
RESULTS FROM LEP AND THE SLC 

In this report, the data which became available in the first year of operation of the SLC at SLAC, and, in 
particular, of LEP at CERN, are reviewed. Most of the quoted results represent the status at the time of 
the Singapore Conference. However, recent results which have been published until the end of 1990, are 
incorporated in this report. 

1 Status of LEP and of the 
SLC 

CERN's Large Electron-Positron Collider 
(LEP) was commissioned ia August 1989, and 
was in operation for three months during the au
tumn of 1989. In 1990, LEP had already been in 
operation another four and a half months at the 
time of the Singapore Conference, with one more 
month to go until its 1990 shut down. The score 
of hadronic Z decays recorded on tape is given 
in Table 1. The performance of LEP improved 
steadily with time: the maximum luminosity was 
7 x l 0 3 0 c m ~ 2 s ~ 1 , the typical luminosity during 
physics data taking was 3x l0 3 0 cm"" 2 s"" 1 , to be 
compared with the design luminosity of 
1 6 x l 0 3 0 c m ~ 2 s ~ 1 . The combined operation effi
ciency of LEP and its associated injector complex 
was 47%, in comparison with a theoretical max
imum of 85%. The typical life time of the circu
lating beams was 20 hours. The integrated LEP 
luminosity as calculated from the beam currents, 
as a function of the running time in 1989 and 
1990, is shown in Fig. 1. Altogether, the perfor-

Table 1: Number of hadronic Z decays recorded 
by the LEP experiments in 1989 and 1990 (in 
units of 10 3 ) 

mance of LEP was satisfactory even though the 
number of recorded events fell short by a factor 
of 3 with respect to optimistic hopes. The main 
reasons for the shortfall were the operation effi
ciency which was less good than expected, and 
the beam-beam effect which limited the luminos
ity already at lower beam currents than antici
pated. This latter phenomenon is believed to be 
caused by bad luck in the choice of the machine 
tune. Hence the search for a better machine tune 
constitutes the top priority in the 1991 machine 
development programme. 

The loss in luminosity due to the beam-beam 
effect was about 20% during the 1990 run, as 
can be seen from the difference of the luminos
ity calculated from the beam currents, and the 
one measured by ALEPH and OPAL (see Fig. 2). 
The different numbers of events recorded by the 
four LEP experiments are mainly due to an asym
metry in the machine luminosity, which favoured 
ALEPH and OPAL by 20% with respect to DEL
PHI and L3 (see Fig. 2). Shortly before the 1990 
shut down, the origin of this asymmetry was rec
ognized, and equal luminosities for the four ex
periments were achieved. The results from LEP 
which have been published so far, and which have 
been presented at the Singapore Conference, did 
not necessarily make use of the total statistics 
which are given in Table 1. Differences in the 
experimental errors quoted by the four LEP ex
periments, and differences in the mass limits on 
new particles, are normally due to data samples 
of different size. 

As for 1991, the combination of a longer run
ning time ( x 1.5), higher beam currents ( x 1.5), 
and higher operation efficiency ( x 1.4), should 
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Figure 1: Integrated LEP luminosity as calculated from the beam currents, as a function of the 
running time in 1989 and 1990 

Figure 2: Integrated LEP luminosity in 1990 as a function of the running time, as calculated from 
the beam currents and as measured by the four LEP experiments 
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is equal to unity in the Minimal Standard Model 
(MSM), and the definitions of the electroweak 
mixing parameter via the W and Z masses, and 
via the electromagnetic and weak coupling con
stants, coincide in Born approximation: 

As is well known, electroweak radiative correc
tions are large compared with the experimental 
errors. We are very fortunate that a tremen
dous amount of theoretical work has been done 
in preparation for Z physics, a work without 
which the many high-precision results from LEP 
would have been impossible. Notice that since 
1973 some 1500 papers on the subject have been 
published, by some 100 authors! 

Electroweak radiative corrections are custom
arily divided into two categories: 

Photonic corrections 

They involve in first order an extra photon 
which is added to the Born diagrams, either 
in the form of a real bremsstrahlung pho
ton, or as a virtual photon loop. The cor
rections are very large, of the order of 100%, 
and depend on the experimental cuts. The 
dominant contribution is due to initial-state 
bremsstrahlung, and is customarily repre
sented by a radiator fuction H(z, s) which 
is folded with the Born cross-section. For 
example, the Z line shape then takes the 
form 
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yield an overall improvement by a factor of 3 with 
respect to the 1990 score of events, that is some 
500x lO 3 hadronic Z decays per experiment. 

SLAC's Linear Collider, the SLC, had its first 
physics run before LEP, in the spring of 1989. 
First results were presented at the 1989 Lepton-
Photon Conference [1]. Then the accelerator was 
badly struck by the earthquake which took place 
in California on 17 October, 1989. The accelera
tor again came into operation in July 1990, with 
the MARK II detector taking data. The total 
score of hadronic Z decays was 450 in 1989, and 
250 more from the 1990 running. By the end of 
1990, MARK II was replaced by a newly built de
tector, the SLD. From 1991 onwards, operation 
with longitudinally polarized electron beams will 
be a focal point of interest. 

2 Electroweak physics results 

2.1 Introduction 
The precise measurement of the Z line shape and 
the Z decay characteristics has attracted a lot 
of attention. We recall here the basic formulae, 
with a view to introducing our nomenclature. In 
Born approximation, the e+e"~ / / matrix el
ement reads as follows: 

with the fermion current 

and the vector and axial-vector coupling con
stants, defined as 

The Veltman parameter 

Figure 3 shows a sample of diagrams of pho
tonic corrections. 

Non-photonic corrections 

They involve all other corrections, notably 
the self-energy corrections of the vector 
bosons, and virtual W and Z loops (see 
Fig. 4) . These corrections are still large -
of the order of 10% - but independent of 
experimental cuts. The bulk of these non-
photonic corrections can be absorbed into 
'running' (i.e. Q 2-dependent) coupling con
stants, while preserving the Born approxi
mation formulae. This concept, which has 



Figure 3: Diagrams of photonic corrections 

Figure 4: Diagrams of non-photonic corrections 
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been pioneered by Kennedy and Lynn [2], 
has become known as the 'improved Born 
approximation' [3]. 

Throughout this report, the improved Born 
approximation and the notion of running cou
pling constants are utilized for presenting and 
interpreting the data. All formulae given below 
are understood to be valid only in the improved 
Born approximation: in each case a small correc
tion is being ignored. The present level of the ex
perimental accuracy still permits this approach; 
however in the future a more rigorous treatment 
will be needed when it comes to analysing many 
millions of Z decays. 

