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This paper provides a theoretical framework for the high-precision (~ 1%) electroweak experiments that
are hkely to be done in the next ten years. The authors have collected the Standard Model (SM} predic-
tions of 14 weak neutral-current observables and 15 F and Z properties to the one-loop level and have
calculated the deviations that would be caused by ten general types of possible new physics that enter at
the tree or loop level. Certain experiments appear to have special promise as probes of the new physics
considered here. Most importantly, a systematic procedure is introduced that provides a prescription for
the analysis of future experimental data and the means of delineating the nature of new physics if quanti-
tative deviations from SM predictions are observed.
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I. INTRODUCTION AND MOTIVATION

This paper is based on and updated from M. Luo's Ph.o.
thesis, University of Pennsylvania, UPR-0446T, 1990.

The purpose of this paper is to provide a theoretical
framework for the high-precision weak-interaction exper-
iments that are likely to be done in the next ten years. '

These experiments, each designed to have a precision of
the order of one percent or better, will test the elec-
troweak interaction component of the Standard Model
(SM), the Glashow-Weinberg-Salam theory (Weinberg,
1967, Salam, 1969, Glashow et al. , 1970), to high pre-
cision, and might possibly detect new physics beyond the
SM. They will provide a complementary alternative to
the more direct method of studying higher-energy phe-
nomena to find departures from the SM.

The establishment of the SM is one of the major ac-
complishments in particle physics during the past 20
years. The SM is mathematically self-consistent and is
compatible with all known experimental data, including a
wide variety of low-energy neutral-current processes (see,
for example, Kim et al. , 1981;Amaldi et a/. , 1987; Costa
et al. , 1988; Fogli and Haidt, 1988; Langacker and
Mann, 1989; Langacker, 1990a, 1991a; I.angacker and
Luo, 1991a). But there are questions that cannot be
answered satisfactorily within the framework of the SM
(see, for example, Langacker, 1989b and 1990b). For ex-
ample, why are there so many undetermined free parame-
ters (21 of them)'? Why is the gauge structure a product
of three gauge groups rather than just a single one? Why
are there three generations, etc.'?

If we believe that all the fundamental forces can be
united by one gauge group, and that physical parameters
should be determined by the theory itself rather than
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88 Langacker, Luo, and Mann: High-precision electroweak experiments

having to be put in by hand, then we need to seek a more
fundamental theory, which is not subject to these
shortcomings and which will reduce to the SM at present
energies. To do so, we construct new theories and mod-
els, such as grand unified theories, supersymmetry, and
superstrings. Experimentally, we try also to detect new
physical phenomena that might be induced by such un-
derlying new physics. One direct way is to push the
center-of-mass energy higher in experiments, i.e., to build
higher-energy colliders. There is, however, a comple-
mentary approach, which is relatively inexpensive and
technically feasible. It is based on the observation that
the precision of present electroweak experiments will be
substantially improved in the next decade. If there exists
physics beyond the SM, there might be remnants of that
physics at present energies that would cause small devia-
tions of various physical quantities from the SM values.
The deviations would be too small to be observed given
the present experimental errors, but might become amen-
able to more precise experiments.

In the next ten years, there will be performed a series
of high-precision experiments relating to the properties
of the Z and 8 bosons and to weak neutral-current ob-
servables (Altarelli et al. , 1989; Langacker, 1989b,
1990b). The Z-boson mass has already been measured
very precisely at the e+e collider LEP (Large Electron
Position Project) at CERN; the world-averaged value of
Mz is now 91.177+0.031 GeV (Dydak, 1990; Fernandez,
1990). The Z total and partial widths, the forward-
backward and possibly polarization asymmetries in
e +e collisions [SLC (see Blochus et al. , 1986 and
Swartz, 1987); LEP (see Ellis and Peccei, 1986 and Alex-
ander et al. , 1988; Altarelli et al. , 1989)], and the W-

boson mass [LEP 200 (see Ellis and Peccei, 1988, Vol. 2);
CDF (see Abe et al. , 1990); UA2 (see Aitti et al. , 1990)]
have been or will be measured with high but somewhat
less precision. High-precision measurements of
neutrino-electron scattering [LCD (see Allen et al. ,

1988); CHARM II (see Geiregat et al. , 1989)], atomic
parity violation (Bouchiat and Pottier, 1986; (Bouchiat,
1990), deep-inelastic neutrino scattering (Bolton et al. ,
1990), and other neutral-current processes are all likely
to be performed. With these forthcoming experimental
data, the electroweak part of the SM can once again be
verified, to see whether it is still a correct theory or sim-

ply a good approximation at low energy and low experi-
mental accuracy. In this paper we investigate these pos-
sibilities by putting the theoretical models and experi-
mental possibilities together. We explore how experi-
mental data will constrain theories and how theories may
guide future experiments. Specifically, this paper at-
tempts to provide a general formalism for the global
analysis of such high-precision electroweak experiments.
[Previous studies with similar aims are given in SLC (see
Blochus et al. , 1986 and Swartz, 1987); LEP (see Ellis
and Peccei, 1986 and Alexander et al. , 1988); Boudjema
et al. , 1988, 1989; Lynn et al. , 1988); and Renard and
Verzegnassi, 1989.] We focus on weak neutral-current

phenomena, Z-pole physics, and the Fmass. The impli-
cations of charged current experiments are reviewed in
Rosner (1990), and LEP 200 measurements in Ellis and
Peccei (1988, Vol. 2).

With the improvement of experimental precision,
another important physical phenomenon will be brought
into more serious consideration, namely, radiative
corrections within the SM. The radiative corrections are
generally small; they are usually of the order of a few per-
cent of the Born approximation value. But some of them
can be large; e.g., the radiative corrections to the masses
of 8'and Z bosons are as large as 4 percent. These con-
tributions are sensitive to the top quark mass m, (Velt-
man, 1977; Chanowitz et al. , 1978), and have been used
to set an upper limit, m, (O(200 GeV) (Langacker,
1989a; Ellis, and Fogli, 1988, 1990; Langacker and Luo,
1991a). With one percent experimental errors, the radia-
tive corrections for physical observables will be crucial:
the SM predictions of physical observables with radiative
corrections are essential to the verification of the SM it-
self, and, furthermore, they must be included if one is to
use the observables to search for small deviations due to
new physics. It is therefore necessary to calculate the ra-
diative corrections as accurately as possible. We have in-
cluded radiative corrections at the one-loop level to all of
the SM predictions in our analysis. Note that the SM is
now established as correct to an excellent first approxi-
mation. Hence we can apply the SM radiative correc-
tions, treating any new physics (whether it enters at tree
or loop level) as a perturbation.

In detail, the physical quantities considered here in-
clude the masses of Z and 8'bosons; partial widths of the

2Radiative corrections to weak neutral-current phenomena
have been carried out in great detail. A partial list includes ear-
ly work (Marciano, 1979; Passarino and Veltman, 1979); the ori-
gin and early development of the on-shell scheme (Marciano
and Sirlin, 1980, 1981; Sirlin, 1980, 1984); the MS scheme
(Sarantakos et al. , 1983; Marciano and Sirlin, 1983, 1984b;
Blondel, 1989; Sirlin, 1989, 1990; Fanchiotti and Sirlin, 1990);
the relations between the on-shell scheme and the MS scheme
(Marciano, 1990a, 1990b; Degrassi et al. , 1991; Degrassi and
Sirlin, 1991); and the + scheme (Lynn et al. , 1986; Kennedy
and Lynn, 1989; Kennedy et al. , 1989). For a review, see Lynn
and Wheater (1984) and Hollik (1990). For the Z-decay widths,
especially the top contribution to the bb width, see Akhundov
et al. , (1986), Beenakker and Hollik (1988), and Bernabeu et al.
(1990). For the Z line shape, see Bardin et al. (1988, 1989);
Berends, Burgers, Hollik, and van Neervan (1988); Berends, van
Neervan, and Burgers (1988); Riemann and Sachwitz (1988);
and Borelli (1990). For the Mz-M~ relation, see Marciano and
Sirlin (1984a) and Hioki {1983, 1989, 1991). For higher-order
effects, see Albert et al. (1980); Consoli et al. (1983); Jeger-
lehner (1986a); Kniehl et al. (1988, 1988a, 1988b; see also
Kniehl and Kuhn, 1989 and 1990 and Kniehl, 1990a, 1990b);
Borrelli, (1990); Djouadi et al. (1990); and Riemann et al.
{1990).See also Ellis and Peccei {1986),Alexander et al. (1988),
Blochus et al. (1986), Swartz (1987), and Altarelli et al. (1989).

Rev. Mod. Phys. , Vol. 64, No. 1, January 1992



Langacker, Luo, and Mann: High-precision electroweak experiments 89

Z boson; e+e asymmetries at the Z pole and slightly off
the Z pole; ve cross-section ratios; atomic parity viola-
tion; and vX deep-inelastic scattering. The observables
considered, their expectations in the SM, and their
present and projected experimental uncertainties are
given in Table I. We consider several types of new phys-
ics that can be constrained or detected by precision ex-
periments; these are listed in Table II. They include five
general types that affect the neutral current and boson

mass observables at the tree level (lowest order): extra Z
bosons (Durkin and Langacker, 1986; Amaldi et al. ,
1987; Costa et a/. , 1988; del Aguila, Moreno, and Quiros,
1989, 1990, 1991; Altarelli, Casalbuoni, Dominici, Feru-
glio, and Gatto, 1990a, 1990b; Altarelli, Casalbuoni,
Feruglio, and Gatto, 1990a, 1990b; Cvetic and Langack-
er, 1990; Gonzales-Garcia and Valle, 1990a, 1990b, 1991;
Layssac et a/. , 1990; Langacker and Luo, 1991b;
Mahanthappa and Mohapatra, 1991),nonstandard Higgs

TABLE I. The observables considered in this article, their SM predictions, and their present and fu-
ture experimental uncertainties (including theoretical uncertainties where they are important). The SM
predictions use the observed value of Mz and assume m, =100 CxeV, and MH ——100 GeV. gL, g&, R,
8L, and 0& are quantities measured in vN scattering; g&, g&, o. /o, , and o.,/(o +0.„)are relevant to ve

scattering; C&+ Czp~ are measured in atomic parity violation, muonic atoms, and lX scattering; A«,
A», and A~, &

are asymmetries at the Z pole; and the I"s are the partial and total Z widths. The e+e
asymrnetries slightly off the Z pole are brieAy considered in Sec. V.

Quantities
0

Mg (Ge V)
M~(Gev)

2

R„
8,

9y'

&A

~v &g

o„/(o„-+o„)
Cz+

Cz+ (iso)
Cz
C2~

C»(1)
C2

2Cz„+Czg
Ag~(SLC)
A&&(LE~)

AP~(c)
Ay gy(c)

A~~(b)
Apgy(b)

A~~(p)

Appal(p)

A~(7.)
r;„„(GeV)
rg(geV)
r„(gev)
rg(Gev)
rz(Gev)

OsMa

?9.983
0.3QO

0.030
0.312
2.46
5.18

-0.036
—0.504

1.152
0.146
0.129
0.129
—Q.36

—0.014
—0.014
-0.054
—0.033

0.131
0.131
0.473
Q.062
0.697
0.091
0.098
0.013
0.131
0.499

Q.0835
0.296
0.377
2.484

O exp

91.177
8Q. 1

Q.297?
0.0317

2.50
4.59

-0.045
—0.513

1.083

0.03
0.44

0.022
0.025
0.10

0.011

0.012

0.126 0.003 0.01

—Q.45 0.1 0.07

0.11 0.04 0.00?

0.024 0.007 0.004

0.482
0.0839

0.235
0.372
2.497

0.016
0.0007
0.038
O.Q64
0.015

0.00?
0.0016

0.02
0.03

0.001

(present)
b,O' & b, sin2 8@~

0.031 0.0004
0.3 O.i)018

0.0042 O.QQ57

0.0034 O.Q13
0.001 0.002

O.Q46
0.0026
0.0013
0.0003

0.005
0.0025
0.003

0.0009

0.046
0.0046

0.11
0.004

0.0066
0.0044
0.025
0.007
0.02

0.0054
0.009

0.0035
0.01

O.Q3

0.002
0.0008 '

0.0005
0.01

0.0017
0.04

0.001
0.0015
0.002

0.0014

0.03
0.04

0.016
0.018

(future)
b,O' j' Aszn eg

0.02 0.0003
Q.105 0.0006

Rev. Mod. Phys. , Vol. 64, No. 1, January 1992



90 Langacker, Luo, and Mann: High-precision electroweak experiments

TABLE II. The types of new physics considered in this paper.

Tree level physics: extra S: X, @,g, Zl, ~

non-standard Higgs representations

leptoquarks: type I, type II

extra fermions: u'L &, d&» e&» vl &

compositeness: four-fermi contact operators

Loop level physics: m&, M~

extra fermions

5'-T parameters: gauge boson self-energies

two Higgs doublets

supersymmetry

representations (Lee, 1972), leptoquarks (Pati and Salam,
1974; Shanker, 1982; Buchmuller and Wyler, 1986b; Hall
and Randall, 1986; Buchmuller et a/. , 1987; Herczeg,
1989; Langacker and Riickl, 1991), extra fermions (Lan-
gacker and London, 1988a, 1988b; del Aguila„Garrido,
and Miquel, 1990; Maalampi and Roos, 1990; Nardi and
Roulet, 1990), and four-fermi contact operators associat-
ed with compositeness.

Other types of new physics only a6'ect the observables
in higher order, i.e., via the radiative corrections. They
include additional nondegenerate or degenerate multi-
plets of heavy fermions (Bertolini and Sirlin, 1984; van
der Bij and Hoogeveen, 1987), additional Higgs doublets
(Toussaint, 1978; Einhorn et al. , 1981; Bertolini, 1986;
Hollik, 1986, 1988; Denner et al. , 1990) and supersym-
metry (Eliasson, 1984; Lim et al. , 1984; Lynn, 1984; Gri-
fols and Sola, 1985; Barbieri et al. , 1990; Bilal et al. ,
1990; Drees and Hagiwara, 1990). Most of these exam-
ples of new physics modify low-energy physics only
through 8, Z, y, and y-Z self-energy diagrams; these
can be parametrized by three parameters in addition to
the weak angle sin 9+, (Lynn et al. , 1986; Golden and
Randall, 1991;Holdom and Terning, 1990; Kennedy and
Lang acker, 1990, 1991; Altarelli and Barbieri, 1991;
Marciano and Rosner, 1990; Peskin and Takeuchi, 1990;
Altarelli and Barbieri, 1991; Golden and Randall, 1991).
The unknown top quark and Higgs boson masses, m, and

MH, enter predictions of the observables through radia-
tive corrections. We include these in Table II even
though they are not technically "new physics, " because
the techniques for constraining them are similar to those
in the search for new physics and because they lead to
complications in the analysis. The deviations from the
SM due to the possible new physics in Table II are calcu-
lated numerically with only a single coupling strength pa-
rameter left adjustable. Comparison of these theoretical
results with the projected experimental errors delineates

For a general discussion of effective operators, see Eichten
et al. (1983), Ruckl (1983), Buchmuller and tyler (1986a), and
Randall and Chivukula (1989).

which experiments are sensitive to which type of new
physics and at what level.

We emphasize that testing the SM and searching for
new physics requires the comparison of a number of pre-
cise experiments. Most observables are not absolute pre-
dictions of the SM, but depend on sin 0~. Any single ex-
perimental result can usually be accommodated by
choosing sin 0~ appropriately. However, comparison of
the values of sin 0~ obtained by a number of experi-
ments probes for physics beyond the SM which would
lead to diC'erences in the efT'ective values extracted. Such
global studies are also needed to simultaneously constrain
m, and M&. If a series of high-precision experiments
yield equal values for sin 0~ (within experimental and
theoretical uncertainties), then the SM is successfully
tested at that level and limits can be set on the possible
contributions of new physics.

On the other hand, observed deviations would be evi-
dence for new physics. In this case one wants as much
information as possible to distinguish with clarity the
diferent kinds of' new physics, and also to separate the
elan'ects of the new physics from the unknown I, and MH.
We describe two schemes to distinguish one type of new
physics from another that serve as a prescription for the
analysis of future high-precision experiments. One possi-
bility is to use the sin 0~ values from the dÃerent exper-
iments. The pattern of deviations of the various sin (9~
from each other may be a distinguishing feature. Anoth-
er and more powerful possibility is to compare the ob-
servables directly with the SM predictions. Again, the
pattern of deviations is a diagnostic of the type of new
physics. In either case, the most sensitive probe for new
physics involves the totality of experiments. The high-
precision electroweak experiments of the future and the
theoretical framework of this paper comprise one method
to probe incisively and exhaustively for any weakness in
the SM, and to recognize and identify it if found.

The paper is organized as follows: Following this in-
troductory section, we provide a general formalism for
the analysis in Sec. II, Sec. III is a survey of high-
precision experiments, and in Sec. IV are discussed the
various types of new physics and their e6'ects on the ob-
servables: In Secs. V and VI are collected in tabular and
graphical form the numerical results of the calculations
and the comparison with experimental possibilities. The
conclusions are in Sec. VII.

ll. FORMALISM

Consider a physical observable 0,—for example, the
mass of the Z boson or a cross section —and denote its

Our goal is to explore the sensitivity of different experiments
to the various types of new physics. Hence we consider one

type of new physics a time. The possibility of cancellation be-
tween effects should be kept in mind, but should not be a major
criterion in the design of experiments.
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experimental value as 0," and the theoretical prediction
as 0, . Then, within experimental and theoretical uncer-
tainties,

0T= Oexp (1)a a

if both theory and experiment are correct (the superscript
T will be omitted in the following for convenience).

Since the exact theory is not known, we start from the
SM as a good approximation. Instead of the exact 0„
we have the SM prediction 0, . Were the SM the true
theory, then

g OSM g expa= a a (2)

If it is not, and there exists new physics i beyond the SM,
then

g gSM+ ggi (3)

where AO, is the contribution to 0, of the new physics i.
We assume that contributions from new physics are small
compared with that from the SM, and that they can be
calculated perturbatively. If there exist several types of
new physics, they should be summed:

OsM+ y gOi (4)
I

In general, 0, depends on the SU(2)XU(1) gauge
structure. It also depends on the free parameters of the
theory. In the GWS (Glashow-Weinberg-Salam) theory,
if the masses of the fermions can be neglected, there are
three free parameters, namely,

A third possibility, the + definition, is operationally very
similar to the MS scheme. See the references in Footnote 2.

cx, Gp, s1n 0~
where a= 1/(137.0359895+0.0000061) is the @ED cou-
pling constant, defined in terms of Thomson scattering;
G~ = 1.16637+0.00002) X 10 GeV is the Fermi
weak-interaction coupling constant, determined by the
muon lifetime v.„,' and 0~ is the weak mixing angle.
sin 0~ is the single unspecified parameter in the elec-
troweak theory, representing the mixing between the
SU(2) and U(1) sectors. At tree level, sin 8@, is given by
g' /(g' +g ), where g and g' are, respectively, the SU(2)
and U(1) gauge coupling constants.

When higher-order terms are included, one must define
a renormalized sin 0~. One possibility is the on-shell
definition sin 0~. Within the context of the Standard
Model sin 8g is defined as 1 —Mii /Mz, where Mii and
Mz are the measured masses. A useful generalization to
a wider class of theories, which we adopt, is
s1n 0&= 1 ~w, sM ~~z, sM where ~p', sM and ~z, sM are2 M 2 2

the masses of 8' and Z before applying any shifts due to
new physics but including higher-order terms (Marciano
and Sirlin, 1980; Sirlin, 1980, 1984). For most purposes
this is a very convenient definition, although it is some-
what awkward for dealing with a heavy top quark.
Another possibility is the MS definition (see, for exam-

pie, Sarantakos et al. , 1983; Sirlin, 1989, 1990; Marciano,
1990a, 1990b; Degrassi and Sirlin, 1991; Degrassi et aI.,
1991) sin 8' =g' /(g' +g ), where the (n —4) ' poles
in dimensiorial regularization and some associated con-
stants (log4m. —yz) are subtracted from g' and g. It is
convenient to evaluate the couplings at the scale
Q =Mz. The two definitions are related by
sin 8~(M, ) =C(m„MH ) sin 8g, where C= 1.013 for
m, =MH=100 CreV. These definitions should yield the
same predictions if some appropriate summations of
high-order terms are taken (Degrassi et a/, 1991;Degras-
si and Sirlin, 1991). However, since we are dealing with
deviations from the SM and only to the lowest order of
perturbation, our analysis is essentially independent of
which definition of sin 0~ is used.

Both 0, and 0, can be expressed as functions of
sin 0g,

0, =O, (sin 8ii, ) and 0, =0, (sin 8ii, ), (6)

where sin 0~ represents either sin 0~ or sin 0~, depend-
ing on the renormalization scheme used. To get around
our ignorance of the exact value of sin 0~, we de5ne an
effective sin 0~ for each 0, as follows:

with

O, (sin 8', ) =0, (sin 8'ii, )

g b,O,'

Asln 0p =
do SM

xa

(9)

where x'=sin 0+. The validity of the SM requires that
all csin 0~ should vanish and all of the sin 0~ should
be equal to sin 8~ (within uncertainties). The sin 8'ii
would differ from one another if there were new physics
beyond the SM. Thus one way to test the SM is simply
to compare the values of sin 0~ extracted from measure-
ments of different physical quantities 0, .

However, not all physical quantities are sensitive to
sin 0~. For example, the axial couplings of the electron,
neutrino, and quarks are essentially independent of
sin 0~; so is the forward-backward asymmetry of low-
energy electron-positron scattering, which is mainly sensi-
tive to the axial couplings. Some physical information
would be lost if we only pursued this course —it is impor-
tant to have predictions of the physical quantities them-
selves. We therefore consider two analyses: one in which
the 0, are compared directly and one in which the ex-
tracted sin 0~ are compared. In the former all informa-
tion is included, while the latter is easier to use.

sin'0~=sin'0w+~ sin'0w .

That is, sin 0~ is the value extracted from 0,'" assuming
the validity of the SM, while 6 sin 0~ is the shift away
from the true sin 8ii, due to new physics. From Eqs. (4),
(6), and (7) we have

Rev. Mod. Phys. , VoI. 64, No. 1, January 1992
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However, to study the O, we need a numerical esti-
mate of sin 0~ to compute the SM prediction. Even for
the comparison of different sin 0~, it is easier to study
their differences from a single reference value of sin 0~
than from the differences between the sin 0~ themselves.

There are two reasonable choices for the estimate of
sin 8~. one is the world average value (Langacker
1990a, 1991a; Langacker and Luo, 1991a) sin 8'its
=0.2261+0.0036 (on-shell) or sin 8'" =0.2325+0.0009
(MS), where the uncertainty is mainly from the uncer-
tainty in the contribution of the top quark mass I, to the
radiative corrections. sin 0~ is dominated by the ex-
tremely precise measurement of the mass of the Z boson.
Consequently, another possibility is to use the reference
value sin 8ii extracted from Mz (see Footnote 2):

O, (sin 8ii, )=O, (sin 8ii )+ g bO,' . (13)

so

dO sM

O, (sin 8' )=0, (sin 8ii, ) — b. sin 8ii
X

=0, (sin 8ii, )+DO, .

We shall refer to the SM prediction as

(15)

dO sM

0, (sin 8~)=O, (sin 8g, ) — b, sin 8$, , (14)
X

(37.2803 GeV)

p sin 8ii, cos 8g (1 b,r)— O SM( 28z ) (16)

where p and Ar are calculable radiative corrections de-
pending on I„MH, and the renormalization scheme.
Both sin 0~g and sin 0~ may be shifted from the true
sin 0~ by new physics, and that shift must be taken into
account in the analysis. This is easier to do for sin 0~,
since it comes from a single measured quantity, and
therefore sin 0~ is used in this paper. The experimental
uncertainty in sin 0~ is also dominated by the uncertain-
ties in m, and M~ in making the radiative corrections;
the uncertainty is only +0.0004 for fixed I, and MH (see
Sec. III.A). We will take sin 8$, =0.2306+0.0004 (on-
shell) or sin 8g =0.2334+0.0004 (MS) as our estimator,
the value corresponding to m, =100 GeV and M~ =100
GeV. The effect of variations of I, and MH will be treat-
ed separately as if they were new physics.

Expressing the equations above in terms of sin 0~, we
have

sinz0a =sin 0 +g sinz0(a;z)8' 8 8'

with

csin 0" '=csin O' —csin 0 (12)

i.e., 6 sin 0'~ ' represents both the shift in sin 0~ and in
sin 8g due to new physics. A nonzero b, sin 8'i'i, ' ' (i.e.,

beyond uncertainties) would indicate new physics. Equa-
tions (9), (11),and (12) are the basic results for the sin 8ii,
analysis. The value of 6 sin 0'~' ' obtained from experi-
ments by the differences between the measured and the
SM values shown in Eq. (11) can be compared with the
predictions from (9) and (12) for each type of new phys-
1cs.

The numerical values of sin 0~ in the on-shell and MS
schemes may be significantly different (e.g. , 0.003 for
I,=100 GeV). However, the differences 6 sin 8'„"' are
the same in both schemes up to negligible terms of order
(C(m„MH ) —l)h sin 8'g, '

For the analysis based directly on the observables
O, (sin 8~), one uses

while the contribution from the new physics is

dOsM
b, O, = — b, sin 8ii, + g b,O,' .

x
(17)

III. PHYSICAI OBSERVABLES
ANI3 THEIR MEASUREMENTS

In this section we discuss the physical observables, the
methods to measure them, and the predictions of the SM
(including radiative corrections). The discussions are
summarized in Table I, which gives the SM predictions
0, (sin 8' ) for 29 observables and the present and anti-

At the one-loop level, AO, is independent of the renor-
malization scheme. Again, the first term in AO,
represents the difference between the (assumed) value of
sin 0~ and the true sin 0~, while the second term is the
direct effect of the new physics on 0, . The calculated
O, (sin 8', ) in Eq. (15) are the quantities to be directly
compared with experiment. The experimental values of
b 0, obtained from (15) can therefore be compared with
the predictions for each type of new physics calculated
by Eqs. (8) through (17).

There is no straightforward way to calculate the right-
hand side of Eq. (17), because the true theory is absent.
The best that one can do is to build models with the gui-
dance of some physical principles and start from them.
Reasonable models should reduce to the SM at the
present energies; their remnants are presumably small
and can, as a consequence, be treated as perturbations.

The general types of new physics treated in this paper
break down to 27 separate, possible new-physics contri-
butions. The deviations AO,' from the SM due to these
contributions are calculated numerically, and the results
are collected in Sec. V. The effects of different values of
m, and M~, the top quark mass and the Higgs boson
mass, respectively, are also given in Sec. V.
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(c) Low-energy efFective v„-electron coupling coefficients
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C)

l
O4

to the one-loop level. In Eq. (18), b, r and p
—1 are radia-

tive correction parameters that depend on m„M~,and
the renormalization scheme. In particular, Ar represents
the radiative corrections relating p decay, neutral-
current reactions, and M~z, while p=M~/Mz cos 0~
is a6'ected by isospin-violating W and Z self-energy
corrections. In the on-shell scheme p=1 by definition,
with these e6'ects absorbed into the value of sin 0~. For
small m„Ar is largely controlled by the running of a
from a '(0) = 137.036 to a '(Mz ) = 128. One has

a(Mz) = 1.07,
1 hr —a(0) (20)

0.224 0.227 0.230
SIA e~

0.233 0.235

FIG. 29. I z vs sin 0~.

(iv) final-state polarization asymmetry of the r lepton,
A, i(r).
(f) Z-decay widths:

(i) partial Z decay widths: I —;f =v, e, u, d;
(ii) inclusive Z decay width: I z.
These observables are selected because they have

reasonably high probability of being measured with high
precision ( l%%uo) in the coming decade. Certain other
observables, such as forward-backward asymmetries in
pp~Z~l+l, are closely related to those considered
here.

A. Mz, M

In the SM, weak interactions are mediated by three
gauge bosons: 8 * and Z. They acquire masses through
the Higgs mechanism once the SU(2) X U(1) gauge sym-
metry is spontaneously broken. In the minimal SM,
these masses are predicted to be (see, for example, Sirlin,
1980; Marciano, 1990a, 1990b; Degrassi et al. , 1991)

(i) left-right asymmetry with initial longitudinally po-
larized electron beams, A LR,

'

(ii) forward-backward asymmetries of final-state fer-
mions: AFn(f), f =u, d, p;

(iii) mixed forward-backward asymmetries of final-state
fermions with initial polarized electrons;

AP~(f), f =u, d,p;

gg [(ggexP)2+(ggth)2+(ggPred)2]l/2

where

(21)

so that Ar =0.07. The value of Ar in the on-shell
scheme, hr~, is particularly sensitive to large I, from 8'
and Z self-energy corrections; one expects
ArM =0.0576+0.0009 (0.0187+0.0009) for m, = 100 (200)
GeV, both for MH = 100 GeV. In the MS scheme
hr ~hr~ is insensitive to rn„while p —+p = 1.0036
(1.01S9) for m, =100 (200) GeV, MH=100 GeV.

The four LEP experiments —ALEPH, DELPHI, L3,
and OPAL —yield the extremely precise value
Mz =91.177+0.031 GeV (Dydak, 1990; Fernandez,
1990), where the uncertainty is essentially the uncertainty
in the LEP energy, +0.030 GeV. This value of Mz to-
gether with the assumed values I,= 100 GeV and
MH=100 GeV are used as the input parameters in the
numerical calculations that follow and are referred to as
the standard input parameters (SIP) in the remainder of
he paper With these inputs sin20z~=0. 2306+0.0004

(on-shell) or 0.2334+0.0004 (MS). The experimental er-
ror of 0.031 GeV in Mz corresponds to an error of
0.0002 in sin I9~. However, the theoretical uncertainty
(for fixed m, and MH ) in b, r is 0.0009 from hadronic
corrections to the photon self-energy (Jegerlehner,
1986b; Burckhardt et al. , 1988). This causes a theoreti-
cal error of 0.0003 in sin 0~, leading to a total error of
0.0004. The errors in Mz may eventually be improved to
20 MeV or better, corresponding to a total uncertainty of
0.0003 in sin 0~.

Since we shall always be comparing measured observ-
ables 0;"p with the SM prediction 0, (sin Oii, ), the
e6'ective uncertainty in each observable 0, is obtained by
combining the experimental and theoretical uncertainties
(60;"P and b, g,'", respectively) in the determination of
0, itself with the theoretical uncertainty 60," in the
prediction:

~a/&26F
Mz' =

p cos gii, sin Hid, (1 b,r)— dosM
go pred g z

d sin Ops
(22)

vm/&26~

siti Oii (1 kr)
(19)

7There may be additional @CD uncertainties for large m,
{Kniehl, Kuhn, and Stuart, 1988a, 1988b; Kniehl, 1990a, 1990b;
Halzen, and Kniehl, 1991).
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and hx =0.0003 is the uncertainty in sin 8~. In prac-
tice EOP" is small compared to the other uncertainties,
except possibly for measurements of A„„,A„s(b),Ms,
and C, + (iso).

