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ABSTRACT 

We classify all strong interaction contributions to all four-lepton processes 

through one loop in electroweak SU2 x VI 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 time- 

like /q’21 region from 1 to 100 GeV 2. We show that the associated theoretical 

strong interaction uncertainty is a factor of - 2 smaller than previously published 

estimates. We give the strong-interaction contribution and associated theoretical 

uncertainty for future SLAC, CERN and FNAL precision experiments and show 

that the theoretical uncertainty is quite small, thus allowing precision tests of 

the electroweak theory at the one-loop level. 
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1. Introduction 

One of the most attractive features of the new generation of high energy ac- 

celerators 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 depend intimately on the gauge structure 

of the theory and, even within the context of SUz x Ur, vary considerably depend- 

ing 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 di- 

rectly. For example, there are measurable corrections to the various asymmetries 

in e+e- ---) JJ+~-, especially the initial state longitudinal polarization asymme- 

try ALR, on 2’ resonance .(where statistics will be high at LEP/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, SUSY, 

technicolor, etc.) from beyond GSW 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 measurements2 

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 contribu- 

tions even to leptonic processes and to the masses and widths of the W* and 2’. 

Any theoretical uncertainty induced by strong interactions must be understood 

before the one-loop effects of new physics can be de-convoluted 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 uncer- 
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tainties 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 time-like 

energy region 1 GeV2 5 1q21 5 100 GeV2 with greater accuracy (to say 5%) it 

could be reduced much further. 

Let us write down2 the most general neutral and charged current four fermion 

matrix elements, including all one-loop electroweak corrections and strong in- 

teractions to all orders, in electroweak SUz x Ur 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 sec- 

tions 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 I;, Qi are 

specified. We choose a renormalization scheme3 where CX, the muon decay con- 

stant G, (i.e. the two best known electroweak constants of Nature) and Mz, 

the 2’ mass (expected to be measured very precisely by SLC/LEP), are used as 

precise input data. Then, in Euclidean metric (q2 = p - q,“), the neutral current 

matrix element (normalized to 1 for photon exchange in e+e- + p+p-) is 

M Q 
1 

PP’ = 1- Aa(q2) - iImlIIjQA(qz) 

+ 13 - Q(si + Ap(q2) - iwdm~~A(q2)) 
ace 1 P 

’ (q2 + Mi) (1 - A,(qzyS 0.06) - iImlIzz(q2) 

(1) 

X 13 - Q’(si + Ap(q2) - ismImnhA(q2)) 

1 + XNC --We P’ 
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while the charged current matrix element is 

Mcc (q2) = 2si;2 e 
W  

6s) [(l - 0.06) [(q2 + cos2 &,,M;)(l - Aw(0)) 

(2) 

+ cos2 B,M; - Aw(q2)] - iId-hv(q2) I-’ + xc’ . 

Here s is the Mandelstam variable (q2 = -s in the s channel) while Aa, Ap, 

A, and Aw are certain finite combinations of the one-loop vacuum polariza- 

tion amplitudes defined in Fig. 1 to be discussed later. Here, the quantities 

XNC and Xcc represent the one-loop 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: 

(3) 

-to include the largest part of the QED corrections to the renormalization of CY 

from q2 = 0 to -Mg by light quarks and leptons. There is no strong interac- 

tion uncertainty in the Born terms; the constant 0.06 is chosen to establish a 

convention in which si is directly calculable from (Y, G, and Mz. 

The “oblique correction” functions are finite combinations of electroweak one- 

loop 1PI vector boson self-energies as defined in Fig. 1 with i, j = W*, 2, A 

(photon) or SU2 and QED currents i,j = 1,2,3, Q, and are to contain strong 
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interactions to all orders. We have 

Aa = Re [II:, - HL(O)] .. 

