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1. Introduction 

The focus of this contribution is in the area of precision electroweak physics. 
During recent years there has been considerable improvement in the experimental ac
curacy. At LEP it is often I"V few tenths of a percent while at low energies it frequently 
reaches 1"V0.1% (as in nuclear (3 decay). There has also been considerable progress 
on the theoretical side. Since 1980, simple strategies to renormalize the theory have 
been developed. These formulations keep a close contact with experimental observ
abIes and have permitted the systematic investigation of higher order corrections to 
allowed processes. The objectives are: (i) to verify the Standard Model (SM) at the 
level of its quantum corrections, (ii) to constrain mt, mB , (iii) to search for deviations 
that may signal the existence of new physics. 

2. Basic Parameters 

There are at present three very accurate parameters that play a basic role in 
electroweak physics: the fine structure constant, a, known within an uncertainty 
Lla = 0.045 ppm; GJ.' = 1.16639(2) X 10-5 GeV-2 , derived from the muon lifetime 
(LlGJ.' 17ppm); mz = 91.187 ± 0.007GeV, accurately measured at LEP (Llmz = 
77ppm). This mz determination became possible after the energy of the LEP beams 
was calibrated by the method of resonant depolarization. 

The instability of zo leads to an interesting conceptual and practical problem 
regarding the theoretical definition of its mass. One considers the zo propagator: 

zo z9J.'v 
DJ.'V (q) = - 2 2 A() + . .. , (1) 

q -mo - s 

where mo is the bare mass, A(s) the conventional self-energy, ( which includes i Z 
mixing effects starting in O(a 2 » and the ellipses represent terms proportional to 
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q",qv. The traditional, on-shell definition of mass is 

(2) 

The rationale behind Eq. (2) is easy to see: counterterms in field theory are real 
and the on-shell subtraction leads to a gauge invariant definition in 0(0). But what 
about higher orders? There is an alternative definition that goes back to the old 
S-Matrix Theory. One considers the complex-valued position of the pole 

s = 	m! + A(s) , (3) 

which is expected to be gauge invariant because it represents the position of a sin
gularity of the analytically continued S-matrix. The idea of defining mzo and rz in 
terms of the real and imaginary parts of s has been recently proposed by a number of 
people.1•2 Parametrizing s = mi im2r2 , one identifies m2 and r 2 with the mass and 
the width, respectively, although other definitions of mass involve combinations of mi 
and ri. It has been recently shown that the on-shell definition m is gauge-dependent 
starting in 0(03 

) for a wide class of gauges and in 0(02 
) in the complementary set.2 

A relevant question is what is the mass measured at LEP. In Ref. [2] the idea was 
proposed of replacing m 2 

----t m~ = m~ + r~ (m and ml are very close numerically 
through 0(02 

)). In terms of ml the propagator exhibits the q2-dependent Breit
Wigner resonance employed in LEP analyses. Thus, ml , a theoretically satisfactory 
concept, can be identified with the mass measured at LEP. The choice between ml 
and m2 = ml - 34 MeV is a matter of convention, but ml is more appropriate to 
describe low energy physics. 

3. 	mw and sin2"lJw(m z ) 

Knowing 0, GIA , and mz one can evaluate mw and the M S parameter 82 = 
sin2 8w (mz) as functions of mt and mH. Defining sin2lJw = 1 miv/m~ = S2, one 
has in the on-shell scheme,3 

2
S2C = (A2/mi)(1 - ar)-l , 	 (4) 

where A2 = 1ro/(V2GIA ) = (37.2802 GeV)2 ,while in the MS framework4 the corre
sponding relation is ' 

(5) 

The quantity ll.r , a basic correction that leads to the evaluation of mw , is a physical 
observable and can be directly measured. The parameter 82 is very convenient to 
discuss LEP physics4 and can be obtained almost directly from the on-resonance 
asymmetries with the application of very small radiative corrections. It is crucial for 
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GUTs studies. The leading asymptotic behaviors of fl.r and fl.f are m; but the"J 

corresponding coefficient for fl.r is enhanced by a factor c2 / S2 ~ 3.4. In the M S 
scheme there is another basic correction, fl.fw , which occurs in the relation 

