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Dynamical symmetry breaking by fermion condensates is assumed to be the source of gauge-
boson masses in the SU(3)~ X SU(2)L X U(1) model. For the minimal case of tt condensation alone,
the predicted m, ranges from about 98 to 450 GeV as the scale of "new physics, " responsible for
m„A, goes from ~ to —1 TeV. The lighter values, m, -200 GeV, all correspond to "great desert"
scenarios with A mph k —2X 10' GeV. Including a fourth generation of fermion condensates can
lower m, . In the case of maximal t-t' mixing, we find m, =m, =(&3/2)mb with m, ranging from
about 90 to 250 GeV, and m, =140 GeV for A = 10"-10' GeV. For smaller mixing, m, is lowered
and m, approaches m&. We speculate as to how, using strong-coupling unitarity conditions, one
might have m, &200 GeV with A far below mpi, „,k. Phenomenological constraints and conse-
quences are also discussed.

Experimental searches have so far failed to discover
the top quark. Recent results from CERN and Fermilab
indicate m, ~ 60 GeV and that bound could soon rise to
-90 GeV when the Collider Detector Facility (CDF) at
Fermilab analysis is complete. Why is the top quark so
heavy relative to all other known fermions? Is nature
telling us that there is something special about the top
quark?

Recently, a number of authors' have speculated that
the large top-quark mass may be a signal of dynamical
symmetry breaking via tt condensation. In such a
scheme, some as yet unknown dynamics spontaneously
breaks the SU(2)I XU(1) symmetry by providing the top
quark with mass. That mechanism gives rise to Gold-
stone bosons in the pseudoscalar tb, %t, and tt channels
which become the longitudinal components of the 8'*
and Z bosons and endow them with mass. An attractive
feature of such a scenario is that one can predict m, in
terms of the known gauge-boson masses and couplings.
The prediction is, however, sensitive to the scale of "new
physics, " A, responsible for m, . As we shall see, m,
ranges from about 98 GeV all the way to roughly 450
GeV (the perturbative unitarity bound) ' as A goes from

to —1 TeV. However, as recently emphasized by
Bardeen, Hill, and Lindner, there is a region of
rather stable predictions m, =220-230 GeV for A in the
superstring —grand-unified-theory (GUT) regime
10' —10' GeV. So, determining m, may provide a win-
dow to the physics of very short distances. Of course, in
such a minimal picture, there is an assumed "great
desert, " i.e., no new physics between m, and A (modulo
physics associated with the top quark), a bleak prospect
for high-energy physics at accelerators. It implies that
discovery of the top quark and study of its properties (in-
cluding bound states) could mark the last hurrah or final
frontier until we learn how to probe distances of 0 (1/A).

If there is a "great desert" up to 10' —10' GeV and
m 7 220—230 GeV, the top quark wil 1 not be directly
discovered until the Superconducting Super Collider

(SSC) turns on (more than a decade from now). In the
meantime, we might discern m, from high-precision mea-
surements of electroweak parameters. We, subsequently,
discuss that possibility.

Before starting our analysis, let us comment on recent
considerations of tt condensation as the source of dynam-
ical symmetry breaking. Two groups, Miransky, Tana-
bashi, and Yamawaki (MTY) and Bardeen, Hill, and
Lindner (BHL), have suggested a specific mechanism for
self-consistent top-quark mass generation, a gauged
Nambu —Jona- Jasinio model with four-Fermi interac-
tions. The four-Fermi interactions are assumed to be
effective manifestations of some "new" more fundamental
interactions at short distances 1/A. We, on the other
hand, have kept our approach fairly general, i.e., not tied
to a specific top-quark-mass-generating mechanism, and
advocated use of the renormalization-group equations to
circumvent unknown dynamics. We have, however, not-
ed that the predicted m, is quite sensitive to A, the scale
of "new physics" and given a prescription for estimating
its effect. We later compare that prescription with the
BHL compositeness condition which identifies A with the
scale where the effective Yukawa coupling of the top
quark blows up. We remark that the Nambu —Jona-
Lasinio model is a very interesting and instructive ap-
proach for sorting out the physics without specifying the
dynamics. In that regard, it is similar to the ordinary
Higgs mechanism, but in some respects has more predic-
tive power. It shares, however, with the Higgs mecha-
nism the problem of quadratic divergences (cut off by A).
As such, a hierarchy problem exists when A is very large
and a fine-tuning is required. A possible way of reducing
A while keeping m, &200 GeV is to introduce a fourth
generation of fermions. That possibility is demonstrated
in this paper.

