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Different electroweak observables probe different combinations of the parameters 0 (the weak

mixing angle as defined in terms of couplings at the Z pole) and p=M+/(icos'0). A simple, ap-

proximate method is given for relating these parameters to the angle 0 defined in terms of gauge-

boson masses by cos'0—:M~/Mz, and it is shown how these various observables shed light on 0 and

quantities such as the top-quark mass that directly affect p.

I. INTRODUCTION

The recent precise measurements of the Z mass in ha-
dronic' and electron-positron ' collisions have provided
important knowledge about electroweak parameters.
Measurements of the 8'mass ' also are improving in ac-
curacy. When combined with other information on
neutral-current interactions, these data can shed light
on quantities such as the top-quark mass that affect radi-
ative corrections to these processes.

In recent comprehensive discussions of radiative
corrections affecting the properties of the Z and W (see,
e.g. , Ref. 18) the most important effects are the running
of the fine-structure constant and heavy top-quark contri-
butions to 8'and Z self-energies. It is the purpose of the
present paper to apply a simplified discussion based on
these effects to specific electroweak observables measured
in various reactions. We shall give an approximate
prescription which shows what parameters are specified
by any given reaction. The method is not meant to sub-
stitute for exact calculations, which should be used in
determining the exact values of these parameters. How-
ever, it is simple enough to yield the statistical impact of
any given experiment with just a few lines of calculation.
A preliminary account of this work has already ap-
peared. (The present paper corrects some algebraic er-
rors in the parametrizations of electroweak observables
given in Ref. 20). The spirit of the approach is quite simi-
lar to that advocated, for example, in Refs. 9, 11, 15, 16,
and 21.

More general methods appear to be needed to
parametrize electroweak radiative corrections in the pres-
ence of large numbers of degenerate doublets of heavy
fermions or pseudo-Nambu-Goldstone bosons of tech-
nicolor theories. ' ' Analyses based on such extended
parametrizations are now starting to appear. ' The
simplified treatment presented here is equivalent to set-
ting the parameter S, defined in the second of Refs. 22,
equal to zero.

Different electroweak observables probe different com-
binations of the parameters 0 (the weak mixing angle as
defined in terms of coupling at the Z pole) and

p=—Mw/(Mzcos 0) .

The parameter p is related to one called T in the second
of Refs. 22 by p=1+aT, where a is the fine-structure
constant. A simple, approximate method is given in Sec.
II for relating p and 9 to the angle 6P defined in terms of
gauge-boson masses by

cos 0=-Mtt, /Mz~ . (1.2)

The way in which p is affected by quantities such as the
top-quark and Higgs-boson masses is given in Sec. III. In
Sec. IV it is shown how various electroweak observables
shed light on 8 and p (and, consequently, on such in-
teresting quantities as the top-quark mass). Section V
concludes.

II. RELATIONS AMONG
ELECTROWEAK PARAMETERS

A. Assumptions

where g and g' are the respective SU(2)t and U(1)r
coupling constants, and x =sin 0. Here

g =e /sin0, g
' = e /cos0,

with e /4tr:—a and"

a '=a '(Mz)=128. 02+0. 12 .

(2.2)

(2.3)

The value (2.3) is based on the relation
a '(Mz)=a '(m, )(1 b,r„, b, r„,„), where —'—Ar„,
=0.0330, Arh, d =0.0328+0.0009 for five Aavors of light
quarks, and a '( m, ) = 137.036. We shall adopt the
value on the right-hand side of (2.3) for both a '(M~)
and a '(Mz). Quantities written without an explicit
momentum dependence are assumed to be evaluated at
Mz, and variations between M~ and Mz are neglected.
The quantity sin 8 is essentially that defined as sin 9(Mz )

in the modified-minimal-subtraction (MS) scheme by

We shall define an electroweak mixing angle L9 in terms
of coupling constants at the Z-boson pole. Thus, the
effective electroweak interaction between fermions and a
physical Z boson will be written

(2.1)
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Fanchiotti and Sirlin in Ref. 12, as sin 0'=—s, by Ken-
nedy and Lynn (last of Refs. 13), and as sin 0 by Hollik
(first of Refs. 18) and by Consoli, Hollik, and Jegerlehner
(last of Refs. 28). Small differences among these quanti-
ties are neglected in our simplified approach.

We shall further assume that the exchange of virtual 8'
and virtual Z bosons at small momentum transfers is
governed by propagator s which behave as

[q —Mii (q')] ' or [q' —Mz(q )] '. Thus, a W-

exchange process at low q such as muon decay will be
governed by

GF(q )/&2=g (q )/8Mii, (q ), (2.4)

p(q')GF(q')/&2= [g'(q')+g'(q')]/8Mz(q'), (2.5)

so that neutral-current processes appear with an amplitude

proportional to p if expressed in terms of the angle 8. It is
this extremely simple relation upon which we wish to
capitalize.

It has been shown by explicit calculation in Ref. 21
that the ratios on the right-hand sides of Eqs. (2.4) and
(2.5) are very slowly varying as functions of q'-. Thus, we

are justified in taking these equations to the particle
poles, where they define couplings in terms of masses and
the Fermi constant GF = 1. 166 37 X 10 GeV . The
fact that both (2.4) and (2.5) turn out to be slowly varying
in q means that the constant p can also be regarded as
slowly varying in q . This becomes of some use when

analyzing neutral-current processes at low q, as will be
shown in more detail in Sec. II D.

The effective constancy of Eq. (2.5) (and hence p) as a
function of q is not a feature of certain minimal exten-
sions of the standard model, such as those involving de-
generate doublets of heavy fermions or pseudo-Nambu-
Goldstone bosons of technicolor theories. ' ' Our pa-
rametrization will make use of the known quantities GF,
a(m, ), and Mz, and the still-to-be-specified quantity
p= I+6p [where it will turn out that bp ~ 0.012 (959o
C.L.)] to describe electroweak phenomena. It may turn
out that a more general description, ' " making use of
five parameters rather than four, becomes necessary as
data become more precise. We shall see that present ex-
periments do not require such a more general approach.
As the precision of experiments improves, one might
worry also about other effects we have neglected, such as
vertex corrections and box diagrams.

B. Relation among 0, 0, and p

while a corresponding low-q Z-exchange process will

have an amplitude proportional to

[g'(q')+g'(q')]/8Mz(q') .

