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1. I N T R O D U C T I O N

The SU (3)c x SU (2)L x U (1) gauge theory of strong1 and electroweak 2 inter-

actions accommodates all known elementary particles and elegantly incorporates

the proven symmetries and successes of the quark model, quantum electrodynam-

ics, and the Four-Fermi theory. It correctly predicted weak neutral currents as

well as the existence and observed properties of gluons, W* and Z bosons. Those

impressive credentials have earned for the 517 (3),. x 517 (2)L x U (1) theory its title

of the "standard model," a label that describes its acceptance by the physics com-

munity as a standard against which future experimental findings and alternative

theories are to be compared.

As an outline of the standard model, I have illustrated in Table 1 the spectrum
of known or anticipated elementary particles and some of their basic properties.
The fermions are grouped into three generations of leptons and quarks spanning a
broad mass range. Experiments are consistant with zero-mass neutrinos and the
standard model in its minimal version (no right-handed neutrinos and only a Higgs
doublet of scalars) requires zero-mass neutrinos. However, since neutrino masses
are not strictly forbidden by gauge symmetry and can be easily accommodated,
only direct experimental bounds on those parameters are given.3'4 The top quark
and Higgs scalar are as yet undiscovered. I have listed a recent bound on mt

presented by the UA1 collaboration.* (Searches for e+e~ -* tt at TRISTAN •
give mt > 26 GeV.) The lower bound on the Higgs mass comes from experimental
searches 7 for 65 —• Hi, while the upper bound is based on theoretical arguments
8 and prejudices.

At this time, there are no solid experimental results that cannot be accounted

for by the standard model at the l-or-2 sigma level. That is a very impressive

accomplishment, when one considers the wealth of data it must confront and the

relative simplicity of the standard model. Nevertheless, there is a rather universal

anticipation that "new physics," beyond standard model expectations, will emerge

as higher energies are probed. That conviction stems from the intellectual drive to

further unify the fundamental forces and dissatisfaction with the SU (2)L x U (1)

electroweak sector. Unlike quantum chromodynamics (QCD), the 517 (3) c sector,

which has but one free parameter, its gauge coupling (or mass scale AJJJ) , the elec-

troweak part has a minimum of 17 independent masses and couplings. One would

hope that the final truly fundamental theory of everything will have no arbitrary



free parameters and naturally incorporate gravity. That reasoning points to cur-

rently missing physics, perhaps in the form of more generations, additional gauge

bosons, exotic fermions (i.e., unconventional quantum numbers), supersymmtry,

technicolor, grand unification, superstrings, etc., which will complement the stan-

dard model and eventually guide us to the ultimate theory of everything.

Table 1. Elementary Particles

Particle

Electron neutrino
Electron
Up quark
Down quark

Muon neutrino
Muon
Charm quark
Strange quark

Tau neutrino
Tau
Top quark
Bottom quark

Photon
W boson
Zboaon
Gluon.

Higgs Scalar

Symbol

e
u
d

C
S

T

t
b

1

z
9

H

Spin

1/2
1/2
1/2
1/2

1/2
1/2
1/2
1/2

1/2
1/2
1/2
1/2

1
1
1
1

0

Charge

0
- 1
2/3

-1 /3

0
- 1
2/3

-1 /3

0
- 1
2/3

-1 /3

0
±1
0
0

0

Color

0
0
3
3

CO
 

C
O

 
O

 
O

0
0
3
3

O
 

O
 

O
 

00

0

Mass (GeV)

< 2 x 10-»
0.51 x 10~3

5 x 10~3

9 x 10"3

< 0.25 x 10~3

0.106
1.25

0.175

< 0.035
1.78
>44
4.5

0
80.9 ±1.4
91.9 ± 1.8

0

3 ~ 1000

1st
generation

2nd
generation

3rd
generation

gauge
bosons



In these lectures, my aim is to present an up-to-date status report on the stan-
dard model and some key tests of electroweak unification. Within that context, I
also discuss how and where hints of new physics may emerge. To accomplish those
goals, I have organized my presentation as follows: in Section 2,1 discuss the stan-
dard model parameters with particular emphasis on the gauge coupling constants
and vector boson masses. Examples of new physics appendages are also briefly
commented on. In addition, because these lectures are intended for students and
thus somewhat pedagogical, I have included an appendix on dimensional regular-
ization ' and a simple computational example that employs that technique. In
Section 3 ,1 focus on weak charged current phenomenology. Precision tests of the
standard model are described and up-to-date values for the Cabibbo-Kobayashi-
Maskswa (CKM) mixing matrix parameters are presented.10 Constraints implied
by those tests for a 4th generation, supersymmetry, extra Z' bosons, and com-
positeness are also discussed. In Section 4, I discuss weak neutral current phe-
nomenology and the extraction of sin3 0\v from experiment. The results presented
there are based on a recently completed global analysis of all existing data.11 I
have chosen to concentrate that discussion on radiative corrections, the effect of
a heavy top quark mass,13 and implications for grand unified theories (GUTS).
The potential for further experimental progress is also commented on. In Section
5, I depart from the narrowest version of the standard model and discuss effects
of neutrino masses and mixing*. I have chosen to concentrate on oscillations, the
Mikheyev-Smirnov-Wolfenstein (MSW)1* effect, and electromagnetic properties
of neutrinos. On the latter topic, I will describe some recent work14 on resonant
spin-Savor precession. Finally, in Section 6,1 conclude with a prospectus on hopes
for the future.



2. SU(3)C X SU (2)L x U (1) PARAMETERS

The standard model in its narrowest version depends on 18 independent masses
and couplings. (I assume that the unit scale of mass is defined by gravitational
interactions.) There are 11 independent fermion and boson masses, 3 gauge cou-
plings and 4 quark mixing angles. If neutrinos have mass, there will be 7 more
mass and mixing parameters. In addition, there can, in principle, be 2 CP violating
vacuum angles, 9QCD and 8QPD, associated with SU (3)c and SU (2)L.

All boson and current fermion masses stem from the electroweak sector via
the Higgs mechanism. As such, they are presently accommodated rather than
predicted. Why nature chose to repeat the generation structure three (or perhaps
more) times and give fermions their observed hieraxchial mass spectrum is an
outstanding theoretical problem waiting for a solution. The solution may involve
new symmetries or more complicated dynamics. I will not address that problem
in these lectures.

In the gauge boson sector, the W± and Z masses are not independent. They
are related to the SU (2)L x U (1) couplings & and gi via the natural relationship

fr, (2.1)

, (2-2)

where Ow is the weak mixing angle. (The superscript 0 denotes bare unrenor-
malized quantities.) The simple relationship in Eq. (2.1) follows because only a
Higgs doublet is used to break the gauge symmetry. In general, for arbitrary Higgs
multiplets with weak 517 (2)L isospin T* and a neutral component labeled by I3
that develops a vacuum expectation value v°, one finds

If al! Higgs scalar multiplets individually satisfy

T (T + l ) - 3 (iS) = 0, (2.4)

then p" = 1. The usual doublet with T = 1/2, T3 = ±1/2 clearly satisfies Eq.
(2.4). The next lowest dimension representation that satisfies Eq. (2.4) is the 7
dimensional multiplet with T = 3, T3 = ± 2. In fact, as first pointed out by H-S.



Tsao15, the complete set of solutions to Eq. (2.4) is infinite and one can actually
generate all solutions from the lowest doublet solution by recasting Eq. (2.4) in
the form

X2 - ZY2 = 1, (2.5)

(using T = Zfl, T3 = ^ ) . Equation Eq. (2.5) is a special case of the Pell
Equation in number theory. All solutions [Xn,Yn), n = 1,2... can be obtained
from integer solutions of

= (2 (2.6)

Note that the solutions, so generated, quickly attain high dimension and are,
therefore, unlikely to be physically interesting. A potentially more important
observation by Tsao1* is that any complete set of Higgs multiplets with arbitrary
T (by complete set I mean TJ niDS fro°* + T t o -T) yields p° = 1 if they all
have the same v\. For example, a T = 1 with T3 = — 1 by itself does not give
p° — 1; however, 3 triplets with T3 = 1, 0 and -1 and all having the same vacuum
expectation value lead to p° = 1. Such a situation with Higgs scalars would seem
contrived or require some symmetry. However, in dynamical symmetry breaking
mechanisms such as technicolor models that scenario is naturally realized by the
fermion condensates. Experiments indicate11

p" = 0.998 ± 0.0086 (for mj £ 100 GeV), (2.7)

so, there is not much room for a deviation from 1. I interpret that result to indicate
that either there are only Higgs doublets or nature employs dynamical breaking
via the Tsao scenario.

In the remainder of this section, I will concentrate on the gauge couplings,
gauge boson masses and outline some "new" physics possibilities that v/ill be
constrained in subsequent discussions.

2.1 MS Couplings
A very practical way of defining renormalized running gauge couplings is by the

modified minimal subtraction (MS) prescription.17 That definition has been ex-
tensively employed in the SU (3)e sector, i.e., quantum chromodynamics (QCD),18

where it has become the standard. However, there is often confusion regarding
the relationship between the renormalized M~S coupling and the mass scale
associated with it. Here, I will give a detailed discussion which hopefully will
clarify rather than add to the confusion.



Consider the bare SU (3)e gauge coupling g% which is related to a finite renor-
malized coupling gsR by

9l=93R-S93 (2.8)

where 6g$ is an infinite counterterm which renders quantum corrections finite order
by order in perturbation theory. Within the framework of dimensional regular-
ization (see subsection 2.4), the divergences in 6g$ appear as poles at space-time
dimension n = 4. Furthermore, to keep gzR dimensionless for arbitrary n, a unit
of mass ft (called the 'tHooft1* unit of mass) must be introduced into the theory,
s.t. 03A and Sgs become n dependent. In fact, the bare and renormalized couplings
are related by1*

9l MC"-4)/8 = 9ZR (A») + 9lR (M) B, (n) + g\R (M) B2(n) + ... (2.9)

where the 2?,- (n) in general contain poles of order i at n = 4 as well as finite parts
(p.f.). So far Bu Bi, and B3 have been calculated for QCD.30'31'32 For example,

for Np quark flavors. Physical quantities denoted by P [gsR, fi) must be fi inde-
pendent, i.e.,

»T p (*«•")

= ^ » B W (2-12)

where 0 (g3R) is the famous beta function which describes the evolution of the
running coupling j3R (/*) as the energy scale \t is changed.18*19

Note that gzR (p) has a finite ambiguity which depends on the finite parts of
Bi (n) in Eq. (2.9). The simplest renormalization prescription known as minimal
subtraction (MS) absorbs only poles into the Bi (n), such that 18>19

^ ( " - 4 ) / S = 93R (/») + E j%Z^> MS definition (2.13)

whereas the modified minimal subtraction (MS) scheme replaces all poles by



in Eq. (2.13). The reason for the extra subtraction is that the additional terms
naturally accompany the pole in loop calculations (see subsection 2.4) and are
artifacts of the regularization prescription. Therefore, it is useful to eliminate
them by using the MS subtraction. (To translate over to the MS scheme, merely
multiply the l.h.s. of Eq. (2.13) by exp [(n - 4) (J - lny/4n)].)

Keeping n arbitrary, one can expand the pole coefficients in Eq. (2.13) as
follows19

<*l = «n fflje + °12 03* + ai3 g\R + • • • (2.15a)

o 2 = a n «?|fl - f a 2 2 glR + a23 93R + -'- '' (2.15b)

etc. Then, operating with / x ^ on both sides of Eq. (2.13) and equating like
powers of ^—^ gives

dS3RJ (2.16)
3 e

= - o n g$B •
and

(2>17)

So, if ai, the coefficient of the simple pole term, is known, then the /7-function
as well as all ay, j > 1, are determined. Note also, that the MS and MS schemes
have exactly the same ^-functions.38 The latter fact is generally not true for
different renormalized couplings. In the case of MS and MS couplings, the first
three terms in the /^-function have been calculated for QCD. Employing

R (2.18)

those terms are given by30'31'33

{) 6 + 6 + h4 + • • • (2-19a)



Given a different renormalized coupling a3(fi), it is generally related perturba-
tively to the MS scheme by

^ ^ i) + ... (2.20)

Operating with /i%- on both sides of Eq. (2.20) then gives the relationship be-
tween the different scheme's ^-functions. One finds, that b3 and 633 are scheme
independent while 3̂33 depends on the scheme. From Eq. (2.20), one determines

6333 = 6333 + A633 - Bb3 (2.21)

As an example of how 03 (fi) is experimentally found, I give the result of a
complete O (a3) calculation of the radiative corrections to Upsilon decay carried
out by Lepage and Mackenzie34 (in MS)

r (T -»iGG) J a [ U 2 . 2 a3 (0-157 M?)]
T (T -> GGG) 5 a3 (0.157 AfT) l " '

Comparing that expression with the integrated rate for radiative upsilon decay,
one finds (I ignore errors)

a3 (0.157 MT) as 0.23 (2.23)

From that initial point, one can determine az (n) for all n by integrating Eq.
(2.19a)

( (fl)^33, (

63 \

- p- (̂ 33363 - 633) («3 (M) - 03 {no)) + 0 (a|)

and then solving for a3(fi) by iteration using n0 = 0.157Mx and Eq (2.23). In
carrying out such an operation, one must decide what value of Np to use in Eq.
(2.19). The MS convention requires Nf = number of quark flavors with masses
< (i, i.e., flavor thresholds are treated as step functions at fi — mq. In that way,
a3 (fi) is continuus everywhere (at least up to two loops),38 but its derivative is
discontinuous for fi equal to a quark mass value. Why one chooses to change
the number of flavors at the quark mass rather than say 2mq is often a point
of confusion. However, it is easy to see that in dimensional regularization, when
one ignores heavy quark effects in low energy phenomenology, one is actually
subtracting (at order a3)

—— + 2 - In -v/iir + In {mq/fi) (2.25)



terms. The extra In (m9ffi) subtraction actually differentiates the MS definition
used for /* < m, from the definition for p > mq (where the ln(m?/V) is not
subtracted). The two definitions are equal at n = mq. Hence, that is the proper
place to match them.

