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1. Introduction: '"Standard Wisdom"

A well-defined "standard view'" of the world of quarks and leptons
now exists. Much of it has been brilliantly confirmed by experiment.
Some of it is yet to be confirmed, but most of us believe that this is
just a matter of time. Beyond the "standard" picture, we face a long
list of cqucial questions, about which we know very little. The exciting
physics of the next decade will probably focus on these questions.

We devote this talk to a discussion of some of them,

The first generation of quarks and leptons is, undoubtedly, the
best studied. We know that the left~handed (u,d) quarks and (ve,e—)
leptons form doublets of the electroweak SU(2) x U(1) gauge group1
and that their right-handed counterparts are in singlets of the same
group.? We know that the quarks come in three colors and believe that
they interact with gluons, presumably acéo?ding to the rules of QCD.

We believe that W+, W and Z are the gauge bosons of the weak interactions
and that the weak and electromagnetic couplings are related by the

parameter sinze ~ 0.,23.

W
We also know that a second and, probably, a third generation of

quarks and leptons exist. All their known properties are consistent

with those of the first generation, but many experimental facts are yet

to be confirmed. The t-quark is still to be discovered, the b-quark

and T-neutrino are only indirectly "observed", the electroweak properties

of b are not known and even the right-handed ¢, s, pu and T are not fully

investigated.3 Nevertheless, it is very likely that they will all turn

out to reproduce the properties of the first-generation fermions.



The "standard" description then consists of three generations of
fermions (each containing two quarks and two leptons), and twelve gauge
bosons: eight SU(3) gluons and four SU(2) x U(l) electroweak vector bosons.
All their interactions are specified by the overall SU(3) x SU(2) x U(1)
gauge group. The free parameters of the theory include the masses of all
quarks and leptons, the generalized Cabibbo angles and the coupling

constants of the three gauge groups or, alternatively: a, ags sinzew )

So much for the "standard wisdom'.

2. The Generation Pattern: Unlikely Alternatives

The presently accepted pattern of generations has two independent
striking features:

i Within each generation, the pattern of quarks is very

similar to the pattern of leptons.

(ii) Each generation is similar to the other generations.

Each of these features leads to interesting implications. The first
suggests a profound connection between quarks and leptons. The second
indicates that the old e- u puzzle is now generalized into a puzzle of
apparently redundant generations of both leptons and quarks which, like
e and p, differ from each other only by their masses.

It is still possible, however, that the correct pattern is different.
For instance, we cannot completely exclude the possibility that each
generation actually contains, say, three quarks of charges 2/3, -1/3,
-1/3 (e.g.: u,d,b; c,s,h). This would break the quark-lepton similarity,

unless there are two charged leptons for each neutrino.




It is also possible that future experiments will show that different
generations have different structures. Higher generations may contain
more fermions or they may involve right-handed SU(2) x U(1) doublets,
et cetera. An even wilder possibility is the existence of "exotic" quarks
and leptons. These might include doubly charged leptons and/or quarks
with charges 5/3 or -4/3, and/or spin 3/2 quarks and leptons and/or
color sextets.

There is no experimental evidence or theoretical need for any of
the above suggestions. However, we should constantly keep an open eye
for any hints in such unconventional directions. While we do not
understand the pattern of identical generations, we at least have a
well defined puzzle. Any deviations from the standard pattern will

radically change our puzzle.

3. The Electroweak Group: Interesting Extensions of SU(2) xU(1)

The experimental evidence for the validity of SU(2) x U(l) as the
correct gauge theory for electroweak interactions is quite impressive.
We have no reason to doubt it. However, it is entirely possible that
some higher gauge group G provides a full description of the electroweak
interactions, and contains SU(2) x U(1l) as a subgroup. Those gauge bosons
of G which lie outside SU(2) x U(1), must be heavier than W+, W and Z.
All the present phenomenological studies of SU(2) x U(1) could then
remain essentially unchanged.

Do we have good theoretical reasons to go beyond SU(2) xU(1) ?
There are at least three such reasons and they are related to the three

obvious open questions of SU(2) x U(1):



(i) How (or why) is parity violated, leading to a very different
SU(2) x U(l) classification of left—-handed and right-handed
fermions?
(ii) What determines the value of sinzew which, in SU(2) xU(1),
remains a free parameter?

