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Abstract

Progress in precision measurements of electroweak observables at L EP continues steadily. The high-
lights of 1993 are: a new scan of the Z lineshape with precise beam energy determination by reso-
nant depolarization, leading to a measurement of the Z width with 1.5 10=3 precision; first results
on absolute cross-sections with high precision luminosity monitors; high efficiency b-tagging with
micro-vertex detectors leading to 1% measurements of the Z — bb partial width, and of the forward-
backward b asymmetry with jet charge. All other electroweak measurements benefit from improved
statistics. The basic symmetries of the Standard Model (SM) are verified, and el ectroweak radiative
effects are now measured with aprecision of afew 10~2. Theresultsare compared with other precision
electroweak measurements from SLC, neutrino scattering, and the pp colliders. The consequences of
the recent evidence for the top quark are drawn out. Precision data begin to set significant limits on
the Higgs Boson mass, and on aternative extensionsto the Standard Model.
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1 I ntroduction

LEP performance has improved steadily since 1989. The typical integrated luminosity recorded by the
experiments has been: 1.2 pb=! in 1989, 7 pb~! in 1990, 13 pb~! in 1991, 23 pb~! in 1992, 35 pb~! in 1993.
It is hoped to reach 60 pb~' in 1994. The luminosity improvement is a product of several factors: i) overall
efficiency, now as high as 60%; ii) increase in 1992 of the number of bunches per beam from 4 to 8 with the
“Pretzel" scheme; iii) better alignment, monitoring and tuning procedures allowing now a high beam-beam
tune shift of 0.04; iv) the luminosity lifetime, now well in excess of 10 hours. Present records (01/08/94) are a
peak luminosity of 2.2 10*!/cm?/s, (above design!), and integrated daily luminosity of 1 pb~!/day. Finaly, the
precise determination of the beam energy by resonant depolarization is essential for accurate measurement of
the Z mass and width (see below).

Datawererecorded by thefour L EP experimentswith efficiencies around 90%, at center-of-mass energies
around the Z pole. Scanning of the Z line shape took place in 1989, 90, 91 and 93, data were taken only at the
peak of the resonance in 1992 and 94. No data has been recorded above 95 GeV center-of-mass energy. The
cross-sectionsdecreasing very quickly, avery large step in energy isrequired to makethis operation worthwhile.
Thisshould happen sometimein 1996, when the W pair threshold isin reach with the addition of alarge number
(over 200) superconducting RF cavities.

The results given here are based on the 1989-1993 data presented at the 1994 Glasgow conference, a
total of 8 million visibleZ decays, table 1. They include preliminary numbers.

\ H ALEPH \ DELPHI \ L3 \ OPAL \ LEP \

gq: '90-'91 451 356 | 423 454 | 1684
'92 680 697 | 677 733 | 2787

93 prel. 653 677 | 658 653 | 2641

total 1784 1730 | 1758 | 1840 | 7112
(*t(~:790-"91 55 27 40 58 | 180
'92 82 69 58 88 | 297

93 prel. 79 71 62 81| 293

total 216 167 | 160 227 | 770

Table 1: LEP experiments statistics in units of 10° events used for the analysis of the Z line shape and lepton
forward-backward asymmetries.

2 A synopsis of the measured quantities

The building blocks of electroweak physicsat the Z are measured cross-sectionsfor variousfina states,
forward-backward and pol arization asymmetries. Assuming that Z and photon exchange are the only processes
that occur, they can all be expressed in terms of the chiral couplings, or, more commonly, the vector and
axial-vector couplings. In the SM:

gv; = (91y +ng):Igf—2QfSiH29w
gar = (gLf_ng):Igf- 1)
TheZ — ff partial widthis given by:

a
= ————-—M 2 7). 2
T 6sin® 0., cos? 8, 29L7 + 9r7) @

Thetotal width is the sum over al open channels. Within very good limits, only the fermions of the first three
families, with the exception of the top quark, contribute to the cross-section.



Around the Z pole, the photon exchange is only a correction to the Z-channel, which dominates the
cross-section and can then be written as:

8F€Ff

o; = 127 (he)? —.
! (s = M) + 2

3)

One can easily see that forward-backward asymmetries or polarization asymmetries are sensitive to the
following asymmetry of couplings:

2 2
_ 91y — 9r 29viga
A = 2f 2f =3 ! 2f 4)
9ir T 9k 9vs T Yay

For unpolarized beams the forward-backward asymmetry is:
3
A ~ TAA; . (5)

For the tau lepton, the polarization of thefinal state fermion is measurable, as a function of polar angle.
For unpolarized beams:
-/47' _I_ 2cosf Ae

14cos20

_1_|_ 2cosf AeAT

14cos20

P,(cosh) ~

(6)

from which one can derive both A, and A. .
Interesting observables are obtainable if longitudina beam polarization is available. The Left-Right
asymmetry of Z production[1, 2]

ALR = >~ ./4@, (7)

and the forward-backward polarized asymmetry [3]:

Apol(f) _ (UL,F - UR,F) - (UL,B - UR,B) ~ §A ‘ (8)
B (crrp+orrp)+(orp+orp) 4 d

The values of Neutral Current couplingsand their sensitivity to sin” 6<% are given in table 2.

Ly Qr |aa gvi | A b
1/2 0 12 12 1 0
-1/2 -1 | -1/2 -0.04| 0.16 -7.9
12 2/3 | 1/2 0.19 | 0.69 -35
-1/2 -1/3|-1/2 -035| 094 -0.6

S N

Table 2: Numerical values of quantum numbers, Neutral Current couplings, chiral coupling asymmetry A; and
sensitivity of A; for the four types of fermions. The value of sin® 67 is 0.23.

21 A strategy of testsand radiative effects

One can organize the measurements at LEP in two broad classes: i) the measurements providing tests of
the SU(2), x U(1) gauge structure, and ii) the measurements which probe el ectroweak radiative effects.

The main consequence of SU(2), x U(1) invarianceis Universality in aglobal sense: the couplings of
particles with the same quantum numbers should be the same, independently of their family. Thisis best tested
with leptons. Furtermore, the chiral couplings of the Z to fermions should all obey the formulae of equation 1.
After correction for radiative effects, the same value of sin” 6,, should match all measured couplings.

2



Relative

Quantity Main Technologies Physics Outputs Precision
line shape
My Absolute energy scale input 5.1075

relative cross-sections
line shape fit (QED rad. corr.)

Iy Relativeenergy scale Ap 1.51073
relative cross-sections
line shape fit (QED rad. corr.)

gPeak Absolute cross-sections N, L 3.10°3
test SU(2), x U(1)

R, = S lepton, hadron event selection test universality 4.1073
fla,,sin® 0= 6,,) 2.1073

R, = % b-tagging s 10~

asymmetries sin” G<F 2.1073

Table 3: Synopsis of precision neutral current observables at the Z pole.