(6) 

Unlike fl.r and fl.f, the leading mt behavior of fl.fw is logarithmic. On the other 
hand, the large mH dependence of the three corrections is logarithmic. They are not 
independent: fl.f and fl.fw can be used to calculate fl.r.4 

4. Supersymmetric Unification 

An early application of fl.f and fl.fw was the fairly accurate estimate of .,2 almost 
as soon as LEP started operations. In fact, the first two papers of Ref. (4) led, by 
October of 1989, to a value .,2 == 0.2327 ± 0.0015, while a very recent global analysis 
by Langacker5 gives .,2 == 0.2328 ± 0.0007. It was pointed out in the early papers4 
that these values are nicely consistent with the simplest (i.e. SU(5) or one-step) 
SUSY GUT prediction. Since that time, the GUT predictions have been reexam
ined by several groups6 taking into account reasonable ranges and splittings in the 
supersymmetric spectrum7 and uncertainties associated with mt and threshold cor
rections. Using &-1{mz) == 127.9 ± 0.2 and &s{mz) == 0.12 0.01, Langacker5 cites 
the minimal SUSY GUT prediction 

.,2 == 0.2334 0.0025 0.0025 (SUSY GUT) , (7) 

where the first error is associated with .6.& and fl.&s, and the second with uncertain
ties from the superspectrum, high-scale thresholds, and possible non-renormalizable 
operators. Instead, for. the non supersymmetric SU{5 )-like GUT one has 

.,2 == 0.2100 0.0025 ± 0.0007 (GUT). (8) 

It is actually better to use &(mz) and.,2 as inputs and predict &s{mz). One obtains5 

&s{mz) == 0.125 ± 0.002 0.009 (SUSY GUT) and &s{mz) == 0.072 ± 0.001 ± 0.001 
(GUT). The very nice agreement between the experimental values of .,2 (or &s) and 
the predictions have been taken by many as a harbinger of supersymmetric unification. 

5. Leading Higher Order Corrections 

:;. Recent evaluations of ar, af, afw include terms of O{a), O(anlnn(mz/mJ)), 
0{a2ln(mz/mJ)) ,3,4 where mJ is a generic fermion mass, 0[a2(m;/m~ )2],8 and 
QOD effects.9 The latter involve perturbative O{&&s) contributions due to gluon 
exchange in the vacuum polarization functions,10 and t - t threshold effects. The 
threshold contributions to the imaginary parts of the self-energies have been studied 
with two methods: the resonance approachll and the Green function formulation.12 

In order to study the real parts, dispersion relations that explicitly satisfy relevant 
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Ward identities have been applied.13 The QCD corrections depend on the precise 
definition of mt. Current studies employ the pole or on-shell definition, in which case 
the large mt behavior of 8r is 

(9) 

with analogous results for 8r. The QCD correction in Eq. (9) is ~ -10% and 
this roughly increases the predicted mt by ~ 5%. It is a curious fact that all the 
recent refinements involving two-loop effects, namely O( aas), t - f threshold and 
O(a2(m:/m~)2) increase mt, leading to 8mt ~ 16.8 GeV for mt = 200 GeV and mB 

250 GeV. The O(aasm~/m~) corrections to zo -t b+ bhave also been computed 
recently1'4 and turn out to be ~ -9%. The contribution of Degrassi is particularly 
novel as it involves the application of current algebra methods to two-loop graphs, a 
technique that greatly simplifies some calculations. 

The corrections 8r and 8r lead, via Eqs. (4,5) to predictions of mw and 82 , as 
functions of mt and mB. Comparing these values with the experimental determina
tions of mw and 82 imply significant constraints on mt. 

