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1 discuss aspects of composite models of quarks and leptons connected
with the dynamics of how these fermions acgquire mass. Several issues related
to the protection mechanisms necessary to keep quarks and leptons light are
illustrated by means of concrete examples and a critical overview of sugge-
stions for family replications is given, Some cld and new ideas of how one
may actually be able to generate small quark and lepton masses are examined,

along with some of the difficulties they encounter in practice.

Invited talk presented at the 1985 INS International Symposium on
Composite models of Quarks and Leptons, Tokyo, Japan, August 13 -18,
1985,

To appear in the Symposium Proceedings.
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1. Mass Protection Mechanisms and Dynamicai lssues

The idea that quarks and leptons may not be elementary has been pursued

1

with vigor in the last few years'’, However, it has become clear that, if
quarks and leptons are composite, the dynamics of the underlying theory which
produces these states as bound states is quite different than any other bound
state dynamics we know. To appreciate this point, it is convenient to consi-
der the typical dynamical momentum scale {[the compositeness sca]el\c) connect-
ed with fhe bound state process. For ordinary bound states, like atoms or ha-
drons, this typical dynamica] scale is smaller than, or of the same order of

the typical bound state masses. For guarks and leptons, on the other hand,

one knows that

Ac. (<4 Mq,t (1)

Indeed, already the most conservative bounds onA(y coming from an analysis

of the electron and muen (g-2) and from Bhabha scattering at high energies,

2)

givef\c L1 -2 Tey . Flavor changing transitions, like Kap &, if they

proceeded unhindered in the underlying theory, could indicate even larger

values of A 2} SN Z0 - 100 Tev,

Sefore one can take the idea that quarks and Teptons are composite
seriously,.one must ‘be able to offer an explanation for £q. (1}. The current
thinking is that this obtains through some protective symmetry. The usual
presunption made is that the underlying theory {preon theory) is some kind of
confining non Abelian gauge.theory. Such theories, in the absence of preon

masses, have as their only scale the scale ﬂ

preon where the runaing coupling

constant becomes of 0{1). Hence’\c“' A However, sincefh is really

preon’ preon

the only scale in the theory, one then expects that alsc all bound state mas-

Ma A ~ N

ses should be proportional tOApreon: oreon o

Therefore, to obtain

light bound states, the quarks and leptons with my,e ¢<f%, require some pro-
. >

tection acchanism to decouple their masses from the dynamicalsca]eﬁpreéz f\c'

LT MR LIRS e w5 e L T re s e e e e



3
In this talk [ will pursue this “conventional" point of view. However,
before veginning my detailed discussion [ want to make four general remarks:
i) [t could be that the preon theory is not a non Abelian gauge theory. Then
the dynamics could well be different and perhaps light bound states could ori-
ginate naturally. Unfortunately, no one know how to proceed in this direction,

3)

Even a toy example of an "alternative" preon model would be very welcome

ii) HModels of composite guarks and leptons, based on an underlying non Abelian
gauge theory, which do not have a built in protective mechanism to keep the
quarks and leptons light should net be considered too seriously. Unfertunately,

4)

many such models e.ist in the literature! I would not advocate totally ignor-
ing these models, as some yet undiscovered physical principle - as was the case
of gquark confinement for GQCD - may one day make them viable. However, from the

standpoint of our present understanding, they are dynamically inconsistent.

iii) Protective mechanisms to keep quarks and leptons light, in practice, pro-
duce these states as massless bound states of the underlying thecry. Further-
more, it usually turns out that to make sure that there are really these mass-
less states in the spectrum, one needs to make additional assumptions besides
those of the protective mechanism. Clearly these additional assumptions need
cross checks, whenever possible. In what follows I shall discuss certain
classes of models where ane can perform the cross checks, thereby confirming

the presence of massless states in the bound state spectrum.

ivl To make contact with reality the protection mechanisms, and related as-
\
sumptions, imposed to get wassless gquarks and leptons need, eventuaily, to be

vicotated weakly. It is this last step, that of going from m =0 to small

q.€
quart and lepton masses, which is the most difficult. I shall address this
issue in the closing part of this paper.

To date, two mass protection mechanisms have been suggested to get massliess

fermionic bound states from a confining non Abelian preon theory. The first of

5)

, employs chiral symwetry; the second

6)

these mechanisms, suggested by 't Hooft

, empioys supersymme-

7

mechanism, suggested by Buchmiiller, Yanagida and myself
try and a broken global symmetry. It is possible to comhine both mechanisms

and, indeed, one of the examples I shall discuss has this feature.

Usity chirality as a protection mechanism is very appealing and easy to
understand, [f the preon theory has a global chiral symmetry G, which is pre-
served in the binding, then one naturally expects to have chirally unpaired
massless bound states and chirally paired heavy states. The quarks and lep-
tons are then to be identified as the massless bound states of these theories.
The, w0 called, Quasi Goldstone Fermion {QGF) mechanism of Ref. 6 is also ra-
ther simple. Imagine a supersymmetric preon theory with some global symmetry
G. [f in the binding G suffers a spontaneous breakdown to another symmetry H,
then necessarily there ensue dim G - dim H Nambu Goldstone massless bosens in
the theory. Because of supersynmetry, these bound state bosons are accompanied
by massless fermion partners - the QGF, Quarks and leptcns in these models are

identified as these QGF excitations.