The Z line shape for the final-state fermion / 
reads as follows: 

and 

where the Fermi constant G F , unlike other cou
pling constants, is not running but used with its 
numerical value G F = 1 .16637xl0" 5 G e V ~ 2 . 

The forward-backward asymmetry for the 
fermion / is given by 

with 

and 

The W and Z masses are, in terms of running 
coupling constants, given by 

and 

The running electroweak mixing parameter, 
sin 2 0 W , is related to the W and Z masses by 

Other definitions of the running weak mixing pa
rameter found in the literature, such as sin 2 0 ^ 5 , with 

where If denotes the Z-y interference term, and 
â the fine structure constant at Q2 = m | . The 
Z mass and widths are understood as the phys
ical line shape parameters. The decay width for 
the 
fermion / is 



Figure 5: Procedure of the data analysis 

eters of the Z line shape which are independent 
of the MSM. 

In the subsequent sections, the results on the 
Z line shape parameters are presented as deter
mined by the four LEP Collaborations. The er
rors quoted for the individual experiments are 
obtained after unfolding all systematic errors that 
we consider common to all four experiments, and 
then adding quadratically the remaining, 
experiment-specific, systematic and statistical er
rors. This allows a judgement of the compatibil
ity of the results. After averaging, we add our 
own estimate of the common systematic error, 
thus obtaining the overall experimental result, 
which can then be compared with the expecta-
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The procedure which is applied in the data 
analysis is depicted in Fig. 5. The raw data 
are corrected for the limited apparatus accep
tance and resolution, and other mundane effects 
such as dead electronic channels. The result are 
'perfect' data which can then be confronted with 
theoretical expectations. The latter start from 
Born cross-sections, and are modified by apply
ing photonic and non-photonic radiative correc
tions leading to physical cross-sections which an 
ideal apparatus would measure. 

A fit of the perfect data to the theoretically 
expected physical cross-sections leads to the best 
values of free input parameters such as m^ , Tz, 
a^ThiTe^T^yTry and T m v . The point is that 
up to this stage the only assumption is a Breit-
Wigner form of the Z line shape and the valid
ity of QED for the calculation of the radiator 
function. Thus, apart from numerically unim
portant contributions from the Z-y interference, 
and from non-photonic radiative corrections, the 
procedure leads to determinations of the param-

s i n 2 0 w ( m | ) , and s in 2 0£ , are, apart from very 
small corrections, equivalent. The running Velt-
man parameter is given by 

exhibiting a quadratic dependence on the mass 
of the t quark which permits conclusions on the 
range of allowed values of mt. 

It is perhaps useful to recall here the (equiv
alent) definition of m\y in another renormaliza-
tion scheme which has been widely used in the 
past, in particular in the analysis of pp data: 

where the coupling constants are not running 
with Q 2 , and the electroweak mixing parameter 
is given by 

and all radiative corrections are concentrated in 
the term 

where 



tion from the MSM. The latter is calculated by 
using the program G A M M A Z [4], for the central 
values mz = 91.18 GeV, mt = 150 GeV, mH 

= 200 GeV, and as = 0.115. The error given 
for the MSM prediction is obtained by adding 
quadratically the deviations arising from varia
tions in the range 91.15 < mz < 91.21 GeV, 
80 < m t < 250 GeV, 40 < mH < 1000 GeV, and 
0.10 < a$ < 0.13. 

2.2 Z mass 

In the fit of the Z line shape, the Z mass is nu
merically stable, virtually unaffected by other fit 
parameters. The statistical precision is domi
nated by the abundant hadronic decays. Fig
ure 6 shows the Z mass measurements performed 
by the LEP experiments, from a scan across the 
resonance at the energies 91.2 ± 0.5, ± 1, ± 2, 
and ± 3 GeV. The total error is completely dom
inated by the uncertainty of the absolute energy 
calibration of LEP. 

The absolute energy scale is based on a mea
surement of the velocities of positrons and pro
tons circulating with the same momentum of 20 
GeV in the machine, resulting in a calibration of 
the magnetic field at 20 GeV. This calibration is 
scaled up to 45 GeV with the help of flux-loop 
measurements. A careful assessment of the mea
surement errors resulted in an estimate of the 
absolute scale error at the Z pole of 2 . 4 x l 0 ~ 4 , 
i.e. 22 MeV [5]. This figure suggests, however, 
a greater precision than warranted: as the dom
inant contribution to the scale error arises from 
the distortion of the magnetic field by a few fim 
thick Ni layer in the beam pipe, the effective 
thickness of which is not well known, we pre
fer to quote a round number of 20 MeV as the 
best guess, available at the moment, for the un
certainty of the machine's centre-of-mass energy 
at the Z pole. 

It is expected that a significant increase in pre
cision of the beam energy will occur during 1991, 
when the frequency of the electron-spin preces
sion will be measured. The ultimate error of the 
Z mass is then expected to shrink to about 5 
MeV. 

The measurements of the Z mass shown in 
Fig. 6 are in good agreement. The average is 
91.177 ± 0.021 GeV. 

2.3 Total width and hadronic peak 
cross-section 

A common fit to the Z line shape as measured 
with Z —• qq,e+e"~, , and r + r"" events per
mits the simultaneous determination of six res
onance parameters which can, for example, be 
chosen as mZ) Tz, cr£, Te/Th, T^/Th, and TT/TH, 
a set of reasonably uncorrelated parameters. 

As for the total width Tz, the measurements 
are in good agreement (see Fig. 7) . The common 
systematic error is estimated at ± 5 MeV, mostly 
due to point-to-point errors in the LEP energy 
settings (recent progress in the understanding of 
radiative corrections [6] eliminated them as an
other source of common systematic uncertainty). 
As can be seen from Fig. 7, the common system
atic error is much smaller than the experimental 
error, so there is quite some room for improve
ment in the measurement of Tz* The current 
average, Tz = 2496 ± 14 MeV, is in good agree
ment with the MSM prediction. The ultimate 
precision on Tz will be about 5 MeV. 

The hadronic peak cross-section (in Born ap
proximation, before radiative corrections). 

is statistically well determined but suffers from 
a ± 1 % (±0 .4 nb) error arising from theoretical 
uncertainties in the Bhabha cross-section, which 
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Figure 6: Measurements of the Z mass 



is utilized to determine the luminosity from the 
observed e+e~ —» e + e ~ events at small polar 
angles. The measurements of <r£ are shown in 
Fig. 8. They are well compatible, and the average 
is in good agreement with the MSM prediction. 