The above prescription uniquely specifies the value of 0:3 (M) for all ft in the
MS scheme, once its value is known for some n0. Why, then, is a reference scale
A-jgj introduced and what is its meaning? That reference scale is introduced in
order to avoid the iteration procedure in Eq. (2.24) and to provide a relatively
simple functional form for as (/i). However, the value of b-jjg and the functional

form of 0(3 (fi) are somewhat arbitrary even within the MS prescription. That
feature has caused considerable confusion which I will try to undo in the following
discussion."

Any /^-independent mass parameter A n_ust have the form

[b~^M~~bJtniblMd)
 (22g)

£3 (633363 ~ 633) "3(/*) + O(«I)j

where C is an arbitrary constant of integration. (Verify that for a given Np, Mx;A =
0.) However, because the b's depend on Np, either A or C (or both) must also ex-
hibit an Nf dependence, as we shall see. Iteratively solving Eq. (2.26) for 0:3 (n),
one finds

-2 f . . 2633
\

•}

( , 2 7 )

For essentially all applications, only the first two terms are kept, but I retain the
first three for my discussion.

The usual convention used to define A ^ - (as given by Bardeen, Buras, Duke,
and Muta)17 is to set C = 0 for all JV>. That simplifies the expression in Eq. (2.27)
somewhat, however, it requires distinct values of A ^ f for different y. regions.
They can, of course, be related by equating 03 (/i) at quark mass values. That
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procedure gives**

S ^ S (2.28)
When a value for Ajjg- is quoted without giving JV>, it generally corresponds to

J L or indicates confusion on the part of the person quoting the value.
As an alternative to the above definition, I have advocated a* keeping C^NF^ ^

0 in Eq. (2.27) and using a single AJJJ in that expression. Indeed, using the C^NF^

to compensate, one can pick AJJJ to be anything. That certainly points out the
arbitrariness in AJJJJ and illustrated its unphysical status. How would I pick

There are several strategies. One possibility is to use A — as the standard,
M ^^ (i.e., choose CM — 0 and include C^F^ when Nf> ̂  4 (found by the continuity

requirement). It might instead be better to use AJĵ L as the standard (after mt is
known), since it would have the simple functional form C!& = 0 for p > mt in
very high energy applications. Finally, one might choose a A ^ j value such that
the truncation error introduced by dropping higher order terms in Eq. (2.27) is
minimized.

Having, hopefully, clarified the meaning of A^-j, let me note that experiments
currently give A^J- a lSOl^0 MeV which corresponds to

MIS

«s {mw) = 0.107ig;g5| (m, =. 4EGeV). (2.29)

The gauge couplings aj {p) = g\ {p) /4sr and ai {p) = g\ (p) /4ir associated
with SU [2)L x U (1) can also be defined by MS. Similarly, sin2 % (n) and a {ft) =
e2 (M) / 4 T can be defined by MS. Those parameters are related by

However, in the case of weak interactions, the effective coupling & (M) does not
evolve for p < mw; so it makes little sense to worry about that regime. Instead,
one usually employs ai {mw) and 02 {mw) in weak interaction processes and in-
corporates the running of those parameters only for p > mw la other words, mw
is the natural scale of weak interaction physics.

What are the values of a {mw) and sin3 $w {mw) in the MS prescription?
In the case of a {mw) > it can be obtained from the usual fine structure constant
a ±£ iayjsa (see subsection 2.5). The only real uncertainty involves strong interac-
tions at low q2 where perturbation theory is invalid. To overcome that problem,
one employs a dispersion relation for the hadronic contribution to the vacuum
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10' IO I01 I01 10'

(6eV)

Fig. 1: Evolution of the af1 [ft), t = 1,2,3 couplings assuming
no new physics beyond the standard model.
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polarization function II*"* (0)

I I W (0) - Rkad (q2) = ° / . ^ g.dj (2-31)

where

In that way, Eq. (2.31) can be evaluated using existing e+e~ data out to some
relatively large value of q2 where IUa4 (?2) can be computed perturbatively. Using
such a method, one finds36

a"1 (mw) = 127.8 ± 0.3 (for mt = 45GeV) (2.33)

where the hadronic uncertainty accounts for the error.
In the case of sin2 8\y (p) denned by MS, one finds from a detailed analysis of

neutral current data ll (see Section 4).

sin2 9w {mw) = 0.228 ± 0.0044 (for mt = 45GcV) (2.34)

Therefore, from Eq. (2.30), Eq. (2.33), and Eq. (2.34) one finds the ~MS gauge
coupling values X1

' ai{mw) = 0.0169 ±0.0001 (2.35)

a2 {mw) = 0.0344 ± 0.0007 (2.36)

Note that they are well determined experimentally and not so much smaller than
the QCD coupling 0:3 (mw) evaluated at the same mass scale in Eq. (2.29).

All three gauge couplings can be evolved to higher energies, n > mw, using
their perturbative ^-functions aT

(2.37)

which assume no new physics beyond the standard model. The results of that ex-
trapolation are illustrated in fig. 1. Notice that the three couplings come together
but do not exactly meet. That suggests an underlying grand unification with new
physics somewhere between mw and the unification scale mx which modifies the



6s I = — I - 1 I ,A* > msuSY
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evolution. One possibility supersymmetry at a scale msvSY would modify Eq.
(2.38) to

(2.39)

and lead to unification somewhere beyond 1015 GeV )probably at much higher
energies).

2.2 W* and Z Masses
There exists in the standard model a natural lowest order relation (for p° = 1)

sin 9w — (*o/SSo) = 1 — ("*w/"*z/ (2*^ )̂

as well as a bare relation involving the Fermi constant

Combining these one finds

/ o \ 1 / 2

™ (2.42)( »«• )

where a0 = S^/4TT. In terms of physical measurable quantities, the above rela-
tionships are modified by finite G (a) loop corrections. Of course, the size of those
corrections depends on the definitions employed; but for typical definitions they
can be quite large. For example, it is reasonable to define mw and mz to be
physical masses (the real parts of propagator poles) and use as a definition of the
weak mixing angle

cos 6w=mwl™Z (2-43)

That is to be contrasted with the unphyskal MS definition of sin2 0w {mw) in
Eq. (2.34). Using the renormalized measured value of the Fermi constant defined
by the muon lifetime (see section (3.1))

GF = GM = 1.16636 ± 0.00002 X 10~5GeV-2 (2.44)

and the usual fine structure constant of atomic physics

1
a ~ 137.036
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leads to

= rnz cos &w
(2.45)

37.28lGeV

where Ar embodies all of the 0 (a) radiative corrections.39 The magnitude of Ar
can be quite large due to fermion vacuum polarization effects which contribute
to 7, W and Z self-energies. For mt — 45 GeV and mg = 100 GeV, a detailed
calculation gives11'80

Ar = 0.0713 ± 0.0013 (2.46)

where the uncertainty is due to hadronic effects and higher order estimates. That
correction stems largely from the use of the long distance parameter a (defined at
q2 = 0) in (2.45) whereas all the other parameters are short distance quantities.
Indeed, the bulk of the correction can be viewed as the effect of charge screening
or the evolution of a = jgy to a [mw) = j^g , a more appropriate short distance
coupling.90'31 Another potentially large contribution to Ar can arise if mt is very
big or additional fermion SU (2)L doublets with large mass splittings exist. For
example, in the asymptotic limit m\lmifc » 1, one finds that Ar receives a

contribution
3a cos8 Ow ml

The effect is to radically shift Ar if mt is very large. That point is illustrated in
Table 2, where Ar is given for various mt values.13

The sensitivity to large m« can be understood as coming from the ratio of the
W and Z self-energies which contributes to the renormalization of sin2 $w when
the definition in (2.43) is employed. The fact that mt » mi means there is
517 (2)^ breaking in the fermion-Higgs system.

The magnitude of Ar is not as sensitive to changes in mg (see the caption for
Table 2). In the very large mg limit, one finds that Ar is increased by *3

however, perturbation theory is invalid for mg^l TeV.
After m.2 or mw is precisely measured (and mt and mg are known), one

can very accurately determine sin20yy using the formula in Eq. (2.45) and the
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Table 2. Predicted Ar values for sin2 $w — 0.23 and mjj = 100
GeV. For mfl = l TeV, 0.0090 should be added while for mB = 10
GeV, 0.0045 should be subtracted.

mt (GeV)

45

90

120

150

180

210

240

Ar

0.0713 ± 0.0013

0.0606

0.0512

0.0412

0.0300

0.0173

0.0030

calculated value of Ar. In that regard, we can certainly anticipate future collider
experiments to reach a sensitivity Amz < ± 50 MeV and Am^ < ± 200 MeV. Re-
ducing the errors significantly beyond that is an important experimental challenge
worth pursuing. If both mz and mw are precisley determined, one can bypass Ar
and obtain sin3 $\y directly from the relationship sin3 0w = 1 - m^/m\. One can
also determine Ar in that case using (from Eq. 2.45)) **

Ar = l -
(37.281 GeV)a

(2.49)

I will return to that formula in Section 4 when I survey the present status of
sin3 Ow and Ar.

3.3 "New Physics"

The most important goal of our field is to uncover "new physics", i.e., par-
ticles, symmetries, interactions, etc., beyond the standard model. That is most
directly accomplished by going to higher energies and thereby probing very short
distance scales. Alternatively, one may search for rare processes or conservation
law violations such as proton decay. Complimentary to both of those approaches,
high precision measurements of the standard model's parameters can be carried
out both to test the validity of the standard model and to search for deviations
that may provide hints of "new physics". The last approach will be dealt with in
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these lectures. To set the stage, I will briefly describe several examples of "new
physics" and how they may be manifested.

The simplest (albeit unimaginative) appendage to the standard model is a
fourth generation of quarks and leptons that I denote by (t',b',UL,L). There
are constraints on the masses and mixings of such hypothetical particles from
high energy collider searches" (e.g., mi > 41 GeV) as well as quantum loop
induced neutral current processes such as KL —• ti*p~,B° — J3° oscillations, etc.
New heavy quarks could also affect low energy charged current phenomenology
through mixing with lower mass generations. Such mixing would manifest itself in
an apparent violation of 3 generation charged current unitarity. (I use the word
apparent because unitarity would, of course, be respected in the full theory, i.e.,
including the fourth generation.) Unitarity contraints on fourth generation mixing
will be described in section 3. Some bounds on their masses will be examined in
section 4.

Extra neutral gauge bosons (genetically called Z* bosons) can be easily ap-
pended to the standard model via additional V (1) gauge symmetries. They arise
quite naturally in grand unified theories (GUTS) and some super string models.
For example, the SO (10) model has one such additional boson which is often Je-
noted by Zx while E« has Z\ as well as a second flavor diagonal neutral boson
Zy,.85 Their couplings to fermions are completely specified up to renormalization
effects which are in principle calculable.

The interaction Lagrangian for Zx and Z$ is given by

(2.50)

where \A7 is a renormalization parameter that is generally « 1.
The charges for the different chiral components are (for each generation)

On, = QuL = -QiR = 3 ^ = 3 $ * = -ZQ*L = - 3 Q * = - 1 (2.51)

< = Qt - < = Q& = -QtR = -QtR = -QtR = v ^ m (2-52)
On expects Z\ and Z$ to mix with one another (and mix somewhat with the or-

dinary Z). Ignoring potential small mixing with the usual Z, the mass eigenstates

can be denoted by

Z (/?) = Z^sin/3 + Zxcos0 (2.53a)
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Z1 (0) = Z+cos0 - Zxsin0 (2.53b)

with *nz(p) ^ vnZl {&)•
Bounds can be placed on mz(p) from neutral current analyses.11 Similarly, the

potential mixing with the ordinary Z is well constrained by existing data. I will
discuss those constraints in section 4.