't is clear from the above that these protective mechanisms guarantee dy-
namically that there are massless fermicns in the bound state spectra. Neverthe-
less, for the protective mechanisms really to apply requires that some additio-
nal dynamical assumptions hold. For the chirality case, it is necessary that
the chiral synmetry G be EIEESEEEQ in the binding. In the case cf the QGF me-
vhanisms, on the other hand, the global symmetry G need to break down in the
binding. Furthermore, in this case, the particular pattern of QGF is not just
purely fixed b, group theery. It depends on other conditions besides the break-

down G-* H.



L'chftb), in his classic Jectures, has spelled out the conditions which
are necessary for chirality preservation in the binding. These are that the
anomalies connected with the chiral currents of G, computed at the preon level,
match those computed at the bound state level, using the unpaired m = 0 fer-

mions in the spectrum. The necessity, but not sufficiency, of this anomaly
»
matching condition can be appreciated as follows. The global chiral currentsof

8)

G have, in general, an Adler-Bell-Jackiw ' anomaly. That is, the three peint

function of these currents, although classically conserved since G is a symme=~

,

try, actually has a non zero divergence

AR S "ot
q Y= A €
43 pon Wt Preow tvap T e (2)
The coefficients Apreonca" be computed, aigebraically, from a knowledge of the

chiral charges of the preons, It folTows from (2) - which is basically a short

distance result - that EV must have a singular behaviour in the momentum

1S
squared q% - which reflects long distance properties of the theory. 1t is easy
to showg) that, at the symmetric point qj = qi == 9,

p—————
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Sincer':_.l'> is a Green's function of the theory this singular behaviour must
be reproduced by computing E:v> in terms of the possible bound states of the
theory, Cne possibility is that the singularity in ‘:__» is due to the pre-
sence of massless fermionic states, The structure of c:,> that emerges from
this computation is precisely that of Eq. (3}, except that the residue of the
g% pole now will involve the coefficent ABS‘ computed algebraically from a
knowledge of the chiral charges of the m = O bound states. Consistency neces-

sarily requires

Apreon ) ABS (4)

which is 't Hooft condition. However, the singularity in T;«x could also be
due to the presence of zero mass bound state bosons coupled to the chiral
currents: These Goldstone bosons signal the breakdown of the chiral symmetries.
Since, iﬁ’genera], it is not possible to exclude this latter possibility, it

is clear tﬁat finding a solution of the anomaly matching equatiens is no gua-
rantee that the dynamics of the model really gives rise tom = 0 fermions,
Although one can showg) that only zero mass bosons or massless bound state
spin 1,2‘fermions can reproduce the singularity in £q. (4), to actually de-

termine, in practice, which option applies for a given model requires more

c.navwical input. It is here that cross chect« of the dynamics are important,

Similar dynamical queries exist for the QGF mechanism. In general for

a given ylobal symmetry G, many possible breakdown patterns exist
G =¥ H, i=1,2,... (5)

Which of these patterns obtains is a dynamical question which requires inve-
stigation. A connected issue in that, given a breakdown pattern G -%H., the
spectrum of QGF is not fixed imnediately just by group theoretical considera-
tions. Supersymmetry only tellsone that the number of bosonic degrees of
freedom and the number of fermionic degrees of freedom must match, One has

that the number of QGF is given by10)

K |
“acE = 7 L Mep * Macal (6)

Rere nQGB is the number of possible additional boscnic partners of the Gold-

stone bosons, which dynamically occur in the breakdown, On general principles

cne only knows that11)

. . e e e s ep e ey e m e g iggn s =



To determine what is the number of these bosonic excitations requires a dyna-
mical calculation, which, in general, is beyond our present capabilities. How-

ever, for some models, by locking at different dynamical aspects, one can at
times infer with a certain degree of reliability what is the most likely pat-

tern of QGB (and therefore of QGF} which should emerge.

For the remaining of this section ! would like to discuss two examples
where one can perform some dynamical cross checks which provide evidence that
the desired protection mechanism really works. These examples provide the
best evidence [ know that it is indeed dynamically possible to obtain massless

bound state fermions in the spectrum of a confining non Abelian gauge theory.

In the first example, chirality is the protection mechanism. The under-
lying theory is an SU{N) gauge thecry and one has two kinds of fermionic Wey]
precns. A preon Aij transforming according to the two index antisymmetric
representation of SU(MN), and (N-4) preons Fl (o= 1,,..,N-4), transforming
as the fundamental-bar representation of SU(N). {The reason that there are

(N-4) F is so that the model is free of SU(N) gauge anomalies.) This model

12)

has been studied, .ome time agc, by Georgi and by Dimopotous, Raby and

busskind!3). 't has been recently reexamined by Eichten, Preskill, Zeppenfeld

and myse]f14), particularly in regard to the properties at iarge N, Classical-

ly, the model has a global SH{N-4) x U}(l) b UA(I) chiral synmetry. However,

the preon number symietries have gauge anomalies Uy {1)SU{N}-, U (1}SU(N)-

and are not, individually, good~quantum symmetries. At the quantum level, the

~

global synmetry of the model is

[a+]