2.4 Hadronic and leptonic widths 

The hadronic widths resulting from common fits 
to hadronic and leptonic Z decays are displayed 
in Fig. 9. A common systematic error of ± 0 . 5 % 
( ± 9 MeV) due to the theoretical uncertainty of 
the Bhabha cross-section has been assumed. The 
measurements are in good agreement, as they are 
with the MSM prediction. There is room for im
provement with further running. The ultimate 
error on Th will be about 8 MeV. 

The measurements of the electronic Z widths 
are displayed in Fig. 10. As Bhabha scatter
ing proceeds both through s- and t-channel di
agrams, an additional, even dominant, system
atic uncertainty arises from the theoretical un
certainty of the t-channel subtraction, which is 
estimated to be ± 1 % (±0 .8 MeV) of the elec
tronic width. The measurements are in good 
agreement, and are quite consistent with the 
MSM prediction. The common systematic er
ror dominates the total error, calling for a bet
ter understanding of the Bhabha cross-section, in 
particular of the t-channel contribution, to make 
further running more useful. 

Figure 8: Measurements of the hadronic peak 
cross-section of the Z 

Figure 9: Measurements of the hadronic Z width 
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Figure 7: Measurements of the total Z width 



Figure 10: Measurements of the electronic Z 
width 

Figure 11 shows the measurements of the 
muonic Z width. The common systematic error 
is smaller than for T e , i.e. ± 0 . 5 % (±0 .4 MeV) , 
arising from the uncertainty of the Bhabha cross-
section. The common systematic error is small 
compared with the overall error, so that quite 
some improvement is possible by further running. 
The measurements are in good agreement as they 
are with the MSM prediction. 

Figure 12 shows the measurements of the 
tauonic Z width. The common systematic er
ror is the same as for T^, i.e. ± 0 . 5 % (±0 .4 MeV) 
from the uncertainty of the Bhabha cross-section. 
This error is small compared with the experimen
tal error, and leaves much room for improvement. 
The measurements are in good agreement as they 
are with the MSM prediction. 

Finally, Fig. 13 displays the measurements of 
the leptonic width, assuming e-/z-r universality. 
The common systematic error is estimated at 
± 0 . 6 % ( ± 5 MeV) owing to the uncertainty of the 
Bhabha cross-section and to the t-channel sub
traction in large-angle Bhabha scattering. Again, 
the measurements agree well with each other, 
and with the MSM prediction. A significant im
provement of the measurement requires a better 
theoretical understanding of Bhabha scattering. 
The ultimate error on T/ will be about 0.3 MeV. 

The Z partial widths exhibit a significant de
pendence on mt through non-photonic radiative Figure 12: Measurements of the tauonic Z width 
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Figure 11: Measurements of the muonic Z width 



Figure 14: Measurements of RM = Th/Ti 

We utilize in this formula the average o f the mea
surements of Rhu^hi a n d m z - The o n ^ y l n ^ O T ' 
mation from the MSM that is needed is the ratio 
- not the absolute values - of the leptonic and 
neutrino widths, which is independent o f m^. 

Figure 15 shows the measurements of F i n v as 
determined from the relation rjn v = Tz — I \ — 
3r/, taking properly into account the correlation 
of the measurement errors. The common sys
tematic error is estimated at ± 5 MeV, stemming 
mainly from the point-to-point errors in the LEP 
energy settings. The measurements are in g o o d 
agreement with each other, as well as with the 
MSM prediction. 

Utilizing Eq. 3 we obtain for the number of 
neutrino families from the LEP measurements 
the average 
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corrections: varying rnt from 60 to 220 GeV in
creases the partial widths by about 1.5%. As 
this mt dependence tends to cancel in ratios of 
partial widths, quantities such as <r£ (Eq. 2) or 
Rhi = Th/Ti provide a particularly stable testing 
ground o f the M S M . Figure 14 shows the exper
imental results for Rhi- The common systematic 
uncertainty is estimated to be ± 0 . 3 % o f Rhh ow
ing to the uncertainty o f the t- channel subtrac
tion, which is small compared with the overall ex
perimental error. There is g o o d agreement with 
the MSM prediction. It will be most interesting 
to see whether this agreement persists when the 
error is reduced by further data taking. 

2.5 Invisible width and the num
ber of neutrino families 

As is well known, the Z total width is a measure 
of the number o f neutrino families, Ny, provided 
the neutrino mass is well below mz/2. There 
are several ways o f determining Nv.-As statisti
cal precision is no longer the main concern, we 
choose here a method that is nearly model inde
pendent. From 

we obtain 

This value is quite consistent with the belief in 
three families of quarks and leptons with next 
to mass-less neutrinos, but has also given rise to 
speculations as to the existence o f right-handed 
neutrinos [7], As the common systematic error 
in Tiny is small compared with the overall exper
imental error, a significant improvement of Nu is 
expected from further running. Ultimately, the 
number of neutrino families will be measured to 
±0.03 ( ± 1 % ) . 

Figure 16 shows the most prominent achieve
ment in the first year of data taking at LEP: the 

Figure 13: Measurements o f the leptonic Z width 



precise mapping of the Z line shape as measured 
with hadronic events. The data are quite con
sistent with Nv = 3, whereas Nv = 2 and Nv 

= 4 are clearly ruled out. The data shown in 
Fig. 16 are from the DELPHI experiment. The 
analogous data from the ALEPH, L3, and OPAL 
experiments look of course equally convincing. 

2.6 Forward-backward asymmetry 
of leptons 

With the exception of L3, who studied electrons 
and muons only, the LEP experiments presented 
results on the forward-backward asymmetry of 
electrons, muons, and taus, for all energies which 
have been employed during the scan of the Z 
resonance. 

On the peak, the leptonic forward-backward 
asymmetry is given in the improved Born ap
proximation by 

with 

From the measurement of the forward-backward 
asymmetry of leptons, together with the mea
surement of the leptonic width (Eq. 1), the ef
fective leptonic coupling constants g\\ and 
can be determined. 

As an example of the data presented, Fig. 17 
shows AfB separately for electrons, muons, and 
taus as a function of y/s. In the electron data, 
the t-channel contribution to Bhabha scattering 
has been subtracted. All data presented are well 
compatible with lepton universality, and with the 
MSM prediction. 

2.7 Forward-backward asymmetry 
of b quarks. 

ALEPH and L3 measured the forward-backward 
asymmetry of 6 quarks through their semilep-
tonic decays into both electrons and muons, 
whereas OPAL confined themselves to muons 
only. 