Our intention, then, is to first elaborate and extend our
earlier study of dynamical symmetry breaking via
renormalization-group equations, and apply that analysis
to determine m, for different A. We compare our results
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d 4 3
p K, (p)= —K, —a3 — K,

dp K 2'

(no pointlike 0++ tt ) . (3)

Which of these is relevant depends on the underlying
dynamics. If A is not very large in comparison with m„
the 0++ Higgs-type bound state is less likely to be point-
like. Instead, it may be a broad resonance similar to the
o of light-quark @CD with mass O(A) and should not be
necessarily included in the evolution of K, (p). On the
other hand, for A very large, it is more likely that a very
tightly bound 0++ tt state mimics the fundamental Higgs
scalar and Eq. (2) is more relevant. Our reasoning is

with the approach of BHL and draw insight from their
physical picture. For the case of a relatively small A, we
propose a constraint for determining A based on the re-
quirement of perturbative unitarity. Since, as em-
phasized by MTY and BHL, m, =220-230 GeV is the
natural scale for the minimal "great desert" model with
A=10' -10' GeV, we take this opportunity to comment
on low-energy m, constraints and future precision elec-
troweak measurements necessary to pinpoint m, (assum-

ing no other "new physics") from loop effects. We also
speculate that very large m, may not be ruled out, if
"new physics" associated with A partially screens the top
contribution. Finally, anticipating that m, may turn out
to be &200 GeV and preferring to reduce A (if only be-
cause we find "great desert" scenarios up to near the
Planck scale depressing), we examine the effect of a
fourth generation of fermions. We show why m, is gen-
erally reduced for a given A ~

mp~ g and describe how A

may be reduced far below the Planck scale, perhaps even
down to SSC energies for m, & 200 GeV.

We begin by reviewing results from our previous work
relevant for the present discussion. There it was shown
that the renormalization-group equation for

az(p) m,'(p, )
K)(P, )—:

m~(u)

with a2(p)—:gz(p)/47r the running SU(2)L gauge cou-
pling, provides a convenient means to study the relation-
ship between m, and m ~ without specifying the underly-

ing dynamics. It also avoids issues about gauge depen-
dence. Two cases were considered. In the first case,
effects of a Higgs scalar (or for this discussion, a very
tightly bound pointlike 0++ tt state} were included in the
evolution equation for K„while in the second case, they
were omitted. The two cases correspond to effective
linear and nonlinear cr models at scales &(A. Ignoring
light fermion masses and electroweak loops, one finds, for
the effective o model in leading-log approximation,

T

d 3, 4 3
p K&(p)= K& K& a3 K&

dp
' 4~ ' ' ~ 2m.

J

(pointlike 0++ tt ) (2)

with a3 the SU(3)c gauge coupling of @CD, while, in the
nonlinear case,

based on perturbative unitarity arguments ' for
t+t+~ WL+W'I or ZL ZL scattering amplitudes (sub-
scripts denote polarization). Perturbative unitarity in the
zeroth partial-wave amplitude will be violated before
&s =A if

(4)

(6+=1.16637X10 GeV ) unless a Higgs-type 0++
state or some equivalent physics cancels the bad large-s
behavior. So, if A ~ 5 TeV, we expect the pointlike 0++
tt bound-state scenario described by Eq. (2) to be more
plausible. Within the framework of the four-Fermi
gauged Nambu- Jona-Lasinio model, BHL have
(effectively} argued that the 0++ tt contribution in (2}
should be included, and that up to =A it acts just like an
ordinary fundamental Higgs scalar, with Yukawa cou-
pling -QK, to tt. Given that we primarily consider very
large A and the persuasive nature of the BHI. argument,
we will assume throughout the rest of this paper that a
tightly bound 0++ tt state does contribute as in (2). The
effect of decoupling the 0++ is discussed in Ref. 3.

