� P(c! Xc) � BRXc
. With the

constraint that the probabilities for the weakly

decaying charmed hadrons add up to one, the

sum of these measurements, corrected for the de-

cay branching ratios as listed by the particle data

group, yields Rc. It is important to note that no

assumptions need to be made on the production

rates of the individual charmed mesons. The anal-

yses do depend, however, on the measured branch-

ing ratios, which are used as an external input.

Because of a new measurement by ARGUS [24],

the average branching ratio BR(D0 ! K��+)

has changed signi�cantly from (4.01�0.14)% to

(3.83�0.12)% [25], also resulting in an increase in

Rc.

Alternative methods to measure Rc use the

decay D� ! D0�+ ! (K��+)�+. Because of the

very low Q value of the decay, the pion from the

D� decay has a very low pT with respect to the D�

line of ight and can be used to tag the event. The

slow pion tag analyses generally proceed by �rst

measuring the production rate of single tagged,

exclusive D� decays, Nd, given by

Nd

Nhad

� Rc � P (c! D�+)BR(D�+) �D�+

where Nhad is the number of hadronic Z decays,

and �D�+ the D�+ reconstruction e�ciency. In a

second step an inclusive \slow" pion tag is applied

to the opposite hemisphere giving for the number

of double tagged events, Ndd,

Ndd

Nhad

� Rc �
�
P (c! D�+)BR(D�+)

�2
�D�+ �s

with �s the slow pion tag e�ciency. Each ex-

periment has its own variant of this procedure.

DELPHI, for example, uses a fully inclusive tag,

with high e�ciency and large backgrounds [26].

ALEPH [27] and OPAL [28] use an inclusive{

exclusive tag using D� mesons, although ALEPH

has also tried a fully exclusive tag of D-meson de-

cays with reduced statistics but much higher pu-

rity. An important bonus of these analyses is that

P(c! D�+)� BR(D�+ ! �+D0) is measured di-

rectly and does not need to be taken from low-

energy data as external input. A summary of all

Rc results from the di�erent measurement tech-

niques is shown in Fig. 9.

To summarize, the main reasons for the in-

crease in Rc are: i) more data analysed, ii) de-

crease in the gluon splitting probability g ! cc,

iii) decrease in the branching ratio BR(D0 !
K��+) and iv) new Aleph measurement. The

new value of Rc is in excellent agreement with the

Standard Model prediction. The change is domi-

nated by the updated OPAL measurement and the

new ALEPH result.

0.1 0.15 0.2 0.25

Rc

ALEPH (90-94) Electron spectra
0.1649±0.0070±0.0066

ALEPH (91-95)  D* excl./incl.
0.176±0.013±0.011

ALEPH (91-95) D excl./excl.
0.169±0.013±0.011

DELPHI (91-94)  Charm counting
0.168±0.011±0.013

DELPHI (91-95) D* excl./incl.
0.167±0.015±0.015

DELPHI (91-94) D* incl./incl.
0.171±0.013±0.015

OPAL (91-93)  Charm counting
0.167±0.011±0.011

OPAL (91-95) D* excl./incl.
0.182±0.011±0.014

ALEPH average
0.1683±0.0091

DELPHI average
0.1657±0.0074±0.0071

OPAL average
0.1745±0.0078±0.0086

LEP Average
0.1715±0.0056

SM=0.172

Figure 9: Summary of Rc measurements.

3.2 Rb

The measurements of Rb also employ the single-

tag and double-tag technique. As noted in the

measurement of Rc, in the single tag method the

number of tagged events is counted. This number

is corrected for backgrounds from other avors and

for the tagging e�ciency to calculate the true frac-

tion of hadronic Z decays of that avor. For the

double-tag measurement, the event is divided into

two hemispheres and both hemispheres are tagged.

Writing the number of tagged single hemispheres

asNt, the number of events with both hemispheres

tagged as Ntt, then for a total of Nhad hadronic Z

decays the measurement of Rb follows from

Nt

2Nhad

= "bRb + "cRc + "uds(1�Rb �Rc);

Ntt

Nhad

= (1 + �b)"
2
bRb + "2cRc +

"2uds(1�Rb �Rc); (1)
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where "b, "c and "uds are the tagging e�ciencies

per hemisphere for b, c and light-quark events, and

�b accounts for the fact that the tagging e�cien-

cies between the hemispheres may be correlated.

