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The remarkable agreement of electroweak measurements with theory, places limits on the masses of the
top quark and the &boson. It is shown how these limits arise and what constraints each set of measure-
ments provides within the context of the theory.
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I. INTRODUCTION

The successful unification of the electromagnetic and
weak interactions (Cxlashow, 1961; Weinberg, 1967;
Salam, 1968) is one of the great achievements of
elementary-particle physics in the second half of the 20th
century. This electromeak theory has been able to de-
scribe a wide variety of data in terms of a small number
of parameters. Its successful predictions have included
charge-preserving interactions of neutrinos (Hasert
et al. , 1973, 1974; Benvenuti et al. , 1974), new processes
involving parity violation (Prescott et al. , 1978, 1979;
Noecker et al. , 1988, and references therein), and the ex-
istence of the carriers of the weak force, the 8'and Z bo-
sons (Arnison et al. , 1983a, 1983b, 1983c; Bagnaia et al. ,
1983; Banner et al. , 1984).

The initial successes of the lowest-order theory have
now been joined by a host of precision tests that are sen-
sitive to the next order in perturbation theory (so-called
radiatiue corrections) and that therefore can shed light on
unexplored physics.

It is our aim to describe how this sensitivity arises and
to point out its main implications for the masses of the
top quark, Higgs boson, and 8' boson. The top and
Higgs are yet to be found, while improved measurements
of the 8'-boson mass are a key feature of programs at the
Fermilab Tevatron pp Collider and the e+e LEP Col-
lider at CERN. If the top quark is discovered in the near
future, one will be able to see at a glance the implications

of measurements of its mass for a number of other elec-
troweak observables.

This article is intended for an audience of nonspecial-
ists as well as for those working in the field who wish a
quick overview of the subject. Hence we shall necessarily
oversimplify some points, while hoping to remain true to
the spirit of the theory. Several comprehensive analyses
of electroweak experiments have appeared recently (Al-
tarelli et al. , 1992; del Aguila et al. , 1992; Kennedy,
1992; Langacker, Luo, and Mann, 1992; Peskin and
Takeuchi, 1992). These analyses are particularly tailored
to exhibiting the sensitivity of experiments to various
types of "new physics" beyond the electroweak theory.
Our aim here is more modest; we wish to show within the
context of the minimal electroweak theory which experi-
ments probe similar ranges of parameters and which ex-
periments provide complementary information. At the
same time, some comments at the end are intended for
practitioners in the field, in the event that the long-
sought top quark still eludes us by the time this article is
in print.

Section II gives a brief overview of the electroweak
theory, with an eye to quickly displaying the sensitivity
of the theory to the top-quark and Higgs-boson masses
m, and MH. We do not spend much time on the lowest-
order theory; for an excellent discussion, consult Quigg
(1983). We present all constraints among m„MH, and
the W-boson mass M~ as curves in the (m„M~) plane
for various values of MH. We then turn in Sec. III to a
discussion of the various electroweak observables that in-
directly shed light on m„M~, and MH. We consider
both the effects of a global fit and the information provid-
ed by each set of observables. Our conclusions are given
in Sec. IV.

II. ELECTROWEAK THEORY
AND RADIATIVE CORRECTIONS

A. Lowest order

The theory of beta decay elaborated by Fermi (1934a,
1934b) involved an interaction among four fermions
characterized by a coupling constant GF with dimensions
of (mass) . The lifetime of the muon gives us a very
precise value GF =1.166 37+0.00002X 10 GeV
(Here and subsequently we shall take units in which
A=c = 1, so that mass, momentum, energy, inverse
length, and inverse time are all equivalent. ) The fermions
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1152 Jonathan L. Rosner: Electroweak measurements and the top quark

may be grouped in pairs; one pair exchanges charge with
the other in the Fermi interaction.

Superficially the Fermi interaction looks very di6'erent
from the electromagnetic one, in which particles afIect
one another by exchange of a photon. (The Coulomb
field is attributed here to the exchange of virtual longitu-
dinal and scalar photons. ) The electromagnetic scatter-
ing amplitude for particles of charges Qi and Q2 may be
written in the momentum representation as QiQ2/q,
where q is the momentum transfer (a four-vector), and q
is its invariant square. In the units we have adopted,
charges are dimensionless coupling constants.

In order to draw a closer analogy between the weak
and electromagnetic interactions, it was proposed by
many people, including Yukawa (1935), Klein (1939), and
Schwinger (1957), that the Fermi interaction also was as-
sociated with particle exchange. The four-fermion in-
teraction for charge-changing weak interactions was then
to be understood as the low-energy limit of a scattering
amplitude involving the exchange of a charged particle,
the W. This scattering amplitude is proportional to
g /(Mii, —

q ), where g is a new dimensionless coupling
constant, analogous to (but independent ofl the electric
charge. Whereas particles may have di6'erent electric
charges, the value of g for any weakly interacting particle
is found experimentally to be universal. In the limit

q &&Mw, the scattering amplitude then reduces to a
constant proportional to g /Mw, which has just the
same dimensions as the Fermi coupling constant GF.

