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We classify all strong-interaction contributions to all four-lepton processes through one loop in
electroweak SU2&U~ and to all orders in strong interactions. We show that those parts which are
not reliably calculated in perturbative QCD are all related to a certain integral over the total cross
section for e+e ~hadrons at low energies. We evaluate this integral for the most recent data and
find that, for most four-lepton processes of interest, it is dominated by the timelike

~

q'
~

region
from 1 to 100 GeV . We show that the associated theoretical strong-interaction uncertainty is a fac-
tor of -2 smaller than previously published estimates. We give the strong-interaction contribution
and associated theoretical uncertainty for future SLAC, CERN, and Fermilab precision experiments
and show that the theoretical uncertainty is quite small, thus allowing precision tests of the elec-
troweak theory at the one-loop level.

INTRODUCTION

One of the most attractive features of the new genera-
tion of high-energy accelerators will be their ability to
study leptonic processes with great precision, thus gaining
access to information about new currents and one-loop
electroweak radiative corrections. These corrections de-
pend intimately on the gauge structure of the theory and,
even within the context of SU2& U~, vary considerably de-
pending on which representations of particles, even very
heavy ones, are included in the model. Thus by studying
radiative corrections to leptonic processes, we can hope to
see effects of new particles, even if they are too heavy to
be produced directly. For example, there are measurable
corrections to the various asyrnmetries in e+e ~p+p
especially the initial-state longitudinal polarization asym-
metry ALR, on Z resonance [where statistics will be high
at CERN LEP and the Stanford Linear Collider (SLC)]
within the context of the standard model of Glashow,
Salam, and Weinberg' (GSW). There are also measurable
shifts from new particles (extra quarks and leptons, super-
symmetry, technicolor, etc.) from beyond the GSW model
which enter at the one-loop level. Some generic values for
the shifts due to various one-loop effects are displayed in
Table I for various precision measurements.

There is one problem with this scenario. At the one-
loop level there are hadronic effects due to the presence of
strongly interacting particles in the various vacuum-
polarization amplitudes and thus there are strong-
interaction contributions even to leptonic processes and to

the masses and widths of the 8'-+ and Z . Any theoreti-
cal uncertainty induced by strong interactions must be un-
derstood before the one-loop effects of new physics can be
deconvoluted from the leptonic data. In this paper we
study the effects of familiar quarks and hadrons on all
four-lepton processes to one loop. We show that the
strong-interaction uncertainties induced in the various
precision asymmetries and mass measurements are smaller
than most contributions of new particles listed in Table I
and show that by remeasuring the total cross section for
e +e ~hadrons in the timelike energy region
1&

~ q ~

&100 GeV with greater accuracy (to, say, 5%)
it could be reduced much further.

Let us write down the most general neutral- and
charged-current four fermion matrix elements, including
all one-loop electroweak corrections and strong interac-
tions to all orders, in electroweak SU2&U~, where the
internal-symmetry breaking is done primarily by Higgs
doublets. If external fermion masses are neglected, all
external fermion vertices are helicity conserving and all
cross sections may be written in terms of effective matrix
elements where the initial-state left-handed isospin I3 and
electric charge Q as well as the final state I3,Q3 are speci-
fied. We choose a renormalization scheme where a, the
muon-decay constant G„(i.e., the two best known elec-
troweak constants of nature) and Mz, the Z mass (ex-
pected to be measured very precisely by SLC/LEP), are
used as precise input data. Then, in Euclidean metric
(q =q —qo ), the neutral-current matrix element (nor-
malized to a for photon exchange in e+e ~p+p at
q =0) is
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TABLE I. Responses at one loop of various asymmetries on Z resonance and the W —mass to new

one-loop physics. Numbers are generic, calculated using Mz ——94 GeV.

