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QUARKS AND LEPTONS AS A COSET SPACE PHENOf>IENON 

A.D. Peccei 

Oeutsches Elektronen-Synchrotron OESY, Hamburg 
Fed. Rep. Germany 

ABSTRACT 

I discuss the idea that quarks and leptons may 
be fermionic partners of Goldstone bosons, 
arising from the spontaneous breakdown of some 
global symmetry in a supersymmetric theory. The 
special role that the complex extension of the 
symmetry group has for these considerations is 
emphasized. Some semirealistic examples, involv
ing both ordinary preen models as well as ex
ceptional chains, are given. 

1. MOTIVATION AND INTRODUCTORY REMARKS 

Although the standard SU(3) x SU(2) x U(1) model for the strong 
and electroweak interactions is eminently successful phenomenologically, 
there remain a variety of deep questions to be answered. Perhaps among 
the most puzzling of these is why the pattern of fermions ~1e observe 
is chiral and why the fermions appear in generational repetitions. In 
this talk, I would like to dj_scuss some recent ideas which may have a 
bearing on this question. 

The quantum numbers of quarks and leptons are quite varied and 
asymmetric under SU(3) x SU(2) x U(1). For instance, under the standard 
model group, uL transforms as (3,2,1/6) and e1_ trans~orms as (1,2c-1/2) 
while uE transfo'rms as*(3,1,-2/3) and e~ as (1,1,1) . Because 'tl does 
not transform as ( 'ftl , it is clear that the fermions are in chiral 
representations. 

The variety of SU(3) x SU(2) x U(1) fermion representations can 
be reduced if one classifies the fermions according to some grand uni
fied (GUT) groups /1/. Under the rank 4 SU(5) group the fermions of 
one generation transform as 5 plus 10. In the rank 5 S0(10) group the 

I detail only the tranEformation laws of 'Y L since those of "P A 
follows from those of 'f L. 
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fermions, including now a right handed neutrino, transform as a 16. 
This sequence can be extended to a rank 6 group, E

6
, if one admits even 

more additional states for each family. Quarks and leptons then trans
form according to the 27 of E6 , but one needs 11 extra states. In terms 
of an S0{10) decomposition, one has 

27 16 + 10 + 1 (1.1) 

It is reasonable to ask if there is any dynamical significance to 
the appearance of these particular representations in nature. From the 
point of view of grand unified theories, the answer is obviously no. 
Although GUTS unify the dynamics of gauge fields, they do not fix how 
fermions must transform under the GUT group. That is, to be a grand 
unified theory SU(5) must contain SU(3) x SU(2) x U(1). However, the 
fermions of the theory can, in principle, sit in any SU(5) representa
tion. It is only phenomenology which tells one that quarks and leptons 
transform as 5 _+ 10 in SU(5). 

If one 1-1ants to fix the representation content of fermions dyna
mically, it is probably necessary to relate fermions to bosons. Ob
viously, the most direct way to do this is by invoking the existence 
of supersymmetry at some level. Even then, one remains with two 
possible options. Either the quarks and leptons are related to gauge 
fields, (1/2, 1) multipiet, or these fermions are related to scalar 
excitations, {1/2,0) mUltiplet. At first sight, both these options look 
pretty hopeless. Supers_ymmetry implies that fermions and bosons are in 
the same G representation. Gauge fields transform, by definition, as 
the adjoint of G. However, quarks and leptons do not sit in the adjoint 
of SU(5) or S0(10) or of E6. S~milarly, although one can imagine 
scalar fields transforming as 5 + 10 of SU(5}, it is not obvious what 
dynamics would associate these fields to the quarks and leptons. 

Deeper considerations can, however, relate fermions, via super
symmetry, to the dynamics of either gauge fields or of scalar excita
tions. An example of the first kind is provided by the suddenly very 
popular superstring theories /2/. These theories, in the zero slope 
limit, reduce to a supergravity theory in 10 dimensions, interacting 
with a supersymmetric Yang Mills theory with a group G = S0(32) or 
E
8 

x E
8

. The connection with four dimensional physics comes about 
because it is thought that, near the Planck scale, the 10 dimensional 
manifold compactifies down to M4 x K, leaving in the process an N = 1 
supersymmetry unbroken /3/ (For this to occur, K has to be a Calabi-Yau 
manifold /4/ with SU{3) holonomy). In this compactification process, 
chiral fermions can survive as long as they transform non trivially 
under the holonomy group /3/. From these considerations, it is apparent 
that the E8 x ES superstrings are particularly interesting. E8 contains 
E
6 

x SU(3) as a subgroup and, 1~ith proper identification, this SU(3) 
can be taken as the holonomy group. The E8 gauginos transform accord
ing to the adjoint, 1-1hich under the E