The forward-backward asymmetry of the Z —• 
66 decay is given by 
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Figure 15: Measurements of the invisible width 
of the Z 

Figure 16: Measurement of the Z line shape, and 
comparison with the MSM expectation for Nv = 
2, 3, and 4 (DELPHI) 



OPAL 

Figure 17: Forward-backward asymmetry of electrons, muons, and taus as a function of the cen-
tre-of-mass energy (OPAL) 

with 

Owing to 66 mixing, the observed 
forward-backward asymmetry is smaller than the 
true asymmetry: 

where \ denotes the probability of a 6 quark 
turning into a 6 quark, over the entire decay time. 
The isolation of 66 events is performed by select
ing leptons with high momentum and high pt 
with respect to the nearest hadronic jet. The 
efficiency of this selection can be judged from 
Fig. 18, which shows the pt spectrum of elec
tron candidates, together with the Monte Carlo 
expectations from various sources (L3 data). The 
sample of events with, say, pt > 2 GeV, has a 
small background only. 

Figure 19 shows, as an example, the ALEPH 
data on the polar angle distribution of 66 events. 
Table 2 lists the measurements of AjB, together 
with the MSM prediction. Further data taking 
is expected to lead to significant improvements 
in the precision of B , which is of quite some 
interest as AjB is a sensitive measure of sin 2 0 W 

(for example, the ALEPH result A f B = 0.181 ± 
0.094 corresponds to sin 2 0 W = 0.218 ± 0.017). 

Figure 18: pr distribution of electron candidates 
in Z hadronic events (L3) 
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Table 2: Measurements of ^4fB, corrected for 66 mixing (the OPAL measurement has been corrected 
by the author, using x = 0.13 ± 0.04) 

2.8 Charge asymmetry of hadronic 
jets 

ALEPH have measured the charge asymmetry of 
hadronic jets, summed over all five quark flavours. 
For each quark flavour / , let HT be the unit vec
tor in the jet's thrust direction; weighting the 
charge Q, of the i-th track with the longitudi
nal momentum component along the thrust di
rection, we obtain the weighted jet charge for the 
quark flavour / , 

where the exponent K has an empirically deter
mined optimum value close to unity. We define 
the charge asymmetry for the quark flavour / , 

and the charge asymmetry for all quark flavours, 

In terms of the relevant effective coupling con
stants, we obtain 

Taking the jet charge Qj from a Monte Carlo 
simulation of quark jets with flavour f, and the 
effective coupling constants </v/ and g^f from 
neutrino-nucleon scattering experiments (employ
ing universality of quark families), the charge 
asymmetry A® determines the ratio <7ve/<7Ae> in
cluding the relative sign of the leptonic vector 
and axial-vector coupling constants. 
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Figure 19: Polar-angle distribution of 66 events 
(ALEPH) 



Figure 21: The leptonic axial-vector coupling 

constant 

leptonic forward-backward asymmetries (and, in 

the ALEPH case, also from the charge asymme

try of hadronic jets, and the r polarization). The 

measurements are in good agreement with each 

other, and with the MSM prediction. Note that 

the vector coupling constant, although small, is 

significantly different from zero. 

The precision with which the leptonic vector 

and axial-vector coupling constants are known 

today is remarkable. Figure 22 from Ref. [13], 

recalls the experimental knowledge back in 1986. 

The results then stemmed from neutrino-electron 

scattering, polarized electron-deuteron scatter

ing, polarized muon-carbon scattering, and 

e + c - —• / + / - annihilation as measured at PEP 

and PETRA. With the advent of the LEP data, 

the errors have shrunk to such an extent that 

quite some magnification is needed in order to 

display the status as of today. 

Figure 20: The leptonic vector coupling constant 

ALEPH measured [11] 

resulting in 

2.9 r polarization. 

ALEPH measured the r polarization in e+e"~ -+ 

r + r ~ events, by analysing the momentum spec

trum in r —• 7ri/T)fÀÛ^i/T, and AivT decays. The 

result for the r polarization is [12] 

Together with r r , the r vector and axial-vector 

coupling constants have been determined as 

2.10 Leptonic vector and axial-
vector couplings 

Figures 20 and 21 show the measurements of 

the leptonic vector and axial-vector coupling con

stants, respectively. The coupling constants are 

determined from the leptonic Z widths, and the 

The same measurements, which served for deter

mining the leptonic vector and axial-vector cou

pling constants, also serve for determining the 

electroweak mixing parameter, 
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2.11 



Figure 22: The knowledge of gyi and g AI from 
various experiments, in 1986 and today 
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Figure 23: Measurements of sin 0 W 

For example, the leptonic Z width reads in terms 
of sin 2 0 W as 

Notice that the electroweak mixing parameter, if 
determined this way, has a knowledge about mt 

and rriH incorporated in it. Because of that, the 
numerical value of sin 2 0 W will stand whatever 
values mt and m # eventually take. 

Figure 23 displays the measurements of sin 2 0 W 

from the LEP experiments [12,14,15,16]. The 
common systematic error is estimated at ±0.0014, 
arising from a propagation of the theoretical un
certainty of the Bhabha cross-section. Without 
improvement in this sector, it will be hard to re
duce the overall error on s i n 2 0 w . The ultimate 
error on s i n 2 0 w is, without beam polarization, 
expected to be 0.001. 

The value of the electroweak mixing parameter 
from LEP, 

constitutes the most precise determination so far, 
surpassing now the precision from the neutral-to-
charged current ratio as measured in neutrino-
nucleon scattering, and from the W and Z masses. 

As pointed out above, the value of sin 2 0 W de
termined from T\ is independent of mt, in con-



via high-momentum and high-py leptons from 

semileptonic 6 decays. In contrast, DELPHI em

ployed the concept of the 'boosted sphericity prod

uct', making use of the greater sphericity of 6 jets 

as compared to jets which originate from light 

quarks. 

Table 3 lists the results obtained for BR(6 —• 

lvX)Yh/Yh and for Tb/Th. The results are in 

good agreement. In view of the rather large un

certainty on the effective semileptonic branching 

ratio BR(6 —• IvX) we prefer, rather than to 

quote a value of to utilizç the MSM pre

diction, Th/Th = 0.217, to deduce the effective 

semileptonic branching ratio of the b quark, at 

the Z pole, 

Figure 24: sin 0 W as a function of mt) for ra# = 

200 GeV, from various experiments 

trast with determinations of sin 2 0 W from the ra

tio mw/mz in the pp collider experiments [17,18], 

and, equivalently, the neutral-to-charged current 

ratio in neutrino-nucleon scattering experiments 

[19,20], and from the Z mass. The question of 

which value of mt makes all these measurements 

consistent is answered in Fig. 24. A fit to the 

experimental data yields the result [21] 

a value which is consistent with expectations. 