Hzz(-“;) _ &w(O) + Hzz(q2) - Kz&M;> 

Mi MliJ q2+M; 1 
A, = Re - SBCB [n;,&“) - I-$,(-M;)] + 1 fzs2 (A&(-M;) - 0.06) 

e 

+ S;C; 
1 - 2s; -Hi,&@) + nww (0) _ Kzz(-M; 

ML M; 1 - w&A(-M;) 1 
Aw=Re 

Hww(q2) + 4 - bz(-M;) 4 nww (0) 
ML& 1 - 2s; M; -1-2s; M$ 3 ’ 

(4 

It is easy to see that there can only be four such functions; in SU2 x Ul, there are 

only four vector self-energies, 2 - 2, A - A, 2 - A and W - W, and these self- 

energies will of course appear at one-loop. The quantities II:,(O), llzz(-Mi) 

and IIww(O) appear because we used CX, Mz and G, respectively as physical 

input data and the experimental values of these quantities already include some 

radiative corrections. 

Now it is simple task to track down the strong interaction contributions 

in the ImIIii and the A;. Let us assume that the influence of strong interac- 

tions 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 

ImIIzz(q2)/M~, ImIIww(q2)/M$, Imnh.(q2) and ImIIiA(q2) for 1q21 > rni 

(where rni is a generic quark mass) dropping terms of order a,,m~/q2 and using 
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perturbative QCD. For example, 

ImIIiA(q2) = ImIIL(q2) . “Qdq2) + c 
l+ 7r 

“&D(q2) 

free field theory 1 79 * (5) 
We will, in fact, be interested in low energy neutral current neutrino scattering 

and so would have to evaluate ImniA(q2) but this is in the t channel and so 

vanishes. 

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

Re ‘zz(q2) nww (0) Re bw (q2) 
M; ’ M; ’ WC 

(6) 

for all q2 and ReIlh(q2), ReRhA(q2) for 1q2/ >> A&-+,. 

There are though two warnings to be made here. The first is the possibility 

of toponium tf resonances which could destroy our ability to use perturbative 

QCD for lq2/ - m&. If toponium has some substantial mixing with the 2’ 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 W* poles or the 

widths of these particles to 1% accuracy we should properly include the 2-100~ 

contributions 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 experiments at SLC and LEP and will be included 

in a further analysis.4 

The hadronic contributions not suppressed by powers of rni/Mi or calculable 
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in perturbative QCD, enter via the two finite combinations Aa(q2) and 

&a(-M&q2)‘= Re [@A(-M~) - W&dq2)] (7) 

for low q2. These two combinations, then, give all of the non-perturbative 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 Section 2 that strong interaction effects in AZA can be re- 

lated to those in Aa, 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 con- 

_ tribution to Aa. In Section 3 we will use this to give the hadronic contributions 

to and bounds on the hadronic uncertainties in various precision measurements 

to be performed by the CHARM II collaboration and by experimental groups at 

SLC, LEP and FNAL in the near future. 

2. 

As we saw in the previous section, all complicated strong interaction effects in 

-one loop leptonic processes are contained in the two quantities Aa(q2) and AZA. 

Here, q2 represents a four-momentum square which is typically small, 1q2j < Mi 

which prevents us from relying on free field theory (FFT) particularly when light 

quark contributions are involved. 

In the case of Aa(q2), the problem can be circumvented since this quantity is 

directly related to e+e- + hadrons data. The situation is less simple in the case 

of AZA, where a more detailed analysis of flavor dependent effects is required. 

HiA is defined from the vacuum expectation value of the product of Jcem* = eJQ 
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and JLr = & (JLor - 8; JQ) where JLor is the vector part of the third 

component of the weak isospin current. Thus AZA contains the flavor dependent 

term ( J&torJQ). Now write 

J&tor = f JQ + Jv3ector - ; JQ 
> 

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

Jvector - f JQ = -A [d-j,d + iiy,d + ~7~s + ~7~12 

+ 67,b + f7pt + . . .] 

= -i Jw + a Jd + heavy quarks 

Jw = f [&j,d + ii744 (8) 

J4 = -a ~7~s 

Jp = ; [ii7+ - &,d] 

JQ = Jp + Jw + J# + heavy quarks . 

