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1 Introduction

The experimental study of the process e+e− → Z → ff began 10 years ago and
ended (data taking) just over 1 year ago. The first electroweak measurements
performed at the Z ere presented exactly 10 years ago at LP89 in this auditorium
[1]. Those results which were based upon a sample of 233 events are compared
with the present state of the art in Table 1. The LP99 measurements are approx-
imately 100 times more precise than their LP89 counterparts! The reader should
keep in mind that the LP89 measurements were among the best electroweak mea-
surements available at that time.

Quantity LP89 (233 events) LP99 (18M events)
mZ (GeV) 91.17±0.18 91.1871±0.0021
ΓZ (GeV) 1.95+0.40−0.30 2.4944±0.0024
Nν 3.0±0.9 2.9835±0.0083

Table 1: A comparison the Z pole electroweak results presented at LP89 and the
similar results at LP99.

The last decade has seen a remarkable improvement in our knowledge of
various electroweak parameters. Much of the improvement is due to the study
of the Z resonance at LEP and the SLC. The LEP program completed data-taking at
the Z in 1995, and the SLC program finished in 1998. Many final or nearly final
electroweak results are now being produced by the five experiments: ALEPH,
DELPHI, L3, OPAL, and SLD. These new results are the subject of this talk which
may well be the last Lepton-Photon talk dedicated to Z pole electroweak physics.

This document is organized as follows: Section 2 includes definitions of the
quantities to be discussed, Section 3 contains a summary of the experimental
results, Section 4 contains a brief interpretation of the results, and Section 5
contains a summary and conclusions.
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2 Definitions

2.1 The Zff vertex

The coupling of the Z to a fermion (f ) antifermion (f ) pair is described by the
following Lagrangian density,

L =
(
GFm2

Z

2
√
2

)1/2

Ψfγµ
(
vf − afγ5

)
ΨfZµ (1)

=
(
GFm2

Z

2
√
2

)1/2

Ψfγµ
[
gfL (1− γ5)+ gfR (1+ γ5)

]
ΨfZµ (2)

where vf and af are vector and axial vector coupling constants, and gfL = (vf +
af)/2 and gfR = (vf −af)/2 are left- and right-handed combinations. The vector
and axial vector couplings are related to the quantum numbers of the fermion as
follows

vf = √
ρf
(
2If3 − 4Qf sin

2 θf
)

(3)

af = √
ρf
(
2If3

)
. (4)

where If3 is the third component of weak isospin, Qf is the electric charge, and
the parameters ρf ∼ 1 and sin2 θf ∼ 0.23 incorporate electroweak radiative cor-
rections.

2.2 The Z-peak cross section

The cross section for the process e+e−(Pe)→ Z → ff is described in the center-
of-mass frame by the following expression,

dσf
Z

dΩ
= 9

4

sΓeeΓff /m
2
Z

(s −m2
Z)2 + s2Γ 2Z /m2

Z

{(
1+ cos2 θ

)
[1−PeAe]+ 2cosθAf [−Pe +Ae]

}
(5)

where Pe is the polarization of the electron beam, s is the square of the cm
energy, mZ is the mass of the Z , ΓZ is the total width of the Z , θ is the angle
between the incident electron and the outgoing fermion, Γff is the partial width

for Z → ff , and Af is the left-right coupling constant asymmetry. The partial
widths and coupling constant asymmetries are related to the couplings defined
in the Lagrangian,

Γff = Nc · GFm3
Z

24π
√
2

(
v2
f + a2

f

)
(1+ δrc) (6)
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Af = 2vfaf
v2
f + a2

f
= (gfL )2 − (gfR)2
(gfL )2 + (gfR)2

, (7)

where δrc � 1+3αQ2
f /4π+ηfαs/π (ηf is 1 for quarks and 0 for leptons) accounts

for final state radiative effects.
The small size of v%/a% (∼ 0.08) makes the leptonic coupling asymmetries

A% particularly sensitive to electroweak vacuum polarization corrections. The
leptonic asymmetries are usually parameterized in terms of sin2 θeff

W = sin2 θ%
(assuming lepton universality). It follows that small changes in sin2 θeff

W produce
large effects on A%,

A% = 2(1− 4sin2 θeff
W )

1+ (1− 4sin2 θeff
W )2

(8)

δA% � −8δ sin2 θeff
W . (9)

2.3 Z pole electroweak observables

The cross section described in Eq. (5) is only the dominant term in the total s-
channel e+e− cross section which can be expressed as

dσf
tot

dΩ
(s) = dσf

Z

dΩ
(s)+ dσf

Zγ

dΩ
(s)+ dσf

γ

dΩ
(s), (10)

where the second and third terms representZγ interference and pure γ exchange,
respectively. The presence of initial-state radiation smears the center-of-mass
energy (see Figure 1) so that the observed cross section can be represented by
the integral

dσf
obs

dΩ
(s) =

∫
dx1dx2De(x1, s)De(x2, s)

dσf
tot

dΩ
(sx1x2) (11)

where the electron structure function D(x, s) represents the probability that the
incident electron (or positron) radiates the fraction 1 − x of its energy before
interacting with the other particle.

Using the Z pole cross section given in Eq. (5) it is possible to define a number
of experimental observables (or pseudo-observables because the Z pole cross
section is not exactly the observed cross section):

1. The line shape parameters, which consist of the Z massmZ, the total width
ΓZ, and the peak hadronic cross section σ 0

h = 12πΓeeΓhad/(m2
ZΓ 2Z );

2. The cross section ratios R% = Γhad/Γ%, Rb = Γbb/Γhad, and Rc = Γcc/Γhad;
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Figure 1: The effect of initial state radiation on the center-of-mass energy of the
ff system.