The tagging of Z —• cc decays has been per

formed with high-momentum and medium-pr lep

tons from semileptonic c quark decay, by ALEPH 

and L3. DELPHI have employed the tagging 

through very low-py pions stemming from the 

decay D* -» D°ir (see Fig. 25). Table 4 lists the 

results obtained for the charmed Z width, T c . 

The results are in agreement with each other, 

and with the MSM prediction, but are not yet 

precise. 

Figure 25: p\ spectrum of charged pions, show

ing a signal of D* —> D°ir decays at low momen

t u m anrl Inw r £ fDF, l \PHT^ 
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2.12 Hadronic Z decay widths 

The focus of attention was so far the determi

nation of Tt, the width for the Z decay into b 

quarks. ALEPH, L3, and OPAL used b tagging 

quite consistent with the less precise experimen

tal determinations [231. 

where m # is allowed to vary in the range from 

40 to 1000 GeV. That constitutes today the best 

guess which we have about the mass of the t 

quark. Minor improvements to this analysis can 

be made if other data on electroweak processes 

are also taken into account [22]. 

With the best fit value of mu the W mass is 

then predicted to be 



Table 3: Results on the Z width for the decay into b quarks 

Table 4: Results for the width of the Z decay 
into charmed hadrons 

2.13 Decay width into up-like and 
down-like quarks 

OPAL [28] have measured the ratio of hadronic 
events with single, isolated, photons, to the total 
number of hadronic events. By selecting events 
where the photon is radiated off the final-state 
quarks, the above ratio measures the square of 
the electric charge of the final-state quarks. The 
measured widths T(Z —> qqy) and I \ are inter
preted in terms of the sum of the squares of up-
like and down-like vector and axial-vector cou
pling constants. This yields the Z decay widths 

in agreement with the MbM predictions ol 616 
and 299 MeV, respectively. 

2.14 Average B lifetime 

ALEPH presented a measurement [29] of the av
erage lifetime of 6 flavoured hadrons, derived from 
the distribution of the impact parameters of high-
momentum, high-pr electrons and muons. The 
impact parameter is defined with respect to the 
colliding-beam centre. 

As can be seen from Fig. 26, the impact param
eter distribution has a significant non-zero aver-

Figure 26: Impact-parameter distribution of 
electrons and muons originating from semilep-
tonic b decays (ALEPH) 
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Table 5: Results for the B mixing parameter x 

age, amounting to 140 /im, which corresponds to 
an average B lifetime of 

2.15 B°Ë° mixing 

ALEPH and L3 analysed their high-momentum, 
high-pr samples of dileptons (ee, efi} and fi/j.) 
with a view to observing an ' abnormal' ratio of 
like-sign to opposite-sign lepton pairs, signalling 
B°B° mixing. 

The results for the mixing parameter x, which 
denotes the probability of a B turning into a B 
during its lifetime, are given in Table 5. The 
thus-measured mixing parameter is a superpo
sition of Bd and B9 mixing: x = fdXd + fsXs, 
with fd and / , denoting the relative weights, 
estimated from Monte Carlo simulations of the 
hadronization of the b quark. Figure 27 shows 
the current status of affairs, assuming 'reason
able' numerical values of fd = 0.375 and / , = 
0.15. The results from LEP are in good agree
ment with other results from UA1 [31], ARGUS 
[32] and CLEO [33], but are not yet good enough 
to give unambiguous evidence of Bs mixing - one 
of the areas where more data are eagerly awaited. 

3 QCD 

For an in-depth review of recent QCD results, 
with emphasis on the theoretical issues, we refer 
to the talk given by M. Jacob at this conference. 
Here, we restrict ourselves to a brief review of the 
measurements of the strong coupling constant in 
hadronic Z decays. 

The process of quark creation and hadroniza
tion in Z decays is depicted in Fig. 28. The first 

Figure 28: Creation and hadronization of quarks 
in hadronic Z decays 
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Figure 27: Allowed domains for the B mixing 
parameters Xd and x$ 

which is in good agreement with the current world 
average, 



phase, the electroweak creation of a quark pair 
at Q2 = ra|, is well understood. The second 
phase, gluon radiation and gluon splitting at the 
same large Q 2 , is considered well described by 
perturbative QCD. In practice, two approaches 
have been employed in the frame of Monte Carlo 
simulations: 

the 'ME ' approach, involving matrix elements 
calculated to 0(a2) inclusive [34], and 

the 'LLA' approach, a leading-logarithm ap
proximation [35]. 

In the third phase, the hadronization of quarks 
and gluons takes place at Q2 ~ 1 G e V 2 . As there 
is no theory of hadronization, a variety of more 
or less QCD-inspired models have been proposed 
which are available in the form of Monte Carlo 
generators: 

independent hadronization models [36], 
which are known not to describe the data 
adequately unless some ad hoc cures are ap
plied (such as proposed in Ref. [37]), 

string hadronization [38], 

cluster hadronization [39], and 

string hadronization with colour coherence 
[40]. 

Of these, string hadronization with colour coher
ence compares perhaps most favourably with the 
data. 

In much the same way as in the sector of elec
troweak radiative corrections, we are greatly in
debted to the many authors [41] who developed 
models of all three phases of quark creation and 
subsequent hadronization, and made them avail
able in the form of Monte Carlo generators. With
out their work, the many results on QCD from 
hadronic Z decays would have been impossible. 

In the first round of QCD studies in hadronic 
Z decays, the emphasis was on a comparison of 
the ME formulation with the LLA formulation 
of the perturbative phase. Out of many distri
butions which have been presented by the exper
iments, Fig. 29 may be representative. It shows 
the aplanarity distribution of hadronic Z decays 
as measured by OPAL, in comparison with the 
ME and LLA predictions as incorporated in the 
Monte Carlo generators JETSET 7.2, HERWIG 

Aplanarity À 

Figure 29: Aplanarity distribution of hadronic Z 
decays: data and comparison with the ME and 
LLA formulation (OPAL) 

3.4, and ARIADNE 3.1. From this and other 
comparisons the conclusion emerges that the LLA 
approach permits a better representation of the 
data, presumably because the ME approach is 
limited to a maximum of four final-state partons, 
and hence constitutes an inadequate representa
tion of the gluon activity. This is particularly 
visible in variables such as aplanarity and p™*, 
which are sensitive to the activity perpendicular 
to the qqg plane. In contrast, the LLA approach 
has no such a priori limitation on the number of 
partons. 