The present world-averaged value of Mz, is 80.1+0.3
GeV which leads to an error of 0.0018 in sin 8~ for the
SIP, independent of renormalization scheme. This value
is dominated by the UA2 measurement of the ratio
Mz, /Mz =0.8831+0.0055 (Alitti et al. , 1990), in which
the systematic error due to the energy scale is largely
canceled, and by the absolute measurement
Ms, =79.91+0.39 GeV of CDF (Abe et al. , 1990). These
values are in excellent agreement with the SM prediction
79.98+0.04 GeV using SIP. Qne expects improved mea-
surements by three independent techniques: 8'produc-
tion at the Tevatron, 8'exchange at HERA, and the re-
action e+e ~8'+8' in the second phase of LEP
(LEP 200). A reasonable projection of the experimental
error on Ms, is 100 MeV [LEP200 (see Ellis and Peccei,
1988, Vol. 2); Langacker, 1989b, 1990b], which would
lead to an error of 0.0006 in sin 8~. There is an addi-
tional theoretical uncertainty of -30 MeV in the predic-
tion due to bMz and the (correlated) uncertainty in b, r,
leading to an effective uncertainty EMs = [(EMs" )

+(bMg", ) ]'~ =105 MeV and correspondingly
6 sin 0~-—0.0006.

gJ =eL (u)+eL (d),

gs =e~(u)+e~(d»

Ot =tan 'eL (u)/eL (d),

H~ =tan 'e„(u)/e„(d).

(24)

(25)

(26)

(27)

TABLE III. Standard Model predictions (at the tree level) for
the neutral-current observables. The chiral couplings are
eL, (i)=I3L,{i)—q; sin 0~ and ez{i)=—q; sin 8~, where I3L, (i)
and q, are, respectively, the 3rd component of weak isospin and
electric charge of fermion i. The e6ect of radiative corrections
is to introduce form factors and new terms, e.g. ,
eL(u) ~pNc ( 2 3 K '"'sin'8 w)+ ~ I where pNc K ' '= 1

and A,„l=0 at the tree level. The corrections depend on the ki-
nematic variables, m„and MH, and on the renormalization
scheme. The full one-loop corrections are included in our nu-
merical analysis.

Using the SIP, gL =0.2997, g~ =0.0301, OL =2.46, and
Oz =5.18.

Measurements of eL z are significant accomplishments
of the second and the third generation weak neutral-
current experiments. In particular, measurements of the
deep-inelastic-scattering cross-section ratios

o (v„N~v„X) (o„N~.vs)R = " ", R
o (v„N~p X) o(v„N~. /J, +X)

B. Low-energy effective neutrino-quark
coupling coeScients Quantity Expression

46~ n

L,it= — g—vy"PL v g [eL (i )q; y„PLq(
a= 1 i

+ez(i)q;y„P„q;], (23)

where PL s =(1+y~)/2 are projections onto left- (right-)
handed fermions. The expressions for the eL+(i) and
other parameters in the SM (at tree level) are listed in
Table III. The weak interactions of hadrons are compli-
cated by the-strong interactions. In elastic scattering,
one acquires the form factors of the hadrons; in deep-
inelastic scattering, one encounters the quark distribu-
tions within the hadrons. Detailed analysis can be found
in Kim et al. (1981), Amaldi et al. (1987), Costa et al.
(1988), Fogli and Haidt (1988), Langacker and Mann
(1989), Langacker (1990a, 1991a), and Langacker and
Luo (1991a). The quantities extracted from experiments
are the following combinations of the el z.

8For radiative corrections, see Marciano and Sirlin (1980).

In an arbitrary gauge theory, the interaction between
neutrinos and quarks involves only V and 3 currents;
i.e., except for negligible Higgs contributions S, P, and T
couplings are absent. The low-energy effective Lagrang-
ian can then be written as

eL,(u) (gv + g„)/2 -', —-' s1n' Hw

e&(u) = (gv —g~)/2 ——»n' Hw

&~(d) = (gv+ g~)/2 ——,'+ —,
' sin'Hw

e~(d) = (gv —g~)/2

CL, tc EL

0,

tan-' el, (u)/e~(d)
tan-' .~(u)/e„(d)

eL, (e) = (gv + g„')/2 —-', + sin' Hw

gxgv

gvg~

+Id 2gAgv

Csg = 2gvg~

——+ —s1n Hw
1 4 2
2 3

——+ 2 s111 Hw2

1 2 ' 2
2

— S1Il Pgr

——2 s1n Hw
1 2
2

C~ | = ~ — ~ S1Xl

e~~(e)+a~~(e)/3
a/z e2 (e)/3+a~ (e)

R EL (8)+6&(S)/3
V VVc (e~(e)+1)~+a~~(e)/3+ez (e)/3+@2~(e)
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2

=gL +gg 7~ R =gL + (29)

where

cr ( v„N~p X) —,
' +&

o (v„N~p X) I+«3
is the ratio of charged current cross sections and
a=0.125 is the ratio of the fraction of the nucleon's
momentum carried by antiquarks to that carried by
quarks. In practice, many small corrections for quark
mixing, s and c sea, the c-quark threshold, Q evolution
of structure functions, etc. , must be applied to Eq. (29).
R has been measured to 1% at CERN and Fermilab.
Deep-inelastic scattering from nonisoscalar nuclei or in
experiments in which the target nucleon can be identified
as p and n., as well as elastic-scattering experiments,
yields additional information on OI and Oz. The present
experimental values are (Kim et al. , 1981; Amaldi et al. ,
1987; Costa et al. , 1988; Fogli and Haldt, 1988; Langack-
er and Mann, 1989; Langacker, 1990a, 1991a; Langacker
and Luo, 1991a) gr =0.2977+0.0042, which leads to
b, sin Hid, =0.0057; g& =0.0317+0.0034 (csin gii,
=0.013); 81 =2.50+0.03 (6 sin Oii =0.05); 0~
=4.59+o 27, which is not sensitive to sin 6I~. The uncer-
tainties in gL and g~ and the corresponding sin 0~
values are dominated by theoretical uncertainties and in-
complete knowledge of certain physical quantities, espe-
cially the threshold for c-quark production in the
charged current denominators. From deep-inelastic
scattering, b sin Oii, =+0.003+[0.005] for fixed m, and

M~, where the second uncertainty follows from a realis-
tic estimate of the error in charm production in

v„(d,s)~p, c, which is obtained from neutrino-induced
dimuon production (c~@+X) (Amaldi et al. , 1987;
Brock, 1988; Shaevitz, 1990).

There may be future deep-inelastic experiments using a
high-energy v„beam, e.g., at Fermilab (Bolton et al. ,
1990). At high energies the theoretical uncertainties will
be reduced and one may obtain a measurement of
R =gl +0.4g~ corresponding to 6 sin L9p. =0.002 or
better.

C. Low-energy effective
v„-electron coupling coefficients

The effective Lagrangian of the v„-electron interaction
assumes the following general form at low energy:

on approximately isoscalar targets yield precise values of
gL and g~. Most theoretical uncertainties involving
structure functions and systematic uncertainties concern-
ing the neutrino Aux cancel in the ratio. In the simple
parton model

2GF
—v„t"&iv,e7'„(gv —g~) ~)e (31)

V e~v e
P I-tR

V/V
Ve~V e

P P

(32)

With the SIP, R /
=1.152. The experimental difficulty

in making a precise measurement of R / arises from the
necessity of separate normalization of the v„and v„
Auxes. The present error of R / is 0.1, which leads to an
uncertainty of 0.01 in sin 0~. The future error of R /
[CHARM II (see Geiregat et al. , 1989)] is projected to be
0.05, which leads 6 sin 0~=-0.005.

Another type of experiment would measure the ratio
[LCD (see Allen et a/. , 1988)]

OVe Ve
P P

V/VV —,+OVe Vee e

(33)

With the SIP's, R / — 01455 R / — is about —,
' of

e

R / rather than —,', the reason being that o, , is
V/V

much larger than o, , due to the charged current

contribution. The advantage of this experiment is that it
is self-normalizing. If the neutrinos from charged-pion
decays at rest are employed, the systematic uncertainty
in R / can be reduced to 2%%uo or less, which would lead

e

to an error of 0.0025 in sin 8~, as given in the LCD
(Large Cerenkov Detector) proposal at Los Alamos.

with the SM expressions' for g~ ~ given in Table III.
The v e interaction is essentially an axial-vector transi-P
tion, since gv = —

—,
' +2 sin 0~ is very small for

sin 0~=0.23. Other quantities proportional to the vec-
tor part of the Zee vertex are suppressed by the same fac-
tor, e.g. , the C2 coefficients of atomic parity violation and
the asymmetries in e e ~p, +p at the Z pole (see later
in this section). g„is sensitive to sin Oii, and is predicted
to be exactly —

—,
' in the SM at tree level. With the SIP,

g~= —0.0361 and gz = —0.5037. Their present experi-
mental values are (Kim et al. , 1981; Amaldi et al. , 1987;
Costa et ah. , 1988; Fogli and Haidt, 1988; Langacker and
Mann, 1989; Langacker, 1990a, 1991a; Langacker and
Luo, 199la) g i, = —0.045+0.022, which leads to
5 sin 0~ =0.01; gz = —0.513+0.025. The measurement
of the ratio gi, jg„is expected to be improved, but not
the separate values.

This interaction is not complicated by strong-
interaction effects. Here we emphasize two types of ex-
periments that minimize possible systematic errors and
that, with sufficient statistics, would yield precise values
of the measured quantities. One measurement is of the
ratio

Recent results include CHARM (see Allaby et al. , 1987),
CDHS (see Blondel et al. , 1990b), FFM (see Mattison et al. ,
1990), and CCFR (see Reutens et al. , 1990). For radiative corrections, see Sarantakos et al. (1983}.
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O. Atomic parity-violation coupling constants

,aL' = — ——g (C„ey„yeq;y"q;
2

+ C2, ey„eq.; y "y5q; ) . (34)

The following combinations are the quantities extracted
from experiments: C)+ =0.666Ciu +0.747Cid
C) =0.747C&u 0.666C,d,
Cz~ +C2„—Czd, where the combination C&+ corre-
sponds to parity violation in the cesium atom. The mag-
nitude of the Cz,. are much smaller than those of the C&,-,
as mentioned above. Given the SIP, C&+ =0.1291,

There are several ways to observe the effects of I.' ex-
perimentally. One is by the scattering of longitudinally
polarized electrons on nuclei. The SLAC polarized
e ~ ~D ~eX deep-inelastic asymmetry experiment
(Prescott et al. , 1979) was crucial in establishing the va-
lidity of the SM in the late 1970s. Subsequent experi-
ments have measured polarization asymmetries in
muon-carbon deep-inelastic scattering (Argento et al. ,
1983, 1984), and in electron-carbon (Souder et al. , 1990)
and electron-beryllium elastic or quasielastic scattering
(Heil et al. , 1989). On the other hand, L' will mix the
energy levels of an atom with different parities. That
mixing can be detected by observing the difference of the
induced transition rates of an atom when the polarization

N

In the GWS theory of the electroweak interaction, for
each y channel there is always a Z channel accompany-
ing it, as is shown in Fig. 30. At high energy, both chan-
nels are comparable. But at low energy, the Z channel is
suppressed by a factor of q /Mz where q is the momen-
tum transfer. Nevertheless, this tiny effect can be detect-
ed if it is enhanced by some mechanism and if experi-
ments can be performed with high precision. One such
effect is manifested in the atomic parity-violation
phenomenon caused by the Z-channel interaction be-
tween an electron and nucleus in an atom. Nuclei and
electrons are bound by electromagnetic interactions that
do not violate parity. But the accompanying Z channel
has both a vector piece and an axial-vector piece, so there
are V, A cross terms that violate parity (see Bouchiat and
Pottier, 1986; Noecker, 1988; Dzuba et a/. , 1989; Blun-
dell et al. , 1990; Bouchiat, 1990; Hartley and Sandars,
1990; for radiative corrections, see Marciano and Sirlin,
1983, 1984a). In general, the cross terms can written as

of an incident laser beam exciting the atom is changed.
Successful experiments in cesium with errors of a few
percent have been done in Boulder and Paris (Noecker
et al. , 1988). The theoretical predictions involving high
Z atoms have also been improved recently to the l%%uo lev-
el, because, for example, cesium involves a single electron
outside of a tightly bound core, allowing an accurate cal-
culation of the necessary matrix elements (Dzuba et al. ,
1989, Blundell et al. , 1990; Hartley and Sandars, 1990).
One now has

Q~—:—376C,„—422C, d

= —71.04+1.58+[0.88], (35)

for the effective weak charge in cesium, where the first
(second) uncertainty is experimental (theoretical). This is
to be compared with the Standard Model prediction for
cesium Qg'= —73, almost independent of m, . A third
way to measure the effect of I.' is by optical rotation.

The present experimental values of the coefficients are
C&+ =0.126+0.003, which leads to 5 sin 0~ =0.009, and
C] 0 45+0 10 which leads to 6 sin t9 ~ 0 07 C2p
and C2 are poorly determined. The experimental error
of C&+ may soon be reduced to &0.5%. The total error
would then be dominated by the theoretical uncertainty
of —1%, which would lead to b, sin 8~=0.003. Future
measurements involving different isotopes of cesium or
other elements may allow determinations of the C&'s

from ratios of measurements in which the atomic matrix
elements cancel. We project two uncertainties for C&+.
a 1% uncertainty expected soon ( C, + ) and a later possi-
ble 0.2% uncertainty from the use of different isotopes
[C,+(iso)]". The present precision of C, will probably
not improve very much.

The C& coefficients are enhanced relative to those of
Cz in heavy atoms, because the Cj matrix elements are
coherent with respect to the nucleons, while the Cz terms
involve the nuclear spin (Bouchiat and Pittier, 1986;
Bouchiat, 1990). It is therefore dificult to extract C2„
and C2d from experiments in heavy atoms, and, in addi-
tion, there are no immediate prospects for measurements
of atomic parity violation in hydrogen or other light ele-
ments. However, there is a proposal to measure parity
violation in muonic boron atoms at PSI (Paul Scherrer
Institute) (Missimer and Simons, 1985, 1990, Langacker,
1991b). If this experiment is realized, linear combina-
tions of C, and Cz coefficients can be measured to 10%
or better. A 10% measurement would lead to
5C2p 0 046 and 6C2 0 1 1 Better measurements of
pB may be possible in the future. 'We shall therefore con-
sider possible determinations of C2p and C2 in 10%

FICz. 30. One-photon and Z-exchange contributions to the
electron-nucleus interaction.

I IWe utilize C&(iso) for simplicity. In practice, other functions
of the C; are likely to be measured. For example, from mea-
surements on isotopes, one may obtain C&„=C 1+ /(4C &d

+2C& ), with hCl =. 0.4436C&+ +0.15&CD
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measurements (Cz~, C2 ) as well as a possible determina-
tion b, C2~ =0.005 in a l%%uo measurement [C2~(1)]. These
would not yield a precise determination of sin 0~, but
are sensitive to certain types of new physics in the
analysis based on the observables. It should be cautioned
that there may be theoretical ambiguities in the interpre-
tation, due to the strange quark sea and to nuclear ana-
pole moment effects (Kim et a/ , 1.981; Kaplan and
Manohar, 1988; Frantsuzov and Khriplovich, 1988;
Beck, 1989; Campbell et al. , 1989; Bouchiat and Piketty,
1991). The constraints on the C, 's from a 1% pB mea-
surement are similar to the expectation of a 1% Cs exper-
iment.

There will be measurements of the electron and quark
couplings to the Z in e p~e X at HERA (Hadron-
Elektron Ring Anlage) Because of uncertainties associat-
ed with the quark distributions and other QCD effects, it
is not apparent what accuracy will be attained. Sensitivi-
ty to new physics should be qualitatively similar to the
other experiments discussed with appropriate scaling of
errors. A future e C asymmetry measurement at the
Bates (MIT) accelerator could possibly determine
C&„+C&dto 1%. The implications would be similar to a
1% cesium measurement but with completely different
systematic errors (Souder et a/. , 1990). Finally, high
statistics e p experiments at CEBAF (Continuous Elec-
tron Beam Accelerator Facility) might measure the com-
bination 2C,„+Cidto 10%%uo [CEBAF (see Siegel, 1987)],
implying 6 sin 8~ —-0.002. Since this has a different iso-
spin structure than the other projected experiments, we
include it in our projections.

f 4s
(38)

dQ (el' eL+, ~fItfl. ) =CJ — (I+«s8)'If RR I',
4s

where

(39)

1, f =leptons,
C ='

3, f =quarks (40)

is the color factor and

E;(e)E,(f)
fv = —&/+ 2~z+'~I z/Mz sm 8' cos 8ii,

(41)

where s is the square of the total center-of-mass energy,
Iij j = [LL j, [LR j, [RL j, [RR j, and

V +A
2

(42)

QRXl 1 X X'CSSlGIl

TABLE IV. Standard Model tree-level expressions for Z-pole
observables. In the SM at the tree level the Z couplings
Af —I3I (f) and V~ I3J (f) 2qI s——in 8~ c—oincide with the
low-energy parameters g~~ ~ relevant to vf ~vf (Table III).
However, in most extensions of the SM, A&&g„, V&&gy.
C& ——jI (3) for leptons (quarks) is the color factor. These expres-
sions reproduce the full SM predictions (including radiative
corrections) as a function of Mz, m„and MH to 5 percent if the
MS value of sin 0~(Mz ), corresponding to the given Mz, m„
MH, is substituted. However, we include the full one-loop
corrections in our numerical values.

E. Asymmetries of e+e
scattering at the Z pole

During the 1980s, measurements of the cross sections
and forward-backward asymmetries in e+e —+p+p

, bb, cc, hadrons, etc. well below the Z pole at PEP,
PETRA, and TRISTAN have been important tests of the
SM (see Kiesling, 1988; de Boer, 1989; Marshall, 1989;
Mori et a/. , 1989; Abe, 1990; see also Amaldi et al. ,
1987). At present and in the future e+e +ff at the Z—
pole at LEP, and SLC (Stanford Linear Collider) will al-
low much more precise tests.

It is straightforward to calculate the cross sections of
e+e ~ff for various final-state ff's to first order.
Taking into account the Z and single-photon annihilation
channels (iff =e or v„there are additional 1-channel di-
agrams) for different helicities of initial and final states,
we have (see Blochus et a/. , 1986; Ellis and Peccei, 1986;
Peskin, 1987; Swartz, 1987; Alexander et a/. , 1988; Al-
tarelli et a/. , 1989; see also the references in Footnote 2)

+ 2 sill e'er2

1 4 . 2 ~
2

——S1Q Pgy

1
2

1 2 ' 2——+ —sin 8~2 3

2VjAg
V~~+A~~

2

d~ (eI. eIt+ ~f1.fit ) =Cy 4-(1+«s8)'IfLL I',
4s

2

dQ (e& elt+~fzf&)=C& (1—cos8) IfLRI4s

A (r) A

~/,„~&z '.(&/)'+ (&/)'.
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Vf —AfEg(f)=
(b) The forward-backward asymmetries of final-state

fermions are

are the couplings of fL z to the Z. The SM expressions
for the vector and axial couplings' Vf and Af are given
in Table IV. In the following, we shall use these formulas
to derive expressions for various Z-pole asyInmetries in
the SM. Except for a comment at the end, we only con-
sider asymmetries at the Z pole, where most of the data-
taking is expected. There the cross section is largest.
Moreover, the electromagnetic contribution is negligible
because it is 90 out of phase with the Z amplitude and
does not interfere.

(a) The left-right asymmetry with longitudinally polar-
ized initial electrons is given by

o(el e+~ yf ff ) o(eg e—+~ yf ff )

cr(eL e+~ g~ ff )+o(e~ e+~ g~ ff )

(44)

where the summation runs through all fermion pairs ff
comprising the final states. ALR is small but sensitive to
sin 0~, so its precise measurement will provide an excel-
lent determination of sin 0~. In particular, the extracted
sin Oii, (Mz ) is insensitive to m, and Mz. It is also a reli-
able quantity theoretically, because uncertainties from
initial-state radiative corrections cancel in the ratio.
Within the SIP, A LR =0.1306. The projected experimen-
tal error of ALR at LEP is (see Blochus et a/ , 1986; .Ellis
and Peccei, 1986; Peskin, 1987; Swartz, 1987; Alexander
et al. , 1988; Altarelli et al. , 1989; see also the references
in Footnote 2) 0.003 if LEP goes ahead with polarization,
corresponding to an error of 0.0003 in sin 8~. At SLC,
an error in A LR of 0.006 is expected. However, we must
fold in the theoretical error hAPR =0.0028 in the SM
prediction of AIR, from AMz and the uncertainty in Ar.
The effective error is therefore hALR =0.0041 (LEP) or
0.0066 (SLC), corresponding to b,sin Oti —-0.0005
(0.0008).

Physically, A „Ris a measure of the interference of the
vector V, and axial A, parts of the Zee vertex, which can
be seen from the tree-level expression

f —f dQ (e+e ~ff)
FB

f +f dQ (e+e ~ff)

We see A„Bis the product of V-A interference of both
initial and final fermions. The first factor is exactly ALR
so it is not surprising that the A„Bhave small values. In
the case of the muon, A „B(p)= —,'( ALR) . With the SIP,
A„B(c)=0.0617, AFB(b) =0.0910, and A„B(p)=0.0128.

The experimental errors of A„Bare projected' to be
(see Blochus et a/. , 1986; Ellis and Peccei, 1986; Peskin,
1987; Swartz, 1987; Alexander et a/. , 1988; Altarelli
et a/. , 1989; see also the references in Footnote 2)
b, A FB(p)=0.0035, or 5 sin Oii, =0.0023; b, AFB(c)
=0.0070, or 6 sin Oii, =0.0017; b, A „B(b)=0.0054, or
6 sin 0~=0.0010.

(c) If polarization becomes available, then the FB
asymmetry for e+e ~ff with a polarized e becomes

3 A, +I,
4 1+P,A, (48)

in place of (47), where P, is the electron polarization.
This would allow a more precise determination of Af
than in the unpolarized case. It is more convenient, how-
ever, to introduce a mixed FB asymmetry in which the
polarization direction is reversed [Blondel et a/. (1988)]:

with f =u, d, p, etc. Here 8 is the angle between the
directions of the incoming electron and outgoing fermion
f. All of the AFii(f) are small and monotonically de-
crease with sin 0~. The reason for this can be seen from
their tree-level expressions:

2V, A, 2Vf Af
&FB( )=—

4 4(v, )2+(A, )2 (vf)2+(Af)2

=—A,AI .=3

2V, A,
ALR

V, +A,
A pB(f)=

where

(49)

The radiative corrections modify the SM predictions for
A LR and other observables slightly. The one-loop
corrections are included in our numerical values. The
small magnitude of ALR is due to the suppression of the
vector part of the Zee vertex, as discussed above.

~LR(f)—
cos8& 0 cos8(0

dQ (el ze+~ff ),
(50)

(51)o= fdQ (e e ~ff) .

In the SM at the tree level, one has V, =gz, A, =gz, etc.
However, we distinguish between ( V„A,}, which are the cou-
plings to the Z, and (g&, gz },which are coefBcients of the ve in-
teraction, because they are different for most extensions of the
SM.

Experimentally, only the asymmetries of heavy quarks are
measured accurately, since it is dificult to identify light flavor
quarks at high energy.
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All of the Alii(f) monotonically decrease with sin Oii, .
Their tree-level expressions are (57)

2Vf Af =—A
4 (V )'+(A )' 4

(52) (58)

which again measures the V-2 interference of the final
fermions, but without the suppression factor from A LR.
With the SIP, A PB (p) =0.0980, A PB (c)=0.4725,
A g(b) =0.6965. The expected experimental errors of
2 Pii are (see Blochus et al. , 1986; Ellis and Peccei, 1986;
Peskin, 1987; Swartz, 1987; Alexander et QI. , 1988; Al-
tarelli et al. , 1989; see also the references in Footnote 2)
b, A g(p) =0.009, or b, sin 8~=0.0015; hA g(c)=0.03,
or b, sin Oii, =0.01; EXP~(b)=0.02, or b, sin Oii =0.04.

(d) Final-state polarization asymmetries of the r lep-
ton: still another way to measure the V-A interference of
the final fermions is to measure the decay asymmetries
resulting from the polarization of the Anal-state fermions.
It is dificult to measure the spins of quarks and light lep-
tons, since quarks are always wrapped in jets and light
leptons penetrate detectors easily. But it can be done for
heavy leptons, namely, the ~'s, via their decay distribu-
tions. Define:

o(e e+~rL r+) o.(e—e+ +~+ ~+)—
A,)(r) =

o.(e e+~rL r+)+cr(e e+~r„r+)
In the SM, A,&(r)=A„where we expect M, =A, by
the family universality of weak interactions, so the same
V, A interference effect is measured. b, A „(r)is project-
ed to be 0.01 (see Blochus et al. , 1986; Ellis and Peccei,
1986; Peskin, 1987; Swartz, 1987; Alexander et al. , 1988;
Altarelli et al. , 1989; see also the references in Footnote
2), which leads to an error of 0.0014 in sin 0~.

The forward-backward asymmetries and the
polarization asymmetry will be measured at LEP within
the next few years. It remains to be seen whether polar-
ization asymmetries are measured at LEP and with what
accuracy. Certainly the time scale is much larger. The
accuracy to be expected at SLC is also uncertain. As will
be seen in Sec. V for many types of new physics, 3LR and
the other asymmetries in e+e scattering at the Z pole
are particularly sensitive observables.

I z=3I +3I + +2I „„+3I (59)

The formulas (55)—(58) must be supplemented with QCD,
QED, and electroweak radiative corrections, as well as
fermion mass corrections. By writing the coefficient
g Mz/4&2cos 8~ as GFMz, many of the electroweak
corrections are automatically incorporated. Most of the
sensitivity to sin 8~ of the widths is due to the Mz
coefBcient rather than to the explicit sin Og dependence
of the vector couplings. One can therefore view the
widths as indirect determinations of Mz, to be compared
with the directly measured value M, =91.177+0.031
GeV.

With the SIP, I bb=0. 3773 GeV, I,,=0.2959 GeV,

I,,=0.0835 GeV, I =0.1663 GeV. The precision of
I

&b
and I,, is expected to be 10%; i.e., b, I bI, =40 MeV,

6 sin 0~=0.018; EI =30 MeV, 5 sin 0~=0.02.
The experimental leptonic width is the averaged width

of e, p, and ~; we denote it as I II. At present, '

I
&&

=83.9+0.7 MeV (Dydak, 1990; Fernandez, 1990),
which leads to csin 0~=0.002. The width into unob-
served (invisible) particles, I;„„is determined by the
difference of the total Z width (see below) and the Z
width into observable particles (hadrons and charged
particles). In the SM, I;„,=3I =499.0 MeV. The
present experimental value is I,„„=482+16MeV (Dy-
dak, 1990; Fernandez, 1990), which leads to
6 sin 0~=0.007. The value of I;„,is not expected to be
improved very much in the future. ' An independent
measurement of I;„„is the observation of single-photon
events in e+e collisions a little off the Z pole. That ex-
periment is expected to have an error of 35 MeV, which
is less accurate but which would have different systematic
errors.

(b) Inclusive Z-decay width. The total or inclusive Z-
decay width is the summation of all the partial widths of
fermions. That is,

F. Z-decay widths

(a) Partial Z-decay widths. The Z decays into lepton
and quark pairs with different widths:

(54)

The tree-level predictions (ignoring fermion masses) are

Iz,„= -Mz[(V ) +(2 ) ],

where the coefficients are due to the three families (the t
is too massive to contribute). This quantity is measured
by the shape of the energy dependence of the total cross
section of the e+e collision around the Z pole. With
the SIP, I z =2.484 GeV. Experimentally,
I z =2.497+0.015 CxeV (Dydak, 1990; Fernandez, 1990),
which leads to 6 sin 0~=0.001. This number is not ex-
pected to improve substantially. '

i4See the Addendum for an updated-discussion.
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G. Off-Z-pole observables A„B(pp~e+e ) =a A„B(u)+P&FB(d), (61)

The e+e observables at the Z pole will provide a su-
perb test of the SM. They are sensitive to any type of
new physics that shifts the Z mass or changes its cou-
plings, such as Z-Z mixing or mixing between ordinary
and exotic fermions. However, they are insensitive to
other types of new physics, such as new four-fermi opera-
tors induced by compositeness, new Z' bosons that have
little mixing with the Z, or leptoquarks. This is partly
due to the fact that the Z amplitude is =90 out of phase
with respect to the new physics at the pole, so there is no
interference. By measuring e+e observables slightly off
the pole, one has the possibility of first-order effects due
to interference between the SM and new-physics ampli-
tudes (Cvetic and Lynn, 1987; Cvetic and Langacker,
1990). However, one cannot go very far from the pole
without severely reducing the event rates. Hence in Sec.
V we discuss the sensitivity of e+e observables at
s —Mz-—~zI z, where the SM cross sections are only
reduced by a factor of 2 from their values on the Z pole.
We assume, rather optimistically, that the various asym-
metries can be measured with the same accuracy as on-
shell. We do, however, separate the polarization asym-
metries into definite final states to enhance sensitivity to
specific types of new physics. The projected statistical
uncertainties are increased accordingly.

One expects interference effects due to new physics of
strength k to be of order

(60)

Hence the combined effects of needing to go off-shell
while still maintaining a reasonable cross section lead to
a suppression by I z/Mz ——0.03. Nevertheless, several of
the SM asymmetries, in particular A„Rand A„B(p),are
small due to the presence of factors V, = —0.036. Hence
the effects of new physics off-shell may be enhanced in
these cases if the new physics does not have suppressed
vector couplings.

H. Forward-backward asymmetries
in pp HZ~I+I

Recently the CDF (Collider Detector at Fermilab) col-
laboration (Hurst, 1990) has measured the forward-
backward asymmetry A „B(pp—+e+ e ) in

pp —+ ~Zl+ I. [In practice, they increase their sensi-
tivity by including e+e pairs somewhat away from the
Z pole, where the Z and virtual-photon (Drell-Yan) am-
plitudes can interfere (Rosner, 1987, 1989)]. The on-shell
asymmetry is just a weighted average of the forward-
backward asymmetries in uu —+e+e and dd ~e+e
which could in principle be separated by observing how
the asymmetry varies with rapidity. The ff~e +e
asymmetry is given by the same expression as the
e+e ~ff asymmetry AFii(f) in (47). Thus

where the coefIicients a and P are calculable and of order
unity. The change due to each type of new physics can
be determined from the change in A„B(u)and A„B(d).
These in turn are the same as or related in an obvious
way to the changes in A„B(c)and A„B(b)for the types
of new physics considered in this paper.