Besides QED radiative effects (emission of real or virtua photons) which are conceptualy straight-
forward, LEP observables are sensitive to electroweak (propagator or vertex) radiative effects. Electroweak
corrections are sensitive [4] to heavy, yet undiscovered, particles, such as the top quark or the Higgs boson, in
an inclusiveway. Thereare four [5, 6, 7, 8, 9, 10] main radiative effects at the Z pole:

—  Therunning of the QED coupling constant a(¢*) from ¢* = 0 to ¢* = M3.

—  Theisospin-breaking loop corrections to the W and Z propagators. They are absorbed conveniently in the
p parameter, p = 1 + Ap.

—  Therunning of the Z self-energy, absorbed in the parameter A ;.

— TheZ — bb vertex correction.

One more parameter, Ar*", is necessary for the W mass. The propagator corrections modify equation 1
by an overall scaling factor ,/p and a global change of sin” 8., in an universal way. Non-universal corrections
are small and —with the notable exception of the Z — bb vertex — insensitiveto heavy physics. Furthermore, all
asymmetries with unpolarized beams and the most precise asymmetry with polarized beams are proportional to
the electron coupling .A., while the sensitivity to sin” 6,, of hadronic asymmetries is contained in the A, term
(seeeg. 5 and table 2). It istherefore convenient to express al asymmetry measurements at LEP in terms of the
effective weak mixing angle [11] defined as:

. 1 gve
sin@ff = —(1 - 9

where theratio £ is extracted from pole asymmetries. This definition absorbs vertex corrections for leptons,
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but not for quarks. See [6, 7, 12] for various avatars of the concept. This definition of sin” 85" and the MS
one[13] arevery close[10, 14].

Therelationsbetween L EP observabl es, the Fermi constant G and the QED running constant oo( M7)~! =
128.87 £ 0.12 [15] can be written in terms of these universal electroweak corrections Ap, Asq, Ar®” and é,,
as[10, 9, 16, 17]:

M2 — FQ(M%) .
g V2Gr(1+ Ap)(1 4 Asg)sin® 6 cos? geff’
(}Fhﬁg gve 3 (8
I, = 14+ A [1 —2]1 ~o);
= kneaniep]a+ 39
I'y = Ta(l+60);
342
M, = ma(My) . (10)
V2Gr(1 = Are)(1 - 1)

Table 3 summarizes the main observables, their physics output and the most critical technigque involved. With
this specific choice, these observables are ailmost uncorrelated, from both points of view of statistical and
systematic errors.

3 The Z line shape

DELPHI (preliminary)
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Figure 1: The DEL PHI hadronic cross-sections as a function of center-of-mass energy. The square points show
the considerable statistical improvement from the 1993 scan.

The measurements of cross-sections by the four L EP detectors are reported in [18, 19, 20, 22].



N ALEPH™

- |
! I|I Hadron Calorimeter Barrel 1 J
! |
! i
| H :
SLUM Hadron Calorimeter o~ Ui m i,
Endcaps HC1 \\ ) /
e —"
I H Z chamber
|
[} U

=y T B e e =

- . . . " Luminosity d—'—‘ LH
Figure 2: A luminosity event in the ALEPH SICAL ~ vonitor T ‘ _ il \

luminosity monitor.

Left: front view (x-y): The showers of the dectron
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dots of size proportional to the energy collected. The
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right: side view (r-z) of the two showers, with the
corresponding energy profiles.
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Figure 3: Side view of the L3 detector, showing the
new low angle silicon luminosity tracker (SLUM)

3.1 Luminosity measurement

The determination of luminosity is based on counting low angle Bhabhaeventset e~ — et e~. Luminos-
ity monitors consist of electromagnetic calorimeters, with good spatial resolution, positioned very accurately
on each side of the experiments near the beam pipe. Bhabha events appear as two back-to-back el ectromagnetic
showers, carrying the full beam energy each, as shown on fig. 2. A thorough discussion of the luminosity
measurement can be found in the line-shape publications by the experiments, and in ref. [23, 24, 25, 26].
For a minimum angle 4,,,;,, of 29 mrad, the selected cross-section exceeds 100 nb. The statistical accuracy is
better than 10~2. The main experimental challenge comes from the 1/62 ,,, dependence of the selected Bhabha
cross-section. An uncertainty on theinner radius R of the sensitiveregion of the luminosity calorimeter induces
an error on the measured cross-section:

A0Bhabha —9x Abin ~ 9 % ﬁ

OBhabha Opmin R

For thetypical valueof R (5cm) aprecisionwell under 25 p:misrequired to match the statistical accuracy.
The L EP experiments have upgraded their luminosity monitorsto provide high precision knowledge of theinner
edge. The ALEPH silicon calorimeter (SICAL) [24] was operational from the middle of 1992 data onwards. A
SICAL event isshown onfig. 2. Sical is asilicon-tungsten sandwich with precision machined planes of silicon
pads for energy readout. The fiducia cut 6,,;, is made on pad boundaries, where the position resolution is
optimum. The radius of the pad boundariesis known with a precision of better than 10 microns.

The other experiments have made similar improvement to their luminosity measurement: OPAL [25]
with a detector similar to the ALEPH Sical, operational in 1993, giving a precision of 0.07%!; L3 [26] with
a precision silicon tracker positioned in front of the BGO luminosity calorimeter, fig. 3, operational in 1993,
obtainsa0.16% precision; DEL PHI with asilicontel escope operational from 1992, and alead/scintillator/silicon
sandwich that should be operational in 1994. The breakdown of experimental systematic errorsfor the ALEPH,
OPAL and L3 isshownin table4.



Syst. err. (107*)
source ALEPH | OPAL L3
Backgrounds
— Beam particles 0.3 0.1 -
—"“Physics' sources 1. 0.1 -
Trigger eff. 0.02 | <0.01 -
Reconstruction 0.1 - -
Radial fid. cuts:

—mech. precision 29 36| 33
— beam position 3.0 21 —
—long. position 35 06| 6.0
—asymmetry cuts 2.6 2.6 -
Shower param. and
Energy cuts 36 38 -
Acoplanarity cut 05 - -
or: evt selection - -1 90
Simulation stat. 6.0 3.7 | 10.
TOTAL exp. error 9.5 7.2 | 15.6

Table4: SystematicerrorsfortheALEPH Si-Cal, OPAL Si-W and L 3 Si-tracker+BGO luminosity measurement.