(iii) A third possible motivation might be to include different
-generations in one large gauge multiplet. We will return
to it in Section 8.

The question of parity is extremely interesting. There are two
rather simple "orthogonal" views. One possibility is that parity is
fundamentally broken at all momenta and distances. There is no energy
scale in which the electroweak interactions conserve parity, and there
is always a difference between the response of left-handed and right-
handed fermions to the electroweak bosons. This view does not explain
how or why parity is violated. It fits well with the apparent mass-
lessness of the neutrinos (without explaining it, of course). If this
approach is correct, there is no need to extend the electroweak group
beyond SU(2) x U(1).

The opposite view is that at very short distances and large momenta,
parity is actually conserved., The full electroweak group conserves
parity in the symmetry limit and is, therefore, larger than SU(2) x U(1).
Parity i1s spontaneously broken and its observed violation at present
energies results from the fact that left-handed and right-handed fermions
couple (with identical couplings!) to gauge bosons of different masses.

The viclation of parity is introduced via the mass spectrum of the gauge

bosons, and is triggered by the same mechanism which produces the fermion



and boson masses and the Cabibbo angles. The simplest group" which may
accomplish this task is SU(Z)LX SU(Z)R}<U(1). Its gauge bosons are

wE, z., wS, Z,, y. If we identify W= and Z, with the "usual" W

L’ L’ R’ R? L L

and Z, and if Wi, ZR are substantially heavier, the entire SU(2) x U(1)
phenomenology remains unchanged, except for small corrections. At the
same time, we have a parity comserving theory of electroweak interactiomns,
at energies well above the masses of WE and Zp. Present data place the
lower limit on these masses around 300 GeV or so. It should be interesting
to improve the accuracy of the "old" g-decay and u-decay parameters in
order to increase these limits (or to discover right-handed charged
currents), In such left-right symmetric theories, a massless neutrino
is-extremely»mysterious and somewhat unlikely. However — small neutrino
masses cannot be experimentally excluded.

We believe that SU(2)L><SU(2)Rﬁ<U(1) is an attractive possibility
and that its theoretical and experimental implications should be further
studied,

Our second motivation for extending the electroweak group beyond
SU(2) xU(1) 4is the desire to caléulate sinzew. Putting it more bluntly:
SU(2) xU(l) is not a true unified theory of electromagnetic and weak
interactions because it still has two independent coupling constants.

The simple solution to this problem would be to embed SU(2) xU(l) in a
larger simple Lie group which has only one coupling constant and,
therefore, determines sinzew. We refer to such a theory as "simple
unification" (as opposed to "grand unification" on one hand, and to

SU(2) x U(1l) on the other hand),



4., Simple Unification: An Attractive Idea Which Does Not Work

In order to find a '

'simple unification" scheme, we must seek an
electroweak gauge algebra G which has the following properties:
(i) G is either a simple Lie algebra or a direct product of

isomorphic Lie algebras having identical coupling constants.

In both cases all couplings are defined in terms of one

overall parameter.

(ii) G contains SU(2) xU(l). The gauge bosons of G which are
outside SU(2) xU(1l) are necessarily heavier than W+, W and Z.
However, there is no reason to believe that they are super-
heavy (say, 1015 GeV) and we assume that their masses are, at
most, a few orders of magnitude above 100 GeV (say, less than
100 TeV). 1In such a case, coupling constant relations
predicted by the gauge symmetry are likely to remain essentially
unchanged, when tested at present energies. (This would not
be the case if the additional bosons were superheavy, as they
are in grand unification theories.)

(iii) Since G is "only" unifying the electromagnetic and weak
interactions, G commutes with color SU(3). It, therefore,
cannot relate quarks to leptons.