One-loop physics

GSW weak
m, =30 GeV
mH ——100 GeV

Heavy top quark
m, =180 GeV

Heavy Higgs boson —1 TeV
Heavy-quark pair

(a) Large I splitting
(b) Degenerate

Heavy-lepton pair
(a) Large I splitting m„=0
(b) Degenerate

Heavy-scalar-quark pair
(a) Large I splitting
(b) Degenerate

Heavy-scalar-lepton pair
(a) Large I splitting
(b) Degenerate

W gauginos
(a) m3/2 «100 GeV
(b) m3/2 ))100 GeV

Technicolor
SUSX SU8

Strong-interaction uncertainty

&AL~ =&A~a]

—0.03

0.03
—0.01

0.02
—0.004

0.012
—0.0013

0.02
0

0.012
0

0.005
& 0.001

—0.04
—0.07
+0.0034

6AFg

—0.01

0.0075
—0.0045

0.01
—0.002

0.006
—0.0006

0.01
0

0.006
0

0.0025
& 0.001

—0.018
—0.032
+0.0014

6Ai

.005

0.004
—0.003

0.007
—0.001

0.004
—0.0004

0.007
0

0.004
0

0.001
« 0.001

—0.012
—0.021
+0.001

5M~ (MeV)

—180

780
—160

300
—42

300
—14

300
0

300
0

100
&10

—500
—500

+25

1 b, (q ) i Im—II„'„(q ) —q

I3 Q[ss +bz(q ) isscsImH—zq (q )]
sece

—s

(q2+Mz2)[1 —b, (q ) —0.06] i ImHzz(q )—
Ii —Q'[ss +b~(q ) isscglmHz~(q )]—

sece
+~NC

while the charged-current matrix element is

~/l (q )=
2

( —s)((1—0.06)j(q +cos HiiMz )[1—bii(0)]+cos HiiMz b~(q )] i imHiiii(q —)) '+X
2sin Ow

(2)

Here s is the Mandelstam variable (q = —s in the s channel) while 6, Az, b, , and b, ii are certain finite combinations of
the one-loop vacuum-polarization amplitudes II,

&
and H,'z in Fig. 1 to be discussed later. Here, the quantities X and

X represent the one-loop one-particle-irreducible (1PI) vertex, box, and fermion self-energy contributions, the so-called
"direct" coupling corrections. These do not suffer. strong-interaction effects for leptonic processes and we drop them

from further consideration. We define the weak mixing angle used throughout the calculation

1/2

sin Ow=—s, =———1—1 1 4m'
2 2 v 2GpMz (1—0.06)

(3)

L

to include the largest part of the QED corrections to the renormalization of a from q =0 to Mz by light quarks and

leptons. There is no strong-interaction uncertainty in the Born terms; the constant 0.06 in the definition is chosen to es-

tablish a convention in which se is directly calculable from a, G„, and Mz.

The "oblique correction" functions are finite combinations of electroweak one-loop 1PI vector-boson self-energies II,J
and II,'1 as defined in Fig. 1 with i,j = W, Z, A (photon) or SU2 and QED currents ij =1,2, 3,Q, and are to contain strong

interactions to all orders. We have from Ref. 2
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~.=Rel H~~(q') —H~A(0) l

Hzz ( —Mz )6 =Re
P Mz

Hww(0) H»(q ) —H ( —M )

Mw 2 +
q +Mz2 2

2 2
2 sg cg 2R——e —sect)[Hzw(q ) —Hzw( Mz )]+ [5 ( —Mz ) —0.06]

1 —2$0

(4)

2 2se co+ 2
1 —2sg

Hww(o)—H~~( —Mz )+
Mw

Hzz( —M, ')

Mz
—sgcgHz~( —Mz )

sg Hww(q ) ce Hzz(™z)

[H~„(0) +0.06]—
1 —2sg w2 1 —2s~2 Mz2

se' H ww(0)

1 —2s~ Mw2 2

fermions
+

vectors
sca la rs

+

vectors
+

vectors

)~ ).

scalars ' ' sca lars

+
ghosts ~

FIG. 1. Vector self-energies.

It is easy to see that there can only be four such functions;
in SU2XU&, there are only four vector self-energies, Z-Z,

Z-A, and O'- 8, and these self-energies will of
course appear at one loop. The quantities H~~(0),
Hzz( —Mz ) and H ww(0) appear because we used a,
Mz, and 6„, respectively, as physical input data and the
experimental values of these quantities already include
some radiative corrections.