At low anglesthe Z contributionislessthan 5.10~*. The Z-v interferenceissmall at the Z pole, but can be
aslarge as 6.10~2 off the pole, leading to a small correction that affects only the Z mass. Other low angle QED
processessuchasete™ — v, aresmall (2 10~*), and well calculable. The calculation of radiative corrections
to the Bhabha scattering cross-section itself is made delicate by the interplay of experimental cuts with higher
order processes, that are not simulated. No single event generator has a complete account of the corrections,
so the estimate presently involves a combination of: i) event generation with BHLUMI [27] a multi-photon
O(«a) Monte-Carlo with exclusive exponentiation (many radiative photons are generated, assuming successive
occurrence of the first-order process); ii) complete electroweak first-order QED calculations [28]; iii) estimate
of higher order processes by leading-log and second order calculations [29, 30]. The present estimate of the
theoretical error is + 0.25% for a minimum angle of 25 mrad, larger than the experimental one. Hard work is
taking place to reduce the error [31] downto < 1073,

3.2  Sdection of hadronic and leptonic events

Decays of the Z into ¢g pairs are not separately identified, but generically labelled as hadrons. The
selection efficiency is very large, typicaly 97% to 99%, and the resulting systematic errors rather small, see
table 5. Energy dependent corrections come from the subtraction of the “two-photon™ background, and from
energy variation of the selection efficiency, leading to systematic errors of lessthan 1 MeV on the Z width.

Leptonic decays of the Z, ete™ — ete™, ete™ — ptp~ and ete™ — 7177, offer much simpler
topol ogiesthan hadronic decays. They are however less frequent (1:20), and, since they have fewer tracks, are
easier to miss. The experimental uncertainties are summarized in table 5.

The et e~ modeis affected by t-channel Bhabha scattering process, which has to be subtracted. Leading
second order calculations are available[32], and the procedure introduces a negligible systematic error.

3.3 Thebeam energy
The LEP datawere taken in 1990-1991 at seven different center-of-mass energiesinterspaced by 1 GeV
from 88.25 GeV to 94.25 GeV. In 1992 all data were taken at the Z pole. In 1993 a scan of the Z line shape
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\ ALEPH \ DELPHI \ L3 \ OPAL

7 '93 '92 '93 '92 '93 '92 '93

prel. prel. prel. prel.
£ 015% | 009% | 038%| 0.28%| 05% 0.16% 041% | 0.07%
Ohea| 014% | 014% | 013% | 013% | 0.15% | 011-014% | 020% | 0.20%
o. 0.4% 0.4% 0.59% 1.2% 03% | 025-076% | 0.22% | 0.23%
ou 0.5% 0.5% 0.37% 0.5% 05% | 045-057% | 0.19% | 0.22%
o, 0.3% 0.3% 0.63% 0.8% 0.7 % 0.54% 044% |  0.46%
AR]] 00029 0.0029 0.003 0.003 0.002 0.005 0.002 0.002
A 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.001
Afy|l 00005| 0.0005| 0.0017 0.002 0.003 0.004 0.002 0.002

Table 5: The experimental systematic errors for the analysis of the Z line shape and lepton forward-backward
asymmetries, The errors quoted do not include the common uncertainties due to the L EP energy calibration
and to the theoretical error on the Bhabha cross-section calculation. For L3 cross-sections the range of errors
corresponds to the different center-of-mass energies. For the treatment of correlations between the errors for
different years see[18, 19, 20, 22].

was performed again at the energies of 89.4, 91.2, 93 GeV. The 1993 energies were chosen i) to minimize
the statistical error on I'y, ii) to obtain beam polarization that allows precise energy calibration by resonant
depolarization for al three points[33].

Transverse spin Polarization builds up in a storage ring by the Sokolov-Ternov effect [34]. It has been
observed in al storage rings where it has been seached for [35], and in LEP since 1990 [36]. Resonant
depolarization has been used previously in et e~ machines, providing accurate measurements of the masses of
theJ/i, o/, T, ', a VEPP4 in Novosibirsk [37, 38], at DORIS in Hamburg [39], at CESR in Cornell [40]. It
wasfirst performed in LEPin 1991 [41].

The spin precession frequency is determined as follows: a fast kicker generates a periodic perturbation
to the beam (and its spin). If the perturbation is in resonance with the spin precession, one observes a sharp
decrease or even reversa of the measured polarization. The number of spin precessions per turn, or spin tune,
v is obtained by dividing the spin precession frequency by the revolution frequency. It is directly related to
the beam energy by the anomal ous magnetic moment «, = % = 1.1596521884(43) - 1072 and the mass
m. = 0.51099906(15) MeV of the electron:

Ge — 2 Ebeam Ebeam(GeV)
= ay = - ~ 103.5 at the Z pole. 11
T T T T, T 0.44064%6(1) e A poe ()

Theintrinsic resolution of the method is better than 200 KeV [42], fig. 4. However, energy measurements
are delicate and performed only seldom, four times in 1991. In 1993, they were made more compatible with
normal physics operation, and performed 25 times, roughly in athird of physicsfills. The extrapolation to the
whole scan datarequires tracing in time the properties of the magnets, current, field, temperature, aswell asthe
geometrical properties of the ring. The analysis of the accumulated datais performed in collaboration by the
accelerator physicists and members of the LEP collaborations within the LEP Energy working group [43].

The most spectacular source of energy variations comes from ground motion. Because of the strong
focusing of L EP, these movements are amplified by afactor of nearly 10?, so that a small expansion by -10~%
leads to a potential error on the Z mass and width of 10 MeV. Terrestrial tides [44] are one strong cause of
such variations and were indeed observed [45], fig. 5. All known sources of fluctuations being removed, the
LEP energy caibrations of 1993 till show a full swing of more than 20 MeV of the beam energy. Careful

7
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Figure 5: Beam energy variations measured over 24

Figure 4: Measurement of the width of the artificial . .
hours compared to the expectation from the tides.

depolarizing resonance, showing a width of 200 KeV.

investigationsof the beam orbit measurements[46, 47] show that the observed energy jumpsare correlated with
orbit movement, especially visiblein september 1993 when a century record of rainfall took place!

The present knowledge of the beam energy leads to systematic errors of 4 MeV on the Z mass, and
3 MeV on the Z width, before correction with the orbit. It is hoped to reduce these errorsto about 2 MeV when
the analysis of the measured orbitsis complete.

34 Forward-backward asymmetriesfor leptons

The lepton forward-backward asymmetry A%% is a steep function of center-of-mass energy, as can be
seen on fig. 6. This leads to some sensitivity to initia state radiation and beam energy uncertainties, which
induces a correlation with the Z mass. The lepton forward-backward asymmetry can also be used to constrain
the Z-photon interference term. For these reasons, the line shape fit includes the leptonic forward-backward
asymmetries.

Theinitia state radiation effect is treated with great detail in [49], and implemented in fitting formul ae,
such as M ZA [51] and ZFI TTER [52], together with photon exchange terms. It is believed that the QED
corrected Z pole asymmetry, of equation 5, can be extracted from the measured one with an accuracy of
0.0008 [49].