By measuring both the single and double tag rate,

the b tagging e�ciency can be determined directly

from the data, reducing the systematic uncertain-

ties in the measurement.

The most precise determinations of Rb use

the lifetime tag of the b-quark. Events are tagged

by reconstructing either a secondary vertex (SV)

or an impact parameter. Events originating from

b decays will have large positive values for these

quantities. The negative tails in these distribu-

tions are used to measure the resolutions and con-

trol systematic e�ects. The measurements of Rb

were, and still are, systematics dominated. Two of

the dominant sources of systematics are the charm

background and the hemisphere correlations. The

experimental e�ort therefore has gone into reduc-

ing both "c and �b in equation (1). It should be

pointed out here that the correlations are analy-

sis dependent and are very di�erent for an impact

parameter analysis compared to a measurement

using the SV technique.
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Figure 10: a) Secondary vertex mass distribution as mea-
sured by SLD (points) together with u; d; s (cross hatched)
and charm (hatched) background contributions. b) Mass

distribution corrected for missing transverse energy.

As for the charm sector, there have been two

signi�cant developments. First of all, charm de-

cays are currently much better understood by the

LEP and SLD experiments. The production rates

of the di�erent charmed mesons and the branch-

ing ratios of cascade decays, for example, are now

measured by the experiments themselves. Sec-

ondly, a new lifetime and mass tag, �rst presented

by SLD [29] with a similar method developed in-

dependently by ALEPH, has allowed for a sub-

stantial reduction of the charm background in the

data sample. This tag proceeds by �rst computing

the con�dence level that all tracks in a hemisphere

come from the primary vertex (PV). Tracks least

consistent with the PV are then combined and

their invariant mass calculated. Figure 10a show

this mass spectrum as measured by SLD. A cut

is placed at approximately the charm threshold to

obtain the b rich sample. Since the interaction

point is very well known at SLC, the SLD exper-

iment can take this method one step further and

correct for the undetected neutrals in the b decay.

A correction is applied to correct for the missing

energy transverse to the direction of ight of the b

hadron, as given by the PV and SV (Fig. 10b). A

cut on this \pT corrected vertex mass" is applied

to further enrich the sample. Due to the larger

spread in beam size at LEP, this correction cannot

be applied by the LEP experiments. Note that the

presence of charm background in the sample gives

rise to an explicit correlation between Rb and Rc.

Figure 11 summarizes the b tagging performance

of the di�erent experiments. They all reach an

impressive purity with good detection e�ciencies.

There has also been considerable progress

in the understanding of hemisphere correlations.

These correlations arise mainly from the primary

vertex, and from detector and QCD e�ects. If, for

example, one b hadron has a very long lifetime,

the e�ciency for tagging the other b will be de-

creased due to the degraded PV resolution. As

most b hadrons are roughly back to back, detector

correlations are introduced if a region of poorer

instrumentation is hit. The ALEPH experiment

has switched to a method where a PV is calcu-

lated for each hemisphere, thereby eliminating one

of the dominant contributions to �b. An alterna-

tive method, pioneered by DELPHI, employs mul-

tiple mutually exclusive tags using the lifetime-

mass information as well as event shape variables.

The determination of the correlations and their ef-
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Figure 11: b tag performance per hemisphere for the di�er-
ent experiments.

fect on the measurement is complicated. They are

evaluated using both data and Monte Carlo. It

are these correlations as well as the residual back-

ground of other avors which are still the main

sources of systematic uncertainty. A new ALEPH

measurement, using the full 91{95 statistics, has

currently the smallest error of all individual mea-

surements. It is based on multiple mutually exclu-

sive tags using event shape and lifetime-mass in-

formation and gives Rb = 0:2158� 0:0009� 0011,

using the Standard Model value for Rc [30]. In

addition to this new measurement, DELPHI has

updated its measurements by inclusion of the 1994

data [26] and L3 has for the �rst time presented

a lifetime tag measurement [31]. All results are

summarized in Fig. 12. The combined LEP/SLD

average is Rb = 0:2178 � 0011 (Rc = 0:172) to

be compared to the Standard Model prediction of

Rb = 0:2158 .