We can get a nice closed-form solution to (2) by em-

ploying

d

dp

dK]

d CK3

(Sa)

p, a, = — (11 ~4n )a3,
dp 2' (5b}

where for p, &m„ng=3, the number of generations.
That converts Eq. (2) into a first-order hotnogeneous non-
linear differential equation,

7 dK] 9 4
2m. da 4m

which admits the general family of solutions

2
Ki(P )=

9 a3 (p) —C

(6)

(7a)

a3 '(p)=a3 '(m, )+ ln(p/m, ) (7b)

2 a3"(I )
K, (P)=—

9 1/7( ) 1/7( A )
(8)

with C an arbitrary constant. Specifying C will deter-
mine m, via the value of K, (m, }. In Ref. 3, no commit-
ment to any "new physics" was made and the infrared
stable solution C =0 was advocated. (It leads to m, =98
GeV. ) However, as stated there, it appears unlikely that
QCD (or any other standard-model interaction) can cause
symmetry breaking at the electroweak scale =250 GeV;
so one seems forced to assume that some as yet unknown
"new physics" gives rise to m, which in turn generates
8'* and Z masses. To study the effect of "new physics"
at scale A, the fermion loops responsible for 8'* and Z
mass generation were computed with a sharp cutoff at the
"new physics" scale A. That prescription gave
C =a3/ (A) in (7a), i.e.,
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It is easy to understand the zero in the denominator.
The running 8' mass is obtained from (including the
0++ tt effect)

, a2(p)&', (p')
m ( )= dpw I —8~, P q+&2(

and iterate using

a3 (m, )=a3 (mw)+ ln(m, /mw)
—] 23

6~

a2 (m, ) =a2 (m w)+ ln(m, /m w),
—1 —1 25

12m.
(14)

Kt(jl) (10)

Requiring K, (A)= —', (i.e., saturate the unitarity bound)
rather than Do should be more reliable in a perturbative
approach; so we use it in our subsequent discussion. The
difference is most important for relatively small A. To es-
timate m, as a function of A we employ

a,'"(m, )
K(m, )=—

9 a3 (m, ) —C(A)

where C(A) is determined by the unitarity bound

a3 (A)
K(A}=—=—

9 a' (A) —C(A)
As input, we take

a3(mw) =0.107,

a2(mw) =0.0340,

mw-—80 GeV

(12}

(13)

where X,(p } is the top-quark self-energy. If we apply a
sharp cutoff at p =A, then m w(p) must vanish at ill =A

because there is no available phase space. That translates
into K, (A) blowing up and the form in (8}.

In the limit A~Do, Eq. (8) goes into the C =0 solu-
tion, because asymptotic freedom requires a3(ao)=0.
However, the small exponent —,

' makes Eq. (8) quite sensi-

tive to A. One should, therefore, view C =0, which cor-
responds to m, =98 GeV as an approximate limiting case
in which "new physics" either plays no role other than to
generate m, or is effectively pushed to A= 00. Since finite

A increases m„98 GeV is an approximate minimum
value above which consideration of dynamical symmetry
breaking of the electroweak symmetry becomes interest-
ing. Alternatively, one may view the range of m, corre-
sponding to A extending to 00 as a measure of the uncer-
tainty from "new physics" effects.