Now it is a simple task to track down the strong-
interaction contributions in the ImH;~ and the 6;. Let us
assume that the influence of strong interactions is entirely
due to the presence of quarks in the various vector self-
energies. Then, forgetting for the moment the top quark,
we assume that we may calculate IIzz(q')/Mz',
Hww(q )/Mw Hzz(q ), and H„'„(q ) for

~ q ~
&&m~

(where mq is a generic quark mass) dropping terms of or-
der aEMmq /q and using perturbative QCD. For exam-
ple,

ImH~~(q )=ImHq~(q')
l free-fiefd theory

QCD(q ) QCD (q')
X 1+ +C

7T 77'

and analogously for Hz&, Hzz, Hww. We will, in fact, be
interested in low- q ~

neutral-current neutrino scattering
and so would have to evaluate ImHz~(q ) but this is in
the t channel and so vanishes.

Similarly, we assume perturbative QCD to be valid for
the calculation of

H (0)

Mw

Strictly speaking, q =0 is not a priori a suitable point for
asymptotic freedom to obtain. However, we can still ex-
ploit the theoretical framework of perturbative QCD if we
divide the quark contributions into "light' (u, d, s) and
"heavy" (c,b, t, . . . ) ones. For the latter we trust the argu-
ment, supported from several years of QCD-sum-rules
phenomenology, that q =0 is still a good point for
asymptotic freedom. This is probably not true for the
light quarks. But for these the free-field-theory (FFT)
contribution, which is of order mq /Mz is so small that
even increasing it by more than one order of magnitude
(and we do not believe that the FFT approximate result
can be so bad) it would still be completely negligible.
Note that this argument would not apply for the quanti-
ties H~„(0),Hzq (0) for which the dependence on the
quark masses is quite different, so that the light quarks in
FFT would actually give the dominant contribution.

Thus we shall rely on perturbative QCD to evaluate the
terms of Eqs. (5) and (6). We stress that Hww, Hzz can-
not be directly determined from experimental data and
thus must necessarily be evaluated by some theoretical
model. The reasons why we feel that perturbative QCD
should be a reasonable approach are of both theoretical
and practical nature, since we know that this model has
been able to describe rather satisfactorily the photon vacu-
um polarization both at

~ q ~
&&m~, as it can be directly

seen by looking at the value of the total cross section for
e+e ~hadrons, and at q =0, as it can be at least quali-
tatively inferred from the consequences of this assumption
for QCD sum rules. We do not claim that this is the only,
or the best, possibility. But we believe that it can be con-
sidered as a very reasonable one.

Having so chosen the theoretical model to evaluate Eqs.
(5) and (6), we have to provide an estimate of the related
theoretical uncertainty. This will be consistently con-
sidered by us as that coming from the experimental uncer-



35 STRONG-INTERACTION CONTRIBUTIONS TO ONE-LOOP. . . 45

tainty which affects the value of a, (q ). For the latter we
shall assume, following a rather conservative approach, an
indetermination Aa, /a, =0.3. Typically, this will pro-
duce a theoretical uncertainty at q = —Mz of the order
of 2% of the overall FFT term, which we shall have to
take into account when writing the various theoretical
predictions. As we shall see, this error will be generally
much smaller than that coming from the quantities which
we shall be able to compute using true experimental data,
an error which in turn will be sufficiently small not to dis-
turb the theoretical predictions that we shall finally write
down. Thus we believe that the problem of the theoretical
uncertainty to be attached to those quantities Eqs. (5) and
(6) which cannot be directly determined from experimen-
tal data can be considered as satisfactorily controlled.