6. Global Analyses 

Langacker's very recent analysis5 incorporates nearly final results for the 1991 
LEP run and leads to 

mt = 150!i:!i~ GeV , (10) 

where the central value corresponds to mH = 300 GeV , the first error is experimental 
and the second arises from the assumption 60 GeV < mH < 1 TeV. He also reports 

82 = 0.2328 0.0007, (11) 

S2 = 0.2267 ± 0.0024 . (12) 

Another very important result is Nv = 3.004 ± 0.035, where Nv is the number of 
non-sterile neutrinos. The comparison of the data with the SM model predictions 
corresponding to Eq. (10) and the above range for mB is rather impressive (see 
Table 1.) One has 11 independent on resonance observables (mz, rz, R = r h4d/rd, 

u;(nb) , rbl;, AFB(P) , Apol(T) , Ae(P-r) , AFB(b) , AFB(C) , measured at LEP, and ALR , 

measured at SLC). Aside from the above, the data includes mw/mz from UA2, mw 
from CD F, S2 determined from deep inelastic neutrino scattering (vN), Qw (Gs ) 

(the weak charge in Gs) and the couplings 9v and 9A derived from ~~ +e -t ~~ + e 
by CHARM II. The mz value and as(mz) = 0.12 ± 0.01, determined from event 
topologies, T decay, deep inelastic scattering, T and J /t/J , are used as inputs. All the 
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observables lie within 10" of the theoretical predications with the exception of R (1.30") 
and Qw(C8) (1040"). Furthermore, one should remember that these two quantities 
are affected by additional QCD and atomic theory uncertainties, respectively. 

In the case of the minimal supersymmetric model (MSSM), it is expected that 
the additional radiative corrections associated with the supersymmetric partners are 
small provided that the five mass parameters that characterize the model are much 
larger than mz.15 In that case, the supersymmetric partners become very massive 
and effectively decouple. The radiative corrections become those of the SM with a 
light Higgs, mH < 150 GeV . In this limit, taking 60 GeV < mH < 150 GeV, the fit 
to the electroweak data givesS 

mt = 134~;: ± 5 GeV (MSSM) , (13) 

where the central value is for mH = mz and the second error again reflects the allowed 
mH range. Even if the supersymmetric partners are not regarded as infinitely heavy, 
the decoupling limit provides a lower bound for the MSSM prediction of the relevant 
observables.1s A significant contribution to Ap may arise if the stop and sbottom 
scalars have a mass difference comparable to their mean mass, a scenario that requires 
a non too heavy stop.lS 

An even more recent global analysis of the SM by Schaile,16 based on LEP, mw, 

mw/mz and vN data, gives 

155+17+17 G Vmt = -17-20 e , (14) 

sin2 8W;~1 = 0.2328 ± 0.0005 ± 0.0002 . (15) 

This fit incorporates preliminary 1992 LEP results. The effective angle sin2 8W:~1 and 

82 are conceptually different but, by a fortuitous cancellation of radiative corrections, 
they are very close numerically. A very interesting result of the LEP analysis is that, 
assuming the SM, it leads to an accurate indirect determination mw = 80.22 ± 0.12 
± 0.02 GeV ,16 which is in very good agreement with the direct measurement mw = 
80.22 ± 0.26 GeV from CDF and UA2 (combined with the LEP value for mz). We 
note that t,he indirect determination is considerably more precise. 

From the present data it is not possible to constrain mH. An interesting question 
is to what extent a future determination of mt with a ±10 Ge V error might help. One 
findss that such a scenario will reduce the mH upper bound if the central value mt is 
found in the range 100 GeV < mt < 150 GeV. For example, for mt = 130 GeV the 
68 and 90% CL ranges would be 60 GeV ~ mH ~ 340 GeV and 60 GeV ~ mH ~ 
700 Ge V ,respectively. For mt ~ 150 Ge V , one only has the theoretical upper bound. 
For mt ~ 160 Ge V , lower bounds emerge. For example, for mt = 180 Ge V , the 68 
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and 90% OL ranges are 340 GeV ;S mH ;S 1 TeV and 140 GeV ;S mH ;S 1 TeV, 
respectively. Qualitatively, lower (higher) mt values favor lower (higher) mH , which 
can be partially understood from the fact that the leading mt and m H dependent 
behaviors in both fl.r and fl.;' are of opposite sign. However, it should be stressed 
that these mH bounds are very sensitive to small changes in the electroweak data. 
Thus, they may be modified significantly as the information becomes more precise. 