If a Z' boson is ever discovered, it will have extremely important implications.
Measurement of its relative fermion couplings would almost certainly pinpoint the
underlying GUT symmetry group. In addition, determination of the V%- in Eq.
(2.50) would provide useful information about gauge coupling evolutions and new
particle thresholds.**

There are many other interesting "new physics" scenarios that I will not discuss
in any detail. Some of the most popular are supersymmetry, multi-Higgs scalars,
technicolor, exotic fermkms, compositeness, etc. Precision measurements of elec-
troweak parameters can test at some level all of those possibilities. Of course,
in the end, one would hope that we will one day reach high enough energies to
directly probe such phenomena.
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A P P E N D I X

2.4 Dimensional Regularixation

Perturbativt! loop corrections encountered in quantum field theories are in
general ultraviolet divergent. They exhibit short distance (high frequency) sin-
gularities which are consistently dealt with by renormalization, i.e., the infinities
are absorbed into the bare parameters of the theory. At intermediate steps of any
calculation, these infinities must be regularized. One of the simplest and most
powerful techniques for accomplishing this is dimensional regularization.9 The ba-
sic idea is to continue loop integrations from 4 to n dimensions (1 time and n — 1
space dimension!!) with n an arbitrary complex variable. The integrations are for-
mally carried out for n < 4 where they are finite and then analytically continued
to n = 4 where the ultraviolet divergence shows up as a pole. This method is par-
ticularly well suited for preserving symmetries of the theory such as local gauge
invariance. In addition, the continuous dimension method can be simultaneously
employed to regularize infrared (low frequency) infinities associated with massless
particles such as photons and gluons.IT It can even be applied to so-called fermion
mass singularities, i.e., divergences which occur in the mj —* 0 limit.

The technique of dimensional regularization provides a particularly conve-

nient means of defining renormalized gauge coupling constants. Indeed, within

that framework, the MS definition17 of the QCD running coupling has become

a standard (see subsection 2.2) and utilization of the same methodology for the

517 (2)L x U (1) couplings is convenient 37 for analyzing GUTS.

As an introduction to the technique of dimensional regularization, I give in

this appendix a variety of useful formulas3**38 as well as a simple example of its

utility, the QED vacuum polarizaiton calculation. Additional discussion is given

in the text.

In dimensional regularization, internal and external momenta are taken to

have n rather than 4 components. All algebraic manipulations must be consistent

with that generalization. Propagators and interaction vertex forms are unchanged,

except for / i ( 4 - n ) / 2 factors introduced at interaction vertices to keep renormalized

couplings dimensionless (ft is called the 'tHooft unit of mass). At the one loop

level, Feynman integrals have the generic form

(2.54)
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where k is the loop interaction momentum and p symbolically denotes all external
momenta. Manipulations within the integrand are carried out using the following
n-dimensional conventions and identities.

Metric g^,:
9oc = 1» 9ij = -&ij, So,; = 0 , i , j = 1 , 2 . . . n - 1

(2.55)

Dirac Algebra:

= nl

= (2-nba (2.56)

= 4g<x/)I + (n - 4) laip

Trace Identities:

Tr (odd no. of i's) = 0

Trl = 4

Tr-faff, = 4ffa/J (2.57)

TriaipiXl, - 4 (sfa/JW, ~ 9**9fi, + 9a,9p\)

TnB = Tnsialp = 0

Feynman Parameterization:

r(r)r(m)

Employing the above formulas, all one-loop momentum integrations can be ma-
nipulated into the common form (by translation of variables)

Q*C]m [ '



20

and evaluated using40

W (r + n/2)r(m-r-n/2)f
J

(n/2) r (

At this point, ultraviolet divergences, if present, will manifest themselves as simple

poles at n = 4 in the F functions and may be isolated by using the following

properties

T (n + 1) = nr (n)

T (n + 1 ) = n! (n integer)

(2.62)( j ) - i/5F

I" (1) = - 7 (Euler s constant) =s -0.5772

(Infrared divergences, if present, reside in Feynman parameter integrations.) For

m-loop integrations, the same general procedure is followed and ultraviolet diver-

gent poles of the form 1/ (n — 4)m (i.e., m th order) are encountered.

As an illustration of the above tedinique, consider the one loop QED vac-

uum polarization. That quantum correction modifies the photon propagator as

follows40 (in Landau gauge)

where from the above rules (and a minus sign for a fermion loop)

± ^ (,.64,
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Employing the above formulas, one finds

"4 /l dx f £j
Jo J \*x) (2 651

- x2)) - 2kMkv{x - x2) K " j

or

n (*3) = ̂ g ^ [ dx (x - *«) (ml + *» (««- x))5~3 r (a - 5) (2.66)

(2.66)

Expanding

II (k3) about a = 4 then gives (using a = CJ/4JT).

- 6 jT ix(x - g» ) f a("^*y-*>) (2.67)

+ 0(n-4)]
In the conventional definition of the renormalizsd electric charge, e, (defined at

k2 = 0, i.e., infinite distance), one, therefore, finds
.JI-4

or

^4 2 ( ^ ( b ! ^ ^ ) (4)) (2-69)
A more modern approach (although less physical) is to define a running renor-

malized coupling e(fi) by the MS technique (see subsection 2.2) in which one
subtracts out the ^ ~ + J - In \Zi5r terms in Eq. (2.69). Then by allowing n to
vary, one can incorporate changing vacuum polarization effects into the renormal-
ized coupling rather than as separate corrections.

In the real world there are many fermion loops as well as a W± loop. To-
gether, they give the following relationship between the fine structure constant
a = c2/4ir si 1/137.036 defined via Eq. (2.68) at k3 = 0 and the M~S running
coupling a (p) = e2 (fi) /4x defined by subtracting ^—^ + ^ — tny/ilr corrections
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where the sum is over all fermions with charge Qf. The l/6ir comes from the W±

loop contribution.
Of course, in extrapolating from Jfc2 = 0 to large n, one must incorporate strong

interaction effects. That can be accomplished by applying a dispersion relation to
the hadronic corrections as in subsection 2.2. In that way one finds

= 127'8 ± °'3 + **
For n > mw, the MS a (ft) follows the evolution equation

^a(l*)=!3(a) = £a2 + ... (2.72)
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3. CHARGED CURRENT INTERACTIONS

Weak charged current interactions are mediated by W± bosons. The basic
interaction Lagrangian is *

^ ^ (X) J? (i) + hermitian conjugate, (3.1)

where j2o is the bare (unrenonnalized) universal SU [2)L coupling of the W* to
the fermion currents

iLy**l»<tL- (3-2)

Only the left-handed components ^ L = (1 — 75) /2if> enter and Vqqi is a 3x3
unitarity matrix (the Cabibbo-Kobayashi-Maskawa matrix).

Since Vqqt results from diagonalization of quark mass matrices, it must retain
important information about mass generation. For that reason, we would like
to learn as much about it as possible. Furthermore, by checking its unitarity
properties with experimental data, we can put bounds on or find hints of physics
beyond the standard model. In this section, I will describe tests of the standard
model's charged current sector and discuss the present "best" values of Vqq1. I
will focus on the role of electroweak radiative corrections in that discussion.

3.1 Muon Decay
Let me begin by giving what has become a standard definition of the renor-

malized SU (2)L coupling g2R. Rather than using MS, one generally employs the
precisely measured muon lifetime*1

rM = 2.197035 ± 0.000040 X 10"6« (3.3)

to define that coupling. Such a definition is motivated by historical developments43

as well as practical considerations as we shall see.
Recall that in the old V-A four Fermi theory, muon decay was described by

the local interaction

Cint = 4 - | eL i^tL Vy.L y iiL (3.4)

(Note that I use GM rather than the more conventional Gp for the Fermi constant.)
In that theory, the lowest order muon decay rate was given by

„„) = jiL-ft/ {m]lml) (3.5a)
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/ (X) = 1 - 8X + 8X3 - X4 - \2XitnX (3.56)

Furthermore, QED radiative corrections were finite to all orders in a. Calculations
by Kinoshita, Sirlin,49 and Berman4* and use of the renormalization group to
include leading 0 (at2 In {m^/mc)) effects modified (3.5a) to 44

(3.6)

where
r (M -»ail) = r (M -»«H + r (̂  - « ^ )

4- r (1/ -> ei/Frr) + r (u -* ei/Pe+e') ...
Comparbon of (3.6) with the muon lifetime measurement in (3.3) has been the
traditional way to define the Fermi constant. What modifications occur in the
SU {2)LxU (1) model? In lowest order, Gp/i/2 is replaced by fffo/8mf£ M + § J5p-J
with the latter factor representing the W propagator effect. Higher order elec-
troweak radiative corrections are divergent in the SU{2)LxU(1) model; however,
they can be absorbed into the renormalization of gto and mjy in a consistent
manner since the model is renormalizable. There is, of course, some arbitrariness
regarding the finite O (a) corrections. We can absorb all or part into the definition
of the renormalized coupling gtR = gio — Sg^. (I will always take the renormal-
ized Mw to be the physical mass.) It has become conventional to define giR by
maintaining the form of (3.6) (but including the propagator effect), i.e.,

Comparing (3.S) with (3.3), one finds

Gp = 1.16636 ± 0.00002 x 10"5 GeV"2 (3.9)

That very precisely determined parameter can be used to normalize weak charged
and neutral current amplitudes.
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Let me again mention the arbitrariness in the definitions of Gp and g2R as given
by (3.8). In that expression, one has chosen to absorb all ultraviolet divergencies
and some finite corrections into the renormalization of g\Jm^', but other 0(a)
radiative corrections have been explicitly separated out. The division is to some
extent historical, since the 0 (a) corrections exhibited in (3.8) were computed more
than 30 years ago in the V-A theory; however, there is also a practical reason for
the separation. The QED corrections separated out in (3.8) are specific to muon
decay, i.e., they are not universal. By explicitly correcting for them rather than
absorbing them into the definition of GM one is employing an effective field theory
approach, i.e., GM absorbs all short-distance corrections while lower frequency
(< mw) loop corrections are separately accounted for.

3.2 e — H — T Universality
Are there any differences between e,/x and r other than their masses? At

present, no other differences have been found. Here, I would like to survey some
tests of e — (i — T universality in charged current decays.

Pion decay presently provides the best test of e — \i universality. A TRIUMF
experiment found*6

= Ti*->«, + w^«n) = j 2 1 g ± 0 0 1 4 1Q-4 ( 3 1
e/M r (T -> pv+it -»fti/i) K

which is to be compared with the standard model prediction **

+ z ^ t n ( m e / m / t ) + 0 ( a ) ) ( 3 ' n )

= 1.233 x 10~4 (3.12)

The agreement is very good but only because radiative corrections decrease the
lowest order prediction of 1.284 x 10~4 by about 4%. (They can be viewed as
due to the decrease in the runing mass me (M) &t short distances.) So we see that
e — ft universality is established at the 1% level (in amplitude) and the standard
model is tested at the level of its radiative corrections by that ratio. The good
agreement between theory and experiment in (3.10) and (3.12) can be used to set
limits on heavy neutrino mixing and constrain charged Higgs scalar effects. Future
measurements 4T are expected to reduce the error in (3.10) to below 1/2%.

In the case of r decay, its total (average) measured lifetime 4S

= 3.00 ±0.10 x 10~13a (3.13)
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and (average) leptonic branching ratios 48

BR (r -* tvu) = 0.175 ± 0.004 (3.14)

BR {T -* iivV) = 0.176 ± 0.004 (3.15)

imply
r (T -> euV) = 3.84 ± 0.16 x 10~13 GeV (3.16)

T(T-> ftt/V) = 3.86 ± 0.16 x 10~13 GeV (3.17)

That is to be compared with the standard model's prediction found from (3.8)
by making the replacement m^ —* mr (mr = 1.7842 ± 0.0032 GeV) and me —• mt

or trip.
T (r -> ei/17) = 4.11 ± 0.04 X 10~13 GeV (3.18)

r (T -f M ^ = 3.99 ± 0.04 X 10~13 GeV (3.19)

The agreement is quite good and nicely establishes e — fi — r universality. The
slight discrepancy between (3.16) and (3.18) is likely (in my opinion) to stem from
an experimental underestimate of the branching ratio in (3.14) (and to a lesser
extent (3.15)). Assuming only standard model physics, one expects

BR [T -* tvu) a 0.187 (3.20)

BR (T -> fit/T/) =x 0.182 (3.21)

The systematically smaller than expected BR (T —* ei/V) may result from not prop-
erly accounting for radiative corrections to the decay spectrum. I might note that
a larger r -+ tvu branching ratio would help solve a long standing problem of
missing i 8 r decays into a single charged particle + neutrals. A larger value would
rescale several of the branching ratios upward such that they would sum to the
observed inclusive one charged prong branching fraction of 87% rather than the
tabulated (problematic) sum of « 80%.