3. The unpolarized forward-backward asymmetries which are defined as

Af
FB =

σf
F − σf

B

σf
F + σf

B

= 0.75AeAf , f = %, b, c (12)

where σf
F is the cross section for finding the scattered fermion in the hemi-

sphere defined by the incident electron direction and σf
B is the cross section

for finding it in the positron hemisphere;

4. The left-right asymmetry which is defined as

Am
LR =

σf(−|Pe|)− σf(+|Pe|)
σf (−|Pe|)+ σf(+|Pe|) = PeA

0
LR = PeAe, f ≠ e (13)

where σf(Pe) is total (angle integrated) cross section for the production of
ff pairs with an electron beam of helicity Pe;

5. The polarization of final state τ-leptons which depends upon the direction
of the τ , Ae, Aτ ,

Pτ(cosθ) = −Aτ(1+ cos2 θ)+ 2Ae cosθ
1+ cos2 θ + 2AτAe cosθ

; (14)

6. The left-right forward-backward asymmetries which are defined as

Ãf
FB = σf

F (−|Pe|)− σf
B (−|Pe|)− σf

F (+|Pe|)+ σf
B (+|Pe|)

σf
F (−|Pe|)+ σf

B (−|Pe|)+ σf
F (+|Pe|)+ σf

B (+|Pe|)
= 0.75PAf , f = %, b, c, s. (15)

The observed cross section near s = m2
Z does not differ dramatically from

the resonance cross section given in Eq. (5) because: the Z-γ interference cross

318



Morris L. Swartz Precision Electroweak Physics at the Z

section vanishes at the pole, the γ-exchange cross section is approximately 1000
times smaller than the Z-exchange cross section, and the electron structure func-
tions are strongly peaked nearx = 1. The net correction tomeasured observables
varies from less than 2% for τ-polarization and the left-right asymmetry to about
30% for theZ-peak cross section to about 100% for the leptonic forward-backward
asymmetries. These corrections are usually calculated from the Minimal Stan-
dard Model (MSM) with the assumption that the MSM is an adequate description
of the (dominant) interference and pure γ-exchange corrections.

3 Results

3.1 The Z resonance parameters

The LEP experiments measure the resonance parameters mZ, ΓZ, σ 0
h , R% with fi-

nal state hadronic and leptonic samples collected during scans of the Z peak.
Because the leptonic forward-backward asymmetries are sensitive functions of√
s, the A%

FB are also extracted from a simultaneous fit to hadronic and leptonic
lineshape data.

All four LEP experiments have recently updated their lineshape results [2].
The total LEP event sample consists of 15.5 × 106 Z → qq and 1.7 × 106 Z →
%+%− events collected at ∼7 energies from 1990 to 1995. The Zγ and pure γ
cross sections are fixed to MSM values and the data fit to (3rd-order) radiatively
corrected lineshape functions. The ALEPH lineshape fits are shown in Fig. 2 [3].

The leptonic parameters are determined separately for each lepton species
(9 lineshape parameters) and assuming lepton universality (5 parameters). A
summary of the combined LEP result is presented in Table 2. The reader should
take note of the remarkable precision of thesemeasurements. The large statistics
and precise energy calibration provided by the resonant depolarization technique
yield a measurement of the Z mass to two parts in one hundred thousand! Ex-
cept for the forward-backward asymmetries (which are statistics limited at the
few percent level), all of the other parameters are determined with fractional
uncertainties at the 10−3 level.

The lineshape parameter measurements are sensitive to systematic uncer-
tainties: on the normalization of the various cross sections, on the energy scale
of the machine, and on the radiative corrections that are applied to the line shape
function. The cross section normalizations are affected by uncertainties on the
event selection efficiencies which are in the range ±0.04-0.1% for hadronic final
states and 0.1-0.7% for leptonic final states. The normalizations are also sensitive
to luminosity uncertainties which have experimental contributions in the range
±0.033-0.09% and theoretical contributions [4] in the range ±0.054-0.06%. The
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Figure 2: The hadronic and leptonic lineshape data of the ALEPH Collaboration.

uncertainty on the energy scale of the LEP machine leads to a ±1.7 MeV uncer-
tainty onmZ and a ±1.2 MeV uncertainty on ΓZ. Note that the precision of themZ

determination is now limited by the energy scale uncertainty. Uncertainties on
the QED radiative corrections lead to a ±0.02% uncertainty on σ 0

h and ±0.5 MeV
uncertainties on mZ and ΓZ.

The only major change in the lineshape parameters from previous years is a
+0.9σ shift in the hadronic peak cross section. Approximately half of this shift
is directly attributable to improvements in radiative corrections.
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Parameter Average Value

mZ(GeV) 91.1871± 0.0021
ΓZ(GeV) 2.4944± 0.0024
σ 0
h (nb) 41.544± 0.037

Re 20.803± 0.049
Rµ 20.786± 0.033
Rτ 20.764± 0.045
A0, e

FB 0.0145± 0.0024
A0, µ

FB 0.0167± 0.0013
A0, τ

FB 0.0188± 0.0017
R% 20.768± 0.024
A0, %

FB 0.01701± 0.00095

Table 2: The combined result of the LEP lineshape analyses with (bottom box)
and without (middle box) the assumption of lepton universality.

3.2 Tau polarization

The LEP Collaborations determine Aτ and Ae from measurements of Pτ(cosθ)
as shown in Eq. (14). The final state τ-polarization is determined from the 5
decay modes: τ± → π±ν, ρ±ν, a±1ν, e±νν, µ±νν . Because the τ decays via a
pure V −A current, each mode has a polarization-dependent decay distribution
in laboratory variables. For example, consider a spin polarized τ− decaying to
π−ντ in its rest frame as shown in Fig. 3. The angular distribution of π− relative
to the spin direction is completely asymmetric,

1
Γ

dΓ
d cosθ∗

= (1−PτQτ cosθ∗) /2, (16)

where θ∗ is defined in the figure and Qτ is the charge of the τ . Boosting along
the spin direction (to produce a right-handed τ), the distribution of scaled energy
x = Eπ/Eb in the laboratory frame is given by the following expression,

1
Γ
dΓ
dx

= 1−PτQτ (2x − 1) = A(x)+PτB(x), (17)

where there is a polarization-independent term A(x) and linear polarization de-
pendence with a coefficient B(x).