The extracted asymmetry is insensitive to the absolute energy scale of LEP, but it is sensitive to the
relative distance of the scan points from the Z peak. Therefore a 10 MeV point-to-point error results in an
uncertainty of 0.0008 on A\%), fully correlated for the three lepton types. Because of the interference with the
t-channel, the dependence of the e*e~ asymmetry on beam energy is of opposite sign than for the other two
leptons, fig. 6. The effect isthus reduced in the average lepton asymmetry.

3.5 Resultson the Z line shape
Once the cross-sections, asymmetries and energies are determined, afit is performed to unfold the pure
Z contribution from the photon contribution and theinitial state radiation.
Two different fits are usually performed. First, to verify lepton universality, a nine parameter fit: My, 'y,
Pesk® R, Ry, Ry, AL, Al ALY The results are shown in table 6 and fig. 7. The accuracy of the test is

Ohad
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| | ALEPH DELPHI OPAL | Average x’/dof. |

R. 20.67+0.13 20964016 20.94+0.13 20.90£0.13] 20.86+0.07 3.0/3
R, 20914014  20.60+0.12  20.93+0.14  20.85+0.10|  20.82+0.06 45/3
R, 20.69+0.12  20.64+0.16 20.70+0.17  2091+0.13|  20.75+0.07 2.3/3

average over leptons|  20.795+0.040 1.4/2
Al x 107 212453 207 £73 109 +81 60 +66 156 +34 4.1/3
AV %104 189438 128 +36 132 +47 124 +34 143 +21 2.0/3
AU) x 109 253442 209 +56 299 +73 193 +43 230 +26 2.1/3

average over leptons 170 +16 8.0/2

Table 6: Lepton universality test, R, and A%% are extracted from the 9-parameter fits to the data of the four L EP

experiments.

0.35%. Within this precision, the values of R, and A%% for al leptons are consistent with each other, with a
maximum discrepancy of two standard deviations for A\7). This being in agreement wiyh lepton universality,
one can thus make this assumption and fit for one Ieptonic width T', defined as the partial Z decay width into a

pair of massless|eptons, and one asymmetry A%, Theresult isshownin table 7.

The correl ations between these parameters, givenin table 8, are small. The LEP averages are performed
taking into account the common systematic errors: i) the beam energy errors; ii) a common error of 0.25%
on absolute-cross sections from the theoretical uncertainty on oppana. The agreement between experimentsis

acceptable, as shown by the values of y* for 3 degrees of freedom givenintable 7.
One can extract from these numbers the values of N, so that the line shape results for LEP can be

9



ALEPH DELPHI L3 OPAL Average x*/d.of.

Mz(MeV)| 911915+33 91186.9+3.3 91190.0+3.6 91186.2+3.6 | 91188.7+1.7+4  1.6/3
I';(MeV) | 24959455 24951452  2504.0451  2494.6455 | 2497.642.7+27  2.2/3
oPekO(nb) 41.59+0.08  41.26+0.13 41451011 41484012 |41.49+0.05+0.10 4.7/3
R, 20.730+0.078 20.690+0.090 20.859+0.088 20.864+0.076| 20.795+0.040  3.4/3
AW x 10 216425 160+28 168+35 137+24 170+14+8 5.5/3

Table 7: Line shape parameters from the four L EP experiments [18, 19, 20, 22], combined according to [48].

peak,0 @)
Iz Opaa R, Arp

My, 004 001 -0.01]|0.04

I, 011 001 | 0.00
Peas 0 0.13 | 0.00
R, 0.01

Table 8: Corrélation Matrix for the parameters of table 7.

summarized as:

Mz = 91.1895+ 0.0017 £ 0.0040;gp

I, = 2.4969+ 0.0027 + 0.00271gp

N, = 2.98840.010+0.019,,

R, = 20.795+ 0.040 (12)

This clearly is consistent with three species of light neutrinos (with mass smaller than Mz /2). An important
derived parameter isthe leptonic partial width:

I', = 83.96 4+ 0.18 MeV. (13)
From the average value of A 1 one can derive a value of the effective weak mixing angle:

sin® 85T = 0.23107 4 0.00090 (14)

4 Partial widthsinto specific flavours

Because it belongsthe same multiplet as the heavy top quark, the Z — bb partia width receives a specific
vertex correction, sensitive uniquely to the top quark mass [53]. In order to measure the Z — bb partial width,
or the b forward backward asymmetry, the first step is identification of b events, or “b-tagging”. b-tagging is
interesting for many reasons: besides allowing el ectroweak measurements, it is a key tool in selecting clean b
samplesfor study of exclusive b-quark properties, B° B° mixing, and even as a secondary tool for search for the
Higgs boson, which is expected to decay primarily into b-quarks, if not too heavy. The topic has received the
devoted attention of a large fraction of the LEP experimentalists, with many new techniques and refinements.
A good review can be found in [54]. The best quantity to measureisR, = =%, where the b-vertex correction
is nicely isolated with little theoretical uncertainty [17]. The methods group in three categories: tagging with
leptons, event shape or displaced vertex.
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Figure8: A fully reconstructed example of aZ. — bb event. Here Figure 9: Decay length significance dis-
a B, isidentified by itsdecay B, — '¢. Ther' decays into tribution in OPAL. The events with for-

two muonsandthe ¢ intotwo K's. Left: front view (x-y). Right: ward tag provide the b signal and those
expanded view of the vertex showing the VDET hits, and the with backward tag a control sample for
reconstructed primary and secondary vertices. resolution and light quark background.
Method Experiment e
vaue exp. error modeling error
High P, P, ALEPH 0216 +0.006 + 0.005
lepton tag L3 0.2187 +0.008 + 0.008
OPAL 02252 +0.011 + 0.007
DELPHI 0.2145 +0.0089 + 0.0066
Event shape ALEPH (mixed) 0.228 4 0.0054 + 0.004
variables: L3 0222 +0.003 4 0.007
Microvertex tag: DELPHI 0.2214 + 0.0020 + 0.0028
ALEPH 0.2187 +0.0022 + 0.0026
OPAL 02171 +0.0021 + 0.0021
average for SM = 0.2192 + 0.0018
Table 9: = measurements at LEP The numbers have been shifted to a common set of parameters and the

averages have been computed as described in [48, 92]. They are therefore not necessarily identical to the
numbers given by the experiments. Errors that would result from floating the charm partial width are not shown.