For —1000 Z's the uncertainty in AFB(pp~e e )

would be =0.03, which is considerably larger than the
projected uncertainties of 0.007 and 0.0054 in A„B(c)
and A „B(b),respectively.

IV. NEW PHYSICS

A. The new physics of extra Z bosons

1. Generalities

Extra intermediate vector bosons (IVBs) beside the SM
prediction of the 8 and Z are universal in grand
unification theories (GUTs) that incorporate the SM.
They arise naturally because the extension from the SM
to GUTs introduces larger gauge groups with more
group generators and more IVBs. Usually the large mass
scale of GUTs renders these IVBs ultraheavy and ir-
relevant to physics in the laboratory (Georgi and
Glashow, 1974; Langacker, 1981, 1988; Ross, 1985).

However, there can be extra IVBs that do not acquire
masses when the GUT is broken. They may develop
masses by other Higgs fields at low energy, e.g. , in the
TeV range. In that case, we may either see them directly
in the Superconducting Super Collider, Large Hadron
Collider, or Tevatron, or find their effects at present ener-
gies when high-precision experiments are performed in
the next decade.

In this paper we study one class of such IVBs: extra
neutral Z bosons. If the SM is correct in first order, the
effects of extra Z bosons are small perturbations. If there
are n —1 extra Z bosons, then the gauge group is
SU(2) X +" iU(1) . A formalism to describe the etfects
on neutral-current phenomena was developed several
years ago (Durkin and Langacker, 1986). In general, the
couplings between the U(l) bosons and the fermions are
arbitrary. That gives too many free parameters from
which to draw strong conclusions. On the other hand, in
the spirit of grand unification we take the U(1)'s as relics
of an underlying non-Abelian gauge group, in which
there is only one overall coupling constant and the fer-
mions charges in one irreducible representation are relat-
ed (Durkin and Langacker, 1986; Amaldi et al. , 1987;
Costa et al. , 1988; del Aguila, Moreno, and Quiros, 1990,
1991;Altarelli, Casalbuoni, Dominici, Feruglio, and Gat-
to, 1990a, 1990b; Altarelli, Casalbuoni, Feruglio, and
Gatto, 1990a, 1990b; Cvetic and Langacker, 1990;
Gonzales-Garcia and Valle, 1990a, 1990b, 1991; Layssac
et al. , 1990; Langacker and Luo, 1991b; Mahanthappa
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and Mohapatra, 1991). Then the couplings of the extra
Z's are predicted (the strength may depend on the GUT
breaking pattern). When the SU(2)XU(1)" symmetry is
broken, the IVBs acquire masses. The SM predictions
are changed by the mixing caused by the diagonalization
of the gauge boson mass matrix and by the exchange of
the extra Z's. In this paper we take the E(6) model as an
important example. We also consider the extra Z boson
in SU(2)I X SU(2)~ X U(1) models (Mohapatra, 1986;
Langacker and Umasanakar, 1989).

2. Formalism

We extend the SM electroweak gauge group
SU(2)XU(1) to SU(2)X g" ) U(1) to incorporate n —1

extra Z's. We assume that all left-handed fermions trans-
form as SU(2) doublets, and all right-handed fermions as
SU(2) singlets, and we identify the U(1)) changes with the
weak hypercharges Y =Q —T3L of the SM. (This can al-

ways be done without loss of generality by an appropriate
rotation on the U(1) gauge fields. ) The other U(1)
charges therefore do not overlap with the electric charge
Q, and their overall coupling constants are to be deter-
mined by the underlying gauge group. The mass matrix
of the Z's is to be determined by Higgs Aelds that break
SU(2) X U(l )" down to U(1).

After spontaneous symmetry breaking, the neutral-
current interaction is

Z =gUpZp,
P=1

where U is an orthogonal matrix. In terms of the Z 's.

LNc eJ," 2 + X gpU pJIZ
a,P=1

(67)

At low momentum, the effective four-fermion interaction
1s

46f n n g
Leff=—

~ g p~ g U~),.)Jp
2 a=1 P=1

2

(68)

cos6 sin6
—sin6 cos6 (69)

The presence of the Z2 manifests itself through (a) a
change in the Z) couplings due to mixing, (b) Z2 ex-
change, and (c) a reduction in the Z, mass because of
mixing. We introduce the following notation to simplify
the forthcoming formulas:

p ff=p1 cos 6+p2 sin 6 (70)

where p =Mii, /(M cos Oii, ); M)i, is the mass of the W,
and M the mass of the Z .

From now on we only consider the case of one extra Z
boson (n=2) for simplicity. The generalization to multi-
extra Z's is straightforward. The mixing matrix is then

Here

—LNc=eJ," A„+g g J"Z„.
+=1

Nc =eJ& W„+g,J&Z',
„

(62)
g2

w = cose sine(p) —p2)
g1

2

(p, sin e+p2cos e) .2 2

(71)

(72)

is the SM prediction, with g, =g +g', and Z ((x~2)
are new heavy bosons. The currents are

(64)

Clearly, the terms involving p, (p2) are associated with
Z) (Z2) exchange. p,(ris mainly due to Z, exchange, y to
Z2 exchange, and m to Z1-Z2 mixing.

The effective Lagrangian of the neutral-current in-
teractions between massless left-handed neutrinos and
quarks and electrons is

where

g
'( ) —e( )(i)+~( )(i) (65)

46f—L,g =,—vy"I'L vJ~2
where

(73)

for a=1, . . . , n; ez")~(i) are the SM predictions of the
weak neutral-current coefficients, given in Table III. The
Inismatch between the mass and gauge group eigenstates
of the Z's will cause mixing. The gauge boson mass
eigenstates Z will be with

(74)

5The effects of the extra Z's on the radiative corrections are
considered in Degrassi and Sirlin {1989)and Bliimlein, Leike,
and Riemann {1990). Our purpose is to explore the sensitivity
of precise. measurements to small tree-level effects induced by
the extra Z's. We therefore ignore the smaller efFects on the ra-
diative corrections.

p,(feL"z(i)+w [EL R(i)+2@~ 'EL', (~~)]

+2ye', 'El. 'R(i) . (75)

The effective parity-violating interaction between elec-
trons and quarks is
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Gf
L—'~= — —g (C„ey„yseq,y"q;

l

+C2;ey„eq;y"y5q; ) (76)

where

V; =coseg I' "+ sineg ~' '=g i("+wg (83)

with

C„=C",, '+SC„
~e(1)gi(1)+2~ [ge(1)gi(2)+ge(2)gi(1)]

3;=cosegi'"+ sineg~' '=gi'"+ wg
gl

(84)

We can also calculate the cross sections of e+e ~ff
for various f's (fAe, v, ):

+2 g e(2)g i(2)

C„=C,",'+ nC„

~ e(1)g i(l )+2~ ( e(1) i(2)+ e(2) i(1)
]

(77) CX

d& (eL eR+~fLfR )=cf (1+cos8)'IfLLI
4s

2

d~ (eL eR fRfL) cf 4
(1—co»)'IfLRI',

4s

(85)

(86)

+2yg
& ( 2 )g & ( 2 )

~ (78)

I z,=p1 —Mz[(V ) +(A„)], (79)

We notice that at low momentum the current struc-
tures predicted by the SM are preserved in the presence
of one extra Z boson, though the

coefficients

are
changed. Without the extra Z, e=e'", and C =C'", and
we recover the SM predictions.

The partial Z-decay widths are

2

(eR eL fLfR ) cf (1—cos(9)'lfRL I'
4s

2

(eR eL+ ~fRfL ) =Cf 4
( I +cos~)'If RR I'

4s

with

s
s —M +isl z /Mz

(87)

(88)

r, =p, '
Mz'[(V, )'+(W, )'], (80)

s+
2 f2IJs —Mz +isI z /Mz

2 2 2

(89)

I z dd=p, —Mz[(Vd) +(Ad) ],3GF

6n 2

(81)
1, f =leptons,

C ='
3, f =quarks

where i,j =LL,LR,RL,RR and

(90)

f 1; =cos Be', "(e)e"'(f)+(g2lg1)cosB sinB[e';"(e)e~ '(f)+e,' '(e)e'."(f)]+(g2/g()sin Be'; '(e)e' '(f)/sin 8~cos Oii,

(91)

f2 I =sin Be',."(e)ej"(f)—(g2/g1)cosB sinB[e';"(e)eJ '(f)+e', '(e)e'"(f)]+(g2/g1)cos Be'; '(e)e~ '(f)/sin 8)i, cos 8~ .

(92)

2V, A,
~LR

(V, ) +(&, )
(93)

If experiments are performed at the Z, resonance, then
both the extra Z channel and the EM channel will be
suppressed; so the asymmetries are

I

mixing between different Z bosons. If there is no mixing,
no signi6cant deviations will be observed from the SM
expressions. This is because the Z2 exchange is m/2 out
of Phase at the Z1 Pole if i 1 z /Mz is neglected. When

2 2

off the Zl pole, there are 6rst-order contributions from
the Z2 channel, as will be discussed in Sec. V.

2V, A, 2Vf Af
AFB( ) =—

4 ( V, )'+( A, ) ( Vf ) +( &f )
(94) 3. Mass and mixing parameters

A "(F)=- 2V A

4 (Vf) +(Af)

Ap, (( ) = 2Vf Af

(Vf) +(Af)

(95)

(96)

where V; and A, are given in Eqs. (83) and (84). In the
asymmetries, the extra Z manifests itself only through

For definite Z2 couplings (including g2) all of the ob-
servables are functions of p„p2, e, and sin 8~, or,
equivalently, Ml, M2, e, and' sin 8~. Actually, these

There is no ambiguity in the definition of sin 8~ in the pres-
ence of the extra Z2 if the MS definition is used. For the on-
shell definition, we must define sin g~ = 1 —M~/Mo.
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are not all independent. One has (Langacker, 1984)

M0 —Mi
tan 6=

M —Ply
(97)

c
g2 M20

(106)

where Mo is the SM value for Mz in the absence of mix-
ing. Equation (97) follows easily from the diagonaliza-
tion of the Zi-Z2 mass mixing matrix. Hence mixing
reduces the value of Mz from the SM value:

M =M —tan B(M —M )

We assume that the SM is approximately correct. In

P2 =My /M2 cos 6 g =M
j /M2,

more generally,

(99)

6:—CP2 . (107)

M~
Pi 2 2

=1+C P
Mi cos 0~

(108)

In some models the quantum numbers are such that there
is a definite prediction for C. In other cases there is a
range, depending on a ratio of VEV's. We will illustrate
a number of specific values of C and the Jz couplings.

In terms of C and pz, the mass relation in (102) be-
comes

g g M
P2—= 2P2= (100)

while the effective neutral couplings are

Peff=Pi~ ~ =CP2~ J =P2 ~ (109)

are small parameters that characterize the extra Zz (the

Zz couplings must also be specified). 6, M i, and M2 are
obtained by diagonalizing the Z i-Zz mass matrix:

i.e., to leading order in small quantities, these represent
Zi exchange Zi-Z2 mi ing in Zi exchange, and Z2 ex
change, respectively.

2g', yr, ', l&y, &I' 2g, g, yI, ,Q, I&y, &I'
I l

2g g &I; Q;l&W;&I' 2g'&Q I&A;&I'

2M0 c

Ms
(101)

2

M =M2 2 C

MS
(102)

2 2M2 ——Ms, (103)

M 1
P2= M2

=
2

M0

MS
(104)

and

c
M2P2 ~

0
(105)

Hence 0 and p2 are not really independent, but are relat-
ed by a factor —c/M0 that characterizes the model and
that is typically of order unity (or zero). This is because
both 0 and p2 are generated by the same SU(2)-
nonsinglet Higgs fields.

It is convenient to define a quantity

where ( P, ) is the VEV of a Higgs field P; with 3-
component of weak isospin I, 3 and J2 charge Q;. To ob-
tain p2 «1 and small mixing, one requires Ms )) IMOI,
Icl; i.e., there must be an SU(2)-singlet Higgs with large
VEV. Then

4. E(6) models

E(6) ~ SO(10)XU(1)g,

SO(10) ~ SU(5)XU(1)r,
M lO

(110)

E(6) and its subgroup SO(10) are natural extensions of
the SU(5) model (Georgi and Glashow, 1974; Langacker,
1981, 1988; Robinett, 1982; Robinett and Rosner, 1982a,
1982b; Ross, 1985) with all fermions in a given family as-
signed to the same representation. More recently, simple
versions of E(6), in which all matter supermultiplets
transform as 27-plets (i.e., no higher-dimensional repre-
sentations of fermions and scalars), have become espe-
cially popular through the inspiration of superstring
theory (Ross, 1988). The phenomenological implications
and the expectations for directly producing and detecting
the new Z's in E(6) models are described in Langacker,
Robinett, and Rosner (1984) and del Aguila, Moreno,
and Quiros (1989, 1990).

Both SU(3)c XSU(2)I XU(1)r and SU(5) are groups
with rank 4, while E(6) has rank 6. There are therefore
two extra neutral Z bosons, one or both of which may be
suKciently light [O(TeV)j to be observed experimentally,
either by direct production or through precision experi-
ments. We shall consider the case that a single extra Z is
light enough to be relevant. The types of U(1) sym-
metries that will survive at the TeV scale depend on the
pattern of spontaneous symmetry breaking. The follow-
ing are three important symmetry-breaking patterns, and
their corresponding bosons will be considered in this arti-
cle:

(a)
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SU(5) ~ SU(3)c XSU(2)L XU(1)i
M5

(112)

E(6) ~ SU(3)c XSU(2)1 XU(1)i XU(1)q, (113)

where M6, M, o, and M~ are superheavy scales () 10'
GeV).

(b) many superstring-inspired models break directly to
a rank-5 group by

TABLE V. Couplings of the Z~, Z@, and Z„to a 27-piet of
E(6). The SO(10) and SU(5) representations are also indicated.
The couplings are shown for the left-handed (L) particles and
antiparticles. The couplings of the right-handed particles are
minus those of the corresponding L antiparticles. The D is an
exotic SU(2)-singlet quark with charge —3. (E,E )L & is an
exotic lepton doublet with vector SU(2) couplings. X and 5 are
new %'eyl neutrinos which may have large Majorana masses.

Z2 =cosPZz+sinPZ&,

where P is a mixing angle.

(114)

where Q„=Q—', Qz
—Q —', Q&. However, a general' E(6)

Z boson is an arbitrary combination of Z& and Z&..

SO(10) SU(5)

10 (u, d, u, e+)g

5'(Z, v, e )r,

2~10Q„~24Qy 2~15Q„

(c)

SO(10) ~ SU(3)c XSU(2)L XSU(2)~ XU(1)~
M IO

(115)

5 (D, EO, E+)r,

5'(D, EO, E )r,

1S~

SU(2)~ XU~ L ~ U(1)~,
MLR

(116)

where B and L, are respectively, baryon and lepton num-
ber. MLR could be very large or it could be in the TeV
range or smaller. Of course, SU(2)I X SU(2)z XU(1)z
(LR) models can be considered outside of the SO(10) con-
text. We shall consider the y, i/t, il, and ZLR as typical
examples of E(6)-inspired extra Z bosons.

The fermions in one family are assigned to a 27-piet of
E(6); their couplings to the y, i/, and 71 are listed in Table
V. The corresponding currents are

(117)

For the LR model, the current orthogonal to the SM
U(1) is

(118)

1 —(I+gL /g~ ) sin Oii,

gL, /gR sin ~g

In the special case of left-right symmetry (gI =gz ),

1 —2sin 0~
cx = —1.53

s1n Ogr

(119)

(120)

The coupling constant of the extra U(1) is

g2 V 3 sinoWgl~g (121)

This is the most general case if E(6) directly breaks to a
direct product of the SM and a group containing the extra U(1).

where J3„is the third component of SU(2)z. J3+ is con-
structed so that all of the right-handed fermions are dou-
blets and all the left-handed fermions are singlets. In Eq.
(118)

where g& =+g +g' and A,~ is a number of order unity
(Robinett, 1982; Robinett and Rosner, 1982a, 1982b).
For ZLR, k =1 by construction. For g, i/j and g, A,z de-
pends on the pattern of the symmetry breaking, with A,

typically in the range —,'to 1 [A, =1 if E(6) or SO(10)
breaks in one step to SU(3)c XSU(2)I XU(1)i XU(l)'].

In E(6) models in which high-dimensional Higgs repre-
sentations are allowed, there is no real prediction for M
in (101) or for C. However, in the superstring-inspired
models, the Higgs fields that break the electroweak sym-
metry are restricted to 27-plets (with the same quantum
numbers as the fermions in Table V) or singlets. In par-
ticular, that implies that the neutral color-singlet Higgs
fields are either SU(2)L singlets or doublets; the latter
have the same U(1)' charges as the v, E, or E in Table
V. The expressions for C =e/pz in terms of x —= (P ),v:—($-0), and v =(p 0) are listed for the y, g, and il
models in Table VI. It is usually assumed that x=O, be-
cause ( P )%0 would cause severe problems with
charged current universality if P were the scalar partner
of the v„v„,or v, (x&0 could occur for scalar 27-plets
that are not the SUSY partners of the ordinary fermions).
It is also usually assumed that v/v) 1 for the g and i/

models, since the t and b masses are proportional to u and
u, respectively.

The ZLR must be treated separately. There are two
popular choices. In the first [LR(1)], one introduces
Higgs fields that transform as

@=(2,2, 0), 5L =(2, 1,—'), 5~ =(1,2, —,') (122)

with respect to the SU(2)I XSU(2)z XU(1)z I group
(Mohapatra, 1986; Langacker and Umasankar, 1989).
These can be accommodated in a 27-piet of E(6), with the
neutral components identified as (@~E,E ), (5L~v),
and (5+~%). N, 5I, and 5z develop VEVs after spon-
taneous symmetry breaking, leading to the expressions
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TABLE VI. Expressions for C:—e/p2 in the y, P, and q E(6) models as a function of x = (P, ),
u =(P 0), and u =(P o). The values or ranges for x=0 and for (x =O, U/ U& 1) are also shown. The

E E
SU(2)L &&SU(2)& )&U(1)& L model LR(1) can be accommodated in a 27-piet of E(6). The range allows
x&0, as is relevant for nonsupersymmetric versions. LR(2) invokes Higgs triplets and cannot be acom-
modated in a 27-piet. (b,L ) =0 is assumed.

Model

161'+l~l' —s/2 ~l'
v io l~l'+I~ l'+l~ '

2 lgl' —lvl'+I~ l'/s
lvl'+lvl'+l~l'

l~l' —l~l'/4 —~ '/4
l~l'+lvl'+ ~ '

——
) CX ~ 0.'

sUsY
icos 28w.

sin 8~

for C in Table VI. The LR model is usually considered
without supersymmetry, i.e., 5L is not the SUSY partner
of the leptons. In that case there is no restriction on x,
and C can vary from —Q—3(1/a) to Q —,'a. The super-
symmetric version with x=0 has C =Q —,'a.

Another popular model [LR(2)] introduces Higgs
fields:

@=(2,2, 0), 51 =(3,1, 1), h~ =(1,3, 1) . (123)

b,r and A~ are not in the 27-piet of E(6) (Mohapatra and
Senjanovic, 1980, 1981). 61 and hz are popular in non-

Sources

CDF prelim 259 166 189 305

A=O

1=1
%=5

po free

559 540 180 801

559 149 451 801

559 509 650 801

559 631 752 801

333 147 169 386

333 149 167 383

TABLE VII. The present limits at 95 percent C.L. on the
masses of extra Z bosons from direct searches and indirect con-
straints from Z and 8' properties and weak neutral-current
data. The indirect constraints are for three cases: (a)
po=M~/Mz cos 8~=1 (at tree level), with A, —:

l
U/U

l

' fixed,
corresponding to Higgs fields in 27-plets of E(6) with x=0; (b)

po
——1, corresponding to Higgs doublets with arbitrary coupling

to Z2, and (c} po&1, corresponding to a completely arbitrary
Higgs sector.

string models, since they can generate Majorana masses
for the neutrinos. We assume that the neutral field in EI
has a negligible VEV due to the stringent constraint from
the po parameter discussed below. Then C =Q—', a. In
the special case of left-right symmetry (gL =ga ), this be-
comes Q—,'Qcos2eiv/sin8~, so that e/p2=gzC/g,
=Qcos28~ =0.735.

The present limits on Mz from weak neutral current
data are shown in Table VII; they are typically in the
range several hundred GeV, although for some values of
C they are much stronger (Durkin and Langacker, 1986;
Amaldi et al. , 1987; Costa et al. , 1988; del Aguila,
Moreno, and Quiros, 1990, 1991; Altarelli, Casalbuoni,
Dominici, Feruglio, and Gatto, 1990a, 1990b; Altarelli,
Casalbuoni, Feruglio, and Gatto, 1990a, 1990b; Cvetic
and Langacker, 1990; Gonzales-Garcia and Valle, 1990a,
1990b, 1991; Langacker, 1991a; Layssac et al. , 1990;
Langacker and Luo, 1991b; Mahanthappa and Mohapa-
tra, 1991). Direct production limits from pp collisions
are comparable or somewhat weaker. Future precision
experiments should extend the sensitivity up to O(1 TeV),
while at the SSC it should ultimately be possible to pro-
duce and detect extra Z's up to several TEV (Langacker,
Robinett, and Rosner, 1984; del Aguila, Moreno, and
Quiros, 1989, 1990), though at the upper end of the range
there will be little ability to discriminate between the
kinds of Z's.

B. The new physics of extra scalar bosons

1. Introduction

It is always possible to incorporate scalar bosons into
gauge theories without spoiling the symmetry. However,
we still have not seen any, so they are usually ignored in
the SM with the exception of one SU(2) scalar doublet
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employed to realize the Higgs mechanism. After spon-
taneous symmetry breaking, one scalar particle remains.
SU(3) is not broken in QCD, so no colored scalar bosons
are introduced.

But scalar bosons often cannot be avoided in theories
beyond the SM. In grand unification theories, more sca-
lar bosons must be introduced to break the symmetries
via the Higgs mechanism (Langacker, 1981, 1988; Ross,
1985). In technicolor theories there are no elementary
scalars, but scalars are generated as bound states (Hol-
dom, 1985, 1987; Appelquist et al. , 1986, Haber, 1990).
In supersymmetry, two Higgs doublets are required, and
for each ordinary fermion there is a scalar partner (Elias-
son, 1984; Lim et ah. , 1984; Lynn, 1984; Nilles, 1984,
1990; Grifols and Sola, 1985; Haber and Kane, 1985;
Barbieri et ai. , 1990; Bilal et al. , 1990; Drees and
Hagiwara, 1990).

Scalars may have either color or weak charges. If
(color-singlet) scalars that carry nonstandard SU(2)
charges [i.e., SU(2) triplets] also develop vacuum expecta-
tion values, then the pattern of the spontaneous symme-
try breaking will be changed. In particular, the tree-level
parameter

M~
po

Mz cos 6Igr
(124)

will be different from unity so that the nonstandard
Higgs fields manifest themselves at tree level. The value
of pp is especially interesting because large classes of
superstring theories predict pp=1; i.e., they cannot ac-
commodate nonstandard Higgs fields (Cvetic and Lan-
gacker, 1990).

Additional Higgs doublets do not change the SM pre-
diction pp=1. However, they affect the radiative correc-
tions to the SM if there are large splittings between the
masses of the physical Higgs scalars. These loop effects
will be discussed in Sec. IV.E.

There are also many possible types of colored bosons.
We shall consider one example, leptoquarks. They are
color triplets that change quarks to leptons (or antilep-
tons) and vice versa when they are emitted or absorbed
(Pati and Salam, 1974; Shanker, 1982; Buchmuller and
Wyler, 1986b; Hall and Randall, 1986; Buchmuller et al. ,
1987; Herczeg, 1989; Langacker and Riickl, 1991). They
have many experimental consequences, but we only con-
sider effects on neutral-current phenomena.

Higgs, 1964, 1966; Kibble, 1967}.'

All of the weak gauge bosons belong to one SU(2} rep-
resentation and they interact with the same vacuum; so
the masses of 8 and Z should be related. The relation is
characterized by the po parameter, defined in Eq. (124).

If the symmetry breaking is realized via elementary
Higgs bosons, the vacuum either acquires weak charges
when the Higgs bosons condense, or receives vacuum ex-
pectation values (VEVs). The masses of Z and W will de-
pend on both the weak charges of the Higgs bosons and
their VEVs. Assuming that electromagnetic U(1) gauge
symmetry is unbroken (i.e., that only neutral Higgs fields
acquire VEVs), one has

Po (125)

SMI M
&so

(126)

(b) the SM expressions for WNC amplitudes should be
multiplied by pp..

EL R (i )~PoeLi Ii (i ) (127)

i, SM
SV, A ~POgV, A (128)

SMC; —+POC,q

(c) the predictions for I z ff are multiplied by po.

SM
Z ff PO Z ff '

(129)

(130)

Qf course, (b) and (c) are consequences of (a). The Z-pole
couplings V, , A; are not affected.

If the true value of sin 0~ were known, these would be
the only changes in the SM predictions. Recall, however,
that we have taken

where ( P; ) is the VEV of a Higgs field P; with weak iso-
spin and third-component I; and I,3, respectively. If
there are only Higgs doublets in the theory (regardless of
how many), as in the SM, then po= 1. But if there are
other multiplets of Higgs fields that have I & —,', then in
general p0%1.

The direct effect' of po on observables is that
(a) the SM prediction for Mz is modified by

2. Nonstandard Higgs fields

Gauge invariance (i.e., renormalizability) does not al-
low gauge bosons to have intrinsic masses. The observed
short-range phenomena of the weak interactions are due
to the weak charges of the vacuum. When weak gauge
bosons propagate, they constantly interact with the vacu-
um, so effective masses are generated. The Higgs mecha-
nism is one dynamical way to give the vacuum weak
charges (Englert and Brout, 1964; Guralnik et al. , 1964;

SFor standard and nonstandard Higgs fields, see Chanowitz
(1988) and Crunion et aI. (1990).

9In the MS scheme the definition of sin 0~(MZ ) is unaft'ected.
In the on-shell scheme, one must in principle introduce a new
definition for sin 0~, such as sin 9~= (m.a/&2GF ) /M~(1
—hr~). In practice these ambiguities and any other e6'ects of
the po&1 physics on the radiative corrections are of
O{o,'(po —1)), and are therefore negligible compared to the
tree-level {O(po—1)) effects for which we are searching. We
also ignore any tree-level exchanges mediated by new Higgs
fields, since their couplings to ordinary fermions are tiny.
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4+a/&26F
sin g~=—

2 Mz(1 h—rM )

1/2

(131)

Our predictions of physical quantities 0, will be shifted

by an amount

50, =
2

(sin 0„.—sin Oir )+AOi',BO,

csin Ogr
(133)

where 60~=0 if 0, has no explicit dependence on po',

b, Or =(po 1)O, if—0, has a linear dependence on po,
etc. The numerical results of the shifts are shown below
in Table XIX.

The present uncertainty in po (for fixed m„MH) is
around +0.005. That can be improved by a factor of = 3

by future experiments. As will be discussed below,
different values of m, and new scalar or ferm. ion multi-

plets with large mass splittings affect the observables via
radiative corrections in a way that is very similar to the
tree-level effects of po

—1. That means that the po con-
straints apply as well to a number of types of new phys-
ics. On the other hand, the possibility of cancellations
between po

—1 and these other effects, while somewhat
unlikely, cannot be eliminated.

3. The SU(5) leptoquarks

using the on-shell scheme, or 1 b,r~——+p(1 b,r—~) in
the MS scheme. Since the Z mass is measured very pre-
cisely, so is sin Oii. For p0%1, sin Oii, differs from the
true sin 0~ by

Sln Ogr COS Ogr
sin Oii, =sin Oii +(po —1) . (132)

cos Og sin Og

break SU(2)XU(1)]. Leptoquarks may in general carry
SU(2) charges; but in our present example they do not.

In the standard SU(5) model, leptoquarks must be
nearly as heavy as the GUT scale to suppress the proton
decay rate. That is because SU(5) symmetry implies both
leptoquark and diquark couplings. But we can also have
relatively light leptoquarks, by suppressing the couplings
between the LQ and quark pairs to stabilize the proton.
By doing so, the SU(5) symmetry is violated. This is sug-
gested by some superstring-inspired models (Buchmuller
and Wyler, 1986b; Ross, 1988).

By lowering the mass of the leptoquarks, they will be
phenomenologically relevant. They will change the pre-
dictions of some old phenomena and produce new ones.
Phenomena related to the charged current and Aavor-

changing processes have been discussed in Buchmuller
and Wyler (1986b). In the following, we shall deal with
weak neutral-current-related phenomena.

Since LQ's carry color, they will not aff'ect pure lepton-
ic precesses; thus ve ~ve will not be affected. LQ's will
not mix with the weak intermediate bosons, which are
colorless, so the masses of 8' and Z bosons will not be
changed.

On the other hand, LQ's may affect e+e collisions.
The cross sections and asymmetries of quark-pair final
states at low (PEP-PETRA-TRISTAN) energies will be
changed. But they will not affect the e+e physics at
the Z pole significantly —like the contributions from the
EM channel and extra Z bosons, they do not interfere
with the ordinary Z amplitude and are therefore small.
(First-order effects will be present at energies slightly
away from the Z pole. )

So for the physical quantities considered in this paper,
only the neutrino-quark interaction coefficients and the
atomic parity-violation coefticients will be changed.

a. Genera/ities

It is possible to write SU(3) X SU(2) XU(1) invariant
couplings of leptoquarks to the ordinary quarks and lep-
tons for a wide variety of leptoquarks, which differ in
spin (0 or 1), fermion numbers (i.e., whether they couple
quarks to leptons or antileptons), weak isospin, and
charge. Here we shall consider a specific model as an il-
lustrative example: those which are predicted in the
SU(5) unification theory (Pati and Salam, 1974; Shanker,
1982; Buchmuller and Wyler, 1986b; Hall and Randall,
1986; Buchmuller et al. , 1987; Herczeg, 1989; Langacker
and Riickl, 1991).

In SU(5), fermions are assigned to the 5* and 10 repre-
sentations, so scalars coupled to fermion pairs should be
in the representation 5, 5*, 10, 15, 45, 45*, or 50
(Buchmuller and Wyler, 1986b). An interesting type of
LQ comes from the superstring-inspired E(6) model, in
which both fermions and scalars are assigned to 27-plets.
The scalars with the quantum numbers of the DI and DI
in Table V can have leptoquark couplings. These trans-
form as 5, S* under SU(S) subgroup and are the SU(S)
partners of the Higgs doublets [analogs of (E,E ) which

b. Formalism

If the LQ's are heavier than the weak scale, then their
full dynamics will not be important. Only two things will
be relevant to our discussion: the Yukawa couplings be-
tween the fermions and the LQ's, and the LQ mass ma-
trix. They will determine the effective coupling at the
present energy level and are left as free parameters to be
determined by experiments.