At this point it is useful to compare our constraint on
A as embodied in Eq. (8) with the BHL condition.
Those authors define A to be the scale at which K, (p),
their effective Yukawa coupling, blows up, the same as in
(8). They arrive at that condition, however, in a much
more formal manner by considering the effective poten-
tial of a gauged Nambu-Jona-Lasino model. The blow-

up of K, (p) indicates strong coupling which is generally
an indication of a new-physics threshold. ' Using per-
turbative P functions to evolve couplings into a strong-
coupling regime, however, can be dangerous and some-
times misleading. It has, therefore, been recently suggest-
ed that one use perturbative unitarity bounds on cou-
plings rather than their blow-up as an indicator of the on-
set of strong coupling and "new physics. " For the case of
tt ~tt scattering, that constraint becomes

mw(m w[ 3 3(mw ]

Also, to get the physical mass, we finally multiply
m, (m, ) by 1+—3a3(m, )/m. That procedure misses the
electroweak leading logarithms and, of course, neglects
higher orders. We expect electroweak leading logarithms
to increase' our m, values by about 4%. Using the
above prescription leads to predictions for m, that range
from 98 to about 450 GeV as A goes from 00 to —1 TeV.
For A=10' -10' GeV, we find m, =214-202 GeV.
That result is about 17 GeV below the BHL result
231-220 GeV for the same range of A. At least part of
the difference, about 6 GeV, stems from different input
parameters and about 4 GeV from our use of the pertur-
bative unitarity condition. The remaining 7-GeV
difference is consistent with our neglect of electroweak
leading logarithms and approximate iteration scheme.
One might, therefore, increase our m, values by about
4% or fold that effect into the higher-order uncertainties.

Even stretching the uncertainties, it appears that m,
cannot be brought much below 200 GeV for A~10'
GeV, as long as we assume a "great desert. " (Higher-
order effects are likely to increase m„but we have not
undertaken a complete calculation. ) Of course, the "new
physics" beyond A could always decrease m„but we
need a complete theory to address that possibility. How
does m, ~200 GeV compare with indirect phenomeno-
logical bounds on m, coming from loop-induced m, -

dependent radiative corrections? The tightest bound, '

m, &200 GeV at 90% C.L., comes from global fits to
weak neutral- and charged-current data along with
gauge-boson masses. Those quantities exhibit
0 (a2m, /mw) corrections due to weak isospin breaking
in the 8' and Z two-point function from the t-b mass
difference. ' For very large m, =300—450 GeV, it seems
difficult to ignore that bound. A possible loophole is
compensating loop effects that partially cancel or screen
the large m, -dependent effects. Such a scenario is plausi-
ble if additional low scale new physics enters or if A is
not very large such that "new physics" associated with it
does not decouple.

For very large A, one expects the usual perturbative
loop corrections to carry over to the dynamical-
syminetry-breaking case. (Unless some other additional
physics &(A comes into play. ) A specific realization of
that point has been given by BHL. They showed how
within the framework of the gauged Nambu —Jona-
Lasino model with very large A, top-quark mass correc-
tions to the p parameter' were equivalent to those com-
puted with a standard Higgs mechanism, i.e.,
bp=(36F/8&2&)m, . So, for A very large one expects
the usual bounds on m, to apply. Of course, as em-
phasized by BHL, m, (200 GeV is only a 90%-C.L.
bound which extends to about 230 GeV at 95% C.L.; so,
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it is much too premature to dismiss m, values in the

200—250 GeV range. In fact, this new "great desert"
scenario with A 10' GeV should provide a strong in-

centive to push low-energy weak parameter measure-
ments such as sin 8~, p, m z, , and mz to the highest pre-
cision possible to uncover a hint of m, ~ 200 GeV.
Indeed, if that idea is correct, it implies lean years ahead
for high-energy physics. The SSC is the only approved
project capable of finding and studying a top quark with

m, ~200 GeV and it is at least a decade away. In the
meantime, top-quark physics could be indirectly studied
(inferred) from small loop corrections to mz, ms„sin
0~, and p. Already mz measurements have reached high

precision, '

mz =91.11+0.23 GeV Mark II,

mz =90.9+0.3+0.2 GeV CDF,
(15)