In summary, the main reasons for the decrease

in Rb are: i) inclusion of much more data, ii)

better understanding of the charm sector, iii) re-

duction of the charm background and iv) a bet-

ter understanding of the hemisphere correlations.

All e�ects have the tendency to lower Rb, though

the change is dominated by inclusion of new data.

The change in external input parameters results

in a change in Rb of only 0.0003 .

 Γb/Γhad

LEP+SLD 0.2178 ± 0.0011

LEP leptons
 1990-91(92)

0.2208 ± 0.0037

SLD vtx mass
   1993-95

0.2152 ± 0.0032 ± 0.0021

OPAL mult
   1992-94

0.2193 ± 0.0014 ± 0.0021

L3 shape
   1991

0.2223 ± 0.0030 ± 0.0064

L3 impact par.
   1994

0.2188 ± 0.0028 ± 0.0033

DELPHI mult
   1991-94

0.2205 ± 0.0014 ± 0.0018

ALEPH mult
   1992-94

0.2161 ± 0.0009 ± 0.0011

0.0003 γ exchange corr. added
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Figure 12: Summary of Rb measurements.

3.3 Other Heavy Flavor Results.

The measurements in the heavy avor sector

encompass many other results. The forward-

backward asymmetries for b and c quarks mea-

sured on- and o�-pole, the semi-leptonic branch-

ing ratiosBR(b! `X), BR(c! `X), the average bb

mixing parameter �, the various production prob-

abilities for D-mesons and the quark coupling pa-

rameters Ab and Ac are all measured. The latter

two are measured directly by SLD from the polar-

ized forward-backward asymmetry:

A
pol(f)
FB =

(�
f
L � �

f
R)F � (�

f
L � �

f
R)B

(�
f

L + �
f

R)F + (�
f

L + �
f

R)B
=

3

4
Af :

Three di�erent techniques are used to measure Ab

based on the determination of the jet-charge, tag-

ging events through their lepton pT spectrum and

tagging with K� mesons [32]. These analyses have

similar sources of systematic error compared to the

LEP asymmetry measurements. The SLD mea-

surements yield

Ab = 0:863� 0:049

Ac = 0:625� 0:084 :
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All in all, 17 variables are measured in the heavy

avor sector. This set is reduced by four by shift-

ing the o�-pole forward-backward asymmetries to

the pole center of mass energy. In a fashion similar

to the results from the lepton sector, the averages

of all measurements have been determined taking

into account their correlations [33].

4 Combining All Results

It is widely anticipated that the Standard Model is

just an approximate theory and should eventually

be replaced by a more complete and fundamental

description of the underlying forces in nature. The

individual measurements probe di�erent aspects of

the Standard Model and all measurements com-

bined provide a powerful constraint. To test how

well the Standard Model fares one �rst determines

how well the individual measurements can be ac-

commodated within its framework. If they are all

consistent, the measurements can be combined to

provide constraints on those parameters that enter

via radiative corrections. These constraints can

then be compared with direct measurements, if

they exist. This can be an iterative process in

which more and more measurements are included

in the full set of electroweak measurements in each

subsequent step. In the following subsections the

results of taking these successive steps will be de-

scribed.

4.1 The E�ective Electroweak Mixing Angle

sin2�lepte�

In section 2.5 the results on �``, A
0; `
FB , P� , AP�FB

and ALR were combined to determine the e�ective

vector and axial-vector coupling constants. All

asymmetry measurements can be combined into a

single observable, the e�ective electroweak mixing

angle. For a combined average of sin2�
lept
e� from

A
0; `
FB , A� , Ae and ALR only the assumption of lep-

ton universality, already inherent in the de�nition

of sin2�
lept
e� , is needed. Also the quark forward-

backward asymmetries, A
0; b
FB and A

0; c
FB , and the

forward-backward asymmetry in mean jet charge,

hQFBi, are included in this average, as these

asymmetries have a reduced sensitivity to correc-

tions particular to the hadronic vertex. Figure 13

shows the comparison of the individual measure-

ments with the Standard Model prediction. It is

seen that there is good agreement between the av-

erage of sin2�
lept
e� = 0:23165 � 0:00024, a 0.1%

measurement, with the Standard Model predic-

tion of sin2�
lept
e� = 0:23167. It should be noted

that the SLD value for sin2�
lept
e� from ALR is 2.2

standard deviations low compared to the world av-

erage. Most of that discrepancy comes from the

early SLD data.