6 
x SU(3) subgroup decomposes as 

248 0 (78,1) + (1,8) + (27,3) + (27,3) (1.2) 
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Clearly, therefore these superstring theories allo1v the appearance of 
chiral ferrnions in the 27 of E6 and provide a raison d'etre for the ex
istence of fermions transforming according to this representation and 
no other. 

Scalars can also have a dynamical role, if they are the by pro
ducts of the spontaneous breakdown of a symmetry. In these circum
stances their fermionic partners, induced by supersymmetry, are again 
present in the spectrum for purely dynamical reasons. The elaboration 
of this line of thinking will occupy the rest of my considerations. 

2. PREON OYNAmCS AND QUASI GOLDSTONE FERMIONS 

If G is a global symmetry of a theory but not of the vacuum state, 
the symmetry suffers a spontaneous breakdmm. If H is the subgroup of 
G 1-1hich respects the vacuum, then G -+ H and in the spectrum of the 
theory there appear dimG - dimH massless J = 0 excitations (Nambu
Goldstone bosons) /5/. In a supersymmetric theory, ~1here there is a 
natural pairing of bosons ~lith fermions, the spontaneous breakdown of 
a global symmetry G causes also the appearance of massless spin 1/2 
excitations. These ore nothing else but the fermionic partners of the 
dynao,Jically required Goldstone bosons, which in Ref. 6 • ..-e dubbed Quasi 
Goldstone Fermions (QGF). 

Quasi Goldstone fermions may be good candidates for quarks and 
leptons in models in which the states are composite (preon models). 
Since we see, at present, no departure from elementarity, the scale of 
compositeness must be very high, certainly very much greater than the 
actual masses of leptons and quarks: 

1\, ~) """'l '(. (2.1) 

Thus preon models must have a dynamics which, to a good approximation, 
generates massless fermion bound states, irrespective of the scale A 
of the binding. Clearly if quarks and leptons were nearly QGF, theirc 
masslessness with respect to ~ would be dynamically understood. 
Furthermore, by choosing G and A appropriately one may indeed insure 
that the light bound states of the theory have the quantum numbers of 
quarks and leptons. 

This last point is nicely illustrated by the original example used 
by BuchmUller, Yanagida and me {7/ to motivate the QGF idea phenomeno
logically. Consider a supersymmetric confining theory with a global 
symmetry G = SU(5), broken to H = SU(3) x U(l) . The number of Gold
stone bosons in the breakdown is clear!? 24-9 =e~5. By assigning charge 
and color appropriately in the SU(5}, it is easy to check that the 15 
Goldstone bosons have precisely the same quantum numbers under 
SU(3) x U(l) that the quarks and 'leptons do. That is, under 
SU(3)~ x U(l):~. one finds /7/: 

GB~(3,2/3)+(3,-2/3)+(3,-1/3)+(3,1/3)+(1,-1)+(1,1)+(1,0) (2 .2) 

_......__ ________ ...______...,__ '-------~---'"'---------.,________ -- ---'- ----..,______ ---"-----"-~ ---~ .....__ ___ "\._ _____ --...___ ----"\__.___r ----.J\.._----'"'----~"'----"------"'---------"' _ _______.f" -.--
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Since by supersymmetry these Goldstone bosons must have fermionic part

ners, it is natural to assume that the QGF in the model transform also 

according to (2.2). Hence the model provides dynamically massless fer

minnie bound states with the quantum numbers of quarks and leptons (of 

one generation). 

These nice features of the model rely on the assumption that the 

QGF transform in the same way as the GB. In fact, if this is so, it is 

necessary that in the theory there be also other massless bosonic ex

citations, quasi Goldstone bosons {QGB). Supersymmetry requires that 

there be the same number of bosonic and fermionic degrees of freedom. 