The laboratory decay distributions of all 5 final states can be represented in
the same general form,

1
Γ
dΓ
dxN = A(x1...xN)+PτB(x1...xN), (18)
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Figure 3: The decay of a τ− to π−ντ in its rest frame.

whereN = 1,3,6 for the %νν , ρν , a1ν final states. The final state polarization Pτ
is extracted by fitting the decay distributions to the data. The statistical precision
obtainable with a sample ofNdec decays for each final state can be parameterized
as δPτ = ap/

√
Ndec where the analyzing powers ap and the relative number

of decays for each τ final state are summarized in Table 3. The total relative
precision of each decay mode is shown on the bottom line. Note that the πν and
ρν final states are the most powerful and have comparable weight.

Final State eνν µνν πν ρν a1ν
Branching Ratio (%) 18 18 12 24 8
Acceptance 0.4 0.7 0.6 0.5 0.5
Analyzing Power ap 5 5 1.8 2.3 3.1

Relative Precision 2.7 2.1 1.0 1.0 2.2

Table 3: The parameters which determine the relative statistical power of each τ
branching mode. Note that the acceptances are composites of those for several
experiments.

The values of Aτ and Ae extracted from all five channels are summarized by
experiment in Table 4. The DELPHI results have been updated recently and are
now final (the results from ALEPH, L3, and OPAL were already in final form). The
four-experiment averages are also given assuming that the systematic errors are
uncorrelated.

3.3 The left-right asymmetry

The SLD Collaboration at the SLAC Linear Collider has been measuring the left-
right asymmetry since 1992. It is a particularly powerful but simple and systematics-
free measurement. Because a feedback system keeps the left- and right-helicity
electron currents at the SLC polarized electron source equal at the 10−4 level and
because the helicity of the polarized electron beam is changed on a pulse-to-pulse
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Experiment Aτ

ALEPH (90 - 95), final 0.1452± 0.00052± 0.0032
DELPHI (90 - 95), final 99 0.1359± 0.0079± 0.0055
L3 (90 - 95), final 0.1476± 0.0088± 0.0062
OPAL (90 - 94), final 0.1340± 0.0090± 0.0100
LEP Average 0.1425± 0.0044
χ2/dof 1.3/3

Experiment Ae

ALEPH (90 - 95), final 0.1505± 0.0069± 0.0010
DELPHI (90 - 94), final 99 0.1382± 0.0116± 0.0005
L3 (90 - 95), final 0.1678± 0.0127± 0.0030
OPAL (90 - 94), final 0.1290± 0.0140± 0.0050
LEP Average 0.1483± 0.0051
χ2/dof 4.8/3

Table 4: A summary of the coupling asymmetries Aτ and Ae determined from
τ-polarization measurements performed by the LEP experiments. All results are
final.

basis according to a pseudo-random number sequence (which desynchronizes
the left- and right-handed currents from accelerator periodicities), the left- and
right-handed luminosities are equal to excellent approximation. This reduces
the measurement to a very simple counting experiment which is described by
the following equation,

ALR = 1
Pe

NZ(L)−NZ(R)
NZ(L)+NZ(R)

+ δres = 1
PeA

m
LR + δres, (19)

where NZ(L) and NZ(R) are the number of Z events (excluding final state e+e−
pairs which need a more sophisticated treatment) collected with left-handed and
right-handed electron beams, respectively. In practice, only hadronic events are
used in this measurement. The leptonic final states are treated separately in
a more sophisticated analysis that makes use of angular information (see Sec-
tion 3.4). The luminosity-weighted average polarization Pe given in Eq. (19) is
determined from individual measurements of the beam polarization Pi which
are associated in time with each Z and used to compute the average,

Pe = (1+ ξ) 1
NZ

NZ∑
i

Pi (20)

where ξ is a small correction (0.001-0.002) for chromatic and beam transport ef-
fects. The term δres represents a correction for residual background and residual
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left-right asymmetries in luminosity, polarization, and beam energy. The total
correction is dominated by the background and left-right luminosity corrections
and is at the 10−4 level.

The operational history of the SLD experiment is summarized in Table 5. The
1997/8 run was a particularly successful one. A total of 346,111 events were
produced on the Z peak (several thousand more were produced during off-peak
scanning). After 10 years of trying, the SLC instantaneous luminosity approached
its design value near the end of the 1998 run. Like the central character in a tragic
opera, the accelerator had its finest day ever on 7-8 June 1998, producing more
than 5400 events before dying a few days prematurely due to a vacuum leak. The
entire sample consists of 557K events, most of which were logged with 0.73-0.77
beam polarization. The SLD Collaboration released a preliminary result based
upon the entire sample for this conference.

Year Number of Z Events Pe δPe/Pe
1992 11K 0.224±0.006 2.7%
1993 50K 0.626±0.012 1.7%
1994/5 100K 0.772±0.005 0.7%
1996 50K 0.765±0.004 0.7%
1997/8 346K 0.729±0.004 0.5%

Table 5: The operational history of the SLD experiment.

The 1997/8 ALR result incorporated several improvements and checks:

1. A number of improvements in polarimetry were realized. Two additional in-
dependent Compton polarimeters were used to measure the backscattered
photons rather than the backscattered electrons detected by the normal
polarimeter. These devices have independent calibrations and permit the
reduction of the calibration uncertainty to 0.4%. The polarimeter was oper-
ated with interspersed high/low background running. This permitted the
comparison of polarization measurements with very different signal sizes
and permitted the reduction of the uncertainty on the linearity of the sys-
tem to 0.2%. The overall uncertainty on the polarimeter scale was reduced
to δPe/Pe = 0.5% from 0.7%.