G2 SUIN-4Y » U
L}

where

4

Q= L {(N-L.\&,, - (~~UQ,§ (9
N

is the combination of the preon number symmetries which has no gauge

anomalies,

The global SU{N-4) and Q currents have non trivial anomalies at the
preon fevel. These anomalies must be matched at the bound state level by
either having massless fermions or, in case the symmetry is broken, by
having massless Goldstone bosons in the spectrum. For this model it is
easy to find candidate bound state fermiens for which the anomalies match.
For instance, consider theUQ(l)3an0maly. At the preon level one has

2
3
A L Uq(”)] [ ".1"] Win-D ["("—'Lﬂ N (K-
~N T ~
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where the factors in the square brackets above are theUQ(l)lcharges of the
precns, white the other factors are their SU{N} and SU(N-4) multiplicity in

the triangular loop. The simplest candidate fermicn bound states are

T J *
o, .
T i
{g"'\-ﬂ ~ (F, o FF ) AaJ' (1)
which bot have Q = -1 and transform, respectively, as the two rank symmetric

and two rank antisymmetric representations under the global SU{N-4). Since
the nuwber of comp;nents of BS is precisely %(N-d) (N-3), it 1is clear that the

U.(1)'anomaly computed with these states matches the preonic anomaly

Q

A Tuwtl. (-u)ztn-u\!u-}) = R [U‘{"’l} (12)
Bs &
A rl‘!oc-.



By direct calculation, it is not hard to show that all the other global
anomalies, computed with BS , alse match those af the preon leve!, Hence, the
states BS are natural candidates for being massless bound state of the medel,
protected by the chiral symmetry G. The important question to ask, however,
is whether this s the way the dynamics works. For this model, in fact, there

are two separate dynamical arguments‘3’14)

which support the presumption that
the BS states are really massless. [ shall briefly discuss these arguments

here, since they are very instructive.

)

Dimopolous, Raby and Susskind13 used "Complementarity" to arque for

having the BS states massless. The notion of complementarity, which is bor-

rowed from results obtained in lattice gauge theories15)

, is that, if a gauge
theary suffers spontaneous breakdown via some Higgs fields tramaforming
according to the fundamental representation of the gauge group, there should
be no phase boundary between the Higgs phase and the phase where the gauge

theory confines. This has two consequences:

i} The global symmetries in the Higgs and confining phases should be the

same.
ii) The massless excitations in both phases should agree,

Hence, if one can apply complementarity to the model, one can learn about the
massless fermions in the confining phase by studying the model in the much

simpler Higgs phase. This is what was done in Ref, 13,

The Higgs phase of the model occurs if condensates of the F and A preons
form, which break the SU{N) gauge symmetry. It is easy to check that the
channel in which condensation is most attraétive (MAC)13) is the orc involving
;.and A. Writing an "effective" Higgs field
3. A F*

3

(13}

1

B e Hao P R
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and assuming that the vacuum expectation value ofi tekes its most symmetric

form
o ' [ 4 .
£ §‘. > v §, AT RS IR

one sees that, in the Higgs phase, the gauge and global symmetry of the model
breaks as follows.

Sute). % [Sotoiy xuwr] =» Solw % [SU(N-l-.)u‘* U‘E‘\]
Cage ° Gouge 3 (15)

The remaining globay symmetry, in this phase, is obviously the same as the
global symmetry in the confining phase, Sinceé indeed transforms according
to the fundamental representations of the gauge group, this is precisely what

we would expect from complementarity.

Becauseiof the breakdown, certain of the F'and A preons now acquire
mass, but some still remain massiess. It is straightforward to check that the

vacuum expectation value (14) leaves the states of Table | massless.

Tanle I: Massless Fermions in the Higgs Phase
SU(4)gauge SU(N-4) UQ(1)
<
1 a -1
g | °
g a ~h
n A} + ¥

[ note that the gauge non singlet states are in either a real (B) or in vec-
tor-Tike {3 + D } combinations. One expects, therefore, that the dynamics
of the SU{4) gauge theory is such that these states are confined and give rise

to no physical massless states. The gauge singlet states are, therefore, the



}

only relevant massiess states in the Higgs theory. By complementarity, these
states must have the samwe guantum numbers as the massless states in the con-
fining phase. From Table [ it is clear that these states indeed have the

quantum numbers of the BS fermions. Hence complementarity makes it plausible
that the BS fermions appear as massless bound states in the spectrum and that

the G symmetry is unbroken,

Complementarity is not the only dynamical argument for the BS fermions
to appear in the theory, Cne can argue their existence also from large N
considerations14). The point is that the large N limit of this model (N-»ws |
g¢ ~» 0 with g?N fixed) is quite different than in QUD. In QCD, in the large