The idea of "simple unification" is very attractive. It would

provide for a true and complete electroweak unification and would

uniquely determine sinze This could then be the starting point for

W

attempts to comnect quarks and leptoms or for schemes of unifying strong

and electroweak interactions.
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Unfortunately, simple unification does not work. It has been shown3>5
that, if all quarks have charges 2/3 and -1/3, simple unification leads
to sinzew = 3/4 or 3/8, in clear disagreement with experiment. Simple
unification also necessitates a pattern of quarks which is completely
different from that of leptons and leads to unpleasant flavor changing
neutral currents. Simple unification could conceivably be made to work
if the extra gauge bosons are superheavy. However, we do not know of
any reason to make such an assumption (as long as the strong interactions
remain unrelated).

The failure of simple unification teaches us an extremely important
lesson. It seems that a step-by-step approach may not work, while a

"catch-all" solution is more successful, It is likely that complete
unification of electromagnetic and weak interactions is more difficult
than strong-eléctromagnetic-weak unification. It also appears that our

t . 2 , . .
ability to calculate sin"6 . may depend in a peculiar way on the existence

W

and properties of the strong interactions.

5. The Strong Group: Unlikely Alternatives to SU(3)

We have rather convincing (although indirect) evidence for the
existence of three colors of quarks. We may be on the verge of obtaining
evidence for the existence of gluons (more precisely — gluon jets).
Quantum-Chromodynamics is far from being confirmed experimentally
(in spite of many unsubstantiated claims) and is even more further away
from being fully understood theoretically. However, it is a beautiful
theory, essentially without competition. The features of perturbative

QCD at high momenta are very attractive and are in qualitative agreement



with observations. The relevance of nonperturbative effects to the

question of quark and gluon confinement is less certain. In any event-—

color SU(3) as the gauge theory of the strong interactions appears to be

an extremely good bet.

Two unlikely, but interesting, variations should be kept in mind:

(1)

(11)

Color SU(3) may not be exact. It may be slightly broken,
-perhaps by the standard‘Higgs mechanism. This might provide
mass to gluons, with or without affecting their alleged
confinement. There is no experimental reason to suggest that
color SU(3) is broken. On the other hand, the notion of a
quantum number which can never be detected is perhaps
somewhat chilling.

It is also possible that color SU(3) is the exact gauge sub-
symmetry of a larger,.brokeq, gauge group. One candidate for
the larger group is SU(B)Lx SU(3)R with ordinary color SU(3)
as the "diagonal" subgroup.® There is some appealing analogy
between this "chiral color" and the analogous left-right
symmetric electroweak group SU(2)L><SU(2)R><U(1). However,
the overall case for chiral color is not very convincing, in

our opinion. We will return to it in Section 7.

6. Grand Unification: A Possible Quark-Lepton Connection

The analogy between quarks and leptons in each generation indicates

that they must be somehow related. There are, at least, two attractive

approaches to this problem:

(1)

Quarks and leptons may be composite states of the same set of

fundamental entities.’
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(ii) Quarks and leptons belong to the same multiplet of a large

gauge group which necessarily contains color SU(3), and
therefore unifies the strong and electroweak interactions.®

These two possibilities are not mutually exclusive. We find the
idea of composite quarks and leptons to be very attractive and we
discuss it in a separate publication.9 Here, we comment on the more
popular aﬁproach of grand unification of electroweak and strong
interactions.

The various motivations, the competing models and the resulting
predictions and theoretical problems have all been extensively discussed3»®
and will not be repeated here. We only wish to emphasize a few points:

(i) The choice of a grand unification scheme depends, among other
things, on the choice of the full gauge groups for electroweak
in£eractions and for strong interactions. Thus, if SU(5) is
the "final word," SU(Z)Lx SU(Z)Rﬁ<U(1) is excluded and parity
remains violated at very short distances. Similarly, if color
SU(3) is a subgroup of "chiral color", SU(3)L><SU(3)R, most
popular models are excluded. SU(5) and SO(1l0) are, respectively,
the most natural and simple candidates corresponding to the
two views of parity violation discussed in Section 3.

(ii) An attractive feature of grand unification theories is the

fact that the same "superheavy' mass scale is independently
calculated on the basis of two arguments. It can be estimated
both from renormalization considerations of the various coupling
constants and from the present experimental limit on the proton

lifetime. An unattractive, unexplained, feature is the emergence
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of two radically different mass scales (102 and 1015 GeV) for

the masses of gauge bosons. Even more unattractive and very
unlikely, in our opinion, is the notion that no new physics
s 2 15

arises between 10~ and 107~ GeV, and that one can freely
extrapolate over so many orders of magnitude. (The same
ratio exists between the sizes of a proton and a billiard
“ball. Lots of things happen there.)