7. 	 S, T, and U Parameters 

Assume that there is new physics associated with a high mass scale. It may affect 
the quantum corrections, especially through self-energy contributions. The idea has 
been proposed to parameterize the new physics in terms of three amplitudes, S , T , 
and U .17,18 In the M S scheme we have18 

fl.;' = (fl.;')SM + 4"~"2SZ - aT , 	 (16)
s c 

(17) 


~ S = R [Azz(m~) - Azz(O) _ A' (0) _ (c
2 

- 8
2 

) A' (0)] new 

4 "2 "2 Z e 2 n ,," "YZ , (18) 
S C mz 	 cs MS 

~ S = R [Aww(miv )- Aww(O) 
4"'2 w e 2 s 	 mw 

(19) 

_ R [Aww(O) _ Azz(O)] new 
a T 	- e 2 2 , (20) 

mw mz MS 

where the A's are unrenormalized self-energies defined according to Ref. [3], the primes 
indicate derivatives with respect to q2 (qp. is the external four momentum), new refers 
to new physics contributions and M S means that the pole terms have been subtracted 
and the 't Hooft mass scale JL has been set equal to mz. This is equivalent to the 
formulation of Marciano and Rosner.18 However, our notation is slightly different, as 
the subtraction terms are given explicitly in Eqs. (18,19). Alternatively, one defines 
S = Sz , U Sw Sz. T and U are primarily sensitive to isodoublet mass splittings. 
Generally, U < < T. S is sensitive to contributions from degenerate fermions. The 
amplitudes (fl.;'W)SM and (fl.;')SM are calculated at standard values of mt and mH. 
Then S , T , and U parametrize hypothetical effects of heavy unknown particles, as 
well as departures of mt and mH from the standard values. The modification of fl.;' 
and fl.;'w induces the shifts 

"'2 ("'2) it [S 4"2"2T] 	 (21)s 	 = s SM + 4(c _ 82 ) - S C ,2 
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(22) 

To obtain the dependence of the observables on Sand T one inserts Eq. (21) in 
neutral current amplitudes and multiply them by p(O)lnew = 1 + aT. In particular, 
the weak charge Qw(Cs) ex: S + 0.006T and is therefore especially sensitive to S .18 

A very recent determination by Langacker19 gives S = -0.29 ± 0.46, T = 0.05 
± 0.43, U = 0.37 ± 0.93 for standard values mt = mH = mz. By comparison, a 
fourth generation of degenerate fermions gives S ::::::; 4/(61r) = 0.21, while technicolor 
models roughly contribute S ::::::; (0.05 0.10)NTND + 0.12 where NT and ND are the 
number of technicolors and isodoublets, respectively. Thus, for one generation with 
NT = ND = 4 one expects S ::::::; 0.9 to 1.7. If S turns out to be negative as errors 
decrease" it may signal an additional ZO. S < 0 may be due to a value of mw larger 
than (mw )SM , and this occurs in a class of theories with additional ZOI s . 

An inter~sting question is whether the mt upper bound can be evaded by invoking 
new physics. Over most of parameter space, additional fermion generations of the 
usual kind give contributions to l:l.r or l:l.p of the same sign as mt; thus, the mt 
bound becomes sharper. However, in models in which, aside from mDirac, a fourth 
generation VR is endowed with mMaj of 0(G;;1/2) ,20 the contributions to l:l.r(l:l.p) are 
not bounded above (below) and there can be large effects of opposite sign to the mt 
contributions.21 It was estimated that the bound could be increased in such models 
by as much as ::::::; 31 GeV. The same scenario was tried to obtain S < 0.22 This 
indeed is possible, but only mildly negative values were obtained. Another scenario 
where the mt bound can be evaded is a model with two Higgs doublets endowed with 
arbitrary masses.23 