In view of this shortcoming of the ME ap
proach, a 'remedy' for the missing higher or
ders has been introduced: in order to enhance 
the gluon activity, a larger value of as is be
ing used by utilizing a smaller Q2 scale, / i 2 = 
/ Q 2 , where / is an empirically determined fac
tor. This change of Q2 scale is a measure of the 
missing higher orders in the perturbation expan
sion. 

In contrast to the LLA approach, the ME ap
proach has a well-defined Q2 scale, which is 
needed for a measurement of a8. As a satisfac
tory measurement requires good agreement with 
the data, a change of the Q2 scale to smaller 
values seems inescapable for the time being un-
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Figure 30: Fraction gf two-, three- and four-jet 
events, as a function of j / c u t (L3) 

til higher orders are included in the theoretical 
predictions. 

So far, two methods have been employed for 
determining a ^ ( m | ) : 

Jet multiplicity 

The commonly adopted algorithm for de
termining the number of jets in a hadronic 
event is the ' JADE' algorithm: all pairs of 
hadrons and partons, respectively, are iter-
atively merged until 

Figure 31: a 5 ( m | ) as determined from the jet 
multiplicity 

Whilst the data on the two- and three-jet 
fractions are well reproduced by the Monte 
Carlo, there are, not surprisingly, some diffi
culties with the fraction of four or more jets. 

Figure 31 shows the measurements of a 5 ( m | ) 
from the four LEP Collaborations. The over
all experimental error is dominated by the 
common systematic error due to the theo
retical uncertainty of the Q2 scale, and, to 
a lesser extent, of the hadronization mecha
nism. Further progress depends on a better 
understanding of the theory. 
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is larger than a given cut-off value ycut for 
any pair (i j ) of hadrons and partons, respec
tively. This leads, as a function of y c u t , to a 
well-defined jet multiplicity, which in turn 
determines oc${m2

z). Monte Carlo studies 
at the parton and hadron levels have shown 
that little bias is introduced in the transi
tion from partons to hadrons. The largest 
systematic uncertainty arises from the un
known Q2 scale. Until calculations at 0{otz

$) 
become available it is recommended that re
sults are evaluated not only on the Q2 scale 
m | , but also on ( m ^ / 2 ) 2 and ( m z / 4 ) 2 . 

Figure 30 shows, as an example, the L3 data 
on the jet multiplicity as a function of y c u t . 

Energy-energy correlations 

Let Xij denote the angle between hadrons 
i and j of a hadronic event. The energy-
energy correlation (EEC) is then defined as 

Two methods have been employed for re
ducing the uncertainty due to the transition 
from partons to hadrons: the asymmetric 
energy-energy correlation (AEEC), 



Figure 33: as(rn2

z) as determined from en
ergy-energy correlations 

Figure 32: Energy-energy correlation, and asym
metric energy-energy correlation (OPAL) 

reaction e+e~ —• hadrons are plotted against y/s 
[42]. One can put forward many arguments as 
to the systematic errors of the procedures that 
have been utilized to determine a3; however we 
cannot escape the conclusion that a8 does 'run' 
much in the way required by perturbative Q C D . which has still a fair bias from the transition 

from partons to hadrons, and the cluster 
energy-energy correlation (CEEC), which 
has been proposed by ALEPH. In the lat
ter method, the hadrons are first merged 
into clusters before looking at their energy-
energy correlation. Their claim is that there 
is only a small bias from the parton to hadron 
transition. 

Figure 32 shows the EEC and AEEC dis
tributions as measured by OPAL, together 
with the best fits of predictions of shower 
Monte Carlo models. Figure 33 shows the 
best values of a8 as determined from CEEC 
(ALEPH) and AEEC (DELPHI, L3, and 
OPAL) . The common systematic error of 0.01 
due to the hadronization mechanism and, to 
a lesser extent, due to the Q2 scale, is re
tained, and a similar remark about further 
progress applies as is made above for the jet 
multiplicity. 

Does as ' run'? This long-standing question is 
answered in Fig. 34. Various determinations of 
the 3-jet fraction (which measures as) from the 

Figure 34: Compilation of 3-jet fractions as mea
sured in e+e~ —• hadrons at various energies 
(compiled by L3) 
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4 Searches and Limits 

According to our belief that all constituents of 
matter - known or unknown - participate in the 
weak interaction, Z decays are an ideal labora
tory for the search for new particles through their 
weak coupling to the Z. On the basis of their 
predicted production cross-section, corrected for 
initial-state bremsstrahlung, and the known lu
minosity, sensitive searches for the existence of 
such particles can be made. In most of the cases 
the production cross-section is so large that the 
search is kinematically limited, i.e. by the avail
able beam energy. In other cases, notably in that 
of the standard Higgs, the search is limited by the 
available integrated luminosity. 

No new particle has been discovered so far in Z 
decays. For the time being, the results comprise 
mostly lower limits on the masses of expected or 
hypothetical heavy new particles. 

Table 7: Lower limits (95% CL) on the V quark 
mass 

Table 8: Lower limits (95% CL) on the mass of 
the sequential heavy lepton 

Table 6: Lower limits (95% CL) on the t quark 
mass 

4.1 t quark 

The Z decay into a pair of t quarks would lead 
to a rather spherical event shape, largely inde
pendent of the specific decay mode and hence 
independent of the assumption of a semileptonic 
branching ratio just as predicted by the MSM 
(the limit mt > 89 GeV at 95% CL put forward 
by the CDF Collaboration [48] relies on such a 
'standard* semileptonic branching ratio). The 
searches at LEP and at the SLC, however, are 
also sensitive to decays such as t —• bW* and 
t -+ bH+. Table 6 lists the lower mass limits for 
the t quark. The search is limited by the beam 
energy. 

4.2 bf quark 

The direct search for the down-like quark of a 
possible massive fourth family through a spher
ical event shape, which is sensitive to standard 
and non-standard decay modes such as V —• cW*, 
cH~, bg, and 67, leads to the lower mass limits 
listed in Table 7. The search is limited by the 
beam energy. The confirmed absence of the 6' 
quark is consistent with what has been inferred 
from neutrino counting. 

