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Abstract

Recent data on precision tests of the Standard Model at LEP are presented
and compared to the theoretical expectations. The results include those
obtained by a preliminary analysis of the data collected in the 1992 run. The
data show excellent agreement with the Standard Model.



1 Introduction

Each LEP experiment has collected a statistics of ~ 1.3 million 7° decays, corre-
sponding to a total integrated luminosity of ~ 43pb~! during the years 1990-1992.
The analysis of the 91 data is by now completed [1, 2, 3, 4] and the results are

presented here. In addition the preliminary analysis of the data collected during

the 92 run is repbrted.

2 Zlineshape and lepton forward-backward asymmetries

Mz and I'z are extracted by a scan of the Z resonance [5], i.e. by measuring
the cross-sections ete™ — f f for hadronic (¢g). and leptonic (¢*€7) final states
as a function of /s ~ Mz. In 1992 no scan was performed, so that the results
on My and I'z are essentially the same as in Dallas [6]. The number of selected
events and the systematic errors on the event selections are shown in table 1.

The uncertainty of 0.3% in the theoretical cross-section of Bhabha scattering used

Table 1. Number of selected events and systematic errors of the event
selections. The data sample corresponds to an integrated
luminosity of ~ 43pb~! collected between 1990

“and 1992 by each experiment.

ALEPH DELPHI L3 OPAL

Number of events - q7  1140K  1047K 1103K 1168K
¢t 138K 101K 102K 147K
systematic error qq 0.2% 0.3% 02% 0.2%

ete”  04% 0.5% 05% 03%
ptp=  05% 0.5% 05% 0.3%
T 0.6% 0.7% 07% 0.5%

experimental systematic
error on luminosity 0.45% 0.5% 06% 0.5%

common theoretical error 0.3%

. S

for the luminosity measurement is common to all experiments and represents the

theoretical accuracy of the Monte Carlo generators BHLUMI[7] and BABAMC



[8]. The LEP energy uncertainty has an important impact on the determination of
Mgz and I';: the error on the mass is in fact entirely dominated by the calibration
error, while the error on the width due to calibration uncertainties is almost as large
as the statistical one [9]. In 1991 a precise calibration of the LEP energy scale
has been achieved by resonant spin depolarization of the vertically polarized beam
[10] and by a better understanding of the properties of the LEP magnets and RF
systems. As a consequence, the common systematic error of the four experiments
due to the LEP energy uncertainty is now 6.3 MeV on Mz (while it was 20 MeV
in 1990) and 4.5 MeV on I'z (5 MeV in 1990).

The observed cross-sections o™=+

[5]:

can be written in the form of a convolution

Meas.[ .\ _ (s
oMeas(5) = / H(s,s')o, (s')ds’ 1)
where H is the radiator function describing the effect of the initial state radiation
and ¢ is the bare cross-section which, at the peak, takes the form:

1271”Ferf
M2[2

0
7
The leptonic forward-backward asymmetries A¥5(s) are obtained by a fit of the

angular distribution of the cross-section measured at each center of mass energy
(5}
do(s)
dcos 8

x 1+ cos? 8 + %A’}”IB(S) cos § 2)

where 4 is the angle between the e~ beam and the outgoing fermion. By decon-
voluting the initial state radiation and correcting for some small additional QED
contributions, one can extract the bare asymmetry A}g (see. e.g. ref.[6]). One
may expresé this asymmetry directly ‘in terms of the ratio of the vector (g,) and
axial vector (g,) coupling constants of the neutral current to the fermion f:
0 3 4040
(AFp)s = ZAeAf

o _ 29{95

S L/ — 3)
T (gl + (gl)?
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Figure 1. Fit results for Mz and I'z. The theoretical prediction in the Standard
Model for I'z is also shown as a function of m.., for the indicated ranges of my
and o;.

