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An attempt is made to unify the fundamental hadrons and leptons into a common irreduc-
ible representation F of the same symmetry group G and to generate a gauge theory of
strong, electromagnetic, and weak interactions. Based on certain constraints from the
hadronic side, it is proposed that the group G is SU@¢’) xSU(4’’), which contains a Han-
Nambu-type SU(3") xSU(3"’) group for the hadronic symmetry, and that the representation
F is (4,4*). There exist four possible choices for the lepton number L and accordingly
four possible assignments of the hadrons and leptons within the (4,4*). Two of these require
nine Han-Nambu-type quarks, three ‘“charmed” quarks, and the observed quartet of leptons.
The other two also require the nine Han-Nambu quarks, plus heavy leptons in addition to
observed leptons and only one or no ‘“charmed” quark. One of the above four assignments is
found to be suitable to generate a gauge theory of the weak, electromagnetic, and SU(3"’)
gluonlike strong interactions from a selection of the gauges permitted by the model. The
resulting gauge symmetry is SU(2'), xU(1) xSU(3'’),.z- The scheme of all three interactions
is found to be free from Adler-Bell-Jackiw anomalies. The normal strong interactions arise
effectively as a consequence of the strong gauges SU(3'’);,r. Masses for the gauge bosons
and fermions are generated suitably by a set of 14 complex Higgs fields. The neutral neu-
trino and AS=0 hadron currents have essentially the same strength in the present model as
in other SU(2), xU(1) theories. The mixing of strong- and weak-gauge bosons (a necessary
feature of the model) leads to parity-violating nonleptonic amplitudes, which may be ob-
servable depending upon the strength of SU(3’’) symmetry breaking., The familiar hadron
symmetries such as SU(3’) and chiral SU(3’), XSU(3’)z are broken only by quark mass terms
and by the electromagnetic and weak interactions, not by the strong interactions. The
difficulties associated with generating gauge interactions in the remaining three assignments
are discussed in Appendix A. Certain remarks are made on the question of proton and quark

15 AUGUST 1973

stability in these three schemes.

I. INTRODUCTION

Several past attempts® including some of the re-
cently proposed schemes of unification®'® of the
weak and electromagnetic interactions have em-
phasized the parallelism between the hadrons and
leptons in the sense that both types of matter be-
long to similar (but distinct) multiplets of the
same group structure!'* [e.g., SU(2)XU(1) or
SU(4), etc.]. As a further step toward a unified
theory of matter, one may inquire whether the
fundamental hadrons and the leptons could be con-
sidered as belonging to the same irreducible rep-
resentation of a common symmetry group for all
matter. It of course goes without saying that such
a supersymmetry group has to be badly broken to
correspond to the huge mass gap between the had-
rons and the leptons and to their asymmetric re-
sponse toward the strong interactions.

Nevertheless, if we postulate that such a sym-
metry group is the basis for the existence of had-
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rons and leptons, it may in the first place lead to
a tighter classification scheme for the leptons not
available at present. This could provide a ratio-
nale for the existence of known leptons and also
throw some light on further leptons to be expected.
The existence of the lepton number L (or baryon
number B) would derive an interpretation similar
to that of I, and Y, being part of a hierarchy of
higher symmetry rather than due to an ad hoc U(1)
symmetry. Such a combined symmetry is also ex-
pected to provide a well-defined basis for hadron-
lepton universality in the weak and electromagnet-
ic currents.

In the second place, the full dynamical content
of such a supersymmetry group may provide new
insights. For example, a full gauge theory of in-
teractions based on such a symmetry group may
lead to a unified treatment of the strong as well
as weak electromagnetic interactions in the sense
that a single coupling constant may govern the
non-Abelian part of the interactions. The empir-
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8 UNIFIED LEPTON-HADRON
ical difference between the value of the electro-
magnetic charge and the strong interaction cou-
pling constant may, in such a scheme, be expected
to arise from differing charge renormalizations
produced by the spontaneous symmetry breaking
mechanisms, which are a necessary feature of
such theories. A related consequence is the pos-
sibility of a whole new class of interactions involv-
ing gauge mesons which carry baryon and lepton
number. The absence of such interactions in the
present energy domain may be attributable to
superheavy masses of such gauge mesons, con-
sistent with current ideas of spontaneous symme-
try breaking.