(iidi) Most grand unification schemes do not address the pattern of

"gtandard"

generations. No known scheme can accommodate the
three generations in one multiplet. This is disappointing.

It may indicate, however, that the reason for generation
duplication is different from the reason for a quark—lep£on
connection. Grand unification may be the answer to the
quark-lepton similarity within a generation; It certainly
does not explain the pattern of repeating generatioms.

(iv) It may be possible® to achieve grand unification at energies
well below 1015 GeV. However, the predicted values of sinzeW
seem to be too high, as we show in the next section.

(v) It is customary to assign u, d, v,, e to one generation
and to one multiplet of SU(5) or SO(10) . However, in the
same way that the "partner" of u is really d' = d cos ec +
s sin ec, we may ask who are the partners of e in SU(5).
In general we should define new generation-mixing angles which
define the combination of u, c, t residing in the same multi-

plet with e , etc. Such angles are presumably small, but they

might influence SU(5) predictions of mass relations and provide
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additional proton decay modes such asu+ + wo. These angles
become additional parameters of the theory, on equal footing

with the generalized Cabibbo angles.

2
7. Calculating sin BW: The Only Available Test of Grand Unification

The only numerical prediction of grand unification models which
can be presently compared with experiment, and which does not depend on
detailed assumptions of the Higgs structure, is the calculation of
sinzew. Any model which follows the "standard wisdom" (see Section 1)

without adding new quarks and leptons, gives sinze = 0,375 at the

W
grand unification mass. This prediction suffers substantial renormaliza-
tion when we try to apply it to presently available energies, which are
thirteen orders of magnitude away. The calculation of these renormali-
zation effects is, by now, standard.l®? However, the final result depends
on the '"relatively low energy' subgroup of the specific grand unification
scheme. The phrase 'relatively low energy' refers to energies which

15

may be a few orders of magnitude above 102 GeV, but are far below 10

GeV. Consequently, the renormalization of sinZG is essentially accom-

W
plished between the grand unification mass and the "relatively low energy"
of the non-unified subgroup.

We may wish to consider the electroweak subgroups of SU(2) xU(l) or
SU(Z)L><SU(2)Rf<U(1) and the strong subgroups of SU(3) or SU(3)L><SU(3)R-

. . . . . 2
There are four combinations, leading to four expressions for sin eW:

(A) GEW = SU(2) xU(1l); GS = SU(3). This is the case for SU(5),

but also for larger groups provided they break down to SU(5). The obtained
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expression is:

sinze =

5
W t 9

A=

o
o
s

for a/as ~ 0.05 we get sinzew ~ 0.195,

(B) GEWE SU(,Z)LX SU(Z)RX U(); GSE SU(3). This is the case for
+
S0(10), provided that Wi and ZR have masses of order, say, TeV rather
than lOlS'GeV. In this case:
sin Bw = 17 + 3 % 0.27

g

Note that an SO(10) scheme with superheavy WR and ZR gives the result

in (A) above.

(9] GEW = SU(2)xU(); GS = SU(B)L><SU(3)R. This corresponds to

an extremely unlikely situation in which we have chiral color but no

left-right symmetry in the electroweak interactions. We find:

2 2 1
sin' 8. = = + 9 o

W 5 5T ~ 0.31

(D) GEw E SU(2)L><SU(2)R}<U(1); GS = SU(3)L><SU(3)R. This is the

case for the [SU(A)]4 scheme.® We obtain:

2 1 2
sin Bw 3 )

I
|
+
{
lp
2
o
)
~

It is clear that with the presently accepted value of sinzew ~ 0.23,
cases (C) and (D) are excluded. It is the failure of this prediction
which makes chiral color and early grand unification unattractive, in our
opinion. Cases (A) and (B) are both acceptable.

We must repeat, however, our general reluctance to relyrheavily on
calculations which are based on extrapolations covering thirteen orders

of magnitude.
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8. What Identifies a Generation?