In the W boson theory of weak interactions we then
identify

G 2

&Z SM'
(2.1)

where the factors of &2 and 8 come from the way 6F
and g were introduced into the theory (see, e.g. , Quigg,
1983).

Equation (2.1) does not look as though it represents
much progress. It replaces one known quantity, GF, with
two unknown ones, g and Mw. Moreover, it is not
enough to introduce just charged W bosons if one wishes
to have a self-consistent gauge theory, i.e., one in which
the interactions arise from gauge invariance, as an elec-
tromagnetism. One must also have a neutral O'. The
photon cannot be identified with this particle. While the
charged W bosons couple only to matter spinning left-
handedly, the photon couples equally to left-handed and
right-handed particles. The simplest solution to this
problem, proposed by Glashow (1961), involved the in-
troduction of another neutral boson B in addition to the
W . The constant describing the coupling of B to matter
is called g'.

The photon can be identified as a linear combination of
the W and the B. We shall denote its field by the sym-
bol A. There will also be another particle, represented
by a linear combination orthogonal to the first, which we
may call Z. Thus we may write

A =B cosO+ W sinO, Z = —B sinO+ W cosO . (2.2)

The weak mixing angle O turns out to be related to the
ratio of g to g: tanO=g /g. Moreover, g and g are re-
lated to the electric charge by

1 1 1

e g g'
(2.3)

The simplicity of the relation (2.3) is remarkable. It
comes about when one expresses the interactions of W
and B with matter in terms of those of the physical pho-
ton and Z fields. One may also write

e =g sinO=g'cosO, (2.4}

7TCX

&26~sin 8
(2.5)

with a=e /4m.
In the low-energy limit, the exchange of the Z gives

rise to an interaction with the same overall strength as
the ordinary weak interaction (with specific dift'erences
for various types of quarks and leptons depending on
electric charge and spin projection}. Since the Z is made
partly from the W and partly from the B [Eq. (2.2)], both

g and g' contribute to the couplings of the Z to matter.
The relation analogous to Eq. (2.1) is

(2.6)

Using (2.4), one has

&(X
z &26~sin 8 cos 8

(2.7)

The relation Mz=Mw/cosO holds in the lowest-order
version of the theory.

B. Photon vacuum polarization

An important higher-order efFect in electromagnetism
[Fig. 1(a)] is the polarization of the vacuum through the
creation of virtual fermion-antifermion pairs by the pho-
ton. The presence of these fermions leads to a

relating g and g' to the equivalent quantities e and O.

As a result of the possibility of Z exchange, the elec-
troweak theory predicts the presence of four-fermion
charge-preserving interactions. For example, in such in-
teractions, a neutrino can interact with matter without
changing its charge. The discovery of such interactions
(Hasert et al. , 1973, 1974; Benvenuti et al. , 1974) was the
first piece of experimental evidence in favor of this at-
tempt at unifying weak and electromagnetic interactions.
Furthermore, the strengths of such interactions (especial-
ly when comparing neutrino-induced and antineutrino-
induced processes) gave the first indication of the value of
8. This, through the relation (2.4) between e and g, led to
a value of g and hence, through (2.1), to a prediction for
the value of Mw..
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(a) (b) 3Gpmt
p= 1+

8n. 2
(2.10)

Equation (2.7) is now approximately

M2 = mO,
z &26~p sin 8 cos 0

(2.11)

t, b

t, b

FIG. 1. Vacuum polarization graphs for gauge bosons: (a) pho-
ton vacuum polarization; (b) 8' producing a tb pair; (c) Z pro-
ducing tt and bb pairs; (d) 8' and Z loop diagrams involving
Higgs bosons.

strengthening of the effective electric charge at short dis-
tances or large momentum transfers. The appropriate
value of a to use in Eqs. (2.5) and (2.7) then turns out to
be not 1/137 (the low-energy value), but a(Mz ) = 1/128,
where we have exhibited the square of the Inomentum
scale at which a is evaluated.

The Z mass has been measured very precisely at LEP
(LEP, 1991): Mz =91.175+0.021 GeV/c . Inserting
this value into Eq. (2.7) along with a(Mz), we obtain a
value of 0. This may then be used to infer a value of M~
via Eq. (2.5). This value is very close to the measured
one:

C. Tap quark

Just as in the case of the photon, the 8'and Z bosons
can create fermion-antifermion pairs, with appreciable
efFects. For the photon, gauge invariance prohibits con-
tributions quadratic in fermion masses; but for the 8'and
Z, no such prohibition applies, and heavy top quarks can
lead to a substantial correction of the lowest-order re-
sults. The key contributions stem from the diagrams in
Figs. 1(b) and 1(c). They lead to a modification of Eq.
(2.6) for neutral-current exchanges:

g'+g'
&2 8M' (2.9)

where

79.92+0.39 GeV/c (CDF, 1991)
(2.8a)

M~=(measured) 80.35+0.37 GeV/c (UA2, 1992)
(2.8b)

80. 14+0.27 GeV/c (average) .
(2.8c)

In Eq. (2.8b) we have recalibrated the quoted value in
terms of the known Z mass.