The cross-sections and the lepton forward;backward aSymmetries were simulta-
neously fitted using the pr;)grams MIZA [11] and ZFITTER [12] which agree toa
level well below the experimental accuracy.

Each LEP’expcriment provides a set of parameters and a covariance matrix for
these parameters [13]. In addition, when combining the data of the four collab-
orations, one has to properly take into account the common uncertainties arising
from the absolute LEP energy scale, from the relative energies of the different
scan points and from the theoretical uncertainty in the luminosity determination.

There are nine independent parameters to be fitted: Mz, 'z, o2 ., R, R,., R-,
(A¥B)es (AFp)us (AFs );, where R gives, for each lepton species, the ratio of the
hadronic and the leptonic partial widths. These parameters are chosen because they
are most directly related to the experimental quantities and are weakly correlated.
The number of fitted quantities is reduced to five when lepton universality is
assumed. Starting from these primary measurements one can derive important

additional quantities as, for example, ['iny, [hea and Iiepe. The results of the five
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Figure 2. Fit results for the ratio between the hadronic and the leptonic partial
widths (R;) and for the hadronic peak cross-section.

parameter fit are summarised in the plots of fig.1 to 3. The resulting values of the
charged lepton widths and of V,, the number of light neutrino species, are shown
in fig.4.

All the numbers represent preliminary results based on the full data sample
(i.e. including the 1992 data as well) except for L3, which only presents the final
1991 results.

It should be noted that, in these figures, the effect of the common systematics
is first subtracted from the errors quoted by the individual experiments and then
added again in the weighted average.

From the ratio R, of the hadronic and the leptonic partial widths one can extract

a measurement of a, by using the equation [14]:
2 3
R = R(1+ 1;05% +(0.9+ 0.1)(5;2) - 13(%) ) @)

where R® = 19.95 + 0.03 [15]. One obtains o, = 0.131 + 0.010.
In september *92 ALEPH installed a new luminosity calorimeter (SICAL) char-

acterized by a very small experimental systematic uncertainty (‘% ~ 0.1%)[16]. .
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Figure 3. Fit results for the lepton forward-backward asymmetry.

For completeness, I give here the corresponding improved preliminary ALEPH
results on the hadronic peak cross-section and on the number of neutrinos, even
if these numbers were not included in the global fits: ¢f,;, = 41.60 £+ 0.19 nb
and N, = 2.97 £ 0.04. The main contributions to the error on the hadronic peak
cross-section arise from the theoretical uncertainty on the luminosity and from the
hadron statistics.

The average correlation coefficients in the case of the five parameter fit are

given in table 2.

3 T polarization

The 7 polarization is determined by measuring the longitudinal polarization of T
pairs produced in Z decays. It is defined as [5]

OR — 0L

P, =
OrR+ 0L

&)
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Figure 4. Fit results for the leptonic partial widths and the number of neutrino
species.

where og and o are the cross-sections for production of a right-handed and
left-handed 7, respectively.

The angular dependence of P; as a function of the angle 6 between the e~ and

2cosé
AT + AB 14cos? §

1+ ‘ATA 2cosé

€ 14-cos? §

the 7~ is given by:

) P,(cos ) = —

(6)

When averaged on all production angles P, i's‘a measurement of A,, while as a

function of cosf, P, provides nearly independent determinations of A, and A,

\

Table 2. Average correlation coefficients for the

five parameter fit.
Mz Tz  oha R (A%g)
Mz 1.00 -0.15 0.02 001 007
Iz -0.15 1.00 -0.14 0.01 001
0%, 1002 -0.14 100 0.13 0.00
Ry 001 001 013 100 001
(A%5) 1007 0.01 000 001 1.00
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Figure 5. 7 polarization and 7 polarization asymmetry.