8. Universality of the Weak Interactions 

8.1 Lepton Couplings 

To O(aO) the ratio Re/p, = r(1r ---? eiie+eiie1')/r(1r ---? p,iip.+p,iip.1') is not affected by 
strong interactions.24 The O(a) corrections were evaluated long ago25 and turned out 
to be ::::::; 3.7%. However, because of strong interaction effects, it was not clear whether 
these calculations are realistic. General and complementary arguments advanced in 
Refs. [26,27] indicate that the O(a) calculation is very precise. Recent experiments 
give Rea:p (1.2265 ± 0.0034 ± 0.0044) x 10-4 (TRIUMF)28 and Rea:p = (1.235 
0.003 ± 0.004) x 10-4 (SIN),29 while an update by Marciano leads to RTH = (1.2345 
± 0.0010) x 10-4 • From here one deduces30 

ge = 0.9985 ± 0.0015 , (23) 
gp. 
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an impressive verification of electron-muon universality. Using 

T (m )5
Br(T ---t e + v + V)~ --..!!. , (24) 
T.,. m.,. 

and assuming e - /-L universality, the LEP data leads to (9.,./91') = 0.996 0.008.16 

If this is combined with non LEP data, there is a difference with unity of ~ 1.50'. 
There are also impressive tests of universality in the neutral currents. On the basis 
of earlier LEP data, one has 9:/9~ = 1.003 ± 0.003, 9~/ 9~ = 1.001 0.004,31 where 
the 9a'S are the axial vector neutral current leptonic couplings. 

8.2 Unitarity of the OKM Matrix 
I 

The present statement of universality is the unitarity of the CKM matrix. The 
most precise test is the prediction 

(25) 

Vtul is extracted from the ratio of decay rates of the superallowed Fermi transitions, 
such as 140 , and the muon (Gv / G1'). If only the classical Fermi Coulomb correction 
to f3 decay were relevant, the r.h.s. would be ~ 1.039 and the 8M would not be 
tenable. However, there are large radiative corrections to f3-decay not present in /-L 
decay. The leading corrections are32 

(26) 

where Em is the end point energy of the positron, Q 1/6 the average charge of 
the underlying quarks in the charged current (u and d) and M a hadronic mass -
1 GeV. The large logarithm leads to a correction ~ 3.45%, decreases the values 
of Vtul extracted from experiment and literally rescues the 8M! A current algebra 
formulation of the radiative corrections is necessary to control the effect of the strong 
interactions.32 Other corrections are -- few tenths of a percent. At that level, there 
are some nuclear theory uncertainties and the current value is in the range 0.9734 ;S. 
Vtul ;S. 0.9750.33 The higher values lead to very good agreement with Eq. (25) but the 
lower bound falls short by 2.4 times the estimated error, which is mainly theoretical. 
If ~i1Vui 12 < 1 (1 = d, s, b) were established, it may be a signal of L - R symmetry. 
In "manifest" L - R symmetry models Gv /Gp. = (1- ()Vtul ,34 where ( is the mixing 
angle between WL and WR , and ( can restore agreement with unitarity. Precision 
measurements of 1°0 and 1T'±f3 decays may help clarify the situation. 

8.3 Neutron Decay 
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Using 'Tn one can determine G} + 3G~. A recent measurement of A ,35 the coef
ficient that describes the angular distribution of the electron relative to the neutron 
spin, has lowered the world average to GA/Gv = 1.257 0.003. Combining the two 
pieces of information one obtains Vud = 0.9813 0.0021 and E i lVui l2 = 1.0116 
0.0041, 2.80' above unity. This Vud differs from the value extracted from the Fermi 
transitions by more than 30'. Experimental clarification is needed. Neutron f3 decay 
is a fundamental process of the weak interactions and should be studied with as much 
precision as possible! 

9. 	 Conclusions 

(i) At the present level of accuracy, the SM describes very well the results of a large 
number of laboratory experiments, over a wide range of energy scales, 0;::;lq21;::;m~. 
The agre~ment is rather impressive, but there may be surprises in the future, as the 
accuracy Improves. 