Thus JLor - t JQ does not contain the (dominant) p meson current and is 

entirely of weak isospin I= 0. Taking care with the various isospin components 

we have 

1 
+- 

4SeCe 
_ 2J-f (ww) 

AA 1 
1 

+- 
4SeCe 

n’ (PfP) 
AA 1 

(9) 

+ heavy quark terms 
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where (J; Ji) = i5pyq211’(ab) AA gives the relevant flavor contribution to the photon 

vacuum polarization with vector currents only. 

Let us start our examination of (9) with the heavy quark components of RAA. 

We will assume that all flavor mixing terms involving heavy quarks vanish. If we 

are in the spacelike q2 region or even at q2 = 0 we know from QCD sum rules5 that 

free field theory (FFT) pl us 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 bracket contains all possible non-vanishing inter- 

ference terms (pw, ~4, p+), e.g. - ( J~)J?)). These are familiar quantities,5 

their expression is well known and given by nonpertubative QCD condensates, 

isospin-conservation breaking terms or flavor mixing terms suppressed by factors 

Qe.m. (mE - mf$/(GeV)2 or CYZ.~. 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, for those q2 values which are relevant for pPe, vPe scat- 

tering, we can safely “reduce” AZA( Qi, q2) E Re [II;,(@) - IIhA(q2)] (where 

Qi is a suitable subtraction point where FFT can be used) to a sum: 

Az&:rq2) = (l/%;ds') [Aa - ha(q2)] 

+ & (A!$“)(Q;) - AL’“)($)) - 2(A&ww)(Q;) - Ak”“‘(q2)) 
0 1 

+ “small” terms with negligible errors. 
(10) 
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To be more precise, let us consider the specific value q2 = 0. We find in this case: 

&AK%,O) = “‘to, “) [G4(Q3 - flL#)] 

en IQ:1 5 -- --- 
rnz 3 

1 
+- 

4sece 
r#‘@‘)(Q;) - n’fi) (11) 

- 2 (H't"a")[Q;) - II$")(o)) 1 
+ calculable small terms . 

Qi must be such that we can safely use FFT for IIAA(Qi), IIhA(Qi). 

The evaluation of the last parenthesis in the r.h.s. of Eq. (11) could, in 

principle, be performed if precise flavor isospin tagging data in e+e- + hadrons 

existed; we could compute it phenomenologically from its definition: 

(R@)(q’2) - 2R(W)(q’2)) (12) 

- for I Qi I < Mi where 

R(4) = ue+e-+4,#‘,... 
, RcW) = Qe+e-+w,w I,... . (13) 

Qe+e-+p+p- Qe+e-+p+p- 

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’21 >> 

rnz) of the numerator of (12) vanishes exactly in FFT. Thus, it is only the region 

of small q12 values, \q’21 s 1 GeV2, which can effectively contribute. For this 
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region it is certainly a good approximation to consider the w, 4 contribution as 

due to the dominant resonances treated in the narrow width representation. Thus 

we can write this contribution as: 

0 
dqt2 

d2(q’2 - Q;) 
[R@)(qf2) - 2R(W)(q’2)] 

-CCl 

Numerically, this turns out to be N -0.00025 at the spacelike point Qg = 

79 GeV2; we shall assume that the possible error on this estimate is equal to 

the estimate itself; although based on QCD sum rules we feel that our approxi- 

mation should not be that bad. A final comment on this (4 - 2w) term is that if 

we had used the (a priori unjustified) FFT evaluation of the 1.h.s. of Eq. (12), 

we would have obtained a result N -g th 2 (where m denotes the common 

value of rn,J 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 q2 increases from zero to spacelike values, with minor 

modification, and we shall not discuss it further. 

We now give an explicit evaluation of A, 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 (written 

in Euclidean metric): 
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’ dq’2R(q’2) Aa 7 ; Qt / q’2(q’2 - Q;> ; 
-00 (15) 

R= ue+e-+hadrons 

ue+e--+p+p- 

when Qg varies in the range -200 GeV2 5 Qi 5 200 GeV2. For comparison, 

we have also included an older estimate by Paschos.’ One notices that the two 

tend to differ somewhat in the very low q2 region, i.e. in that dominated by 

the very low energy e + - e data, for which we have taken the most recent results, 

quoting an accurate estimate of the systematic error.7 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 Aa in the Qi range above. To get a deeper understanding 

of the details of our evaluation, we have divided the integration region of Eq. 