sin2 ϑ
-

w

AFB leptons 0.23085 ± 0.00056

Aτ from Pτ 0.23240 ± 0.00085

Ae from Pτ 0.23264 ± 0.00096

AFB b-quark 0.23246 ± 0.00041

AFB c-quark 0.23155 ± 0.00112

<QFB> 0.23200 ± 0.00100

ALR (SLD) 0.23061 ± 0.00047

Average 0.23165 ± 0.00024

χ2/dof = 12.8/6

mZ = 91 186 ± 2 MeV

mH = 60 - 1000 GeV

α-1 = 128.90 ± 0.09

sin2 ϑ
-

w

m
t [

G
eV

]

100

150

200

250

0.228 0.23 0.232 0.234

Figure 13: Summary of sin2�lept
e�

measurements from the
forward-backward asymmetries of leptons, � polarization,
inclusive quarks, heavy quark asymmetry and the SLD po-

larization asymmetry.

4.2 The Coupling Parameters Af

The (polarized) forward-backward asymmetry

measurements all measure either the product

of coupling parameters Af of di�erent fermion

species or the single coupling directly. Also the

measurement of the � -polarization determines A�

and Ae, separately. Assuming lepton universality,

A` as determined from A
0; `
FB , P� (cos#) and ALR is

A` = 0:1466� 0:0033 (LEP)

A` = 0:1500� 0:0025 (LEP+ SLD)
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Measurement with Standard Pull
Total Error Model

a) LEP

line-shape and
lepton asymmetries:
mZ [GeV/c2] 91:1863� 0:0020 91.1861 0:1
�Z [GeV] 2:4946� 0:0027 2.4960 �0:5
�0
h
[nb] 41:508� 0:056 41.465 0:8

R` 20:778� 0:029 20.757 0:7

A
0; `
FB

0:0174� 0:0010 0.0159 1:4
+ correlation matrix

� polarization:
A� 0:1401� 0:0067 0.1458 �0:9
Ae 0:1382� 0:0076 0.1458 �1:0
b and c quark results:
Rb 0:2179� 0:0012 0.2158 1:8
Rc 0:1715� 0:0056 0.1723 �0:1
A
0; b
FB

0:0979� 0:0023 0.1022 �1:8
A
0; c
FB

0:0733� 0:0049 0.0730 0:1
+ correlation matrix

qq charge asymmetry:

sin2�lept
e�

(hQFBi) 0:2320� 0:0010 0.23167 0:3

b) SLD

sin2�lept
e�

(ALR) 0:23061� 0:00047 0.23167 �2:2
Rb 0:2149� 0:0038 0.2158 �0:2
Ab 0:863� 0:049 0.935 �1:4
Ac 0:625� 0:084 0.667 �0:5

c) pp and �N

mW [GeV/c2] (pp ) 80:356� 0:125 80.353 0:3
1�m2

W
=m2

Z
(�N) 0:2244� 0:0042 0.2235 0:2

mt [GeV/c2] (pp ) 175� 6 172 0:5

Table 5: Summary of measurements included in the combined analysis of Standard Model parameters. Section a) summa-
rizes LEP averages, Section b) SLD results and Section c) electroweak measurements from pp colliders and �N scattering.
The Standard Model results in column 3 and the di�erence between measurement and �t in units of the total measure-
ment error in column 4 are derived from the Standard Model �t including all data with the Higgs mass treated as a free

parameter.

Note that A` is pushed up by one standard devi-

ation by inclusion of the SLD ALR measurement.

Using these values for Af the couplings for the

heavy avors can be determined from A
0; b
FB and

A
0; c
FB and the heavy avor left-right asymmetries

from SLD. Taking the LEP average for Af gives

Ab = 0:890� 0:029

Ac = 0:667� 0:047

whereas using the combined LEP/SLD result for

Af gives

Ab = 0:867� 0:022

Ac = 0:649� 0:040 ;

movingAb down by about one standard deviation.