N limit, one can show16)

that the chiral flavor symmetry SU{m} x SU{m jo
breaks down cempletely, Here, because the number of flavors grows with N, it
no longer follows that all the chiral symmetries break down. Indeed, one can

showtq)

that at least the UQ(1) chiral symmetry must survive. Since the UQ(I)B
angmaly is nonvanishing (c.f. Eq. {10)), it follows that there must exist
massiess fermion Lound states in the spectrum to match this anomaly, Clearly

the BS states with ¢ = -1 fit the bill,

Let me enlarge slightly on the above discussion, In QUD in the large N
limit planar graphs without quark loops dominate. Thus the only bound states
which survive are mesons and these are stable since decay amplitudes are down
by 1/N . Since the chiral SU(m)L X SU(m)R synmetry has non vanishing anoma-
lies at the quark level, it follows that the anomaly matching must be done by
the appearance of Goldstone excitations in the bound state spectrum. {These
are the only ones which survive at large N!), Hence the chiral symmetry is

broken,

For the modei at hand, it is no longer true that planar graphs with ¥

Toops inside are down by 1/N . Because there are N possible F‘states going

17
around the loop, these graphs are also of 0{1). Furthermore, the insertion uf
an A loop alsc does not give a factor of 1/N | since the two index nature of
A}J compensatys the purely kinematical 1/N factor from having an extra loop.
Hence, at large N, both meson and nonmeson states survive, as well as con-
tributions invelving BE" states. Because all of the contributions are of the
same order, the g singularity in the three point function of the global cur-
rents can arise from the presence of Goldstene bosons and/or the existence of
massless fermionic bound states. However, for the case of the UQ(l)’anomaly
one can arguelq) that this singularity must be produced by massless fermions,
rather than by Goldstone bosons. This is because in the large N limit all
condensates which survive {i. e. whose relevant operators appear in cut pla-
nar diagrams) have @ = 0, To break UQ(I) requires condensates involving
€ tensors, and these objects are down by powers of 1/N . Thus UQ(I) remains
unbroren, and the UQ(I)'anomaly informs us that there must be massless ferm-
ions in the spectrum to provide the matching, As 1 said earlier, the Bg states
appear as the most 1ikely candidates for the matching of anomalies. However,
at large N, it is not possible to argue that the SU(N-4) symmetry really sur-
vives. S0 the N¢/2 massless fermions with Q - -1 could well be appropriate
linear combinations of BS and Ba. Only complementarity, with the most symme-

tric breaking of Eq. (14) is an argument for SU(N-4) to remain unbroken.

The second example [ want to discuss was developed some time ago in
collaboration with Buchmiiller and Yanagida17). It uses the QGF mechanism to
keep some bound state fermions massless and its dynamics is alsc subject to
a variety of consistency checks. the medel is based on a supersymmetric preon
theory with an SU{2) gauge interaction, There are in total & preon superfields
{containing both complexscalars and Weyl fermions) which transform as SU(2)
doublets: §: iP = 1,...,6; %=1,2), The global symmetry of the model, at

the quantum level. is
G = sUB) x U (1) (10}



where Ux(t) is an Sugauge
17)

and of R symmetry .

(2) anomaly free linear combination of preon number

v
This model can provide one generation of left-handed quarks and leptons -
plus an additional fermion, the novino - if one assumes that the symmetry in

{16) breaks down as

G- H = SUl4) x SU(2) x Uy (1) (17)

Dovigusly from such a breakdown there ensue 17 Goldstone bosons, transforming

under H as
GB ~ (4,2) + (4,2) +1,1) {18)

The desired QGF pattern to get physics out of the model is that these states
transform only as a (4,2) but not as a (%,2). That is, one needs to obtain
chiral fermions. So it is necessary to assume that the dynamics is such
that the pattern of supersymmetric partners of the GB is:

Q6F ~ (4,2) + (1,1)

(19)

068 A (1,1)
1f indeed (19) obtains, then by assigning cclor and charge properly to the
preans, tne massless bound states contain the 4 left handed doublets of one
generation of guark and leptons plus an extra singlet, Right handed states

18)

can be obtained by a slight extension of the model . However, the question

that needs to be answered here, is whether Eqs. (17) and (19) obtain.

Far the breakdown G-=» H of (17} to occur one needs the condensate

v, = Ce~? é;: §-1P> (20)

to form. One can ask, however, why do not the condensates Vagr Yggo etc, fonu!

Or why do any condensates form at all? Even granting that (?0) is the only

condensate that forims in the theory, besides the QGF, QGB pattern in (19},

—— PR g e e e amem

one could have instead:

QGF ~ 0GB~ (4,2) + (8,2) + (1,1) (2
why does (19) and not (21} obtain in the theory?

For this model there are two separate arguments which support the break-

down given in (17) and the pattern of QGF of tgq. (19):

(i} The group H is chiral and tuerefore, if it is to be preserved in the
binding, there must be massless fermions 'in the spectrum which match the

preon ¢numalies. [t is easy to check17)

that the QGF given in Eq. (19) pre-
. ~

cisely match the preon anomalies. Thustheir masslessness could be attribfted

directly to chirality, without appealling to supersymmetry! The QGF given in

£q. {21} do not suffice to match the H anomalies,

{ii)~The model has a complementary Higgs phase in which the scalar components

of the superfield é? condense as
o,
P F
S ERRN (22)
- o

Obviously such a vaccum expectation value breaks the gauge and global symme-
try to:
SU(2)  x SULB) x U(1Y =» sSU{4) x SU(2) x U{L} (23)
yauge X diag x'
The remaining global symmetry is precisely the one assumed to hold in the
confining phase in Eq, (17). Furthermore, it is easy te check that the mass-

less fermions in this Higgs phase have precisely the quantum numbers of the

QGF of Eq. (19).