Since ferinions have two degrees of freedom, it is thus necessary that 

in the model there should appear also a set (2.2) of QGB. It is im

portant to emphasize, however, that supersymmetry only requires that 

the equation 

2nQGF = nGB + nQGB 
(2.3) 

be satisfied. The assumption n0 
F = n 

8 
(and hence also n GF = n ) 

needs dynamical justification. tn con~rast to Goldstone b9sons, 8H§se 

number and transformation properties are fixed by the G -tH breakdown, 

the pattern of emerging QGF is a dynamical issue. 

There is a further important point that can be gleaned from this 

SU(S) model, or any other model in which n GF = n 
8 

= n 8 (Total 

doubling). Goldstone bosons sit in the G/H SLece o~ the 98Joint repre

sentation of G, and thus they transform as a real (r) or vector-like 

(i + I) representation of H. Thus in the case of total doubling, the 

massless fermions are never in a chiral representation. There is no 

way, therefore, to introduce in these models the weak interactions at 

the fundamental level! 

Even in these circumstances the idea of quarks and leptons as QGF 

is not totally without physical motivation. Recall that for Goldstone 

bosons the dynamics of their interactions is specified entirely by an 

effective non linear Lagrangian, whose structure is essentially deter

mined by the G,.. H breakdown /8/. Specifically, the non linear La

grangian for a set of Goldstone bosons 1\. arising from the breakdown 

of G-+ H is given by /9/, 
1 

1.1 .... 
oLGll ~ - ~t'lr; '()'i l "~~~~) \ '[~ 

(2.4) 

\Vhere gij is the metric of the G/H coset space. (The only undetermined 

parameter in (2.4) is the scale f1f*• \.Jhich is fixed by the underlying 

dynamics.) In a sup_ersymmetric theory the QGF dynamics is also 

(partially) determined. The supersymmetric gBneralization of (2.4) was 

first constructed by Zumino j10f. The piece of this Lagrangian \.Jhich 

contains only the QGF fields has the form of a 4-Femi interaction 

If there are various representations of GB, there are further scales 

f . 
1; 

;j"" 
Q.G-f 

~ 

-,_--'~"~-----,_r--·~--- __ -----.,..:.. --....·-----
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( ~; '(~' *.i) (t>( '{t ~e.) (2.5) C.:~-<..t. 

-v 
~ 

The coefficients C. 'kl' in contrast to what happens in (2.4), are fixed 

both by the coset §~ace G/H and by the underlying dynamics. 

Because (2.5) has the form of an effective current-current inter

action one can speculate that, in models where the QGF are in non 

chiral representations, the weak interactions occur as residual inter

actions among the QGF. Of course, this requires both that the co

e2ficients C. 'kl be such that {2.5) reproduce the standard model at 

q = 0, and t~at dynamically one is able to generate low mass composite 

W-bosons. This is very unlikely to be the case for the SU(5) model 

/11/, but could well occur in some more realistic model. 

Putting aside these speculations, it is clear that if one wants 

to retain the notion that the weak interactions are given by a chiral 

SU(2) x U(1) gauge theory acting at the preen level, it is necessary 

to have quarksand leptons as QGF which are not totally doubled (i.e. 

nQGF(n88). I discuss below the circumstances-for which this may occur. 

3. THE ROLE OF THE COMPLEX EXTENSION 

Although for any breakdown G ~ H the number of Goldstone bosons 

is fixed, the pattern of QGF in a supersymmetric theory is only sub

ject to the constraint of Eq. {2.3). It is the underlying dynamics 

which fixes the number of QGB and of QGF. However, for a given G~ H 

breakdown it is possible to discuss the pattern of QGF which can arise. 

Which of these patterns eventually obtains in a given model is then 

a dynamical question. 

The pattern of QGF emerging from a given breakdown was studied 

by Lee and Sharatchandra /12/ and by Lerche /13/. Subse9uently Kugo, 

Ojima and Yanagida /14/ clarified the role that the complex exten

sion of G, G, plays in these considerations. The pattern of QGF whiCh 

can arise from a breakdo'tm G ~ H can be most simply*characterized 

by considering the breakdown in a sequential fashion: 

G -t> G1...., G --+ ••. G n~H. At each st~ge in this chain the GB are either 

in a real tr) or vector-like (i + i) representation. If the GB are in 

a real representation, GB .- r, then necessarily also the QGF- rand 

there is a further set of QGB~ r. If the GB are in a vector-like re

presentation, GB_ .... i +I, then again one can have total doubling, 

QGB"" QGF "'i + i. However, if G./G. 1 is a Ki:ihler manifold, then one 

can have QGF- i and no QGB are ~eed~a /12/. This last case is ob

viously the most interesting. 