Ac agrees very well with the Standard Model pre-

diction of 0.667. The world average value for Ab,

however, deviates by 3.1 standard deviations from

the Standard Model prediction of 0.935. This de-

viation is not without controversy. It should be

kept in mind that the value for Ab as obtained

above is not an independent measurement since

it uses the value for Ae. Fluctuations in the mea-

surement of Ae, a measurement which is unrelated

to the b-coupling per se, increase the deviation of

Ab with the Standard Model prediction. There is

only one direct measurement of Ab, namely from

the left-right forward-backward asymmetry mea-

surement by SLD, Ab = 0:863 � 0:049, which

is 1.4 standard deviations low compared to the

Standard Model value. If one wishes to combine

di�erent measurements a value less prone to uc-

tuations in other measurements may be obtained

by using the Standard Model prediction for Ae.
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4.3 Constraints on the Standard Model

The full set of observables can be �t within the

framework of the Standard Model to up-to-date

theoretical calculations [34] and an estimate of

the free parameters of the model can be ob-

tained along with the Standard Model prediction

for each observable. The accuracy of the mea-

surements makes them sensitive to higher order

electroweak radiative corrections. The leading

corrections are due to propagator and vertex ef-

fects which introduce a dependence of the observ-

ables on mt (quadratically) and mH (logarithmi-

cally). Table 5 summarizes the averages of the

various measurements from LEP (section a), from

SLD (section b), and from electroweak measure-

ments from pp collider and �N scattering exper-

iments (section c). The third column tabulates

the Standard Model predictions and the last col-

umn lists the di�erences between measurement

and �t in units of the total measurement error. In

the Standard Model �t the Higgs mass has been

treated, for the �rst time, as a free parameter.

Given the multitude of measurements, there is

good agreement with the theoretical predictions.

It seems that the only modest deviations lie within

the third family: A0; �
FB , which 2.3 standard devia-

tions high, A0; b
FB , which is 1.8 standard deviations

low, and Rb which has come down considerably

from the earlier measurements but is still high

by 1.8 standard deviations. Figures 14 and 15

give an overall picture of the comparison with the

Standard Model in the leptonic and hadronic sec-

tor, respectively. Figure 14 shows a comparison

with the Standard Model of �`` from LEP, and

sin2�lepte� from asymmetries measured at LEP and

SLD. Good agreement with the Standard Model

prediction is observed. The star indicates the pre-

diction if among the electroweak radiative correc-

tions only the photon vacuum polarization is in-

cluded, showing evidence that the data is truly

sensitive to electroweak corrections. The length of

the arrow indicates the error on �(m2
Z), which is

as large as the error on sin2�
lept
e� from LEP and

SLD combined [35].

In Fig. 15 the �tted result for Rb with Rc

�xed to its Standard Model value is plotted versus

sin2�
lept
e� . If one assumes the Standard Model de-

pendence of the partial widths on sin2�
lept
e� for the

light quarks and the c quark, and takes �s(m
2
Z) =

0:123 � 0:006, R` imposes a constraint on the

0.2305

0.2309

0.2313

0.2317

0.2322

0.2326

0.233

83.4 83.65 83.9 84.15 84.4

LEP/SLC/CDF/D0 July 1996
PRELIMINARY

α(Mz)=1/128.89

Mtop=175 ± 6

∆α

Γlepton (MeV)

sin2θW
eff

STANDARD MODEL

Mtop =

220

Mtop=

120

M
H

iggs = 1000

300

 60

68% C.L.

99% C.L.

1σ

Figure 14: The LEP/SLD measurements of sin2�lept
e�

and
�`` and the Standard Model prediction. The shaded area is
obtained when mt is restricted to its measured mass range,
mt = 175 � 6 GeV/c2. The star shows the predictions if
among the electroweak radiative corrections only the pho-
ton vacuum polarization is included. The corresponding
arrow shows the variation of this prediction if �(m2

Z
) is

changing by one standard deviation. This variation gives
an additional uncertainty on the Standard Model predic-

tion which is not indicated in the �gure.

two variables, shown as the diagonal band. Good

agreement is seen among these three experimen-

tally independent measurements, showing the con-

sistency of the LEP data.

4.4 Predictive Power of the Standard Model

Having shown the consistency of all the mea-

surements with the Standard Model, it is justi-

�ed to combine them to determine the free pa-

rameters of the model. A beautiful precedent

has been the prediction of the top quark mass.