In the E6 model each 27-piet of scalars has an isoscalar
color triplet S and its antiparticle S,', where cz is the
color index and l labels the 27-piet. ' The Yukawa cou-
plings are (suppressing the color index a)

Several equations in that paper were corrected in Langacker
and Ruckl (1991).

2~We shall follow the conventions of Langacker and Ruckel
(1991). The S ' and S,' have the quantum number of the DI
and DI in Table V.
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[9L .e 'Itir2I L+ /R ~ Le R]~i+h c.

[1L (~ R L d RvL)+ IR L Rl~l

+h. c. (134)

where
C

Qg
C

&pqg =&p ~c

are the right-handed antiquark doublets,
r

VL

are the left-handed lepton doublets, uL are the left-
handed anti-up quarks, and ez are the right-handed
leptons; m and n are family indices, and gL~„and g~m„
are coupling constants to be predicted by specific models.
d'r are SU(2) eigenstates that are related to the mass
eigenstates by the Kobayashi-Maskawa-Cabibbo matrix
~ KMC'

dmL ~It"MC dkL (135)

=[gL, (tt ReL,
—d itvt. )+glott Lett ]~+H c (136)

There are only two coupling constants, gL and gz.
In Born approximation, the effective four-fermion in-

teraction at low energy is

For simplicity, let us consider the case of one lepto-
quark with one family of quarks and one family of lep-
tons; then the above Lagrangian is much simplified:

L= [gL q
—z i r21I + rttt u L, e~ ]S+H. c.

5el (d) =-
8M~ GF

(141)

However, the most precise measurements of the v-q

couplings are presently from the neutral current to
charged current ratios R and R . The experimental

values of the eL ~(u) and eL ~(d) are extracted from the
data assuming the SM value for the charged current
cross sections. From Eq. (138), it is obvious that the
WCC cross sections are affected by —L,LL as well, i.e.,
o wcc~( I++K ) rrwcc where +L &2lrtt. I'/8MsGF
Hence the shift in the apparent (measured) values of the
ES1s

5eL (d) = —[eL (d)+ 1]KL

5,= —%Le,

(142)

(143)

where the second expression applies to eL (u), e~(u), and

e~(d). Of course, the e's are determined by v and v„
scattering. Hence the constraints in Eqs. (142) and (143)
apply to the couplings involving the ( u, d ) and the

(vp, p ).
For the atomic parity-violation coe%cients, only the

parts related to the u-type quarks are changed:

v'2
[ I rlt. I' —

I rIR I

'] .
8M, GF

(144)

Ms is the leptoquark mass, and o„=[y&,y„]/4.
We see that the SU(5) LQ's induce both neutral and

charged currents. There can also be flavor-changing neu-
tral currents (FCNC). In our simple model with one lep-
toquark, and assuming the absence of FCNC, only one
coefBcient of v-q coupling is directly affected; it is that of
the left-handed d quark:

where

—I,eff LL RR RL (137)

+ttl. y"dL eL y„vL+dL y"ur, vL y„eL),

(138)

9R
Ltttt =

~ [ u~ y—"utt erat
y—pent ],

2Ms
(139)

IL 9R pv~RL 2 ( R~L ReL+ R~ +L R+p L
2Ms2

+H. c. ;

—u~Cke~vL, —u~o" dL ett op vt. )

(140)

IL
~LL 2 ( +L Y ttL I ypeL dLy dLvLypvL

2M~

Since C&„and Cz„will be measured by atomic parity
violation and muonic atoms, respectively, 5C,„(5C2„)
refers to leptoquarks coupling to the first (second) family
of leptons. Other implications of leptoquarks, involving
FCNC, m, 2/vr&2, charged current universality, direct pro™
duction, etc. , are discussed in Buchmuller and Wyler,
(1986b); Buchmuller et al. (1987); Herczeg (1989); and
Langacker and Riickl (1991).

In particular, the absence of the FCNC places
stringent constraints [i.e., Ms) O(10—100 TeV], but

only if Aavor-changing currents are present. Similarly,
the ratio m, z/vr&2 implies Ms )O(10) TeV if gL and gz
are both significant (It)L rtz I

)4rra) HERA will .be able
to observe leptoquarks up to -300 GeV directly, even
for very small couplings. The WNC observables will be
sensitive into the TeV region, independent of the ex-
istence of Aavor-changing coupling or whether

The charge-conjugate fields are defined as pl ~s~=Cgs~l. ~,

where C is the charge-conjugate matrix, defined by
CX„C-'= —r,'

Terms in L«do not contribute to atomic parity violation in

the nonrelativistic limit.
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C. The new physics of extra ferrnions EO

E
EO

1. Introduction

In the SM there are three families of fermions. Each
family consists of one neutrino, one charged lepton, and
two quarks. Their strong, weak, and electric charges are
assigned to accommodate observations.

From the theoretical point of view, however, the selec-
tion of fermions in the SM is rather arbitrary; gauge in-
variance places no restrictions on the number or kind of
fermion representations except for the cancellations of
anomalies. Actually, most extensions of the SM predict
the existence of extra fermions (Langacker and London,
1988a, 1988b; del Aguila, Garrido, and Miquel, 1990;
Maalampi and Roos, 1990; Nardi and Roulet, 1990). For
instance, in the E(6) model, fermions in one family are as-
signed to a 27-piet, which includes the 15 ordinary fer-
mions and 12 extra ones, as shown in Table V. In this ar-
ticle we shall not consider the actual production of new
heavy fermions. Rather, we shall focus on their mixing
with the known light particles. This can affect weak
universality, lead to induced right-handed currents, and
affect the relations between the Fermi constant and

~w, z.
For the convenience of discussion, we shall define fer-

mions to have canonical SU(2) XU(1) assignments if the
left-handed components are SU(2) doublets and their
right-handed components are SU(2) singlets; these fer-
mions are called ordinary fermions; otherwise, fermions
are said to have noncanonical assignments and are called
exotic fermions. The canonical fermions should obey the
Gell-Mann-Nishijima relation if exotic electric charges
are excluded.

For most extensions of the SM, the extra fermions can
be divided into several types:

(a) Sequential fermions have canonical SU(2) XU(1) as-
signments. They differ from the fermions in the SM only
by their masses. Usually these fermions are introduced
in a whole family. These have no effects on the WNC
and the Z-pole observables at the tree level, but do affect
the loop corrections (see Sec. IV.E).

(b) Mirror fermions have opposite charge assignments
from the canonical fermions: the left-handed com-
ponents are SU(2) singlets; the right-handed components
are SU(2) doublets. Usually they are also introduced in a
whole family.

(c) Vector doublet fermio-ns have both their left- and
right-handed components as SU(2) doublets.

(d) Vector singlet fermi-ons have both their left- and
right-handed components as SU(2) singlets.

(e) SU(2) singlet Weyl neu-trinos
(f) Fermions in higher-dimensional SU(2) representa-

tions.
(g) Fermions with exotic electric charges and colors.
For the 12 extra fermions in the E(6) model, we have

one vector-singlet D quark, DL, DR, one vector-doublet
lepton:

and two Weyl neutrinos XL, SL.
We shall consider the mixing between ordinary fer-

mions and the exotic right-handed SU(2) doublets and
left-handed SU(2) singlets, which modifies the neutral-
current couplings of the light particles. Assuming the
absence of significant flavor-changing neutral currents,
the remaining effects can be parametrized in a way that is
almost model independent. We shall follow the formal-
ism scheme developed in Langacker and London (1988a,
1988b).

2. Results and discussion

Arbitrary mixing between ordinary and exotic fer-
mions will in general induce flavor-changing neutral
currents between the light fermions at a rate that is much
larger than is allowed by observation (Langacker and
London, 1988a, 1988b; Maalampi and Roos, 1990). To
avoid this, one must assume that that each mass-
eigenstate light fermion gl or gz mixes with a unique
heavy partner. Let us assume that that is the case.

L os~L a d R si R wllere OL(R) are the left
(right) mixing angles of QL or Pz with its heavy partner.
6L~R~ are in principle independent variables, but in most
models one expects 6 =O((m IM) ), where m and M
are, respectively, the masses of the ordinary and heavy
fermions, and o. is typically 1 —2, depending on the mod-
el. The largest mixings are therefore expected for the c,
b, and ~, for which 0 -0.01 is quite plausible.

Let us introduce the neutral-current couplings:

e~(i)=I;3(cJ )
—sin O~q, ,

ez(i)=I;3(sz) —sin O~q, ,

gy g(&)=&L (i)+&g(&),

(145)

(146)

(147)

V V

G~ =Cpcl CL CgCL (148)

Let us define

F(s )=
' 1/2

F
GF

(149)

Then, for small mixing,

where (I;3,q; ) =(—,', —', ), ( —
—,', —

—,
' ), ( —,', 0), and ( ——,', —1)

for u quarks, d quarks, neutrinos, and charged leptons,
respectively. The direct effects of fermion mixings are
contained in the ez R factors. However, the mixing also
affects the charged current processes used to normalize
the WNC rates and to determine GF. In particular, the
apparent Fermi constant GF = 1.16637X 10 GeV
determined from muon decay assuming the validity of
the SM, differs from the true Fermi constant Cz due to
the reduction in the strength by factors cL in the effective
four-fermi interaction of muon decay:
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F($')=1+ ,'[—($L)+($L')'+($g)'+($L')'] . (150)

We shall consider the following changes in observables
induced by ordinary-exotic mixing.

(a) The masses of the W and the Z bosons:

(~a/&ZC )'"
M~=

sinO 1v( 1 —b, r) '

where A„varies between 0 and 4 depending on the types
of extra neutrinos, and ~ is the contribution due to the in-
duced right-handed charged current. %'e shall display
the formulas for arbitrary A„and the analogous A„but
will use A„,=2 in the numerical results, corresponding
to mixing with an SU(2)-singlet neutrino.

(c) Low-energy v„-ecouplings:

(~a/&ZG, )
'"

[2—F($ )],
sinO1v(1 b, r)'—~2 (151)

gV, A F2($ )g V, A

where

(158)

M~
Mz ——

1/p cosO1v
(152)

where the 2 —F is due to the shift in the apparent Fermi
constant. The M1v/Mz ratio is not aff'ected at tree level
by the extra fermions; however, the sin 0~ deterInined
from Mz differs from the true value of sin 0~-.

F-($ )=

A
1 — "($ ")L

1 —($g )' —($L")'

For high-energy v„-ecouplings,

gV, A F1($ eK)g V A

(159)

(160)

s1n 0~=s1n 0~+3 s1n 0~

Sln 0~ COS Ogr
csin O1v=2 2 2 [F($')—1]

cos 0gr sin 0~

(153)

(154)

The difference between the low- and high-energy cou-
plings is due to the normalization method used in experi-
ments.

Similarly, the v, e coupling is (including both the neu-
tral and charged channel)

(b) Low-energy v -q couplings:

~L, R (1) Fl ($ &+)~L,R (1) e (155)

(c') (c ')
~e ~e L Lgv~=F. g v~+

e
(

~e)2
(161)

where F,($,R) depends on the mixing of neutrinos and
how EI g are extracted from the data. If eL & are ex-
tracted from the ratios

where

A,
($ ')'

vN~vX

o vN~p X

vN~ vX

0 VN~p X

F, ( a$)=

AP ($ y)2
L

1 —($g ) —($L~) —Re(1r„d)

(157)

measured for (approximately) isoscalar targets and for
proton targets, then (Langacker and London, 1988a)

(162)

where X depends on the normalization method.
In the ratio R

&
=o. , /o. , the F factors cancel,

e L(e)+e R(e)/3

c L(e)/3+eR(e)
(163)

In the ratio 8 z
=o, /(o, +o ) there are some

residues of F factors,

R v/vv

[e L(e)+F.R(e)/3]
e'L(e) A,

3
+e R(e)+F I FL(e)+(cL) (cL') 1+ ($L')e p

2
eR(e)+

3

(164)

where

1 —A, ($L')

1 —A„($L")

(d) Atomic parity-violation coefficients:

C„=[F($)] 2g '„g'v

C2;=[F($ )] 2g vg 'A

(166)

(167)

~~Further observable consequences in the purely charged
current sector are discussed in Langacker and London (1988a,
1988b}and Maalampi and Roos (1990}.

where i =u, d.
(e) The asymmetries on the Z pole are given by the SM

expressions with couplings replaced by the couplings e or
g. The left-right asymmetry with longitudinally polar-
ized initial electrons is
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2g ~(e)g v(e)
~LR

g &(e)+g &(e)

e 2L(e) —e ~(e)
e L(e)+a +(e)

(168)
reason to expect family universality in the mixing angles.
The total Z width is

which differs from the SM prediction 3„Rby

~~LR ~LR ~ LR
SM

1 z = g I'z
f

(177)

2eL (e)e~ (e)
2 [eR (e)(sl' ) +el (e)(s„') ] .

[el (e)+ez (e) ]

The forward-backward asymmetries of final-state fer-
mions with polarization of the initial electrons are

2gg(f)gv(f)
A a( )=:

4 "' (f)+"'(f)
3 EI.(f) e'z(f)

&1.(f)+E~(f)
which differs from the SM prediction A Pz' by

P 1(0f)
—g $01(f) g $01 SM(f )

3e, (f)e, (f)= —If,
[eL (f)+e~(f)]'

X[@~(f)(slf) +el (f)(ski) ]

where I» is defined following Eq. (147).
The forward-backward asymmetries of final-state fer-

mions are

D. Compositeness

No hint has been seen of lepton or quark form factors
or other signs of compositeness. Nevertheless, it is possi-
ble that the leptons and quarks have a substructure if the
compositeness scale A is very large [A )O(1 TeV)]. One
consequence should be the generation by constituent in-
terchange diagrams in Fig. 31 of four-fermi or other
effective operators at energies small compared to A.
These must be SU(3) XSU(2) XU(1) invariant, since new
physics at the scale A))Mz must preserve the low-
energy symmetries.

One can write a great many invariant operators, in-
cluding those which generate FCNC; S, P, and T opera-
tors; and those which contribute to both charged and
neutral-current phenomena. Even restricting to V,
operators that affect WNC processes only, there
are many possibilities, such as l„Ly I„LqLy„qL,
I,l y"I,LqLy qL, and l„ly"I„Ll,Ly„I,L, where I ~
=(v„IpL ), l,l =(v,I eL ), and q,I =(uL dr ) . Other
operators can be generated by the replacements qI ~(uz
or A) lpl. ~pa or 4.~em.

As typical examples of those operators that. can best be
measured, we shall consider

2g~(e)gi (e) 2g~(f)gi (f)
&FB( )=—

= ~La~Fa«»
which differs from the SM prediction A „~by

b, AFB(f)=ALpkA pB(f)+ 3 pB(f)AALa . (173)

+4~-
L1 —

2 IPLQ l LQL3 O'L
A1

+ 4~
~2 —

2 +PL Y +PLeL YPeL
A2

4m
L3 =+ eLP eLQLP gL

3

(178)

(179)

(180)

&p,)(f)=—', & pB(f) .

In the special case of the ~ lepton,

(174)

EA,i(r)=A „(r)—A „(r)
2eL (e)e~ (e)

~ [e~ (e)(sL') + eL (e)(sR ) ],
[EL (e)+e~(e)]

The final-state polarization asymmetries of the fer-
mions are

where in L, 23 we have only displayed the parts of the
operators that can be well measured in the experiments
considered here. The coe%cients define the scale A;.
This can be qualitatively interpreted as the mass of the
exchanged constituents, since no coupling constants are
required for the diagrams in Fig. 31 (i.e., the eff'ective

coupling is g,s. /4' = 1).
Such four-fermi operators do not afFect M~ or Mz and

their contributions to Z-pole observables are second or-

which differs from AALR, since one does not expect the
mixing to be the same for difFerent families.

(f) The partial Z widths are

I z ff- Cf[F(s )) —Mz[g p+g ~~ )6~&2
(176)

where Cf =1 for leptons and Cf =3 f'or quarks, and

f =u, c, d, s, b, e, p, , r, v, , v„,and v, . Again, there is no
FIG. 31. Constituent interchange diagrams, leading to an
effective four-fermi eq interaction.

Rev. Mod. Phys. , Vol. 64, No. 1, January 1992



Langacker, Luo, and Mann: High-precision electroweak experiments 117

der. For the operators considered here, the changes are

~2 vr
5EL ( u ) —5eL, ( d ) —5C2u —5C2d

GF A2,

&gv —&g~ + ~Z vr

GF A2

&2 ~5C„=6C)d=+
6 A3

(181)

(182)

(183)

E. New physics through
radiative corrections

(we have assumed that C2„dwill be measured in muonic
atoms). 5g f „areonly relevant to v„(v„)escattering, not
to v, (v, )e.

From Table XXX below we see that precision experi-
ments may have sensitivity to A in the 20 TeV range,
while limits from colliders should be in the (1—10) TeV
range [Eichten et a/. , 1984; SLC (see Blochus et al. , 1986
and Swartz, 1987); LEP (see Ellis and Peccei, 1986 and
Alexander et al. , 1988); Martyn, 1987]. Such operators
yield small first-order effects in e e asymmetries slight-
ly ofF the Z pole, as will be discussed in Sec. V.

Golden and Randall, 1991). These break the SU(2) axial
symmetry and lead to a shift in both Mz and M~ relative
to the SM predictions.

Several authors have shown that the eff'ects (for neutral
current and O', Z observables) of all types of heavy phys-
ics that enter only through self-energy diagrams can be
parametrized in terms of three parameters, h v = T, h z~,
and h „z,where h ~ (h„)refers to the breaking of the vec-

tor (axial) part (Lynn et al. , 1986; Holdom and Terning,
1990; Kennedy and Langacker, 1990, 1991; Marciano
and Rosner, 1990; Peskin and Takeuchi, 1990; Altarelli
and Barbieri, 1991; Golden and Randall, 1991) of SU(2).
In most cases, the axial parameters are approximately
equal, h ~ ~—h zz =S. The existing the future constraints
have been described in Kennedy and Langacker, (1990,
1991). In particular, it was shown (Marciano and Ros-
ner, 1990) that atomic parity violation sets rather
stringent limits on S. In this section we shall review
these general constraints and give several specific appli-
cations: the sensitivity to the t quark and Higgs masses
within the SM, extra fermion multiplets, the theory with
two Higgs doublets, and the minimal supersymmetric
Standard Model (MSSM).

3. Overview

So far we have concentrated on those types of new'

physics that would manifest themselves via tree-level
effects. In this section we shall discuss those that affect
only the neutral current and 8' and Z observables
through radiative corrections. As usual, these types of
new physics are related to a high mass scale, since they
are not observed at the present energy leve1. According
to the decoupling theorem (Appelquist and Carazzone,
1975), most types of heavy physics affect low-energy ob-
servables only through inverse powers of the heavy scale
and therefore have little effect, except possibly for medi-
ating rare processes. However, the decoupling theorem
does not hold if the heavy physics breaks the symmetries
of the low-energy theory (Kennedy, 1991). One famous
example is the large mass splitting between the b and t
quarks, which breaks weak isospin. In that case, the
heavy top quark does not decouple; its effects on low-
energy predictions actually increase quadratically as
O(6~m, ).

Studies of such effects began with the pioneering work
of Veltman, who introduced the famous p parameter (Ve-
ltman, 1977; Chanowitz et al. , 1978);. This describes the
effects of large splittings between the masses of members
of the same SU(2) multiplets, such as m, -mb or mass
differences involving new multiplets of heavy fermions or
bosons. Such splittings break the vector part of the SU(2)
symmetry and affect the M~/Mz ratio. Recently,
several groups have considered the effects of heavy de-
generate multiplets of fermions, such as those occurring
in technicolor theories (Bertolini and Sirlin, 1984; van der
Bij and Hoogeveen, 1987; Peskin and Takeuchi, 1990;

2. Formalism for heavy multiplets

Electroweak radiative corrections in weak neutral-
current phenomena can be divided into three c1asses:
vertex diagrams, box diagrams, and gauge boson self-

energy diagrams. ' All of these diagrams have been cal-
culated and have been incorporated in our analysis.
Their eff'ects can be absorbed into (process-dependent)
effective parameters p, ~, and A., where p multiplies the
tree-level expression for WNC amplitudes, ~ multiplies
sin 0~, and A, is a (small) additive shift. That is, the
tree-level amplitude F'(sin 8~) for process a is replaced
by p'F'(Ic'sin 0~)+ A,'.

Similarly, radiative corrections due to heavy new phys-
ics can also be divided into vertex, box, and gauge boson
self-energy diagrams. Contributions from vertex and box
diagrams are usually tiny because of the weak couplings
between the new physics and ordinary particles. Due to
the decoupling theorem, the self-energies can also be ig-
nored if there is no symmetry breaking. If there is sym-
metry breaking, the effects of the self-energies can be de-

2sThere are also QED corrections in which real or virtual pho-
tons are attached to charged particles in all possible ways.
These depend on experimental cuts and acceptances and are
generally subtracted from the data by the experimenters. @ED
vacuum polarization diagrams, however, should be included
with the electroweak corrections.
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scribed by three additional parameters defined as

Azz (0) A ii;~(0)
bp(0) =

Mz Mw
(184)

az(Mz') =

~w(Mw)=

g new(M2 ) g new(0)

2Mz MS

A ii',~(Mii, ) —A ivy, (0)

Mw
(186)

(187)

where Azz (q ) and Aii'ii, (q ) are, respectively, the con-
tributions from various types of new physics to the self-
energies of the Z and 8'bosons at momentum transfer

q; the subscript MS refers to minimal subtraction, with
the 't Hooft mass scale p=Mz. 4&(0) breaks weak iso-

spin, while Az w are related to wave-function renormal-
ization and preserve weak isospin (Lynn et al. , 1986;
Holdom and Terning, 1990; Kennedy and I angacker,
1990, 1991; Marciano and Rosner, 1990; Peskin and
Takeuchi, 1990; Altarelli and Barbieri, 1991;Golden and
Randall, 1991). It is convenient to introduce dimension-
less parameters hi, „(orT,S) by

ahi, =aT =4&26Fb p(0),

po
p A' v

(195)

Thus there is no way to discriminate between pp and h z
from the WNC and 8' Z observables considered in this
paper.

A global fit to the existing neutral-current and Z and
W data shows (for po= 1) —1.2 (h v (0.9,

3 ~ 5 &hgz ( 1 ~ 0 4.4&hgw &2.4 at 90 percent
confidence level (Kennedy and Langacker, 1990, 1991).

We see that h ~z and h „wonly affect the masses of Z and
8' respectively. The role of h~w is limited to one ob-
servable, Mw, and the same would be the case for h ~z if
the exact value of sin Ow were known independently.
However, since that is not the case and we use the experi-
mental value of Mz as an input parameter to determine
the apparent sin Ow, the effects of h~z will propagate
and induce artificial shifts in other physical observables.
Comparing with Sec. IV.B, we see that hz ha.s effects
identical to those of tree-level weak isospin breaking, i.e.,
to poXO due to nonstandard Higgs bosons. In fact, we
can loosely think of hz as a radiative correction to pp.
The effects of both pp and h z can thus be absorbed into
one effective p parameter:

h ~z =Sz = —16vrhz(Mz )/Mz,

h ~ ii, =Sii, = —16'5~ ( M ii ) /M ii, .

(188)

(189) 3. m, and M„
The self-energies are defined with coupling constants re-
moved so that one expects h v, h zz, and h ~ w to be of or-
der unity if there is new physics. We can then express
the shifts of all the physical observables in terms of these
parameters (Kennedy and Langacker, 1990). In particu-
lar,

1 —o.h ~
Mz MzsM 9

1 4t/26FMz, sMh ~z /16~

2 2 1
Mw, sM

1 —4&26~Mii, sMh ~ii, /16~

ma/&26~
Mw 2~ . )

sin Hii, (1—br~)

MwMz=
p cos Ow

(196)

(197)

For large m„pincreases quadratically,

In the MS scheme (see, for example, Sarantakos et al
1983; Sirlin, 1989, 1990; Marciano, 1990a, 1990b; De-
grassi and Sirlin, 1991; Degrassi et al. , 1991), the W
and Z masses in the SM are

I z -Iz (Mz),SM

1 —why

1 ii, —+I P(Mii, ),

el. ~ (i)~ eL, ~ (i),SM

1 cxh~

(193)

p-1+Ap,

36~m, m
4p, = — =0.0031

8v'2~2 100 GeV

(198)

(199)

where Mz, sM Mii;sM I z I ~w

expressions (I"z ~ GFMz is to be expressed in terms of
the Physica/ Mz rather than Mz sM. Similarly,
I ii, o- GFMii, is expressed in terms of the physica/ Mii ).

26The definitions given here are slightly different from those in

Kennedy and Langacker (1990), due to the difterent definitions

of sin 0'.
27In many cases h» ——h & ~ =S, but we allow h»&h ~~ for

completeness.

The formulas for I z and el z(i) are multiplied by p.

28In the on-shell scheme (Marciano and Sirlin, 1980; Sirlin,
1980, 1984), sin 0~=1—M~/Mz, the effect of I, is included
in the definition of sin 0~ and therefore propagates into the
sin 0~ dependence of all formulas. I, and eL z(i) are still pro-
portional to 1+hp, . In addition, the form factor sc that multi-

plies sin 0~ in the vertices has a term ~-1+Ap, /tan 0~, while

hrM defined by Mir=(~a/&2Gr )/[sin Oir(l Ere )] contains-
Ar~ —pro —Ap, /tan 0~.
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There is additional logarithmic dependence in Ar~, p,
I z, eL R(i), and the Z-pole observables that is included
in the analysis but is not displayed here. Finally, the
Z~bb vertex has a strong m, dependence (see Akhun-
dov et al. , 1986; Beenakker and Hollik, 1988; Bernabeu
et al. , 1990; and Blondel, 1990) from the vertex diagrams
in Fig. 32. These actually cause I z bb to decrease with

m, .
Clearly, the quadratic Ap, dependence has effects iden-

tical to nonstandard Higgs fjelds, po. Equivalently, these
effects can be incorporated in the general h v w formal»m
by a contribution

ahI, (m, )=b,p, . (200)

It is even possible to incorporate the logarithmic correc-
tions as contributions to h ~ ~ and h ~z. However, we will
treat m, separately in order to properly correlate the
quadratic and logarithmic terms and also to include the
I z bb vertex.

Present data are mainly sensitive to Ap, and lead to the
upper limit m, & 194 (202) GeV at 90 (95) C.L. If one al-
lows po & 1, then m, and po can compensate in

P,Ir=Po(1+bP, ) and one obtains the weaker limit (Lan-
gacker and Luo, 1991a) m, &O(300) GeV from the loga-
rithmic dependence and I z bb. Improved measure-
ments of I

b&
and AFB(b) will allow a better separation

between po and m, .
The SM Higgs mass M~ afFects p, hr~, and other ob-

servables in a rather complicated (logarithmic) way. For
MH ~ Mz the leading terms can be incorporated as loga-
rithmic contributions to hv, hA~, and hzz. In order to
include the correlations we shall treat M~ separately.
Present data to not constrain MH, but in the future A LR
may give a reasonable constraint if m, is known indepen-
dently. The effects of MII are small but not completely
negligible. For large M~ they yield a contribution

have a major e6'ect.

4. Additional SU(2) muitipiets

Heavy doublets of new fermions or scalars yield
quadratic contributions to h v similar to m„

ahI = (3b.m +b,mI +Dms),
8 2n.

where

(202)

Am =m ~ +m ~—
q t' b'

2 22m] mb m~
ln ) (m, —m&. ) (203)

m& +mb mb'

m, +Am + ,'hami +—,'Dms &—(194GeV) (204)

Heavy degenerate fermion multiplets contribute to
h~~ z if they are chiral. The perturbative contribution is
(Kennedy and Langacker, 1990, 1991)

Nc
h XII

—h Az
—g [l3L(l ) I3R (I) ]

377-
(205)

where the sum extends over the members of the multi-
plets, and Nc = l(3) for leptons (quarks) is the color fac-
tor. Technicolor theories contain additional technifami-
lies. The perturbative result in Eq. (205) is not valid be-
cause it neglects the strong technicolor interactions. Pes-
kin and Takeuchi (1990) have used a scaled-up QCD
analysis to estimate

represents the effects of a fourth (t', b') quark doublet;
the factor of 3 is due to color. A similar formula holds
for leptons (b,mI ) and for nondegenerate complex scalar
doublets (Dms ). These terms are positive, so the pres-
ence of nondegenerate doublets strengths the upper limit
on m, . In fact, one can approximately reinterpret the
upper limit on m, as

3a Ma
ln8' cos gpr

(201)
0.4+0.08(NTC —4)
2 1+0 49(N —4) (206)

to p,z. This is negative and can in principle weaken the
limit on m, (since bp, )0). However, even for MH=1
TeV, the contribution is only ——0.003, too small to

for a class of technicolor models, where KTG and Xzc are
the number of technigenerations and technicolors, re-
spectively. The first line is for a single SU(2) doublet of
techniquarks, while the second is for a full generation.
Equation (206) does not apply to walking technicolor
models (Holdom, 1985, 1987).

5. Two Higgs doublets

The theoretical and phenomenological implications of
additional Higgs doublets have been discussed extensive-

FIG. 32. Vertex corrections to Z~bb.

9The efFects of additional SU(2) multiplets are discussed in de-
tail in Toussaint (1978), Einhorn et al. (1981),Bertolini and Sir-
lin (1984), Bertolini (1986), van der Bij and Hoogeveen (1987),
Hollik (1986, 1988), and Denner et al. (1990).
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ly (Toussaint, 1978; Einhorn et al. , 1981; Bertolini and
SirjIin, 1984; Bertolini, 1986; Hollik, 1986, 1988; van der
Bij and Hoogeveen, 1987; Chanowitz, 1988; Denner
et al. , 1990; Cyunion et al. , 1990). Even one extra Higgs
doublet complicates the theory significantly; assuming
CI' symmetry and a discrete symmetry to eliminate
Higgs-mediated FCNC, there are still four extra scalar
bosons and five extra free parameters, not including
Higgs self-interactions. Fortunately, the situation is
much simplified if we are only interested in their contri-
butions to the gauge boson self-energies. To one-loop
level these depend only on the scalar Inasses and mixing
angles, not on their self-interactions The dominant
efl'ects are in the p (or p) parameter, i.e. , in aha, . We con-
centrate on these; more detailed discussions may be
found in Toussaint (1978), Einhorn et al. (1981), Berto-
lini and Sirlin (1984), Bertolini (1986), Hollik (1986,
1988), van der Bij and Hoogeveen (1987), Chanowitz
(1988), Denner et al. (1990), and Gunion et al. (1990).