-.------
In general there can be many different sequential paths. All paths 

must be considered. 
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One can understand rather simply why chiral fermions can arise 
if the manifold is K8hlerian. The supersymmetric generalization of Eq. 
(2.4), first detailed by Zumino /10/, involves the 0-term of an arbi
tra~ funct~on of the chiral and antichiral Goldstone superfields 4l 
and q, N 

d. • = K\<"P,<I>) leee-e Su'y (3.1) 

From (3.1) it is simple to find what the effective Lagrangian for the 
scalar sector looks like: 

't. "L 

.sc. .. \~~., ~ 
- "IJr'f"; [)'l((((~<f)J ~ Cfj 

" . . ,. 
~ re·. ~'fJ (3. 2) 

• One sees that the relevant metric g . . (~,1) from Eq. (3.2) obeys the 
KShler condition, characteristic ofLtertain complex manifolds: 

")~;.; < ~~ ~; = ~.~~ (3.3) 
~Y""._ )te•~ J :)'f"" ':>Cf.l 

Thus supersymmetry requires that the scalar excitations be coordi
nates of a K8hler manifold. Hence if G./G. 1 is a K8hler manifold, one 
needs no other scalar excitations but Gs {hOGS= 0 nQGF = 1/2 n 8). 
On the other hand, if G./G. is not K8hlerLan, then one needs €a add 
other scalar excitation§ tO+the GB to be able to have a set of complex 
coordinates of a K8hler manifold (which is obviously not G./G. 

1
). This 

requires n~ys = nr,8 and thus there is total doubling.-of cbur§~, this 
option is ways Open, even if Gi/Gi+1 is K8hlerian. 

The above remarks explain the origin of the possible QGF patterns. 
Of course, for any given model, what particular pattern of QGF emerges 
is a purely dynamical question. For a Lagrangian field theory, this 
issue can be analyzed by studying the properties of the superpotential 
W/13//14/. Consider a general supersymmetric field theory of chiral 
superfields ~. , invariant under a global symmetry G. Then the rele
vant LagrangiaR density is just 

;( ~"'Y :. ~.~;Ieee<> + W<4,>1~ ... w£+,ll8_; (3.4) 

where W is the superpotential. Note that W is a 
and not of both +. and 'f . . For ~ SUSY to be G 
cessary that both f:he kinehc energy and \-! be G 
variance under G implies: 

function only of 4 . 
invariant it is ne-~ 
invariant. For W, in-

s wt;·>:. ';)W b._q,, ,o 
0. I. ;)4: 

Note, however, that since W depends only on ~ . , if (3.5) holds 
W(,.) is actually also inv9riant under the com~lex extension of 
whLEh I shall denote by G 
*If one writes S ..L.. = i T +·, then for transformations of G, T-'"'Tt aT~ aL 
'T ' 

(3. 5) 

then 
G, 
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Suppose that a symmetry breakdm.,rn of G -t H occurs, because various 
of the superfields have non zero vacuum expectation values,< •. ~. Then 
it is easy to show that the pattern of QGF is detemined by /137 

,lw -
~+~ ":l tfJ 

I ~~ < ~ i") -:. ( M~(",F \ .. ~0. <<t>J ') = 0 
'J 

~;=-<,,) 
(3.6) 

Since this equation involves only the superpotential, the transforms~ 
tions in (3.6) can be extended to those of G. Hence one sees that one 
gets zero mass fermions for transformations reG for which T (+,)to 
/13/ /14/. Because T is non hermitian, one c~n have chiralapatterns 
ofOOF. ' 

A nice example j15j is provided by the breakdown U _. u1 due to 
doublet breaking: .cq').::. U) . The generators of ut2) and of its 
complex extension GL(2, ¢ ) are, respectively, 

'=("'\,) 
~"a 

=f~ (:~) 

0. ,d. <: 1;: . ~ c <:. 
) 

"'· ~,c.,J.. c 4:. 