We do not know the reason for the existence of three similar genera-
tions of quarks and leptons. The fermions in each generation respond in
an identical way to the gauge bosons of SU(3) x SU(2) xU(1). They differ
from each other by their masses and (not independently) by their couplings
to the Higgs bosons. What is the secret behind the existence of genera-
tions? Wﬁat defines them? Is there a quantum number which labels the
generations?

One possibility is thatleach generation is, in some sense, an excited
state of the first generation. If quarks and leptons are composite, the
first generation fermions may represent the ground state of some composite
system while the next generations represent higher excitations. However,
these are not spin or angular momentum excitations and they cannot be
radial excitations because of the relatively small mass differences
between generations, as compared with the necessary large mass scale
corresponding to the small dimensions of quarks and leptons. The
excitations must therefore be of something else, and we do not know
anything about it.

Another possibility is to suggest that there is a discrete 'phase"
symmetry or a U(l) symmetry which act differently on different generations.
This is a completely arbitrary hypothesis which explains nothing and is
not motivated by any theoretical idea. However, such an assumption,
together with simple constraints on the Higgs particles, leads to
interesting relations between quark masses and Cabibbo angles. We discuss

those in Section 10.



~14—

One may imagine that there is a "horizontal' gauge symmetryl! among
the generations. The overall gauge symmetry would then be SU(3) x SU(2) x
x U(l) xH, where H acts on the generations and its quantum numbers
label the generations. Such a scheme leads naturally to a duplication
of generations. The number of similar generations is the dimensionality
of the multiplet of H.

All horizontal models must yield flavor changing neutral currents.
The gauge bosons of H are, of course, neutral and they do change flavor.
Hence, they must be heavy. A particularly interesting experimental
quantity related to such masses is the width for KE - u—e+. If we assign
quantum numbers a1,8,,a4 to the three generations, respectively, the
simplest process which conserves this quéntum number and which involves
flavor changing neutral currents is KE > u_e+. The present upper limit
on the rate yields a lower limit of 30 TeV for the mass of the gauge
boson of H which connects the first generation to the second generxatiomn.

An interesting problem in horizontal gauge symmetries relates to
the hierarchy of generations. Can every generation transform to every
other generation by a gauge boson in H, or is there a hierarchy (e.g.,

only I <> IT and IT <> III transitions are induced to lowest order)?

The simplest examples of these two options would be H = SU(3) and

H= SU(2), respectivel&. The second possibility is more attractive, in
our opinion, because of the apparent smaller Cabbibo mixing of "distant"
generations (I and III). The SU(2)-group has another advantage: it has
no anomalies. However, no completely satisfactory horizontal model has

been proposed, so far.
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An even more ambitious approach would be to embed SU(3)X* SU(2)x
x U(1)x H (or Gx H, where G is a grand unification group) in an even
larger group, such that sll fermions belong to ome multiplet. This
seems to be impossible, if all generations have identical structure,
However, there may be some clever ways around this difficulty.

A lagt tool which might prove useful is the permutation symmetry
among generations, which is automatically contained in the Lagrangian
of the full QCD + electroweak theory, except for its Higgs sector.
This can shed no light on the generation pattern, but may be useful
in discussing the connection between quark masses and Cabibbo angles.

All in all, the generations puzzle is well defined but no

solution is in sight.

9, Quark Masses and Cabibbo Angles: The Framework

The standard electroweak gauge model envisages two logical stages
of development: In the symmetry limit all quarks and leptons are massless.
There is no difference between u and ¢, e and u, d and s. Cabibbo angies
are meaningless. All generations are equivalent.

The complete symmetry is then spontaneously broken, presumably via
the Higgs mechanism. Quark and lepton mass matrices appear. If we know
all the properties of all Higgs particles (their number, their representa-
tions, their vacuum expectation values, their couplings) we obtain mass

terms of the form:
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and similar expressions for d,s,b et cetera. The matrix Mg is the mass
matrix in an arbitrarily chosen basis Uys S tO' It need not be hermitian,
and it can be diagonalized by a biunitary transformation, yielding the

"physical' quark masses:

"y U

%
S8

M

J
%
U’U

. . . \ m

MU’ MD are diagonal matrices with eigenvalues mos M, mt and mys T, mb
. . 4 , . . _

respectively LU’ RU’ LD’ RD re unitary matrices. The standard general

ized Cabibbo angles are contained in the matrix:

c =L61LD
A complete knowledge qf the mass matrices ME, Mg determines all quark
masses and all Cabibbo angles (including the CP-violating ﬁhaselz).
A complete understanding of the Higgs sector of the theory (or of what-
ever is the responsible mechanism for generating the masses) is necessary
for a complete knowledge of the mass matrices.