The oldest technique is b-tagging with high P, P, leptons. Leptons are identified among al charged
tracksin hadronic events, and selected on their longitudinal or transverse momentum with respect to the nearest
jet. Charm decay background is separated statistically from aglobal fit to thelepton distributions. Asaresult, the
b partial widththat is extracted thisway is strongly correlated with assumptionsmade on the charm decays. The
efficiency isreduced to less than 10% by i) the leptonic branching ratio ( 40% for either b into either electron or
muon) and ii) the high P, P, cutsnecessary to isolate a pure sample. Typically, a purity of 80% can be reached
with an efficiency of 5%. The heavy flavours analyses using | epton tagging are described in ref [55, 56, 57, 58].
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Event shapes analyses have in principle the advantage of using al events. Various kinematical variables
can be reconstructed in jets that are sensitive to the presence of a heavy, fast object decaying isotropically.
An efficient variable is the boosted sphericity product and variations thereof. Such analyses are described
in[59, 60, 61].

Vertex tagging is the area where most progress has been accomplished in the last year. The tool of
identification is now the long (1.5 ps) life time of the b-hadrons, associated with their large decay multiplicity.
As a consequence, events containing a b-quark tend to contain several charged tracks originating from a
secondary vertex situated several millimeters from the main interaction point, as can be seen in the beautiful
example shown on fig. 8. To perform this task, the LEP experiments are equipped with high precision vertex
detectors. The L EP experiments have used various characterization of the detached secondary vertex properties:
ALEPH [62] and DELPHI [63] have used the product of probabilities of the tracks to extrapolate back to
the vertex, while OPAL [64] selects signal and background control samples on the basis of impact parameter
significance § /o(6), fig. 9. The L3 detector is being upgraded to include a vertex detector to be operational in
1994.

Since the production and decay of b-hadrons is not very well known, the tagging efficiency cannot be
calculated with certainty. However, there are two b's per Z — bb event, and use is made of the double tag
method to measure the tagging efficiency from the data, by comparing the rates of single tagged and double
tagged events. Only backgrounds and hemisphere correlations have to be calculated from Monte-Carlo. The
backgrounds come mostly from light quarks which fake the tag. u, d., s quarks can fake a lepton tag because
of misidentified hadron, or the vertex tag because of secondary vertices (strange particle decays or secondary
interactions). Charm constitutesamore seriousbackground, asit isasource of prompt leptons, and of secondary
vertices albeit with lower multiplicities. The charm background estimates require good knowledge of charm
production and are presently the dominant source of systematic error.

The hemisphere correlations are mostly of geometrical nature, since the two b quarks in an event are
emitted back-to-back, and tend to hit the detector inhomogeneitiesin a correlated manner. However there are
some physical causesto correlations, such as hard gluon emission that reduces b momenta on both sides of an
event. Better control of systematics can be obtained by calibrating one of the tagging methods against another
(mixed tag). The most precise methods are those using the vertex tag, and the least precise systematically are
those using event shape variables. The results are summarized in table 9. The experimental resultsin thistable
have been corrected to a partially harmonized set of input parameters, and the average performed taking into
account common sources of errors, by the L EP electroweak working group [48, 92].

The main background to b-tag being charm, thereisalarge correl ation between the b and ¢ partia widths.
If the measurement of - isto beinterpreted withinthe SM, = is essentially fixed to its SM value, even if
one let sin” 8" and &, float independently of each other. On the other hand it is also interesting to measure
L and L= independently. In this case, the result of table 9 becomes:

Thaa Thaa
Iy
= 0.2202+ 0.0020
IWhad
r.
— 0.15834 0.0098 (15)
IWhad

with a correlation of -0.40 between these two numbers.

5 M easurements of the effective weak mixing angle
5.1 7 polarization

In the case of the 7 lepton, the charged decay providesuswith afinal state polarization anayzer [65, 66].
The ALEPH [67], DELPHI [68], OPAL [69] and L 3[21] collaborationshave presented resultsfor the following
fivedecay channels: 7 — 7v, (B.R.12%), 7 — ev.v, (B.R.18%) 7 — uv,v, (B.R.18%),7 — pv, — 7~ 7,
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(B.R.24%), 7 — a,v, — 7~ 717, (B.R. 8%). Theanalyses do not distinguish here the nature of the charged
hadron, channels with Kaons are included as well, but have very similar spin properties.

The extraction of the 7 polarization is illustrated in fig. 10. For the lepton and = channels, al the
information iscontained in themomentum spectrum of the charged particle, whichisfitted to alinear combination
of thedistributionsfor positiveand negative helicities. For p and a; decays, thefull information must beretrieved
by a full analysis of the decay products, as shown by Rougé [70], and developed in [71]. For the 7 — puv,
decay, the 7 hdlicity affects the distributions of both 7 and p decay angles, in away that depends on the 7~ 7°
mass. This set of observables, {¢}, definesthe fina state. The probability density functionsfor the +1 helicity,
W*({¢}), are used to build an optimal variable w({¢}) = (W+ — W)/ (W* + W)({£}), and fit the 7
polarization. For the a4, the decay is defined by six variables. Full use of the density function in this set makes
the a; channel more sensitive than the leptonic one.

By analyzing the polarization as afunction of polar angle one can derive both the average r polarization,
P, and the forward-backward pol arization asymmetry A"/ as shownin fig. 11. Theresultsin theindividual
channels from the LEP experiments are summarized in table 10. The measurements are compatible with each
other. It can be seen aso that experimental systematic errors on A, are now amost as large as the statistical
ones. Improvements will require ingenuity! Systematic errors on A, are, on the other hand, very small.

The extraction of P, assumes that the 7 decays through maximally parity violating V-A charged current.
The errors in table 10 do not allow for possible violation of this assumption. It is possible, however, to place
constraints on the 7 neutrino helicity £ by studying the correlation between the helicities of thetwo 7’sin an
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| Channd  ALEPH DELPHI OPAL L3 |

P. x 103
ev,v, —214+ 65+ 33 —130+ 76 £ 81 —85 4+ H8+ 45 —1274+ 79+ 24
pv vy =123+ 55 &£ 27 —-33+ 68+ 41 -804+ 54+ 33 —254 £+ 724+ 28
TV, —148 + 26 £ 11 —192+ 38+ 40 —143 £+ 37+ 30 —128 £ 36+ 28
PV —-90+ 24+ 18 —119+ 28+ 31 —157+ 24+ 15 —166 £ 28 £ 17
a|v; —144 + 42 £ 22 —184 + 66 £ 59 N.A. —250 £ 128 + 34
A, x 103
al 137+ 12+ 8 144 + 18 £ 16 153+ 19+ 13 144 + 13 £ 15
A, x 103
al 127+ 16 £ 5 140 £ 28 £ 3 1224+ 30+ 12 154+ 20+ 12

Table 10: Results of thet polarization analyses for individual channels from the L EP experiments. For AL EPH
and L 3 values of individual channels, only 1992 data are shown.

event. The ARGUS [72] (at DESY) and ALEPH [73] collaborations have performed such analyses, yielding:

fv, = —1.25 £0.23 £ %5 (ARGUS)and
fv, = —0.99 £ 0.07 + 0.04(ALEPH).