2. Family Replication - a Critical Overview

Besides having dynamits which allow for the appearance of m = 0 fermions,

precn models must be able to generate family replications, After all, this is

T B
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one of the preminent and unexplained features of quarks and leptons. Two
routes have been followed here: either one puts in, more or less by hand,

an underlying family structure, or one tries to generate family repetitions
through the dynamics, The first approach is somewhat inelegant and unsatis-
factory, but could after allberight. It has happend before. The strangeness
of the kaons is due to the presence of a strange quark in the bound state!
The second appreach is more ambitious and needs quite clever dynamics. The
most usual strategy is to try to convert qauge degrees of freedom in the un-

derlying theory into some sort of bound state repetitions.

As an example of how cne can mechanically generate families, one can
think of the supersymmetric preon model of the last section with & ne + 2
preons §. instead of just 6. The condensate (20) then breaks the natural
global SU(4nc+Z) symnetry into SU(4n€) x SU(2) . The relevant QGF represent-
ing the left handed quarks and leptons transform as (an,Z) which can be
interpreted as nf(4,2)replications. There are some problems with this way
of generating families - besides its ad hoc nature. For instance, for the
model at hand, if ng 7 2 then the SU(2) gauge theory ceases to be asymptoti-
cally free. Furthermore, and this is a more gegeric problem, the model possess
a very large family symetry SU(4nf), which must at some stage be broken.
Clearly one must do better. An attempt in this direction is to study special
cuset spaces which gives rise paturally to family replications among the Gu .
Vanagida’g) has discussed in this symposium some examples of coset spaces
involving exceptional groups where this happens. A very jeneral investigation
of this type of coset spaces has also been performed recently by Buchmiller

20). Although these examples are very interesting, the underlying

and Napoly
physics cannot be just a simple non Abelian gauge theory, since typical global

symmetries for these theories do not involve exceptiecnal groups.

P e P o

1o

As 1 mentioned earlier, attempts at getting families out of the underly-
ing dynamics, in general, try to trade gauge degrees of freedom for a family
structure, The easiest way to see how this may happen is by studying the 't
Hooft anomaly matching conditions for chiral models, I will illustrate this

with a4 nice example of “arshak and Liel)

, although in the end [ shall also
uriticize this example dynamically. The model studied by Marshak and Li is
quite analogous to the SU(N) medel discussed in the last section. However,
instead of having a preon Aij they have a preon Sij‘ which transforms as the
two rank symmetric tensor under SU(N). This then requires one to have {N+4)
F‘s to avoid any SM{N)} gauge anomalies. They choose particularly N = 8, so
their model has a SU(12)XUQ(1) natural global symmetry, Marshak and Li,

However, assume that the only chiral symmetry that survives the binding is
H o= SU{4} x SU{4) x SU{2) x SU{2) (24)

under this symmetry the 12 ¥ preens transform as (D ,1,1,1) + (1,0,1,1)
0L ,0 1) + (1,1,1,0), The only anomalies to worry about are the (SU{4))?
anomalies, which at the preon level just count the dimension of the preons un-

der the SU{8) gauge group

Apreo“;su(a)’) = 8 (25)
A possible solution to the anomaly matching equations, which is advocated by

21)

Marshak and Li , 1s provided by the massless bound states

B!‘\- ;U:“D:”

(26)
B, o (1,8,1,0)
unly if these states are 4 fold degenerate.
Abound states SULI) = 2 -4 =8 (27)

The SU{8) underlying gauge theory therefore farces the repetition of states

at the bound state level,
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Althoughlthe abuve illustrates nicely now one may get family repefiticns
{even with realistic gquantum numbers, as in Eq, (26)1) out of the dynamics,
one must really try to check that the dynamics works this way. In fact, 1 do
not believe that the Marshak-Li model is realized dymamically in the nice way

they want, One can study this model in a complementary picture by using as an

effective Higgs field
W d
A 2 (28)
t

By choosing

C&%y - v, 8 ()

with
S CRRATSE I A (30)
the SU(8)gauge X Su(lz)global symmetry is reduced to that of H {apart from

U(1) factors - see below). However, it is easy to check that the massless
states in the Higgs phase are not 4 repetitions of states with the quantum
numbers of B1 and B,. For instance, in the Higgs phase, there is a state
transforming as (9,0, 1,1). To be fair, the breakdown caused by (29) does
not precisely leave H as a global symmetry,but there are some acditional
Uit)'s. However, these U(1}'s can be eliminated by having some additional
condensates, with different expectation values, [ believe it unlikely that
the presence of these extra condensates spoils complementarity. So, although
the Marshak and Li solution (26) matches anomalies, the dynamics is more
likely to be realized by having as massless fermionic bound states those with

the quantum numbers cbtained in the Higgs phase.