2. A scan of theZ resonance was performed to check the energy scale of the ac-
celerator. The resulting ±25 MeV uncertainty on the center-of-mass energy
scale leads to an uncertainty on the electroweak interference corrections
needed to extract A0

LR, δA0
LR/A0

LR = 0.4%. This uncertainty is the second
largest after the polarimeter uncertainty.
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3. The polarization of the SLC positron beam was measured directly by trans-
porting it to a Møller polarimeter in Endstation A of the SLAC accelera-
tor complex. The e+ polarization was found to be consistent with zero,
Pp = −0.02± 0.07%.

The measured values of ALR generated by Eq. (19) must be corrected for elec-
troweak interference to yield A0

LR = Ae. The resulting values are listed in Table 6.
The table also lists a combined total which assumes that all systematic errors
are correlated. Note that the statistical uncertainty on the combined value is
approximately twice as large as the systematic uncertainty.

Year A0
LR

1992 0.100± 0.044± 0.004
1993 0.1656± 0.0071± 0.0028
1994/5 0.15116± 0.00421± 0.00111
1996 0.15703± 0.00573± 0.00111
1997/8 0.14904± 0.00240± 0.00097
Total 0.15108± 0.00218
χ2/dof 5.58/4 (23%)

Table 6: The measured values of A0
LR for each of the SLD runs.

The combined result is also quoted in terms of sin2 θeff
W ,

sin2 θeff
W = 0.23101± 0.00028.

3.4 Polarized leptonic forward-backward asymmetries

The measurement of the left-right forward-backward asymmetries Ãf
FB permits

the extraction of the Final State coupling asymmetries Af . For f ≠ e, Af and Ae
are extracted from fits to the polar angle distributions,

dσ
d cosθ

∝ (1−PeAe)
(
1+ cos2 θ

)+ 2Af (Ae −Pe) cosθ. (21)

Final state e+e− events must be fit to a more sophisticated expression that in-
cludes t-channel effects.

The SLD Collaboration has used this technique to measure Ae, Aµ, and Aτ
from samples of 15K e+e−, 12K µ+µ−, and 12K τ+τ− events. The best fits to the
samples yield the following results,

Ae = 0.1558± 0.0064
Aµ = 0.137± 0.016
Aτ = 0.142± 0.016,
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where the much more precise determination of Ae comes mostly from the first
term on the right-hand side of Eq. (21) which effectively uses the leptonic final
states to measureALR independently of the hadronic final states described in Sec-
tion 3.3. These measurements are consistent with lepton universality (χ2/dof =
1.6/2) and can be combined into another reasonably precise measurement of A%,

A% = 0.1523± 0.0057.

3.5 Rb and Rc measurements

The measurement of the hadronic branching ratios Rb and Rc is conceptually
simple. One applies some heavy quark tagging criteria to a sample of hadronic
Z decays, measures the fraction events which satisfy the criteria, and corrects
for the efficiency of the criteria. Unfortunately, it is difficult to determine the
efficiency of a tagging procedure at the desired <1% level and the more sophisti-
cated double-tag or multi-tag approaches are used to perform the most precise
measurements.

The double-tag approach is fairly simple (the multi-tag approaches are ex-
tensions of the technique when several different tagging techniques are used for
each quark flavor). Each event in a sample of hadronic Z decays is separated into
two thrust hemispheres (the event is bisected by a plane normal to the thrust
axis). The b-quark and c-quark tags (which are designed to be exclusive of each
other) are applied separately to each hemisphere. The fractions of hemispheres
that satisfy the b-tag and c-tag criteria (bs and cs) and the fractions of events that
have double b-tags, c-tags, and mixed-tags (bd, cd, and m) are determined. The
tag-fractions are related to Rb and Rc by the following equations,

bs = εbRb + εcRc + εuds (1− Rb − Rc)
bd = εdbRb + εdc Rc + εduds (1− Rb − Rc)

}
(22)

cs = ηbRb + ηcRc + ηuds (1− Rb − Rc)
cd = ηdbRb + ηdcRc + ηduds (1− Rb − Rc)
m = 2 [εbηbRb + εcηcRc + εudsηuds (1− Rb − Rc)]


 (23)

where the efficiencies εx are the probabilities that a hemisphere of type x = b, c,
or uds satisfy the b-tagging criteria; the efficiencies εdx are the probabilities that
events of type x are double b-tagged; the efficiencies ηx are the probabilities
that a hemisphere of type x satisfy the c-tagging criteria; and the efficiencies ηdx
are the probabilities that events of type x are double c-tagged. In general, the
double-tagging efficiencies are given by the squares of the single hemispheres,
but a correction for hemisphere correlations must be included,

εdx = ε2x + λx ηdx = η2
x + λ′x (24)
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where λx and λ′x account for hemisphere correlations. Because the light-quark
efficiencies εuds , ηuds and the wrong-type efficiencies εc and ηb in most analyses
are small, the corresponding correlations are omitted (λc = λ′b = λuds = λ′uds =
0).

Most measurements of Rb do not incorporate an Rc analysis. These measure-
ments fix the value of Rc to that predicted by the MSM and utilize Monte Carlo
simulations to calculate εc , εuds , and λb. Equations (22) are then solved forRb and
εb. For the measurements that include Rc , the Monte Carlo is used to calculate
ηuds , λb, and λ′c . Equations (22) and (23) are then solved for Rb, εb, ηb, Rc , and ηc .
Note that the large efficiencies are determined from the data themselves and the
corresponding systematic uncertainties are much smaller than those obtainable
from the single-tag technique.