This confirms beautifully that the = family has the same multiplet structure as the electron and muon. If one
uses this empirical value for the v, helicity, an common error of AP, = 0.015 has to be added to the results
of table 10. The polarization results can be expressed as a measurement of the 7 and electron couplings, or of
sin” T

A, =0.143£0.010 sin® 6T = 0.2320 4 0.0013
A, =0.135£0.011 sin® 6 = 0.2330 £ 0.0014

Thevauesof A, and .A, are essentially uncorrelated, and in good agreement with lepton universality.

52 Light quark asymmetries

In principle the quark asymmetries A;q]; offer better sensitivity to the measurement of couplings and
sin” 0= than the leptonic forward-backward asymmetries, as well as better event statistics. However, it is
difficult to tag specific quark fina states and to measure their charge.

Inclusive hadronic charge asymmetry measurements have been carried out by ALEPH [74, 75], DEL-
PHI [76] and OPAL [77]. The method is based on the premise, first suggested by Feynman [78] that the origina
guark charge is carried out by the resulting jet of particles. This property has been since then verified in sev-
eral reactions where the origina quark flavour is known, in particular (anti)neutrino or muon deep inelastic
scattering [79].

The method used by ALEPH and DELPHI is described here. OPAL used a different one, based on the
three highest momentum particles, with somewhat better statistical sensitivity. Each event is separated in two
hemispheres, according to the thrust axis. The momentum weighted hemisphere charge is constructed:

Qrp = 2_FB Pji G

B — T—= &
>FB Pyji

where q; is the charge of particle i, p; its momentum projected on the thrust axis, and « is a parameter that

isvaried for systematic checks. Maximum sensitivity is found for x = 1. A good estimate of charge for each
event is the difference between the forward and backward hemisphere Qrs = Qr — Qs.

(16)
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A significant average charge asymmetry, (Qrg ), isobserved for theinclusive hadronic event sample. The
expected charge asymmetry is given by:

T
(Qea) = > AR (17)
quark flavors had
where é;, the charge separation, is the average charge difference between quark and antiquark hemisphere:
6y = (Q; — Q7). The forward backward asymmetries, see equation 5, are al positive, but the signs of the

charge separations are different. Thisresultsin alarge cancellation, already at parton level.

| EXPT. | STATUS | sfu ’ | EWProg. | QCD| cuts | sin” g5 |
ALEPH | 89-90 publ.
89-92prel. | 0.315+0.045 | EXPOSTAR| NO NO 0.231740.0013+0.0011
DELPHI 90-91publ. | 0.315+£0.045| ZFITTER | YES NO 0.2345:+0.0030+£0.0027
OPAL | 90-91publ. | 0.285+0.050 | ZFITTER | YES| S<0.12| 0.2321+0.0017+0.0028

| Average] \ \ \ \ | 0.2320+0.0011+0.0011 |

Table 11: Summary of the determination of sin” 6<% from inclusive hadronic charge asymmetries at L EP.

The experimental uncertainties are small but the interpretation of (Qrgp) in terms of sin” 0 is affected
by the uncertainty in the calculation of the charge separations. This is estimated by varying the parameters
of the hadronization models, and by comparing various models. The experiments find different values for the
charge separations, which can be traced to a different choice of input parameters in the simulation, and of the
decay tablesfor heavy flavored particles. The most critical parameters in the simulation of light quark charges,
are those controlling pair production of strange particles and baryon pairs. Improved understanding of particle
composition and correlations in jets will help reducing these errors. The decay tables of heavy particles will
remain incompletely known, and the solution is probably to measure directly the heavy quark jet charges, by
means of tagged events.

ALEPH has presented a preliminary analysis [75], where the fragmentation systematic error is reduced
by using a direct measurement of the b jet charge, based on lepton and lifetime tagged b samples, aswell asa
constraint obtained by measuring the quantity (Qr - Qg). It can easily be shown that, for a sample consisting
only of onetype of quarks f, and up to small correlation terms,

62
(Qr - Qp) = —Zf- (18)
This method can be used for a selected b sample to measure §,. In theinclusive sample, (Qr - Q) measures a
weighted sum of the squares of the charge separations, but still constrains usefully some of the fragmentation
parameters (unfortunately not strange particles and baryon pair production!). The results are expressed in terms
of sin” 8¢, QCD corrections and B° mixing are automatically taken into account by the method. The present
statusisgivenintable 11.

By selecting events with afast K+ and A an enriched sample of signed s3 events can be obtained. This
is possiblein DELPHI thanks to the particle identification provided by the Ring Imaging Cerenkov [80]. The
mass of a particle of momentum P is measured by the Cerenkov angle . as. m = P.n. cos .. Kaons are well
separated for momentum between 10 and 18 GeV, as shown in fig. 12. The expected purity for this mass range
is42% of s quarks of the right sign, and expected asymmetry is -0.04. A significant asymmetry is measured,
fig. 13. Similar, though less precise analysisis obtained with A’s. Fast A° and neutrons, detected in the hadron
calorimeter, provide an unsigned tag for s3 and dd events. This can be combined with jet charge to measure the
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down-quark asymmetry. The measured asymmetries [81] are consistent with the SM value 0.0937:

K*: 0118 40.0314.: & 0.0164.
A: 0135 40.055..; % 0.037 .
K°mn: 0.111 40.031

53 Heavy quark asymmetries

The asymmetry can also be measured for individual quark speciesif oneis able to:

+0.068
stat. —(0.054 syst.

0.7
cosB

0.6

Figure 13: Measured charged K asymmetry in DEL -
PHI.

—  Tagthe specific quark flavour. Thiscan be donefor & and ¢ quarks by means of their semi-leptonic decays,
which produce prompt leptons. High P, leptonstag b quarks, low P, leptons are enriched in ¢ quarks.

Another possibility for b’sisthelife-timetag and for ¢ the recognition of a high momentum D meson.

— Measure the scattering angle. The thrust axis of the event is usually used as measure of the origina

guark-antiquark direction before fragmentation.

— Assign an orientation to the event axis defined above. In the selection with leptons or with D mesons, the
sign of the lepton or the flavour of the meson can be used. In case the event is recognised by life-time tag,

one can usethejet charge (asin the inclusive sample) to measure in a statistical way the asymmetry.

All LEP collaborations have performed an anaysis using lepton tagging [55, 82, 83, 84]. There the
prompt lepton sample are analysed in a globa way to extract simultaneous way the b and ¢ partial width, the
direct and cascade semi-leptonic branching fractions, theinclusive B® — B® mixingand the and ¢ asymmetries.
The asymmetry has to be corrected for QCD radiation [85] (3% correction) and for the experimental effects

associated with the event axis determination and its orientation with a lepton (a few%).