and the errors will drop much further when CERN LEP
gets data. What is now needed is a measurement of a
second parameter with precision at least comparable to
(15) which can be compared with mz. For m, =200
GeV, one needs a measurement of m~ to about +100
MeV or sin 8~ to 1% to infer the value of m, to about
+15 GeV. Such measurements are possible, but they
must await new initiatives such as the D0 detector at Fer-
milab, LCD at LAMPF, polarization asymmetry mea-
surements at the SLAC Linear Collider (SLC), etc. One
could also directly try to measure p by mounting a new

round of high-precision deep-inelastic v „N scattering
experiments. To determine m, to 15 GeV would require
about a 0.2% determination of p. We might comment
that for m, =230 GeV one expects' [based on (15)]
m~=80. 8 GeV and sin 8~ =—1 —m~/mz=0. 213. The
latter value is in slight conflict with the present world
average from deep-inelastic v„N scattering, "

sin 8a =0.231+0.003+0.005 (v„N data), (16)

which when combined with (15) favors m, =100—120
GeV (with large uncertainties). Of course, as emphasized
by BHL, it is premature to rule out m, =230 GeV on the
basis of such indirect, less-than-overwhelming evidence.
If sin 8~ =0.231 as suggested by (16), one expects
m~=79. 9 GeV. It will be interesting to see whether the
ongoing CDF determination of m~ favors 80.8 or 79.9
GeV. At present, their central value is 80.0 GeV, but the
large error =+0.7 GeV makes the result inconclusive.

Information about m, can also be inferred' from
loop-induced flavor-changing neutral-current processes
such as K&~p+p, K+ —+m. +vs, etc. Unfortunately,
uncertainties in the CKM quark mixing matrix and in
some cases hadronic effects make a precise determination
of m, dii5cult. Nevertheless, in a few years, global stud-
ies of rare decays and CP violation in the kaon system
should be able to discern a heavy m, effect, particularly if
m, R200 GeV (barring screening from new physics).
Similar comments apply to 8 decays and oscillations
which may ultimately be our best indirect probe of top-
quark physics.

What if m, is found to lie in the range 90—180 GeV,
the approximate discovery potential of Fermilab s pp col-
lider? Within the dynamical-symmetry-breaking picture,
that range could be accommodated in many ways. One
could effectively push A &&10' GeV perhaps by arguing
that the "new physics" does not introduce a sharp cutoff
or suggest larger uncertainties in the calculation (if rn, is
not too far below 200 GeV). Another possibility is to in-

troduce additional low-energy physics, i.e., eliminate the
"great desert" hypothesis. There are, of course, many
ways to populate the desert. The simplest, albeit least im-
aginative possibility, is to introduce a fourth generation
of fermions with condensates which also contribute to
8'* and Z mass generation. In general, one might expect
that the more condensates there are, the less their indi-
vidual contribution need be and one can get away with
smaller fermion masses. There are a number of interest-
ing new-physics possibilities suggested by such a
scenario. The remainder of this paper will discuss some
generic features of a fourth generation and its possible
role in dynamical symmetry breaking.

One could use the fourth-generation condensates t't '

and b'b ' (along with perhaps the charged lepton LL)
alone to produce 8' and Z masses. Solving the coupled
renorrnalization-group equations for K,. and K&., one finds

(neglecting electroweak corrections and all other fermion
masses and mixing)

a24/17(+ )
b' P'

lg a7/17( ) a7/17(A)Qg P Qg

where, for p & m, ,

a& (p) =a~ (m, )+ 1np/m,

and the perturbative unitarity constraint is now '
Kt

from a coupled-channel analysis.
Naively, for A-+Do, one expects by comparing (18)

with (7a) an increase by &7/4 over our previous m,
analysis. However, for finite A that is modified because
of the slower running of az and the larger exponent —,', in

(17}compared with our previous —,'. In other words, the

prediction is less sensitive to A. For A.= Oo, one expects
m, =mb =128 GeV. That value increases to about 190
GeV for A=10' GeV (Ref. 16}. For A as low as 1 TeV,
one finds m, =m& ——350 GeV, the unitarity bound.
However, because the t'-b' mass difference is small, they
do not upset low-energy phenomenology (unless they
have significant mixing with the other generations) even
for very large masses: -350 GeV.