Now, since g (q )+g' (q )=g (q )/cos {9(q ), if we use
the definition (1.1), we have

x =x +(1—x)Ap, (2.7)

where we recall that the quantities x and p without expli-
cit arguments refer to their values at Mz. We shall sub-
stitute the expression (2.7) into several electroweak quan-
tities f(x, bp ) to obtain corresponding quantities in
terms ofx and Ap:

f(x, bp)=f(x, bp) . (2.8)

The expressions f(x, hp) can usually be written down
more or less by inspection with the help of the Lagrang-
ian (2.1). The expressions f(x, bp), on the other hand,
contain valuable information about what sorts of con-
straints are provided by each kind of electroweak pro-
cesses.

Mz =91.165+0.031 GeV/c (2.9)

We shall now combine (2.7) with other information to ob-
tain a second constraint ' relating x and x.

From Eqs. (2.2) and (2.4) we have

Then

2

4&2GF +2GFX
(2.10)

where

2
mo

2
1 2- =1

Mz &2GFMzx

cp
(2.1 1)

c =——, =0.1790+0.0002
26FMz

(2.12)

for M =91.165+0.031 GeV/c a ' = 128.02+0. 12.
Equations (2.12) and (2.7) can be combined to give a re-

lation between x and Ap (or x and bp) stemming from
the precise measurement of the Z mass. This relation is
shown for x = sin 0 and Ap by the solid lines in Fig. 1,
corresponding to the central value and error bars of the
coefficient in Eq. (2.12). For bp=0, a specific value of
x =x then follows which we shall call xp. Numerically,
xp =0.2335+0.0004. Contours of fixed x are shown by
the diagonal dashed lines.

Approximate linear relations hold between Ap and x or
x once the Z mass is known. Combining (2.7) and (2.12),
we have

Ap=a (x —x„)=b(x —xo), - (2.13)

where

C. Constraint due to Z mass measurement

It was pointed out previously' that a precise Z mass
measurement would provide valuable information on
electroweak parameters. Such a measurement is now
available. A compilation of recent data gives

p=1+Ap, cos 0=1—x, cos 0=1—x,
we have (to first order in Ap)

(2.6)

We may combine the definitions (1.1) and (1.2) to ob-
tain the relation p =cos 0/cos 0. Writing now

2xp 1

(1 —xp)2
= —0.9072+0.0004,

2xp —1
b = —= —2.978+0.008,

xpc1 xpj

(2.14)
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for the values of Mz and a taken above. The value of xo
is the smaller root of xo = 1 —(co/xo) and is given explic-
itly by xo =(1—Ql —4co)/2. Another useful relation is

FIG. 1. Contours of fixed sin 0 as functions of x—:sin-'0 and

Ap (dashed lines, labeled by values of sin 8). The solid lines

correspond to the relation (2.13) (central value and error bars)
between x and hp arising from the measured Z mass,
M =91.165+0.031 GeV/c with a ' = 128.02+0.12.

lated with a much wider variation in the angle 8 than in
0. For O~b,p~0.012, for example (which we shall see
corresponds roughly to 0~ m, ~200 GeV/c ), sin 0
ranges from xo to about 0.220, while sin 0 ranges only
from xo to about 0.230. Thus, processes which probe a
given range of sin 0 are a much better source of informa-
tion about hp than those which probe the same range of
sin 0. The limited range of a parameter very similar to x
has been noted recently, for example, in Refs. 8, 18, and
21, and by Fanchiotti and Sirlin in Ref. 12.

We shall present several figures showing the degree to
which any given experiment provides constraints on x
and Ap. One might argue (see, e.g. , Ref. 8) that because
the Z mass has been measured so precisely, it is no longer
appropriate to depict such two-dimensional constraints.
We choose to retain the two-dimensional plots because
they illustrate to what degree a given measurement pro-
vides information which has already been provided by the
Z mass measurement, or provides "orthogonal" (i.e.,
new) information. If one chose, one could use the rela-
tions (2.13) to show how any given experiment constrains
a single parameter, be it x, x, or Ap. We shall do so when
discussing most individual experiments and in our con-
clusions.

D. Neutral-current observables at q AMz

The variation of coupling constants between Mz and
lower values of momentum transfer leads to a dependence
on q of the effective value of x when (2.1) is used to
second order to calculate processes involving virtual Z
exchange. We estimate the q dependence of the quantity

xo
x xo= (x xo)

1 —xo
sin 8(q )=x(q )

—=g'(q')/[g'(q')+g'(q') ] (2.16)
=(0.3046+0.0007)(x —xo) . (2.15)

One sees immediately from Fig. 1 and Eqs.
(2.13)—(2.15) that a given range of bp (associated, for ex-
ample, with a given range of top-quark masses) is corre-

I

by comparing the q evolution of the fine-structure con-
stant a and of the corresponding SU(2) constant
a2=g /4~. The q dependences are given by the Feyn-
man parametric integrals'

m/
—x (1—x)Mz

a '(q )=a '(Mz)+ —g Q&N, (f)J 2x(1 —x)dx ln
m&

—x (1—x)q
(2.17)

1 xm/ +(1—x)m&, —x (1—x)Mz
a2 '(q') =a& '(Mz )+ Q N, (f)I 2x (1 —x)dx ln4' f

'
O xm +(1—x)m .—x (1—x)qf f

(2.18)

where f denote fermions which —are I3 =+
—,
' members of

weak isodoublets, and N, (f ) is 1 for leptons, 3 for quarks.
An excellent approximation to the integrals in Eqs. (2.17)
and (2.18) for ~q ~, Mz &&m& is provided by —,'ln(Mz/q ),
while for q =0 and Mz »m& the integral in (2.17) is
close to —,'[ln(Mz/m/) —

—', ]. We evaluate the integrals
using the observed lepton masses and the quark masses
(m„, md, m„m„mb)=(5. 5, 8, 150, 1200, 5000) MeV/c,
respectively.