With these to serve as motivation, we attempt
to make a beginning toward a unified treatment of
the hadrons and leptons. In Sec. II we discuss the
question of the choice of the symmetry group G
and the representation F for fundamental hadronic
and leptonic matter. Based on certain constraints
from the hadron’s side, it is proposed that the rel-
evant group for the classification of fundamental
hadrons and leptons is SU(4’) XSU(4”), which con-
tains a Han-Nambu-type® SU(3’) XSU(3”) group for
the hadronic symmetry, and that the representa-
tion F is (4, 4*). It is then pointed out that there
exist four distinct possibilities for the assignment
of the leptons within the (4, 4*). Two of these re-
quire nine Han-Nambu-type “normal” quarks,
three “charmed” quarks, and just the observed
quartet of leptons (but no heavy leptons). The oth-
er two also require nine Han-Nambu quarks, but
they require extra leptons and correspondingly
one or no charmed quark.

In Sec. III, we construct a gauge theory of weak,
electromagnetic, and SU(3”) gluonlike strong in-
teractions for one of the four assignments men-
tioned above. We restrict ourselves in this note,
however, to only a selected set of gauges so as to
reproduce primarily the conventional phenomena
of interactions for this assignment. (The other
three assignments seem to be unsuitable for a va-
riety of reasons discussed in Appendix A.) The
symmetry group for the gauge interactions thus
obtained is SU(2’), xU(1) xSU(3"), . r. The scheme,
including the strong intevactions, is found to be
free from Adler-Bell-Jackiw anomalies. The ex-
istence of the two SU(4) degrees of freedom for the
(4, 4*) is found to be essential in realizing this
scheme.

The model thus generated is conservative in the
sense that it does not exploit all the gauge sym-
metries permitted by the model. By the same to-
ken, no attempt is made to build in universality of
the strong, weak, and electromagnetic interactions
in the sense mentioned before. We hope to return
to these considerations in subsequent work.
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The question of generating masses for the gauge
mesons and the (4, 4*) fermions via spontaneous
symmetry breaking is briefly discussed in Sec. IV.
A mass matrix with desired properties is con-
structed with 14 complex Higgs fields. It is point-
ed out that the mass matrix must necessarily mix
some of the strong-gauge mesons with the weak
ones in order to generate the photon. This may
lead to observable effects in parity-violating nu-
clear transitions depending upon a few factors.
The neutral neutrino and AS =0 hadron currents
are found to have essentially the same strength
in the present model as in other SU(2), XU(1) the-
ories®* of weak and electromagnetic interactions.
Remarks on the nature of various symmetries in
the model are made in Sec. IV. Section V contains
a summary of a few peculiar features of the
scheme. The difficulties associated with gener-
ating gauge interactions in three out of the four
lepton assignments are discussed in Appendix A.
The possibility of baryon- and lepton-number-vio-
lating transitions in these cases and their implica-
tions on quark and proton stability are briefly
mentioned. In Appendix B we consider the conse-
quences of assuming that the idea of Cabibbo rota-
tion applies to the (e, u) leptons as it does to the
(9, A) hadrons. It is remarked that the two-neu-
trino experiment (rather than absence of u—e +y
decay) would provide a test of whether the univer-
sality of hadrons and leptons should be carried
this far.