The top quark was discovered [36] in the mass re-

gion right were it was predicted to be. Table 6

shows the constraints on two free parameters of

the Standard Model, mt and �s(m
2
Z), when �t-

ting the measurements to Standard Model calcu-

lations. No external constraint on �s(m
2
Z) has

been imposed. The three columns present the re-

sults corresponding to the data sets as listed in

Table 5 sections a, b and c, respectively. The
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LEP LEP + SLD LEP + SLD
+ pp and �N data

mt (GeV/c2) 171 � 8 +17
�19 177 +7

�8
+17
�19 177� 7 +16

�19

�s(m2
Z
) 0:122� 0:003 � 0:002 0:121� 0:003 � 0:002 0:121� 0:003 � 0:002

sin2�lept
e�

0:23209 � 0:00024 +0:00007
�0:00016 0:23179 � 0:00022 +0:00006

�0:00013 0:23179 � 0:00020 +0:00006
�0:00014

1�m2
W
=m2

Z
0:2247� 0:0009 +0:0003

�0:0002 0:2238 � 0:0008 +0:0004
�0:0002 0:2238 � 0:0008 +0:0003

�0:0002

mW(GeV/c2) 80:292� 0:048 +0:010
�0:018 80:337 � 0:041 +0:010

�0:021 80:338 � 0:040 +0:009
�0:018

Table 6: Results of �ts to the three sets of electroweak precision data, as summarized in Table 5, for mt and �s(m2
Z
). The

central values and the �rst errors quoted refer to mH = 300 GeV/c2. The second errors correspond to the variation of the
central value when varying mH in the interval 60 < mH < 1000 GeV/c2. The bottom part of the table lists derived results

for sin2�lept
e�

, 1�m2
W
=m2

Z
and mW.

0.21

0.22

0.23

0.23 0.24
sin2θeff

lept

Rb

α(mz
2)=1/128.89±0.09

αs=0.118±0.003

mt=175 ± 6 GeV

Rc=0.172

LEP/SLD/CDF/D0 july 1996
Preliminary

SM

mt

90 GeV

150 GeV

200 GeV

250 GeV

mH (GeV)

60, 300, 1000

1 σ constraint from

Rl and  αs

Rb

sin2θeff
lept

Figure 15: The LEP/SLD measurements of sin2�lept
e�

and
Rb(Rc = 0:172). The grid indicates the Standard Model
prediction. Also shown is the constraint resulting from the
measurement of R`, assuming �s(m2

Z
) = 0:123 � 0:006,

as well as the Standard Model dependence of light-quark

partial widths on sin2�lept
e�

.

central values and the �rst errors quoted refer to

mH = 300 GeV/c2. The second errors correspond

to the variation of the central value when vary-

ing mH in the interval 60 < mH < 1000 GeV/c2.

The bottom part of the table lists derived results

for sin2�
lept
e� , 1 �m2

W=m
2
Z and mW. The �rst er-

ror includes the uncertainty on the �ne structure

constant �(m2
Z) = 1=(128:896� 0:090). This large

uncertainty [35] is becoming a limiting factor in

the predictive power of the Standard Model. It

causes an uncertainty of 0.00023 on the prediction

of sin2�
lept
e� , an uncertainty as large as the current

experimental uncertainty, and an uncertainty of

4 GeV/c2 on mt. Theoretical uncertainties due to

missing higher order corrections, are neglected for

the results presented in Tables 6 and 7. They are

estimated [37] to be less than 1 GeV/c2 on mt,

less than 0.001 on �s(m
2
Z) and 0.1 on log(mH).

Although the theoretical error on log(mH) is still

smaller than the experimental error, it is signi�-

cantly larger than the theoretical error on mt or

�s(m
2
Z). Increased precision in both the �ne struc-

ture constant and the theoretical calculations is

clearly warranted.

The �tted value of mt is in excellent agree-

ment with the measured top mass of mt = 175�6

GeV/c2 [36]. Note that the precision of the di-

rect top mass measurement has (�nally) surpassed

the indirect measurement. In the determination

of the central value of mt, however, the mass of

the Higgs boson has been �xed to 300 GeV/c2.