Given that, for a wide range of A, m, . and m& are pre-
dicted to be not much larger than our expectations about
m, (from experiment), it is unrealistic to leave the top
quark out of the analysis. Instead, we consider the cou-
pled renormalization-group equations for K„K, , K&, and

Kg. (We subsequently neglect ~z .) Again ignoring elec-
troweak effects and light fermion masses, one finds
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K, Kb
sin 8

C2

with

dK,
a3

6m da3
(21)

d = 3
p K] &g

4—a3 — (3K, +3K, +3Kb +KL }
2~

K]~ Kb~
cos 8

C2 C2

(For a more complicated effective scalar sector sin 8= —,
'

will not in general be required. )

Following our above prescription, m, is found from the
general solution

4 1—
Kg

—a$ — (3Kg+3Kg +3Kb+KL )
2m

Q24/17( )

33 a', "(p)—C(A)
(22)

3 K&

P Kb~ = Kb

drab

4~& c,
Kt'

C2

K]
cos 8— sin 8

c)

(19)

K, ~
—,
' (unitarity bound) . (23)

If we require that K, (p) blow up at A, then C(A}
=a3/' (A). If instead we use the requirement of partial
wave unitarity in tt ~tt to determine at what strength
strong couplings begins, we find (approximately)

4 1
Kb

——a2 — (3K, +3K,.+3Kb.+Kq )

d 3
Il KI. = +KL, (3K, +3K, +3Kb +KL ),dil 477 c3 27r

where 8 is the mixing angle between the third and fourth

generations. (It may have its own renormalization-group
equation. ) The c, , i =1,2, 3 are the relative weights of
different scalar and pseudoscalar contributions (including

Goldstone bosons) with c, +c2+c2=1. In general, the

c, -dependent terms in (19) may be much more complicat-
ed; however, to ascertain the structure of those terms
more precisely requires knowledge about the fermion-
mass-generating dynamics. We do not address that issue.
A symmetric scenario, c, =c2= —,

' and sin 8= —,
' seems

natural. That situation is analogous to a two-Higgs-
doublet model with equal vacuum expectation values. '

However, depending on the effective potential, there
could be even more (or less} scalars and low-energy pseu-
doscalars and a more complicated pattern of couplings to
fermions. For simplicity, we will take c, =c2=—,', c3=0
and assume the form in (19). The general features of our
results are not terribly sensitive to that assumption, ex-
cept that it naturally leads to large t-t' mixing.

To simplify the analysis, we neglect ~L. That seems
like a valid approximation, since L carries no color and is
thus only about 1/&3 as effective as the quarks for pro-
viding 8'* and Z masses. Also, if we use the BHL condi-
tion that the underlying dynamics of mass generation at
A requires all large Yukawa couplings to become strong
at A, then ~L at low energies should be relatively small
since it has no QCD interactions (only QFD) to keep it
from growing. (Including KI would reduce our subse-
quent predictions for quark masses but not significantly. )

If K~, K~, and Kb. are all to become strong (diverge) at
the same A, independent of A, then a consistent solution
to (19) is given by (for c, =c2 = —,

' )

K] —K] —4K& with sin 8= —,
'

One can understand an extra factor of —,
' in (23) by think-

ing of a two-Higgs-doublet model with equal vacuum ex-
pectation values v. Since both give mass to the 8'* and

Z, each v is 1/+2 times the one-Higgs-doublet case. To
compensate, a fermion of given mass which couples to
only one doublet must have a larger Yukawa coupling by
1/2. So, Yukawa couplings in multi-Higgs-doublet mod-
els are larger and unitary bounds on fermion masses thus
more constraining. The extra factor of —,

' can be impor-

tant for relatively small A considerations. As an illustra-
tion, we take c, =c2= —,

' and fix C(A) by saturating the

unitarity bound at A in (23):

&24/17
( A )

a ' {A)—C(A}
(24)

m, =m =140 GeV, m&, -160 GeV

mL -80 GeV .
(25)

Using that condition, one finds that m, ranges from about
95 to 250 GeV as A goes from oo to —1 TeV. The scale
of "new physics" could be well below the GUT scale, and
we can easily get m, ~ 200 GeV. For enlarged more gen-
eral effective scalar sectors, and a more constraining
coupled-channel unitarity bound, one might even bring A
down farther and avoid even a "small desert. " Perhaps A
could even be reduced to a scale accessible at the SSC.