ALEPH [86], DELPHI [87] and OPAL [88] have presented the asymmetry measured from jet-chargein
thelifetime-tagged | epton sample. The weakness of theinclusivejet charge asymmetry described above, namely
the dependence upon fragmentation parameters, is avoided by determining the b charge from the data using
the charge correlation between opposite hemispheres, equation 18. As mentioned before, no QCD correctionis

necessary with this method.

The charm asymmetry is also measured with D mesons by ALEPH [89], DELPHI [90], OPAL [91].
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gve Jae

e —0.0370 £ 0.0021 | —0.50093 £ 0.00064
Iz —0.0308 £ 0.0051 | —0.50164 £ 0.00096
T —0.0386 £ 0.0023 | —0.5026 £ 0.0010

lepton | —0.0366 + 0.0013 | —0.50128 + 0.00054

Table 12: Lepton couplings ¢v-. and g 4, extracted from leptonic asymmetries and = polarization, showing the
validity of lepton universality.

The averaging of these results is a very delicate enterprise. A preliminary procedure is attempted by
the LEP electroweak working group [48, 92]. The results are corrected for photonic effects to obtain the pole
asymmetries:

AW’ 0.0967 + 0.0038
® . .
0
Al = 0.0760 £ 0.0091

The correl ation between these numbersis 0.08. They can be expressed as measurements of sin” 4

sin” 0T = 0.23268  £0.00068 (from b)
sin” 0T = 0.2310  40.0021 (from c) (19)

The b forward-backward polarized asymmetry, defined in equation 8 can be measured if the beams are
polarized. Thishasrecently been doneat SLC[93], both with lepton tag and the combined vertex-tag/jet charge
method. For 5. 10* Z decays with 63% polarization, one finds:

AR = A, = 0.93 4 0.14. (20)

From LEP data, combining the measurement of A%’%O = %Aeflb and thevaue A, = 0.135 4 0.011 obtained
from leptonic asymmetries and 7 polarization (see below), one can derive A, = 0.955 + 0.086. Thetwo values
are consistent with the SM expectation .4, = 0.94.

5.4  Summary on sin” 67

The different values of sin”® 8<% measured from asymmetries and = polarization at LEP and A,y at
SLC [94] are summarized on fig. 14. Although one can extract a value of sin” < from other measurements in
the framework of the minimal SU(2); x U(1) model, in particular from I'. or My, asymmetries provide the
guantity that corresponds exactly to the definition of eq. 9. The measurements presented above average to:

sin” 65T = 0.23167 + 0.00040 (21)

This number will play an important rolein the determination of electroweak radiative effects.

6 Analysis of Electroweak M easurements
6.1 Lepton Universality

The couplings of the leptons can be extracted from the measurements of T',, T',,, I, AL, A%, A
AP and P,. The resuilts of the fit are shown on table 12. Lepton universality is well verified and will be
assumed in the following.

17



. 2 off LEP/SLC Glasgow 1994
Sin esv combined LEP-SLD data 0.235 | STANDARD MODEL ~
Agg(ll) o 023107+ 0.00090 F M J Miop=174 £ 16
| 1000
P, - 0.2320 +0.0013 0.234 -
PfB + 0.2330 + 0.0014
AFB(bb) , 0.23268+ 0.00068 %CDE - \
- | <0233 - oy \
Agg(cc) o 0.2310 £ 0.0021 % L VHiggs 60
Qrs + 0.2320 +0.0016 i \\\
ARrsie) - 0.2294 £ 0.0010 0232 -
Average 1:1 0.23167+ 0.00040
W oveavey i s /doézog_f;g r
M, 05=160,1000] GeV/ . 0.231 j
200 S
[}
e
[ 150 s T
E 0.23 -
oo L — 68%C.L.
0.225 0.23(‘?”2.35 0.240 : —— 99% C.L.
sin e;“ 0.229 S S T S N S N AN SO N S
83 835 84 84.5 85
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quarks, heavy quarks asymmetry and the
SL C polarization asymmetry. Also shown is Figure 15: Contours of constant x* for sin” 0" versusT,.
the SM prediction as a function of M; . The SM predictions as a function of M; and My are shown.

6.2 Neutrino partial width
What the experiment really measures isthe ratio of theinvisiblewidth to the leptonic width:

Finv 127TRZ
=,/ ———— _-R,-3 22
i (v Mjop? ) “

InSU(2);, x U(1) theratioI', /T, can be written as:

FZ 1 gve 9 Ja

— =—(1 — 1+ —)(1+46 2

= 5 (N0 T+ 4) (23)
where 6, = —0.0027 £ 0.0003 is a vertex correction with no dependence on heavy physics. The ratio

(gve/gac)* = 0.0053 4+ 0.0001 can be obtained from the measured asymmetries. Thisyields the prediction:

FZ predicted

= 0.5022 £ 0.0001. (24)

v

The number of neutrinosis then:

T measured FZ predicted
T, T,

One can also assume that the number of neutrinosis 3 and determine the neutrino partial width, a sensitive test

of SU(2), x U(1):

N, = = 2.988 £ 0.023.

r
F—‘ = 0.4992 4 0.0038

in excellent agreement with the prediction of equation 24. In the following, the number of neutrinos will be
fixed to threeand the SU(2), x U(1) structure assumed.
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SM prediction. The constraint from R, “assuming rameter fit of {q>- Ry, obsi" sin® 67,1} to
o, = 0.123 £ 0.006, is an oblique band. {64, sin” 0T} assumed independent.

6.3 Determination of SU(2); x U(1) RadiativeEffects

The LEP measurements contain enough information to extract Ap, é,,, and A3 defined in egs. 10. The
resulting valuesfor Ap, 4,,, and A5 areshownintable 13, and compared with the SM predictions. For predicting
the hadronic partial width, the value of the QCD coupling constant was constrained to «, = 0.123 4 0.006 in
the following. One notes: i) the sensitivity of the determination of Az, on the input value of A«, as can be
seen from the first one of egs. 10; ii) the sensitivity of the determination of é,, on «a,; as pointed out in [17],
this comes from the fact the R, is as powerful in determining é,, as FE; is. Thispoint isillustrated on fig. 16
and 17.