A number of techniques are used to tag final-state b- and c-jets. The b-jet
tags fall into several categories:

1. Large P and PT leptons from semileptonic b decays,

2. Event shape variables which are sensitive to the large mass of the b,

3. “Lifetime” tags which make use of high precision tracking systems in two
different ways:

(a) “Traditional” tags which require large impact parameter tracks or poor
fits to a single vertex hypothesis.

(b) “Topological” tags which are based upon reconstructed secondary or
tertiary vertices. These tags can be enhanced by requirements on ver-
tex mass and energy. A mass plot for events tagged by the SLD topo-
logical vertex tag is shown in Fig. 4.

The c-jet tags fall into a similar set of categories:

1. Large P and PT leptons from semileptonic c decays are often used in con-
junction with a b-quark analysis,

2. Exclusively or inclusively reconstructed D/D∗ mesons are used to signal
the presence of a primary c quark,

3. Topological lifetime tags enhanced mass and momentum requirements are
very efficient.

The current state of Rb and Rc measurements by the five Z pole experiments
is summarized in Table 7. Note that the Rb measurement by DELPHI [5] is new
and is also the most precise. The SLD result has been updated and all others are
unchanged. The Rb world average, 0.21642 ± 0.00073, is approximately 0.8 σ
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Figure 4: Themass distribution and quark content of a sample of topologically re-
constructed vertices from the SLD. The quark content is estimated using a Monte
Carlo simulation.

larger than the MSM prediction. Both DELPHI and SLD also have updated Rc
results (all others are unchanged). TheRc world average, 0.1674±0.0038, is about
1.3 σ smaller than the MSM prediction. Both quantities appear to be consistent
with the MSM.

3.6 Forward-backward asymmetries with quark final states

In order to measure the angular distributions of bb, cc, and ss final states it
is necessary to: tag the event flavor, measure the polar angle of the thrust axis
(which is usually taken to be the QQ axis), and identify which hemisphere con-
tains the quark (as opposed to antiquark). The tagging and Q/Q separation is
achieved via several techniques which vary with the final state under study:

1. The tagging of bb-events was discussed in Section 3.5. The separation of
the b/b hemispheres is achieved by several techniques:

(a) Events which are tagged with large P/PT leptons are automatically sign-
selected from the charge of the tagging lepton (from the decays b →
c%−ν% and b → c%+ν%).

(b) Events which are tagged with lifetime techniques can be sign-selected
by making use of the jet-charge technique. There are several variations
of the jet-charge technique. What follows is one variant. The forward-
backward jet charge of an event is constructed byweighting the charges
of each track in the forward- and backward-hemispheres by a function
of the component track momentum along the thrust axis to form the

328



Morris L. Swartz Precision Electroweak Physics at the Z

Experiment Technique Sample Rb
ALEPH multi-tag 1992-1995 0.2159± 0.0009± 0.0011
DELPHI multi-tag 1992-1995 0.21634± 0.00067± 0.00060

L3 multi-tag 1994-1995 0.2174± 0.0015± 0.0028
OPAL multi-tag 1992-1995 0.2176± 0.0011± 0.0014
SLD topol-vtx 1993-1998 0.21594± 0.00139± 0.00140
Total 0.21642± 0.00073

MSM Prediction 0.21579± 0.00018
Experiment Technique Sample Rc

ALEPH lepton 1992-1995 0.1675± 0.0062± 0.0103
ALEPH D∗ Incl/Excl 1990-1995 0.166± 0.012± 0.009
DELPHI D∗ Incl/Excl 1991-1995 0.161± 0.010± 0.009
OPAL D∗ Incl/Excl 1991-1995 0.180± 0.010± 0.012
ALEPH D Incl/Excl 1990-1995 0.173± 0.014± 0.009
SLD topol-vtx 1993-1998 0.169± 0.005± 0.004

ALEPH charm count 1991-1995 0.1738± 0.0047± 0.0113
DELPHI charm count 1991-1995 0.1692± 0.0047± 0.0097
OPAL charm count 1991-1993 0.167± 0.011± 0.012
Total 0.1674± 0.0038

MSM Prediction 0.17228± 0.00006

Table 7: Summaries of the Rb and Rc measurements. The MSM predictions are
for mt = 174.3± 5.1 GeV and mH = 100 GeV.

quantities, Qf
F and Qf

B ,

Qf
F =

∑=pi·ẑ>0
i |=pi · =T |κqi∑=pi·ẑ>0
i |=pi · =T |κ

Qf
B =

∑=pi·ẑ<0
i |=pi · =T |κqi∑=pi·ẑ<0
i |=pi · =T |κ

, (25)

where the exponent κ is usually chosen to be 1/2. The forward-backward
jet charge is then the difference of Qf

F and Qf
B and proportional to the

forward-backward asymmetry Af
FB ,

Qf
FB = Qf

F −Qf
B = δfA

f
FB,

where the hemisphere charge separation δf is extractable from the
sums and differences of the thrust hemisphere jet-charges. This tech-
nique is self-calibrating except for hemisphere correlation effects which
must be calculated from Monte Carlo simulations.

(c) Another technique that can be used with lifetime-tagged events is the
K± charge sum. If the experiment has a particle identification system,
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the charges of K± from the b → c → s cascade can be used to separate
the b/b hemispheres (in practice, one sums all of the K± charges in
each hemisphere). As in the case of jet-charge, the requirement that the
two hemispheres have consistent charges allows one to self-calibrate
the analyzing power of the technique.

(d) Finally, a technique that works with topological vertex tagging is to
calculate the net charge of tracks associated with a reconstructed sec-
ondary vertex. As for jet-charge and the kaon charge sum, the require-
ment that the two hemispheres have consistent charges allows one to
self-calibrate the analyzing power of the technique.