There are, though, two warnings to be made here. The
first is the possibility of tt resonances which could destroy
our ability to use perturbative QCD for

~ q ~

—m;, . If tt
has some substantial mixing with the Z this effect would
need to be included in the analysis. The second warning is
that in order to calculate absolute cross sections near the
Z or 8'-+poles or the widths of these particles to 1% ac-
curacy we should properly include the two-loop contribu-
tions to their respective propagators' imaginary parts.
This we regard as beyond the scope of this paper. Note,
however, that it is still safe to form asymmetries to one
loop near Z resonance because Z propagator effects
(and also the luminosity) cancel there. Either of these two
effects could give strong-interaction contributions to ex-
periments at SLC and LEP and will be included in a fur-
ther analysis. The hadronic contributions which are nei-
ther suppressed by powers of mq /Mz nor calculable in
perturbative QCD, enter via the two finite combinations
ba(q ) and

since this quantity is directly related to e+e ~hadrons
data. The situation is less simple in the case of Azz,
where a more detailed analysis of flavor-dependent effects
is required. Hzz is defined from the vacuum expectation
value of the product of J =eJ~ and

zo e 3 2 gJvector (Jvector ~8 J
sece

where J„„„is the vector part of the third component of
the weak-isospin current. Thus Azz contains the flavor-
dependent term (J„„„P~). Now write

Jvector 2 + (Jvector 2 JQ 3 ' Q

and note that the hadronic part of the last term can be
written

J„„„„——,J~= —
t2 (dy„d+uy„d+sy„s+cy„c

+by„b+ty„t+. . .
)

= ——,J + 4 J~+heavy quarks,

J = —,(dy„d+uy„u),

J = —
3 SQ~S

Jt'= —,(uy„u —dy„d),

J~ ——J~+J +J~+heavy quarks .

Thus J„„,, ——,J~ does not contain the (dominant) p-
meson current and is entirely of weak isospin I=O. Tak-
ing care with the various isospin components we have

z~( — z' q') = l 'z~ — z') — z~(q')1 (7)

for low q . These two combinations, then, give all of the
nonperturbative strong-interaction effects for four-lepton
processes at one loop and we will concentrate on these for
the remainder of this paper.

We will show in Sec. II that strong-interaction effects
in Azz can be related to those in 6, which in turn can be
related to low-energy data in e+e ~hadrons. We will
use the most recent available data to evaluate the hadronic
contribution to 6 . In Sec. III we will use this to give the
hadronic contributions to and bounds on the hadronic un-
certainties in various precision measurements to be per-
formed by the CHARM II Collaboration and by experi-
mental groups at SLC, LEP, and Fermilab in the near fu-
ture.

II. PHOTON AND Z- A MIXING VACUUM
POLARIZATION

As we saw in the previous section, all complicated
strong-interaction effects in one-loop leptonic processes
are contained in the two quantities b, (q ) and bzq.
Here, q represents a four-momentum square which is
typically small,

~ q ~

&&Mz which prevents us from re-
lying on FFT particularly when light-quark contributions
are involved.

In the case of 6 (q ), the problem can be circumvented

II,'„= ( —,
' —s, ') II„'„+ (II„'«'—2II„'„-')

sece 4sece

(II„'«'—2ll„'~"—II„'„' )
4sece

+heavy-quark terms, (9)

where (J&J„)=5@~ II~~ ' gives the relevant flavor con-
tribution to the photon vacuum polarization with vector
currents only.

Let us start our examination of (9) with the heavy
quark components of Hzz. We will assume that all
flavor-mixing terms involving heavy quarks vanish. If we
are in the spacelike q region or even at q =0 we know
from QCD sum rules that FFT plus calculable QCD
should be a reliable approximation for the remainder of
the heavy-quark contribution. So this contribution can be
straightforwardly evaluated; in fact, we find it to be very
small.

The second term in the parentheses contains all possible
nonvanishing interference terms (pcs, coP,pt)tt), e.g. ,—(J„'~J'„"'). These are familiar quantities, their expres-
sion is well known and given by nonperturbative QCD
condensates, isos pin-conservation-breaking terms or
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flavor-mixing terms suppressed by factors aEM(m„—md )/ GeV or aEM or suppressed via Zweig's flavor-
mixing rule. These contributions are orders of magnitude
smaller than the leading one in Eq. (9). Thus we see that

I

for those q values which are relevant for v&e, v&e
scattering, we can safely "reduce" b,z~(Qp, q )—:Re[Hz~(QO ) —Hz~(q )] (where Qp is a suitable sub-
traction point where FFT can be used) to a sum:

~z~(QO' q') = ~
—sg

[& (Qo') —& (q')]+ I [& ~~'(Q ') &'~—~'(q')] —2[&' '(Qo') —&'" '(q')])1

s oct9

+ "small" terms with negligible errors .