(3 .7o) 

(3.7b) 

-Clearly the conserved symmetries in the breakdown are larger for T 
than T, since T(+)= 0 implies 

T: (~d) (3.8o) 

while T (~)= 0 implies 

~ (0") T= oc;\ (3.8b) 

Hence, in thi§ breakdown, there are 3 GB .... (O,+,-) but only 
2 QGF~ (0,+) . Note, however, that this result depends on the dyna
mics. In a model where u2-t u

1 
is accomplished _by two doublet vacuum 

expectation values: <.4,> =:.(.1 1o) and c:; c(IL) = ( 1
0 } , it is easy 

to check that one needs 3 QGF. That is, in this case there is total 
doubling. 

Independent of the detailed dynamics, it is possible to establish 
the following general results on QGF, if one starts from a Lagrangian 
field theory: 

Supersymmetry (Eq. 2.3) implies also a QGB-(0) 

··~ ~~ -~--- ·----~ ~- ~-- --'--~-·------~--- . 
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1. If G/H is a symmetric space (e.g. SU(m+n)/SU(m)xSU(n)xU(1)) then 
there is always full doubling: n88 = n088 = nQGF /13/ 

2. For any G--+ H breakdown there will be at least one QGB /13/ /16/. 

The second result is certainly somewhat puzzling. One would think, 
naively, that if G/H is a K8hler manifold (e.g. E6;SD(10} x U(1)) then 
the dynamics should allow n GB = 0, n G = 1/2 n 8 . This in fact is 
not allowed in {linear) Lag~angian moSels becaus~ the superpotential 
is invariant under both G and G. Of course, Result 2, does not imply 
that one cannot construct non linear supersymmetric Lagrangians, based 
on a G/H which is KShlerian, which have QGF in chiral representations. 
These Lagrangians arise from putting symmetry breaking constraints in 
by hand which are invariant under G but not G, so the complex exten
sion plays no role at all. 

I will sketch the proof /15/, /16/ of the second statement above; the 
first is proved analogously. It is convenient for these purposes to 
represent the lie algebra of G in a step generator basis: 

[E., E ,1 ~ l".t .. , 1-t· 
"l I -"'- \.l \ 

l :.. l . . . . r"t::.\o.'< c 
' I 

r:J.-::..1, . . ,l(J.i ... ~ll..,o\()C-\J.9) 
> 

Here 1-1. are diagonal generators and the f'i l-( J are the root vectors. 
Obviou§ly one has a chiral QGF if for some ~ 

t:o<. <~'> * 0 
but t._,., <~) = 0 (3.10) 

so that one generator is broken and the other is not. Applying the 
commutator in (3.9) on <+'> and using (3.10) it follows that there 
must be some H. such that H . .(ci) 4;0. But the breaking of H. - since 
it is real - l~ads always t6 doubling. Hence nQGB l:. 1. 

1 

Besides describing the pattern of QGF for a given model, it is 
of course very interesting to study the non linear interactions among 
the QGF. This was done, in an approximate manner, for the SU(S) model 
and other simple models, in Ref. 11. More general methods were developed 
by a number of authors /12/ /14/, but the most comprehensive treatment 
was given by Banda, Muramoto, Maskawa and Uehara /17/. This method has 
been applied to several interesting examples in Ref. 18. Here I would 
like to summarize in a qualitative way the results found and indicate 
clearly why these lagrangians are not totally specified by the geometry 
of G/H, in contrast to what happens in the non supersymmetric case. 

In a breakdown G~ Hone expects that the QGF contain, in general, 
both doubJed and non doubled pieces: 

QGF... i + + (i + l + r) (3 .11) 
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The non doubled pieces involve chiral representations, i, for which 
no QGB are needed. The doubled pieces contain both singlets, 1, as ;.Jell 
as vector-like representations, i +I+ r, and haven F=n 88=n 8 . 
Letting 1T stand generically for a Goldstone superfie~§, aRe se~s that 
the scalar content of 'lf is different depending on "1hether its QGF is 
doubled or not doubled. 
One has: 

"tf scalar 
doubled = (g,p) 

·1\ scalar 
' non doubled " (g,g) (3.12) 

That is the scalar fields in the doubled case contain both pure Gold
stone bosons (g) and quasi Goldstone bosons (p). In the non doubled 
case the scalar components of 1I are all Goldstone bosons. In terms 
of symmetries of the superpotential W after the breakdown G_, H, if 
there is total doubling then the invariance group is just the complex 
extension of H, H. If, however, there are some non doubled representa
tions then the invariance group His bigger, WlH. 