2. The tagging of cc-events was discussed in Section 3.5. The separation of
the c/c hemispheres is achieved by techniques similar to those used for bb
sign identification:

(a) Events which are tagged with large P/PT leptons are automatically sign-
selected from the charge of the tagging lepton (from the decays c →
s%+ν% and c → s%−ν%).

(b) The sign of a D/D∗-tagged hemisphere can be determined from the
charge of the reconstructed D±.

(c) The net charge of tracks associated with a reconstructed secondary
(topological) vertex determines the sign of the c-hemisphere. As in the
case of b-events, this technique self-calibrates.

(d) As in the case of b-events, charge of K± from the c → s cascades sepa-
rates c/c hemispheres (the sum the K± charges in each hemisphere is
taken). This techniques also self-calibrates.

3. The SLD Collaboration has recently updated a measurement of the polar-
ized forward-backward asymmetry for ss final states. The following is a
summary of the event selection and hemisphere-signing technique which
has a purity of 50% to 73% depending upon the final state. Note that this
technique also self-calibrates the analyzing power.

(a) Events with detached vertices are removed from the sample to sup-
press bb and cc events.

(b) All events are required to contain fast strange particles: either K± with
momentum larger than 9 GeV; or K0

s , Λ, or Λ with momentum larger
than 5 GeV

(c) A fast strange particle must be found in both hemispheres and there
must be at least one signed-hemisphere (K±, Λ/Λ) where the largest
momentum strange particle is used to sign the hemisphere.
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Unpolarized QQ asymmetries

The LEP Collaborationsmeasure theb-quark and c-quark forward-backward asym-
metries by fitting the angular distributions (or measuring QFB) of heavy quark
samples. It is necessary to correct for the charge-signing analyzing powers, back-

grounds, B0-B0
mixing, QCD effects, and electroweak interference effects. The

resulting measurements are summarized in Table 8. The only new results for
the summer of 1999, are the lepton-tag results from the ALEPH Collaboration.

Note that these unpolarized asymmetries depend linearly on Ae,

Af
FB = 0.75AeAf , (26)

and are therefore quite sensitive to the effective weak mixing angle (the quark
asymmetries AQ are very insensitive to it). They are normally used to determine
sin2 θeff

W . In order to isolate the final state coupling asymmetries Ab and Ac , it
is necessary to divide the FB asymmetries by an average value of A% determined
from A%

FB , Pτ , and ALR.

Experiment Technique Sample Ab
FB

ALEPH leptons 1991-1995 0.0949± 0.0040± 0.0023
DELPHI leptons 1991-1995 0.0998± 0.0065± 0.0029

L3 leptons 1990-1995 0.0960± 0.0066± 0.0033
OPAL leptons 1990-1995 0.0910± 0.0044± 0.0020
ALEPH jet-chg 1991-1995 0.1017± 0.0038± 0.0032
DELPHI jet-chg 1992-1995 0.0982± 0.0047± 0.0016

L3 jet-chg 1991-1995 0.0931± 0.0101± 0.0055
OPAL jet-chg 1991-1995 0.1004± 0.0052± 0.0044
Total 0.0988± 0.0020

Experiment Technique Sample Ac
FB

ALEPH leptons 1991-1995 0.0562± 0.0053± 0.0036
DELPHI leptons 1991-1995 0.0770± 0.0113± 0.0071

L3 leptons 1990-1991 0.0784± 0.0370± 0.0250
OPAL leptons 1990-1995 0.0595± 0.0059± 0.0053
ALEPH D∗ 1991-1995 0.063± 0.009± 0.003
DELPHI D∗ 1992-1995 0.0659± 0.0094± 0.0035
OPAL D∗ 1990-1995 0.0630± 0.0120± 0.0055
Total 0.0692± 0.0037

Table 8: Summaries of the Ab
FB and Ac

FB measurements.
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Polarized QQ forward-backward asymmetries

The left-right forward-backward asymmetriesmeasured by the SLD Collaboration
have been used to directly isolate the final state coupling asymmetriesAb,Ac , and
As . Using the techniques discussed in Sections 3.6 and 3.6, theAQ measurements
are summarized in Figs. 5-7. The new 1999 measurements are indicated on the
figures. The LEP AQ

FB measurements have been converted into AQ determinations
as discussed in Section 3.6 and are included in the figures. Note that the direct
and indirect determinations of Ab are consistent with one another but (when
combined) fall about 2.7 σ below the MSM prediction (which is shown as a dotted
line). Similar behavior is observed with the Ac measurements except that the
discrepancy with the MSM is only about 1.9 σ . The As measurements have large
uncertainties and are consistent with the MSM. Note that modest inconsistency
of Ab with the MSM has consequences for the determination of sin2 θeff

W which
are discussed in Section 4.3.

Ab Measurements (Summer-99)

Ab

LEP Average 0.881 ± 0.020

OPAL JetC 0.897 ± 0.048 ± 0.036

L3 JetC 0.803 ± 0.105 ± 0.051

DELPHI JetC 0.892 ± 0.042 ± 0.020

ALEPH JetC 0.950 ± 0.037 ± 0.029

OPAL Lept 0.852 ± 0.038 ± 0.021

L3 Lept 0.871 ± 0.055 ± 0.030

DELPHI Lept 0.917 ± 0.057 ± 0.026

ALEPH Lept 0.888 ± 0.036 ± 0.023

SLD Average 0.905 ± 0.026

SLD Vtx-Q 0.897 ± 0.027 ± 0.034

SLD K± tag 0.960 ± 0.040 ± 0.069

SLD Lepton 0.924 ± 0.032 ± 0.026

SLD JetC 0.882 ± 0.020 ± 0.029

New

New

New

SM

LEP Measurements:  Ab = 4 A0,bFB / 3 Ae
Using Ae=0.1496±0.0016 (Combine SLD ALR and LEP Al)

0.7 0.8 0.9 1 1.1

Ac Measurements (Summer-99)