We have omitted some small terms logarithmic in m, .
Now, a precise measurement of Mz specifies 0 through
(2.10) and (2.11) only if m, is known; so we have
8=0(m, ) and hence, via (2.5), M~=Mii (m, ). The pre-
diction for M~ acquires a dependence on the top-quark
ITlass.

The factor of p in (2.9) will multiply every neutral-
current four-fermion amplitude in the electro weak
theory. Thus, for example, cross sections for charge-
preserving interactions of neutrinos with matter will be
proportional to p, while parity-violating neutral-current
amplitudes will be proportional to p. Partial decay
widths of the Z, since they involve the combination
g +g', will be proportional to p.

D. Higgs boson

In unifying the electromagnetic and weak interactions,
one has to explain why the photon remains massless but
the 8'and Z are so heavy. In other words, what breaks
the electromeak symmetry?

A photon has two polarization states (which we can
call left circular and right circular, or horizontal and
vertical). So does any massless spinning particle. These
polarization states are transverse to the direction of the
particle's motion. A theory of a massless photon and
massless 8 s and Z's turns out to be completely tractable
to all orders in perturbation theory and is an example of
a general class of theories studied by Yang and Mills
(1954). Putting in W and Z masses "by hand" destroys
the tractability of the theory, quantities calculated to
higher orders in perturbation theory turn out to be
infinite.

Now, a massive spin-1 particle (our eventual goal in
the theory for the Wand Z) must have three polarization
states. The third corresponds to polarization along the
direction of motion, or longitudinal polarization. A
spin-1 particle with this polarization has many features in
common with a spinless particle (whose field is analogous
to a sound wave). Higgs (1964a, 1964b) discovered that a
massless, spinless particle could act as a suitable substi-
tute for the longitudinal polarization state of the spin-1
meson. Thus it was possible to combine a massless, spin-
less Higgs particle (with one polarization state) and a
massless W or Z (with two polarization states) into a
massive W or Z (with three polarization states).

It was conjectured by Weinberg (1967) and Salam
(1968; see also Salam and Ward, 1964) and proved by
't Hooft (1971a, 1971b) that the above Higgs mechanism
led to a self-consistent electroweak theory. At this point
both the theory and the Higgs mechanism began to at-
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tract serious attention.
The simplest set of Higgs particles that provides a sa-

tisfactory description of 8' and Z masses turns out to
have one field for each of 8'+, 8', and Z, but necessari-
ly one neutral particle left over. It is this particle that
will be called the Higgs boson, and we shall refer to it as
H.

The need for a particle with the properties of H can be
seen by considering the scattering of 8 s and Z's off one
another (Lee et al. , 1977). If such a particle did not exist
(with mass below about 2 TeV/c ), there would be more
scatterings at energies above about 1 TeV than there
were incident particles!

All we know at present is a lower bound on the Higgs
boson mass: MH ~60 GeV/c (from searches at LEP).
For present purposes we shall consider the effects of a
(hypothetical) Higgs boson with a mass soinewhere be-
tween 50 and 1000 GeV/c . We shall be concerned with
the radiative corrections such a boson introduces, as ex-
amples of the sorts of effects that could arise from parti-
cles that have yet to be discovered directly. Indeed, we
shall see that precise electroweak tests can shed some
light on the properties of a hypothetical Higgs boson.

The 8'and Z would be affected by virtual Higgs-boson
states, as shown in Figs. 1(d). Small corrections, logarith-
mic in MH, would appear on the right-hand sides of Eqs.
(2.1), (2.5), (2.9), and (2.11),and a more important term,

known as the "oblique" corrections, which occur in the
photon, 8' and Z propagators as illustrated in Fig. 1

(Lynn et al. , 1986; Kennedy et al. , 1989; Kennedy and
Lynn, 1989; Peskin and Takeuchi, 1990, 1992; Golden
and Randall, 1991). The efFects of other (smaller)
"direct" radiative corrections are discussed by some of
these authors and by others such as Degrassi et al.
(1991), Hioki (1991), and Hollik (1990). These papers
should be consulted for actual values of observables. The
reader interested only in our results and not in details
may skip directly to Sec II.F at this point.