II. CHOICE OF THE SYMMETRY GROUP AND
THE BASIC REPRESENTATION

We shall start with the basic assumption that the
representation F of the fundamental entities con-
sists of quarks and at least the known leptons.
This excludes the hypothesis that the observed
leptons may be composites of something even
more fundamental.® So far as quarks are con-
cerned, it appears that there are several consid-
erations, which favor nine degrees of freedom for
the quarks rather than three. Apart from integral
charges, these are (a) the experimental value
for the magnitude of the 7°- 2y amplitude’; (b) the
desirability of having Fermi statistics for the 56-
plet of observed baryons, with quarks in relative
s states; and (c) the question of the AT =3 rule®
for the nonleptonic decays. To be more specific,
we will assume® that the basic hadrons are the
Han-Nambu® quarks transforming as (3, 3*) under
the SU(3’) xSU(3”) group; for our discussion the
familiar SU(3) group may be identified with SU(3’).
The quarks will carry integral charges if we as-
sume
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Q=U3+3Y")+(UI§ +3Y"). 1

The low-lying baryons and mesons are assumed to
be singlets under SU(3”), thus they have I} =Y"
=0. .

Clearly the supergroup G we are seeking must
contain the hadronic SU(3’)xSU(3”) group as a
subgroup while the lepton number must be a diag-
onal generator within G outside of SU(3’) xSU(3").
The basic representation F of the supergroup G
must contain at least the Han-Nambu nonet of had-
rons and the observed quartet of leptons. 1t is
easy to convince oneself that the simplest group
structure'® meeting these constraints is provided
by

G =8SU(4’)x8SUu(4"), (2)

with the fundamental fermion (hadron and lepton)
representation being given by

F=(4,4%). 3)

Denote the components of F by ¢(4,:); the group
SU(4’) acts on the index o =@, :, A, x, and the group
SU(4”) acts on the index ¢=a,b, ¢,d. The traceless
matrices 7, Y’, and C’ for the diagonal genera-
tors of SU(4’) with respect to the indices o may
then be defined by

® N Ay ® N A X
1 1
-1 , 1
I{;=é 0 ’ Y:% -2 ’
0 0
® N A (4)
1
1
c’=% 1 ’
-3

where C’ is the charm quantum number of SU(4’).
The matrices I, Y”, and C” for the diagonal gen-
erators of SU(4”) (with vespect to the indices i)
may be defined similarly. They are negatives of
I;, Y’, and C’, since they correspond to the 4*
representation. Thus,

Ii==Ue, X")i==(Y")y
and (5)
(C");==(C)q-

A suitable extension of the charge formula (1),
which gives integer charges to all constituent par-
ticles, is given by

Q= 3+3Y' =3C)+(I§+3Y" =3C"). (6)

One may exhibit ¢ by a (4x4) array, the super-
script on each component designating the charge:

ey €5 ©; @
N, RN N N
NN N
o]

Xo X» Xo Xg

The 3 X3 top left array denotes the Han-Nambu
nonet of hadronic quarks, which we denote subse-
quently by 3C.

There appear, in general, four distinct possibil-
ities'! for the choice of the lepton number L:

L=(C"+%) (a)
=(C'=1) (B)
=(C"+1)+(C'-1) ()
=(C"+3)-(C"-3). (D) (8)

Accordingly there are four possible assignments
of the hadrons and leptons in the (4, 4*). These
are

Ve
¥ o
‘I’A= (L=0) “- (L=1) ’
hO h+ h/+ v
| (z=0)
( e
¥ -
(L=0) H~™ )(L=0)
\I’B= H'™ ’
'—/-e et IJ.+ —u
u(L__l)
@)
[ v,
3 -
(L=0) wo ML=1)
‘I’C" M- ’
ve e+ E+ RO
[ @=-1) (=0
r v,
3 -
(L=0) p-p(L=1)
ve e+ E+ 60
L(L=-1) (z=2)

In each case JC stands for the 3 X3 array of the
Han-Nambu quarks. Note that:
(1) All four schemes accommodate at least the
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known quartet of leptons and allow for the distinc-
tion between v, and v, and e and u via SU(4’) and/
or SU(4”) quantum numbers.