Future determinations of the r lifetime should greatly improve by employing
micro-vertex detectors to actually measure the decay distance. So, we can expect
e — fi — T universality to be even more closely scrutinized. Perhaps one day a clear
violation of universality will be observed and it will help us to understand why
there are three distinct generations.
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3.3 CKM Matrix
There are three left-handed quark 517 (2)L doublets and six right-handed sin-

glets in the standard model. That means that there are 18 independent complex
Yukawa couplings to the Higgs doublet. They lead to two 3x3 (non-Hermitian)
mass matrices. One in the up and one in the down quark sector. Each of those
mass matrices can be diagonalized by a biunitary rotation of the quark fields
Miiif = Ux,MUfil, i.e., different rotations of left- and right-handed quarks. The
right-handed rotations have no observable consequences (in the standard model).
However, the left-handed rotations give rise to generation changing charged cur-
rent interactions parameterized by V = U^'U^ wn>~1

t the 3x3 unitary matrix
commonly called the Cabibbo-Kobayashi-Maskawa mixing matrix.

The CKM matrix
( ^

V=\Vei Vet Vei . (3.22)
u Vtt Vtb)

is constrained by unitarity to satisfy

E ^ n , = «,*. (3.23)
i i

Those conditions along with the unobservability of relative quark field phases
reduce the number of independent parameters to four. One common way of
parametrizing V is by

C\ S1C3 SiS3
V = ( -SiC2 C1C2C3 - S2S3e

iS C\dS3 + S2d*iS I •
dS2S3 -1

Ci = cos $i, Si = sin 0,-, » = 1,2,3. (3.24)

An often more convenient paxametrization given by Maiani is 8 0

/ C1C3 S1C3 S3e~iS\
V = [-Sid - CiS2S3e

iS CiC2 - SiS2S3e
iS S%C3 . (3.25)

\ SiS2-CiC2S3t
iS -CiS2 - SiC2S3e

iS C2C3 J

I find the Mai mi parametrization particularly useful for neutrino mixing and
oscillations51 (iiee Section 5).

My discussion will focus on the determination of Vqqi from experiment and the
resulting tests of unitarity via (3.23). The good agreement between experiment
and the three-generation standard model will then be used to constrain possible
"new physics" appendages.
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The present "best" values for the directly measured CKM elements along with

some discussion are given below.

I VU(i |= 0.9744 ± 0.0010: At present the most precise determination of | V^i j

comes from comparing nuclear beta decay and muon decay. To avoid strong inter-
action complications, one employs 0 + —»• 0 + superallowed Fermi transitions within
1=1 nuclear multiplets. Those decays depend only on the conserved hadronic
vector current which is not renormalized by strong interacitons. After absorbing
ultraviolet infinities into the renormalization of g\Jmw via G^/\/2 = ^ | A / 8 m ^
defined by muon decay, one finds that the nuclear beta decays measured ft values
allow a determination of J V%i \ via

* 2984.4

where SRC represents 0 (a) radiative corrections that are quite large « 3-4% and

extremely important, as we shall see. There are additional corrections due to final

state coulomb interactions , nuclear isospin mixing, atomic screening, nuclear size

effects, atomic mismatch, etc., that also have to be applied to the experimental

ft values before extracting | V^ J. I will not discuss those issues; instead, I will

concentrate only on the 0 (a) corrections in SRC-

The radiative corrections to nuclear ft values are traditionally divided as

follows:53

1 + SRC = [1 + £v(Em/mp)]

A^ (3 '27)

where Em is the electron end point energy, mp and TOA are the protoia and Ai

masses, C embodies long distance loop corrections involving the axial hadronic

current, and Ag arises from QCD gh&onic corrections. The first factor is called

the outer correction. It incorporates long distance radiative corrections, i.e., fre-

quencies < mp and depends on the nucleus considered. (For 140 it represents a

1.29 % correction.) The latter factor is dominated by high frequency > mp (short-

distance) corrections with a small admixture of long distance axial-vector induced

corrections parameterized by C and its dependence on the Ai mass. That factor

is essentially universal to all beta decays and is called the inner correction.

It is traditional to define a new quantity, It, which absorbs the outer correc-

tions

( ^ ) (3.28)
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and is therefore nucleus independent. In that way, (3.26) becomes

'v*'i= ntltl) (3-29)
with A,-nMr defined by the r.h.s. correction in (3.27). The It values of many
superallowed beta decays have been precisely determined. To illustrate that point,
I give in Table 3 and up-to-date survey of values found by Sirlin53 after including
a new calculation of Zo? Coulomb corrections.

Table 3. It values for various superallowed Fermi beta-decay transitions
after correcting for nuclear effects and Coulomb corrections. Z represents
the charge of the final state (daughter) nucleus.55

Nucleus

14O
wAl
3*Cl

**K

46y

Average

Z

7

12

16

18

20

22

24

26

ft (sec.)

3074.0 ±3.9

3068.1 ± 3.7

3069.0 ± 4.7

3066.6 ± 4.6

3077.5 ± 7.5

3074.7 ± 4.3

3069.6 ± 5.7

3069.0 ± 4.4

3070.6 ± 1.6

The agreement among Jt values over a broad range of Z is very impressive.
It adds to one's confidence that Z dependent corrections and nuclear effects have
been properly accounted for.

Before | V%t | can be obtained from (3.29) and the It values in Table 2, we
need A t nne r . In fact, that quantity will give the dominant uncertainty in | VVIJ |.

The inner radiative correction A,nBer was recently updated in the following
ways:

1) All short-distance leading logs of the form a"tnn {mz/mv) were summed
by a renormalization group analysis. That procedure replaced the leading log in
(3.27) which represented a 2.1% correction by

—In [
7T

0.02256, (3.30)
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a 0.156% increase.

2) The QCD corrections to the axial-vector short-distance loop induced cor-
rections were evaluated and found to give

j - Ag = -0.0004. (3.31)

3) The long-distance axial-vector loop induced corrections were estimated us-

ing hadronic form factors. That procedure led to the estimate

— \ln ( ^ } + 2C\ = 0.0012±0.0018 (3.32)

The most important aspect of (3.32) is the (theoretical) error assessment which

gives the dominant uncertainty in | V%t |.

Adding the above radiative corrections one finds

1 + dinner = 1-0237 ± 0.0019 (3.33)

Combining that value with (3.29) and the average ft — 3070.6 ± 1.6s in Table 3
leads to 1 0

| V^i |= 0.9744 ± 0.0010 (3.34)

which was quoted at the beginning. If instead of employing the average, one used
the ft = 3068.1 ± 3.7 of i6Al which has the smallest individual uncertainty and
least spread in theoretical estimates of its nuclear matrix elements,

| V^j |= 0.9748 ± 0.0010 (3KAl alone) (3.35)

The uncertainty in | Vuit \ stems primarily from C (see (3.32)) and is theoretical

in nature. A reduction of that error appears difficult. One can, in principle,

circumvent that uncertainty by improving the determination of the pion beta decay

rate T (JT+ —• ir°e+i/e) which has very little theoretical uncertainty. At present

| V^ |= 0.968 ± 0.018 (from JT+ -+ jr°e+*/e) (3.36)

That value is consistent with (3.34) and (3.35) but not nearly at the same level
of precision. Unfortunatley, the small branching ratio BR (ic+ —* ir"e+ve) m 10~8

makes precision measurements difficult.

Another interesting way to determine | VV(j [ is by precisely measuring the
neutron half-life t* and QAISV in n —> PC"*7*. Together, those measurements
could determine | vU(j | via

f_ * « " * « * (3.37)

[l »fe/)>j
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At present55

|= 1-262 ± 0.005 (3.38)

but t*/j has considerable experimental uncertainty; so one generally turns (3.37)

around and uses | V^ |= 0.9744 ± 0.0010 to predict

tfy, = 619.9 ± 2.5a. (3.39)

During the next few years, cold neutron decays may allow precise measurements
of tfyj and QAIQV' If that occurs, it could render (3.37) a competitive means of
determining | V%& |.

Values of the other CKM elements are also obtained by normalizing those
amplitudes w.r.t. muon decay (i.e., Gp) and computing radiative corrections. Un-
fortunately, the extraction of those quantities requires the evaluation of hadronic
matrix elements which are plagued by strong interaciton uncertainties. One must
try to find ways around those uncertainties. Below I summarize the "best" values
of some CKM elements and briefly comment on their determination.

| V«, |= 0.220 ± 0.002: This value is obtained by averaging the KtZ determination58

0.2196 ±0.0023 with the hyperon value57 0.220 ±0.001 ±0.003. In the latter case,

SU (3) breaking corrections give the dominant uncertainty. Ka decays are cleaner

theoretically (SU (3) breaking is of second order) and there is still room for some

experimental improvement.

1 Vei |= 0.207 ± 0.024and | Vet |= 0.95 ± 0.15: These values are extracted* from

CDHS dimuon data 5 S on charm production in deep-inelastic neutrino scattering

j/ + J V t + X"+ charm, charm —» p* + X. In the future, exclusive charm

decays should provide somewhat better determinations of these parameters, if one

can accurately calculate the weak decay matrix elements.

| Vet |= 0.043 ± 0.008 and | Vut, |< 0.012: These values * are based on the average

b lifetime of 1.1 x 1 0 ~ 1 2 J and the bound T[b-*u) /T (6 -> c) < 0.2 inferred from

the lepton spectrum in b decay. One should note, however, that there is still

considerable controversy in the extracton of these parameters from data and some

diagreement with other extractions (not bounds) of | V«» | from experiment. The

inferred value of j Vut, | from attempts to account for all decays given the observed

charm decay modes is

0.011 < | V^ |< 0.022 (Inclusive B -* charm) (3.40)
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In addition, the recent (preliminary) ARGUS measurement 6 9 of the charmless B

decay branching ratios BR (B+ -»• ppir) a 4 x 10~4 and BR (B° -* ppjr+jr~) ss

6 x 10~4 suggest that | V^ | may be as 0.01. I would guess that when the dust

settles, | Vub | will turn out to be in the range 0.008 « 0.012, but much work still

remains both theoretically and experimentally before a value can be quoted with

any degree of real confidence.

Assuming that the bound on | V«* | given above is correct, one finds for the

first row of the CKM matrix

I V*i I3 + 1 Vut |2 + | V^ | 2 = 0.9979 ± 0.0021 (3.41)

(0.9984 ± 0.0021 if mAl is used alone to determine j Vui |). That result is in very
good accord with the three generation prediction of 1. It must be viewed as a sig-
nificant quantum loop triumph for the standard model, since without electroweak
radiative corrections, one would have obtained « 1.04, an apparent violation of
unitarity. The result in (3.41) can be used to limit heavy neutrino mixing, bound
the scale of compositness, constrain supersymmetry and additional gauge boson
mass scales, bound 4th generation mixing, etc. Some of those will be subsequently
discussed.

The second CKM row's values give

I Ved |2 + | Vc |2 + | Vd | 2 = 0.95 ± 0.27 (3.42)

which is consistent with unitarity but not very constraining. Three generation

unitarity can also be used in conjunction with the above values to bound the

degree of top quark mixing. One finds

0.9984 < | Vtb \< 0.9990 (3.43a)

| Vu \< 0.054 (3.436)

I Vtd |< 0.024 (3.43c)

I Vt*tVtd |< 0.0013 (3.43d)

Note that the implied bound on | Vt*tVtd | severely constrains t quark loop effects
in K decays. For example, assuming m* as 40 ~ 70 GeV, one finds froin (3.43d)s

BR (K+ -»JT+i/Z/) =- (0.35 ~ 3) x 10"10 (3.44)

That range is to be compared with the capability of an ongoing BNL experiment
that will probe that mode at the level of 2 x 10~10.
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3.4 Constraints On "New Physics"

As previously mentioned, the good agreement between (3.41) and the 3 gen-
eration prediction of 1 can be used to constrain "new physics" appendages to
the standard model. I will discuss three examples: a fourth generation, extra Z'
bosons, and compositeness.

4th Generation: The presence of a fourth generation with hf and t' quarks would
require the extension of the CKM matrix to a 4x4 unitary matrix that would
have six angles and three phases. One would normally expect its mixing with
the two lightest generations to be very small, but that need not necessarily be
the case. The current CKM values together with unitarity only give the 90% CL
constraints80

| V.j, |< 0.07 (3.45o)

I VeV |< 0.63 (3.456)

| Vvi |< 0.14 (3.45c)

I Vf,t |< 0.62 (3.45d)

which are not very stringent.