Ac

LEP Average 0.617 ± 0.034

OPAL D* 0.64 ± 0.10 ± 0.05

DELPHI D* 0.64 ± 0.08 ± 0.04

ALEPH D* 0.63 ± 0.08 ± 0.02

OPAL Lepton 0.58 ± 0.06 ± 0.04

L3 Lepton 0.82 ± 0.29 ± 0.19

DELPHI Lepton 0.73 ± 0.10 ± 0.11

ALEPH Lepton 0.59 ± 0.05 ± 0.03

SLD K & vtx-Q 0.603 ± 0.028 ± 0.023

SLD Lepton 0.567 ± 0.051 ± 0.064

SLD D*,D+ 0.690 ± 0.042 ± 0.022

SLD soft π* 0.683 ± 0.052 ± 0.050

SLD Average 0.634 ± 0.027

New

New

SM

LEP Measurements: Ac = 4 A0,cFB / 3 Ae
Using Ae=0.1496±0.0016 (Combine SLD ALR and LEP Al)

0.5 0.6 0.7 0.8 0.9 1

Figure 5: Summary of direct and
indirect determinations of Ab.

Figure 6: Summary of direct and
indirect determinations of Ac .
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signal L signal R

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

As SLD (prelim.)
(0.55 M events)

As DELPHI (prelim.)
(Vancouver, 3 M events)

Ad,s DELPHI (1995)
(0.7 M events)

Ad,s OPAL (1997)
(4.3 M events)

0.85 ± 0.09

0.97 ± 0.15

1.00 ± 0.56

0.61 ± 0.33

Coupling parameter

SM

(using Ae = 0.1491)

Figure 7: Summary of direct and indirect determinations of As .

4 Interpretation

4.1 Extracted lineshape parameters

The LEP Electroweak Working Group uses the measured lineshape parameters to
determine the partial decay widths of the Z to leptons, hadrons, and invisible
particles. The analysis is performed with and without the assumption of lepton
universality. The results of the analysis are summarized in Table 9.

Without Lepton Universality

Γee (MeV) 83.90±0.12
Γµµ (MeV) 83.96±0.18
Γττ (MeV) 84.05±0.22
With Lepton Universality

Γ%% (MeV) 83.96±0.09
Γhad (MeV) 1743.9±2.0
Γinv (MeV) 498.8±1.5

Table 9: The extracted lineshape parameters as determined by the LEP Elec-
troweak Working Group.

We note that the leptonic widths are consistent with lepton universality. The
invisible width is of particular interest because it is sensitive to the presence of
“invisible” final states. The ratio of the invisible and leptonic widths is found to
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be

Γinv/Γ%% = 5.941± 0.016.

Dividing this number by the MSM value for the ratio of neutrino and leptonic
widths Γνν/Γ%% = 1.9912± 0.0012 yields the number of light neutrinos,

Nν = 2.9835± 0.0083.

Note that Nν is about 2 σ less than the expected value of 3. In previous determi-
nations it had been consistent with Nν = 3. The shift is largely a consequence of
the shift in the peak hadronic cross section discussed in Section 3.1 which was
due, at least in part, to improvements in radiative corrections. Assuming that the
number of light neutrinos is 3, the invisible width is converted into a 95% upper
limit on an additional invisible width ∆Γinv,

∆Γinv < 2.0 MeV.

4.2 Tests of lepton universality

-0.043

-0.039

-0.035

-0.031

-0.503 -0.502 -0.501 -0.5

gAl

g V
l

Preliminary

68% CL

l+l−

e+e−

µ+µ−

τ+τ−

Al (SLD)

mt

mH

Figure 8: The 68% confidence regions in gV%-gA% for each lepton flavor. The solid
curve is for all flavors combined and the MSM-allowed region is also shown.

The various measurements of Γ%%, A%
FB , and A% have been used by the LEP

Electroweak Working Group to unfold values of gV% = v%/2 and gA% = a%/2 for
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each lepton flavor. The resulting determinations of gV% and gA% are shown for
each flavor in Fig. 8. It is clear that the couplings of the different flavors are
consistent with each other and with the MSM which is shown as the banana-
shaped region. The analysis includes most of the information reported in this
talk except for the SLDmeasurements of the leptonic left-right forward-backward
asymmetries. Because the SLD measurement of Aµ is the best in the world, its
inclusion should noticeably improve the determination of gVµ. The results can
also be presented in the form of ratios of the vector and axial-vector couplings,

gµA
geA

= 1.0001± 0.0014
gµV
geV

= 0.981± 0.082

gτA
geA

= 1.0019± 0.0015
gτV
geV

= 0.964± 0.032,

which are all consistent with universality. Note that the precisely measured par-
tial widths constrain the ratios of the (large) axial-vector couplings at the 10−3

level whereas the determinations of the coupling asymmetries constrain the ra-
tios of the (small) vector couplings at the few percent level.

4.3 The effective weak mixing angle and Ab

The Z pole asymmetries that determineA% can equivalently be cast as determina-
tions of sin2 θeff

W . A summary of allmeasurements of sin2 θeff
W is presented in Fig. 9.

The purely leptonic determinations (which do not depend upon the quark cou-
pling asymmetries AQ) are shown on the left-hand side of the plot: ALR, A% (from
the leptonic left-right forward-backward asymmetry analysis), A%

FB , Aτ (from Pτ ),
and Ae (from Pτ ). The hadronic determinations, Ab

FB , A
c
FB , and QFB (from the

Qf
FB technique discussed in Section 3.6 applied to the entire hadronic sample),

are shown on the right-hand side of the plot. The solid horizontal line shows the
average of all techniques,

sin2 θeff
W = 0.23153± 0.00017.