Consider two doublets N& and N2 and choose a basis
such that

0
v'Z U+4i

(207)

1 9

— —(6+i43)
2

where P& and Pz are two scalars related to the mass eigen-
states with masses Mi z by a mixing angle a —p; p3 is
the pseudoscalar ' with a mass M3, and P is the
charged Higgs with a mass M+. For large masses, the
contribution to the p parameter due to these particles is
given approximately by

G~
ahi, =hp2H= [sin (a —P)F(M+, M3, M, )

8 2ir

+ cos (a P)F (M+, M—3,Mz )],

strengthened in these cases. In particular, for
M =M+»M, ,„orM -M, -M, -M, »M+, one
has

G~
~P2H- 8~ 2~2

(210)

In order to weaken the limits on I, one requires

Ap2H &0. This can only occur for M& 2 &M+ &M3 and

M3 & M + & M
& 2 ~ Numerical calculations show that the

la~gest negative AP2H occurs for M i M2
M+ -0.56M3 or M3-0, M+ -0.56M, 2 (Denner, et al. ,
1990). Then

b p2H
—— — 0.216M

8 2m
(211)

where M =M3 or M& 2. There is therefore a small region
of parameter space in which hp could weaken the I,
limits. However, masses»1 TeV would be needed for
significant efFects, since the relevant quantity is

b p, +b P~H
— ( 3m, —0.216M ) .

8 2n.
(212)

G~M2
~P2H ~ 2

F
8 2m

(213)

Ttl 2

1.2

Such large masses would require large self-interaction, so
that perturbation theory breaks down.

Even allowing very large masses, only a small corner of
parameter space permits a significant hp2H &0. To see
this, consider for simplicity the case M, =M2. Then one
can write Mi 2=M sin8sing, M3=M singcosg,
M+ =M cos0. Then

bc b ah a ac aF(a, b, c)=a+ ln —— ln —— ln —.
b —c c a —c b a —c c

(209)

0.6

0.3
a Wl

.05 0.10 0.2

Ap2H is sma11 unless there are large mass splittings. For
M+ + M] 2 3 or M+ & M] 2 3 p one has Ap2H & 0. Th1s 1s

the same sign as hp„so the limits on I, are
0.2

0.0 0.2 0.4 0.6 1.0
Here a and P are two mixing angles between the Higgs fields.

If we choose a basis in which N', gives masses to d-type quarl(:s

and 0&', gives masses to u-type, then tan/3=
~
(4&z)

~ /~ (4', )
~

and
a is the mixing angle relating the neutral scalars in N, and @2 to
the mass eigenstates.

3iWe are ignoring CI' violation, so there is no mixing of Pi
with P& z.

cos 8
FIG. 33. Contours of F as a function of cosg and P. F~1 for
cos0~0 or l. I' is negative for a significant range of intermedi-
ate values. However, the magnitude is very small except for a
tiny region of parameter space around cos0-0.2 —0.4, P-0 or
m/2.
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with —0.216~I ~ 1, to be compared with the top quark
contribution Ap, =3Gzm, l8+2vr . F is shown as a func-
tion of P and cos8 in Fig. 33. It is seen that the fraction
of the parameter space for which hp2~ is suKciently
large to significantly weaken the m, limit is very small.

6. Supersymmetry

Direct searches at colliders are more promising for
searching for supersymmetric extensions of the SM than
are indirect searches via precision experiments. Never-
theless, there exist several analyses which suggest that in-
dications of supersymmetry could be observed in the ex-
periments considered here (Eliasson, 1984; Lim et al. ,
1984; Lynn, 1984; Grifols and Sola, 1985; Barbieri et al. ,
1990; Bilal et al. , 1990; Drees and Hagiwara, 1990).

There are several possible manifestations of supersym-
metry. One aspect involves the Higgs sector. Supersym-
metry requires the existence of at least two Higgs dou-
blets. However, most viable models imply that MI -Mz,
M+ -M2-M3-M ))Mz. This limit [which corre-
sponds to cos(a —P) =0] is similar to the SM with
M~ M

& Mz ~ The other Higgs fields decouple. That
is, if radiative corrections and direct searches are con-
sistent with MH -Mz, then the SM cannot be dis-
tinguished from these classes of SUSY models by this
means, while MH)&Mz would eliminate many SUSY
models.

Another contribution to the radiative corrections is via
nondegenerate scalar quarks. In most viable models, the
only significant splitting is between the stop and sbottom
scalar quarks. Their contribution to ah& is of the same
form as that for a quark doublet [Eq. (202)].

Finally, there may be non-negligible vertex corrections
involving winos, but these have not been studied in de-
tail.

V. NUMERICAL ANALYSIS AND RESULTS

The SM predictions of the observables 0, up to one-
loop radiative corrections have been calculated in Sec. III
of this paper, along with their measurements and project-
ed experimental errors, AO;"~ and 6 sin 8/V. The effects
of a variety of possible types of new physics involving ex-
tra Z bosons, extra scalar bosons, extra fermions, com-
positeness, and types of new physics that enter at the
loop level are discussed in Sec. IV, and the formulas for
AO,' and 5 sin 0~ are given there. The effects of vary-
ing m, and M~ within the SM are also discussed.

The present section collects the numerical results of
these calculations in Tables VIII to XXXIV and the ac-
companying figures (Figs. 34—60). The SM predictions
for the quantities in column 1 are given in column 2.

The extension of our analysis to other types of new physics is
straightforward.

Column 3 gives the projected one-standard-deviation ex-
perimental errors, 60,'"", which include the theoretical
uncertainties when they are significant. The latter in-
clude both the theoretical uncertainties in the extraction
of 0,'" and the uncertainties in the SM prediction of 0,
due to the uncertainty -0.0003 in sin 8~. The contribu-
tions of new physics of type i to each of the observables,
50,', is given in column 4. To ensure accuracy, in each
case the 60,' were determined by two independent calcu-
lations. The 50,' depend on a coupling constant, A, ,
which determines the strength of the new physics. We
assume A, =0.01 for definiteness in column 4, but A, can be
scaled linearly to any value preferred by the reader. In
column 5 is the minimum value of A, for a given observ-
able; A,, '" is the value necessary to make the new-physics
contribution to that observable equal to the projected ex-
perimental error. Qf course, a one-standard-deviation
effect is not sufficient to either establish or exclude a
given type of new physics, but it is a reasonable measure
of sensitivity. Columns 6 and 7 play the same role for
sin 0'~' ' as columns 3 and 4 do for O„and in most cases
the values of A,

'" in column 5 are also applicable to the
values in columns 6 and 7. We reemphasize that al-
though the central values of sin 0~ extracted from each
experiment depend on the renormalization scheme, both
the experimental uncertainty csin OP' in column 6 and
the relative shift 6 sin 8'~' ' in column 7 are essentially
scheme independent.

Since the assumed values m, =100 GeV and M~=100
GeV are used as inputs to the tables, the SM predictions
with other values of m, and MH may be formally treated
as if they were new physics. The changes in 0, (sin Oii )

for various values of MH and m, are collected in Tables
XXXIII and XXXIV and Figs. 59 and 60.

To see what experiments are sensitive to a given type
of new physics i, for each 0, we define the ratio of the
calculated deviation from the SM due to the new physics
i to the projected experimental error:

/so.'/
r,'(I, ) = 0 exP

a

(214)

Although r,' itself is dependent on the value of A, , the rel-
ative sensitivities, or the relative values of r, for different

In some cases, such as extra Z bosons, there is more than
one extra parameter. However, only one is related to the cou-
pling strength, while the others are of order unity. We pick typ-
ical values for the latter parameters for definiteness.

"That means that the analyses based on sin 0~ and on the ob-
servables themselves are equivalent. That is true provided that
the expected variation in the observable can be described by a
reasonable variation in sin 0~ and that the relation is approxi-
mately linear within the experimentally prescribed region. This
condition is satisfied by all of the observables in this paper ex-
cept 0L, 0&, g„',and C», which are insensitive to sin 0~ (see
Figs. 6, 7, 9, and 14).
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0„,are independent of A, . The larger r,' is, the more
significantly the ith new physics manifests itself, and the
more likely for the new physics i to be seen in experi-
ments measuring 0, . r,'(A, ) is proportional to i(, , with
&i ( dmin)

To see the relative sensitivity of each O„graphically,
we plot 1/A., '" from the numerical results for each type
of new physics. As an example, consider Fig. 34, in
which the new physics is an extra Zr with C =&2/5.
The x axis is labeled by the physical observables with
their explicit definitions to be found in Sec. III. The vert-
ical bars represent the relative values of 1/A, , '" for each
0, . The higher the bar, the more sensitive is 0, to the

Z&. The values of Mz corresponding to 1/A, '" are indi-
2

cated on the right-hand scale. The height of each bar can
be scaled up or down if the precision of the correspond-
ing experiment varies. For example, if the error of M~ is

reduced to 50 MeV rather than 100 MeV, then the bar of
M~ should be scaled up by a factor of 2. On the other
hand, if the error of A L~ is 0.006 rather than the project-
ed 0.004, then the bar of A LR should be scaled down ac-
cordingly. At the moment, let us take the projected pre-
cision seriously. Then we see that R is especially sensi-
tive to this type of Z&. Looking back at Table VIII, at
A, =0.01 the deviation in R is some 5 times its projected
experimental error, and A,, '"=0.0019, corresponding to
Mz =1295 GeV. Mii, gJ, o, /(o. , +o, ), C, +(iso),
2 LR(I.EP), and I z all have i(,

'" (0.01, corresponding to
Mz =565 GeV. Other figures are organized in the same

form, and conclusions related to each are presented in
the Comments of the corresponding table caption.

A. Treatment of extra Zbosons

above each of the tables.
The numerical results for extra Z bosons are collected

in Tables VIII —XVIII and Figs. 34—44.

B. Treatment of extra scalar bosons

In our treatment of extra scalar bosons, we consider
nonstandard Higgs fields and leptoquarks.

1. Nonstandard Higgs boson

In ihe presence of nonstandard Higgs fields only the
prediction of Mz and quantities related to it are directly
affected (except for negligible effects associated with sca-
lar exchange). However, sin Oii, extracted from Mz as-
suming the validity of the SM difFers from the true
sin 0~. This gives artificial changes in quantities that are
sensitive to sin 0~ when they are predicted from sin 0~.
These changes and those directly due to po—:M~/
Mz cos 0~ are collected in Table XIX and Fig. 45. We
take X=po —1.

2. Leptoquarks

The contributions of leptoquarks are suppressed at the
Z pole, as are those of photons. Accordingly, e e col-
lider experiments at the Z pole will give no information
about them. Neither will leptoquarks contribute to pure
leptonic processes, since leptoquarks change quarks to
leptons and leptons to quarks at tree level. Only the vq
coupling constants and atomic parity-violation
coe%cients can be afFected by leptoquarks.

In a general leptoquark theory, there may be many ex-
tra parameters. But for the specific SU(5) leptoquark we
have chosen for illustration, there are only two relevant
parameters:

There are eftectively two extra free parameters in the
SM with an extra Z boson, provided the relative fermion
couplings are constrained by the underlying non-Abelian
gauge group:

8MsG

p2=
Mz
Mz

(215)

(216)

8Ms G~

The results for z)L&0 and z)~ =0 (referred to as type-g
&eptoquark) are in Table XX and Fig. 46, while the results
of rIL, =0 and zlzi&0 (referred to as type 2leptoquayk) are-
simply summarized at the top of Table XX. In each case,

where Mz z and g& 2 are the masses and coupling con-

stants of the ordinary Z and the extra Z2, respectively; B
is the Z i-Zz mixing angle. Typically, (gz /g i )

=—5 sin I9~/3=0. 38. Both p2 and 0 are small numbers,
but their ratio C =e/p2 is of the order of unity. C de-
pends on the U(l)z quantum numbers of the Higgs fields
which cause the mixing. In our analysis, p2 is taken to be
the free parameter A, and some typical values of C [usual-
ly motivated by simple E(6) models as shown in Table VI]
are selected for each type of Z2; these values are given

&m(s)/z

s'6

C. Treatment of extra fermions

The theories of extra fermions are complicated by
many free parameters. To simplify, we separate a genera1
theory with many extra fermions into specific ones with

Rev. Mod. Phys. , Yol. 64, No. 1, January 1992



Langacker, Luo, and Mann: High-precision electroweak experiments 123

only one extra fermion. So, we do not deal with a theory
with n extra fermions, but n theories with one extra fer-
mion.

Nine specific case are considered:

(a) one extra left-handed u-type quark;
(b) one extra right-handed u-type quark;
(c) one extra left-handed d-type quark;
(d) one extra right-handed d-type quark;
(e) one extra left-handed charged lepton mixed with eL ,

'

(f) one extra right-handed charged lepton mixed with ez,
(g) one extra left-handed neutral lepton mixed with v, ;
(h) one extra left-handed charged lepton mixed with p;
(i) one extra left-handed neutral lepton mixed with v„.

In each case it is assumed that the extra fermions have
exotic weak interactions, e.g., left-handed singlets or
right-handed doublets. Their effects are listed in Tables
XXI—XXIX and Figs. 47 —55.

We take A, =sin 0, where 0 is the mixing angle between
the ordinary and exotic fermions.

D. Treatment of contact operators

4m

A 2 e, y"e, fbyIJb .

where a, b =I.or R,

2 286~ Mz g2
A2 ~2 M2 Q, Qbf

z, g
(221)

and Qt+( f) are the Zz chiral charges defined in Eq. (117)
and Table V. For the E(6) and LR-model bosons con-
sidered in this paper, the sensitivity is at best to
Mz ——O(100—200 GeV), which is poor compared to oth-

2

er indirect observables and direct production at colliders.
Thus off-Z-pole e+e asymmetries do not look prornis-
ing, at least for the types of new physics considered here.

In Tables VIII—XVII it is apparent that the e+e
observables at the Z pole are strongly affected by mixing
between the Z and an extra Z2 boson. However, there is
no sensitivity to a Z2 if Z, -Z2 mixing is absent. Off the
Z pole, an unmixed Z2 contributes effective four-fermi
operators

We consider three representative cases of four-fermi
contact operators: E. Heavy-particle loop contributions

+4m—
I —

2 IPL V IPL ~L VPqL
AI

(217)

+4~
2 —

3 +pL V +pL LXp~L
A2

(218)

4m.

2 ~L T ~L 9L TI O'L .=+ P
A3

(219)

L, will shift the values of eL(u), eL (d), C2„,and C2d, L2
those of g~ and g~, and L, 3 those of C,„and C,d. The
results are shown in Table XXX(a) and Fig. 56. We
define

A. =(&2/GF)(m/A, ) =(&2/G~)(m. /A2)

= ( &2/G~ )(~/A3)

Then X=0.01 corresponds to AI =A2=A3=6. 17 TeV.
The sensitivity of e+e asymmetries off the Z pole at

s —Mz =MzI z is shown in Table XXX(b) for a number
of representative four-fermi operators generated by new
physics. One expects sensitivity to compositeness scales
of O(1 TeV), which is considerably lower than some of
the other observables in Table XXX(a), and to anticipat-
ed collider limits [Eichten et al. , 1984; Martyn, 1987;
LEP200 (see Ellis and Peccei, 1988, Vol. 2)].

Many types of new physics that enter at the one-loop
level affect only the gauge boson self-energies and can be
described by the parameters h~, h~~, and h~z, as de-
scribed in Sec. IV.E. h& is sensitive to nondegenerate
SU(2) multiplets which break the vector SU(2) sym-
metries, including the top quark mass, nondegenerate
fourth-family fermions, nondegenerate Higgs multiplets,
and b-t splitting in supersymmetry. The effects of h~ are
equivalent to p0%1 in Table XIX, but are repeated for
convenience in Table XXXI. hz in Table XXXII is sen-
sitive to axial-SU(2) breaking, such as that due to the
Higgs mass or heavy degenerate chiral fermion multi-
plets. The latter are expected in technicolor theories.

In this paper, M~=100 GeV and m, =100 GeV are
used as inputs for the calculation of radiative corrections.
The effects of other values of m, and MII are treated as if
they are new physics. Most of the effects of a Higgs mass
MH or top quark mass m, differing from their reference
values of 100 GeV can be described by h ~ and h ~. How-
ever, they are treated separately in order to take the
correlations between h~, h~~, and h„zproperly into ac-
count and to include additional m, dependence from
Z~bb vertex diagrams. The effects of MB=500 GeV
and 1 TeV are shown in Table XXXIII and Fig. 59. The
radiative corrections to physical observables depend lo-
garithmatically on M~ and are generally small. The
effects of m, =150 GeV and 200 GeV, shown in Table
XXXIV and Fig. 60, are considerably larger due to the
dominant am, /M, dependence of the ratio Mii, /Mz and
of quantities that depend on the ratio.
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TABLE VIII. Deviations from the SM by an extra Zz boson [C =i2/Si'~ ]. Type: Zz. Free parame-
ter: X=(g~/Mz g, /Mz) with C =O(g2/g, )/A, =&2/5 (Sec. IV.A). g&, g2 and Mz, Mz are the

coupling constants and masses of the ordinary Z and the extra Z~ bosons, respectively', e is their mix-

ing angle. Inputs: Mz ——91.177 GeV, I,= 100 GeV, MH = 100 GeV (sin 0~ ——0.2306, sin 0~ ——0.2334).
Co~ments: For the explicit definitions of physical observables, see Sec. III. A,

'" is the value of A. for

which the change AO, is equal to the projected one-standard-deviation experimental error. The
inverses of the sixth column 1/A. '" are plotted in Fig. 34. Following the argument given in the text, the
bigger 1/A, , '" is, the more likely for Z~ to be detected by measuring 0, . R is sensitive to this
particular Z~; it has k, '"=0.0019, which corresponds to Mz ——1295 GeV for gz/g& ———', sin 0~. M~,
gL o /(o +o.—,) Ci+(iso), ALR(LEP), and I z all have k "(0.01, corresponding to Mz =5
GeV.

Quantities QO8p Qoa
A = 0.01

A~'" b, sin2 H'~ 4 sins H~ q'

& = Fi.01
Mz(GeV)
Mg (GeV)

JP„
HL,

V

cr„/(og + tr„)
ctg

cq~(iso)

Cp 1)

A~~(cpol

AFAR)(c

A~~ b
pol

AF~ b

A~gy p
pol

Ay~ p,

A~(~)
I';„„(GeV)
I']] GeV)

I'~ GeV
I'z GeV

91.1770
79.9832

Q.2997
0.0301
Q.3117
2.4640
5.1765—0.0361-0.5037
1.1515
0.1455
0.1291
0.1291

—0.3633-0.0140
—0.0140
—0.0537-0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
Q.Q910
0.0980
0.0128
0.1306
0.4990
0.0835
0.2959
0.3773
2.4837

0.0200
0.1050
Q.0042
0.0034
0.0013
0.0300
0.440Q
0.0220
0.0250
0.0453
0.0026
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040
0.0066
O.Q041
0.0250
0.0070
0.0200
0.0054
0.0090
0.0035
0.0110
0.0160
0.0007
0.0300
0.0400
0.0150

0.2284
0.0074

—0.0017
Q.0067
0.0057-0.0322
0.0070
0.0000

-0.0318
-0.0036
-O.QDDS
—O.Q005
—0.0019
—0.0001
—O.OQQ1
-0.0052—0.0026
—0.0048
—0.0048

0.0050
-0.0016

O.OQ44
—0.0028
-0.0036
-0.0009
-0.0048

0.0080
-0.0004
-0.0001

0.0029
0.0153

0.0046
0.0057
O.Q202
Q.Q019
0.0529
0.1366
0.0314

0.0143
0.0072
0.0250
O.D065
0.5289

0.4494
0.2122
0.0151
O.Q142
0.0090
0.0504
0.0434
0.0450
0.0200
0.0251
0.0373
0.0230
0.0201
0.0193

0.1387
0.0098

0.0003
0.0006
0.0057
0.0130
0.0020

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
0.0020
Q.0008
O.OQOS

0.0095
0.0017
0.0423
0.0010
Q.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

—0.0013
-0.0100
-0.0065
-0.01QS

0.0035

0.0035
O.OD35-0.0013-0.0013-0.0013

-0.0013
-O.Q013

Q.0006
0.0006

—0.0019
0.0004

—0.0094
0.0005
0.0006
Q.OOO6
O.OOQ6

-0.0035
0.0008
0.0001

-0.0013
—0.0011
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FIG. 34. The new physics of Z~, with C=(2/5)' ': solid bar for C&+ and ALR(SLC) open bar for CI+(iso) and ALR(LEP). The
right-hand scale corresponds to Mz in GeV.
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TABLE IX. Deviations from the SM by an extra Z~ boson {no mixing). Type: Z~. Free parameter:
~=(g2/~z )/(g I /~z) ~ith C =e(g2/g] )/~=0 (Sec. &V.A). g], gp»d ~z, ~z a« the coupling

2 2

constants and masses of the ordinary Z and the extra Z~ bosons, respectively; 8 is their mixing angle.
Inputs: Mz =91.177 GeV, m, = 100 GeV, MH = 100 GeV (sin 0~ =0.2306, sin 0~ =0.2334).
Co~~ents: The inverses of the sixth column 1/k '" are plotted in Fig. 3S. C&+(iso) has A, '"=0.0011,
corresponding to Mz=1700 GeV, while C&+ mould be sensitive to Mz 850 GeV o' /(o —+o ) to

-780 GeV, and the CEBAF observable 2C&„+C&d to —S60 GeV.

Quantities AO'
A = 0.01

A '" Esin2+~ b, sin28~~'+
A = L~.ol

Mg(GeV)

Hg

gP

0'~ 0'g

Cgg
Ci (iso)

1-
C2

Cp 1)

2' + Cgg

91.1770
0.2997
0.0301
0.3117
2.4640
5.1765—0.0361-0.5Q37
1.1515
0.1455
0.1291
0.1291-0.3633-0.0140

-0.0140
-0.0537-0.0323

0.0200
0.0042
0.0034
0.0013
0.0300
0.4400
O.O220
0.0250
0.0453
0.0026
0.0013
0.0003
0.1QOO
0.0460
0.0046
0.1100
0.0040

0.0002
-0.0012
-0.0002

0.0039-0.0193
0.0060
Q.OQ30

-0.0262
-0.0050-0.0030
-0.0030

0.0027
0.0000
0.0000

-0.0080-0.0040

0.1681
0.0292
O.O591
0.0779
0.2277
0.0367
0.0833
0.0173
0.0052
0.0044
0.0011
0.3754

0.0003
0.0057
0.0130
0.0020

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.1375 0.0274
0.0100

l
0 0020

—0.0003
—0.0045

0.0003

0.0030

0.0029
0.0048

—0.0076
—0.0076

0.0018

—O.OQ20—0.0020 [i
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(Gev)

—1700

—1521

—1317

—1075

—760

I ~I I ot~I x~ ~ ~ t4 ~ g w ~ ~ ~ Q Q p ~ gs~g&V~g& ~~ gb Oh

b

O4

PHYSICAL QUANTITIES 0~
Fy~ 35 The ne~ ph&s~cs of Z ~jth C=o: soIjd bgr for CI+, open bar for CI+ (&so)
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TABLE X. Deviations from the SM by an extra Z& boson [C= i2/3i'~'j. Type: Z&. Free parameter:
~=(:/M:, )/(g'/M:)- h C=e("/ )/~=e2/3(S- IVA) g g'-d M'M. , " h -.-

pling constants and masses of the ordinary Z and the extra Z& bosons, respectively; 6 is their mixing
angle. Inputs: Mz=91.177 GeV, m, =100 GeV, MII=100 GeV (sin 19~=0.2306, sin 0~=0.2334).
Co~~eats: The inverses of the sixth column 1/X '" are plotted in Fig. 36. For R, k, '"=0.0017,
which corresponds to Mz =1370 GeV for g2/g& =

3 sin 0~. M~, C&+(iso), AL&, and AFB(b) all have

A,, '"&0.0042 (Mz & 872 GeV).

Quantities

Mz(GeV
M~(Ge )

2P„
8L,

V

CT~ gp
Cgg

&q~(tao)

Cp 1)
2f1L

A~~~ c
Appal c
A~~~ b

Ay~ b

Aza(~)
Ap~ p)
A~ 7)

&;„„(GeV)
&tt GeV)

I'~ GeV
r", G V

91.1770
79.9832
0.299?
0.0301
0.3117
2.4640
5.1765—0.0361-0.5037
1.1515
0.1455
0.1291
0.1291-0.3633-0.0140

-0.0140
—0.0537—0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
0.0910
0.0980
0.0128
Q.1306
0.4990
0.0835
0.2959
0.3773
2.4837

0.0200
0.1050
0.0042
0.0034
0.0013
0.0300
Q 44QQ
0.0220
0.0250
0.0453
0.0026
0.0013
0.0003
0.1000
0.0460
O.Q046
0.11QO
0.0040
0.0066
0.0041
0.0250
0.0070
Q.0200
0.0054
o.oe9o
0.0035
0.0110
0.0160
o.oeo7
0.0300
0.0400
O.O15O

60'
A = 0.01

0.3806
0.0072
0.0004
O.OQ74-0.0077-0.0193

-O.Q047
0.0000 '

0.0215
0.0025-0.0009

-0.0009
—0.0031-0.0006
-0.0006
—0.0092-0.0045

0.0181
0.0181
0.0033
0.0090
0.0027
0.0129
O.O136
0.0035
0.0181
0.0066

-0.0004
0.0064
0.0002
Q.0186

O.Q028
0.0058
0.0805
0.0017
0.0391
0.2276 '

0.0463

0.0211
0.0104
0.0144
0.0037
0.3207
0.7992
0.0799
0.1202
0;0090
Q.0038
0.0024,
0.0758
0.0078
0.0748
0.0042
0.0066
0.0099
0.0061

'

0.0241
0.0158
0.0469

O.OQSQ

Q.OQ03
0.0006
0.0057
0.0130
0.0020

0.0110

0.0050
0.0025
0.0033
O.OQ09
0.0689

0.0274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

-0.0022
-0.0097

0.0016
—0.0115

-0.0024

—0.0024
—0.0024-0.0023
-0.0023
—0.0021

—0.0023-0.0022-0.0023
-0.0023
—0.0013
-0.0022
-0.0057
-0.0024
—0.0023
-0.0023
—0.0023
-0.0029

0.0010
—0.0034
—0.0001
—0.0013

$1Tlstl i Q sitt2 g+~ g a~2 g( i )

%=tel
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(Gev)

1370

1225

1061

866

613

R I R
+ ~ CL g ~ N~~~~~~~~~CSlL~M CCS +~ ~ ~ cv ~CJ ~~ QQt a a(~l ~ ~ ~ + ~~~~~~~ g ~ g g0 oe ~oe ~~ a

PHYSICAL QUANTITIES OI
FICx. 36. The new physics of Z& with C =(2/3)': solid bar for C, +, C2, and ALR(SLC); open bar for C +(iso), C ()) an
2 LR(LEP).
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b, sins 8~ '

A = tI.01
i

-0.0022
-0.0051
—0.0019
-0.0056

b, sins 8~~EO'
& = 0.01

91.1770
79.9832
0.2997
0.0301
0.3117
2.4640
5.1765-0.0361-0.5037
1.1515
0.1455
0.1291
0.1291-0.3633-0.0140

-0.0140
—Q.0537—0.0323

0.1306
0.1306
0.4725
0.061?
0.6965
0.0910
0.0980
0.0128
0.1306
Q.4990
O.D835
0.2959
0.3773
2.4837

M~(Ge Vj
Mgr(GeV)

8g

V

o„j(a„-+ cr„)
Ctg

Cq~(iso)

Cp 1)
277K

A~~~ c
Ap~ c
A~~~ 5)
Ay~ b)

~ra &)
Ap~ p)
A~ r)

r;„„(Gev)
Fit/GeV)

F~ GeV

0.0200
0.1050
0.0042
0.0034
0.0013
0.0300
0.4400
0.0220
0.0250
0.0453
0.0026
0.0013
0.0003
0.1000

0.0003
0.0006
0.0057
0.0130
0.0020

0.3806
0.0038

-0.0005
0.0036
0.0009
0.0064-0.0045

-0.0033
0.0193
0.0045
0.0009
0.0009-0.0081
0.0004
0.0004

-0.0092-0.0048
0.0162
Q.0162
0.0083
0.0087

-0.0006
0.0112
0.0122
0.0032
0.0162
0.0000
Q.OO18

—0.0002
0.0069
0.0255

0.0028
0.0112
0.0686
0.0036
0.3345
0.6828
0.0488
0.0747
0.0234
0.0059
0.0144
0.0038
0.1236

Q. 1184
0.1202
0.0083
0.0042
0.0027
0.0302
Q.0080
0.3340
0.0049
0.00?4
0.0110
0.0068

0.0039

0.0582
0.0059

-0.0023

—Q.0021
-0.0043

Q.0023
0.0023-0.0056

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0460
0.0046
0.1100 0.0274

Q.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

-0.0023-0.0024
—0.0021
—0.0021
-0.0031
—0.0022

0.0013
—0.0020
—0.0021
-0.0021
—0.0021

0.0000
—0.0041

0.0001
-0.0032
-0.0018

0.0040
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
0.0090
0.0035
0.0110
0.0160
O.D007
0.0300
0.0400
0.0150

TABLE XI. Deviations from the SM by an extra Z& boson I C = —i2/3i'~~]. Type: Z&. Free parame-
ter: A, =(g2/Mz )/ (g&/Mz) with C=6(g2/g, )/A, = —&2/3 (Sec. IV.A). gi, g2 and Mz Mz

2 2

the coupling constants and masses of the ordinary Z and the extra Z& bosons, respectively; B is their
mixing angle. Inputs: Mz =91.177 GeV, I,= 100 GeV, M& = 100 GeV (sin 6I ~=0.2306,
sin 0~=0.2334). Co~ments: The inverses of the sixth column 1/A, '" are plotted in Fig. 37.
ALR(LEP) and M~ are most sensitive, both have A,

'" ~ 0.0029, corresponding to Mz ) 1050 GeV. R,
2

C, (iso), A„(SLC),A„(b),and I -„allhave A, '"(0.005 (M ) 800 GeV).
2

Quantities O sM ~oem@
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1050

813

664

470

L fl 5
h4 g N~~~~~~~ t gl j o)~CSCSM+hW

Chyle

+ ~ ~ ea 7 ~D ClLh~ QQt a — e
CP ~ ~ ~ ~ C ~ ~~~~~g

PHYSICAL QUANTITIES OI

FIG. 37. The new physics of Z@ with C = —(2/3): solid bar for C, +, Cz~, and ALR{SLC); open bar for CI+(iso), C2~(1), and
a,R(LEP).
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TABLE XII. Deviations from the SM by an extra Z& boson (no mixing). Type: Z&. Free parameter:
(g2 /Mz )/(g 1 /Mz ) with C 6(Ã2/gi )/~= 0(Sec. IV A) gi g2 and Mz, Mz are the coupling

2 2

constants and masses of the ordinary Z and the extra Z& bosons, respectively; 6 is their mixing angle.
Inputs: Mz =91.177 GeV, I,= 100 GeV, M~ = 100 GeV (sin Ow =0.2306, sin Og =0.2334).
Co~~ents: The inverses of the sixth column 1/k '" are plotted in Fig. 38. Z&(C=0) has no effect on
Z-pole physics, M~, or on the atomic parity-violation coeKcients. The most likely candidate to see
Z&(C=0) is o. , /(o. , +0, ); its X "=0.025 corresponds to Mz =357 GeV.