Inere are toy wodels where one can actually check, via complementarity,

that the dynamics lead to repetitions. These class of models were orignally

22)

investigated by Preskill - who actually studied them for this reason,

-

e T D

They have been recently reexamined Yin some detail by Goity, Zeppenfeld and

23} fhe models are built by subtracting the SU(N)} models with an anti-

myself
symmetric preon Aij from that with a symmetric preon Sij' Hence, the total

preon content for the model is

O . T ; A,-B ;8 RA80

The quantum global chiral symmetry of the model is thus

- [

G = SU(B) x Up(1) x Uy(1) {32)

-

where the two U(1)'s are linear combinations of thQE, A and F numbers that do

rot have SU{N) anomalies.

This global symmetry is not totally preserved in the binding. By studying
the Higgs phase of the model, which has a tumbling complementarity to the con-
fining pnaseZS)

H that remains depends cn what N i522’23)

. Let me write N as N = & n+k, so
that % distinguishes different N, modulo 8, Then the breakdown of G is diffe-

rent, depending on what k is. One has
G > H = SULK) x SU{B-k} x U (1) x Uy(1) (33}

The massless fermionic states which match the preonic H anomalies can be easi-
1y deterwined from the Higgs phase., Remarkably, they appear in repetitive pat-
terns which depend vn n, So the larger the gauge group SU(N), the more fami-

Tes of massless fermions!

Table 11 gives the massless fermicnic bound states in the model, which

emerge from studying the Higgs phase of the theory23}

, one finds that G=bH and that furthermore the chiral symmetry .



1Y

Table 11: Massless Fermions in the SU(8n+k} Mode!

SUCK) SUC8-k) ﬁ}(I) Uz(l) Number of states

B 1 2(8-x)  N-2-4s s = 0,1,...,20¢1
o a 8-2k N-2-4s s = 0,1,...,2n
1 B -2k N-2-4s s = 0,1,...,20-1

One sees that the only thing that distinguishes the 2n+2 { 2.1, 241 (o, al
and 2n (1, E) states is the U} quantum numter, which thus acts as a genera-
tion number for the model. One can actually well understand in this model why

23). In this

the repetitions in the spectrum occur by studying the Higgs phase
phase, the original gauge and global symmetry SU{8n+k) x SUi.) goes through

a process of multipte tumb]ing24) down to SU(k)gauge x SU(8):

SUIIA+x) % Suldy = Ju(at«--nm}3 i $ULE) = .eee
g

bt (34)

% Suid)
= Lut ‘,‘"SQ“ v

Finally the SU(k) X SU(8) =4 SU(k) X SU(8-k)

gauge diag

At each stage in the tumb}ing one precisely gets as gaune singlet massless

fermions two SU(8) E which correspond in term of H to

2 f - z{(g,ub + (8,R) «-(.,g)} (35)

So the multiple tumbling explains the 2n repetitions in Table II. The last
3 states come from the last step in which the SU(k)gauge finally also breaks

down,

3. Trying to Generate Mass

I[n the last two sections,] discussed two of the requirements needed for
a realistic compositemodel (besides that of getting the correct quantum numbers
for the quarks and leptons!). Namely, having a dynamically consistent mass
protection mechanism and having a believable family replication mechanism,

As we saw, these requirements are not easy to satisfy in practice. In this

«U
section, | want to address myseltf to what is probably an even harder point to

achieve: the generation of small quark and lepton masses,

There are really two separate difficulties. One is how to generate small
masses, n €4 n(, and the other is how to generate @ hierarchy among these
small masses, (After all Illb/llle A 104!). The most ambitious hope would be to
ambitious, but still very hard, 1s to input a small mass parameter m in the
theory and then generate a hierarchy. v, alternatively, forgetting about
generations just to try to generate m <& ﬂc'in a one family model. These
attempts are, in general, further complicated because in most models which
try totw at least semirealistic, quarks and Teptons are not the only massless
states in the theory. Thus, when one then tries to give quarks and leptons
some mass, one must also check that this same mass generation mechanism is

clever enough to produce a much larger mass for the unwanted extra states,

This last point is particularly crucial for models in which the massless
fermions were obtained as QGF. Obviously, in this case, one has accompanying
the wanted fermions, unwanted massless bosons. Indeed, since the bosons arose
dynamically as Golstone excitations from the G-» H breakdown and dragged by
supersymmetry the fermions to zero ma:., their dynamical status is more se-
cure. For instance, breaking supersymmetry but net G would generate mass for
the QGF but leave the Goldstone bosons massless - a phencmenologically
disastrous situation!, Even breaking supersymmetry and G at the same time in
general leads to trouble, since it is difficult not to get mfenni&? My oson *

10.25) 601y if the QGF have an additional chiral pro-

after both breakdowns
tection7), it will be possible toseparate sufficiently in mass the unwanted
bosons from the fermions, in the process of mass generation, The model of

Ref, 17, which | briefly discussed in Section 1, has this property. The QGF

in this model are massless because they are the supersymmetri. partners of

the 17 Goldstene bosons from the G —»H breakdown. However, these fermions
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are also massless because they are the fermions required to match the H ano-

malies. They are, thus, doubly protected.