(14) into six parts, i.e.: 

region a: lq’21 5 (0.8 GeV)2, where one expects7 the systematic error to 

be no larger than - 4% 

region b: (0.8 GeV)2 5 Iq”l- 2 m$, where the systematic error8 is expected 

to range from - 4% to 15% 

region c: (m+)2 5 lq’21 5 (mr)2 

region d: (mr)2 5 (q’2l 5 (46 GeV)2 

region e: (46 GeV)2 5 1q’21 5 (80 GeV)2 

region f: (80 GeV)2 2 lq’21 . 

In the last four regions, we accepted the quoted8 systematic error of 10%. 
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Having divided the integration range in this way, we can now see how much 

of the overall error, at variable -q2, comes from the different regions. Consider- 

ing, e.g. the specific spacelike value Qi = 79 GeV2 which corresponds to the 

“optimal” subtraction point to be discussed later, we have listed in Table I the 

individual contributions coming from the six regions a-f. As one sees, the overall 

result is 

A,(79 GeV2) = 0.0145 f 0.0013 . (16) 

Note that the error is - 2 times smaller than the previous estimate 4~0.002 by 

Sirlin3 and, consequently will lead to smaller errors in ALR than previously 

estimated. ’ Of the f 0.0013 error, only f 0.0001 comes from region (a), while 

f 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 jqt2/ region from 1 to 100 GeV2. More precise 

measurements of the threshold region would consequently not be of great help 

for Qi = 79 GeV 2. Note however that if the experimental error in the region 

1 5 Iq”l 5 100 GeV2 were reduced to 5%, the error on Aa (79 GeV2) would be 

f 0.0008, a substantial reduction-. We urge experimentalists to reexamine this 

region in order to make the hadronic uncertainties in future SLAC/CERN/FNAL 

precision experiments completely negligible. 

These same conclusions would in general apply to the range of spacelike Qg 

investigated, i.e. IQ:1 < 400 GeV 2. In Fig. 3 we have shown in more detail the 

values of Aa (Qz) in this range, together with some error bars. Table III contains 

the contributions of the different regions to the overall results at a number of Qi 

values. As one sees, the contribution from the threshold region becomes less and 
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less relevant as Qi increases. As a general rule, in the whole range IQ:1 2 1 GeV2 

the main contribution, giving the largest fraction of the error, to the relevant 

quantities comes from the region of the data (1 GeV)2 5 lq’21 2 (10 GeV)2. 

These same conclusions apply for timelike IQ:1 larger than approximately 

150 GeV2. For smaller timelike Qi values, as can be seen in Fig. 1, the quantity 

Aa 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 Qd or large timelike Qg cases, becomes somewhat larger 

(- 20%). 

As a final comment to motivate our choice of the optimal spacelike subtrac- 

tion point @  = 79 GeV2 for Eq. (16)) we would like to point out that it is 

possible to derive bounds on the quantity A&(&E) in the spacelike region9 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 photon vacuum polarization in the spacelike region, in the spirit suggested 

by SVZ? In particular, it was shown in a previous paper lo that these bounds 

become optimal, i.e. most strict, at the point Qg = 79 GeV2, where one obtains 

-the general result: 

0.0115 2 A,(79 GeV’) 5 0.0157 . (17) 

As one notices, the upper limit of this general bound (coming from theoreti- 

cal considerations of a vastly different sort) is exactly saturated by the purely 

phenomenological evaluation based on e+e- data Eq. (15) and (16). Actu- 

ally, the two different estimates are consistent over the whole spacelike region 

IQ:1 2 150 GeV 2 where the general bounds can be derived. This strengthens our 
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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 (assuming si = 0.215, i.e. 

Mz = 94 GeV): 

AzA(79 GeV2,0) = [O.OlOl f 0.0009] - [0.0003] - [0.0002 f 0.0002] 

(18) 
= 0.0096 f 0.0011 

where the numbers on the r.h.s. represent the contributions to the overall quan- 

tity 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 determined 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 discuss what the effects of these uncertainties on a number of measurable 

quantities will be. This will be done in Section 3. 