The values of q important for our purposes range
from zero (applicable to parity violation in atoms) to Mz

(applicable to processes involving real Z bosons). We
find, for example, that

5x(0) =x(0)—x(Mz) =0.0076+0 0002 (2.19)

for m, =150+50 GeV/c . Corresponding estimates in
Refs. 8 and 21 for this quantity are about 0.009 and
0.007, respectively. There is also some subtlety, alluded
to in Ref. 19, associated with whether the evolution of g2
is estimated from the W self-energy [as we have done in
Eq. (2.18)] or via the Z self-energy; the difference in 6x(0)
amounts to about 0.001. In what follows we shall assume
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5x(0) =0.0076, recognizing that this quantity may be un-

certain by about 0.001 unit. We may also estimate
5x(q ) =x(q ) —x(Mz) for other momentum transfers in

the same manner.
Writing

x(q )=x(Mz)+5x(q )

xo(1 —xo)bZ, =aS/4, bp=p —1=a—T (2.25)

and linearizing Eqs. (2.23) and (2.24) in S and T with the
help of the relation xo(1 —xo)=~a/(&2GFMz) dis-
cussed in Sec. II C, we find

consequence of custodial SU(2) symmetry and may not be
as shown above if that symmetry is violated. ' Writing

=x+bp(1 —x)+5x(q ), (2.20)

we see that a neutral-current process at q AMz yields a
value of x which is also shifted by 5x(q ), to first order in
small quantities. For example, we have to subtract
0.0076 from a q =0 measurement of sin 0 to compare it
with the quantity x—:X(Mz), and a corresponding shift
of the same amount must be made for x. This correction
is germane to parity violation in atoms, for example. The
corresponding shifts for processes at spacelike values of
q WO are found to be smaller: 0.0035 for deep-inelastic
neutrino scattering, 0.0048 for polarized electron-
deuteron scattering, and 0.006 for neutrino elastic
scattering on electrons. We shall discuss these shifts fur-
ther in the context of specific processes.

Henceforth we shall use the notation

x'=x+5x(q },
x'=x+5x(q ),

(2.21)

(2.22)

E. Extended parametrization

to refer to quantities at some q WMz.
Note added. It has been pointed out (see, e.g. , Refs. 6

and 12) that vertex corrections neglected here compen-
sate to a large extent the q variation of x, so that a more
self-consistent treatment within the present context
would be to neglect the shift 5x(q ) altogether. This is
relevant to neutrino scattering processes, where the
effects of a neutrino charge radius induced by higher-
order corrections lead to almost precise compensation of
the change in x from q =Mz to q =0. A similar com-
ment applies to parity violation in electron-quark interac-
tions. However, within the context of considering
gauge-boson self-energy effects but ignoring vertex
corrections, we must retain the q variation of X.

x —xo= [—,'S —xo(1 —xo)T];
1 2xo

(2.26)

x —xo= [—,'(1 —xo)S —(1—xo) T];
1 —2XO

(2.27)

x —x =a (1 —xo)T ——S
(2.28}

Equations (2.26) and (2.27) are the analogs of Eq. (2.13),
while (2.28) corresponds to (2.7), for the case in which
SAO. All the methods applied in this paper to elec-
troweak observables can be extended to the case SWO if
Eqs. (2.26) —(2.28) are used in substituting for x or x.

III. SOURCES OF p%1

A. Quark-mass differences

(3.1)

The quadratic dependence on m, in Eq. (3.1) is crucial; it
stems from the nonconservation of the axial-vector
current in the presence of a heavy-fermion mass. If we
write

W2

=p=1+Ap
(1 —x )Mz

(3.2a)

Gauge-boson self-energy graphs involving fermion
loops lead to a finite value' '" for 5M' —(1 —x )5Mz in

the presence of a weak isodoublet of quarks such as (t, b).
Counting a factor of 3 for color, we have '

2 2 2 2

5M', —(1 —x )5Mz = m, + mb — ln2 — 2 g 2 2
2m mb m

64~ '
m, —mb mb

Note added. Our approach can be easily extended to
ones ' ' containing a new degree of freedom, corre-
sponding to the difference between wave-function renor-
malizations of the Z and 8'. Ignoring q variations, we
may write the effective charged- and neutral-current in-
teraction strengths, keeping quantities to first order in ra-
diative corrections, as

or

M~~ = (1—x )Mz+ M ~6p,

m
'2

and compare Eqs. (3.2b) and (3.1), we find

(3.2b)

(3.3)

GF 2

=[1+(1—xo)b,Z„]&2 8Mw

GFP 2+ &2' =(1+HZ, )g +g
&Z ' 8M'

(2.23)

(2.24)

in the limit m, && mb. Here we have used
4ma=e =g /x. For m, =100 GeV/c, and x=0.23,
Ap„=0.0032.

in place of (2.4) and (2.5), respectively. Here
Z, —:1+hZ, denotes the wave-function renormalization
of the Z, in the notation of the second of Refs. 22. The
ratio of 8' and Z wave-function renormalizations is a

B. Higgs bosons

The presence of virtual Higgs-boson loops in W and Z
self-energies leads to a contribution '
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This expression behaves for MH &&M~ as

—3c Ma

8n(1 —x )

(3.4)
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0. 24

0. 23
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Here, in contrast with the correction from the top quark,
the effect is only logarithmic in the Higgs-boson mass.
For MH=1 TeV/c Eq. (3.4) implies AH; s,

= —0.0024,
comparable in magnitude but opposite in sign to the con-
tribution from a top quark of mass =M~.

Note added. There is a small additional contribution of
Higgs bosons to the parameter S defined in Sec. IIE,
which has been neglected in the present treatment.

C. Triplet Higgs bosons

C O. 21
M

II

O. 20
0

i i I I I I I i I I i I I I I i i i I I

50 1 00 1 50 200 250
m (GeV/c~)

Vacuum expectation values of weak isotriplet Higgs
bosons can lead to p@1. Specifically, the deviations are

~p= —2V /U +4V (3.6)

where U =2 '
GF

' =246 GeV is the standard Higgs-
doublet vacuum expectation value, while the other vacu-
um expectation values Vare labeled by (I,I3). (See, e.g. ,
the discussion in Ref. 34, where normalizations are
defined. ) ln particular, with V, , AO it is possible to
cancel out the effects on p of a very heavy top. " (With
2 V) 0 V] ~

the isotriplet Higgs-boson contributions to
p cancel one another, so independent arguments limiting
their size must be brought to bear. )

FIG. 2. Values of x =sin 8 (lower four curves) or X=sin g

(upper four curves) as functions of top-quark mass. Solid
curves, labeled by the Higgs-boson mass in GeV/c', correspond
to values calculated by Hollik (Ref. 18); dotted-dashed curves
correspond to the respective values of X obtained from these x
values via Eq. (2.7); dashed and dotted curves correspond to our
approximate expressions for x and x, with Lp calculated from
Eq. (3.3).

and (3.4). The dependence on the top-quark mass is
much stronger than on the Higgs-boson mass. As MH
ranges from 10 to 1000 GeV/c, b,p ranges from 0.0031
to 0.0006 for m, =100 GeV/c, and from 0.0125 to
0.0101 for m, =200 GeV/c .