In the SM, ¢,, depends on M, only (quadratically), Ap depends on M, (quadratically) and on My
(logarithmically), while A, has a logarithmic dependence on both M, and My, and thus s relatively more
sensitiveto My. Theleading terms are:

a M? a Mg
S v Y (25)
a Mg
Asg = grinyp (26)
0a /M2 13 M2
by ~ =22y —t) 27
' 137 (M% 6 M2 @0

More compl ete expressions have been cal culated and implemented in computer codes, see refs[95].
Assuming the SM variation of é,;, upon M, [53], it can be used [10] to place a limit on the top quark
mass M; < 195 GeV at 95% C. L. Thislimit is as good at present than what can be obtained in the minimal
SM, from A p mostly, but less sensitive to cancellation with other new physics.
Given thesmall range alowed for A inthe SM, its measurement constitutesa0.3% test at the one-loop
level. This test comes mostly from the comparison between the measurements of T', and of sin” 8" from the
asymmetries, shown in fig. 15. In non-minimal theories, As, provides a test of the Higgs sector. Such an
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fit error dueto|| SM |variation
param. vaue |Aa Ac«a, ||vauelM; Mg

Apx10* || 33£19 | —  F4 | 44 |53 ;5P
Aso x 104/ -39+ 23|49 43 | -60 [*} %

by X 10* || =97 +£67| — F51 ||-175|737 11

Table 13: Radiative corrections determined from LEP data. The SM values are given for M; = 174 + 16 GeV
and My = 3007759 GeV. Thefit assumesa, = 0.123 £ 0.006.

scenario is discussed in [8] where the related quantity S ~ —Asg X 4sin® 65T cos? 0<% /o is expected to be
increased by 2.1 for one generation of technifermionsin N, = 4 technicolor. The corresponding change of Asq
is-0.024 and is clearly ruled out by L EP experiments.

In principle, the measurement of A3, can be used to set limits on the Higgs boson mass, and or on
whatever playsitsrole, in particular on supersymmetry: such an analysis has been performed by e.g. [9, 96] It
can be seen from fig. 15, that the experimenta error is still of the same size as the variation of Az from the
Higgs boson mass.

The agreement of the determination of the radiative corrections with the SM predictions is striking,
especially if onetakesinto account thefirst possibledirect determinationof M, by CDF[97] M, = 174416 GeV.
Thisis shown in figs 15, 16, 17 where the three experimentally independent observables sin® 6, Fibd , Iy are
plotted against each other. ’

The discovery of the top quark, if confirmed, is an event of considerableimportance. First, it happened
in the range of masses predicted by the SM from precision measurements. Furthermore the SM loses one
unmeasured free parameter, the only one left being the Higgs mass!

6.4 Determination of thetop quark and Higgs boson masses

Having shown the consistency of the measurements with the SM, it isjustified to consider al available
measurements as measures of M; and, possibly, My.

The most precise measurements to date are: i)the measurement of the neutrino NC/CC ratio from the
CDHS [98], CHARM [99] and CCFR [100] experiments, averaging to sin® 6, = 0.2253 + 0.0047; ii) the
measurement of the W mass, My, = 80.23 £ 0.18 [101] from UA2 [102], CDF [103] and DO [104]; iii) the
LEP measurements of the line-shape parameters, FE;, and of sin” 6 from asymmetries. A fit to these 14
observablesyields

M, = 159 + 12 (Mg =60) x*=13.3
M, =178 £ 11 (Mg =300) x*>=15.1
M, =196 £10  (My = 1000) x*=16.9 (28)

Althoughthelight Higgsmass seemsto be preferred, the difference between thelight and heavy Higgshypothesis
isonly Ax? = 3.6 and no significant limit can be placed. The constraintson M, My; placed by thisfit are shown
in fig. 18. If the experimental lower limitson My > 63 GeV and M, > 131 GeV are included, the situation
is not substantially modified, fig. 19. Even when the possible direct measurement is included, the upper limit
on the Higgs mass improves slightly, but not dramatically, fig. 20. The x* difference between My = 60 and
Mg = 1000 GeV becomes 4.2. Of course this occurs because i) the values of M; from precision measurement
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Figure 18: Contours of constant Figure 19: Same as fig 18 with Figure 20: Same asfig 19 includ-
x? for the global fit to M, My; direct limits M; > 131 GeV, ing also the possible measure-
electroweak measurements only. Mg > 63.5 GeV, included. mentof M, = 174 £+ 16 GeV.

and the direct one are so close; and ii) the error on the top mass from CDF is as large as the variation upon the
Higgs mass of the indirect top mass determination from precision measurements.

7 Conclusionsand Outlook

The advent of LEP accelerator and experiments has alowed new and precise tests of the SM to be
performed. Electroweak measurements have shown no deviation from the minimal picture at the 10~ level.
Thisis confirmed by the lack of observation of new particles within the range kinematically reachable, and of
the Higgs boson up to 63 GeV. The top quark mass was predicted right where it has possibly been found.

S0, isthere afuture for LEP precision experiments?

Thefirst, obviousmissing pieceisa precision measurement of M;. It seems possiblethat its masswill be
measured at the Tevatron with aprecision of + 5 GeV. Secondly, improvements in Electroweak measurements
are still to come: i) the measurement of the W mass from the energy upgrade of LEP, with a precision of about
30MeV or better. ii) it isexpected that the statisticsof L EP experimentswill haveincreased by afactor 2-5 by the
end of 1995. The measurement of the Z mass and width should improve significantly by steady scanning of the
Z resonance, together with precise energy calibration of the beam energy by the resonant depol arization method.
An error of £2 MeV on I'; seems reachable. Asymmetry measurements should also improve, resulting in a
combined measurement error onsin” <" of £0.0003. More specul atively, longitudinal pol arization experiments
at LEP[105, 106], could lead to much improved measurement of sin? 6<%, down to 0.0001. In order to make
full use of the future precision measurements of sin” 87, the present estimate of a(M3) should be improved.
The present error corresponds to an uncertainty in predicting sin® 6<% from M, of & 0.0003. Theimprovement
of a(M2) requires better measurements of et e~ — hadrons intheenergy region 1-10 GeV. It ishoped that the
precision on el ectroweak measurements will be improved to the level of sensitivity that would make itsindirect
determination through radiative corrections significant. Such an analysis was performed in [16], stressing the
importance of very accurate measurements of sin” 85 at LEP, see fig. 21. Clearly, if the Higgsis found, these
same measurements may be precise enough to reveal physics beyond the SM.

Of course the best thing to do is to find the Higgs. The high energy programme of LEP offers a good
chance of findingit up toamasslimit of Mg=2 Ep,..., — 100 GeV. Here themaximal energy that can be reached
by LEP is the critical parameter. If thisfails, we will have to wait for the LHC to give us some answer to the
mysteries of spontaneous symmetry breaking.
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Figure 21: A possible scenario for the ultimate precision of Electroweak measurements at LEP, SM predictions
inthe (Ap, Asq) plane.

SM predictions: dash-dotted line: M, freg, My =50 GeV; full line: M, freg, M= 200 GeV; dottedline: M free,
My= 1000 GeV;

Experimental constraints: vertical band: AT, = +0.07 MeV (from Al'y; = 42 MeV). 25 band:
AMw = £ 30 MeV. 45 band: Asin® 6<% = + 0.0001. The SM prediction for M, = 165 + 5 GeV as
expected from a future measurement of the top massis also indicated.
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