3. 

Let us begin our analysis with a discussion of the contribution due to strong 

interactions to the theoretical prediction for the initial state polarization asym- 

metry ALR for the process e+e-L,R + p+p- at the 20 resonance, which will soon 

be measured at SLC. This is given by the expression:1’2 

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

A&“-‘1(-M;) + const. 

= ,ycy2 [(A,(-rni) - A,(79 GeV2)) 
ue 

(20) 

+ AQ(79 GeV2)](U’t) + const. 

with ug = 4s; - 1. 

The first term in the bracket is evaluated using FFT while the second can be 

gotten from Table II. Collecting the various terms (remember that since mt >> mb 

there is a contribution from the p parameter Ap(0)) we have for Mz = 94 GeV, 

mb = 3mc = 4.5 GeV and mt = 30 GeV 

b&R“) = - 0.0615 f 0.0029 . (21) 

Note that this hadronic contribution is a substantial fraction of the prediction 

from the complete standard model of Glashow-Salam and Weinberg” through 

one-loop’ including leptons, quarks and vector and scalar bosons in internal 

loops for Mz = 94, mt = 30 and mHigge = 100 GeV 

A:iw (q2 = -Ml) = 0.2692 (22) 

but that the hadronic uncertainty is quite small compared to the total radiative 

correction from GSW listed in Table I or the contributions to ALR from beyond 

the standard model. The hadronic uncertainty in (21) is a factor - 2 smaller 

dl All one loop GSW predictions quoted in this paper specifically exclude only the detector 
dependent QED contributions from graphs in Fig. 4. 
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than previous estimates.3” We conclude that the GSW prediction Eq. (22) for 

AL-R 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 20 resonance and including one-loop effects, their expressions and the related 

strong interaction contributions and uncertainties are simply related to those of 

the longitudinal asymmetry ALR, as has been extensively discussed elsewhere.2 

Table I contains the relevant uncertainties, which one can evaluate straightfor- 

wardly with Eq. (16). 

As a next application, assuming Mz to be very accurately measured at SLC 

and LEP, we consider the theoretical prediction for the W mass (to be measured 

at LEP2 and FNAL), related to Eq. (16) through Sirlin’s formula3 : 

(37.281 GeV)2 
1 - Ar 

(23) 
24 - 1 

Ar = 
S82 

Aw(-MS) + const. 

which can be gotten, alternatively, by examination of the pole structure of Eq. 

(2). The contribution from u,cl,s,c, b and t quarks is for Mz = 94 GeV, mt = 

30 GeV 

A,(“+t) = A~-“(+$) + const ’ 

= 0.0333 f 0.0013 . 
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This gives a contribution to IV* mass 

6M,“+ = -484 f 19 MeV . (25) 

A glance at Table I shows that the strong interaction uncertainty 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 Mw including all one loop 

standard model contributions 11’3’2’1 for Mz = 94, mt = 30 and ?nH = 100 GeV 

Mw = 83.33 GeV (26) 

To conclude our analysis, we have considered the following two ratios, soon to be 

measured by the CHARM II collaboration: 

%4-t) = ;y-: 
c 

N (1--&-J/(1+&) (27) 

’ - T2+ ‘i (1 - A,(-t))-2 
( ,,-.:,,)’ (28) 

1 - 

with $0 = 4(si + Ap(-t)) - 1. W e evaluated the contribution from u + t quarks 

and the resulting theoretical uncertainties. We find for MZ = 94, mt = 30 GeV 

and E, = 70 GeV 

d”‘) = -0 163 f 0.0089 YY . (29) 

6R$;z, = -0.0094 f 0.0005 (30) , 

which are to be compared to the prediction from the complete GSW theory to 

one loop 12’2 for Mz = 94 GeV, rnt = 30 GeV, mHjgg# = 100 GeV and for 
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E, = 70 GeV 

. Rvt = 1.2862 (31) 

RNC;CC = 0.1295 . (34 

Note that the u + t quarks give quite a large fraction of the R,D and RNC;CC 

but that the theoretical uncertainties are small. 