D. Comparison with exact formulas

If one uses the relations (2.7) and (2.12) to connect
x =sin 0 or X =sin 0 and hp, and the approximate for-
mula (3.3) for bp, one obtains a relation between x or X
and m, shown in Fig. 2, respectively, by the dashed and
dotted lines. For m, =0, x =x=x0=0.2335. The m,
dependence of x is much less appreciable than that of x,
so that for m, =200 GeV, x =0.22, while x =0.23. This
is a result of the fact that x is a rather artificial quantity,
defined in terms of M~/Mz while X refers to couplings
at the Z mass scale, whose values should not be so sensi-
tive to m, once the Z mass is specified. This point has
been particularly emphasized recently by Sirlin in Ref.
12.

For comparison we also show in Fig. 2 the values of x
predicted in Ref. 18 for various Higgs-boson masses (the
solid lines), and values of x obtained via Eq. (2.7) from
the values of x (dotted-dashed lines). Especially for
values of x, our simple expressions provide a good ap-
proximation to the more exact calculation.

E. Combined m, and MH dependence

300

250
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100

50

i I I 1 I I i I

0 02O

O. 015

O. 010

O. OOK

O. 002

I I I i I i I i

50 100
M (Qev/c~)

500

In Fig. 3 we show contours of fixed Ap as functions of
MH and m„based on the sum of the contributions (3.1)

FIG. 3. Contours of fixed Ap as functions of MH and m,
(dashed lines, labeled by values of hp), based on the sum of Eqs.
(3.1) and (3.4).
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IV. ELECTROWEAK OBSERVABLES

A. W mass

Given an exact value of Mz, the measurement of the 8
mass ' is a direct source of information about x =sin 0,
independent of hp. (By definition, sin 8—= I —M~/Mz. )

The Collider Detector at Fermilab (CDF) Collaboration
quotes a value of M~ which, when combined with the
CERN LEP measurement of Mz, leads to

sin 0=0.2317+0.0075, (4.1a)

while UA2 finds

sin20 =0.2202+0.0084+0.0045 . (4.1b)

We average the two results to find

sin 0=0.2273+0.0059 . (4.2)

This value is shown in Fig. 4. The corresponding con-
straint on bp when one takes into account the Z mass
measurement, as one can see from Fig. 4 or Eq. (2.13},is

b p =0.0056+0.0054 . (4.3)

M~=(80. 14+0.31) GeV/c (4.4)

and hence

x =0.2316+0.0018 . (4.5)

y/) = 80. 1 Og O. 3 1 GeV&~c
w

I
I

'
& f I

t t
~ l1

O. O2

On the basis of Fig. 3, this constraint implies m, 207
GeV/c at the lcr limit for MH ~ 1 TeV/c .

There is a direct relation between M~ and x within the
context of the assumptions made here, as one sees from
Eq. (2.10): x =ma/(v'26. FM~) We co. mbine Eqs. (4.2)
and (2.9) to obtain

The acceptable range of x is quite limited. A similar con-
clusion was reached by Fanchiotti and Sirlin in Ref. 12.

Our approximate conclusion that the new 8' mass
measurements imply m, ~207 GeV/c at the 10. level is

supported by the more precise calculations of Ref. 18. In
Fig. 5 we show predicted values of Mz and M~ for vari-

ous top-quark and Higgs-boson masses, along with the
experimental values (2.9) and (4.4). The lo upper limit

on m, varies between about 160 and 190 GeV/c as MH
ranges from 10 to 1000 GeV/c . [The corresponding

upper limit on m, for a 1-TeV Higgs particle based on

(4.4) and the last of Refs. 12 is 196 GeV/c . ] The 10.

lower limit on m, is comparable to that (m, ~ 89
GeV/c ) set by a direct search in pp collisions.

B. Deep-inelastic neutrino scattering

Ratios of neutral-to-charged-current cross sections
have been measured in several experiments at CERN
and Fermilab. ' These measurements have been per-
formed both for neutrinos and for antineutrinos. As we
shall see, the measurements using neutrinos are one of the
best sources of a constraint on both hp and x. Antineu-
trinos provide almost no information on x, and relatively
poor information on b p as a result of limited statistics.

The value of x—:sin 8 changes between Mz and the
values of q probed in present neutrino deep-inelastic
scattering experiments. Here q = —2m E,xy, where E,
is the neutrino laboratory energy, x is the Bjorken scaling
variable, and y is the fraction of the neutrino energy
transferred to the target. We choose nominal values

E,=100 GeV, x=0.2, and y=0.5 to estimate an average

q
= —

Qo = —18.8 GeV . Using the parameters de-

scribed earlier to evaluate (4.17) and (4.18), we then find

5x( —Qo) =x( —
Qo ) —x(Mz ) =0.0035+0.0002 for m,

=150+50 GeV/e . Notice that even though Qo=(4. 3

GeV) appears much closer to q =0 than to Mz, the
difference 5x( —Qo) is only about half of 5x(0). The
reason is that light leptons and quarks play a major role
in vacuum-polarization corrections to both a and n2.

Note added. As mentioned at the end of Sec. II, there
is some question as to whether one should apply the
correction 5x at all. A simplified treatment, ignoring it,
would yield a higher value of x.

(1) Neutrinos The ratio .R,,
—:oNc(vN)/occ(vN) for

an isoscalar target is given by
'

o. oo R,,
=p [—,

' —x '+
—,
' x ' (1+2r ) ], (4.6)

—O. 02

+ ~

I I I I

M

I

I I I I

I

I

I II I I I I I

where

acc(vN)

cc(~N)
(4.7)

We may substitute p = 1+26,p and Eq. (2.7) to obtain an
expression for R,, in terms of x to first order in Ap:

O. 22 O. 225 O. 23
x = sin~V

O. 235 O. 2&
R„=—„'

—x'+ —,
'x' (1+r)+Ap[ —", (1+r)—1]x' . (4.8)

FIG. 4. Constraints on x and hp following from the average
(4.4) of CDF and UA2 8' mass measurements. Solid line: Z
mass constraint (central value).

The coefficient of bp in Eq. (4.8) is relatively small, as a
result of accidental cancellations. ' ' Thus, the ratio R„
provides an estimate of x =x' —6x rather independent of
Ap.
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The contours in hp and x corresponding to the central
value and + lo limits of R, (errors on r are insignificant

by comparison) are shown by the dashed lines in Fig. 6.
The corresponding limits on x and p, taking into account
the constraint from the Z mass, are (for m, = 1.5
QeV/c )

We shall illustrate the application of Eq. (4.8) for two
specific sets of data for which all the relevant quantities
have been presented recently. ' Similar analyses are
possible for other data sets.