We may then replace (2.1) and (2.9) [for more extensive
discussions see, e.g. , Rosner (1991, 1992)] by

GF g 2
—=(1+EZii, )

&2 8M',
(2.13)

and

2+ t2' =(I+aZ, )g +g
8M' (2.14)

where EZw and AZZ represent the effects of variation
with momentum transfer mentioned above (Peskin and
Takeuchi, 1990, 1992; Golden and Randall, 1991). They
may be expressed in terms of coefFicients S@ and Sz of
order 1, defined by Peskin and Takeuchi (1990) as

MH
1118' cos 0

(2.12)
aSw aSz

~Zw — . , ~ ~Zz-
4sin 0 4sin Ocos 0

(2.15)

would be added to the right-hand side of (2.10). Since
p=p(m„MH), a measurement of Mz implies
8=8(m„MH ) via Eq. (2.11), so that Mii, =Mii, (m„MH )

through (2.5).
No terms quadratic in the Higgs-boson mass appear in

Ap. This is a special feature of the single-Higgs-doublet
mode; the two-doublet model (Denner et al. , 1990) is dis-
cussed briefly at the end of Sec. III.

E. Smaller effects

The weak charge-changing and neutral-current in-
teractions are probed under a number of different condi-
tions, corresponding to different values of momentum
transfer. For example, muon decay occurs over a range
of momentum transfers, all of which are small with
respect to Mw, while the decay of a Z boson into
fermion-antifermion pairs imparts a momentum of ap-
proximately Mz/2 to each member of the pair. Now,
the right-hand sides of Eqs. (2.1) and (2.9) contain quanti-
ties (masses and coupling constants) that vary fairly rap-
idly with momentum transfer. The quotients of these
quantities, however, vary much less rapidly, as was ini-
tially pointed out by Veltman (1977a, 1977b). Thus it is
not a bad approximation to neglect such variation alto-
gether. Small corrections to (2.1) and (2.9), logarithmic
in m, and MH, can be taken into account, and we shall
do so. We shall take account of what have to come to be

The parameters Sw, Sz, and T allow one to express a
wide variety of electroweak observables in terms of quan-
tities sensitive to new physics (Marciano and Rosner,
1990; Kennedy and Langacker, 1990, 1991; Peskin and
Takeuchi, 1990, 1992; Altarelli and Barbieri, 1991;Gold-
en and Randall, 1991; Rosner, 1991, 1992; Altarelli
et al. , 1992).

It is convenient to express the effects of new physics in
terms of deviations from some nominal values of top-
quark and Higgs-boson masses, so that one may utilize
precise calculations for particular values of these parame-
ters and then expand about them. Accordingly, we
choose m, =140 GeV/c and M~=100 GeV/c . We
then have

m, —(140 GeV)

16msin 0 Mw

3 M~
ln

8m cos 49
(2.17)

while contributions of Higgs bosons and of possible new
fermions U and D with electromagnetic charges QU and

QD to Sii, and Sz are (Kennedy and Langacker, 1990)

Similarly, the p parameter discussed earlier can be relat-
ed to a parameter T of order 1 by setting

(2.16)

Rev. Mod. Phys. , Vol. 64, No. 4, October 1992
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Ma P1 USw= ln +XNc 1 4Q ln
mD

(2.18)

analysis (CDF, 1992): m, ~91 GeV/c . For MH ~ 1000
GeV/c, a top quark lighter than about 200 GeV/c al-
ready is favored. We shaH show how this conclusion is
affected by other present and future electroweak data.

mUMH
Sz = ln +QNc 1 —4Q~ln

mD
I I I. ELECTROWEAK OBSERVAB LES

(2.19)

1 MII m,S~= ln —2ln
6m 100 GeV 140 GeV

(2.20)

= 1 M~ m,
Sz = ln +4 ln

6a 100GeV 140GeV
(2.21)

We shall use these equations, together with Eqs.
(2.13)—(2.17), to plot M~ as a function of m, for various
values of MH.

F. N versUsm, plots

Combining the dependence of p on m, and M& with
the small corrections to Eqs. (2.1) and (2.9) mentioned in
Sec. II.E, we find the results shown in Fig. 2. Shown too,
are the lo limits on Mz, , based on Eq. (2.8c), and the
95%%uo confidence-level lower limit on m, from the CDF

80.6

80.4

(3
80.2

80.0

79.8
50 100 150 200 250

The equations for S~ and Sz are written for doublets of
fermions with N& colors and n U

~ mD &&mz, while
Q—:(QU+QD)/2. The sums are taken over all doublets
of new fermions. In the limit mU=ma, one has equal
contributions to S~ and Sz. For a single Higgs boson
and a single heavy top quark, (2.18) and (2.19) become

A. A collection of observables

In Table I we present a set of electroweak observables,
along with their values predicted by the electroweak
theory with a single Higgs boson for m, =140 GeV/c
and MH=100 GeV/c . The agreement is remarkable.
We shall briefly explain each of these quantities, return-
ing to the impact of individual measurements in the fol-
lowing subsections.

In the lowest-order theory presented in Sec. II.A, there
are several equivalent ways to express x =sin 8 in terms
of observable quantities. One can use Eq. (2.5) for Ms„
Eq. (2.7) for Mz, the ratio of the two [leading to
sin 8= 1 —(M~/Mz ) ], or relations among coupling con-
stants derived from measurements of the decay proper-
ties of the Z.