Assuming that the GUT-superstring domain 10' -10'
GeV is the scale A of "new physics, " we find m, =140
GeV, an interesting region. For large A, that prediction
is rather stable with respect to changes in the effective

Higgs sector. With regard to the heavy charged lepton,
we venture a "guess" based on the form of the
renormalization-group equations at large scales that
KL 5 K, /3 =Ki, /4.

Inclusion of ~L in the renormalization-group equations
then lowers m, by less than 4%. Therefore, in the case
A = 10' —10' GeV, we expect, for maximal mixing,
sin 8

or

m, =m, =0.87mb (20)

If sin 8 & —,', we expect m, and mb to move closer togeth-
er while m, decreases. For no mixing, m, =mb. Of



224 WILLIAM J. MARCIANO 41

course, the specific masses in (25) are not as important as

the distinct pattern and range of values.
Even for near maximal mixing, one expects some split-

ting (at least several GeV} between t and t'. It would be
fun trying to untangle the simultaneous appearance of
two new charge- —', quarks with nearly the same masses

and mixing. The signal would be "top" production at a
hadron collider with twice the expected cross section via
glue-glue scattering.

In the case of low-energy phenomenology, the near de-
generacy of t and t' means (for large A) they act together
like top quarks at =140 GeV with no mixing. So, the
m, 200 GeV constraint is easily satisfied. Loop-induced
rare E and 8 decays are also essentially the same as for
the top quarks alone at = 140 GeV; however, there might
be interesting consequences for CP violation.

We find the idea of large (near maximal) mixing quite
appealing in that it may help explain why mb &&m, . The
large mixing may stem from the b-b' sector where mixing
interactions could increase mb, and send mb toward zero.
Note also, that large mixing could find its way into the
first and second generations. For example, one might
find V» ~ V» or V,& V,b in the 4X4 CKM matrix, a
rich source of new phenomenology. Of course, lack of
knowledge of the effective scalar sector prevents any real
prediction for sin 8.

A clear positive signal of the fourth generation would
be discovery of a fourth neutrino either in precision Z
width measurements or in e+e ~vvy. Also, since we

expect mI & m„ the heavy charged lepton may be found
at LEP II. In the above scheme, for large A, there should
also be several charged and neutral tightly bound spin-0
states that act much like physical Higgs scalars (pseudos-
calars).

In conclusion we have described two scenarios for
dynamical symmetry breaking. The first minimal version
employs tt condensation alone to break the symmetry. It
suggests that the top quark is likely to be heavy, ~200
GeU, for a "new physics" cutoff ~ 10' GeV. If the top
quark is in the 200—230 GeU region, that scheme implies
a "great desert" lies beyond the discovery of top and its
associated Higgs-type tt 0++ state; a depressing prospect.
Our second scenario includes a fourth generation with
charged lepton and heavy quarks near the top-quark
mass. It exhibits potentially marvelous properties such as
possible (near) maximal mixing and is rich in new phe-
nomenology without upsetting low-energy constraints on
m, . In that scenario, a "great desert" is also possible, but
only after the fourth generation along with its physics is
untangled. Of course, the minimal model requires only
heavy top quarks (and some unspecified dynamics at very
short distances}. We are almost certain that the top
quark exists and is heavy; so that scheme has much in its
favor. On the other hand, at present there is no hint of a
fourth generation.

Note added in proof. Recent precision measurements
of the Z width at SLAC and CERN appear to rule out
the possibility of a light fourth neutrino. A fourth gen-
eration with a heavy neutrino is still a viable possibility.
In the scenario described in this paper, one would then
expect m „=mI with both in the -70 GeV range.
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