To be more precise, let us consider the specific value q =0. We find, in this case,

(10)

~z~ (Qo'*o) =
2

1 a I Qo[H„,(Q, ') —H,'„(0)]- ln
sqce 4s peg 9m m, 2

+ I [HgA (Qo ) Hgg '(0)]—2[Hgg '(Qp') —H„'g '(0)] I +calculable small terms
4s gc (9

Qp must be such that we can safely use FFT for H„'z(Qp ), Hz~ (Qp ).
The evaluation of the last square-bracketed term in the right-hand side (RHS) of Eq. (11) could, in principle, be per-

formed if precise flavor-isospin tagging data in e+e ~hadrons existed; we could compute it phenomenologically from
its definition:

I2

b, '~~'(Q ) —2b, ' '(Q )= j [R'~'( '
) —2R' '( ' )]

o

for
~ Qo I &&Mz, where

CT e

0e+e —
p. +p, —

CT ee e ~co,co, . . .

0 e+e —~p+p

(12)

In practice, the data are not to our knowledge available at the moment. We will still be able to give a reasonable estimate
because the asymptotic part (

~
q ~

&&m, ) of the numerator of (12) vanishes exactly in FFT. Thus it is only the region
of small q' values,

~

q'
~

& 1 GeV, which can effectively contribute. For this region it is certainly a good approxima-
tion to consider the co, P contribution as due to the dominant resonances treated in the narrow width representation.
Thus we can write this contribution as

2 o r2

f [R'~'(q' ) —2R' '(q' )]=-" q'(q' —Qo')

3QO p~e+e2

a m~ (Qp +mp '

2I co~e+e 1

(Qp +m )
(14)

Numerically, this turns out to be =—0.00025 at the
spacelike point Qp ——79 GeV; we shall assume that the
possible error on this estimate is equal to the estimate it-
self; although based on QCD sum rules we feel that our
approximation should not be that bad. A final comment
on this (P —2') term is that if we had used the (a priori
unjustified) FFT evaluation of the LHS of Eq. (12), we
would have obtained a result =—(2a/9m)ln(m, /m)
(where m denotes the common value of m„d) which for
any reasonable choice of the m, /m ratio turns out to be
numerically very close to our estimate in Eq. (14). A
similar narrow width estimate can be given when q in-
creases from zero to spacelike values, with minor modifi-
cation, and we shall not discuss it further.

We now give an explicit evaluation of 6 from the most
recent available e+e ~hadrons data and discuss in some
detail the related experimental errors. Figure 2 shows the
results of our evaluation of the relevant expression (writ-

FIG. 2. The graph of Relo b, (Qo ) at titnelike (right-hand
axis) and spacelike (left-hand axis) Qo values

I Qo I
& 200

GeV . The squares represent the older evaluation by Paschos
(Ref. 6).
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TABLE II. Contributions to the quantity 10'6 (79 GeV ) in

Eq. (16) coming from the different regions a—f and related er-
ror.

10 8 (0 )

Region

e
f

Total

10 5 (79 GeV )

0.29+0.01
0.43+0.05
0.53+0.05
0.19+0.02

0.007
0.004

1.45+0.13

———error=8. 8 %

~ =- Paachos (79)

ten in Euclidean metric):

e e ~hadrons0

dq'R (q')-" q'(q' —Qo')
(15)

1 2 5 10 15
& [a*. (owl

b, (79 GeV ) =0.0145+0.0013 . (16)

Note that the error is -2 times smaller than the previous
estimate +0.002 by Sirlin and, consequently will lead to
smaller errors in ALz than previously estimated. ' Of the
+0.0013 error, only +0.0001 comes from region a, while
+0.0010 comes from the two regions b and c. Thus our
result Eq. (16) is not dominated by the very-low-energy
e+e data, but rather from those data approximately in
the timelike