4.3 Sequential heavy lepton Ve 

A sequential heavy lepton is expected to de
cay into its own associated neutrino ui and a vir
tual W: L± i/ L \V*. Whilst ALEPH excluded 
from their neutrino counting result an of any 
mass provided the associated neutrino has a mass 
mVL < 42.7 GeV at 95% CL, L3 and OPAL per
formed in addition direct searches by looking for 
isolated leptons with associated missing energy. 
The lower mass limits are listed in Table 8. The 
search is limited by the beam energy. 

23 



Table 9: Lower limits (95% CL) on a neutral 
stable heavy lepton L° 

Table 10: Lower limits (95% CL) on a neutral 
unstable heavy lepton L° 

Table 11: Lower limits (95% CL) on excited 
charged leptons for A = 1 (the upper rows 
refer to pair production, the lower rows to single 
production) 

^ 7 , with an isolated high-energy photon as sig
nature. The mass limits are naturally depending 
on whether a /*/* or /*/ pair is produced. The 
non-observation of such events leads to an ex
cluded domain when the mass of the excited lep
ton, ra/.±, is plotted against the Zl*l* coupling 
strength, A/m/ .± . Table 11 lists the mass limits 
obtained for the specific case A = 1. The search 
is more limited by the beam energy than by the 
integrated luminosity. 

4.7 Excited neutrino i / * 

ALEPH [51] searched for excited neutrinos via 
the radiative decay i/* —• 1 /7. The signature 
would be one or two high-energy photons, de
pending on whether a single excited neutrino or 
a pair has been created. The decay Z —• i/*P* is 
excluded for BR(Z -> i/*p*) x BR2(v* - > 1 /7) > 
7 x l 0 " 5 at 95% CL, whereas the decay Z - * i / V 
is excluded for B R ( Z -> x BR(v* 1 /7) > 
6 x l 0 " 5 at 95% CL. L3 [52] reported compara
ble limits from a search for both decay modes 
1/* -+ j/7 and v* —• eW*. The search is limited 
by the integrated luminosity. 

4.8 MSM neutral Higgs boson H° 

A considerable effort has gone into the search for 
the neutral Higgs boson which is required by the 
MSM. The search was performed through the de
cay Z ->H°Z*} with Z* e+e~, ̂  V » and vv. 
Emphasis was put on excluding a light H0 down 
to zero mass, in order to close a window which 
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4.4 Neutral stable heavy lepton L° 

A neutral stable heavy lepton is a neutrino-like 
particle. ALEPH and L3 interpreted their re
sults on neutrino counting in terms of a mass 
limit on a Dirac neutrino of a fourth family. Ta
ble 9 lists their lower mass limits. The lower 
limit of 42.8 GeV from L3 for a Dirac neutrino 
would transform into a lower limit of 34.8 GeV 
(95% CL) for a Majorana neutrino. The search 
is limited by the beam energy. 

4.5 Neutral unstable heavy lepton 
L° 

A neutral unstable heavy lepton L° would be a 
superposition of the three known neutrino states, 

with a decay L° —• /W*. The signature would 
be isolated high-momentum leptons in a direct 
search, and modifications of the measured total 
and hadronic Z widths in an indirect search. Ta
ble 10 lists the lower mass limits. The search is 
limited by the beam energy. 

4.6 Excited charged lepton 

An excited charged heavy lepton would decay ra-
diatively into a normal charged lepton: l*± —• 



Figure 35: Number of events expected for a 
low-mass H°. Curve A refers to an undetected 
i f 0 , curve B to a H0 which decays after a finite 
path length into an e + e ~ pair (ALEPH) 

was affected by uncertainties as to the reliabil
ity of the theoretical predictions of rare meson 
decays involving the H0. 

For a very low-mass H0 (mH < 2ra e ) , the par
ticle tends to leave the apparatus undetected as 
its lifetime becomes large. Figure 35 shows the 
number of events in ALEPH [53], for an unde
tected low-mass H° as a function of its mass. 
The decrease in efficiency towards larger H0 mass 
is compensated by the search for events where 
the H° decays, after a finite path length, still 
inside the apparatus into an e + e ~ pair. Both 
searches together exclude a low-mass H° to more 
than 95% CL. Analogous conclusions have been 
drawn by DELPHI [54], L3 [55], and OPAL [56]. 

The search for a heavy H° is limited by the 
integrated luminosity, since the cross-section for 
Z —+ H°Z* is steeply falling with increasing m # . 
The signature is an e+e~, , or vv pair from 

decay, together with the decay products of 
the heavy 77°, mostly 66. The cuts are care
fully optimized so as to extend the sensitivity to 
the highest masses while keeping the background 
negligible. The mass range excluded by the LEP 
experiments is given in Table 12. Because of the 
limitation coming from the available integrated 

Table 12: Mass range of the MSM H° excluded 
at 95% CL 

luminosity it is tempting to combine the results 
from the four experiments and thus obtain an 
even better lower limit on m # . However, such 
a procedure would be unsafe: the experimental 
cuts are such that the efficiency of the search falls 
rapidly above the limits quoted by each experi
ment, and background shows up. A combination 
of the results would thus require a more detailed 
study. 

4.9 MSSM neutral Higgs bosons 
h,A 

In the minimal supersymmetric extension of the 
Standard Model (MSSM), the following super-
partners of the vector mesons 7, Z , and W, and 
of the five physical Higgs bosons h^A^H0, and 
H±

J which constitute the minimal Higgs content 
of the MSSM. should exist: 
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The two winos will in general mix, resulting in 
two charginos, xfiXf- The photino, the two zi-
nos and the higgsino will in general mix, result
ing in four neutralinos x? (i = 1...4). For the 
Higgs content of the MSSM, the following hier
archy in the masses is predicted [60]: rrih < mz 
and m A > ™>h> 

There are two independent parameters in the 
MSSM which are taken as m A and m^. 

Figure 36 shows the domain in rrih and 
which has been excluded by the LEP experiments 
[61,47]. The limit mA > mh > 32 GeV (95% CL) 
holds, if V2/V1 > 1 as is theoretically favoured. 



m h (GeV) 

Figure 36: Excluded domain (95% CL) in mh vs 

m A, for V2(v\ > 1 

Table 13: Lower limits (95% CL) for the charged 

Higgs boson assuming B R ( # + —» vr) = 

50% 

The search is limited by the integrated luminos

ity. 

4.10 Charged Higgs boson 

The charged Higgs boson decays into heavy 

fermion pairs: —• j / f , cs, and c6, with branch

ing ratios which are not fixed within the MSSM. 