allowing thus to test universality of the couplings of the Z to e and 7. Taking
small QED corrections into accoﬁnt, as done for the lepton fdrward-backward
asymmetry, one can extract the bare quaﬁtitics A? and A? [6], which are directly
related to the ratio of the vector and axial vector couplings for 7 and e (eq.3).
Figure 5 shows the results for A? and A9 obtained by the four experiments and
their combination. Some of the above results have already been published in
ref.[17, 18, 3, l(j]. Only OPAL and ALEPH have so far provided a measurement
of A9,

4 Leptonic vector and axial vector couplings and lepton universality

Assuming lepton universality, the widths of the Z into leptons, the lepton forward-
backward asymmetries, the 7 polarization and 7 polarization asymmetry can all
be combined to determine the leptonic vector and axial vector couplings. The

i

asymmetries determine the ratio g,/¢. (eq.3), while the axial vector coupling



squared is derived from the leptonic partial width :

GpM3

Pe= o5 (67 +(60)) (142

).

™

The combined results are :

gy = —0.0372 + 0.0024 and ¢! = —0.4999 + 0.0009 .

In addition, the measured ratios of the ¢, y and couplings provide a test of

universality:

92/95=0.999 + 0.003 , g7 /g°=0.997 + 0.003 ,
g4 /g:=0.851037 . 90/ge=1.043317 .

5 Quark asymmetries

The selection of Z decays into bb is based on the identification of electrons or -
muons with large p and pr with respect to the parent jet direction. The b direction
is defined by the thrust axis, while its charge is inferred from the lepton charge.
The observed asymmetry A% (bb) is determined by fitting the angulér distribution
of the thrust axis weighted by the lepton charge. Due to the effect of B° — B°

mixing, thé true asymmetry is diluted with respect to the measured one [5]:
Arp(bb) = AFR(bb)/(1 - 2x) )

where X represents the b mixing parameter. The results on Appg(bb) [20, 21, 3,22]
reported by the LEP collaborations (each corrected by its own mixing) are given
in figure 6. The uncertainties caused by common systematics in the measurements
from the four experiments are taken into account when the results are combined
[23].

In the same figure, the results obtained on the cc asymmetry (20, 3, 23] are also
shown. For this last measurement, two different tagging techniques are used: one

based on the semileptonic decays of charm and the other on D** identification.
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Ass(bD) N As(cc) s
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L3 —— 0.092 £ 0.012 £ 0.001 L3 lept ____...._..._. 0.060 + 0.022 £ 0.027
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LEP _;,‘ 0.093 + 0.008 LEP _,E,_ 0.081 + 0.018
model dep. 0,003 @
Py T a—— 0.15 O.Mﬁﬁ
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Figure 6. A rp(bb) and Arp(cé). The results named DELPHI1 and DELPHI2
refer to two measurements based on the lepton tag and on the jet charge, re-

spectively. The first error associated to the individual measurements of A rp(bb)
contains the statistical effects and the uncorrelated systematics while the second

error represents the uncertainty which is common between at least two experiments
[23].

All the results are Based on the 1991 data sample alone, except for L3, that has
also included the 1992 data fdr this analysis.

Some important QED and QCD corrections are necessary to convert the mea-
sured asymmetries shown in fig.6 to the bare ones A% (again see , e.g., réf.[6]).

One obtains :

A%g(bb) = 0.098 £ 0.009

A%g(ce) = 0.090 +0.019

In addition, one can take advantage of the large hadron statistics in order to
measure the average quark charge asymmetry for all hadronic events. To infer the
original quark charge, one relies on the fact that the leading particles in a jet carry

information on its primary charge. The interpretation necessary in order to go from-
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Figure 7. Measurement of sip"’ 0‘;{,f based on quark charge asymmetry.

the experimental observation to the underlying charge asymmetry heavily relies
on Monte Carlo simulation. The measurement of the quark asymmetry directly -
translates in a value for sin? O%f . The corresponding results are shown in figure

7 [24, 25, 26]. Only ALEPH has reported a preliminary measurement which also
includes the 1992 data.