~

q'
~

region from 1 to 100 GeV . More pre-

e+e @+p-

when Qo varies in the range —200&Qo &200 GeV .
For comparison, we have also included an older estimate
by Paschos. One notices that the two tend to differ
somewhat in the very-low-q region, i.e., in that dominat-
ed by the very-low-energy e+e data, for which we have
taken the most recent results, quoting an accurate esti-
mate of the systematic error. This was not available for
the earlier estimate. Assuming for the remaining higher-
energy data a realistic systematic error of 10% (see later),
we have computed what we consider to be a realistic error
for b, (Qo ) in the Qo range above. To get a deeper
understanding of the details of our evaluation, we have di-
vided the integration region of Eq. (14) into six parts; i.e.,
region a:

~

q'
~

& (0.8 GeV), where one expects the sys-
tematic error to be no larger than -4%; region b: (0.8
GeV) & ~q'

~
&m~, where the systematic error is ex-

pected to range from -4% to 15'7o, region c:
(m~) &

~

q'
~

&(mz); region d: (mz) &
~

q'
~

&(46
GeV); region e: (46 GeV) &

~

q'
~

& (80 GeV); region f:
(80 GeV) &

~

q' ~. In the last four regions, we accepted
the quoted systematic error of 10'7o.

Having divided the integration range in this way, we
can now see how much of the overall error, at variable q,
comes from the different regions. Considering, e.g., the
specific spacelike value Qo ——79 GeV which corresponds
to the "optimal" subtraction point to be discussed later,
we have listed in Table II the individual contributions
coming from the six regions a—f. As one sees, the overall
result is

FIG. 3. Same as in Fig. 2 for spacelike go values

~
Qo

~

&400 GeV . A few error bars have been computed for
some low Qo points, according to the prescription given in Sec.
II.

cise measurements of the threshold region would conse-
quently not be of great help for Qo =79 GeV . Note
however that if the experimental error in the region
1 &

~

q'
~

&100 GeV were reduced to 5%, the error on
(79 GeV ) would be +0.0008, a substantial reduction.

We urge experimentalists to reexamine this region in order
to make the hadronic uncertainties in future SLAC,
CERN, and Fermilab precision experiments completely
negligible.

These same conclusions would in general apply to the
range of spacelike Qz investigated, i.e.,

~ Qo
~

& 400
GeV . In Fig. 3 we have shown in more detail the values
of 6 (Qz ) in this range, together with some error bars.
Table III contains the contributions of the different re-
gions to the overall results at a number of Qo values. As
one sees, the contribution from the threshold region be-
comes less and less relevant as Qo increases. As a gen-
eral rule, in the whole range

~ Qo ~

) 1 GeV the main
contribution, giving the largest fraction of the error, to
the relevant quantities comes from the region of the data
(1 GeV)' &

~

q'
~

& (10 GeV)'.
These same conclusions apply for timelike

~ Qo
larger than approximately 150 GeV . For smaller time-
like Qo values, as can be seen in Fig. 1, the quantity
b, (Qo ) is subject to oscillations due to contributions
from regions a—f of various signs. As a consequence, the
overall error, which is of the order of —8% in the more
favorable spacelike Qo or large timelike Qz cases, be-
comes somewhat larger ( —20%).

As a final comment to motivate our choice of the op-
timal spacelike subtaction point Qo ——79 GeV for Eq.
(16), we would like to point out that it is possible to derive
bounds on the quantity 5 (Qo ) in the spacelike region
which are a consequence of the experimental value of the
muon anomaly and of the assumptions that QED is
correct and that QCD gives respectable predictions for the
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TABLE III. Contributions to the quantity 10 6 (go ) coming from the different regions a—f at
several spacelike Qo values. The related error can be easily worked out and is pictured in Fig. 3.