(ii) In the universality question, there are problems that require further scrutiny: 
neutron f3 decay, lOG and 1r±f3 decays. 

(iii) Simple renormalization strategies have been developed since ~ 1980 which 
have been applied systematically to study the radiative corrections to a large variety 
of phenomena. They play an important role in current analyses. 

(iv) A very recent global fitS leads to the results of Eqs. (10-12) and to the 95% 
CL constraint mt < 197 GeV (for mH = 1 TeV). The even more recent fit of Ref. (16) 
leads to Eq. (14). 

(v) The 82 value (Eq. (11)) is consistent with the simplest scenario of supersym
metric unification. 

(vi) Notwithstanding the current successes of the SM as an effective, renormaliz
able theory, there remains a plethora of unsolved, fundamental problems: the mech
anism of symmetry breaking, the origin of the mass spectrum and the number of 
generations, the possibility of GUTs and the incorporation of gravity, the solar neu
trino deficit, the detailed understanding of CP violation and probably others that will 
unfold as we continue our quest. 
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Table 1. Comparison of electroweak observables and SM predictions for mz = 91.187 
± 0.007 GeV, as(mz) = 0.12 ± 0.01, 60 GeV < mH < 1 TeV and mt obtained 
in the global fit (Eq. (10)). (From P. Langacker, Ref. [5]). The first error in the 
predictions arises from mz and !l.r, the second from mt and mH, and the third (in 
brackets) from as(mz). The two errors in Qw(Cs) and sin2 Ow are experimental and 
theoretical (in brackets). The value shown for sin2 Ow is from CCFR. Only the first 
eleven Z-pole observables are independent. 

Quantity Value Standard Model 

mz (GeV) 91.187 ± 0.007 input 

rz (GeV) 2.491 ± 0.007 2.490 ± 0.001 ± 0.005 ± [0.006] 

R ='rhad/r'T 20.87 ± 0.07 20.78 ± 0.01 ± 0.01 ± [0.07] 

u;(nb) 41.33 ± 0.18 41.42 ± 0.01 ± 0.01 ± [0.06] 

rbb (MeV) 373 ± 9 375.9 ± 0.2 ± 0.5 ± [1.3] 

AFB(p) 0.0152 ± 0.0027 0.0141 ± 0.0005 ± 0.0010 

Apol(T) 0.140 ± 0.018 0.137 ± 0.002 ± 0.005 

Ae(PT ) 0.134 ± 0.030 0.137 ± 0.002 ± 0.005 

AFB(b) 0.093 ± 0.012 0.096 ± 0.002 ± 0.003 

AFB(C) 0.072 ± 0.027 0.068 ± 0.001 ± 0.003 

ALR 0.100 ± 0.044 0.137 ± 0.002 ± 0.005 

r'T (MeV) 83.43 ± 0.29 83.66 ± 0.02 ± 0.13 

rhad (MeV) 1741.2 ± 6.6 1739 ± 1 ± 4 ± [6] 

rinv (MeV) 499.5 ± 5.6 500.4 ± 0.1 ± 0.9 

Nv 3.004 ± 0.035 3 

gA -0.4999 ± 0.0009 -0.5 

gV -0.0351 ± 0.0025 -0.0344 ± 0.0006 ± 0.0013 

s~ (AFB(q)) 0.2329 ± 0.0031 0.2328 ± 0.0003 ± 0.0007± ? 

Mw (GeV) 79.91 ± 0.39 80.18 ± 0.02 ± 0.13 

mw/mz 0.8813 ± 0.0041 0.8793 ± 0.0002 ± 0.0014 

Qw(Cs) -71.04 ± 1.58 ± [0.88] -73.20 ± 0.07 ± 0.02 

9A(ve -+ ve) -0.503 ± 0.017 -0.505 ± 0 ± 0.001 

9ir(ve -+ ve) -0.025 ± 0.020 -0.036 ± 0.001 ± 0.001 

sin2 Ow 0.2242 ± 0.0042 ± [0.0047] 0.2269 ± 0.0003 ± 0.0025 
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