6 The effective electroweak mixing parameter sin? 05{7

The effective electroweak mixing parameter sin® 0%" is defined from the expres-
sion [5]: |
9e

and, in the Standard Model, can be extracted from the combined LEP measure-

=1 —4sin? 65/ (8)

ments for the various asymmetries. The results of the determinations of sin? «9%”

are shown in figure 8.
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Figure 8. Comparison among different determinations of sin’ AN
7 The b partial width

In the final Standard Model fit I will aiso include the results on the ratio R, of
the b and the hadronic partial widths [27, 23]. The measurement of the b partial
width is particularly important due to the additional quadratic m.,, dependence
present in the Z — bb vertex [5]. The results are shown in figure 9. The ALEPH
result includes a preliminary measurement at the 2% level baséd on the 1992 data,
which makes use of a lifetime tagging technique. ,

The average preliminary LEP value 5/ F;;ad = 0.220+0.003 is slightly higher
than the Standard Model prediction (~ 1o above the Standard Model for m,, >
120 GeV), as shown in fig.9. Note that the theoretical prediction is practically

independent on my and nearly insensitive to o, (Ry, = Ro(1 + 0.15a,/7) [14].
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"Figure 9. Ratio of b and hadronic partial widths. The theoretical prediction in the
Standard Model is also shown.

8 Standard Model fits

All the results described in the previous sections (listed in table 3) can be compared
with the Standard Model predictions. For this purpose we use the electroweak
fitting routines of ref.[15]. ’

Once the consistency of the data with the Standard Model has been demon-
strated, the main goal is to extract information on the unknown parameters of the
theory, in particular on m;p.

We first consider fits with (M%) fixed at the value measured at LEP from
hadronic event shape, jet production and energy correlation observables using
resummed O(«?) QCD calculations i.e. ay(M%) = 0.123 + 0.006 [28]. Since the

sensitivity to the Higgs mass is rather limited, we fit m,,, at fixed values of mpg

chosen as my = 60,300, 1000 GeV.

We first take only the LEP data into account, i.e. we fit ['z, o},4, Bi, (A%5)1,




Table 3. Electroweak results for the 1993 winter conferences.
The entry denoted by () rp is actually the

corresponding value of sin? 8.

The resulting combined values of sin® 0;{;" s gf,

and ¢! are also indicated.

S.M. fit results
Mz (GeV) 91.187 + 0.007
Iz (GeV) 2.488 + 0.007
Ohgq b 41.45 + 0.17
1y 20.83 + 0.06
Li5/Thaa 0.220 + 0.003
Ny 2.99 + 0.03
I (MeV) 83.52 + 0.28
I haa (MeV) 1739.9 +£6.3
(A%p) 0.0164 + 0.0021
AY 0.142 + 0.017
A7 v 0.130 + 0.025
A9 5(bb) 0.098 & 0.009
A (ce) 0.090 + 0.019
QFs 0.2320 + 0.0016
sin2 05 0.2319 % 0.0007
! —0.0372 £ 0.0024
L' —0.4999  0.0009

/T had With the correlation matrix given in table 2,

A9, A, A% p(bb), Afp(ce)s T
. — 0.123 4 0.006):

we obtain the following results (assuming as(M%)
60GeV - x*/d.o.f-= 3.4/8

300 GeV t/d.o.f = 4.8/8
1000 GeV  x*/d.o.f- = 5.9/8 .

Miop = 143*:%3 GeV myg=
Miop = 164731 GV mH =
ey = 182115 GeV m =
n of the W mass:

We also derive an indirect determinatio

My =8023 % 0.12 & 0.02GeV.

i M2 ined, again for my =
If instead we perform 2 fit with as(MZ) unconstrained, ag

60, 300, 1000 GeV respectivcly, we obtain:
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Mesp = 143129 GeV  a,(M2) = 0.125 £0.007 y%/d.o.f. = 3.4/7
Meop = 16313 GeV  ay(M3) = 0.127 £0.007 \?/d.o.f. = 4.6/7
Meop = 181758 GeV  a,(M3) = 0.129 £0.007 \?/d.o.f. = 5.5/7 .