When radiative corrections are taken into account, the
various definitions of x differ from one another. For ex-
ample, we may denote the value of x derived from the
precise measurement of the Z mass via Eq. (2.7) as xo.
Our discussion in Sec. II, in which successive radiative
corrections are applied, remains valid when 0 is defined
in terms of coupling constants derived from the study of
Z decays: tan O=g'/g. Henceforth, we shall denote the
corresponding value of sin 0 by the symbol x. Strictly
speaking, this definition is to be made at a particular
value of q, which we take to be Mz.

Many experiments, such as forward-backward asym-
metries in the reaction e+e ~Z~ff, where f denotes
a fermion, probe x directly, aside from small corrections.
Others, such as polarized electron-deuteron (eD ) and
electron-carbon (eC) scattering, and the ratio
o (v„e )/o (v„e ), probe coupling constants at lower values
of q; but for the present purposes we neglect the varia-
tion with q of coupling-constant ratios in these process-
es and use them also as sources of information about x.

The nominal value of x is that which would lead to the
observed Z mass, Mz =91.175+0.021 GeV/c, for
m, =140 GeV/c, and MH =100 GeV/c . This value has
been estimated (Marciano and Rosner, 1990) to be

M(t) (GeV)
x =xo =0.2323+0.0002+0.0005, (3.1)

FIG. 2. Families of curves predicted in the standard elec-
troweak theory with one Higgs doublet for the dependence of
M~ on m, . From left to right, the curves correspond to
MB=50, 100, 200, 500, and 1000 GeV/c . The vertical dot-
dashed line corresponds to the 95%%uo confidence-level lower limit
on the top-quark mass obtained by CDF (1992), while the hor-
izontal dashed lines correspond to the lo. limits on M~ ob-
tained from an average of the values measured by CDF (1991)
and UA2 (1992).

where the first error comes fram Mz and the second from
uncertainties in photon vacuum polarization effects.
Equation (3.1) results from Eq. (2.9) with p= 1 when
a(Mz~)=[128.48+0. 18] '. One can just think of this as
the effective fine-structure constant for the present set of
electro weak calculations; depending on different
definitions, one will see variations of about +0.5 in
a '(Mz) in the literature. En obtaining Eq. (3.1), a11
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TABLE I. Electroweak observables incorporated into a fit to the standard electroweak theory.

Quantity Reference
Experimental

value
Nominal
theory'

Expt.
theory

—73.20
80.20
499
83.6

2488+6
0.2323
0.2323
0.2323
0.2323
0.2323
0.2323
0.310
0.376

0.970+0.025
0.999+0.003
0.994+0.018
0.995+0.005
1.000+0.005
1.002+0.010
0.994+0.015
0.975+0.016
0.965+0.086
0.86+0.22
1.00+0.06

0.990+0.013
1.02+0.02

Qw(cs) b
iV~ (Gev/c') c
3I (Z —+vv) (MeV) d
r(Z / /-) (Mev)
I (Z —+all) (MeV)
x(lept. asym. )

x(qq asym. )

x( A FB)
x(ea ) e
x(eC) f
x[o(v„' ')] g
R h
R h

'For m, =140 GeV/c, MB=100 GeV/c .
Noecker et al. , 1988; Dzuba et a/. , 1989; Blundell et a/. , 1990, 1992.

'CDF, 1991;UA2, 1992.
LEP, 1992. This analysis is based on 1989 and 1990 data. An analysis of 1991 data has been per-

formed but was still preliminary at the time of writing.
'Prescott et a/. , 1978, 1979.
Souder et a/. , 1990.
Geiregat et al. , 1991.

"Bogert et a/. , 1985; Allaby ef a/. , 1987; Blondel et a/. , 1990; Reutens et a/. , 1990.

x=x + —S —xo(1 —x )Ta 1
0 l 2 4 Z 0 0

X0
(3.2)

or

relevant radiative corrections (not just the loop diagrams
of Fig. 1) are taken into account. DeuE'ations from this
minimal value of x are then ascribed either to new phys-
ics or to deviations of m, and M~ from their nominal
values. We find, with the help of the above discussion,
that

not implied by other electroweak measurements. In the
present treatment, where all quantities are functions of
I, and MH, the 8'mass is very closely tied to other elec-
troweak measurements, as we shall see.

It is only in the lowest-order theory that one can write
sin 8= 1 —(Mw/Mz ) . One sometimes sees this relation
as a definition of 0, but we shall reserve 0 for the mixing
angle as defined in terms of coupling constants.