In the absence of a convincing theoretical description of the physics
behind the mass matrices, we are reduced to simple '"games" with mass and
angle parameters. If the correct number of generations is three, we have
six quark masses and four angle parameters.3 Hence, if the mass matrices
Mg and Mg can be expressed in terms of less than ten parameters, relation-
ships among masses and angles must follow.

Note that if we perform the same unitary transformation on Mﬁ and

Mg, no physical parameters change. This would only amount to a redefini-

tion of our original arbitrary quark basis, Consequently, the number
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of physically meangingful parameters in Mg and Mg is smaller than would
originally appear.

But why should we believe that there are mass-angle relations? A
complete theory should probably enable us to calculate all quark masses
as well as all angles. However, even if all quark masses are accepted
as god-given parameters, one may argue that the angles should be expressed
in terms gf the masses. The argument runs as follows: certain low-energy
quantities such as the Kg-KE mass difference and certain other weak
amplitudes, are increasing functions of the masses of their intermediate
quark lines (e.g., AMKO has a term proportional to mi, et cetera). It
is extremely unlikely that such low-energy quantities would dramatically
change if the mass of the heaviest quark is changed. There is only one
way of avoiding this and it is physically very attractive. If the squared
Cabibbo~like angle connecting a heavy quark of mass mQ to the lightest
quarks is inversely proportional to m., the contributions of m.Q to, say,
AMKo, would always remain small, regardless of the value of mq. While
we cannot express this argument in a general and rigorous way, we believe
that it is essentially correct. It leads to two interesting conclusions:
the elements of the generalized Cabibbo matrix must depend on the quark
masses, and the off-diagonal matrix elements should be small (actually —
if there are many generations, elements of the Cabibbo matrix which are
further away from the main diagonal must be smaller).

These considerations lead us to suspect that relations among quark
masses and Cabibbo angles may be derived by making relatively naive

assumptions, even without a profound understanding of the generation

structure, Many such attempts have been published.w’l'+ We now discuss

an interesting exercise of this nature.
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10. An Interesting Quark Mass-Matrix

An amusing exercise may teach us several interesting lessons
concering the quark mass matrices. Let us assume that the electroweak
group is SU(2)L><SU(2)R><U(1) and that the quark mass matrices Mg, M%

are real. (The latter assumption is made only for the sake of simplicity.

~

A} 1 P O I T Sy L e
W

maxr 2 T mdenne N T £ Tmmne 2l 2t~ £..1 - 4
A 1L l1ldLEer.) LU S -ledl LlldL LIil€ Lull gdupe—ilivdl.idllu

[1¥]
1]
=
[
l—-l
l_.l
Ia]
[}
'.-.l
o
i

Langrangian (excluding the Higgs sector) is invariant under permutations
among the different generations. In the case of n generations, we have
a discrete SanSnR symmetry. We now allow a completely arbitrary
"phase symmetry", which may be discrete or continuous, such that each
generation of quarks transforms into itself, times a phase factor.13

ini

4 > e q;

where i is the generation number and ny is arbitrary, Such an arbitrary
symmetry may or may not distinguish between some or all of the generations.
Each Higgs field presumably has well defined properties under our abritrary

"phase symmetry" :

where, again, Xj is arbitrary. Yukawa couplings will, or course, be
allowed, only if they are invariant under the ''phase symmetry". If two
or more generations remain indistinguishable by their n;, we assume that
their Yukawa couplings possess the residual permutation symmetry among
them. Finally, we assume that the total number of Higgs multiplets
which couple to quarks is, at most, two.

This set of assumptions is, of course, quite elaborate and arbitrary.