(2) Schemes (A) and (B) contain just the observed
quartet of leptons and no further leptons, while
(C) and (D) contain new leptons in addition.

(3) Schemes (A) and (B) look so similar ‘that one
may not regard them as distinct. However, once
we choose the convention that the low-lying had-
rons are singlets with respect to SU(3”) and non-
singlet in general with respect to SU(3’), then (A)
and (B) lead to physically distinct schemes of
gauge interactions (compare Sec. III and Appendix
A).

(4) In addition to the basic Han-Nambu nonet,
schemes (A) and (B) consist of three charmed had-
rons, called (% hr*,n’*) and (H°,H™,H'"), re-
spectively, while scheme (C) contains one such
charmed hadron, the R°. These objects are pre-
sumably much heavier than their uncharmed part-
ners and do not play any role in the formation of
the low-lying hadrons.

(5) In each of these four schemes, one may in-
troduce a U(1) symmetry to extend the SU(4’) or
the SU(4”) to a U(4’) or U(4”) group, respectively.
The corresponding U(1) symmetry may be identi-
fied with fermion-number conservation. One may
assign the fermion number of the basic 16-plet
¥(x,1) to be +1 and their antiparticles to be —-1.
The theory permits separate conservation of the
fermion number F and the lepton number L. All
the traditional selection rules usually following
from baryon-number and lepton-number conserva-
tions are now given by the conservations of the
fermion number and the lepton number. Baryon
number may, of course, be defined in these
schemes in terms' of F and L.

In Sec. III we present a gauge theory of strong,
electromagnetic, and weak interactions in scheme
(A) only. The difficulties encountered in gener-
ating such interactions in the other three schemes
are discussed in Appendix A.

III. GAUGE INTERACTIONS IN SCHEME (A)
A. The Weak Gauges

Since the hadrons and leptons in scheme (A) have
SU(4’) quartet structures separately, we can ob-
tain the Cabibbo suppression for the |AS|=1
charged currents and avoid the |AS|=1 neutral
currents by following the scheme of Glashow,
Iliopoulos, and Maiani.* Thus, to start with, we
assume that the hadronic quarks 3; and A; (with
i=a,b,c), which enter directly into the currents,
are not physical, in the sense that the mass ma-
trix is not diagonal with respect to them; they are
related to the physical objects %; and X; (i =a, b, ¢)

by a Cabibbo rotation of angle 6:
N;\ _/ cosh sing)\ (K, -
<7ti> - < -sinf cos9> <X,. > (¢=a,b,c).
(10)

Following Ref. 4, the weak interactions may be
generated by a SU(2’), -gauge group with gener-
ators given by the sum of the SU(2’) generators
acting on the left-handed (p, n) and (X, x) indices,
respectively. These are'®

Ki=(F{+Fi),
K3=(F;-FiJy, (11)
K3=(F;+3Y' =35C'),
where
Y'=($)"" F
and ‘ (12)
C'= (@) Fi,.
Using the representation of K 5’ with respect to
the left-handed basis af = (@;, 3, M, x;) 2s
[kt ¥ U)f ,g] (i=a,b,c,d; §=1,2,3),
(13)

where 7; are the Pauli matrices and 7,=7,, 7, 4
=~-T, 5, the corresponding fermion-gauge-boson
interaction is given by

=g, 2, @RNXINKIv[3(1+y)]

i=1 i=a,b,c,d

®;
B )

X )\: ;. (14)
X;

Note that the right-handed fields (¥ ,)5 are being
treated as singlets under the SU(2’), gauge group.
As in Ref. 4, the interaction (14) suppresses |AS|
=1 neutral currents and has Cabibbo form for
charged currents.