The partial decay width of the Z to a fermion-
antifermion pair is

x =xo+(3.65X10 )Sz —(2.61X 10 3)T . (3.3)
GF mz'p

I (Z ~ff ) = —
Fff (x ),

12~ 2
(3.5a)

Other electroweak observables are generally functions
of p and x. For example, the quantity Qw, describing
parity violation in an atom whose nucleus has Z protons
and Xneutrons, is

Qw(Z, N) =p(Z N 4Zx ), — —

aside from small radiative corrections. This quantity is
linear in p, since it represents a weak amplitude, mea-
sured via interference with photon exchange. It was
found (Marciano and Rosner, 1990; Sandars, 1990) that
when one substitutes p= I +a T in Eq. (3.4) and takes ac-
count of Eq. (3.3), there is almost complete cancellation
of the T dependence in Qw for nuclei around the best-
studied case, cesium.

The 8' mass is an implicit function of x and S~
through the relation (2.5). It is the only quantity that de-
pends on S~ in Table I; all the others depend only on Sz
and T alone. Thus, in discussions where S~, Sz, and T
are treated as free parameters, the value of the 8'mass is

a(Mz)Mz
I (Z ~ff ) = (1+EZz )Fff (x ) .

24x(1 —x )
(3.5b)

Equation (3.5b) depends not just on x, but also on bZz.
The ratios of neutrino and antineutrino neutral-current

(NC) to charged-current (CC) cross sections, R and R
are predicted to be (Llewellyn Smith, 1983)

O'Nc( VN )
R =p ——x+ —x (1+r)

o cc(vN) 2 9
(3.6)

~Nc(»), 1 5R = =p ——x+ —x 1+—
crcc(vN )

(3.7)

where (e.g. ) F, =1,F + = [ I+( I —4x ) j/4, and so on.
The partial width to vv is sensitive just to p, while others
involve a combination of p and x. An alternate equation,
utilizing the relation (2.14), is

Rev. Mod. Phys. , Voj. 64, No. 4, October 1992
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where r—:a cc(vX)/o cc(vX). Equations (3.6) and (3.7)
are proportional to p, since they involve neutral-current
cross sections (squares of amplitudes). The quantity in
square brackets in (3.6) is quite sensitive to x, while that
in (3.7) turns out to be almost independent of x for the
experimental values x =xo =0.2323, r =0.4. It turns out
that the x and p dependences in (3.6) combine in such a
way that E. actually depends on m, and MH in very
much the same way as does M~, as we shall see present-
ly.

B. Global fit

With this introduction to the observables, we now
present the results of a fit to the 13 quantities listed in
Table I, where I, and MH are allowed to vary. We plot
these results on a graph of m, versus M~ in Fig. 3.

The contours of y are very Aat with respect to m„
while they are strongly dependent on M~. They are not
very different, indeed, if one omits the explicit M~ infor-
mation from the fit. The errors on M~ from present
direct measurements are comparable to those inferred (in
the context of the electroweak theory) from other elec-
troweak measurements such as Z properties and R .

The ftatness of the contours in Fig. 3 with respect to
m, implies that within the standard electroweak theory
one has little information on m, and M~ separately; they
are highly correlated (see, e.g. , Schaile, 1992). Thus a
direct measurement of I, will provide unique and valu-
able information that may be applied indirectly to con-
strain the Higgs-boson mass.

C. Improvements in the M~
and m, measurements

+50 MeV/c and m, to +5 CJeV/c . At Fermilab, such
a precise measurement of M~ would require the pro-
posed Main Injector (Holmes and Winstein, 1989), an up-
grade project that would lead to an improvement in lumi-

nosity by a factor of 5. Without such increased luminosi-

ty, one could probably achieve AM~=+120 MeV/c .
At LEP, one might be able to attain an accuracy of
AM~ + +100 MeV/c in each individual experiment
through the reaction e+e —+ W W' (Bohm and Hoog-
land, 1987), leading to hM~ ~+50 MeV/c if each of the
four experiments errors is dominated by statistical 1imi-

tatioris.
The impact of measurements with 4M~ =+50

MeV/c, Am, =5 CxeV/c is shown in Fig. 4. The plot-
ted point lying on the family of curves associated with
various Higgs-boson masses indicates that one can begin
to learn about the Higgs sector if these accuracies really
are achieved. At the same time, there is much potential
for uncovering new physics if the values of m, and M~
lie outside the limits of the predictions (as indicated by
the plotted point X ).

D. Yalues of sin'0

For a given value of I, and M~, one predicts not only

M~ but also 8(m„MH), as mentioned in Sec. II. Con-
tours of sin 8 are shown on the (m„M~) plane in Fig. 5.
They slope upward noticeably.

Present accuracies of direct measurements on sin 0, as
shown in Table I, are about +0.002. One can anticipate
improvements to +0.001 or better in the near future
through asymmetry measurements at LEP and possibly
at the Fermilab Collider. The effect of a measurement to
+0.001 is shown by the arrows, centered for i11ustration
on sin 0=0.232. Because of the upward slope of the

It is hoped that with forseeable improvements in ex-
perimental accuracy, one may be able to measure M~ to 80.6

80.4

80.4 O
U

80.2

80.0

80,0

79.8
50 100 150 200 250

79.8
50 100 150

M(t) (GeV)

200 250

M(t) (GeV)

FIG. 3. Contours of y for a fit to the 13 electroweak observ-
ables in Table I based on Standard Model parameters, displayed
as functions of m, and M~ (dot-dashed curves). The five diago-
nally sloping solid curves are the same as in Fig. 2 and corre-
spond to the prediction of various Higgs-boson masses.