If a fourth generation does exist, it could show up via flavor changing loop
effects. KL -*• p+p~, the KL — Ks mass difference and CP violating parameters
are all sensitive to the t' mass and mixing. The B\ — 5£ oscillations found by
the ARGUS*1 collaboration may in fact be a harbinger of 4th generation effects.
Alternatively, it may imply the m* and/or j Vu | are larger than generally assumed.
A fourth generation can also enhance the K+ -* n+vV decay rate by loosening the
constraint on | Vt*tVti | in (3.43d) which assumed three generations. A branching
ratio of 0 (lO~9) for that decay would very likely point to the existence of a fourth
generation.

Z' Bosons: The existence of extra Z' gauge bosons could modify the radiative
corrections to muon and beta decays. Such corrections would shift each of the
I V«t I2 by a factor of 1 + A where A = 0 (a) corrections due to Z' bosons. The
good agreement with unitarity implies *6 from (3.41) (at 90% C.L.)

A > -0.0006, A < 0.0048 (3.46)

or from MAl
A > -0.0013, A < 0.0041 (2*Al alone) (3.47)
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For the Z' boson models described in Section 2 (see (2.50)), one finds (for
A,-»1)

(3.48)

where the sum is over all £,- mass eigenstates. If one assumes the mixing in (2.53)
and mxiB) << mZ'(B)i w e 8e* *^e constraint (90% C.L.)

0.13(from(3.46))

0.29(from(3.47))

(3.49)

For example, in the SO (10) model where /? = 0, these constraints imply £x =

> 413GeV (from (3.46))

x > 235GeV (from (3.47)). (3.50)

Those bounds are similar to existing neutral current constraints. Note that a
factor of 2 improvement in the bound on A could improve the bound on Mzy by
nearly a factor of 2. (There is no bound from (3.49) on the Zj,, i.e., /? = T/2.)

Compositeness: Bounds on composite mass scales of quarks and leptons are gener-
ally very rough and require specific assumptions. If either quarks or leptons have
structure at mass scale Ac, then due to interference between the ordinary weak
decay amplitudes and l/A* amplitudes induced by that structure, one expects an
apparent violation of unitarity by a factor

^ f ,3,.)
Civen that unitarity is good to better than 0.4%, one finds

Ac > 4 TeV. (3.52)

That bound is quite stringent. To avoid it, one needs to suppress the deviation in
(3.51) through cancellations or numerical suppression factors.
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3.5 Future

In the future, we can look forward to improvements in most of the measure-
ments discussed in this section. In addition, further study of B decays and oscilla-
tions should further our knowledge of the CKM matrix. It would be nice to study
the CKM elements via W* decays and/or weak top decays, to make precision
mesurements possible will require very high luminosity colliders that effectively
become W and t factories. Of course, to study CKM matrix elements at high
energy will require flavor identification of jets or the study of rare exclusive decay
modes.

I believe that complete quantitative knowledge of the CKM matrix is vital to
help guide us to a solution of the fermion mass puzzle.
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4. WEAK NEUTRAL CURRENTS

Several years ago, a collaboration u was formed for the purpose of collecting
and analyzing all neutral current data. Our idea was to carefully scrutinize the ex-
perimental and theoretical uncertainties in those results and to consistently include
effects of electroweak radiative corrections. That undertaking involved examining
a great many diverse measurements which included (in approximate order of preci-
sion): deep-inelastic i/pN scattering, W* and Z masses, cD scattering asymmetry,
atomic parity violation, ve scattering, vp scattering, c+e~ annihilation, fiC scat-
tering, etc. The goals of our work were:

1. To test the standard SU (2)L x U (1) model at the tree and quantum
loop level.

2. Provide & precise determination of sin Ow which could, for example,
be used to rule out or at least constrain various grand unified theories
(GUTS).

3. Look for hints of "new physics."

In this lecture, I will outline some of the main results of that collective effort
and discuss various implications. The topics I have chosen to elaborate on are
radiative corrections, top quark mass bounds, grand unified theories (GUTS),
and extra Z' boson constraints. In addition. P. Langacker, A. Sirlin and I13

recently examined the implications that a precise Z boson mass determination
would have when combined with existing neutral current data. We found that such
a measurement could tightly constrain the top quark mass or imply new physics
beyond the standard model. I will also describe the results of that analysis.

4.1 Results of a Global Analysis

Before stating some of the main results of our recent11 global analysis of ex-
isting neutral current data and W± and Z masses, I will briefly describe the basic
assumptions that went into it. We assumed 3 generations of fermions and one
Higgs doublet with an underlying 517 (3)c x SU (2)L x U (1) gauge symmetry con-
stituted the standard model. Within that framework, radiative corrections to ail
relevant neutral current processes as well as W± and Z mass formulas were ac-
counted for. Those corrections depend on the couplings and masses in the model.
Two of those parameters, m< (the top quark mass) and m# (the Higgs scalar mass)
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are presently undetermined. Whereas, the radiative corrections are not very sen-
sitive to mji variations, they are sensitive to m* if it is ^90 GeV. Therefore, in
some parts of our analysis, we allowed mjj to vary from 10 GeV to 1 TeV and
merely required rrtf^lOO GeV while in other parts mg =* 100 GeV and mt = 45
GeV were assumed for definiteness. Because of the sensitivity to large mt, we were
also able to place bounds on mt, as we shall see.

Some of the principal results of the global analysis of all existing neutral current
data and W* masses were:

1. There is at present no evidence for any deviation from the standard
model.

2. For mt^ 100 GeV and m ^ l TeV, we found the world average sin2 &w
= \-m%,{m\ = 0.230±0.0048. For mt =* 45 GeV and ma a* 100 GeV,
the uncertainties were lowered slightly to sin2 $w = 0.230 ± 0.0044.

3. Allowing p = m^/m^ cos2 9w as well as sin2 9\v to vary, we obtained
from a two parameter fit to all data sin2 Ow = 0.229 ± 0.0064, p =
0.998 ±0.0086.

4. For mt ^ 45 GeV and mg = 100 GeV, radiative corrections are con-
firmed at about the 3a level, primarily in the comparison of deep-
inelastic VpN scattering with mw and mz.

5. Consistency of all data at the quantum loop level requires m(^200 GeV
for m ^ l TeV. If m^^lOO GeV, the tighter constraint m t^180 GeV
is obtained. Those constraints also apply to a 4th generation mass
difference (mt> — my).

6. Lower limits on extra Z' boson masses were obtained for a variety of
popular GUT models. The bounds ranged from 120 GeV to 300 GeV
depending on their specific couplings to fermions.

For a detailed discussion, consult Ref. 11.
The results described above have many implications. In the remainder of this

section I will elaborate on a few topics that we considered.

4.2 Radiative Corrections and sin3 $w

The weak mixing angle 0jy plays a central role in the SU (2) t x U (l) model.
Writing out the electroweak neutral current interaction Lagrangian
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x H (Tz/frirfz. - sin2 OwQ/Hf)

with T%j = weak isospin and Qf =electric charge, we see that fljy occurs both at
the fermion weak neutral current level and in the normalization of the SU (2) L

coupling 92 relative to the electric charge e. Iu addition, for the simplest Higgs
doublet scenario, it entors the W-Z mass relationship via (see Section 2).

mw — % cos 9w (4.2)

So, one tests the standard model and the underlying concept of electroweak unifi-
cation by measuring sin2 % i n a s many different ways as possible. A deviation in
the value obtained from one experiment as compared with another would signal
new physics.

Of course, radiative corrections must be accounted for in any precise determi-
nation of s in 2 %, so that they will not be confused with new physics. In some
cases, electroweak radiative corrections can be quite large. For example, consider
the lowest order natural relationship

sin2 0°w = {S/gtf = 1 - (n&/m%)2 (4.3)

where 0 indicates bare (unrenormalized) parameters. In terms of physical rnea-
sureable quantities, that relationship is modified by finite O (a) loop corrections.
The size of those corrections depends on the definitions employed; but for typical
definitions they can be quite large. Defining the renormalized weak mixing angle

by

sin2 0w = 1 — mw/m% (4.4)

where mw and mz are physical masses and defining the renormalized charges c
and £2 via

a = e2/4ir = 1/137.036 (4.5a)

2

g == 1.16636 x 1<T5 GeV~2 (4.56)
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leads to 3 9 (as discussed in Section 2);

37.281 GeV

s i n % (1 — Ar) 5

where11

Ar = 0.0713 ± 0.0013 (4.7)

for ntt £* 45 GeV and mnigg, =s 100 GeV. The radiative corrections in Ar a:
O (a) are quite large primarily due to vacuum polarization renormalization of e
relative to 92. It is, however, in my opinion a mistake to call that effect a QED
correction. Fermion loops enter in the photon propagator as well as the W± and Z

propagators. So, the relative correction is calculable only because of electroweak
unification.

When either m\v or mz determinations are used to obtain sin2%- via Eq.
(4.6), Ar causes a sizeable ca 7% shift in the value found. Similarly, neutral
current scattering cross sections and interference measurements must be corrected
for O (a) quantum loops in extracting s in J %. The effects of such electroweak
radiative corrections are illustrated in Table 4 where several determinations of
sin2 &w are summarized. (For a more complete discussion see Ref. 11.) At present,
deep-inelastic i/M scattering provides the best determination of sin20>y. In fact,
much of the uncertainty in that extraction is theoretical in the sense that a model
is employed to correct for charm threshold effects. It, therefore, appears that those
measurements have been pushed about as far as possible.

Comparing the sin2 0jj?c- and sin2 $w columns in Table 4, it is clear that the
uncorrected value obtained from deep-inelastic Vp — N scattering differs from the
mw and mz values, but the corrected sin2 Bw are in good agreement. So, the
standard model has been tested at the level of its O(a) radiative corrections (at
about the Za level) if m* is actually near 45 GeV. (See section 4.3).

The present world average of all data

sin2 Ow = 0.230 ± 0.0044 (4.8)

now carries a rather small uncertainty. It can therefore be used to rule out or

constrain GUTS (see section 4.4).

Experimentalists should continue to strive to measure sin2 Ow as precisely as

possible. Fortunately, mz will be measured to better than ±50 MeV at SLC and



Table 4. Values of sin2 Qw — 1 — m^lTn'z before and after elec-
troweak radiative corrections (R.C.) are included. The values mt as
45GeV and mg a lOOGeV were employed in the radiative correc-
tion.
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Experiment

Atomic P.V.

eD Asymmetry

t/pN deep-inel.

mw - 80.9 ± 1.4

(UA1 - UA2)

mz = 91,9 ± 1.8

(UA1 - UA2)

World Average

sin2 $%e-

0.201 db 0.018 ± 0.014

0.226 ± 0.015 ± 0.013

0.221 ± 0.019

0.208 ± 0.033

0.242 ± 0.003

±0.005

0.212 ± 0.008

0.208 ± 0.011

R. C.

+0.008

-0.005

+ 0.002

+ 0.002

-0.009

+0.017

+0.022

sin 2%

0.209 ± 0.018 ± 0.014

0.221 ± 0,015 ± 0.013

0.223 ± 0.019

0.210 ± 0.033

0.233 ± 0.003 ± 0.005

0.229 ± 0.008

0.230 ± 0.011

0.230 ± 0.0044

LEP and that will determine sin2%- to ± 0.00025 via Eq. (4.6) (after mt and mH

are pinpointed). Given such high precision, what role can other experiments play?
To test the standard model or look for hints of new physics, one must compare
distinct measurements. So, high precision measurements of s\n2Ow should be
undertaken in as many processes as possible. Indeed, in section 4.5,1 will illustrate
what one can learn by combining a precision measurement of mz with existing
neutral current data.

4.3 Top Quark Mass

Radiative corrections to sin2 0yy can be quite sensitive to the value of t, if
it is large. In fact, they grow like am(

2/m^ in most processes.31 Only sin2 Qw
determined from deep-inelastic u^N scattering (due to a subtle cancellation) is
insensitive to variations in mt*a Therefoie, the present good agreement between
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sin3 $w obtained from i/pN data and other experiments such as myy and

measurements gives us confidence that m* is probably not greater than ~ 100

GeV. In fact, as previously stated, by varying mt in the radiative corrections, we

found (for mH < 1 TeV)

m (£200 GeV (90% CL) (4.9)

(That bound also applies to a fourth generation mass difference \mt> — mj»|.)