Quantities

Mg(GeV)

6'g

p
0„/(o„-+0„)

cg+
cq~(iso)

Cp 1)

2Ci + Ci~

91.1770
0.2997
0.03Q1
0.3117
2.4640
5.1765-0.0361-0.5037
1.1515
0.1455
0.1291
0.1291-0.3633-0.0140

-0.0140-0.0537-0.0323

0.0200
0.0042
O.Q034
0.0013
0.0300
0.4400
0.0220
0.0250
0.0453
0.0026
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040

EO'
A = 0.01

—0.0001
0.0001

—0.0001
—0.0021
—0.0064

O.OQOO
0.0017
0.0005

—0.0010
0.0000
0.0000
0.0000
0.000O
0.0000
0.0000
0.0000

0.3027
0.2633
0.1466
0.1402
0.6828

0.1500
0.8360
0.0250

0.0003
0.0057
0.0130
Q.002Q

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
0.0020

gneiss ~ S~2 e+&P
CX

asm'e" '
&=tol

0.0002
0.0005
O.OOO1

0.0000

-0.0001
0.0010
0.0000
0.0000
0.0000

0.0000
0.0000
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(Gev)

—357

—319
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+ & CL f IK~~~~~~~
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b
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FIG. 38. The new physics of Z,&, with C=O.
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TABLE XIII. Deviations from the SM by an extra Z„boson [C = —(1/15i'~ ]. Type: Z„.Free pa-
rameter: X=(g2/Mz )/(g&/Mz) with C =e(g2/g&)/A, = —1/&15 (Sec. IV.A). g&, g2 and Mz, Mz
are the coupling constants and masses of the ordinary Z and the extra Z„bosons, respectively; e is
their mixing angle. Inputs: Mz=91.177 GeV, m, =100 GeV, MH=100 CxeV (sin 0~=0.2306,
sin 8~=0.2334). Co~ments: The inverses of the sixth column 1/A, '" are plotted in Fig. 39.
ALR(LEP) has k, '"=0.0075, which corresponds to Mz =650 GeV for gz/g& =

3
sin 0~. C»(1},

AI.R(SLC), and A»(b) would be sensitive to Mz up to 500—600 GeV.

'Q llcLtltlt les

91.1770
79.9832
0.2997
0.0301
0.3117
2.464Q
5.1765-0.0361-0.5037
1.1515
0.1455
0.1291
0.1291

—0.3633-0.0140
-0.0140
-0.0537-0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
0.0910
0.0980
Q.0128
0.1306
0.4990
0.0835
0.2959
0.3773
2.4837

M~(Ge V)
M~(Ge V)

Hg

Hy

cr„/(cr„+o„)-
Cgp

Cq~(iso)

Cp

Cp 1)

A~~(c
AyB(c
A~~(a)
AgB(b)

5'B ~)
AyB P)
A~(7 )

I';„„(GeV)
I']gg Ge V')

r~ Gev
I'z GeV

0.0200
0.1050
0.0042
0.0034
0.0013
0.0300
0.4400
0.0220
0.0250
0.0453
0.0026
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
0.0090
0.0035
0.0110
0.0160
0.0007
Q.0300
0.0400
0.0150

b, O',
A = 0.01

Q.0381
0.0002

-0.0001
Q.0001—0.0001
0.0000-0.0004
0.0000
0.0020
0.0002

-0.0001
-0.0001
—0.0003-0.0051
-0.0051
-0.0060
-Q.0005

0.0057
0.0057

-0.0004
0.0026

-0.0004
0.0039
0.0043
0.0011
0.0057

-0.0003
Q.OOOO

Q.Q016
-0.0007

0.0008

Pflttfl
a

0.0276
0.2581
0.5993
0.0912

0.5015

0.2280
0.1140
0.1357
0.0353

0.0899
O.OQ90
0.1836
0.0884
0.0119
O.OQ75

0.6000
0.0264
0.4524
0.0140
0.0210
0.0312
0.0192
0.4839
0.3435
0.1839
0.5916
0.1779

4 sin2 8' "

0.0003
0.0006
0.0057
0.0130
0.0020

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

as~'e& '"
4=0.01

i

-0.0002
-0.0002
-0.0002
-O.OQQ2

—0.0002

-0.0002
-0.0002 '

-O.QQ02-0.0002-0.0002

-0.0015-0.0002-0.0007
-0.0007

0.0002
-0.0007

0.0009
-0.0007
-0.0007
—0.0007
—0.0007

0.0001
0.0000

-0.0009
0.0003

-0.0001,
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(t eV)
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FIG. 39. The new physics of Z'„with C= —(1/1S)': solid bar for C&+, C», and A«(SLC); open bar for C, +(iso), C»(1), and
2 LR (LEP).
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TABLE XIV. Deviations from. the SM by an extra Z„boson [C =(16/15)'~ ]. Type: Z~. Free pa-
rameter: A, =(g~/Mz )/(g, /Mz) with C =6(gz/g, )/A, =4/&15; (Sec. IV.A). g„g2,and Mz, Mz

2 2

are the coupling constants and masses of the ordinary Z and the extra Z~ bosons, respectively; 0 is
their mixing angle. Inputs: Mz =91.177 GeV, m, = 100 GeV, M~ = 100 GeV (sin 0~ =0.2306,
sin 0~=0.2334). Co~ments: The inverses of the sixth column 1/k '" are plotted in Fig. 40. C&+(iso)
has A,, '"=0.0008, which corresponds to Mz =2000 GeV. M~ and 8 would be sensitive up to

1300-1600GeV.

Quantities

Mg(Ge V)
M~(Ge V)

8g
8y

rr„j(cr„+tr„)-
c,~

ctp(aao)

Cp 1)

Ai, aIrEpI
A~~~ c)
Ap~ c)
A~~~ b)
Ap~ b)

A~gy p)
Ap'gy fc)
A~(~)

I';„„(GeV)
I'g GeV)
I',e GeV
I'g GeV
I'g GeV

91.jL 770
79.9832
0.2997
0.0301
0.3117
2.4640
5.1765-0.0361

-0.5037
1.1515
0.1455
0.1291
0.1291-0.3633—0.0140

-o.e14o
—0.0537—0.0323

0.1306
0.1306
0.4725
Q.0617
0.6965
0.0910
O.D980
0.0128
Q. 1306
0.4990
0.0835
0.2959
0.3773
2.4837

0.0200
0.1050
0.0042
0.0034
0.0013
0.0300
0.4400
0.0220
0.0250
0.0453
O.Q026
0.0013
0.0003
O.1OOO
0.0460
O.Q046
0.1100
0.0040
0.0066
0.0041
0.0250
o.eo7o
0.0200
0.0054
0.0090
0.0035
0.0110
0.0160
0.0007
0.0300
0.0400
0.0150

AO'
A = 0.01

0.6090
0.0111

—0.0014
0.0106
0.0066
0.0000—0.0025

—0.0084
0.0086
0.0066
0.0041
0.0041-0.0133—0.0047

—O.QQ47
—0.0093-0.0025

0.0114
0.0114
0.0132
0.0071
0.0038
0.0085
0.0086
0.0022
0.0114
0.0080
0.0014

-0.0003
0.0098
0.0408

0.0017
0.0038
0.0243
0.0012
0.0457

0.0880
0.0298
0.0527
0.0040
0.0032
0.0008
0.0751
0.0976
0.0098
0.1178
0.0163
0.0059
0.0038
0.0189
0.0098
0.0520
0.0065
0.0105
0.0156
O.OQ96
0.0201
0.0049
0.8861
0.0410
0.0037

b. sin28' "

0.0003
0.0006
0.0057
0.0130
0.0020

0.0110

0.0050
O.Q025
O.D033
0.0009
0.0689

0.0274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

asm'e~ '~' '

A = Fol

-0.0035
-0.0150
-0.0054
-0.0166

—0.0013

-0.0009
—0.0063

0.0105
0.0105-0.0092

-0.0023-0.0012
-0.0015
—0.0015
—0.0050
-0.0018
-0.0081
-0.0015
—0.0015
-0.0015
-Q.QQ15
-0.0035
-0.0033

0.0002
-0.0045
-0.0030
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(Gev)

—2000

—1789

—1549

—1265

—894

CL g Ce~~~~~~~cslK~M ches + ~ cv v ~~~ Qgt- a cs war~r r~
gg ~ ~ Ch~

b

PHYSICAL QUANTITIES 0

FICx. 40. The new physics of Z„with C =(16/15)': solid bar for C1+ Cpp and ALR(SLC); open bar for C1+(iso), C»(1), and
w, (r.EP).
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TABLE XV. Deviations from the SM by an extra Z„boson (no mixing). Type: Z„.Free parameter:
gz/Mz )/(g& /Mz) with C =6(g2/g) )/A, =0 (Sec. IV.A). g&, gz and Mz, Mz are the coupling

constants and masses of the ordinary Z and the extra Z„bosons, respectively; 0 is their mixing angle.
Inputs: Mz =91.177 GeV, m, = 100 GeV, MH = 100 GeV (sin 0~ =0.2306, sin 0~ =0.2334).
Comments: The inverses of the sixth column 1/A, '" are plotted in Fig. 41. Z„(C=O)has no efT'ect on
Z-pole physics or M~. A good candidate to see Z„(C=O)is C&+(iso), which has A, '"=0.0045 corre-
sponding to Mz =840 GeV. C»(1) would be sensitive up to 590 CzeV.

2

Quantities QocRp KO'
A = 0.01

a s~' e~" n s~' e& ' &

A=t01
Mg(Ge V)

2F„
eL,

p
&v &v &a

cgg
Ci (iso)

1—
C2

C+ 1)
2~
+ ci~

91.1770
0.2997
0.0301
0.3117
2.4640
5.1765-0.0361

—0.5037
1.1515
0.1455
0.1291
0.1291

—0.3633-0.0140
-0.0140
-0.0537-0.0323

0.0200
O.QQ42
0.0034
0.0013
0.0300
0.4400
O.Q220
0.0250
Q.Q453
0.0026
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040

0.0001
-0.0003

0.0000
0.0017
0.0000
0.0010

—0.0003
—Q.0046
—0.0003

0.0007
0.0007

—O.Q007
-Q.0050
-O.Q050
-0.0030

0.0010

0.3783
0.1314

0.1752

0.2200
0.7500
0.0977
0.0833
0.0174
0.0045

O.Q920
O.Q092
0.3667
0.0400

0.0003
0.0057
0.0130
0.0020

Q.0110

Q.005Q
0.0025
0.0033
0.0009
0.0689

0.0274
0.0020

—0.0001
—0.0010

0.0000

0.0005

0.0005
0.0003
0.0019
0.0019

—0.0005

-0.0007
0.0005
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840

751

E e
651

531

376

N ~-4~ + ~ CL g ~ N~~~~~~~ ) g/ ) ~)~ N+C + + S Q ~ + ee 7 ~Q Q C) 4 g g P g = g"uuuuu+ ~ r r" r r

O4

PHYSICAL OUANTITIES 0
FICx. 41. The new physics of Z„with C=O: solid bar for C&+ and C»,' open bar for C, + (iso) and C»(1).
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TABLE XVI. Deviations from the SM by an extra Z3~ boson [C =(3/51' a]. Type: Z3R. Free pa-
rameter: k=(gz/ Mz )/(g&/Mz) with C=B(g2/g, )/A, =&3/5a (Sec. IV.A). g&, g2 and Mz, Mz

are the coupling constants and masses of the ordinary Z and the extra Z3& bosons, respectively; 6 is
their mixing angle. Note that here a = I(1—2 sin Oa 1/sin'0~]'~ . Inputs; Mz =91.177 CieV, I,= 100
GeV, M~ =100 GeV (sin 0~=—0.2306, sin 0~=0.2334). Commraents: The inverses of the sixth column
1/A, '" are plotted in Fig. 42. R has A, '"=0.0009, corresponding to Mz —1880 GeV, and A«(LEP)

2

has A, '"=0.0010 (1780 GeV). M~, A«(SLC), C, +(iso), and A»(b) are sensitive up to 1300—1500
GeV.

Quantities

Mz(GeV)
M~(GeV)

tr„/(o„-+tr )
Cg+

{ q (iso)
1—

C2

Cp 1)

2C1„+Cg
Ar, a SECS
Az, ~ LEP)

AF~ e)pal

AFAR) e)
AF~ b

pal

AFg b

AFg P)
A~ r)

F;„„(GeV)I'„GeV)

91.1770
79.9832
0.2997
0.0301
0.3117
2.4640
5.1765-0.0361

-0.5037
1.1515
0.1455
0.1291
0.1291-0.3633

—Q.Q140
—0.0140
—0.0537-0.0323

0.1306
0.1306
Q.4725
0.0617
0.6965
O.Q910
0.0980
0.0128
0.1306
0.4990
0.0835
Q.2959
0.3773
2.4837

0.0200
0.1050
0.0042
0.0034
0.0013
0.0300
0.4400
0.0220
0.0250
0.0453
0.0026
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040
0.0066
0.0041
0.025Q
0.0070
0.0200
0.0054
0.0090
0.0035
0.0110
0.0160
0.0007
0.0300
0.0400
0.015Q

AO'
A = 0.61

0.8942
0.0157

-0.0044
0.0139
Q.Q010-0.0369-0.0115

-0.0001
0.0520
0.0061-0.0019

—0.0019—0.0067-0.0002
—0.0002-0.0183-0.0094

0.0423
0.0423
0.0275
0.0236
0.0121
0.0310
0.0317
0.0083
0.0423
0.0130

-O.OOQ9
0.0014
0.0067
0.0331

0.0013
0.0027
6.0076
0.0009
0.2900
0.1193
0.0192

0.0087
0.0043
0.0069
0.0018
0.1501

0.2476
0.0600
0.0042
0.0016
0.0010
0.0091
0.0030
0.0166
0.0018
0.0028
0.0042
0.0026
0.0123
0.0077
0.2083
0.0601
0.0045

K sin 8'~

0.0003
0.0006
0.0057
0.0130
O.OD20

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

as~'e', ' '

A = 7~.01

—0.0046
-0.0212
-O.Q172
-D.0218

-0.0057

-0.0057
—0.0058-0.0048
-0.0048-0.0046

—0.0046—0.0047-0.0054
-0.0054
-0.0104
-0.0058
-0.0255
-0.0056
-0.0054
—0.0054
-0.0054
-0.0057

0.0021
-0.0008
-0.0031
—0.0024
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(Gev)

—1880

—1682

— 1456

— 841

a. p c:CDCSM~W CS~ ~ ~ cv ~~ ~~ QQt- a — c»(J

b g ~&~4K+~

'b

PHYSICAL QUANTITIES 0,
FIG. 42. The new physics of Z3& with C =(3/S)' a: solid bar for C1+ and ALR(SLC); open bar for C, +(iso), and AL&(LEP).
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TABLE XVII. Deviations from the SM by an extra Z,s boson [C = —{3/5)' /a]. Type: Z3a. Free
Parameter: A, =(g~/Mz )/(g~/Mz) with C =6(gz/gi)/k= —(3/5)' /o, ' (Sec. IV.A). g&, g& and Mz

2

Mz are the coupling constants and masses of the ordinary Z and the extra Z~~ bosons, respectively; 6
2

is their mixing angle. Note that here a=[{1—2sin Os )/sin Os ]' . Inputs: Mz =91.177 GeV,
I,= 100 GeV, MH = 100 GeV (sin 0~ =0.2306, sin 0~ =0.2334). Comments: The inverses of the sixth
column 1/X '" are plotted in Fig. 43. For C, +(iso) in cesium, this extra Z boson has A, '"=0.0008, cor-
responding to Mz =2000 C)'eV, while for C&+, A,

'"=0.0032, Mz —= 1000 CxeV.
2 2

QllRZltltles

Mz(GeV)
MIs(GeV)

HL,

p
o /(rr„-+ 0„)

Cg+
Cq (iso)

1—
C2

Cp 1)

A„~e)
AF~ e)
A~~ b

pod

Ap'gy b

@gal P)
Appal p)
A~i 7.)

F;„„(GeV)
Fu GeV)

Fg GeV
Fg GeV

91.1770
79.9832
0.2997
0.0301
0.3117
2.4640
5.1765—0.0361

-0.5037
1.1515
0.1455
0.1291
0.1291-0.3633

-O.O14O
-0.0140
—0.0537—0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
O.O91O

0.0980
0.0128
0.1306
0.4990
0.0835
0.2959
0.3773
2.4837

' Ao'~

0.0200
0.1050
0.0042
0.0034
0.0013
0.0300
0.4400
0.0220
0.0250
0.0453
O.Q026
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
0.0090
O.Q035
0.0110
0.0160
0.0007
0.0300
0.0400
0.0150

EO'
A = 0.01

0.1459
0.0006

-O.OQ02
0.0005-0.0005
0.0000-0.0017
0.0000
0.0076
0.0009—0.0040

-O.OQ4Q
0.0096
O.QOOO

O.QOQO
-0.0010-0.0004

0.0040
0.0040

-0.0043
0.0013

—0.0038
0.0023
0.0030
0.0008
0.0040

-0.0013
0.0012
0.0034
0.0017
0.0143

0.0072
Q.0673
O. 1563
0.0238
0.6293

0.1308

0.0595
0.0297
O.QO32
0.0008
0.1041

0.0891
0.0170
0.0108
0.0585
0.0526
0.0525
O.Q241
0.03QO
0.0447
0.0275
0.1262
O.Q056
0.0894
0.2372
0.0105

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

-0.0008

-Q.OQQS
-0.0008—0.0103
—0.0103

0.0066

0.0274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

-0.0002—0.0002
—0.0005
—Q.OOQS

0.0016
-0.0003

0.0081
-0.0004
-0.0005
—0.0005
-0.0005

0.0006
—0.0029
—0.0018
-0.0008
—0.0010

6, sins 8$" 4 sin2 8{~'

A =)).01
~

—0.0008
-O.QQQS

-0.0008
-0.0008
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3R2
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—2000
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b
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FIG. 43. The new physics of Z» with C = —(3/5)' /e: solid bar for CI+ and A «(SLC); open bar for C1+ (iso) and A «(LEP).
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TABLE XVIII. Deviations from the SM by an extra Z3& boson (no mixing). Type: Z3& . Free param-
eter: k=(gz/Mz )/(g&/Mz) with C =B(g2/g, )/A, =O (Sec. IV.A}. g, , g2, and Mz, Mz are the cou-

pling constants and masses of the ordinary Z and the extra Z3& bosons, respectively; 0 is their mixing
angle. Inputs: Mz =91.177 GeV, I,=100 GeV, MH=100 GeV (sin 0~=0.2306, sin 0~=0.2334).
Co~~ents: The inverses of the sixth column 1/k '" are plotted in Fig. 44. Z3~(C=O) has no effect on
Z-pole physics or M~. For C&+(iso), P. '"=0.0010 corresponding to Mz =1785 GeV, while for C&+,

2

A. '"=0.0038, Mz =917 GeV.
2

Quantities

Mz(Gev)

eg

~-i(~=+ ~-)
C1+

cI~(i so)

C+ 1)
2tFL

2C1 + CIg

91.1770
0.2997
0.0301
0.3117
2.464Q
5.1765-e.o361

-0.5037
1.1515
0.1455
0.1291
0.1291-0.3633-0.014Q

—0.0140
—0.0537—0.0323

0.0200
0.0042
0.0034
0.0013
Q.030Q
0.4400
Q.022Q
O.Q25Q
0.0453
0.0026
0.0013
0.0003
0.10QO
0.0460
O.Q046
0.1100
0.0040

KO'
,
A=0.01

0.0001
—0.0013
—O.QQ05

o'.eo11-0.011Q-o.oee4
0.003Q
0.0030

—0.0016
—0.0034
-0.0034

O.OQ98
0.0000
O.OOQO

0.0021
0.0010

0.5921
0.0255
0.0277
0.2742
0.3995
0.4950
0.0833
0.1516
0.0159
0.0038
0.Q010
0.1021

0.5271
O.Q383

A s111 e~

0.0003
0.0057
0.0130
0.0020

O.Q110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
0.0020

asm'e", '
A = 7i.ol, [

-0.0001
-0.0051

0.0007

—0.0002

-0.0003
0.0016-0.0086

-0.0086
0.0067

0.0005
0.0005
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(GeV)

—1785

—159?

—1383

—1129

—798

I4 gL g N~~~~~~~UCSCRCb QQ +~ ~ + cv ~ +Q QA& Qgt g — o aC-e

oe ~os +~ e
b 4.

b

PHYSICAL QUANTITIES 0,
FIG. 44. The new physics of Z» with C=O: solid bar for C, +,' open bar for C&+(iso).
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TABLE XIX. Deviations from the SM by a nonstandard Higgs field. Type: extra SU(2)-triplet (or
higher-dimensional) Higgs field. Free parameter: A, =pc —1, where po=M~/Mz cos 0~ (Sec. IV.B).
Inputs: Mz =91.177 GeV, m, = 100 GeV, M& = 100 GeV (sin 0~ =0.2306, sin 0~ =0.2334).
Co~~ents: For the explicit definitions of physical observables, see Sec. III. The inverses of the sixth
column 1/k '" are plotted in Fig. 45. Following the argument given in the text, the bigger 1/k, '" is, the
more likely for the vacuum expectation value of the nonstandard Higgs field to be detected by measur-
ing 0, . R, A«(LEP), and M~ have k '"-0.0015—0.0018, corresponding to VEV»-7 GeV, while
A«(SLC) and A»(b) have k '"-0.0026—0.0030, correspo~di~g to VEV»-9 AeV.

Quantities

Mz(Ge V)
Mg (GeV)

HL,

V

-.f-;
~-I(~=+ ~-)

cg+
cq~(iso)

Cp 1)

2C& +
Cp)

Ay~ IIEP)
A~~(c)
Ay~(c)
AFB(1I)
Ay ~(b)

~ra &)
Ay~ p)
A~ 7.)i';„„(GeV)

F)(gGe V)r„-GeV
F~ GeV
Fz GeV

91.1770
79.9832
0.2997
0.0301
0.3117
2.4640
5.1765-0.0361-0.5037
1.1515
0.1455
0.1291
0.1291-0.3633

-Q.0140
-0.0140
-Q.0537-0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
0.0910
0.0980
0.0128
0.1306
0.4990
0.0835
0.2959
0.37?3
2.4837

QOcp

O.Q200
0.1050
0.0042
0.0034
0.0013
0.0300
0.44QO
0.0220
Q.0250
0.0453
0.0026
0.0013
0.0003
0.1000
0.0460
O.OQ46
0.1100
0.0040
0.0066
Q.0041
O.Q250
0.0070
0.0200
0.0054
0.0090
0.0035
0.0110
0.0160
0.0007
0.0300
0.0400
0.0150

AO'
A = 0.01

0.5709
0.0084

-0.0002
0.0083—0.0019
O.OOQO-0.0069-0.0050
0.0298
0.0068
0.0000
0.0000-0.0084—0.0001

—0.0001-0.0137
-O.Q07Q

0.0257
0.0257
O.Q087
0.0133
0.0016
0.0181
0.0193
0.0050
0.025?
0.0050
0.0010
0.0046
0.0053
0.0332

0.0018
0.0050
0.1366
0.0015
0.1608

0.0317
0.0496
0.0152
0.0039

0.1190

0.3276
0.0801
O.OQ58
0.0026
0.001?
Q.0288
0.0053
0.1285
0.0030
0.004?
0.0069
0.0043
0.0321
0.0070
0.0646
0.0757
O.OQ45

0.0003
0.0006
Q.0057
0.0130
0.0020

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
0.002Q
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

—0.0033
—0.0114
-O.OQ10
-0.0131

-0.0035

—0.0033
—0.0065

0.0000
0.0000-0.0058

—0.0034
-O.Q035
—0.0033
—0.0033
—0.0033
—0.0033
—0.0033
—0.0033
-0.0033
—O.Q033
—0.0033
-0.0022
—O.OQ23
-0.0025
-0.0024
—0.0024,
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VEVE+
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FICx. 45. The new physics of nonstandard Higgs fields: solid bar for A«(SLC), open bar for A«(LEP). The right-hand scale corre-
sponds to the VEV of the nonstandard Higgs field in GeV.
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TABLE XX. Deviations from the SM by an SU(5) leptoquark (gLWO). Type: SU(5) leptoquark. Free
parameter: A. =(&2lgL l'/SMzGF) (gi&0, gR =0; Sec. IV.B). Inputs: Mz=91.177 GeV, m, =100
GeV, MH =100 GeV (sin'0~=0. 2306, sin 0~=0.2334). Comments: For the explicit definitions of
physical observables, see Sec. III. The inverses of the sixth column 1/k '" are plotted in Fig. 46. Lep-
toquarks have no eItect on Z-pole physics, M~, and purely leptonic processes. For Ci+ (iso),
k '"=0.0005, corresponding to (Ms/lqi. l) &5.5 TeV. C&+ and 2C, „+C,~ are sensitive up to -2.8
TeV. For the leptoquark with g&WO, gL =0, only the atomic parity-violation coe@cients are a6'ected.
The deviations on the C s are the same as those in this table but within minus signs.

Quanti ties AO'
4=001

~s~'e~ Ss~'e', ~

A = L).01
M~(Ce V)

eg
cty

Cq~(sso)

C+ 1)

2'„+Ctg

91.1770
0.2997
0.0301
0.3117
2.4640
0.1291
0.1291

-0.3633-0.0140
-0.0140-0.0537-0.0323

0.0200
0.0042
0.0034
0.0013
0.0300
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040

0.0025
—0.0006

0.0023
0.0115-0.0067

-0.0067—0.0075-0.0100
-0.0100
—0.0100-0.0200

0.0166
0.0565
0.0056
0.0262
0.0020
O.Q005
0.1339
0.0460
0.0046
Q.1100
0.0020

0.0003
0.0057
0.0130
0.0020

0 0033
0.0009
0.0689

0.0274
0.0020

—0.0034
—0.0023
—0.0036
—0.0170
—0.0170
—0.0051

—Q.0025—0.0099
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h4 ~~ !C

b

b
PHYSICAL OUANTITIES 0

FIG. 46. The new physics of SU(5) 1eptoquark, type 1: solid bar for C&+ and C»', open bar for C&+(iso) and C2~(l). The right-hand
scale corresponds to Mz /

~ g ~
in TeV.
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TABLE XXI. Deviations from the SM by an extra fermion (uL). Type: extra left-handed Q = —,,

SU{2)-singlet quark {Sec.IV.C). Free parameter: A=sin 01, where 01 is the mixing angle between or-
dinary and exotic [SU(2)-singlet] left-handed u quark. Inputs: Mz =91.177 GeV, m, =100 GeV,
MH =100 GeV {sin 0~=0.2306, sin 0~=0.2334). Comnents: For the explicit definitions of physical
observables, see Sec. III. The deviations of A Ps(c), AFs(c) and I „areare due to the mixing between
the ordinary c quark and an exotic c quark. For these the mixing angle is sin Oz rather than sin OL.
The inverses of the sixth column 1/A. '" are plotted in Fig. 47. Following the argument given in the
text, the bigger 1/A, , '" is, the more likely for the extra ul to be detected by measuring 0, . C&+ {iso) is
sensitive to sin'OL -=0.0010, while E, C&+, and 2C&„+C&d have X '"-0.004.

Quantities

Mg(Gev)

Hg
Cl+

C,~(iso)

Cp 1)

2Ci„+Cgg

A~~ cpol

A.ygy c
r.,-Ia.vIrz GeV

91.1770
0.2997
0.3117
2.4640
0.1291
0.1291-0.3633-0.0140

-0.0140-0.0537-0.0323
0.4725
0.0617
0.2959
2.4837

0.0200 '

0.0042
0.0013
0.0300
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040
0.0250
0.0070
0.0300
0.0150

0sM ~on~ b, O'
A = 001

—0.0034
—0.0034

0.0071
0.0034
0.0034
O.QQ38
0.0004
0.0004
0.0004
0.0101

-0.0062
-0.0008
—0.0068-0.0068

0.0122
0.0037
0.0422
0.0039
0.0010
0.2658

0.1273

0.0040
0.0406
0.0870
0.0439
0.0220

0.0003
0.0057
0.0020

0.0033
0.0009
0.0689

0.0046
0.0054

0.0085
0.0085
0.0026

0.0274
0.0020
0.0095
0.0017
0.0161
0.0011

0.0001
O.OQ50

0.0023
0.0002
O.Q037
O.OQ05

6 sin 8~@~ 4 sins Hi ~'

A = $1.01
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EF1(ul)

S1Il Hg

— 0.0010

— 0.0013

— 0.0017

—0.0025

—O.0O5O

hi CL g m~~~~~~~ j ~lUICIIL~QSCS~+~~~cv~ ~VVW~
Cgl

CV

b
PHYSICAL QUANTITIES 0,

FIG. 47. The new physics of one extra uL. solid bar for C&+ and C»,' open bar for C, +(iso), C»(1). The right-hand scale corre-
sponds to sin OL .
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TABLE XXII. Deviations from the SM by an extra fermion (us ). Type: extra right-handed Q = 32,

SU(2)-doublet quark (Sec. IV.C). Free parameter: A, =sin 0&, where 0& is the mixing angle between or-
dinary and exotic [SU(2)-doublet] right-handed u quark. Inputs: 1lfz=91.177 GeV, m, =100 GeV,
MH =100 GeV (sin'gs, =02306, sin Os =02334). Comments: The deviations of APs(c), AFs(c) and

I,, are due to the mixing between the ordinary c quark and an exotic c quark. For these the mixing an-

gle is sin 0& rather than sin 0&. The inverses of the sixth column 1/A, '" are plotted in Fig. 48.
C, +(iso) has A, '"=0.0010, while A, '"=-0.004 for C&+ and 2C&„+C&d.

Quantities 0sM ~ocap b, O'
A = 0.01

28(oz)"
A = L).01

Mz(GeV)

~a
Ci+

Ct~(i so)

C~s 1)

2Ca + Ct~
A~~ cgaol

Appal c
r„-IGevI
Fz GeV

91.1770
0.0301
0.3117
5.1765
0.1291
0.1291—0.3633—0.0140

—0.0140-0.0537—0.0323
0.4725
0.0617
0.2959
2.483?