Since there is a strong correlation between the top

and Higgs mass it should be possible to constrain

mH, given the Tevatron direct measurements of

mt. The result of the �t is shown in Table 7

and Fig. 16. The combination of the world's data

starts to constrain the Higgs mass and prefers a

value of mH = 149+148�82 GeV/c2. The correlation

between mH and mt is apparent. It should be

noted that the correlation would even be larger

if the Rb measurement is not used, as Rb is in-

sensitive to mH. It should be pointed out that the

central value of the preferred Higgs mass, with the

corresponding error, can vary dramatically if one

of the results is excluded from the �t. The over-

all constraint on mH is therefore still rather weak.

The implications of these results on new physics

are discussed in [38].
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Figure 16: 68% con�dence level contours in mt and mH

when using as constraint LEP data only (dashed line) and
the world's data (solid line).

LEP LEP+SLD+pp

+�N data+mt

mt [GeV/c
2] 155+18�13 172� 6

mH [GeV/c2] 86+202
�51 149+148

�82

log(mH) 1:93+0:52�0:39 2:17+0:30�0:35

�s(m
2
Z) 0:121� 0:003 0:120� 0:003

Table 7: Results for parameters in the Standard Model
from �ts to LEP data alone and to all data including the

Tevatron top quark mass determination.

4.5 More on W Properties

Recently the LEP center of mass energy has

crossed the W pair production threshold, allow-

ing for a direct measurement of W boson prop-

erties at LEP complementing the measurements

at pp colliders. One of the more interesting mea-

surements is theW mass measurement. Given the

strong sensitivity of the WW production thresh-

old to mW a good precision is obtained with rel-

atively few events by measuring the total produc-

tion cross section at threshold. Given the nature

of this measurement, the dominant uncertainties

are obviously those on the luminosity and center

of mass energy. All four LEP experiments have

an initial measurement of the production cross

section at
p
s = 161:3 � 0:2 GeV, listed in Ta-

ble 8, resulting in a measurement of the W mass

of mW = 80:4�0:3�0:1 GeV/c2 (see Fig. 17) [39].

ALEPH 4:9+1:9
�1:6 pb

DELPHI 3:5+1:5
�1:3 pb

L3 2:9+1:3
�1:1 pb

OPAL 3:9+1:8
�1:4 pb

LEP average 3:6� 0:7 pb

Table 8: LEP measurements of theW pair production cross
section at

p
s = 161:3� 0:2 GeV.

The Standard Model process of W -pair pro-

duction is characterized by large cancellations be-

tween the s and t channel production processes.

The contributions from the t channel diagrams by

themselves violate unitarity. The measurements

of the pair production cross section are therefore a

beautiful demonstration of the gauge cancellations

in the Standard Model, as demonstrated already

with the study of W pairs produced at the pp

colliders [40]. The direct production of W bosons

now also allows for a direct measurement of its

magnetic dipole and electric quadrupole moment

at LEP, two quantities on which stringent limits

already exist from the pp experiments [41].

mW (GeV)

W
+
W

−  c
ro

ss
 s

ec
tio

n 
(p

b)

LEP Average

σWW = 3.6 ± 0.7 pb
mW = 80.4 ± 0.3 ± 0.1 (LEP) GeV

PRELIMINARY√s = 161.3 ± 0.2 GeV  −

0
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Figure 17: W mass from the LEP average of the mea-
surements of threshold W pair production cross section atp

s = 161:3� 0:2 GeV.
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5 Conclusions

It has been unprecedented that an anticipated

quark was discovered with a mass exactly within

the range predicted from loop corrections within

a theoretical framework. This is a remarkable feat

for experimentalists and theorists alike and attests

to the enormous success of the Standard Model.

Even though many measurements are now be-

ing carried out with excruciating precision, the

Standard Model shows no signs of giving up its

claim of being the description of the fundamental

interactions as we know them. The large devia-

tions that existed in the Rb and Rc measurements

have greatly diminished.

The Standard Model, though, is incomplete.

Given its inherent shortcomings one gets the feel-

ing, looking back at for example Fig. 14 and Ta-

ble 5, that in some sense the agreement with the

Standard Model predictions is too good. With the

new data from LEP 2, SLD and the Tevatron, and

with the planned upgrades of the accelerators as

well as the experiments, the projected uncertain-

ties [42] on some fundamental parameters should

provide the tools to take another ever more critical

look at the Standard Model, without any theoret-

ical prejudice.
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