B. The Strong Interactions

The strong interactions (by definition) do not in-
volve the leptons. We shall assume that they re-
spect at least the SU(3’)xSU(3”) symmetry, that
they are generated via pure vector and/or axial-
vector gauges in order to conserve parity, and
that they do not introduce anomalies by themselves
or in the presence of other interactions.

All these requirements are met easily [in
scheme (A)] if we use an SU(3”) octet of vector
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gauges to generate the basic (gluonlike) strong in-
teractions. Denoting the corresponding gauge me-
sons by V7 (m=1,...,8), their interactions with
fermions are given by

G=ry, %

@,
(aaabac)(%)\m)'y" Ay V’;’: .
m=1 cx:(?,ﬂ't,)\,x a,

(15)

The gauge mesons transform as (1, 8) under the
SU(4’)xSU(3”) group. The A,’s are the appropriate
Gell-Mann matrices for the 3* representation. The
interactions as introduced above are, of course,
anomaly-free by themselves, since they are vec-
torial in nature. Remarkably enough, they are
found to be anomaly-free also in the presence of
the weak SU(2’), gauge interactions and the U(1)
gauge interaction [see Eq. (18)] yet to be intro-
duced to generate electromagnetism. Instead of
the SU(3”) octet gauge mesons, however, if we
had used a singlet gluon gauge vector meson,**
coupled symmetrically to the twelve hadrons [in
scheme (A)] to generate the strong interactions,
the resulting scheme together with the U(1)-gauge
interaction needed to generate electromagnetism
would have anomalies. In this sense then, the ex-
istence of the two (see Ref. 14) SU(4) degrees of
freedom in our model seems to play an essential
role in generating an anomaly-free gauge theory

Leg U3 T

i=a,b,c,d

where the subscripts R and (L +R) on the currents
are defined by the conventional notation

$1 'Vp[ 3(1- 7’5)] hp= (‘llep 2)R
and (19)

al 'szpzz ($1¢2)L+R'
The total weak, electromagnetic, and strong inter-

action of the theory (not including the Higgs bosons
to be introduced) is

L'=£,+L,+L, (20)
and the corresponding gauge group is given by
G'=8U(2"), xU(1)xSU(3"), - (1)

The total number of neutral gauge fields in the the-
ory is four: W%, V3 V?® and U°. The mass ma-
trix arising through spontaneous breaking will in
general induce mixing between these fields, which
in turn will lead to certain orthogonal combinations

(@@, =TT e+ K xi - N Mgl +3 2

of the strong, weak, and electromagnetic interac-
tions.

C. Electromagnetism: A New U(1) Gauge

Note that the electric charge operator given by
Eq. (6) can be written [with usual notations: I}
= (13{)1: +(I:;)RE (I:;)L+R: Etc-] as

Q:[[g_,_%yf - %C/]L +[I:;' +%Y”]L+R
+H{{3+37" = 5C")z = 3CL 2} (16)

We have so far introduced SU(2’), and SU(3"),,
gauges, which generate currents corresponding to
the expressions in the square brackets in Eq. (16).
No such gauge has been introduced to generate the
current corresponding to the piece of the electric
charge in the curly bracket in (16). This consists
of a part (I} +3Y’ - %C’)g belonging to the SU(2’),
group [compare with generators of the SU(2’),
group as in Eq. (11)] and a part (-%C7, ) belong-
ing to the SU(4”) group. The corresponding gener -
ators commute with the gauge generators already
introduced, so that the simplest (though perhaps
not the most elegant) possibility to build electro-
magnetism is to introduce a new U(1) gauge inter-
action defined by the generator

Y=(I{+3Y' - 3C)g-5CL k. amn

The corresponding gauge meson U° interacts with
the fermions in the following manner:

(@, +ay0,+a,a, - 3a,04) k¢
a=@,3, £, x

(18)

r

of these fields to correspond to the physical parti-
cles. One such combination is the massless pho-
ton (coupled to the conserved electric-charge
gauge). The complexion of the others will depend
upon the nature of the mass matrix, which is dis-
cussed briefly in Sec. IV.