Qo'/CreV' a b C d e f Total

1

4
9

16
25
36
49
64
81

100

0.20
0.26
0.27
0.28
0.28
0.29
0.29
0.29
0.29
0.29

0.14
0.27
0.34
0.37
0.40
0.41
0.42
0.43
0.43
0.43

0.03
0.1 1

0.19
0.28
0.35
0.41
0.46
0.50
0.53
0.56

0.01
0.03
0.05
0.08
0.10
0.13
0.16
0.20
0.23

0.005
0.006
0.007
0.009

0.002
0.003
0.003
0.005

0.37
0.65
0.83
0.98
1.11
1.21
1.31
1.39
1.46
1.52

photon vacuum polarization in the spacelike region, in the
spirit suggested by Shifman, Vainshtein, and Zakharov.
In particular, it was shown in a previous paper' that
these bounds become optimal, i.e., most strict, at the point
Qo ——79 GeV, where one obtains the general result

0.0115 & b, (79 GeV') & 0.0157 . (17)

As one notices, the upper limit of this general bound
(coming from theoretical considerations of a vastly dif-
ferent sort) is exactly saturated by the purely phenomeno-
logical evaluation based on e+e data, Eqs. (15) and (16).
Actually, the two different estimates are consistent over
the whole spacelike region

~ Qo ~
& 150 GeV where the

general bounds can be derived. This strengthens our belief
in the correctness of the result Eq. (16) to be used in what
follows.

Inserting Eqs. (16) and (14) in Eq. (11) we obtain (as-
suming se ——0.215, i.e. , Mz ——94 GeV):

bzq (79 GeV, O) = (0.0101+0.0009)—(0.0003)
—(0.0002+0.0002 )

=0.0096+0.0011,

where the numbers on the RHS represent the contribu-
tions to the overall quantity coming from the three pieces
in Eq. (11). Thus, we see that the bulk of the result and of
its error comes from the same e+e data which deter-
mined the photon vacuum polarization Eq. (16), and the
same considerations of that case still apply.

Having completed our numerical analysis of the two
quantities, Eqs. (16) and (18), which are affected by
strong-interaction uncertainties, we are now ready to dis-
cuss what the effects of these uncertainties on a number
of measurable quantities will be. This will be done in Sec.
III.

III. MEASURAB LES

Let us begin our analysis with a discussion of the con-
tribution due to strong interactions to the theoretical pre-
diction for the initial-state polarization asymmetry AL&
for the process e+eI z ~p+p at the Zo resonance,
which will soon be measured at SLC. This is given by the
expression'

ALg( —Mz )=
o(e+eL ~p+p ) —o(e+eR ~p+p )

o'(e eL ~p p )+o(e ez ~p p ) q'= —Mz'
(19)

The contribution to this quantity due to u, d, s, c, b, and t quarks is easily written from Eqs. (1) and (4):

—64cg sg
( )5ALz "(—Mz )= 6'" "(—Mz )+const

(I+vs )

64 2 4

2 2 I[3 ( —mz ) —b (79 GeV ))+6 (79 GeV )I'" "+const,
(I+ve )

6 ALg
"———0.0615+0.0028+0.0006, (21)

with v~ ——4s~ —1.
The first term in the curly brackets is evaluated using

perturbative QCD while the second can be gotten from
Table II. Collecting the various terms [remember that
since m, &&mb there is a contribution from the p parame-
ter b p(0)] we have for Mz ——94 GeV, mb =3m, =4.5
CreV and m, =30 GeV

where the larger error comes from that of e+e data of
Table II, while the smaller one has been obtained under
the assumption that the experimental value of a, appear-
ing in the QCD corrections to the first term in the curly
brackets is plagued by a relative error of approximately
thirty per cent, Aa, /o. ,=0.3.

Note that this hadronic contribution is a substantial
fraction of the prediction from the complete standard
model of Czlashow, Salam, and Weinberg' through one
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where, again, the large part of the error comes from that
of e+e data of Table II. This gives a contribution to
8'+—mass

A, Z,W '- A, Z,W 6M'" "=—484+19+6 M V . (25)

A o +

A,Z, W

A, Z, W

A glance at Table I shows that the strong-interaction un-
certainty is smaller than the possible effects coming from
physics beyond the GSW model. The (u ~t) contribution
is to be compared to the prediction for Mz including all
one-loop standard model contributions' "for Mz ——94,
m, =30, and mH ——100 GeV

A Mg ——83.33 GeV . (26)

AZ W '~ ii AZW —,i

FIG. 4. Detector-dependent QED contributions.