The effect of changing mt on our global fits is illustrated in Table 5. There I

have given the values of sin2 $w = 1 — m\fjm\ and sin2 $\y {mw)j^§ defined by

MS (modified minimal subtraction). Note that those two distinct definitions of the

weak mixing angle differ by terms of O (amf/mJir); hence, their difference grows

as mt increases. Whereas, sin2 $w extracted from deep-inelastic v^N data is quite

insensitive to mj, that is not so for sin3 $w (mw)^- In contradistinction, sin2 8\y

extracted from either mw or mz via Eq. (4.6) is sensitive to the value of mt

through Ar, while sin2 6w ( " W ) M S extracted from mw or mz (particularly

is much less dependent on mt. (Of course, a precise determination of both

and mz would determine sin2 $w independent of mt or any radiative corrections.)

We, therefore, have a situation in which at present, neither definition's value can

be precisely given without some assumption regarding mt. In section 4.5, we will

turn the argument around and show how a precise determination of mz can in the

short term constrain mt.

Table 5. World average values for the weak mixing angle as a
function of mt (keeping TOJJ = 100 GeV).

mt (GeV)

25

45

60

100

200

400

sin2 Ow = 1 — "*Sy7"'l2j

0.229 ± 0.0044

0.230

0.230

0.227

0.222

0.209

sin 2^^^)^

0.227 ± 0.0044

0.228

0.228

0.229

0.233

0.248



42

4.4 Gauge Couplings and Guts

The standard SU(Z)cxSU (2)L x U (1) model of strong and electroweak inter-
actions contains 18 independent couplings and masses. Grand Unified Theories***04

(GUTS) correlate the three gauge couplings £3, g% and gi by embedding the stan-
dard model in a compact simple group such as SU (5), SO (10), E6, etc. Indeed,
the high degree of symmetry naturally renders the bare couplings equal, explains
charge-color quantization and promotes sin2 0jy from an infinite counterterm pa-
rameter to a rational number (generally 3/8). Unfortunately, GUTS have so far
provided little new insight regarding the 15 mass and quark mixing parameters.
Therefore, although GUTS represent a significant theoretical advancement, they
cannot be the final word.

In this section, I will update the gauge coupling values. Those quantities are
extremely important because they provide much of the basis for our belief in GUTS
and a severe constraint on model building. In the case of the QCO coupling, the
situation has not changed significantly during the last few years. Upsilon decays
and high energy jet data are consistent with

A ^ ^ 1 5 0 t ^ ° M e V (4.10)

(The errors are quite conservative.) Assuming m* m 45 GeV and using mw =
80.7 GeV (which corresponds to sin2 Ow = 0.23), that range leads to 3S

a3(mwO=0.107ig$i (4.11)

The analogous electroweak parameters, also defined by MS (modified minimal
subtraction) have the short-distance values11 (see Section 2);

a'1 (mw) = 127.8 ± 0.3 (4.12)

sin2 6w (mw) = 0.228 ± 0.0044 (4.13)

where the value of sin2 $w (mw) in Eq. (5.4) follows from the result s in s % =
0.230 ± 0.0044 (for mt = 45 GeV) found by the global analysis described above.
As discussed in section 4.3, the MS definition and sin2 0jy = 1 — m£,/m?j differ
by order a radiative corrections which for mt = 45 GeV imply11 sin2 Ow (mw) =
0.9907 sin2 $w For other values of mt, that relationship is modified as are the
central values of both s i n 2 ^ (mw) and sin20w extracted from experiment (i.e.
the radiative corrections to each experiment also depend on mt). (See Table
5.) It should be noted that the world average for the weak mixing angle in Eq.



(4.13) has increased from the old sin2 Ow (mw) = 0.219 ± 0.006 value primarily
because of more precise deep-inelastic v^ scattering data and refinements in the
W* and Z mass determinations. Also, as indicated in Table 5, if mt is > 45
GeV, sin2 Ow (mw) increases even more. That higher value has very important
implications for GUTS, as we shall see.

Employing the relationships

a i (mw) — 5a (mw) /3 cos2 $w (mw) (4.14a)

a2 (mw) = a (mw) / sin2 $w (mw) (4.146)

leads to the gauge coupling values

«l {mw) = 0.0169 ± 0.0001 (4.15a)

a2 (mw) = 0.0344 ± 0.0007 (4.156)

Previously, the central value of <*2 (mw) was 0.036. Assuming that there are
no other new thresholds between the standard model's mass scale of mw and
the grand unification scale of mx, one can evolve the gauge couplings to higher
energies using (for 3 generations) M

a

( ) * f + . . . ,« = h 2,3 (4.16fl)

h\ (-4l/10\

,]=--( lfj (4.166)
and the values of a,- (mw) given above. If the three couplings meet at a single
point, that would be clear evidence for grand unification. When a% (mw) was
0.036, they tended to meet near /i ~ 2 x 10" GeV. That meeting was taken
as strong confirmation of GUTS and perhaps an indication of no new physics
thresholds at low or intermediate mass scales. Using the new value for a2 (mw)
in Eq. (4.15), one finds that is no longer the case (see fig. 1).

The couplings 04 (ft) and as (fi) continue to meet near 1.5 x 10H GeV; however,
aj (ft) now crosses ai (/i) at 1.5 x 1013 GeV and meets ctz (/*) near 1.0 x 1016 GeV.
Is grand unification ruled out? No, this development merely implies that new
physics thresholds between mw and mx must change the evolution of the couplings
such that they meet at a single value. In my opinion, the near equality of the
couplings at high energies that we find using Eq. (4.15) should still be taken as a
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Fig. 1: Evolution of the aj"1 [ft), i = 1,2,3 couplings assuming
no new physics beyond the standard model.
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strong indication of grand unification. At issue is: What new physics rectifies the
evolution and at what energy will it be manifested?

The above remarks are nicely illustrated by the SU(5) Georgi-Glashow model.68

In the so-called minimal version, one assumes the existence of a great desert be-
tween mw and mx, the unification mass scale. That simplistic assumption had
an appealing consequence, it led to rather definite testable predictions. (The pre-
dictions hold in many GUTS with great deserts.) Indeed, using a"1 (mw) —

127.8 ± 0.3 and A^L = 150+11° MeV, one predicts
MS

mx = (2.0l?:J) x 1014 GeV (4.17)

Unfortunately, both of these predictions are now ruled out by experiment. The

1MB proton decay bound **

1/r (P -* e+7t~) > 3.1 x 1032yr (4.19)

requires m x ^ 7 x 1014 GeV, while the sin8 Ow {mw) prediction conflicts with the
world average in Eq. (4.13). (It gets worse if m* is > 45 GeV.) The latter
disagreement is, of course, just another quantitative way of describing the apparent
lack of unification of gauge couplings in fig. 1 when current a< (mw) values are
employed. These failures of the minimal SU(5) model do not rule out SU(5) as
a viable grand unification group. They do indicate that new physics appendages
in the form of additional scalars or fermions must be introduced u to render
mX Sr 1015GeV and increase the prediction for s i n 2 % (mw)- Another possibility
is that a bigger GUT such as SO(10) or E$ with intermediate stages of symmetry
breaking must be employed. I will now describe how low energy supersymmetry
M may do the trick for SU(5) or any other GUT.

The basic idea of supersymmetry is that each known boson (fermion) has a
fermion (boson) partner. In those scenarios, the a,' (fi) evolution in equations (5.7)
change when we pass the supersymmetry thresholds. In leading order, one finds
for three generations of fermions and NH light Higgs doublets ••>•*'

Taking Ng = 2 (the minimal alue) and using the at (mw) values in Eqs. (4.11)

and (4.15) as input, we can solve for mgxjSY an<^ mX- One finds in leading order38

aa(mw)
(4.21)
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independent of msusY- Using the values of aj {mw) in Eq. (4.15) and a3

in Eq. (4.11) then gives the range of predictions

m x « 2 x 10" ~ 2 x 1016 GeV (4.22)

The lower mass range corresponds to very large msusY while the higher values
require mgvsY t o D e nearer mw. In SUSY GUTS, one expects the gauge boson
mediated decay rate to be

l / r ( p - » e + , r 0 ) ~ l . 3 x l 0 2 9 ± 0 - 7

(4.23)

The 1MB bound in Eq. (4.19) then rules out the mx&lO1* GeV region in Eq.
(4.22) but leaves open the possibility of msuSY^lO6 GeV as the "new physics" we
are looking for. SUSY GUTS also predict11

sin2 Ow {mw) = O.237l8;885 - —In (mSUSY/™n0 (4.24)
Id n

which is in good accord with experiment (see Table 5)5 particularly if me, ALL or
msusY is on the high side. This example illustrates how a new physics threshold
(supersymmetry in this case) can bring GUTS into agreement with low energy
phenomenology. It also demonstrates the complementarity between proton decay
and high energy experiments. If mgusviSlO TeV, it is likely to be discovered at
the SSC, and in this example, the proton decay rate is too slow to observe. On the
other hand, if msusY is beyond 10 TeV, the value of n%x is lower and the detection
of proton decay is more likely. Of course, the use of a single supersymmetry mass
scale is rather simplistic. Nevertheless, this example points out the importance of
pushing the search for proton decay as far as possible.

4.5 Implications of Precise Z Mass Measurements

What is the value of m*? At present, one has the bounds

mt > 26 GeV (e+e~ data)6 (4.25)

m<£44 GeV (UAl)" (4.26)

and the upper bound in Eq. (4.9). Furthermore, the recent B%-B% oscillation sig-
nal observed by the ARGUS4 collaboration seems to imply m* > 50 GeV and some
have suggested that it must be considerably larger.68 That is to be compared with
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recent analyses88 of a (pp —* W —• tv) jo [pp —• Z —*• c+e~) which favor
GeV. Unfortunately, neither argument is compelling. The top quark's mass could
still be anywhere from 44 to 200 GeV. Experimental determination of mt may,
therefore, be several years away.

Given the mt quandry, Paul Langacker, Alberto Sirlin and I 13 recently con-
sidered the following scenario. It is quite likely that the value of mz will be
precisely determined to within ±100 MeV at SLC before the top quark is discov-
ered, particularly if mt is large. That accuracy is to be compared with the present
average11

mz = 91.9 ± 1.8 GeV {UA1 & UA2) (4.27)

or with somewhat better results of our global fit to all data13 (assuming 10 GeV <
m# < 1 TeV and allowing mt to vary)

mz = 91.8 ± 0.9 GeV (all existing data). (4.28)

Such a measurement will clearly represent a significant advancement; but we can-
not use it alone to precisely determine sin2 Ow via Eq. (4.6) until mt is known. (It
will better determine sin2 Ow ("mOsfgO That point is illustrated in table 5 where
Ar values were given as a function of mt. A value of sin2 Ow can be derived from
Eq. (4.6)

s in Ow — —

only if both Ar and mz are known.
One can, however, combine a precise measurement of mz with existing neutral

current data as well as UA1 and UA2 results for my/ and mz- Such a fit is
illustrated in fig. 2. Note that for mz > 93.3 GeV, no experimentally allowed
value of mt is consistent with neutral current data. Therefore, a high value of mz
could well signal the presence of new physics beyond the standard model. If, on
the other hand, mz turns out to be on the low side £90.5 GeV, a large mt or
fourth generation would be preferred. For mz values in between, a bound on mt
is implied.

The constraints in fig. 2 are dominated by mz and deep-inelasticfMjV scat-
tering. Whereas sin3 % = 0.233 ± 0.003 ± 0.005 obtained from the latter is very
insensitive to mt, sin3 Ow obtained from Eq. (4.29) implicitly depends on mt via
Ar. One could therefore obtain constraints on mt (which are tighter than fig. 2)
merely by comparing those two measurements. That should illustrate the utility
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of carrying out high precision measurements of sin3 Ow in as many distinct ways as
possible. Comparison of very different types of measurements can provide distinct
probes of new and old physics.

4.6 Extra Z' Bosons

Bounds were placed on M^{p) by the neutral current analysis in Ref. 11. They
ranged between about 120 GeV for cos/3 a; -0.6 to 300 GeV for /? as 0 (i.e., Z\).
In fig. 3, experimental bounds are given for the Z (/?) mass (called Mi) allowing
for possible mixing with the ordinary Z. (0 is the Z — Z(/3) mixing angle.) Note
that the constraint is not very good for Z (/J) near the superstring inspired E&
model cos/? st —0.6. In fact, the data (in particular DESY e+e~ annsihilation
results) slightly favors a Z (/?) near cos/7 a —0.6 which mixes with the ordinary
Z. Of course, if such a scenario is correct, it will be easy to sort out at SLC. It
is very important to push the bounds in Eq. (2.50) into the TeV regin or better
yet find a Z', To that end, the SSC will have a discovery potential for finding a
Z1 that should extend to 5-10 TeV.