~ _The full set of scalar fields in 1T parametrize the coset space 
M = G/H. If one restricts the scalar fields to be just the Goldstone 
excitations, g, then these fields parametrize the compact manifold 
M = G/H. The set p is associated with broken non unitary symm~tries 
and thus serves to parametrize the non compact directions in M. The 
non linear Lagrangian describing the interaction of Goldstone super
fields is given as in (3.1), in terms of a functional of the Goldstone 
superfields, the K8hler potential, K(if ,t{'). The metric g .. derived 
from K /10/ 1: ~J 

·'> -.<.ln' ~~ 
"') rc'''.: ~ tt ~ 

~ ;, '- (3.13) 

~s, I;Jowever, the metr~c of a mamfold M *, which is not identical to 
M. M J.S also parametr1zed by the scalar fields in lf, but its isometries 
are those of G, not those of G which was the*case for fr. Physics is, 
after all, G not G invariant! The ~anifold M is a topological deforma
tion of M. However, the shape of M along the non compact directions 
(those related to the QGB p) is not fixed by symmetry /15/. It is this 
feature that makes the K8hler potential depend on the dynamnics and 
not only on the geometry of G/H. The more QGB p there are, the less 
fixed K will be. These considerations are nicely illustrated in the 
example given below. 

4. A SEMI REALISTIC EXAMPLE -THE NOVINO MODEL 

The novino model, developed in collaboration with BuchmUller and 
Yanagida /19/, is based on an underlying supersymmetric SU(2) gauge 
theory. The preen supermultiplet consists of 6 preons ~~ 1r1hich are 
doublets under SU(2). The global symmetry of the model is 
G = SU(6) xU (1), where X is a combination of preen number and A 
symmetry whicR i;;Jas no SU(2) anomalies. The formation of the SU(2) sing
let condensate 
*OnGCan give dynamical argulllents supporting the; formation of this 
condensate ;1g; 
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""" <e."'~ <I>' ._, > " -r r (4 .1) 

breaks G~ H SU(4) x SU(2) x U(l), The 17GB that ensue are easily 
X' seen to transform as: 

GB-(4,2) + (4,2) + (1,1) (4.2) 

If the dynamics of the model were such that the QGF transformed in a 
not totally doubled way: 

QGF ~ (4.2) + (1,1) (4.3) 

then one would have a semirealistic model for one generation of left
handed fermions. Assigning color to '~ (p = 3,4,5) and charge as 
Q = (-1/2,1/2,1/6,1/6,1/6,-1/2), it is easy to see that the {4,2) 
multiplet above indeed has the correct quantum number of quarks and 
leptons. The (1,1) state, the novino, is an extra excitation of the 
model. In fact, one can check in two ways that the pattern of QGF of 
Eq. (4.3) arises from the dynamics /19/. The set (4.3), but not the 
totally doubled set, matches the chiral anomalies at the preen level, 
satisfying 't Hoeft's consistency condition /20/. Furthermore, examin
ing the model in the Higgs phase and applying complementarity /21/ 
also yields {4.3). 

Knowing how the QGF transform then allows one to compute the 
effective Lagrangian describing their interactions. Because of the 
presence of the doubled novino state, this Lagrangian will have some 
arbitrariness. I detail below only the piece which involves the quarks 
and leptons, since it has an interesting structure 

~~If 
N~ , \ t l +< ,.r i' oft) · ( fL "~'r .Z 'h l ~ 

'1, 

t ' 
... "' -"~ 

v,~ 

t ltL 'I'~" I/-,_). l t "(~ f._> I (4.4) 

Here ~L is the (4,2) field and v1 , v2 are scales associated with the 
(4,2) and (1,1) multiplets, respectively, whose values are fixed by 
the underlying dynamics. 