4. Conclusions 

We have classified the hadronic contributions to uZZ one-loop four-lepton pro- 

cesses. We conclude that the hadronic 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 time-like lq’21 from 1 to 100 GeV2. This uncertainty could be 

further substantially 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%. We 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 FNAL to carry on a systematic test of the theory of electroweak 

forces at one-loop with clean theoretical predictions. 
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FIGURE CAPTIONS 

1. Vector Self Energies. . 

2. The graph of Re 10 2 . Aa at timelike (right-hand axis) and spacelike 

(left-hand axis) QE values IQ:\ 5 200 GeV2. The squares represent the older 

evaluation by Paschos.’ 

3. Same as in Fig. 2 for spacelike Qi values IQ:/ 5 400 GeV2. A few error bars 

have been computed for some low QE points, according to the prescription 

given in Section 2. 

TABLE CAPTIONS 

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. 

Table II. Contributions to the quantity lo2 . A.,(79 GeV2) in Eq. (16) coming from 

the different regions a-f and related error. 

Table III. Contributions to the quantity 102.A,(Qi) coming from the different regions 

a-f at several spacelike Qt values. The related error can be easily worked 

out and is pictured in Fig. 3. 
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Table I 

One-Loop Physics - SALR = W,,I ~~AFB SAL 6Mw (MeV) 

GSW Weak 
mt = 30 
mff = 100 

Heavy Top Quark 
mt cz 180 GeV 

Heavy Higgs - 1 TeV 

Heavy Quark Pair 
a) Large I Splitting 
b) Degenerate 

Heavy Lepton Pair 
a) Large I Splitting m, = 0 

-b) Degenerate 

Heavy Squark Pair 
a) Large I Splitting 
b) Degenerate 

Heavy Slepton Pair 
a) Large I Splitting 
b) Degenerate 

Winos 
a) mq2 < 100 GeV 
b) rn3i2 >> 100 GeV 

Strong Interaction Uncertainty 

-0.03 

0.03 

-0.01 

0.02 
-0.004 

0.012 
-0.0013 

0.02 
0 

0.012 
0 

0.005 
<O.OOl 

-0.04 
-0.07 

ix.0029 

-0.01 

0.0075 

-0.0045 

0.01 
-0.002 

0.006 
-0.0006 

0.01 
0 

0.006 
0 

0.0025 
<O.OOl 

-0.018 
-0.032 

f.0014 

.005 

0.004 

-0.003 

0.007 
-0.001 

0.004 
-0.0004 

0.007 
0 

0.004 
0 

0.001 
<O.OOl 

-0.012 
-0.021 

f.OO1 

-180 

780 

-160 

300 
-42 

300 
-14 

300 
0 

300 
0 

100 
<lO 

-500 
-500 

f19 MeV 
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Region 

Total 

Table II 

lo2 - A,(79 GeV2) 

(0.29 f 0.01) 

(0.43 f 0.05) 

(0.53 f 0.05) 

(0.19 f 0.02) 

0.007 

0.004 

(1.45 f 0.13) 
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Table III 

Qi/GeV2 a b C d 

1 0.20 0.14 0.03 I 

4 0.26 0.27 0.11 0.01 

9 0.27 0.34 0.19 0.03 

16 0.28 0.37 0.28 0.05 

25 0.28 0.40 0.35 0.08 

36 0.29 0.41 0.41 0.10 

49 0.29 0.42 0.46 0.13 

64 0.29 0.43 0.50 0.16 

81 0.29 0.43 0.53 0.20 

100 0.29 0.43 0.56 0.23 

e 

I 

I 

/ 

I 

I 

I 

0.005 

0.006 

0.007 

0.009 

f 

I 

I 

I 

I 

I 

I 

0.002 

0.003 

0.003 

0.005 

Total 

0.37 

0.65 

0.83 

0.98 

1.11 

1.21 

1.31 

1.39 

1.46 

1.52 
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