IV. PARTICLES AND MASSES

Below we demonstrate a possible scheme?!® of
spontaneous symmetry breaking for generating
masses of the particles. We sketch the main ideas
only briefly, since these are simple extensions of
standard ideas in the subject.

All the gauge mesons and the fermions can be
given masses appropriately by introducing two
sets of scalar fields, i.e.,

(a) a set of 12 complex fields of, transforming as
(2+2,1,3*) under the gauge group G’, where i .
=a,b, c corresponds to SU(3”) index and a=1,2,3,4
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corresponds to SU(2’), indices, plus

(b) a second set of two complex fields ¢ = (23)
transforming as (2, 1, 1) under G'.

We assume that the self-interactions among the
scalar fields may be arranged!® such that their
vacuum expectation values are given by

o 0 O

i 0 o O
<oa >o=' 0 0 o (22)

0O 0 O

and

@%=1(p ): (23)

where o and A are real. The three nonzero ele-
ments in (o) are taken to be the same in order to
obtain (approximately) equal masses for the SU(3”)
octet of gauge mesons.

The masses of the gauge mesons are found by
substituting the vacuum expectation values for the
corresponding fields in the expressions

(;E)|3u°§c—if(%i(o)'vu)uoi—ig(T(U)‘VT’u)aaoiB- ig'(t° @)U, 105,08
s QL

+ 2 0,08 —ig(T(9) W, )" -ig (tADU,) 60 "1%, (24)

£=(+,0)

where X(0) ar" the Gell-Mann matrices for the 3* representation and

0 - -
(tK(o))otB_ "/TK 'T'K)aB(Tl:Tp 72.3=_72:3)’

2{ ¢
(t%N¢s,00.5.8)= 5015008 »
(¥(¢)) e = (é?) En

and

(PN eg=130¢y-

(25)

This scheme leads to the following eigenstates and masses after necessary diagonalization of the mixed

fields:
V3=V}cosé+Wsind,
Vix= (Y 2AVAFiV), m(VE) =) o;
(Vs Vix)=(VA(VexiVT),
W *=W*cosd -V %sins,

a8 W+ 2U°%)+gg'[Vy +(3)2v,]
[fA(g2+g'D)+gg* (]

0=3(Ve=V3 V), m(Vygo)=(3)" %0 ;

my=0;

v, B8 8 W g U%) = () (g*+ gV + (1)1 2V,]4+ 0o/n)

m(V3)=(3)" ¥ 0 +0(/N);

m(V%s) = (3)Y?fo;
m(W)=(3)"2gx+0(c/1);

(26)

{g glz(g +g12)2 z;fz(g +g12}1/2

_8Ws -
- e o/,

where

- (G- (BN o

We could have exhibited the exact expressions
for the diagonal fields. These, however, are com-
plicated and add nothing to the understanding.
Thus, in the above equations we have consistently
assumed o/A to be a small number of order 10~2
to 10~% and neglected corrections to this order.
This is consistent with the assumption of a large
W mass my~ (5)/2gx 2 50 BeV together with the

, m(Vyo)=(3)Y2fo+0(/N);

m(Z°%)=(g2+g )" 35N+ 00/));

r

strong-gauge -meson masses m(V)~ (3)V ¥fo of
around 3 to 5 BeV.!” Taking g/f to be nearly equal
to the ratio of the electromagnetic charge to
typical strong interaction coupling constants (i.e.,
g/f lying between % and ), we obtain'®

(%)-[wm](F)
=~ (10"2to 107%). (28)

The following points may be noted:
(1) The exchange of V3 leads to a |as|=0,1
parity-violating amplitude for processes involving
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hadrons, which is of order (sind)(g/f)~ (c2/22)
relative to the parity-conserving amplitude. Such
an amplitude however involves a pure SU(3”) non-
singlet transition operator, and therefore vanishes
by SU(3”) symmetry for processes involving low-
lying hadrons, which are supposed to be SU(3”)
singlets. If SU(3”) is not a very strict symmetry
(see remark at the end of this section), then for
02/Ax2~10"%, the above contribution may still be
comparable to the normal weak-interaction con-
tribution and could serve as a distinguishing fea-
ture!® of the model. It should be noted that the
additional parity-violating amplitude for hadrons
(mentioned above) is a necessary feature of our
model, since the strong- and weak-gauge mesons
must be mixed through the mass matrix in order to
generate the photon.