(a) CERN-Dortmund-Heidelberg-Saclay-Warsaw
(CDHSW) Collaboration data. A correction is necessary
for an isoscalar target when the measurement is not per-
formed on one. Furthermore, corrections for the neutri-
no spectrum must be made. These are applied in Ref. 37,
with the result that Eq. (4.8) continues to define x', but
with R,~R, and r ~r . The measured, corrected
values of these quantities are

(4.10)x =0.2255+0.0045 hp =0.0073+0.0041 .

(b) CHARM Collaboration data. The values corre-
sponding to Eqs. (4.9) that we employ for the CHARM
data are

R „=0.3091+0.0031 —0.009(m, —1.5 GeV/c ),
R o =0.3122+0.0034—0.009(m, —1.5 GeV/c ), (4.9a) (4.11a)

(4.11b)r =0 383.+0.014—0.004(m —1.5 GeV/c ) . r =0.456+0.014—0.004(m —1.5 GeV/c ) .(4.9b)
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FIG. 5. Comparison of measured Z and 8'masses [plotted point, Eqs. {2.9) and {4.4)] with predictions of Ref. 18 for various top-
quark masses (right-hand labels, in GeV/c ) and Higgs-boson masses MH (in GeV/c'). Values must lie above the dashed line, based
on the direct top-quark search of Ref. 36, if the top quark decays conventionally. (a) MH =10 GeV/c', (b) MH =100 GeV/c; (c)
MH = 1000 GeV/c .
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Here we have applied a net correction equivalent to
csin 0=+0.005 to the value of R, presented in Ref. 38
(see Ref. 37), no correction to their value of r, and have
assumed the charmed-quark mass dependence to be the
same as in Ref. 37. The contours in bp and x corre-
sponding to the central value and +10. limits of R, are
shown by the dotted lines in Fig. 6. The corresponding
limits on x and p, again taking into account the con-
straint from the Z mass, are (for m, = 1.5 GeV/c )

FIG. o. Constraints on sin 8 and bp from measurement of
R, Dashed lines correspond to central value and +1o con-
straints from the CDHSW Collaboration (Ref. 37), while dotted
lines correspond to CHARM II results (Ref. 38). Solid line: Z
mass constraint (central value).

R =p ——x'+ —x' 1+—1, 5,p 1

2 9 r
(4.15)

and Ap. The value of x is nearly identical to that found
by Fanchiotti and Sirlin [Eq. (8) of Ref. 12].

The dashed and dotted lines in Fig. 6 slope gently up-
ward to the right. It is mentioned in Ref. 10 that they
slope upward to the left if neutrino and antineutrino con-
straints in analyses of the data are combined. We
have exhibited the antineutrino constraints separately
(see below).

The contributions of vector and axial-vector mesons to
the ratio R have been estimated in Ref. 42. There is a
possibility, depending on how these contributions fall
with increasing Q, that sin 8 could be as much as 0.01
larger than estimated on the basis of (4.8) and (4.9). Ac-
cording to Eqs. (2.14) and (4.14), such an increase in x
would reduce the 10. upper bound on Ap to about 0,
favoring top-quark masses near present lower bounds.

Other, slightly less precise, results for R „are
0.309+0.009 [Chicago-Caltech-Fermilab-Rochester-
Rockefeller Collaboration ] (CCFRR) and 0.307+0.007
[average of three Fermilab-MIT-Michigan State (FMM)
Collaboration values]. These are compatible with Eqs.
(4.9a) and (4.11a). We do not include their effects in Fig.
6 only for economy of presentation. The results should
be incorporated into any comprehensive analysis of world
data. The CCFRR value, in particular, already has the
theoretical errors added in quadrature, so that it has
greater statistical weight than the quoted error would im-
ply.

The uncertainties in sin 0 due to m, and to vector and
axial-vector meson production can both be minimized by
using higher-energy neutrino beams, such as could be
provided at an upgraded Fermilab Tevatron. Proposals
exist (see, e.g. , Ref. 43) for such experiments.

(2) Antineutrinos For d.eep-inelastic scattering of an-
tineutrinos on an isoscalar target, one has '

x =o 2326+o oo41' ~p=0. 0008+0.0037 . (4. 12) Substituting as before, we find

(c) Averaged CDHSW and CHARM data. We may
average the results of Eqs. (4. 10) and (4.12) to obtain R =—' —x'+ —'x' 1+—+Ap

5 10 11+— —1 x' .2 9 r 9 r
x =0.2294+0.0030' Ap =0.0037+0.0027 . (4.13)

(4.16)
Remember that we are taking into account the constraint
from the Z mass, so that the error on sin 0 is slightly
smaller than if we had kept p fixed. However, an addi-
tional systematic error in x of b x =0.0136,( m, /1
GeV/c ) arises from uncertainty in the charmed-quark
mass. We shall take the error in x to be +0.004, corre-
sponding to a 300-MeV uncertainty in m, . Additional
theoretical uncertainties ' amount to a further error in
x of +0.003. Adding these in quadrature to the error in
(4.14), we then find

R =0.378+0.016—0.019(m, —1.5 GeV/c ), (4. 17a)

In contrast with Eq. (4.8), this expression is almost in-
dependent of x' for x'=0.23, r = —,'. The dependence on
Ap, on the other hand, turns out to be considerably
greater.

The values of R and r, corrected for nonisoscalarity of
the target and for various other effects, are denoted by
R and r . They are found in Ref. 37 to be

x =0.2294+0.0058;

X =0.2323+0.0018;

Ap =0.0037+0.0053,

(4. 14)

where we have used Eqs. (2.14) and (2.15) to relate x to x

r =0 371+0.014+0.0. 04(m —1.5 GeV/c ) . (4.17b)

It is these values which are to be used in Eq. (4.16). The
corresponding contours in the x —hp plane are shown by
the dashed lines in Fig. 7 for I,=1.5 GeV/c . The value
of R (here, uncorrected) from Ref. 38 is
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+ 1 cT

O. 02

With our definitions, one can express the parameters a
(no relation to the fine-structure constant), P, y, and 5 in

terms of p and x' as

a=p( —1+2X'), P=p( —I+4x'),
y=p(2x'i3), 5=0 .

(4.20)

0. 00

—0. 02

0. 215
I I I I I I I I I I I I I I I I I I I I

0. 22 0. 225 0. 23 0. 235 0. 24

sin~~

FIG. 7. Constraints on sin 0 and Ap from measurement of
R, Lines as in Fig. 6.