FIG. 4. Examples of the impact of measurement of m, to +5
GeV/c and M~ to +50 MeV/c . One plotted point lies within
the range of Standard Model predictions and serves to provide
information on the Higgs-boson mass. Another plotted point
(the symbol X) lies outside Standard Model predictions and re-

quires some new physics for its explanation. Diagonally sloping
lines are the same as those in Fig. 2.
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80.8 80.6

80.6 80.4

CD

80.2

80.2
80.0

80.0

79.8
50 100

M(t) {GeV)

200 250

79.8
50 100 150

M(t) (GeY)

200 250

FIG. 6. Contours of I (Z~l+I )/I (Z~l+I )" on a plot of
M~ vs m, . Error bars denote measurements of accuracy
+0.5% (present) and +0.1% (proposed). Diagonally sloping
lines are the same as those in Fig. 2.

FIG. 5. Contours of sin 0 on a plot of M~ vs m, . Arrows show
the impact of a hypothetical measurement sin I9=0.232+0.001.
Diagonally sloping lines are the same as those in Fig. 2.

contours, these measurements have a correlated impact
on implied Mz, and m, values. For a axed value of m„
h(sin 0)=+0.001 is equivalent to about AM~=140
MeV. This is not precise enough to learn much about the
Higgs-boson mass. On the other hand, precise values of
sin 0 are very helpful in detecting departures from stan-
dard electroweak predictions, especially when combined
with improved measurements of I, and Mz .

E. Measurement of Z decays

As we have mentioned, 1 (Z ~I+ I ) measures the
combination p(1+ [1—4x ] ). The effect of such a mea-
surement is depicted parametrically by the contours in
Fig. 6. A measurement +0.5% (the present error, shown

by the larger limits) is equivalent to AM~=+270 MeV.
A measurement to an accuracy of +0.1% (the smaller er-
ror bar) would lead to 5M~ =+50 MeV and thus is what
is needed to be comparable to other, more direct, deter-
minations. Improved systematics and precise monitoring
of luminosity (see, e.g., OPAL, 1991) may make this goal
attainable if the results of the four LEP experiments are
combined.

0.990+0.013 (Table I) but favoring slightly higher Wand
top-quark masses. (The favored top-quark mass for any
given M& in our global fit moves upward by 2 to 3
GeV/c when these data are added. ) The next round of
experiments at Per milab anticipates an accuracy of
AR /R =+0.5%, implying 6M~=+120 MeV. With
further upgrades at Fermilab, one could achieve
b,R /R =+0.25%, or b,M~=+60 MeV. All these pos-
sibilities are shown as error bars.

G. Parity violation in atoms

'When small radiative corrections are applied to Eq.
(3.4), the predicted result for an arbitrary isotope of Cs
(Z =55) with X neutrons is (Marciano and Sirlin, 1983,
1984)

Q~(~5++Cs) =0.986p[ —%+55(1—4.0lx )] . (3.8)

80.6

80.4

CD

80.2

F. Neutrino deep-inelastic scattering
80.0

In Fig. 7 we show the effects of present and anticipated
accuracies in measurements of R

The world average of experiments before 1992 implied
an accuracy of AR /R =+1.3%, corresponding to
bM~-—+300 MeV. Preliminary values from a recent
Fermilab experiment (Bernstein, 1992) are tantamount to
a value of R /R" =1.018+0.015, nearly equivalent in
statistical power to the previous world average of

79.8
50 100 150

M(t) (GeV)

200 250

FIG. 7. Contours of R /R" on a plot of M~ vs m, . Error
bars denote measurements of accuracy +1.3%%uo (present),
+0.5% (proposed), and +0.25%%uo (proposed, with Fermilab
Main Injector). Diagonally sloping lines are the same as those
in Fig. 2.
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If we substitute Eq. (3.3) and p= 1+aT into (3.8), we find
for the isotope studied at present (%=78) that

Qs, = —73.20+0. 13—0.80Sz —0.005T, (3.9)

where the second term represents an estimated error in
electroweak radiative corrections. As mentioned, the T
dependence is almost absent, and Q~(Cs) is a good probe
of Sz.

In the Standard Model, the contributions (2.21) to Sz
are very small. They lead to the predicted contours
shown in Fig. 8. There is no room in the standard elec-
troweak theory for substantial deviations from these pre-
dictions. The experimental value, Qs. (Cs) = —71.04
+1.58(stat. ) +0.88(syst. ), is compatible with the predic-
tions at present, but an anticipated reduction of the sta-
tistical errors by a factor of 3 could have substantial im-
plications for new physics if the central value were to
remain the same.