(2) The strong interactions are mediated by the
following octet of gauge mesons: V3, Vix, Vi«
V%*, Vyo, and Vo, all with nearly equal mass
($)¥ ?fo, which is necessary to preserve SU(3")
symmetry. It should be stressed that these me-

J

- ~ = - —/®
£@, 9)= :2/ [(Go’,-asmg*'cm,-mmqﬂ‘cmixi7\m¢)(m
i=a,b,c,d
where??
4)07) (¢1‘>
= - N = y 30
=(%2), o=(% (30)
Gog=Ga,=Go,=Gs (a=@,M,ro0ry), (31)
Gmd)\a=Gmb)*b=Gac)\cEAg’->\’ (32)
and
Gﬂ’la Aa = G;”,)\b = G;Lckc = AS’IL")\ . (33)

The coupling constants are chosen to be real.®
We also choose

Gayxni = Gayng (34)
to avoid parity -violating mass terms, and as usual
Gha'_'Gx,,=0 (35)

to eliminate the appearance of right-handed neutri-
nos. This ensures masslessness of the neutrinos.
Note that:

(1) We have allowed (R ¢)-coupling® in Eq. (29)
to realize Cabibbo rotation of 3 and A quarks in
the manner suggested in Sec. III. One may have
introduced an analogous (u-¢) rotation in the lep-
tonic column. This, however, does not lead to
any observable consequence (see Ref. 24) if my,
=m”u=0; so we choose

Gmd)\d=G§ld'M=0. (36)

sons are primarily singlets in the conventional
SU(3’), but octet under SU(3”); thus they cannot
be identified with any of the known vector mesons.
We have chosen the subscripts p,K*, ..., etc.,
for notational simplicity.

(3) The Vo interaction, despite the relatively
large component of W, and U°, is parity conserv-
ing at least to order 02/A? since the combination
(g'W,+gU° is coupled to pure vector current.

Z° interaction is, of course, parity violating.

(4) The strengths of neutral current processes?®
such as Vo + p—~ v+, vy+e—~v,+e, and v+p-v+p,
etc., are the same (to order ¢/)) in the present
model as in other SU(2), X U(1) theories®'* without
the strong gauge mesons. The presence of strong
interactions in our model and the mass mixing
does not alter the situation.

The Masses of the Fermions. The fermion
masses can be generated appropriately by intro-
ducing the following gauge-invariant interaction
of the ¢ field®! with the fermions:

>L+ (G g +GrXip $+Gxifm§)<§f)L] +H.c.,

13

(29)

T

(2) Subject to Eqgs. (31)-(36), there are, in all,
seven coupling constants to describe the masses
of the fourteen fermions (not counting the neutri-
nos). It is easy to see that, leaving aside the
hadronic N and A quarks, the masses of the others
are given by

= —yh
me, =me, ~Me, =AGe,

My, =My, =my, =AGy, (37)

m=AGy, ,

mp=A.Gxd .

To find the masses of the physical 9, and X, had-
ronic quarks and the Cabibbo angle 6 [see Eq. (10)
for definition], one must diagonalize the sub-
mass-matrix involving the (2;, ;) components.
This gives

fan20= 2831 (38)
Gl-cG&’

mg, = 3M(Ga + Gy + 2AL, csc26), (39)

m3, = 3M(Gh + G} - 2A%, csc26) . (40)

Note that one must choose G} #G%, otherwise 4
=45°,

(3) The observed approximate SU(2) symmetry
of hadrons can be satisfied by choosing G%~G2
>>Ak,. The intrinsic mass differences between
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the ® and 3 hadronic quarks, which may arise
as above, provides a source of nonelectromagnetic
isospin breaking.