If the coset space G/H had been K§hlerian (e.g. ~~ff 
SU(6)/SU(4) x SU(2) x U{l)) with no novino, then v = 0 and 0'\. "lL 
would have been totally fixed, apart from an overatl scale. The pre
sence of novino - which must be there because of the general theorem 
of Sec. 3 - affects the residual interaction (4.4). Only a knowledge 
of the underlying dynamics fixes the ratio of v2tv 1 . In Ref. 19, we 

~ -'"---"---"------~--~------------------"--"'---'--''--''--'C--'---~ 
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argued that most probably v2 ~ v 1 , so th~t ( 4. 4) , after ( -Z0 mixing, 
can in fact reproduce the form of the q = 0 weak interaction. However, 
it is not necessary here to imagine that the weak interactions are 
residual interactions. The quarks and leptons are chiral and one can 
gauge SU(2) x U(l) at the preon level. 

The novino model can be extended rather simply /22/, so that also 
right-handed quarks and leptons emerge as QGF. One can also incorporate 
a family structure in the model, but this is done rather unnaturally. 
Basically, one just changes the number of preens from 6 to 4nf+~ where 
nf is the number of families. The relevant breakdown, due to the con
densate {4.1), now produces QGF transforming as (4nf,2) under H, which 
can be taken as nf repetitions of (4,2). 

Greenberg, Mohapatra and Yasue /23/, in a model quite similar to 
the novino model, have a somewhat better way to incorporate families. 
Basically they introduce an SU(6) gauge theory and then, in addition 
to the {4,2) QGF arising from the G-tH breakdown, they need two more 
families of massless fermions to match the 't Hooft conditions. 

Both of the above examples of generating families are quite arti
ficial . It would be nice if families of QGF came out directly out 
of the group theory. This can occur, rather naturally, if the global 
symmetry is based on exceptional groups, /24/ /25/ /26/ /27/ /28/ as 
I discuss in the next section. 

5. FAMILIES AND EXCEPTIONAL CHAINS 

I already noted earlier how groups in the exceptional chain 
(E4 = SU(5), E5 = 50(10), E6) were useful as classification groups for 
the quarks and leptons. Some of the coset spaces involving exceptional 
groups ar~_also equally well suited. For instance_~6/S0(10) x U{l) has 
G8 .... 16 + 16 of S0(10); E /E6 x U(l) has GB .... 27 + 27of E6 , etc. Clearly, 
non doubled QGF arising from these coset spaces will have precisely 
the wanted quantum numbers of quarks and leptons (of one generation, 
for the aboye examples) . 

In the literature /24/ - /28/ there exist various multifamily 
models based on exceptional coset spaces. This discussion has been 
systematized recently by BuchmUller and Napoly /29/ and by Itoh, 
Kunimoto and Kugo /1B/ (see also Ref. 30) and I shall describe briefly 
their findings. These authors catalogue all coset spaces involving ex
ceptional groups which have the following properties: 

' Perhaps less so for the suggestion of Ref. 23. However, here the 
dynamics is on a more shaky ground. 

---"'-·-·-"\.---"--- -- ---~---- "---~ __ , 
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1. G/H is a K8hler manifold 
2. n ~ 3 
3. Hf" K'xK, ~<ith H' " SU{5), 50{10), E

6 
4. The resulting ~ eff is well defined 

let me make a few remarks on points 1 and 4, since these condi
tions are perhaps questionable or not obvious. One could object tore
stricting oneself only to K8hler manifolds, since one knows that for 
a (linear) lagrangian theory nQhR~ 1. However, these coset spaces 
could well arise from a deeper tneory - not necessarily one based on 
a linear lagrangian - and it could well be that nOGB ~ 0. Furthermore, 
Kahler manifolds G/H always have H = H' x U{1). S~ one expects that, 
up to a novino, their QGF patterns are similar to that of the non 
Kahler manifolds G/H'. 

Point 4 is also related to having purely chiral fermions in the 
manifold. In these circumstances, one knows that at times it is not 
possible to ~~tte a consistent non linear lagrangian for the chiral 
superfields, because the fermion determinant is ill defined /31/. Be
cause- of this- reason it may not be s_ensible to consider these coset 
spaces. This constraint eliminates possible candidate coset spaces like 
E7/SU(5) x SU(3) x U(1) /25/. However, as Yanagida /30/ points 
out, one may always add matter fields to the original model \~hich 

serve to cancel· these anomalies. Hence-, from this point of view, con
straint 4-may be too restrictive. 