What if a Z' is discovered? Such a discovery combined with a measurement
of its couplings would almost certainly pinpoint the underlying GUT symmetry
group. The absolute couplings, which could be obtained by comparing its produc-
tion and decays with the standard Z, would then give us \Ai in Eq. (2.50) and
thus provide further important information about coupling evolutions and new
thresholds. I should note that in the Et scenario, the mixing angle /? sh< uld be
relatively easy to determine since the branching ratios

Qp
f = Qj cos /? + Q* sin /? (4.30)

depend only on /?.
In the time between now and SSC physics, it will be interesting to see if hints

of a Z' boson of any kind emerge from low energy phenomenology. In that regard,
atomic parity violation and vt scattering experiments may reach high enough
precision to probe for such particles up to m 800 GeV during the intervening years.
If evidence for a if' is found, a super SLC capable of sitting on that resonance will
be very desirable.
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4.7 Future

The SU (2)L X U (1) model is presently in very good shape, even at the quan-
tum loop level. Indeed, sin3 $w has been determined with a precision of about
2%, if ntf^lOO GeV. That determination represents a world average of many di-
verse experiments which span Qi from 0 to mz. It sets a standard that individual
experiments should strive to attain or surpass. In that regard, we can expect
high precision measurements of sin2flw via mw, v Me scattering, atomic parity
violation and polarization asymmetries in the future. Of course, anticipated mea-
surements of mz at SLC and LEP have the potential to determine sin. 6w to
±0.0001, but only if we assume Ar in £q. (4.29) is known. Otherwise, it will still
play an important role in its comparison with other experiments.

The comparison of mz and deep-inelastic u^N scattering already probes the
standard model at the loop level. That sensitivity provides the bounds on mt that
were discussed. After mt is known, we can use such comparisons to look for hints
of new physics. Already, our global fits provide bounds on extra Z' bosons which
are quite constraining. If one looks at where those bounds come from, it appears
that atomic parity violation, v Me scattering and e+e~ annihilation are particular
good probes of Z' boson effects. Indeed, forthcoming experiments in those areas
have the potential of searching up to masses a 800 GeV in the EQ inspired models.
Evidence for a Z' boson would of course provide a terrific window to the physics
of grand unification and/or superstrings.

The coming years should be exciting times for high energy physics. SLC,
TEVATRON and LEP have tremendous discovery potential. Of course, the advent
of SSC will open up a completely new energy domain 1-10 TeV which may be filled
with surprises. Rather than finding a desert, I think that physics beyond the Z
will be richer than even most optimists have anticipated and will further challenge
our creative imagination.
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5. NEUTRINO MASSES AND MIXING

5.1 Neutrino Mass

In the standard SU (2)L x U (1) model, the photon and all three species of
neutrinos have zero mass. For the photon, masslessness is a natural consequence
of exact electromagnetic gauge invariance; its validity being well verified experi-
mentally by the present bound m7 < 6 x 10~16 eV. However, the masslessness of
neutrinos is not on such firm theoretical or experimental footing. Theoretically,
mv = 0 because only the left-handed component i/£ of each neutrino specie is
employed (the right-handed component I/R is assumed not to exist) and lepton
number conservation is required. Relaxing either of these constraints can lead to
mv ^ 0. Indeed, the present bounds

mVe < 20 eV, (5.1a)

mV/1 < 0.25 MeV, (5.16)

mVr < 35 MeV, (5.1c)

leave considerable room for speculation that neutrinos actually do possess mass.
(I might add that the experimental bounds in (5.1) have improved by factors of
2 ~ 5 since I last reviewed this subject in 1980. Progress is slow, but we can expect
further improvement by factors of ~ 3 during the next few years.)

In the standard model leptons and quarks acquire masses by coupling their left-
and right-handed components through a Higgs scalar isodoublet which obtains a
vacuum expectation value. (Mass terms change chirality, so one must couple left-
to-right in order to generate mass.) The fermion masses generated by the Higgs
mechanism are totally arbitrary, their values are chosen to agree with experiment
(see Table 1). If right-handed components exist, then neutrinos can also be given
arbitrary masses by the Higgs mechanism. The right-handed component will be
sterile under gauge interactions; so, they do not upset phenomenology. Of course,
in such a scenario one must address the question: Why are neutrino masses so
much smaller than the masses of other fermions in their generation?

Even without introducing right-handed neutrinos, the neutrino can be given a
Majorana mass by coupling t/£ to its charge conjugation vc

L. The mass term would
appear as

\mv {VivL + h.c.). (5.2)
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(It requires anticommuting fields.) A Majorana mass is not possible for other
fennions because it would violate electric charge conservation. In the case of the
neutrino, lepton number is violated AL = 2 by Eq. (5.2). The simplest way of
introducing a Majorana mass is to couple the neutrino- charged lepton SV (2)L

doublet to a Higgs triplet. The implications of such a scenario are the occurrence of
neutrinoless double beta decay (so far net observed) and the existence of additional
physical scalars associated with the Higgs triplet. In particular, a light scalar
and pseudoscalar (Majoran) can exist in such a scenario. This mechanism can
accommodate a small neutrino mass, but also fails to naturally imply small masses.

In my opinion, the most compelling rationale for small neutrino masses is
found by combining the two mass generating mechanisms mentioned above in the
Gell-Mann-Ramond-Slansky (GRS)6* mechanism. The basic idea is motivated by
grand unified theories (GUTS) which often contain right-handed neutrinos, VR.
Since VR is a singlet under SU [2)L x 17 (1), it is usual for large Majorana masses
MR to arise for such fields. On the other hand, the ordinary Higgs mechanism
should lead to a Dirac mass, m/, which couples VR to i/£. Of course, mj is
expected to be a typical fermion mass scale, i.e., of order me, m« or mj for the
first generation. Therefore, one expects a man matrix of the form

Diagonalization leads to a heavy mass O [MR) state which is primarily VR and a
light state with mass m* /MR which is the ordinary neutrino. Since MR » mj,
the induced mass is naturally very small. In such a scenario, one expects the three
neutrinos to have a hierarchial mass relationship

m\ » mj » m\, (5.4)

since
m\:m\: m|:: m* : m* : m*, (5.5)

in many scenarios. If that is the case, then one might (approximately) expect

m\ : ml : m§:: 1:1010 :1016. (5.6)

That hierarchy could have important consequences for neutrino oscillations as we
shall see. Of course, at issue is what value of MR sets the neutrino mass scale?
Is it the GUT unification scale ~ 1015 ~ 1018 GeV or something smaller? If the
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GUT scale enters, then neutrino masses will be very small and extremely hard to
measure.

If neutrinos have mass, then one should expect them to mix. In analogy with
quark mixing, one can expect the weak interaction states ue, v^ and i/T to be
related to the mass eigenstates V\, v% and 1/3 by a unitary matrix. It is convenient
to parameterize the mixing by 60

C1C3
S

C, = costf,-, Si = sin*,, 1 = 1, 2, 3. (5.7)

It is probably best to keep an open mind about neutrino mixing; however, if
the quark analogy holds, one might expect small 0j.

Neutrino masses and mixing can lead to many interesting phenomena in lab-
oratory experiments, astrophysics, and cosmology. For example, neutrino decay
(e.g., z/M —• ut+~t) may occur or neutrinos may have small magnetic moments (see
subsection 5.4). A particularly popular possibility is neutrino oscillation from one
specie to another. That will be the subject that I next briefly survey.

5.2 Oscillations

If neutrinos have masses and mix, then neutrino oscillations will occur. A
neutrino vt produced at time 0 may at a later time be observed asai /p . To
illustrate the basic features, consider the simplified case of two species vt and v^
such that

( \ ( c o R $ sin*

with v\ and v% mass eigenstates with masses mi and mi respectively. If at time
t = 0, a I ue >= | 1/1 > cos0+ I 1/2 > sinfl is produced with momentum p (for
example in nuclear /3-decay), then at a latter time t, it will evolve to

.d . _ ,
%~di ' Vi >== ' "*' >

I v {t) >= e~iElt 11/1 > cos 8 + e~iEat | I/J > sin B (5.9)

The probability of detecting a ut at distance R a t (i.e., /? =; 1) is therefore
given by

P (*)»-.„. =\<»e\» (t) >|2= 1 - sin2 29 sin8 [ ^ p ] (5.10a)
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while the probability of observing a Vy, is

where Amlj = ro2 — m2. (I have used i?f- =s| p | +§m 2 / | p |.) It oscillates between
ue and Vy. with a characteristic oscillation length L21

I5-11)

So, low energy neutrinos are more likely to oscillate; i.e., one should have RjEv

large to best observe oscillation phenomena. If one believes that A m | are all
small as in the GRS mechanism, then one must indeed try to observe neutrinos
with an extremely large RjEv to have any hope of observing oscillations. At
present, laboratory experiments looking for vt <-+ Vy, oscillations have ruled out
Arof^lO- 2 eV3 for sin2 26 £ 0.1 and Am^l eV3 for sin2 2$ £ 0.01. To explore
much smaller Amfj requires atmospheric or astrophysical neutrino experiments in
which R can be very large.

In the real world, there are (at least) three neutrinos, and their mixing can
be quite complicated (see (5.7)). A full description of neutrino oscillations in
the 3 generation scenario will depend on 6 parameters, $i, 82, $3, 6, Am^ and
Am|1 . However, things are considerably simplified in the hierarchy case m\ »
m§, mf. Then oscillations effectively become a 2x2 problem with "effective" mixing
parameters. The relevant Am3 will depend on RjEv. To illustrate how decoupling
occurs, consider the case R(EV ~ 0 ( l /Am| 1 ) « 1/Amjj. In that case, the
oscillation probabilities are simply given by

[^jfj^] (5.12a)

W « sin22<?2cos< fcsin2 [ ^ g ^ ] (5.126)

(5.12c)

For small mixing angles, one finds

vJ*m*83 (5.13)'

This suggests that accelerators which produce PM beams may be much better able
to search for fM -+ uT oscillations rather than v^ —> i/e. So far, most experiments
have concentrated on v^ —> i/e.
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For the other extreme R/Ev ~ O(l/Amjj) » 1/Am|j, oscillations are
governed by Am,, in an effective 2 neutrino system. So, for example one finds

*e-.Ve = «n4 03 + cos4 03 ( l - sin2 2*i sin2 ^ ^ ) (5-14)

It is interesting to compare this formula with the observed flux of solar neutrinos
where a long standing problem exists. One expects neutrinos produced in the solar
core to give rise to vt +37 Cl —• e~ +37 Ar at the rate of

7.9 ± 2.5SNU (1SNU = lO-^captures/atom - s) (5.15)

However, Davis and collaborators observe

2.1 ± 0.3 SNU (5.16)

The discrepancy constitutes the solar neutrino problem. What happened to the
missing flux? A simple solution is that it was never present, i.e., the theoretical
prediction in (5.15) is wrong. More exotic is the possibility that the ve flux was
depleted by oscillations. For Am§j » R/EVt one finds from (5.15) a survival
probability

p (*)*-»* = *™* $3 + cos4 $s (cos4 $i + sin4 $i) (5.17)

which can be quite small for particular mixing angles. The smallest value of (5.17)
is 1/3 for sin2 8\ — 1/2, sin2 03 = 1/3. Such a depletion would solve the solar
neutriono problem; but it appears somewhat contrived. A more elegant solution
will now be discussed.

5.3 MSW Effect

An ingenious solution to the solar neutriono puzzle has been proposed by
Mikheyev and Smirnov.18 Employing an analysis of matter effects on neutrino
oscillations by Wolfenstein,13 they showed that for a large range of neutrino masses
and mixing parameters, neutrino oscillations between vt and v^ or vr in the sun's
interior could be significantly enhanced. In fact, for some neutrino energies one
can get a nearly complete transformation of vt into another neutrino flavor. That
scenario (referred to as the MSW effect) provides an elegant natural solution to
the solar neutrino puzzle and hence has become very popular. It enters into the
planning for future solar neutrino experiments as well as their interpretation. I
describe below some of its salient features and potential implications.
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To understand the effect of matter on neutrino propagation, consider the am-
plitude for low energy neutrino, vi, scattering off a fennion f.