O.Q200
0.0034
0.0013
0.4400
0.0013
0.0003
Q.1000
0.0460
0.0046
0.1100
0.0040
Q.0250
0.0070
0.0300
O.Q15Q

-O.Q016
-0.0006

0.0129-0.0034
—0.0034-0.0038

0.0004
0.0004
O.OQ04—0.0101
0.0136
0.0018

-0.0031
-O.Q031

Q.0219
0.0206
0.3411
0.0039
0.0010
0.2658

0.1273

0.0040
0.0184
0.0393
0.0972
0.0486

Q.0003
0.0130
0.0020

0.0033
0.0009
0.0689

0.0274
0.0020
0.0095
0.0017
0.0161
0.0011

—0.0060
0.0010

-0.0085
—0.0085—0.0026

0.0001-0.0050
-0.0052
-0.0004

Q.0017
Q.0002
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EF2(ur)

~~I:

b
PHYSICAL QUANTITIES 0

FIG. 48. The new physics of one extra u&. solid bar for C&+ and Cz~, open bar for C1+(iso) and C&~(1).
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TABLE XXIII. Deviations from the SM by an extra fermion (dL). Type: extra left-handed Q = —
—,',

SU(2)-singlet quark (Sec. IV.C). Free parameter: A, =sin OI, where OL is the mixing angle between or-
dinary and exotic [SU(2)-singlet] left-handed d quark. Inputs: Mz=91.177 CxeV, m, =100 CxeV,
MH=100 GeV (sin 8/=0. 2306, sin'Os, =0.2334). Comments: The deviations of Ag(b), A„s(b)and
I » are due to the mixing between the ordinary b quark and an exotic b quark. For these the mixing

angle is sin 0& rather than sin 0&. The inverses of the sixth column 1/k '" are plotted in Fig. 49.
C&+(iso) has A, '"—=0.0009, while k '"-0.003 for R and C&+.

Quantities AO'
A = 0.01

P~an ~ s~2 g~~ ~ s~2 g(~'&)

A = 1).01
Mg(GeV)

Hg
Cg+

Ct*(iso)

Cs

C+ 1)

2Clu + Cld
A~~(b)
Ay gy(b)

Fg GeV
I'z GeV

91.1770
0.2997
0.3117
2.4640
0.1291
Q.1291-0.3633-0.0140

-0.0140-0.0537-0.0323
0.6965
0.0910
0.3773
2.4837

Q.0200
0.0042
0.0013
O.Q3QO
0.0013
0.0003
0.1000
0.046Q
0.0046
0.1100
0.0040
0.0200
0.0054
0.0400
0.0150

-0.0043
—0.0043-0.0057—0.0038
-0.0038

0.0034
-O.OQQ4
—0.0004

O.QQQ4—0.0050
—0.0011
-0.0001
—0.0085
-O.Q085

0.0098
0.0030
0.0524
0.0035
0.0009
0.2981

0.1273

0.0079
0.1830
0.3852
0.0471
0.0177

0.0003
0.0057
0.0020

O.Q033
0.0009
0.0689

0.0274
0.0020
0.0423
0.0010
0.0184
Q.0011

0.0057
0.0067

-0.0096
-0.0096

0.0023

0.0001—0.0025
0.0023
0.0000
Q.0039
Q.0006
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EF3(dI)

S1I1 8g

—0.0009

—0.0011

—0.0015

—0.0022

—0.0045

tv o. g a~~~~~~~ ) gl ) ol~ ™~UICSCCbCb CSCN~+ & cv ~Q QDN ggt g — ou ~ ~ ~ ~ &.— — c.™c cII

g ~K~C+~ 4.

b

PHYSICAL QUANTITIES 0,
FIG. 49. The new physics of one extra dL. solid bar for C, + and C2~, open bar for C&+(iso) and C2~(1).
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TABLE XXIV. Deviations from the SM by an extra fermion (ds ). Type: extra right-handed Q = —3,
SU(2)-doublet quark (Sec. IV.C). Free parameter: A= sin 0&, where 0~ is the mixing angle between or-
dinary and exotic [SU(2)-doubletj right-handed d quark. Inputs: Mz =91.177 CreV, m, =100 GeV,
MH= 100 GeV (sin'0$ =0.2306, sin'0~=0. 2334). Comments: The deviations of Ag(b), AF&(b) and
I » are due to the mixing between the ordinary b quark and an exotic b quark. For these the mixing
angle ss sm2g~& rather than ssn2g~R~. fhe ~nverses of the s&xth column $/km'" are plotted sn Fsg. 50
C, +(iso) has k '"—=0.0009, while k '"-0.0035 for C, +.

Quantities

M~(GeV)

Ct+
Ct~(iso)

Cp 1)

2Ct„+Ctg
A~~~ b)
Ay~ b)

r„-Ia.vII'g GeV

osM

91.1770
0.0301
0.3117
5.1765
0.1291
0.1291

' -0.3633—0.0140
-0.0140-0.0537-0.0323

0.6965
0.0910
0.3773
2.4837

0.0200
0.0034
0.0013
0.4400
0.0013
0.0003
0.1000
0.9460
0.0046
0.1100
0.0040
0.0200
0.0054
0.0400 i

0.0150

BO'
A = 0.01

—0.0008
—0.0003—0.0258

0.0038
0.0038-0.0034-0.0004

—0.0004
0.0064
0.0050
0.0060
0.0008

—0.0015
-0.0015

0.0438
0.0411
0.1708
0.0035
0.0009 '

0.2981 '

0.1273

0.0079
0.0333
0.0702
0.2588
0.0970

0.0274
O.OQ20

0.0423
0.0010
0.0184
0.0011

0.0001
0.0025

-0.0127
-0.0001

0.0007
0.0001

A sin2 e~~ A sin2 8( '

A = F01,
~

0.0003
0.0130 -0.6030
0.0020 0.0005

0.0033 0.0096
0.0009 0.0096
0.0689 -0.0023
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EF4(dr}
sin 8&
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0.0015
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FICy. 50. The new physics of one extra d& .. solid bar for CI+ and C2~, open bar for CI+ (iso) and C2p(1).
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TABLE XXV. Deviations from the SM by an extra fermion (eL ). Type: extra left-handed SU(2)-
singlet charged lepton (Sec. IV.C). Free parameter: A, =sin OL, where OL is the mixing angle between
ordinary and exotic [SU121-singletj left-handed electrons. Inputs: Mz =91.177 GeV, m, =100 CxeV,

MH =100 GeV (sin 0~=0.2306& sin 0~=0.2334). Co~~cnts: The deviation of A~,&(~) is due to the
mixing between the ordinary ~ and an exotic ~-lepton. The mixing angle is sin OL rather than sin 0~,
and there is no shift in sin 6~. For the mixing between an ordinary and an exotic electron, there are no
direct shifts in C» and C~, which are measured in p-atoms; the shifts are due to the shift in sin 0~
only. I;, is averaged over the e, p, and ~. I"„is shifted by —0.0012 GeV, including both the direct
shift and the sin g~ shift. I and I are shifted by 0.0004 GeV due to sin'0~. The inverses of the
sixth column 1/A, '" are plotted in Fig. 51. C&+(iso) is sensitive to k '"=0.0025, while sin OL =—0.006 for
A, l(v).

Quantities OSM goeap EO'
A = 0.01

as~'e~ ' as~'e'~t' ~W'
A = (I.01

Mg{GeV)
M~{GeV)

e&

gg

&v ~r a
C1g

Cgp{sso)

Cp 1)

A~FB c
AFB c
AFB
AFB b

A~ 7.)pol

I'
ll GeV)r„-Gev

F~ GeV
F~ GeV

91.1770
79.9832
0.2997
0.0301
0.3117
2.4640—0.0361

—0.5037
1.1515
0.1455
0.1291
0.1291

—0.3633-0.0140
—0.0140
—0.0537—0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
0.0910
0.0980
0.0128
0.1306
0.4990
0.0835
0.2959
0.3773
2.4837

0.0200
0.1050
0.0042
0.0034
O.Q013
0.0300
0.0220
0.0250
0.0453
0.0026
0.0013
Q.0003
0.1000
0.0460
0.0046
0.11QO
0.0040
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
O.OQ90
0.0035
0.0110
0.0160
0.0007
0.0300
0.0400
0.0150

0.0855
0.0012

-0.0004
0.0011-0.0009
0.0017
0.0050

—0.0061
—0.0007-0.0014
-Q.0014
—0.0005-0.0001
-0.0001
—0.0069—0.0032
-0.0053
—0.0053

0.0043
—0.0019

0.0008
—0.0036

0.0096
0.000?

-0.0181
0.0025

—0.0001
0.0023
0.0026
0.0148

0.0123
0.0344
0.0799
0.0122
0.3216
0.1287
0.0500
0.0740
0.0383
0.0096
0.0025

0.6551
0.1602
0.0125
0.0129
0.0081
0.0576
0.0363
0.2571
0.0154
0.0093
0.0471
0.0061
0.0641
0.0743
0.1293
0.1514
0.0101

0.0003
0.0006
0.0057
0.0130
0.0020

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
0.0020
0.0008
0.0005
0.0095
0 0017.
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

-0.0005
-0.0016
-0.0016
—O.QQ16

0.0009

Q.0007
O.OQQ7-0.0034

—0.0034-0.0003

—0.0017—0.0016
0.0007
0.0007

-0.0016
0.0005

-0.0016
0.0006

-0.0016
-0.0005

0.0023
-0.0011

0.0002
-0.0012
-0.0012
-0.0011
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EF6(eI)

S111 HL

—0.0025
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FIG. 51. The new physics of one extra eL. solid bar for C&+ and 2 «(SLC); open bar for C&+ (iso) and 2 «(LEP).

Rev. Mod. Phys. , Vol. 64, No. 1, January 1992



160 Langacker, Luo, and Mann: High-precision electroweak experiments

TABLE XXVI. Deviations from the SM by an extra fermion (ez ). Type: extra right-handed SU(2)-
doublet charged lepton mixed with ordinary electron (Sec. IV.C). Free parameter: A=sin Oz, where
OR is the mixing angle between ordinary and exotic [SU(2i-doublet] right-handed electron. Inputs:
Mz =91.177 GeV, m, =100 GeV, M& =100 GeV (sin 0~=0.2306, sin 0~ =0.2334). Co~~ents: The
deviation of A~,~(r) is due to the mixing between the ordinary w and an exotic ~-lepton. The mixing an-

gle is sin 0& rather than sin 6l&. C» and C2 are assumed to be measured in p-atoms and are therefore
not affected. The inverses of the sixth column 1/A, '" are plotted in Fig. 52. A„R(LEP)and C&+(iso)
would be sensitive to sin 0~ -0.0021-0.0025, while k '" &0.01 for C,+, A«(SLC), A»(c), A„z(b),
and Ap, )(~).

Quantities b.O*
A = 0.01

as~'e~~ ' Zs~'e~ ' ~

A =II~.01
~

Mz(G&V)

cr„/(o„-+ o„)
ct+

cq~(iso)

Appal c
Ay~ b

91.&770-0.0361
—0.5037

1.1515
0.1455
0.1291
Q. 1291-0.3633-0.0323
0.1306
0.1306
0.0617
0.0910
0.0128
0.1306
0.0835
2.4837

0.0200
0.0220
0.0250
0.0453
0.0026
0.0013
0.0003
0.1000
0.0040
0.0066
0.0041
0.0070
Q.0054
0.0035
0.0110
0.0007
0.0150

—0.0050
0.0050
0.0243

-0.0005-0.0014
-0.0014

0.0037
0.0003
0.0210
0.0210
0.0099
0.0146
0.0021
0.0210

-0.0005
-O.O016

0.0440
0.0500
0.0187
Q.0501
O.QQ96
0.0025
0.2683
0.1466
0.0032
0.0021
0.0071
O.GG38
0.0171
0.0052
0.0135
0.0967

0.0003
0.0110

0.0050
0.0025
O.OQ33
0.0009
0.0689
0.002Q
0.0008
0.0005
0.0017
0.0010
0.0023
0.0014
0.0016
0.0011

-0.0025

-0.0027
0 0005-0.0034

-0.0034
0.0026
0.0001-0.0027

-0.0027
-0.0025
-Q.0026
-0.0013
—0.0027

0.0012
O.OOQ1

„
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FIG. 52. The new physics of one extra e&. solid bar for C&+ and A«(SLC); open bar for CI+(iso) and ALR(LEP).
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TABLE XXVII. Deviations from the SM by an extra fermion (v,L). Type: extra left-handed SU(2)-

singlet v, (Sec. IV.C). Free parameter: A, =sin 0L', where 01' is the mixing angle between ordinary and
exotic [SU(21-singlet] left-handed neutrino. Inputs: Mz =91.177 GeV, m, =100 CxeV, MH=—100 CieV
(sin 0~=0.2306, sin 0~=0.2334). Co~~ents: The inverses of the sixth column 1/A. '" are plotted in
Fsg. 53. ALR(LEP) would be sensstsve to A, '"-0.0033, whcle A, '"&0.01 for o„/(o.+0~), ALR(SLC),
A„s(bi,and APs(p).

Quantities

M~(Ge V)
Mgr (Ge V)

~-i(~- + ~-)
Ct~

Cgp(sso)

Cp 1)
2'%

A~~ e
Ap~ e
A~~~ b

Agcy b

A~~ p
Appal p,F;„„(ev)

r'",jGeV)r., GeV

91.1770
79.9832
0.2997
0.0301
0.3117
2.4640

-Q.0361
1.1515
0.1455
0.1291
0.1291-0.3633—0.0140

-0.0140
—0.0537—0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
0.0910
0.0980
0.0128
0.4990
0.0835
0.2959
0.3773
2.4837

+OcÃP

0.0200
0.1050
0.0042
0.0034
0.0013
O.'O30O
0.0220
0.0453
0.0026
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
0.0090
Q.0035
0.0160
O.OQ07
0.0300
0.0400
0.0150

AO'
= 0.01

0.9855
0.0012

—0.0004
0.0011—O.Q009—0.0033
0.0149
0.0042
0.0000
0.0000-0.0042—0.0001

-Q.0001
-0.0069-0.0035

0.0129
0.0129
0.0043
0.0066
O.OOQ8

0.QQ91

0.0096
0.0025

-0.0008
0.0005
0.0023
0.0026
0.0133

0.0123
0.0344
0.0799
0.0122
0.3216
0.0669
0.0304
Q.0062

0.2379

0.6551
0.1602
0.0115
0.0053
0.0033
0.0576
0.0105
0.2571
Q.0061
0.0093
0.0139
0.1947
0.0139
0.1293
0.1514
0.0113

0.0274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.00?0
0.0016
0.0161
0.0184
0.0011

-0.0017—Q.0017-0.0016
—0.0016
—0.0016
—0.0016
-0.0016
-0.0016
-0.0016
-0.0016

0.0004
-0.0012
-0.0012
-0.0012
-0.0010

E sins 8~~ b, sins 8( '

A = ti.01
~

0.0003
0.0006 -0.0005
0.0057 -0.0016
0.0130 -0.0016
0.0020 -0.0016

0.0110 -0.0016
0.0050 -0.0016
0.0025 -0.0041
0.0033 0.0000
0.0009 0.0000
0.0689 -0.0029
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FIG. 53. The new physics of one extra v,L

.. solid bar for C» and A LR(SLC); open bar for C»(1) and A «(LEP).
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TABLE XXVIII. Deviations from the SM by an extra fermion (pl ). Type: extra left-handed SU(2)-
singlet charged lepton mixed with ordinary muon (Sec. IV.C). Free parameter: A=sin O~L, where O~L is
the mixing angle between ordinary and exotic [SU(2)-singlet] left-handed muon. Inputs: Mz =91.177
GeV, I,=100 GeV, M~=100 GeV (sin 0~=0.2306, sin 0~=0.2334). Co~ments: The inverses of
the sixth column 1/A, '" are plotted in Fig. 54. It is assumed that C» and C2 are measured in muonic
atoms and therefore receive direct contributions from pl mixing as we11 as sin 0~ efFects. I &-, is aver-

aged over e, p, and ~. R would be sensitive to sin O~L -0.0018, while A,
'" &0.01 for gL, A»(b), and

ALa at both LEP and SLC. If ps is mixed with an exotic [SU(2)-doublet] right-handed lepton, then we
have the following shifts: AC&~ =0.0001, AC& = —0.0100, b, A Pa(p) =0.0157, AAFa(p)
=0.0021, AI;, {GeV)= —0.0005, and AI (GeV) = —0.0016.

Quantities

Mg(GeV)
Mtsr(GeV)

Hp

cr„/(o„-+ o„)
ctg

Cq~(aso)

C2

C+ 1)

A~~~ c
Ay~ c
A~~~ b)
Agcy b)

Agcy p
Appal p,r;„„(eV)

Fti GeV)

Fsr, GeV
Fg GeV

O SM ~oem@
I

91.1770 0.0200
79.9832 0.1050
0.2997 0.0042
0.0301 0.0034
0.3117 0.0013
2.4640 0.0300-0.0361 0.0220

-0.5037 0.0250
1.1515 0.0453
0.1455 0.0026
0.1291 0.0013
0.1291 0.0003-0.3633 0.10QO-0.0140 0.0460

,

-0.0140 0.0046
' -O.O537 O. 11OO-0.0323 0.0040

0.1306 0.0066
0.1306 0.0041
0.4725 ' 0.0250
0.061? 0.0070
0.6965 0.0200
0.0910 0.0054
0.0980 0.0090
0.0128 0.0035
0.4990 0.0160
0.0835 0.0007
0.2959 0.0300
0.3773 0.0400
2.4837 0.0150

AO'
4=001

Q.0855
O.OQ72
0.0002
0.0073-0.0009-0.0037-0.0050
0.0149
O.Q017
0.0000
0.0000-0.0042-0.0001

-0.0001
0.0032-0.0035
0.0129
0.0129
0.0043
0.0066
0.0008
Q.0091

-0.0040
0.0007
0.0025

-0.0001
0.0023
0.0026
0.0148

0.0123
0.0058
0.1924
0.0018
0.3216
0.0602
0.0496
0.0304
0.0152

0.2379

Q.3595
0.3481
0.0115
0.0053
0.0033
0.0576
0.0105
0.2571
0.0061
0.0227
0.0471
0.0641
0.0743
0.1293
0.1514
0.0101

4 sin2 H'~R'

0.0003
0.0006
Q.0057
0.0130
0.0020

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0070
0.0016
0.0161
0.0184
0.0011

asm'H( '~]
A= (3.01 i

-0.0005
-0.0097

0.0007
—0.0114

-0.0018

-0.0016
-Q.0016

0.0000
0.0000-0.0029

0.0008-0.0017
-0.0016
-0.0016
-0.0016
-0.0016
—0.0016
-0.0016

0.0007
-0.0005
-O.Q011

0.0002
-0.0012
-0.0012
-0.0011
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Fpo. 54. The net physics of one extra PI: solid bar for C2~ and 2 «(SLC); open bar for C»(1) and A LR(LEP).
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TABLE XXIX. Deviations from the SM by an extra fermion (v„L). Type: extra left-handed SU(2)-
V V

singlet v„(Sec.IV.C). Free parameter: A, = sin 8L", where 8L" is the mixing angle between ordinary and
exotic [SU12)-singlet] left-handed v„. Inputs: Mz=91.177 GreV, m, =100 GeV, MH=100 GeV
(sin 8~=0.2306, sin 8~=0.2334). Co~ments: The inverses of the sixth column 1/k '" are plotted in
Fig. 55. The minimum X is -0.0033 for AL~(LEP}, while k '"&0.01 for ALR(SLC), AFg(b} and
~Pals l.

Quantities

Mz(Ge V)
Mgr(GeV)

o„/(o„-+ o„)
Ctp

Cq*(sso)
Cry
C2

Cp 1)

A~~~ c
AFg c
AF~ bpot

AFAR) 5

A~F~ p)

I'I GeV)

I'M-, GeV
Iz GeV

91.1770
79.9832
0.2997
0.0301
0.3117
2.4640-0.0361
1.1515
0.1455
0.1291
0.1291-0.3633

—Q.Q14Q
-0.0140-0.053?-0.0323

D.1306
0.1306
0.4725
0.0617
0.6965
0.0910
0.0980
0.0128
0.4990
0.0835
0.2959
0.3773
2.4837

Q.0200
'

0.1050
0.0042
0.0034
0.0013
0.0300
0.0220
0.0453
0.0026
0.0013
Q.0003
0.1000
0.046Q
0.0046
0.1100
0.0040
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
0,0090
O.Q035
0.0160
0.0007
0.0300
0.0400
0.0150

b.o'
= 0.01

0.0855
0.0012

-O.OOQ4
0.0011-0.0009—0.0033
0.0149

-0.0008
0.0000
D.QQQD-0.0042-0.0001

—0.0001
-0.0069
—0.0035

0.0129
Q.0129
0.0043
0.0066
0.0008
0.0091
0.0096
Q.0025

-0.0008
0.0005
0.0023
0.0026
0.0133

/men

0.0123
0.0344
0.0799
O.Q122
0.3216
O.Q669
0.0304
0.0324

0.2379

0.6551
0.16Q2
o.oa15
0.0053
0.0033
0.0576
0.0105
0.2571
0.0061
0.0093
0.0139
0.1947
O.Oa39
0.1293
0.1514
0.0113

4 sin2 8~~

0.0003
0.0006
0.0057
0.0130
0.0020

Q.0110
0.0050
0.0025
0.0033
Q.Q009
0.0689

0.0274
0.0020
O.OOQ8
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0070
0.0016
0.0161
0.0184
0.0011

s 8(&'z)

A =boa
1

-0.0005
-o.ooa6
—0.0016-0.0016

-0.0016
—0.0016

0.0008
0.0000
O.QOQO

—0.0029

-O.Q017—0.0017
-O.OQ16
—0.0016
—0.0016
—0.0016
—0.0016
—0.0016
-0.0016
-0.0016

0.0004
-0.0012
—0.0012
—0.0012
-0.0010

Rev. Mod. Phys. , Vol. 64, No. 1, January 1992



Langacker, Luo, and Mann: High-precision etectroweak experiments

EF17(vp, L)

Ice~+~ + ~ lh g ~ cl~~~~~~~ f ~I

b

b
PHYS|CAL QUANTA ~ES O

FICi. 55. The new physics of one extra v„L.solid bar for A LR(SLC); open bar for A «(LEP).
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TABLE XXX(a). Deviations from the SM due to four-Fermi Operators induced by Compositeness.
Type: four-fermi operators induced by compositeness of fermions (Sec. IV.D). F ee parameter:
A, = (&2m/GFA ). Inputs: Mz =91.177 GeV, m, = 100 GeV, MH = 100 GeV (sin'0~ =0.2306,
sin 8~=0.2334). Co~~ents: For the explicit definitions of physical observables, see Sec. III. In this
table are included three types of operators: (1) —L& =+(4~/A&)l„Ly"l„lqLy„qI, which shifts eL(u),
el {d), Cz„, and C2d,' (2) —L2 =+ (4?z./Az)v„L y"v„LeI y„eL, which shifts g~ and g~; and {3)

L 3
=+( 477 /A3 )eL y "eLqL y„qL,which shifts C

&
„and C

& d . The deviation pattern of L j is plotted in

Fig. 56(a). C»(1) would be sensitive to A, '"=0.0023, corresponding to A& =12.9 TeV. The deviation
pattern of L2 is plotted in Fig. 56(b). a. /(o. +o. ) has k '"=0.0032 (A&=10.9 TeV). The deviation

pattern of L3 is plotted in Fig. 56(c). C&+ (iso) has A,
'"=0.0002 (A3 —=44 TeV).

Quantities asM 40'
A = 0.01

~ s~' e'*' a s~' e&"&
& =t01

Mz(GeV)

Hz,

0„/(erg+ cr )

Ctp(iso)

C2~ 1)
2Ci + Ci~

91.1770
0.2997
0.3117
2.4640-0.0361

—0.5037
1.1515
0.1455
0.1291
Q.1291

-0.3633-0.0140
—0.0140
—0.0323

0.0200
0.0042
0.0013
O.Q300
0.0220
0.0250
0.0453
0.0026
O.OQ13
0.0003
0.1000
0.0460
0.0046
0.0040

-0.0017
—0.0017-0.0257

0.0100
0.0100

—0.0421
—0.0082

0.0141
0.0141
Q.0008
0.0200
0.0200
0.0300

0.0252
0.00?7
0.0117
0.0220
0.0250
0.0108
0.0032
Q.0009
0.0002

0.0230
0.0023
0.0013

0.0003
0.0057
0.0020

0.0110

0 0050
0.0025
0.0033
0.0009
0.0689

0.0020

0.0022
0.0026

0.0050

0.0046
0.0078
0.0360
0.0360
O.Q006

0.0149

TABLE XXX(b). e+e asymmetries away from the Z pole at s —Mz =MzI z. We have optimistically
assumed experimental uncertainties that are the same as the corresponding uncertainties on-shell.
ALR(f) is the polarization asymmetry for final states ff only. The Lagrangian is of the form
—L =4m/A X operator. A,

'" is the value of A, =2' ~/GFA' for which the change in the observable is
equal to 60,",and A;„is the corresponding value of A.

Quantities ~oeep
a Operator A,„(TeV)

Az, zt(p) 0.1687 0.0100 ez,p„ezPzg" IJ z 0.08

Azzt (c) 0.1991 0.0090 ezra„ez czar" cz 0.07

Azzt(b) 0.1818 0.0080 ezp„ezbzp"bz 0.07

A~~(c) 0.5061 0.0250 e&p„ez,czp~cz 0.67

A~~(c) 0.1440 0.0070 ezp„ezczp"cz 0.07

A~zI (b) 0.7025 0.0200 ez,p„ez,bz,p"bz 2.98

2.1

2.3

2.3

0.8

0.4

A~J3(b)

A~a(v)

0.1365 0.0050 ezra„ezbzp"bz 0.06

0.1266 0.0090 ezra„ez,Pz, p"pz, 0.10

2.6

2.0

A~~(IJ, ) 0.1285 0.0035 ezra„ezIJzp" pz, 0.04

A~)(7.) 0.1687 0.0110 ezra„eztzp"7z 0.10

3.1

1.9

Rev. Mod. Phys. , Vol. 64, No. 1, January 1992



Langacker, Luo, and Mann: High-precision electroweak experiments 169

4-F1
Ag

(Te V) 4-F2
Ap

(TeV)

12.9 10.9

C
8 e

—10.0

C
E s

—8.4

—8.2 —6.9

hl ~~IC & M iCe~++DC+% %CO + ~ & ee ~ ~Q +&& ++7. a — o u&X b pe ~~~a +~~~ a+ ~ «~~/ s. 4
I &
b

CV

PHYSICAL QUANTITIES Og

m-4&» +a&C~ + ~ IL f K~ ~ ~ ~ ~ ~ ~ f + I I+DC+% OQ +~ ~ & os 7 &0 04& ggH & — o a&b ~()+++()+ 4C g g

0
cv

PHYSICAL QUANTITIES Oi

4-F3
A3

(TeV)

— 44.0

— 39.4

C
I a

P — 34.1

19.7

N mW+ & ~ am&Qggb&gy&e~agg&~gg iX
+ is, «,~~@ g. 0

I a g

b
PHYSICAL QUANTITIES Oa

FIG. 56. The new physics of four-fermi operators: (a) four-fermi operator, type I: solid bar for C2~, open bar for C2~(1). The right-
hand scale corresponds to the compositeness scale A in TeV. (b) Four-fermi operator, type II: solid bar for C, + and A «(SI.C); open
bar for C1+ (iso) and ALR(LEP). (c) Four-fermi operator, type III: solid bar for C1+, open bar for C1+ (iso).
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TABLE XXXI. Deviations from the SM due to heavy-particle contributions to loop corrections (h v).
Type: Deviations arising from loop corrections due to heavy-particle physics, e.g., nondegenerate
heavy fermion or boson multiplets, with h &%0, h &z =0, h & ~=0 (Sec. IV.E). Free parameter: A. =o.h z
(a = 1/137.036). Inputs: Mz =91.177 GeV, m, = 100 GeV, MH = 100 GeV {sin 6~=0.2306,
sin 0~=0.2334). Comments: For the explicit definitions of physical observables, see Sec. III. The
inverses of the sixth column 1/k '" are plotted in Fig. 57. As expected, the deviation pattern among the
observables is exactly the same as that of nonstandard Higgs fields (see Table XIX and Fig. 45). R has

'"=Q.QQ15, corresponding to Q v ——0.21- Q L~(LEP) has g '"=Q QQ] 7 (Q ~ ——0 23);
1, '"=0.0018 (h&=0.25). A«(SLC}, A»(b), and o. /(o. +o- ) all have 1 '"&0.004.

Quantities EO'
4=001

b, sin 8~~ A sins H~~'

A = li.ol
Mz(GeV)
Mgr(Ge V)

Hg

V

o /(cr„-+o„)
cg+

Ci (iso)

C2

Cp 1)
2~
+ cia

ArsIIEPI
A~~B c
APB c

AFB
AyB b)
APol

( )
Ay B(P)
A~i(7. )I';„„(GeV)

I'ii&GeV)I'„-GeV
I'g GeV
I'g GeV

91.1770
79.9832
0.2997
0.0301
0.3117
2.4640
5.1765-0.0361

—0.5037
1.1515
0.1455
0.1291
0.1291

—0.3633-0.0140
-0.0140
-0.0537-0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
0.0910
0.0980
0.0128
0.1306
0.4990
0.0835
0.2959
0.3773
2.4837

0.0200
0.1050
0.0042
0.0034
O.Q013
O.Q300
0.4400
0.0220
O.025O
0.0453
0.0026
0.0013
0.0003
0.10QO
0.0460
0.0046
0.1100
0.0040
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
0.0090
0.0035
0.0110
0.0160
0.0007
0.0300
0.0400
0.0150

0.5709
0.0084

—0.0002
0.0083-0.0019
0.0000—0.0069

—0.0050
0.0298
0.0068
0.0000
0.0000

-O.OQ84
—0.0001
-0.0001
—0.0137-0.0070

0.0257
0.0257
Q.0087
0.0133
0.0016
0.0181
0.0193
0.0050
0.0257
0.0050
0.0010
0.0046
0.0053
Q.0332

0.0018
0.0050
0.1366
0.0015
0.1608

0.0317
0.0496
0.0152
0.0039

Q.1190

0.3276
0.0801
0.0058
0.0026
0.0017
0.0288
0.0053
0.1285
0.0030
0.0047
0.0069
0.0043
0.0321
0.0070

' 0.0646
0.0757
0.0045

0.0003
0.0006
0.0057
0.0130
0.0020

0.0110

0.005Q
0.0025
0.0033
0.0009
O.Q689

0.0274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
0.0161
0.0184
0.0011

—0.0033
—0.0114
-0.0010-0.0131

—0.0035

-0.0033
-0.0065

0.0000
0.0000-0.0058

—0.0034-0.0035-0.0033
—0.0033
—O.Q033,
—0.0033
-0.0033
-0.0033
-0.0033
-0.0033
-0.0033
-O.OQ22
-0.0023
-0.0025
-0.0024
-0.0024
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— 0.53

— 1.05

b g

PHYSICAL QUANTITIES 0,
FIG. 57. Heavy physics through loop corrections (h&): solid bar for C» and A«(SLC); open bar for C»(1) and A«(LEP). The
right-hand scale is h~.
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TABLE XXXII. Deviations from the SM due to heavy-particle contributions to loop corrections (h& ).
Type: deviations arising from loop corrections due to heavy-particle physics, e.g., technicolor or degen-
erate heavy-fermion multiplets, with h v

=0 h g
=A gz =A g ~%0 (Sec. IV.E). Free parameter:

A, =&2GFMzh„/4~. Inputs: Mz=91.177 GeV, m, =100 GeV, MB=100 GeV (sin 0~=0.2306,
sin 9~=0.2334). Corrunents: The inverses of the sixth column 1/A, '" are plotted in Fig. 58.
ALR(LEP) has k '"=0.0017, corresponding to h& =0.16. A«(SLC), C&+(iso), and AF&(b) all have
k '"-0.003 (h& -0.27). We have assumed h&z=h&~, which is true for most types of new physics.
However, in principle h~z and h~~ are two independent parameters. For h&~=0, EOM = —0.57

GeV rather than —0.26 GeV, while for h» =0, M~ alone is shifted, by +0.30 GeV.