These couplings are probed in such processes as parity
violation in atoms and polarized electron-deuteron
scattering.

(1) Atomic parity violation Th.e interference of elec-

tromagnetic and neutral-weak-current effects may be seen

through parity-violating effects in atoms, such as those
which have been measured recently with great precision
in atomic cesium. The coherent effect of the neutral
current arises from the vector coupling of the virtual Z to
the nucleus and its axial-vector coupling to the electron.
The weak neutral-current amplitude is proportional to a
single power of p. One thus measures a quantity linear in

p and in the vector coupling of the Z to the nucleus:

R,, =0.390+0.014, (4.18) Qw = [a(Z N)+ 3y(Z +N)] =p(Z N —4Zx'—) .

and we take r from Eq. (4.11b). The corresponding con-
tours in the x —Ap plane are shown by the dotted lines in
Fig. 7 for m, =1.5 GeV/c . The higher values of hp in

comparison with the CDHSW data arise from the higher
values of both r and R

The corresponding values of R from Refs. 39 and 40
are 0.382+0.028 (CCFRR) and 0.384+0.017 (FMM).
These lie between Eqs. (4.17a) and (4.18), and provide
constraints of comparable quality.

The constraints shown in Fig. 7 provide little addition-
al information beyond that already supplied by the Z
mass and the neutrino NC/CC ratio.

(3) Paschos Wo!fenstein rela-tion The ratio.

cr Nc( v„N) —o Nc(v„N)

acc(v„N) occ(v„N)—
is useful in principle because it is independent of sea-

20
quark contributions. In terms of Ap and x' it isx' i is given
by

(4.21)

Radiative corrections ' for low m, alter this expression47, 48

to

Q w
=p [0.9793( Z N) —3.8968—Zx '],

or, in terms of Ap and x':—x +5x,

Q w = —0.98(N —Z) —3.9Zx
'

—Ap[0. 98(N —Z) + 3.9Z] .

(4.22)

(4.23)

Qw(Cs)= —22. 5 —214.3x' —236.8bp . (4.24)

Application of recent atomic physics corrections to the
measurements of Ref. 46 yields a result

Here we use 5x=0.0076, in accord with the estimate of
Sec. IID, to relate x' to x. (Note added. Vertex correc-
tions, ignored here, nearly cancel the effect of 6x, as men-

tioned at the end of Sec. II.) For Cs, with Z= 55, N=78,
one finds

Rp~=~ x x Ap W =0.909+0.020+0.010 (4.25)

Present uncertainties associated with o.Nc(v„cV) prevent
this quantity from providing a useful constraint in the x-
Ap plane.

which, for %=78, entails

Q = —70.9+ l.6+0.8 . (4.26)

C. Electron-quark interactions

The loow-energy effective Lagrangian for electron-quark
interactions can be parametrized as

Equating (4.24) and (4.26), we obtain the contours in the
x-Ap plane shown in Fig. 8 by the dashed lines. Note
that they are almost parallel to those entailed by the Z
measurement, and are consistent with it at the 2o. level.
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FIG. 8. Constraints on sin'0 and Ap from parity violation in
atomic cesium (dashed lines). Solid line: Z mass constraint
(central value).

The measurement of parity violation in atoms does not
provide separate information from the Z mass measure-
ment within the context of the radiatively corrected stan-
dard model. Such a measurement can provide a very
powerful constraint on certain unconventional models,
such as those involving extra Z's. ' We have also
found that it already provides one of the best con-
straints at present on the parameter S discussed in Sec.
IIE, with the prospect of further substantial improve-
ment.

(2) Polarized electron deuteron -scattering The com. -

binations of parameters measured in an experiment at
SLAC are

of x' must be corrected for the fact that q WMz. From
values presented in the second of Refs. 56, we estimate
(q ) = —1.38 GeV, and 5x =0.0048+0.0002 for
m, =150~ 50 GeV/c . (See, however, the note at the end
of Sec. II.)

The results are shown in Fig. 9. The central dashed
line refers to the g minimum for each value of hp, and
the + lo. contours correspond to the range of x leading to
y ~ g;„+1 for that value of b p. (The g decreases slow-

ly along the central dashed line as bp rises. ) The error in

x is +0.012, as found in Ref. 56. An additional error in x
of +0.008, stemming from a S%%uo uncertainty in the elec-
tron polarization, is to be added linearly to the other er-
rors in x. '

When the constraint due to the Z mass is taken into
account, the present error in x of +0.02 and its correla-
tion with Ap in the polarized electron-deuteron scattering
experiment correspond to an error of about bp=+0.04.
Since other experiments which we have been discussing
( W mass or neutrino deep-inelastic scattering) constrain
b,p to better than +0.006 we require an improvement in
present accuracy of polarized e-D asymmetries by about a
factor of 8 to achieve comparable constraints.

The slopes of the lines in Fig. 9 are rather diff'erent

from those presented in Ref. 6. We do not understand
the source of the discrepancy at present.

Note added. The recent experiment of Ref. 57 provides
a constraint on p and 5 with smaller errors than Eq.
(4.28): P+0.045=0.005+0.17 when values of a and y
are taken from other experiments.

D. Neutrino-electron scattering

(1) Neutrino to antineutri-no -ratio for neutral currents
The ratio of muon-neutrino-to-muon-antineutrino cross

x+ —'y= —0 60+0 16

P+ —,'5=0.30+0.50 .

(4.27)

(4.28) O. 03

I c la t-ized e —D scatter i ~g

I I 1 I I I I I I I I

Substituting x' =x '+ b p( 1 —x ') into the expressions
(4.20), we find

0', + —,'y= —1+—', x'+ —", Ap ',

P+ —,
'5= —1+4x'+3bp .

(4.29)

(4.30)

O. 02

O. 01
The errors in Eqs. (4.27) and (4.28) are strongly corre-

lated, as one can see from Fig. 2 in the second of Refs. 56.
Thus, it is misleading simply to combine these equations
with the theoretical predictions (4.29) and (4.30). If we
were to do so, we would obtain, respectively,

O. 00

+ 20 ~p 0 18+0 07

x'+ —hp=0. 33+0.13 .

(4.31)

(4.32)

—0. 01

Both relations are consistent with present bounds on x
and Ap, but a stronger result can be obtained by taking
account of correlations.