M {yd - vtf) = -i%L vt 7" (1 - -rs) vJia ( < / + C*fls) f (5.18)

where Cv and CA are constants. In the case of an unpolaxized medium, the
coherent forward scattering of neutrinos with momentum />„ can be described by
an index of refraction nVt given by

V £ Z (5.19)

where the Nf is the fermion number density and

C £ / = T3I - 2Qf sin8 0w ff=l (5.20a)

Cltl = 1 + T3t - 2Qt sin2 % (5.206)

with T3/ = ± | the weak isospin. Note that vtt scattering differs from u^t and uTt
scattering because of an additional charged current component in the amplitude.
That effect leads to an important difference in indices of refraction

-Pi/ {nVt - »!/„) = -Pv {nVt - nVt) = V^ G ĴVe (5.21)

which can significantly modify oscillations. An alternative description of the dif-
ference in (5.21) can be given by writing the amplitude in (5.18) as an effective
Lagrangian

I = -y/2 GM Vt -f 1 ^ 5 14 J la (Cld + C*ps) f (5.22)

We can average the Lagrangian over the background medium using

l l (5.23)

whereas all other terms average to zero. One can, therefore, interpret the medium
as providing a potential

felt by neutrinos. With such a potential, neutrino propagation is described by
replacing

4^4-V (5-25)
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in the equation of motion, i.e.,

>= W
Of course, only the difference in potentials affects oscillations. As stated before,
the difference in ordinary matter is due to an additional repulsive interaction for
the ut with electrons in the medium coming from charged current interactions. In
that way, the coupled equations of motion in matter become (neglecting quantum
corrections)71

4 l * ' -
0 0

U [ 0 &m\j2pv
0 0

0
0

(5.27)

U- l 0
0

where U is the unitary matrix in (5.7).
To illustrate the MSW effect, consider the two generation limit, i.e., vt —

oscillations with Si = S3 — 0 in (5.7). For that case (5.27) becomes

(5.28)

As we saw before, in a vacuum with Ne = 0, vt —> i/M oscillations are governed by
(see (5.10))

p {R)yt-*Vll = s i n 2 2^sin2
 [JTJ2/LI2] (5.29O)

with

£21 = 4?rpv/Am2i (5.296)

the vacuum oscillation length. Solving (5.28) for constant Ne, one finds the mod-
ified matter oscillation result

where

sin

• 2 nit • 2 I ** • "

ffi = suT 28m svaT [ —

sin2 20

1 - :

(5.30a)

(5.306)
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(5.30c)

Lo = -r^- (5.3Od)

so, we see that the matter mixing angle 9m can be large even if the vacuum angle
0 is small. In fact, if the condition

L2i/L0—coe26 (Resonance Condition) (5.31)

which corresponds to an electron density

Am|,cos2* (5.32)
2^2 Gp x

is satisfied, one finds 8m = 45°, maximal mixing. Of course, with the full 3
generation mixing matrix, the situation is more complicated but the physics is
basically the same. The potential in matter can cause energy level crossings and
thereby enhance oscillations. (It can also, of course, quench oscillation if the
splitting is increased by the matter potential.)

The MSW effect actually comes about from a changing electron density profile
in the sun. Neutrinos produced in the solar core start out at a high electron
density, but experience a decreasing density as they propagate outward (i.e., the
potential changes). If the resonance condition in (5.32) is satisfied during transit,
vt can resonate completely into Vy. (or vT). Assuming that the vacuum angle 0 is
small, they will not convert back to vt as they propagate to the earth.

The MSW solution to the solar neutrino problem is very elegant and thus
naturally attractive. It can resolve the longstanding low neutrino flux observations
for Am2 in the range 10~7 ~ 10~* eV2 and for a large range of mixing angles
0.001 < sin2 9 < 0.4. It has also inspired many other applications of the effect of
matter on neutrinos. One such possiblity, neutrino spin-flavor precession in matter
will be described in section 5.5.

5.4 Electromagnetic Properties

Although neutrinos are electrically neutral, they can have electromagnetic form
factors. In the case of 4 component Dirac neutrino73

< v I J ~ I v > = %,[(F(f) + is G^))^{gaii

+ {M(qi)+'i5E{qi))ialiaq
a}ul/
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The F and G form factors are charge radii while M (0) is the magnetic dipole
moment and E (0) is the electric dipole moment of the neutrino. In the case of
Majorana neutrinos (which are self-conjugate), F = M — E = 0, i.e., only G (g2)
can be non-vanishing.

Neutrinos can also have transition moments that are off diagonal, i.e., connect
mass eigenstates vi and V\. Magnetic and electric transition moments can give
rise to neutrino decay or flavor precession as we shall see.

I will say a few words about the neutrino magnetic and transition moment.
First consider a transition moment K%\ e/2me between i/j and v\ such that the
decay amplitude for v% —* v\ +1 is given by

M = «n-^£ V^KV (1" Is) Vi (5.34)

In that case, the decay rate for v^L -+ U\R + -7 is

Of course, for KI\ and m^ — mi, very small, as expected, the predicted decay rate
will be tiny.

If the neutrino is 4 component (Dirac), it can have a (diagonal) magnetic
and/or electric dipole moment. Of course, the electric dipole moment would violate
T and would most likely be the smaller. In the standard SU (2)L x U (1) with
massive Dirac neutrinos, one finds that one loop induced magnetic dipole moment
ft = /ce/2me is

I M |= ^ 0 - ^ 3 X 10-19 (mv/leV) e/2me (5.36)

which is very small. (Transition moments are generally even smaller since they
involve flavor mixing.)

One can bound magnetic, electric, and transition moments by laboratory ex-
periments and/or astrophysics experiments. In the case of v — e scattering, the
existence of any such moment would increase the cross- section by (neglecting
neutrino mass)

^M I# ( i ) (5.37)

where y = (E'e — mt) jEv. Note that it is rather insensitive to the initial v energy.
Therefore, low energy experiments where the usual cross-section ~ Ev are most
sensitive to K. From existing experimental data, one finds

I «„„ |< 10~9 (5.38a)
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| *„, |< 4 X 1<T10 (5.386)

(Those bounds also apply to electric and transition moments.) It will be difficult

to push those bounds much farther, since the effect in (5.37) goes like /c2. Better

bounds,78

| KV |< 8.5 x 10"" (5.39)

are obtainable from stellar evolution arguments. Recently, Fukugita and Yazaki74

have claimed that such bounds can be extended to re^KT11 using observed data

on Red Giants. A bound of KJSIO"11 would have important implications, as we

shall see in the next section. Therefore, laboratory experiments should also aim

to achieve that level of sensitivity.

5.5 Neutr ino Spin-Flavor Precession

One speculative solution to the solar neutrino flux problem was suggested long

ago (1971) by Cisneros.75 He argued that if neutrinos had a magnetic moment

K ~ 10~14 and large transverse magnetic fields ~ 10°G existed in the sun, then

neutrinos could undergo spin precession vth -+ utR as they traversed the solar

radius. Since utR is sterile, one would observe an effective depletion of neutrino

flux by ~ 1/2 in accord with the Davis experiment. That scenario has been revived

and improved by Okun, Voloshin and Vysotsky (OVV).r* (Their motivation came

from the observation that there appears to be an anticorrelation between neutrino

flux and variations in sunspot activity, i.e., large magnetic field disturbances.)

The precession scenario for solar neutrinos has been extensively studied by

OVV. They noted that magnetic or electric dipole moments could give utL —• vtR

precession, while flavor transition moments could result in the combined spin-flavor

precession utL -> yMje or vTR (for Dirac neutrinos) or vt —> Vp at VT (for Majorana

neutrinos). In all cases, however, they concluded that a relatively large moment

K ~ 10~10 ~ 1 0 ~ n was necessary for realistic solar magnetic fields ~ 103G. Such a

scenario renders K ~ 10"11 an interesting domain for direct experimental searches.

I would like to conclude by describing work done with C-S. Lim14 on the effect

of matter on neutrino spin-flavor precision. We noted that in a vacuum, neutrino

mass differences can quench spin flavor precession. The different potentials felt

by distinct flavor neutrinos in matter is also capable of quenching precession.

However, when both a mass difference and potential difference exist, they can

cancel one another. In that case, a resonance situation can arise and UL —* v'R

can proceed unimpeded (provided magnetic fields are present). For a varying
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density, one can even have an MSW effect in which essentially complete conversion
can occur. Let me illustrate how that could occur for Majorana neutrinos by
considering ve —> FM spin-flavor precession. In that case, (ignoring other species
and components), the precession evolution in a strong magnetic field B is governed

where 9 is the mixing angle, and aUc, aVli are matter potentials and /* is a transition
moment.

For a neutral medium Ne = Np, one finds (iVn = neutron density)

(2Ne-Nn)

(5.41)

Assuming that B and the number densities are static, one finds that the tran-
sition probability for spin-flavor precession is given by

( 5 ' 4 2 )

A 2
A = V2G? (Ne - iV») - = ^ cos 2$ (5.43)

For the special condition A = 0, spin-flavor precession is unimpeded and (5.42)

becomes

* ( * ) * - * = "in" (*»**) (5-44)

That condition is achieved when the density Nt — Nn just allows a cancellation

in (5.43). Of course, for a changing density profile, it is possible to start with

A ^ 0 and encounter a resonance region, A s O , where essentially all ue of a given

energy are converted to FM and then reach a region where either A ^ 0 or B is no

longer large enough to give a significant precession. In that case essentially total

conversion of vt -*• FM can occur.

For the above resonant spin-flavor precession scenario to occur, one needs

non-zero flavor transition moments, large magnetic fields and dense matter. In

the sun, where < B > ~ lO3*? is expected, the transition moment K must be

relatively large ~ 10~10 — 1 0 ~ n for large spin-flavor precession of neutrinos with

Ev ~ 10 MeV to occur. A more likely candidate is a supernova. In that case, very
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large B ~ 10 ia — 1O1SG can occur. Hence, one is sensitive to K ~ 10~19 ~ 10~23

a realistic range of transition moments. The signature of such a phenomenon will

be an interchange of vt and Vp supernova spectra. Observing such an effect would

be extraordinary. Will we be so lucky to have one occur close enough to observe

and will our detectors be ready if one occurs? I hope so.
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6. CONCLUSION

I have tried to present in these lectures an overview of the present state of
electroweak phenomenology and its implications for new physics. It should be
evident that the standard model is in very good shape, having passed numerous
charged and neutral current tests ranging from beta decay to deep-inelastic neu-
trino scattering. However, its crowning glory has to be the discovery of the W±

and Z bosons with their predicted masses, production cross-sections, and decay
properties. Only the Higgs scalar and top quark remain unaccounted.

At the level of its electroweak radiative corrections, the standard model has
been tested in the charged current sector. Without the 3 ~ 4% radiative correc-
tion to beta decay, one would have been confronted by a clear violation of CKM
unitarity. Similarly, a substantial ~ 4% correction is necessary for agreement
between theory and experiment for the ratio T (ir —* «/) /T (ir -+ fiv). Even tau
decay measurements are starting to reach high enough precision to probe elec-
troweak radiative corrections. Of course, charged current loop corrections are also
necessary to explain the Ki — Ks mass difference, CP violation, etc. In the future,
one hopes that rare 6 decays and t physics will add to our knowledge of the charged
current sector and provide powerful new tests and constraints for new physics.

In its weak neutral current sector, the standard model is now starting to be
tested at the quantum loop level. Indeed, sin2 dip has been determined with a
precision of about 2% (if mt & lOOGeV). That determination represents a world
average of many diverse experiments which span Q2 from 0 to m | . It sets a
new standard that individual experiments should strive to attain or surpass. In
that regard, we can expect high precision measurements of sin*0w via mw, v —
e scattering, atomic parity violation, and polarization asymmetries. Of course,
anticipated measurements of mz at SLC and LEP have the potential to determine
sin2 &w to ±0.0001, but only if the radiative correction Ar is known.

The comparison of mz or mw and deep-inelastic v^N scattering already probes
the standard model at the loop level. That sensitivity bounds mt (;S200GeV) and
constrains new physics such as additional Z' bosons, etc.

Potential neutrino mass and mixing effects were also surveyed in these lec-
tures. Unlike most of elementary particle physics, probing for such effects requires
low energy and/or long distances. The subject of neutrino oscillations offers ex-
citing challenges for laboratory experiments, astrophysics and cosmology. At the
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laboratory level, long distance oscillation experiments, particularly searches for
PM —> vT appear to be well motivated and timely. Solar neutrino experiments may
also teach us about exotic neutrino properties. There, the MSW effect offers such
elegance, that it is hard to imagine that nature didn't use it. Finally, supernovas
may one day become our best neutrino laboratory. Indeed, neutrino astrophysics
may become a window to cosmic effects never before observed.

The coming years should be very exciting. The CERN and Fermilab pp col-
liders will study W± and Z properties while exploring a new energy regime which
may have many surprises. The e+e~ colliders at SLAC and CERN will collect mil-
lions of Z decays. Those efforts will be complemented by precision measurements
and searches for rare decays at lower energy facilities. Finally, the proposed high
luminosity 40 TeV pp collider SSC would open up a whole new frontier. It would
probe physics at the multi-TeV level and have the capability of finding the elu-
sive Higgs scalar or whatever physics takes its place. I look forward to surprises
and puzzles that will arouse our scientific creativity and guide us closer to the
"ultimate" standard model of nature.
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