26)

In a recent paper, Masiero, Fettorine, Roncadelli and Veneziano have
examined how mass can be generated in a one family QGF model with double pro-
tection. Their nice discussion shows many of the intricacies and difficulties
that one must face in a semirealistic situation. 1 will summarize scme of
their results since they are very instructive, even though in some aspects
disappointing. The model is based on a supersymmetric preon theory with an
SU{6) gauge group, which has a global SU(6)L % SU(6)R x U(l)3 symmetry.

This symmetry is broken by condensates toSU(ﬁ)diangX(l),-where the Ux(l)

is chiral. In the breakdown there emerge as QGF the usual 16 quarks and
lepton states of one generation {including Yi), 6 leptoquarks, 8 celored

states, a triplet of states with the quantum numbers of the W's and some

singlets.

To give mass to these states and their bosonic counterparts, the authors

of Ref, 26 proceed in two stages:

Stage [: Explicit supersymmetry and G breaking soft mass terms for the
scalars are introduced, which preserve R symmetry. Because of this remaining
chiral pretection, all QGF remain massless. A1l scalars, except the 8, 3 and

some singlets, acquire mass.

Stage 11: Gaugino mass temms for a subgroup of G are introduced, which
break the R symmetry. As a result all fermions now acquire mass and the re-
ma :nang massless scalars acquire radiative masses, although one axion-like

state remains.

By this two step process, in fact, it is possible to split the scalars
fFrom the fermions sufficiently. so that the scalars are not a phenomenolo-

gical embarrassment. However, within the fermigns thermselves no hierarchy

22
is generated, ihe fermion masses depend both on the soft scalar mass terms

and on the gaugine mass terms
N
L Flboge) (36)

but are being driven by the gaugino masses {stage II). As a result, Masiero

et 61.26)

obtain tha unwanted near equality of eiectron and neutring masses.
Further it ulso appears difficult to separate the leptoquark fermions suffi-
¢iently from the ordinary quarks and leptons. Given that their mass genera-

tion was essentially induced from the "outside", this is rather disappointing.

The model discussed by Masiero, Pettorino, Roncadelli and Venezian026)
is an example of imputing scme outside mass parameter (s} (here the scalar
soft breaking masses and the gaugine masses} and trying to get a hierarchy,
[n this case these authors successfully got a hierarchy between the fermions
and the bosons, by doubly protecting the fermions, but failed to get enuugh
of a hierarchy among the fermions. Furthermore, all light masses were de-
coupled from Ac since they are driven by the outside mass parameters, It is
interesting to ask whether it is possible at all to getm <<.5E_ without
putting a small seed mass in? 1 want to end this section by qualitatively

describing two new ideas which may allow this to happen,

27)

The first idea is a suggestion of H. Georgi connected with the com-

posite Higgs scenario, developed by him and col]aboratorsza)

. One imagines
that in a first stage, a confining preon theory has a global symmetry G
broken to some chiral symuetry H, As a result, both massless fermions and
some Goldstone bosons, arising from G- H breakdown, appear in the bound
state spectrum, In a second stage, the usual SU(3) x SU(Z) x U(1) gauge
interactions are turned on at the preon level. These gauge interactions actu-
ally produce additional terms in the effective potential among the Goldstone

bosons, since now these states are no longer really Goldstone excitations,

because G is broken by the gauge interacticns. Itmay sohappen, and this is the
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28)

contention of the composite Higgs mechanism’ that these extra t. ms cause
some of these erstwhile Goldstone states to acquire vacuum rxpectation value,
theredy precipitating a spontaneous breakdown of SU{2) x U{1}. The scale of
the SU{2) x U(1) breakdown, because it occurs only after gauging the preon

~ A

theory, is effectively rather decoupled from the dynamical scale Apreon o

GeorgiZT) argues that if this composite Higgs scenario obtains, and provided
that after the gauging no exact chiral symmetries remain, then 1t is possible
for the massless fermions to get mass. Obv.ously the mass so generated will
be given by the weak breaking scale times powers of the gauge coupling con-
stants., Since the weak scale is mostly decoupled from AC, so are the fermion
masses, Although this is a rather intricate scenario, it is clear that it

has promise and deserves very thorough study.

The second idea, to try to generate small masses, uses a suggestion of

29) that in confining theories there may exist condensates

Mizrachi and myseif
(irrelevant condensates) whose scale is much smatler than the natural scale
of the theory. To explain this idea, it is useful te consider a QCD analogy.
[n QCD one knows that bilinear quark condensates form, which break chiral

symmetry. These condensates have a sizé which is of the order of the typical

dynamical scale of QCD, Aﬁu‘ That is, one finds
2

<Tuvy» =c A, (37)

with ¢ & 0(1). Such a condensate, I shall denote as relevant. An irrelevant

condensate, on the other hand, would be a condensate in QCD whose size would
net be ﬁh‘.. An example of a possible irrelevant condensate would be a

"2 pion" condensate like -

¢
<: v d] du l Y = ¢ f\a
Co‘ﬂ Culat ¢
Tingh. timled

0
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it ¢'<C 1. Although (38) must kinematically scale asI\OCD, if ¢' €¢ 1, then
the effective scale of this condensate would be much less, thereby making it

irrelevant.