We have performed a simultaneous fit to the 11 data
points quoted in the second of Refs. 56, on the basis of
the predictions (4.29) and (4.30). We then obtain regions
of x' and Ap corresponding to p p~jg+1 The values

—O. 02 I I I I I I I I X I I I I IX I I

O. 2 O. 21 O. 22 O. 23 0. 2&

sin

FIG. 9. Constraints on sin 0 and Ap (dotted lines) from mea-
surement of polarized ed scattering from Ref. 56. Solid line: Z
mass constraint.
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sections on electrons is

a(vie) 1 —4x'+16x' /3:—R, =3
o (v„e) 1 —4x'+ 16x'

(4.33)

The measured value' of this ratio has been interpret-
ed ' in terms of a value

x' =0.233+0.012+0.008 . (4.34)

To convert this to a value of x =x' —5x, we estimate

q = —2m, E y in the process as follows.
We take E = 100 GeV, and (y ) from the expected an-

gular distributions in v„e and v„e scattering. For x'= —„
both processes can be shown to have (y ) =

—,'„which is

close enough for present purposes. We then find

(q ) = —0.045 GeV, leading to 5x =0.0060+0.0002 for
m, =150+50 GeV/c . We thus interpret (4.34) as imply-

ing X =x ' —0.006=0.227+0.014, consistent with the
likely range mentioned earlier (0.23 to 0.234). Consider-
ably greater precision in the measurement of R, is re-
quired before an effective challenge of the standard model
can be mounted. This and other measurements of x al-
ready provide useful constraints on models ' ' in
which the parameter S (see Sec. IIE) is allowed to be
nonzero, as pointed out in the second of Refs. 22. As
noted earlier, vertex corrections act to nullify the effect of
5x.

(2) Interference between charged and neutral currents in
v, e scattering. The process v, e ~v, e receives contri-
butions from both charged and neutral currents. A re-
cent experiment has been interpreted in terms of an in-
terference term

I = —1.07+0. 17+0.11,
which in our notation is expressed as

I =p( —2+4x') = —2+4x'+2hp .

The experiment thus constrains the combination

(4.35)

(4.36)

x'+ =0.23+0.05 .Ap
2

(4.37)

A useful constraint within the context of the present dis-
cussion would begin to emerge when the interference
term I is measured about ten times more accurately than
at present.

x =0.229+0.016+0.002 . (4.38)

This value is consistent with the expected range
0.23 ~x ~0.234, but the accuracy must improve consid-
erably for it to have an impact within the context of the
standard model. The central value and error are compa-
rable to those obtained from the most precise experi-
ment on neutrino-electron scattering.

E. Forward-backward asymmetry
in pp~Z+ - - - ~e+e + . -.

A value of x has been extracted on the basis of the
forward-backward asymmetry of the lepton pairs from
the Z produced in pp collisions: '

F. Partial widths in Z decays

o,mzr(Z-vV)=
24x(1 —x )

GFMz'

12' 2
p=r, , (4.39)

1(Z~l+1 )= [1+(1—4x) ],
2

(4.40)

Io
I (Z qq)=3 [1+(1 4IQ lx)'] . (4.41)

Within the context of the corrections discussed here, Eqs.
(4.39)—(4.41) continue to apply to all decays except
Z~bb, for which loop diagrams involving an internal
top quark provide an additional contribution.

Now, I o—:I'(Z ~vv) in Eq. (4.39) is a decreasing func-
tion of x for x in the range of interest. The coefficients of
I o in Eqs. (4.40) and (4.41) are also decreasing functions
of x. In Table I we compare the predictions of Eqs.
(4.39)—(4.41) for partial and total Z widths for several
values of x, taking I (Z~bb) separately from Hollik's
calculation. The effect of the top-quark loop on
I (Z~bb) is actually to suppress the x dependence; we
have taken an average over very slowly varying values.
Experimental values (from Refs. 10, 29, 62, and 63) are
shown where available.

The measured leptonic width implies x =0.231+0.003,
relatively free of theoretical errors. We expect improve-
ments in the accuracy of this quantity to play a major
role in refining parameters of the electroweak theory.

The measured total width favors x =0.2300+0.0026,
within the range of values found in other measurements.
From Eqs. (2.13)—(2.15) we see that the value of x corre-
sponding to this range of x is 0.222+0.009 and that of Ap
is 0.010+0.008.

The ratio I „,(Z)/I (Z~l+I ) is predicted to be
about 29.6, nearly independent of x. It is unlikely that
the more general parametrization of Refs. 22 and 23
could alter this prediction significantly. The present ex-
perimental ratio is compatible with the prediction. Im-
proved measurement of this ratio would be an excellent
test for physics beyond that considered here or in Refs.
22, 23, and 30.

The interpretation of the total width measurement is
open to some uncertainties, such as QCD corrections and
rare decay modes. For example, a change of o.', by +0.02
(the error assumed in Ref. 29) changes the predicted ha-
dronic and total Z widths by +11 MeV. The total error
quoted on the hadronic width of the Z in Ref. 29 is much
larger, amounting to +25 MeV, but we believe this
reflects also uncertainty in x. A measurement of the total
or hadronic Z width to +10 MeV can provide a potential
very useful constraint on standard-model parameters or
on new physics, restricting x to an accuracy of +0.0015
when the QCD error is also taken into account.

Numerical tables of partial widths for Z decays have
been presented in Ref. 18. It is easy to see the qualitative
behavior of the various partial widths on the basis of the
considerations presented here. A similar discussion has
been given in Ref. 14.

The lowest-order expressions for the partial widths of
the Z into various fermion species are
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TABLE I. Partial Z decay widths (MeV).

Channel

VV

All vv
I+I
All I+I
QQ

Qt7+ cc
CC

dd'
dd+ss '
bb'

All hadrons
All

x =0.226

169.6
508.9

85.6
256.8
294.6
589.2
305.9
378.6
757.3
356.0'

1767.5
2533.2

x =0.230

167.5
502.6

84.3
252.9
288.9
577.8
299.9
372.1

744.2
356.0'

1742.1

2497.6

x =0.234

165.5
496.6

83.1

249.3
283.4
566.8
294.2
365.8
731.7
356.0'

1717.7
2463.6

Expt.

496+18'
84.0+0.9

267+109'

377+52'
353+48I'

1755+21
2498+20b

A11/I I 29.59 29.63 29.65 29.74+0.40

'From Ref. 10 and the second of Refs. 29.
From the second of Refs. 29.

'Without QCD corrections.
Including QCD correction of 1+a, /n = 1.038 for a, (Mz ) =0.12.

'Reference 62.
'Figure 12 in second of Refs. 18 implies about 360 MeV.
'Reference 63.