Using t_l"]!3_ constraints 1-4 yields only 5 viable -coset spaces /29/ 
/18/. They all have_-G =--E8 and H' = E6 

or S0(10). However, two of these 
coset spaces, -although they give rise- to- three repetitions of E re
presentations,-contain two families plus an antifamily. Hence tRey are 
phenomenologically useless. The interesting coset spaces that remain 
are 

i) E
8

/S0{10) x SU{3) x U{1)
2 

ii) E
8

/S0{10) X SU{2~ X U{1) 
iii) E

8
/S0{10) x U{1) 

The coset space i) was discussed already by Ong /24/ and by Irie and 
Yasui /28/, and it contains 3 families plus an antifamily: 

QGF{i) {16,3)
1 

+ {16,1)
3 

+ {10,3)
2 

+ {1,3)
4 

{5.1) 

The coset space ii) has two different QGF patterns - differing_ by how 
the U{1) quantum ·numbers -are- assigned - which ~also· lead- to 3 16-' s of 
S0(10) plus a 16. Finally the last coset Space has many QGF patterns, 
but none of the~ have 4 16's. Here again--one_· has always at least one 
a·ntifamily. 

There are both technical and physical remarks that I wish to make 
on these results. On the technical side, the way in \oJhich the K8hler 
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manifolds were obtained, and their complex structure analyzed, is very 
nice. Basically there is a simple way to find out which coset space is 
K8hlerian, which is due to Bordermann, Forger and ROmer /32/. The mani
fold G/H' x U{1)p is a Kahler manifold if the H' group has a Dynkin dia
gram which can be obtained from the Dynkin diagram of G by crossing out 
p dots. The complex structures in G/H' x U{1)p are then gotten by se
lecting all roots which are positive with respect to any chosen U{1) 
generator in U{1)p /18/ /29/. For p~1, obviously, there is a unique set 
of QGF. For p > 1, on the other hand there can be distinct patterns of 
QGF even for a given K8hler manifold. This is not surprising, since in 
these cases there are distinct ways in which to pair up the Goldstone 
boson fields to fermions. 

Physically, the most interesting result of this analysis is that 
there appear always at least one antifamily in these exceptional coset 
spaces. This suggests, if these ideas are correct, that there should 
be a fourth generation with V+A interactions. Although predicting the 
existence of an antifamily is nice, it is difficult for me to under
stand what will happen dynamically when mass is generated for the QGF 
(by breaking G and gauging H). One would imagine that one 16 and the 
16 would combine together to form very massive states, leaving then 
just two relatively light chiral families. If this is so, then this 
approach is in trouble phenomenologically. 

I should remark that by relaxing the restriction 4 one can obtain 
models with 3 families and no antifamilies. For instance this happens 
in the E7/SU{5) x SU{3) x U(1) model, studied by Kugo and Yanagida /25/. 
Hence, serious thought should be given whether the requirement of no 
~-model anomalies cannot be circumvented. Another possibility to avoid 
antifamilies may be not to have purely Kahler manifolds. By removing 
some of the U(1) factors in the coset spaces in i) - iii) might it not 
be possible to reverse a 16 into a 16? Naively one may think this might 
be possible, since after all the U(1) factors were the ones used to 
select the QGF structures. BuchmUller /33/, however, thinks that this 
will not help, and that no 16 can be turned into a 16 this way. 

6. CONCLUDING REMARKS 

I hope to have convinced you that the idea of trying to associate 
quarks and leptons with coordinates of a coset space is an interesting 
speculation. Of course, one is still very far from having arrived at 
a convincing realistic model. In fact, also the original idea that QGF 
were bound states of preens has somewhat changed. If the global symme
try is that of an exceptional group, it is clear that the underlying 
theory cannot be just an ordinary non Abelian gauge theory. In effect, 
these exceptional coset spaces are much closer in spirit to superstring 
ideas than preen models. 

Even if one were to become convinced that a given G/H coset space 
correctly is to be associated with the quarks and leptons we know, the 
most difficult part of the program still remains ahead. One has a dyna
mics (supersymmetry plus spontaneous breakdown of a global symmetry) 
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which gives massless fermions. How does one get the quarks and leptons 
to have small masses, and how does one remove the unwanted scalar 
states? Clearly one must break the supersymmetry and break the global 
symmetry, but what triggers these breakings and how do the quark and 
lepton mass hierarchies come about? There is plenty of room left for 
good ideas! 
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