To conclude our analysis, we have considered the follow-
ing two ratios, soon to be measured by the CHARM II
collaboration:

loop (all one-loop GSW predictions quoted in this paper
specifically exclude only the detector-dependent QED
contributions from graphs in Fig. 4) including leptons,
quarks, and vector and scalar bosons in internal loops for
Mz=94 m~=30, and mH&ggs:100 GeV

APg (q = —Mz )=0.2692 (22)

R ( r)=—~v e~v eP P

0—verve

Ug1+
+~ (27)

b'ut that the hadronic uncertainty is quite small compared
to the total radiative correction from GSW listed in Table
I or the contributions to AL& from beyond the standard
model. The hadronic uncertainty in (21) is a factor —2
smaller than previous estimates. ' We conclude that the
GSW prediction Eq. (22) for AL& is theoretically "clean"
since the uncertainties from strong-interaction effects of
light quarks can be safely controlled. Thus any shifts
from this value greater than say, 0.005, must be attributed
to new physics from beyond the standard model. Some
candidates are listed in Table I ~

We have also considered other possible asymmetries in
e+e annihilation. At the Zo resonance and including
one-loop effects, their expressions and the related strong-
interaction contributions and uncertainties are simply re-
lated to those of the longitudinal asymmetry Azz, as has
been extensively discussed elsewhere. Table I contains
the relevant uncertainties, which one can evaluate
straightforwardly with Eq. (16).

As a next application, assuming Mz to be very accu-
rately measured at SLC and LEP, we consider the theoret-
ical prediction for the W mass (to be measured at LEP II
and Fermilab), related to Eq. (16) through Sirlin's formu-
la.

~v e~v e

RNc, cc( t)=-
~ve vpp e

1 —Ug+Ug
[1—b,~(

—r)]

2
P

2m, E (28)

6R '-" "= —0. 163+0.0089+0.0022,

6R Nc, cc = —0.0094+0.0005+0,0001

(29)

(30)

(again, the smaller error comes from the QCD correc-
tions) which are to be compared to the prediction from
the complete GSW theory to one loop ' for Mz ——94)
m, =30, mHIggs 100, and for E =70 GeV

R —= 1.2862,

R Nc, cc =0.1295

(31)

(32)

with ue ——4[se +b.~( —t)] —1. We evaluated the contribu-
tion from u~t quarks and the resulting theoretical un-
certainties. We find for Mz ——94, m, =30 GeV, and
E =70 GeV

Mg
Mw'

Mz

(37.281 GeV)
1 —Ar

2sg —1
2

Ag ( —Mg ')+const,
s(9

(23)

Note that the u~t quarks give quite a large fraction of
the R and RNc cc but that the theoretical uncertainties
are small.

IV. CONCLUSIONS

=0.0333+0.0013+0.0004, (24)

which can be gotten, alternatively, by examination of the
pole structure of Eq. (2). The contribution from u, d, s,
c, 6 and t quarks is for Mz ——94 GeV, m, =30 GeV

Ar " "=6'" "(—Mz )+const'

We have classified the hadronic contributions to all
one-loop four-lepton processes. We conclude that the ha-
dronic corrections to most leptonic processes contain a
rather small uncertainty, which is mainly due to that of
the e+e data in the region of timelike

i
q'

i
from 1 to

100 GeV . This uncertainty could be further substantially
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reduced if an experimental effort in this region brought
the systematic error below that of the available data
(which is of approximately 10%) to, say, 5%%uo. %'e have
shown however that the theoretical uncertainty with
present data is sufficiently small to allow a whole series of
future experiments at SLAC, CERN, and Fermilab to
carry on a systematic test of the theory of electroweak
forces at one loop with clean theoretical predictions.
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