It represents however, a "phenomenological" approach to the question of
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identifying the generations, It is quite general in the sense that many
published models!3® are specific cases of our exercise,

Based on the above assumptions, we may now try to construct all
possible mass matrices. It is clear that in each case we either have
vanishing matrix elements (because of the "phase symmetry") or we have
relations among matrix elements (because of the permutation symmetry) .

A careful‘study of all possible cases shows that there is a surprisingly
small number of solutions. If we ignore "trivial" solutions (i.e., those
in which at least two quark masses or at least one angle or the trace of
the mass matrix vanish) we can prove15 that there is an essentially

unique form of the mass matrix.

. o 0
In the case of two gemerations, Mﬂ and Mb must have the forms:13

0 x; 0 XD\
t v I/

While in the case of three generations there are two solutions. The

first solution ig:13
0 Ay 0§ 0 Ay 0
° = 0 B ° = 0 B
My = A& v |3 M Ap D
0 BU CU 0 . BD CD

with:

RS
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The second solution is:13

Sas
g°
o
Jd%
5
o

0 Y, Z 0 ¥y Zy
with: -
X
Wooh oo
: -
Yy o) Zy Zy

If we relax the assumption of real mass matrices, the only added

complications are some arbitrary phases in the mass matrices. In the

case of two generations we obtain one prediction:13

}d is u
arc tan g- + e arc tan -
c

where 8 is an arbitrary phase and the quark labels denote their masses.

Using the standard "current-quark' masses, this yields:

9° <8 < 16
C

(o}

In good agreement with experiment (GC = 13°). 1In the case of three

generations we get from the first solution:!3

uct dsb

(u-c+t)3 (d-s+b)3

/é_ L o1 /5
S C

61 = ec ~
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where 8,r are arbitrary phases and we assume u << ¢ << t, d << s << b.

D
W

2 .
<D|,_,
e

These expressions give:

o

m_ ~ 13 Gev, 8° <o, < 28°, 2°<p, < 8°

t 2

All of these predictions are consistent with the present bounds on the
relevant parameters.3 The second solution in the case of three generations
predicts that in the limit of mo, Mo> e, the Cabibbo angle 61 = ec
vanishes while for mo, My > 0, the mixing between the second and third
generations vanishes. We consider this an extremely unattractive feature.
In contrast, the first solution gives a value of Gc which does not depend
at all on m s m and the mixing between the two higher generations is
unaffected if Mmoo my + 0. We therefore discard the second solution and
suggest that both for two generations and for three generations there
is a unique solution. The solution has several attractive features:
(i) Each»angle is inversely related to the mass of the heavy
guark which it mizxes,
(ii) The three-generations solution joins smoothly with the two-
generations solution, both for m, M + o and for mos My + 0.
(iii) The form of the mass matrix can easily be generalized to the
case of an arbitrary number of generations, while keeping the

above two features intact.
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While the assumptions which led us to the derivation of these mass
matrices are arbitrary and unsatisfactory, it is entirely possible that
the matrices themselves are approximately correct. In fact, many authors,13
starting from many different (and always arbitrary) sets of assumptions,
have "derived'" the same forms of matrices. Our more general derivation
explains why such different starting points always lead to the same
conclusions. However, we believe that, so far, neither we nor anyone else
has shed any light on the question of identifying the physical differences
among the generations.

We may have some correct relations between quark masses and Cabibbo

angles, but we are far from understanding the generation structure.

11, Some Open Questions and Some Prejudices

We conclude by listing some of the central open questions of the
world of quarks and leptons.

Are quarks and leptons related to each other?

Are the higher generations some kind of excitations of the

first genmeration?

Is parity conserved at very short distances?

Are quarks and leptons composite?

Are there relationships among quark masses and Cabibbo angles?

We suspect that the aﬁswers to all of these questions are in the
affirmative, but we are far from fully understanding any of them,

Other open questions involve the number of generations, the possible
existence of "exotic' quarks and leptons, the absolute conservation of
quantum numbers such as baryon number, lepton number and color, the
calculation of sinze and, last but not least, the confinement of quarks

W

and gluons. We have a full agenda for the next few years (or decades!).
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