Note that the fit of the eight measurements to a single value has a χ2 per degree of
freedomof 13.3/7which has a probability of 6.5%. This is acceptable butmay also
indicate that the single-value hypothesis is flawed. If the leptonic and hadronic
determinations are averaged separately (see the dashed and dash-dotted lines
in Fig. 9), the fit probabilities improve markedly to 49% and 95%, respectively.
Another strange feature is that the two most precise determinations of sin2 θeff

W
are ALR and Ab

FB which disagree with one another by 3.0 σ .
There are several possible explanations for this modest discrepancy:
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Figure 9: A summary of all of the determinations of sin2 θeff
W .

1. The deviations are simply the result of statistical fluctuations.

2. Unknown systematic effects are distorting some or all of the results.

3. We are seeing evidence of new physics. Another manifestation of this dis-
crepancy was the deviation of Ab from the MSM when the world average A%
was used to extract Ab from Ab

FB . The SLD direct determination of Ab is a
check on this idea. A graphical representation of this problem is shown in
Fig. 10. The measurements of A%, Ab, and Ab

FB = 0.75A%Ab are plotted as
68% confidence regions in A%-Ab space. We note that they do tend to over-
lap in a region away from the MSM prediction which appears as a horizontal
line (for mt = 174.3 ± 5.1 GeV [6] and 100 GeV< mH < 1 TeV). A fit to Ab
and A% is shown as 68% and 95% ellipses. The best fit for Ab deviates by
2.7 σ from the MSM. The possibility that new physics might be affecting the
Zbb couplings has been studied recently by M. Chanowitz [7]. He finds that
it is possible to accommodate all measurements by changing both the left-
and right-handed b neutral current couplings. However, there may be ob-
servable consequences in future measurements of flavor-changing neutral
currents and rare K decays.
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Figure 10: Measurements of A%, Ab, and Ab
FB are plotted in A%-Ab space. The MSM

prediction appears as a horizontal line and the best fit to the data is shown as
concentric 68% and 95% ellipses.

4.4 Consistency with the Minimal Standard Model

We can compare the Z pole electroweak measurements with others and the Stan-
dard Model using the “Model-Independent” S and T parameters of Peskin and
Takeuchi [8]. The S and T parameters describe the effects of vacuum polarization
corrections and can describe a more general theory so long as vertex corrections
and other non-universal effects are small. To perform the analysis, fourteen EW
measurements (the W -mass mW [2], the ratio R−ν measured in neutrino scatter-
ing [9], the weak charges of Cesium [10] and Thallium [11], ΓZ, σ 0

h , R%, A
%
FB , Aτ ,

Ae, ALR, Ab
FB , A

c
FB , QFB) are fit to S, T , αs , and the hadronic part of the elec-

tromagnetic vacuum polarization correction ∆α5
had(m

2
Z) (which is constrained to

277.5±1.7×10−4 as suggested by Kuhn and Steinhauser [12]). The results of the
analysis are presented in Fig. 11. The 68% confidence regions for the most pre-
cisely measured observables appear as bands. Note that all of the quantities that
determine sin2 θeff

W have been combined into a single band. The results of the fit
are shown as concentric 68% and 95% elliptical confidence regions. The predic-
tion of the MSM appears as the banana-shaped region for mt = 174.3± 5.1 GeV
and 100 GeV<mH < 1 TeV.

Examining Fig. 11, we can see that the sin2 θeff
W -band is the smallest and pro-

vides the most information. Due to recent improvements, the measurement of
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Figure 11: S-T analysis of fourteen precisely measured electroweak observables.

mW now provides the second most precise input, and is slightly ahead of ΓZ. The
data are clearly consistent with the MSM and favor a “light” Higgs boson. This
observation can be made more quantitative by applyingmt = 174.3±5.1 GeV as
a constraint, and fitting the S-T likelihood function for mH. The 95% one-sided
confidence limit on the Higgs mass is 217 GeV.

It is interesting to note that the possible Ab anomaly discussed in Section 4.3
does affect these conclusions somewhat. Excluding the three hadronic determi-
nations of sin2 θeff

W from the S-T analysis, changes the picture to the one presented
in Fig. 12. Note that the S-T region determined by the leptonic measurements of
sin2 θeff

W is still the smallest, but the agreement with the MSM becomes marginal.
The Standard Model region is nearly excluded by a 95% one-sided confidence in-
terval in S. The central value of the Higgs mass determination is 42 GeV and the
one-sided 95% upper limit is 118 GeV.

5 Conclusions and summary

• The era of Z pole electroweak physics has come to an end.

• The decade has been a “Golden Age” for precise electroweakmeasurements:

– The Z massmZ is measured to 2.2×10−5! It is the third most precisely
determined electroweak parameter and used as an input to the theory.
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Figure 12: S-T analysis of eleven precisely measured electroweak observables.

– The other lineshape parameters are measured at the 10−3 level which
is an experimental tour de force and leads to the remarkably precise
determination of the invisible width and the conclusion that there are
three light neutrinos and essentially no width for other unseen pro-
cesses.

– The effective weak mixing angle sin2 θeff
W determines most of what we

know about loop-level processes.

• There is generally good agreement with the Minimal Standard Model, but
there are still some lingering inconsistencies with leptonic and hadronic
determinations of sin2 θeff

W :

– The measurements of Ab are anomalous by 2.7σ .

– The inconsistency has consequence for the interpretation of the data
in terms of the MSM. If there is an anomaly in the Zbb couplings, then
the agreement of the data and MSM is marginal.

• We are leaving the Z a bit too soon. Real improvements could be realized
with more running of the SLC/SLD program.

• We have made enormous progress in the last 10 years. An S-T plot describ-
ing the state of electroweak physics 10 years ago is shown in Fig. 13. The
current plot (Fig. 11) is shown as the dashed inset.
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Figure 13: S-T analysis describing electroweak data available at LP89.

The author would like to thank Bob Clare and his colleagues in the LEP Elec-
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