Is it really possible that c¢' in QCD is much Tess than unity? In prin-
ciple, I see three possible logical values for c'. Either it vanishes abso-
lutely, or it is of order unity, or ¢'¢¢ 1. ! would find it difficult to be-
lieve that (38) never formed in QCD. On the other hand, I would also fird it~
very strange that ¢'~ 0 (1}, since the color is already screened in (38).
Hence the idea that c¢'¢¢ 1 is not totally outlandish. It, of course, would
be very geood if one could test for this suggestion by means of some lattice
calculation, although the fact of having four fermion operators makes this

probably too hard teo attempt, at the present moment.

[f irrelevant cordensates existed, then one can well imagine being able

29). Schematically, one can think

to generate small fermion masses, m ((AL
of the fermion mass generation this way - although this is not really the
way one would go about calculating these masses in practice. If quarks and
leptons are composite, there should exist effective residual interactions
among the massless fermions. These interactions should be chiral, but may
well involve both left and right components of the same fermions. Let me

focus on such a term for a generic fermion f, which showld scale as,

on purely dimensicral grounds:

Zeﬁ - -'_\ (5‘_\('9" ) (Y &) (39)
A

4

The fermions f are preon composites which are themselves gauge singlets, with
respect to the underlying confining group. To a first approximation they are
massiess, due to some protection mechanism. However, it may well be that some

irrelevant condensates among these gauge singlets form (cf. Egq. (38}), as a
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result of the underliying theory. That is, one could have

2

P hp> = A (40)

with ¢; e 1. Such a condensate, in conjunction with Eq. {39}, would impiy
a mass term for the fermion f of order
-— ‘ :
AI. ';
C
which would be small with respect to Ac because c% <¢ 1. Note that if c%éel
it is really consistent to neglect dynamically these condensates at first and
have therefore the fermion masses vanishing by the built in protection mecha-

nism,

This mass generation mechanism is quite similar tc that in extended

30). As such it may run into some of the troubles

technicolor (ETC) models
that ETC encountered. However, because this mechanism is not as constrained
as ETC, it may be able to avoid some of these difficulties. At any rate one

should expect that:

i)  one will generate flavor changing neutral current FCNC at a dangerous
rate, unless the model has very special residual interactians. Typically, te
avoid problems, these interactions should be flavor diagonal and universal

before mass generationzg'Jl}.

i1} therc should exist pseudo-Goldstone excitations connected with the
formation of the irrelevant condensates (40). These pseudo Goldstone exci-
tations may be very weakly coupled, since they must decouple from the spec-
trum when the irrelevant condensates are neglected. Nevertheless, they con-
stitute one of the most telling (damning?; Eignals of this mechanism of mass
generation. For instance, one would expect quite naturally to have pseudo-
Goldstone bosons with both lepton and quark number, which couid provide,

in fact, the most accessible traces of compositeness.

26
i1} neutrinos to be again problematic in models where a right-handed neu-
trino binds. Then, as in Ref, 26, it appears to be almost impossible to

avoid obtaining neutrino masses of the order of the electron mass.

' Even given all of the above potential problems, I feel that it is rea-

sonable to pursue this idea a bit further.

4. Concluding Remarks

I Have tried to indicate here scme of the dynamical challenges posed
by composite models and describe some of the attempts that have been made
to generate light quarks and leptons as preonic bound states. As it should
be clear, we are still very far away from generating an even semirealistic
model, However, the field has matured to a considerable extent, [t no lenger
suffices to have a purely algebraic model of composite quarks and leptons,
without dynamics. Now real dynamical questions are being asked and some
progress is being made in understanding the structure of chiral and super-
symmetric gauge theories, which might bind (nearly) massless fermions. Ne-
vertheless, the difficulties and frustrations of composite models may call
into guestion the wisdom of pursuing this lTine of speculation, especially

if one could find an alternative way to "understand" families and mass.

The suddenly Very'popu1ar superstring theories32) have a potential for
doing so. 1 1ist some of the putative advantages of superstrings over what

[ have tried to describe:

i) The group structure is fixed by anomaly freedom. In particular the
E8 X E8 superstring fits well with the quark and lepton quantum numbers -

although it alsc predicts some exotic excitations.

ii) The number of families can be related to the Euler Characteristic of

the compactified manifold, and hence has a geometrical meaning.
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iii) In principle, the effective Higgs couplings from which the quark and
Tepton massus eventually originate can be calculated by integrating out in
thé superstring theory the degrees of freedom that depend on the compact di-
rections,

These advantages, however, may be fllusions. All the physics of rele-
vance is happening at the Planck, or compatifications, scate but it must
then be connected with what is happening at the scale of the weak interac-
tion. This hides an enormous amcunt of dynamics, which I suspect is going
to be considerably more difficult than the relatively "simple" composite

dynamics I have been talking about.

To conclude, what is real important, in superstrings as in composite
models, is to find some experimetal hints that we are on the right track.
In the meanwhile theorists should continue sharpening their theoretical
tools by at least trying to address some of the dynamical issues. [ have
tried to do a bit of that here.
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