H. Excuses for not finding the top quark

80.6

80.4

80.2

80.0

79.8
50 100 150

M(t) (GeV)

200 250

FICJ. 8. Contours of Qs (Csl on a plot of Ms vs m, . Diagonally
sloping lines are the same as those in Fig. 2.

So far we have shown results (see, e.g., Fig. 3) that in-
dicate the top quark should lie below about 200 GeV.
What if it doesn't7

(1) A very heavy Higgs boson is not a likely solution.
One could imagine further curves in Figs. 2—8 for
MH =2, 5, 10, etc. TeV, but these do not makes sense. If
one does not put an elementary Higgs boson with mass
less than about 1 TeV/c into the theory, the interactions
of W's and Z's become strong at high energies (Lee et al. ,
1977), with the result that a Higgs boson of mass in the
1 —2 TeV range is generated dynamically. In this case, it
is likely that a good deal else also happens in the 1 —2
TeV range, and this is a prime reason for studying this
energy regime.

(2) The assumptions underlying electromeak symmetry
breaking might be at fault. The result p= 1 in lowest or-
der arises in the electroweak theory from an assumption
that electroweak symmetry breaking takes place through

vacuum expectation values of Higgs fields with weak iso-
spin I ~ 1/2, the lowest value that can have any e6'ect on
8'and Z masses. Thus, in the conventional picture, the
spinless particles mentioned in Sec. II.D consist of a
weak isospin doublet field

(3.10)

and its conjugate

(3.11)

The P, P, and the combination proportional to P —P
are the sources of the longitudinal components of the
8'+, 8', and Z, while the combination proportional to
P +P is the Higgs boson H. The Fermi coupling con-
stant arises as a result of a nonzero vacuum expectation
value of this last combination.

There could be small contributions to 8'and Z masses
from higher weak isospin values. If one has a small vacu-
um expectation value V=(4 ) of the neutral member

of a triplet (I= 1) Higgs field with charges

@0
(3.12)

the lowest-order p (call it po) is given instead by

po—= 1 —&26F V (3.13)

so we may compensate the effects of m, in

P=P0 1+ (3.14)

by letting V=V3m, /4n. . Although this is an artificial
solution, it might be more natural in models where the
top-quark mass is correlated with electroweak symmetry
breaking (Bardeen et al. , 1990; Nambu, 1991;
Yamawaki, 1991). No such natural compensation for a
heavy top has yet been demonstrated, however. For top
quark masses large enough, the effects of m, show up in
other processes, particularly through the tt loop in
Z —+bb, and an upper limit m, ~ 350 GeV still can be set
(Langacker, 1992). The main constraints prohibiting
higher values of m, turn out to be the total Z width, as
affected by the prediction for Z~bb, and additional
lnm, terms in such expressions as S~ and Sz.

(3) An extra Higgs doublet introduces new degrees of
freedom which can be adjusted in order to partially com-
pensate for a heavy top quark (Denner et al. , 1990).
With two Higgs doublets, there are now two neutral sca-
lars with masses M&, Mz, a pseudoscalar with mass M3,
and positively and negatively charged scalars with masses
M+. The greatest compensation occurs when
M, -Mz-0, M+ -0.56M3—=0.56M, or when M3 0,
M+ 0.56M] p =0.56M in which case one can have
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(3.15)

The largest region of parameter space for two-Higgs
models, however, corresponds to positive contributions
to p and hence to improved upper bounds on the top-
quark mass.

IV. CONCLUSIONS

%e have shown that a measurement of the top-quark
mass in the near future will provide unique and valuable
information regarding the standard picture of elec-
troweak interactions. A measurement with hm, & 5
CxeV/c, coupled with any other electroweak measure-
ment equivalent to b,M~ ~ 50 MeV/c, will begin to shed
light on the Higgs-boson sector. Such an error on M~
can be achieved either directly (e.g. , via a proposed up-
grade of the luminosity at Fermilab), or through indirect
means if one assumes the Validity of the electrotoeak
theory. Such means could include measurement of R
(the neutral- to charged-current ratio in deep-inelastic
neutrino scattering) to +0.2%%uo. Alternatively, a measure-
ment of I (Z~l+l ) to 0.1% (5 times its present accu-
racy) could provide comparable information.

It is important to reiterate the complementarity of vari-
ous electroweak measurements. Each different measure-
ment provides different information, especially when
searching for new physics. Our purpose in this article
has been to collect all the predictions of the minimal
electroweak model, to see the impact of each different
measurement on standard parameters. The most in-
teresting situation, of course, would be if different mea-
surements yielded different inferred results in the
(m„M~) plane. One would then make use of more gen-
eral parameterizations (e.g., in terms of the parameters
S~, Sz, and T) to search for the type of new physics im-
plied by such measurements.
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