We note the following salient features:
e The central value of m;,, increases with mpy

e The x? favours smaller values of my but not in a way that allows us to put

a significant bound on the Higgs mass in the interesting region below 1 TeV

e The central values of m,,, in the fit with unconstrained «, are practically
identical to the ones obtained in the o, constrained fit. Also the values of

a, from the two types of fit are entirely compatible within errors.

e It is also interesting to note that the central value of a, obtained from the

whole set of LEP data is slightly smaller than the one derived from R; alone

using equation 4.

We can also repeat the same procedure by adding precision electroweak data

obtained outside LEP. In the following fits we thus introduce the input data listed

below:

e the massratio My / Mz directly measured by UA2[29] Mw /M7 = 0.8313+
0.0041

o the W mass measured at CDF [30] Mw = 79.91 + 0.39 GeV

o the value of sin?fw = 1 — Mw?/Mz® = 0.2256 + 0.0047 extracted,

assuming the S.M,, from v — nucleus [31] deep inelastic scattering

o the values of g and g° obtained from v — e [32] scattering g = —0.503 +
0.018 and g = —0.025 £ 0.019
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e the effective weak coupling Q,, obtained from atomic parity violation ex-

periments in Cesium [33] Q, = —71.04 + 1.81

e 4.r measured with a polarized beam by SLD al SLAC, 4;r = 0.100 +

0.044 + 0.004 which translates into sin? Ow = 0.2378 £ 0.0056 + 0.0005
[34].

Also in this case we first perform a fit fixing o,(M2) to the event shapes value

(for my = 60,300, 1000 GeV, respectively) obtaining:

Meop = 141515 GeV X*/d.o.f.=173/15
Mep = 160715 GeV  x?/d.o.f. = 8.7/15
Moy = 178112 GeV  x?/d.o.f. = 9.9/15 .

with My = 80.21 £ 0.10 + 0.01 GeV.

If we finally fit o,(M2) as well we get:

Miop = 14071 GeV  ay(M3) = 0.125 £0.007  x*/d.o.f. = 7.2/14
My = 160%18 GeV o, (M%) = 0.127 £ 0.007 \?/d.o.f. = 8.5/14
Miop = 177712 GeV o, (M2) = 0.129 £ 0.007  ?/d.o.f. = 9.4/14

As one can see, the LEP data by now dominate the determination of m,).
Table 4. Results of the S.M. fit to top mass and o, for my = 300 GeV.

The first error is statistical, the second is due to the
variation of m gy between 60 and 1000 GeV.

Data Set | m;,,(GeV) | o \2/d.o.f.
LEP 164157755 constrained 4.8/8
ALL | 160%i6*18 constrained 8.7/15
LEP | 163F19*18 | 0.127 £ 0.007 & 0.002 4.6/7
ALL | 160F18+18 | 0.127 +0.007 4 0.002 8.5/14

All the Standard Model fit results are shown in a compact way in table 4
where the central value corresponds to mp = 300 GeV and the variation between

mpy = 60 and my = 1000 GeV is displayed as the second error.
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9 Conclusions

At present, with the LEP1 phase being about half way in terms of number of
collected Z° decays, the data continue to support the Standard Model in a re-
markable way. An increasingly precise set of different measurements indicate
consistent ranges of my,,. To summarize the results for m;,, we can quote the
value me,, = 160718+13 GeV, taken from the last row of table 4. The upper limit
on 7., which occurs for mpy = 1000 GeV is miop < 203 GeV at 95% C.L.. .
The data also yield a lower limit on msop , i.6. Meop > 109 GeV at 95% C.L. for

my = 60 GeV. No significant constraint on 7y can be given until ., is known

independently. A
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