G. Asymmetries at the Z

Two major classes of asymmetries will be measured in
electron-positron collisions at the Z mass. Both probe
the parameter x governing intrinsic couplings at the Z
pole. Forward-backward asymmetries AFB for produc-
tion of various fermion species can make use of unpolar-
ized beams, while various types of left-right asymmetries
&Lz =(o L

—o z )/(o L +o z ) measure the asymmetry be-

tween cross section for left-handed and right-handed elec-
trons annihilating on positrons. A variant of AL& is mea-
sured using the production of polarized ~ leptons by un-

polarized beams.
(1) Forward backward a-symmetries The d.ifferential

cross section for the annihilation of e e into a fermion

f and the corresponding antifermion f at a center-of-
mass energy &s is (see, e.g. , Ref. 64)

I:( ILL I'+ If~~ I')( I+cos~')')+ l( IfLR I'+ If~L I')(I —cos~*)')
d (cos8*) 8s

(4.42)

where the first subscript on the amplitude refers to the helicity of the fermion f and the second to that of the electron.
(We shall neglect all fermion masses. ) Here

(I3{t.R) Q" )( 2+x )

(L, ~it. = Q+
x( 1 —x ) s —Mz+iMzI z

I3(t zi Qx+ S

1 — —M +'M 1

(4.43)

(4.44)

, do(e e+~ff)
0 d (cos8')

do(e e+~ff )oe = d(cosO )
d (cosg*)

(4.45)

with Q and I3 denoting the charge and weak isospin of
the fermion f. For ordinary quarks and leptons,
I3L — —', I3~ —0.

The cross sections for the process corresponding to for-
ward and backward scattering are defined as

The forward-backward asymmetry for e e + ~ff is

E7F OB
~FB =

OF+0 B

3 IfL,L I
+ Ifgtt I IfLq I ILL, I

4 If„l'+ Ifg~ I'+ Ifi~ I'+ IfgL I'
(4.46)

We show this quantity as a function of x for
&s =Mz =91.165 GeV/c and for various fermion
species in Fig. 10. We have taken I z =2.54 GeV, in ac-
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anj' givcli process. rVc' work 1xx tezms of 8 %CBk Kiixxtig

angle 0 defined in terms of intrinsic couplings at the Z
pole, and relate it to the angle 0 defined in terms of W
and Z masses by sin 8=1—M~/Mz. The parameter
p:—M~/Mzcos 8 deviates from 1 as a result of radiative
corrections. For example, a heavy top quark leads to
A =-(3~/16!rs!n 8)(m -/I -)-.--- The- precise- knowledge-----

of the Z mass leads to a constraint ' cos 9
=(0.1790+0.0002)/sin 8. When combined with the re-
lation sin 0=sin 8+cos Ohp which follows from our
definitions, the Z mass constraint allows us to see what
quality of information on 0, 0, and hp is probed by vari-
ous electroweak processes.

The measurements of W mass and deep-inelastic neu-
trino scattering are the most promising near-term sources
of information on 0 and Ap. By contrast, some other
processes provide information on the angle 6P. If precise
enough, this information can be of significant interest, as
in the case of the partial widths of the Z. Still other pro-
cesses, such as parity violation in atomic cesium, provide
a combination of information already constrained by the
Z mass measurement. A discrepancy would be taken as
an indication for deviations from the standard model, but
so far no such deviations have been seen.

We summarize in Table II some of the most important
constraints on x=sin 8, x=—sin 8, and hp provided by
the processes discussed here. Many other data points
should be added for a proper compilation of world data
in the spirit of Refs. 6 and 25. Our purpose has been
rather to compare the impact of some recent measure-
ments with that of deep-inelastic neutrino scattering,
which is the main source of information from older ex-
periments.

The 95%%uo confidence-level upper limit on hp implied by
the result of Table II, bp ~0.012, corresponds according
to Fig. 3 to an upper limit on the top-quark mass of about
220 GeV/c for a Higgs-boson mass below 1 TeV. The
lower limit on the top-quark mass stemming from radia-
tive corrections to electroweak processes, in our view, is
not yet any stronger than that imposed by direct
searches. (Here we are essentially in accord with the
analysis of Ref. 66, which appeared as the present work
was being prepared for publication. ) Although it may ap-
pear that little has been gained in comparison with previ-

ous-d!scussions-(as-in Ref.- 6),- the- r- pid! y- increasipg-accu----
racy of W mass and Z width measurements will lead to a
considerable refinement of our knowledge about the elec-
troweak parameters x, x, and Ap in the near future. The
present discussion has been intended to show the manner
in which this improvement is likely to take place.

We have estimated that our approach is limited in ac-
curacy to specification of x to +0.001, or x to +0.003.
For more precise corrections it is important to take into
account vertex and box diagrams neglected here. Certain
classes of theories (notably ones involving large numbers
of additional particles in the spectrum, such as tech-
nicolor models '

) also appear not to be amenable to our
simplified discussion. One would see effects of such
theories by a lack of consistency in our treatment exceed-
ing the inherent limitation of +0.001 in x. Other new
physics eff'ects (such as those involving extra Z bosons)
could also manifest themselves in this way.

The fine points (and loopholes) of conclusions about
the top-quark mass based on the present analysis have
been discussed in various places. ' ' Here we note
only that the conclusion depends (weakly) on the assumed
Higgs-boson mass, and much more crucially on the as-
sumed absence of any explicit Higgs-triplet vacuum ex-
pectation values. Since the main unknown quantity
affecting hp in the standard description appears to be the
top-quark mass, we expect that a full description of radia-
tive corrections to electroweak processes will have to
await the discovery of the elusive sixth quark.
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TABLE II. Some sources of information on sin'(9.

Process Value
x:—sin-'0

Error
x—= sin 0

Value Error Value Error

R,,
'

8' mass
r(z I l )

I (Z~hadrons}

0.2294
0.2273
0.225
0.2220

0.005 8b

0.0059
0.010
0.0085

0.2323
0.2316
0.231
0.2300

0.0018
0.0018
0.003
0.0026'

0.0037
0.0056
0.007
0.0104

0.0053
0.0054
0.009
0.0077

Average 0.2269 0.0035 0.2315 0.0011 0.0060 0.0032

'Average of results from Refs. 37 and 38.
Statistical error of +0.003 combined in quadrature with theoretical error of +0.003 and assumed error

of +0.004 due to uncertainty in m, .
'Based on experimental error for I (Z ~hadrons) of +20 MeV combined in quadrature with theoretical
error of +11 MeV, based on b,a, =+0.02 (see first of Refs. 29).
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