For the assumption B R ( # + -> uf) = 50%, Ta

ble 13 lists the lower mass limits obtained by the 

experiments. The search is limited by the beam 

energy. 

4.11 Sneutrino v 

The L3 Collaboration [44] have determined a 

lower limit for the sneutrino mass, from their re

sult on neutrino counting: mp > 31.9 GeV (95% 

Figure 37: Excluded domain (95% CL) in rrif 

and m^o (DELPHI) 

CL). The search is beam energy limited. 

4.12 Squarks u and d 

The squarks u and d were searched for through 

their decays û ug and d —• dg, respectively. 

Table 14 lists the lower mass limits obtained. 

The search is beam energy limited. 

4.13 Selectron ë , smuon / i , and 
stau f 

The charged sleptons / = ë, /i, and f are assumed 

to decay by emission of the lightest neutralino, 

which escapes detection thus leading to acopla-

nar events: / —• /xÇ. Table 15 lists the lower 

mass limits obtained under the assumption of 

left-right degeneracy, mjL — mjR, and m^o < 10 

GeV. The searches are beam energy limited. Fig

ure 37 shows, for example, the domain in m? and 

ra^o which has been excluded by DELPHI. 

4.14 Chargino \t 

The lighter chargino xf has been searched for 

via its decay into the lightest neutralino and a 

virtual W: X\ —• X?W*> leading to acoplanar 

fermion pairs from W* decay. Table 16 lists the 

lower mass limits obtained under the assump

tions that the lighter chargino is a wino-state 
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Table 14: Lower limits (95% CL) for the squarks u and d 

Table 15: Lower limits (95% CL) for the sleptons Table 17: Excluded mass range (95% CL) for 
heavy stable charged particles 

Table 16: Lower limits (95% CL) for the chargino 
xf (assuming a wino-state and m^o < 10 GeV) 

(the limits are worse for a higgsino-state as the 
production cross-section is lower in that case), 
and that m^o < 10 GeV. 

A i — 

4.15 Neutralinos X11X2 

The lightest neutralinos have been searched for 
via the decays jfy Xi^*>X?7i w ^ h the x? es
caping detection. The negative results of the 
searches lead to excluded domains in a three-
dimensional parameter space spanned by the ra
tios m/mz, and fi/mz^ where m denotes the 
photino mass, \i the supersymmetric mass term 
which mixes the higgsino fields, and i^/^i the ex
pectation values of the Higgs doublet which is re
quired in the framework of the MSSM. Figure 38 

shows the result from ALEPH [42]. DELPHI 
[43], L3 [44], and OPAL [46] arrived at analogous 
conclusions. The values of vifv\ in Fig. 38 are 
chosen so as to match current theoretical prefer
ences. 

4.16 Heavy stable charged parti
cles 

DELPHI and OPAL have performed a search for 
the pair production of heavy stable charged par
ticles which would move slowly and would be rec
ognized either by their low momentum, and/or 
by their enhanced ionization capability. Table 17 
lists the mass ranges that have been excluded for 
such particles. The search is limited by the beam 
energy. 

4.17 Rare photonic Z decays 

All four LEP Collaborations performed searches 
for rare photonic Z decays by looking for isolated 
photons. Naturally, L3 have an advantage there 
by virtue of the superb energy resolution of their 
BGO calorimeter. Figure 39 shows a promise 
of things to come in the future: their spectrum 
of invariant 77 masses, exhibiting prominent it0 

and j] peaks. Table 18 summarizes the upper 
limits on rare photonic Z decays which have been 
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H / M z 

Figure 38: Excluded domains (95% CL; hatched areas) in the neutralino parameters m/mz and 
/z/m^, for four values of t>2Ai (ALEPH) 

Table 18: Upper limits (95% CL) on the branching ratios of rare photonic Z decays (possible 
interference effects in the decay Z 7*7 have been ignored) 
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ivy GeV) 

Figure 39: Invariant 77 mass spectrum, for iso
lated photons with Ey > 700 MeV (L3) 

achieved so far by the LEP Collaborations. The 
searches are limited by the integrated luminosity. 

5 Summary 

The amount of high-quality data, which has been 
accumulated in particular at LEP, in such a short 
time, is impressive. No less impressive is how well 
the Minimal Standard Model has been doing in 
defending itself. 

The large amount of forthcoming data will sig
nificantly improve the level of precision of our 
knowledge of the electroweak and QCD sectors. 
Foreseeable limitations, from an insufficient un
derstanding of the Bhabha cross-section, and of 
higher-order QCD calculations, will hopefully be 
eliminated soon by further theoretical work. 

The highlights of this first year of high-precision 
Z physics may be summarized as follows: 

This measurement constitutes remarkable 
progress, and gives us, besides a and Gf, the 
third precisely measured cornerstone which 
is needed for precise theoretical predictions 
within the electroweak Standard Model. 

This determination from LEP data alone, is 
consistent with every other accepted mea
surement in the realm of electroweak physics. 
The value of siii2 6W is so precise that it 
is sensitive to 0(a) non-photonic radiative 
corrections, and helps significantly in con
straining the t quark mass. 

This determination of a8(m2

z) from the jet 
multiplicity is consistent with the knowledge 
from other experiments but is plagued by 
large theoretical uncertainties. 

If the standard Higgs boson H° exists, the 
mass domain 0 < ra# < 44.0 GeV is ex
cluded at 95% CL. 

s for the discovery of new phenomena 
nd/or new particles the reader may refer 
) Fig. 40, taken from a Singapore newspa-
er and slightly adapted. 
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DISCUSSION 

B. Richter, S LAC: My question is on the 
many tables you showed, combining the re
sults of LEP experiments. Almost all showed 
a very small \ 2 P e r degree of freedom. This 
is not possible with random errors, or at 
least extremely unlikely. How do you ac
count for this phenomenon? 

F. Dydak: There are two possibilities: either 
the experiments overestimated their system
atic errors, or there are biases in the anal
yses. From many discussions, I gather that 
the physicists did not play safe with their 
systematic errors, and that they are correct 
to the best of their knowledge. I am also 
convinced that there is no single case of con
scious biasing of the results. My personal 
feeling is that the known expectations from 
the Standard Model may perhaps have led 
to an unconscious reduction in the effort of 
checking and scrutinizing, if the result hap
pened to be perfectly consistent with the 
Standard Model. In my view, this is no lack 
of honesty, but the simple consequence of 
the fact that we are all human beings. As to 
the significance of the problem, one should 
keep in mind that the number of indepen
dent line shape parameters is much smaller 
than the total number of parameters which 
I showed. 
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