Quantities ao.' '

A = 0.01
E sins 8~~ b, sin2 e~ '

A = Koa
Mz(ae V)
Mg (GeV)

HL,

v 0'v

cgg
Cq~(as')

Cp 1)
297K

A~~~ c
Ap~ e

A~F~(b)
Ay gy(b)

za &)
Appal p)
A~) v)

r,„„(a.v)r'«" a.v)r„-GeV
r'„-' G.v
lz GeV

91.1770
79.9832
0.2997
0.0301
0.3117
2.4640
5.1765-0.0361-0.5037
1.1515
0.1455
0.1291
0.1291

-0.3633-0.0140
-0.0140
-O.Q537-0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
0.0910
0.0980
0.0128
0.1306
0.4990
0.0835
0.2959
0.3773
2.4837

0.0200
0.1050
0.0042
0.0034
0.0013
0.0300
0.4400
0.0220
0.0250
0.0453
0.0026
0.0013
0.0003
0.100Q
0.0460
0.0046
Q.1100
0.0040
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
0.0090
0.0035
o.oaao
Q.0160
0.0007
0.03QO
0.0400
0.0150

—0.2631
—0.0024

0.0009
—0.0021

0.0019
0.0000
0.0066
O.QOOO

-0.0298
-0.0034

0.0013
Q.0013
O.Q048
0.0000
0.0000
0.0132
0.0066-0.0257

—0.0257
-0.0087
-0.0133
-0.0016
—0.0181
-0.0193
-0.0050
—0.0257

0.0000
-0.0002
-0.0017
—0.0015
-0.0084

0.0039
0.0172
0.0400
0.0061
0.1608

0.0334

0.0152
0.0076
0.0101
0.0026
0.2095

0.0834
0.0060
0.0026
0.0017
0.0288
0.0053
0.1285
0.0030
0.0047
0.0069
0.0043

0.0411
0.1783
0.2646

, 0.0178

O.OOQ3
0.0006
0.0057
0.0130
0.002Q

O.011O

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
0.0014
0.0070
0.0016
o.oa61
0.0184
0.0011

0.0015
0.0033
0.0033
0.0033

0.0033

0.0033
0.0033
0.0033
0.0033
0.0033

0.0033
0.0033
0.0033
0.0033
0.0033
Q.OQ33

0.0033
0.0033
0.0033
0.0033
0.0033
0.0000
0.0004
0.0009
0.0007
0.0006

i
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FIG. 58. Heavy physics through loops corrections (h& ): solid bar for C&+ and A«(SLC); open bar for C&+(iso) and AL&(LEP).
The right-hand scale is h z.
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TABLE XXXIII. Deviations from the SM due to variation of M~. Type: deviations arising from the variation in the Higgs mass
MH from the reference value of 100 GeV (see Sec. IV.E). Inputs: Mz =91.177 GeV, m, =lOO GeV [sin Hs =0.2327(0.2338) for
Mlr=SOO GeV (lOOO GeV); sin Os =0.2342(0.2346)]. The numbers in parentheses within the table are the values of Mlr in GeV.
Co~~ents: For the explicit definitions of physical observables, see Sec. III. The ratios r, of the MH-induced offsets of the values of
the observables to the experimental errors (r, =

~
AO,

~

/60;" ) are given in column 6 for MH = 1000 GeV and are plotted in Fig. S9(a)
(for M~=500 CxeV) and in Fig. 59(b) (for M~=1000 GeV). For MB=1000 GeV, r, -=2.9 for A„z(LEP),implying approximately a
3o shift, while r, —1.5—1.8 for M~, R, ALR(SLC), and AF&{b).

Quantities

Mg (Ge V)
Mg (GeV)

Hz,

9p

rr„/(rrg + cr„)
Ct+

Ct~(sso)

C2

Cp 1)

AF~ C)
pol

AFgy e)
AF~ bpol

AFAR) b

A~~ p)
AF~ P)
A~ 7.)

F;„„(GeV)

r„"-G.V

OsM
(1«)

91.1770 '

79.9832
0.2997
0.0301
0.3117
2.4640
5.1765—0.0361-0.5037
1.1515
0.1455
0.1291
0.1291-0.3633-0.0140

'

,

—0.0140-0.0537—0.0323
0.1306
0.1306
0.4725,
0.0617
0.6965
0.0910
0.0980
0.0128
0.1306
0.4990
0.0835
0.2959
0.3773
2.4837

0.0200
0.1050
0.0042
0.0034
0.0013
0.0300
0.4400
0.0220
0.0250
0.0453
0.0026
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
0.0040
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
0.0090
0.0035
0.0110
0.0160
0.0007
0.0300
0.0400
Q.Q150

b.O'
(500)

-0.1182
-0.0015

0.0002-0.0014
0.0005
0.0000
0.0021
0.0006

-0.0092
-0.0015

0.0002
0.0002
0.0017
0.0002
0.0002
0.0040
O.OQ18-0.0080

-0.0080
-0.0029
-0.0041
-0.0005
—0.0056
—0.0060
—0.0015
-0.0080
-0.0006
-0.0001
-Q.0008
—0.0009
-o.ees3

b, O*
(1000)

-0.1786
-0.0023

0.0003
-Q.0022

0.0007
0.0000
0.0030
0.0010

-0.0135
-O.Q022

0.0002
O.Q002
0.0026
0.0003
0.0003
0.0059
0.0026-0.0117

-0.0117
-0.0043
—0.0061
-0.0008
-0.0083
-0.0088
—0.0022
-0.0117
-0.0010
-O.OOQ2
-0.0012
-O.Q014
-0.0085

(1000)

1.7002
0.5379
0.0775
1.6866
0.0246
0.0000
0.1383
0.0404
0.2975
0.8590
0.1692
0.7333
0.025?
0.0059
O.Q587
0.0533
0.6475
1.7790
2.8637
O.l?05
0.8649
0.0393
1.5316
0.9?84
0.6277
1.0674
0.0633
0.3143
Q.0410
0.0358
0.5686

6 sin2 8'*~

0.0003
0.0006
0.0057
0.0130
0.0020

0.0110

0.0050
0.0025
Q.OQ33
0.0009
0.0689

Q.Q274
0.0020
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
O.Q023
0.0014
O.OQ?Q
0.0016
0.0161
0.0184
0.0011

(500} [

0.0007
0.0020
0.0007
0.0022
0.0009

Q.0010

0.0010
0.0015
0.0004
0.0004
0.0012

(1000}

0.0010
0.0031
0.0010
0.0034
0.0013

0.0015

0.0015
0.0022
O.QQQ6
0.0006
0.0018

O.QD10
Q.QQQ8
0.0010
0.0010
0.0011
0.0010
0.0011
0.0010
0.0010
0.0011
0.0010
0.0003
0.0003
0.0004
0.0004
O.OOQ4

0.0015
0.0013
0.0015
0.0015
Q.QQ16
0.0015
0.0016
0.0015
0.0015
e.eo16
0.0015
O.OQ05
o.coo5
0.0007
0.0007
0.0006

as~'e" '

Rev. Mod. Phys. , Vol. 64, No. 1, January 1992



Langacker, Luo, and Mann: High-precision electroweak experiments 175
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FIG. 59. Effects of the Higgs mass MH.. (a) change in the SM predictions for M~ =500 GeV: solid bar for C, +, C», and A«(SLC);
open bar for C, +(iso), C2~(1), and Aza(LEP). The right-hand scale is r, =~DO, ~/bO;"~. (b) Change in the SM predictions for
M~ = 1000 GeV.
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TABLE XXXIV. Deviations from the SM due to variation in m, . Type: deviations arising from the variation in the top quark mass
m, from the reference value of 100 GeV (see Sec. IV.E). Inputs: Mz =91.177 GeV, MH =100 GeV [sin 8$.=0.2248(0.2178) for
m, =150 GeV (200 GeV); sin~8~=0. 2321(0.2302)]. The numbers in parentheses within the table are the values of m, in GeV.
Comments: The ratios r, of the m, -induced offsets of the values of the observables to the experimental errors (r, = ~b, O, ~/b. O;"~) are
given in column 6 for I,=200 GeV and are plotted in Fig. 60(a) (for m, =150 GeV) and in Fig. 60(b) (for m, =200 GeV). R, ALR
(LEP), and M~ are very sensitive to large m„with r, -7 for m, =200 GeV, while r, -4.4 for ALR(SLC). gL, o. , /(cr, +cr ),

2C,„+C&d, I;, I z, and the Z-pole asymmetries are also sensitive.

Quantities

Mz(Ge V)
Mgr(GeV)

Hg

o„/(tr„-+ o„)
C1+

Ct*(iso)
Cry
C2

C~s 1)
2tTl

A~F~ c)
AFAR) c)
A~F~ b

AFp b

s'a &)
AFg P)
A~( 7.)

osM
(1QO)

91.1770
79.9832

Q.2997
0.0301
0.3117
2.4640
5.1765-0.0361

—0.5037
1.1515
0.1455
0.1291
0.1291-0.3633—0.0140

—0.0140
—0.0537-0.0323

0.1306
0.1306
0.4725
0.0617
0.6965
0.0910
0.0980
0.0128
0.1306
0.4990
0.0835
0.2959
0.3773
2.4837

+oeNp
C

0.0200
0.1050
0.0042
0.0034
0.0013
0.0300
0.4400
0.0220
0.0250
0.0453
Q.0026
0.0013
0.0003
0.1000
0.0460
0.0046
0.1100
Q.OO4O
0.0066
0.0041
0.0250
0.0070
0.0200
0.0054
0.0090
0.0035
0.0110
0.0160
0.0007
0.0300
0.0400
O.D150

EO'
(150)

0.3354
0.0037

—0.0003
0.0036-0.0009
0.0000

-O.Q041-0.0020
0.0164
0.0033-0.0001

-0.0001-0.0038-0.0005
-0.0005-0.0069-0.0034

0.0130
0.0130
0.0047
0.0068
0.0009
Q.0092
0.0098
0.0027
0.0130
0.0019
O.Q003
0.0019

-0.0007
0.0106

b, O'
(200'5

0.7640
0.0091

—0.0006
0.0089-0.0021
0.0000-0.0096-0.0049
0.0361
0.0077-0.0004

-O.OOQ4
—0.0094-0.0012
-0.0012
-0.0151-0.0086

O.Q288
0.0288
0.0103
0.0152
D.0019
Q.0203
0.0216
0.0063
0.0288
0.0047
0.0008
0.0045

—0.0018
0.025Q

P
(200}

7.2757
2.1756
0.1791
6.9653
0.0699
0.0001
0.4362
0.1956
0.7960
2.9489
0.2923
1.266?
0.0940
0.0259
0.2592
0.1369
2.1375
4.3569
7.0136
0.4133
2.1762
0.0952
3.7649
2.3963
1.7869
2.6142
0.2913
1.0861
0.1508
0.0461
1.6646

4 sin2 8~~

0.0003
O.OOQ6

0.0057
0.0130
0.0020

0.0110

0.0050
0.0025
0.0033
0.0009
0.0689

0.0274
O.QQ20
0.0008
0.0005
0.0095
0.0017
0.0423
0.0010
0.0015
0.0023
O.Q014
0.0070
0.0016
0.0161
0.0184
0.0011

-0.0018
-0.0050
-0.0010
-0.0056-0.0016
—0.0020

-0.0018
—0.0030-0.0003
-0.0003-0.0026

-0.0041
—0.0121
-0.0024
—0.0137-0.0038

-0.0048

—0.0039
—0.0070-0.0010
—0.0010-0.0065

—0.0017—0.0017-0.0017
—0.0017
-0.0018
—0.0017
-0.0019
—O.Q017
—0.0017
-0.0015
-Q.QD17
-0.0008
—0.0007
-0.0009

0.0003
—0.0007

-0.0037—0.0044-0.0037
-0.0037
-0.0041
-0.0037
—0.0042-0.0037
-Q.0037
—0.0034
-D.0037
—0.0018
-0.0015
—0.0022

0.0008
-0.0016

6 sin e~
(150} I (200}
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FIG. 60. Effects of the top quark mass m, : (a) change in the SM predictions for m, =150 GeV: solid bar for C&+, Cz~, and
A&a(SLC); open bar for C, +(iso), C2~(l), and A„„(LEP).The right-hand scale is r, = ~60, ~/b, O;"". (b) Change in the SM predic-
tions for I,=200 GeV.
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VI. SUMMARY OF RESULTS

The Standard Model predictions for 28 observables are
presented in Table I. These are computed using the ex-
perimental value of Mz as input and assuming the refer-
ence values m, =M~=100 VeV for the top quark and
Higgs masses. Full one-loop electroweak radiative
corrections are included. The projected errors to be ob-
tained from future precision measurements of those ob-
servables (including theoretical errors and uncertainties
in the predictions arising from the input values) are also
shown.

The changes in these predictions due to 25 examples of
possible new physics, as well as larger values of m, and

M~, are shown in Tables VIII —XXXIV and the corre-
sponding figures (Figs. 34—60). In each case the changes
in the predictions of a given observable and the corre-

sponding value of sin 8~ extracted from it are calculated
for X=0.01, where A, is a parameter that characterizes
the strength of the new physics (for I, and MH, specific
values are chosen). The value k, '" for which the change
in observable 0, is equal to the projected experimental
uncertainty is also presented. The bar-graph figures
display 1/A, , '" for each observable. The higher the bar,
the more sensitive that observable is to the particular
type of new physics.

A brief summary of the results is given in Tables
XXXV—XXXVIII. For each type of new physics con-
sidered are given the smallest value of A,

'" for any of the
observables, the corresponding scale of new physics (e.g. ,
Mz for an extra Z), and the most sensitive observables.

2

Many of the observables are sensitive to several types of
new physics with characteristic scale extending into the
TeV range. No single observable is the most sensitive to

TABLE XXXV. Summary of the discussion in Sec. V: implications for extra Z bosons. The smallest k '" is the value of the overall

coupling constant k '"={g&/Mz )/{g & /Mz) at which the extra Z is manifested in the most sensitive observable. Here g&, g&, Mz,
2

and Mz are the coupling constants and masses of the ordinary Z and extra Zz, and g2/g &

=
3

sin 0~ is assumed.
2

New Physics Smallest A *" ITriplications Most Sensitive Observables

Z„(C= g2/5)

Z„(C= 0)

Zg(C = /2/3)

Zi(, (C = —/2/3)

Zg(C = 0)

n(C = -~)

Z~(C = ~)
Z„(C= 0)

Z»(C = v'3/5~)

Zs~(C = —/3/5/a)

Zs~ (C = 0)

0.0019

0.0011

0.0017

0.0029

0.025

0.0075

0.0008

0.0045

0.0009

O.OOQ8

0.0010

Mg, (GeV)

—1295

1700

1370

1050

357

650

2000

~ 84Q

1880

2000

1785

Mw~ gg~ ove/(cru, e + &oe)~

Ci+(iso), Al, ~(LEP), I'g

Ci+(iso);

Ci+, o„/(o.g + o„),2Ci„+Cig

R„;
Mg, C,+(iso), Az~, AF~(b)

Al ~(LEP), M~.,
R„,C„(-), A, (SLC), A (b), r;,
o„/(o.„-+o„)
Al, ~(LEP);

C2~(1), AI,~(SLC), A~~(b)

Ci+(iso); Mgr, R„
Ci+(iso); C2„(1)
R„,AI,~(LEP);

Mrsr, Ag~(SLC), Ci+(iso), A~~(b)

Ci+(iso); Ci+

Ci+ (iso); Ci+
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TABLE XXXVI. Summary of the discussion in Sec. V: implications for exotic fermions. The smallest

value A,
'" is the value of (sin 0~ & ) at which the exotic fermion is manifested in the most sensitive ob-

servable. Here 0& ~ is the mixing angle between the ordinary and exotic fermions.

New Physics Smallest A Trnplications Most Sensitive Qbservables

&eL

0.0010

0.0010

0.0009

0.0009

0.0025

0.0021

O.OQ33

O.Q018

O.Q033

(81 ) 0.0010 Ca+ (iso);

(8"„)'- o.oo1o

(8~~)2 0.0009

(8~~) 2 0.0009

8„,Ca+, 2Ca„+Cap

Ca+ (as o); Ca y, 2 Ca „+Cad

Ca+(iso); R„,Ca+

Ca+(iso); Ca+

(Hz) - 0.0025 Ca+(iso); A~)(~)

(8~) 0.0021 AI,~(LEP), Ca+ (iso);

C,+, Ag~(S LC ), Ay gy (c),

AF~(b), A a(~)

(Hp )2 0.0033 Al Jt (LEP);

o„/(o„-+o„),AT,~(SLC),

Ay~(b), A~~(y).

(Hq) - 0.0018 R„;gL, , Ay g(b), Al, a

(Hi" )
2 0.0033 Al, ~(LEP);

Ag~(SLC), AF~(b), A~~(p)

all types.
The specific predictions of sensitivity depend on the

projected experimental uncertainties, and it is likely that
many of the experiments will be more or less precise than
anticipated. While keeping this caveat in mind, it is ap-
parent from the Tables VIII —XXXIV and
XXXV—XXXVIII that the observables M~, R,
C, + (iso), and A LR(LEP) are especially promising, each

showing considerable sensitivity to a variety of new phys-
ics. The observables cr, /(o +o), A.„B(b),A„„(r),1 &I,

I z, and the existing gL are also especially sensitive; most
of the remaining observables are strong probes of one or
more types of new physics. New physics at the TeV scale
or higher may be observed or excluded if a significant
number of these observables are measured precisely. If
all the measured values are consistent with the SM pre-

TABLE XXXVII. Summary of the discussion in Sec. V: implications for nonstandard Higgs fields

(A, =po —l), leptoquarks (A, =2'~
~q~ /SMsGF), and four-fermi operators (A, =2' ~/ GFA'). The

smallest value A,
'" is the value of A, at which these new physics are manifested in the corresponding

most sensitive observable.

New Physics

NS Higgs

Lep to tluark

4-Fernaa op. (I)

4-Fermi op. (II)

4-Fermi op. (TTT)

SmMest %twin

0.0015

0.0005

0.0023

Q.OQ32

0.0002

Trnplications Most Sensitive Observables

5.5 TeV

Aa 12.9 TeV

Al~(SLC), Ay~(b)

Ca+(iso); C+, 2Ca„+Cap

C„(1)
A2 1Q.9 TeV o„/(og+ o )

hs 44 TeV Ca+ (tso)

VEVjy~ 7 GeV R„,Aq~(LEP), Mav,
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TABLE XXXVIII. Summary of the discussion in Sec. V: implications for heavy physics through
loops. For h v, A, =czh &, for h» X=2'~ GFMZ A

„
/4~,. for the variations of I, and MH,

r, = ~AO, ~
IAO;" . The smallest value 1, '" is the value of A, at which these new physics are manifested

in the corresponding most sensitive observable.

New Physics Sxnallest A ' &rnplications Most Sensitive Observables

0.001.5

0.0017

h~ 0.21 8, AI,~(LEP), Mg,

Af~(SLC), Ay~(b), o /(erg + o )

h~ 0.16 Af ~(LEP);

M~ = 500 GeV

M~ = 1000 GeV

m, =150 G.V

m, = 200 GeV

2.9

AI~(SLC), Ct+(tso), AF~(b)

Af,~(LEP);

M~, B,AI~(SLC), Ay~(b)

AL,~(LEP);

M~, 8, , Ag~(SLC), Ay~(b)

8„,AgIt(LEP), Mg ,
.

Ag~(SLC), gf2, o„,/(o„„+o„-,),
asyrn~etxies

2c,„+c„,r„-,r,
R„,Ag~(LEP), Mg .

,

asyrn~etries

Ag~(SLC), gf2, o„,/(o„„+op, ),

2C,„+c„,r„-,r,

dictions, then, except for the unlikely possibility of fine-
tuned cancellations, various types of new physics will be
excluded at scales of the order of those shown in Tables
XXXV—XXXVIII.

If, however, deviations are observed, then as much in-
formation as possible will be needed to conArm the
discrepancy and to determine the nature of the new phys-
ics and its strength. From the pattern of the deviations
of the various observables it will be possible in most cases
to distinguish which type of new physics is responsible,
or at least which is most likely out of the set of possibili-
ties considered here. The deviation pattern can also dis-
tinguish true new physics from values of I, and MH
difFerent from the reference values used in the SM predic-
tions. Identification of the origin of deviations is another
reason for carrying out a large variety of precision exper-
iments.

To quantify this, it is useful to consider an n-
dimensional vector space, each point of which represents
the possible outcome of n precise experiments. Let us
choose the origin in this space as the SM prediction for
the n observables. Then one can define an n-dimensional
vector with components:

0 exp OSM

go exp
a

(222)

where V"p is the deviation of the ath observable from the
SM prediction, weighted by the inverse of the experimen-
tal uncertainty. Similarly, each type i of new physics pre-
dicts a deviation vector with components:

50,'(A, )
a =1~. . . , n

gO exp

which has a magnitude proportional to the coupling
strength A, and a direction depending on a. If V,'" is
compatible with zero (i.e., the total length is of order n

and no single component is much bigger than unity), then
there is no evidence for new physics. One can then set
upper limits on the magnitude of each V,'(A, ) and there-
fore on each A, . Qn the other hand, if V,'"p))n, then
there is evidence for new physics. The most likely type
or types can be determined, at least among the possibili-
ties considered, by choosing i such that V,'(A, ) and V;"t'
are approximately parallel. The strength A, could be es-
timated from the requirement that V,'(A, ) = V;"P.
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represent the SM predictions, and the dash-line boxes are
the projected +la. uncertainties. The axis scales are
chosen so that the boxes all have the same size for con-
venience, which is not meant to suggest that the precision
of all the experiments is the same. The deviations due to
new physics are represented by labeled arrows. In each
case the overall coupling constant A,

' is chosen so that the
largest deviation from the SM in any observable is 3
times the projected uncertainty (i.e., A,

' is 3 times the k
in Tables XXXV—XXXVIII). Projections of vectors to-
tally covered by the dashline boxes are ignored.

It is apparent from the figures that, given a number of

high-precision experiments, it will be possible to distin-
guish among most of the examples of new physics con-
sidered here with reasonable confidence. The types of
new physics that manifest themselves at the tree level all
have distinctive patterns in Fig. 61. These are difFerent
from the patterns induced by loop efFects, with the excep-
tion of nonstandard Higgs fields, which cannot be dis-
tinguished from h & by the measurements treated here.

Distinguishing new loop effects (hz and hz) from MH
and m„or even MH and m, from each other, is more
dificult, though not impossible. It is likely, however,
that I, will be accurately known from direct observation

tr „/(a'„+cr„} Ap~(b}

A„„(LEF}

Ak

A,„(LEP}

,
Q
OS

~~
+

U~

FIG. 61. (Continued).
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at the Tevatron within a few years. It is also possible
that the Higgs boson will be directly observed as well.
With that information, one could certainly elicit h ~ and
h z. If MH is not known from direct observation, its
eA'ects on the observables considered here are generally
small, though non-negligible for MH ~ 1 TeV. Assuming
the exact validity of the SM (i.e. , h„=hv=0), precision
measurements could yield an estimate of M~ with a sen-
sitivity of a few hundred GeV.

Vll. CONCLUSlONS

Our paper has attempted to provide a framework for
interpretation of the high-precision electroweak experi-

ments that are likely to be done in the next ten years. To
accomplish this requires several steps.

(a) Using Mz as input, the predictions of the SM for 28
additional observables encompassing weak neutral-
current phenomena and intermediate vector boson
masses and decay widths have been calculated numerical-
ly to the one-loop level. (b) The modifications of each of
these SM predictions, which might be caused by ten gen-
eral types of possible new physics, have also been calcu-
lated numerically for 27 specific examples.

(c) The latter values, each subject to the specification of
a single coupling strength parameters, are compared with
the projected numerical experimental errors of future

NH

p,

A~os(

FIG. 61. (Continued).
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high-precision experiments with a threefold purpose:
testing the SM (including radiative corrections) at the
highest level of precision, recognizing the relative sensi-
tivities of the several observables to the diferent types of
new physics treated here, and delineating the nature of
the new physics if deviations from the SM are found
empirically.

The detailed numerical results of the analysis are
presented in 27 tables and accompanying figures in Sec.
V, each of which is self-contained and follows directly

from the discussion of new physics in Sec. IV. For con-
venience, as well as conciseness, we have summarized
those results in the four tables at the beginning of Sec.
VI. We have, however, refrained from singling out par-
ticular observables as being "most valuable" for the
reason mentioned at length below, and because we do not
wish to underestimate the inventiveness and ingenuity of
the experimentalists who will carry out the future elec-
troweak experiments.

Three general conclusions emerge from our analysis.
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First, the analytic framework presented here, or one
similar to it, is necessary for the understanding of future
high-precision experiments and their interpretation
within the SM. As noted in the Introduction, the results
of most electroweak experiments are not predicted abso-
lutely by the SM, but depend on the value of the weak
mixing angle, sin 8~. Any single precision measurement
specifies that angle but constrains the theory only
through confrontation with the results of equivalent pre-
cision measurements of other observables. Furthermore,

as has also been pointed out, the sensitivity of di6'erent
observables to sin 0~ and to the radiative corrections
varies significantly so that comparison of the values of
sin 8~ extracted from several experiments may not by it-
self provide the most stringent test of their internal con-
sistency. In addition, precise numerical comparison of
one experiment with another, or experiment with theory,
requires the top quark mass and Higgs mass to be known
or at least constrained within reasonably tight limits. All
of these diSculties may be overcome with a sufhcient
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number of high-precision experiments analyzed within a
global or general framework such as proposed here. The
absence of the framework will lead to a waste of the high
precision of these experiments and limit the conclusions
to be drawn from them.

A second general conclusion is that the outcome of the
global analysis will include accurate determinations of
the radiative corrections within the SM, which will test
the gauge nature of the theory at its foundation. The
high-precision experiments uniquely verify renormalizi-
bility of the theory and the consistency of the calcula-

tions of the radiative corrections.
Third, the variety of observables open to precise exper-

imenta1 study and the precise nature of the electroweak
theoretical predictions jointly constitute a powerful
means of searching for new physics. The wide range of
momentum transfers and the varied sensitivities of the
electroweak phenomena to new physics form a network
through which new physics in the TeV region is unlikely
to pass unnoticed. We have tried to furnish examples of
this by considering specific instances of possible new

physics. In general, all of the measurements we have

Ap~(b) A p 0g (T)

)
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considered show good sensitivity to one or another type
of the new physics treated. It is likely, however, that the
new physics that nature holds in store for us is not
among the examples we have discussed. Recognition of
this likelihood offers still another reason to encourage the
performance of a multiplicity of measurements. Pre-
cision measurements of the masses of Z and 8' precise
determinations of neutrino-quark and neutrino-electron
scattering cross sections, precision measurements of the
parameters of atomic parity violation, and precision mea-
surements of the asymmetries in e+e scattering at the

Z pole, combined with precise knowledge of the Z-decay
widths, are all possible, and to a greater or lesser extent
are possible with existing accelerators and, in many
cases, with existing detectors.

This circumstance, global in character experimentally
and theoretica11y, presents a window of opportunity
through which a view of the future realm of elernentary-
particle physics may be obtained before we are transport-
ed there by the forthcoming high-energy colliders. %'e
must use our resources wisely to take advantage of the
opportunity.
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ADDENDUM

Since this paper was written in late 1990, the experi-
mental errors on some of the observables discussed here
have been lowered in newly completed experiments
beyond the initial estimates of the experimentalists re-
sponsible for those measurements. This verifies the wis-
dom of the precaution stated in Sec. VII that ". . . we do
not wish to underestimate the inventiveness and ingenui-
ty of the experimentalists who will carry out the future

electroweak experiments "
In addition to the small change in the value of Mz

from 91.177 to 91.174 GeV, the error on Mz, AMz, has
been reduced from 0.031 to 0.021 GeV, the latter value
corresponding to the error anticipated in the farther fu-
ture by the experimentalists and given as part of the first
entry line of Table I. Furthermore, the errors on the Z
widths have been improved as follows: AI z from 0.015
to 0.009 GeV, AI

I&
from 0.007 to 0.004 GeV, and Al;„,

A i()
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from 0.016 to 0.010 GeV. These lower error values are
given in a summary of results by S. Lloyd at the Aspen
VA'nter Conference in Elementary Particle Physics, Janu-
ary, 1991, and are largely due to more accurate deter-
minations of the LEP luminosity than had been foreseen.

The smaller errors on Mz I z I ir d I l' ly
modify the values of A,, '" and b. sin 8/V in Tables
VIII—XXXIV and the values of 1/A, , '" in the corre-
sponding figures (Figs. 34—60). In particular, the

inhuence of I z and I ii in Figs. 37, 45, 51, 53, 55, and 57
is enhanced, although the stated conclusions relating to
those figures, e.g., in Tables XXXV—XXXVIII are essen-
tially unchanged. The semiquantitative features of those
parts of Fig. 61 relating to Mz, I z, I ii, and I;„,are also
unchanged.

Subsequent improvements in the experimental errors
on other observables may be taken into account by the
reader in the same linear manner.
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