(4) The familiar “medium strong” SU(3) break-
ing may be attributed simply to a N;-1; quark
mass difference arising due to spontaneous sym-
metry breaking. It is tempting to correlate the
hadronic N ~ X mass splitting to the observed e-pu
mass difference, which is on parallel footing and
of similar magnitude. However, the analogy is
partly spoiled by the masslessness of neutrinos,
which apparently have no analogs in the hadronic
columns of ¢,.

(5) The familiar SU(3’) and chiral SU(3'),
xSU(3'), symmetries are broken in the present
model by quark mass terms (arising through spon-
taneous symmetry breaking) and by electromag-
netic and weak interactions, but #of by the strong
interactions. In fact, it is remarkable that even
after spontaneous symmetry breaking, the strong
interactions in our model are invariant under the
full U(4’), XU(4’)x group (neglecting the weak mix-
ing terms of strong and weak gauge mesons). This
appears to be essentially a consequence of gener-
ating strong interactions together with weak and
electromagnetic interactions by a renormalizable
gauge principle. We believe this provides at least
a partial answer to the often asked question: “Why
do weak currents generate the symmetries of the
strong interactions?” One, however, does not
yet know what, if any, should set the scale for the
breaking of various symmetries (i.e., SU(4’),
SU(3’), SU(2"), chiralU(4’),xU(4")g, U(2'), XU(2")g,
etc.), which, at present, may be introduced with
arbitrary strengths through quark mass terms.

(6) Regarding SU(3”) symmetry, we have been
able to arrange (because of the choice of the
representations of the Higgs scalars, in particu-
lar o}, and the associated vacuum expectation
values) to give symmetric masses to the quarks
and almost symmetric masses to the strong gauge
mesons (ignoring higher-order loop corrections
involving the ¢’s. Furthermore, the quarks do
not couple?®? directly to the ¢’s. Thus, after the
normal Higgs shifting, global SU(3”) symmetry
is still well preserved in the Lagrangian except
in the Higgs boson sector, in which it is lost be-
cause of the incompleteness of the leftover Higgs
multiplet of (in the unitary gauge). In this case,
even though the Higgs bosons are coupled strongly
to the strong gauge mesons, the SU(3”) breaking,
which arises due to the emission and absorption
of such Higgs bosons in a hadronic amplitude, is
found to be only of order « compared to the sym-
metric amplitude (for S-matrix elements with no
external Higgs bosons). This could then account
for SU(3”) being an approximate observable sym-

metry as desired, despite the fact that the gauge
symmetry is broken spontaneously. This question
will be considered in more detail in a subsequent
note.

V. SUMMARY

We summarize some of the peculiar features of
scheme (A):

(1) The scheme generates strong interactions
through an SU(3”) octet of gauge mesons, which
are singlets under the familiar SU(3’) symmetry.?®
This is nonconventional in the sense that the basic
strong interactions seem to owe their “existence”
in such a scheme to the unfamiliar hidden SU(3")
symmetry of hadrons and not to the manifest
SU(3’) symmetry of the low-lying world. Of
course, the strong interactions thus generated
respect the full U(4"); X U(4")g X SU(3"),, 5 Sym-
metry automatically (see Sec. IV). At the pres-
ent stage, it is an assumption that the observed
(strong) interactions among the known hadrons are
effective interactions arising due to the exchange
of the SU(3”) octet of gauge mesons [which we will
refer to as the SU(3”) gluons]. If these gluons are
not very heavy (m <5 BeV, say), it should be
feasible to search for their production in pairs'”
through collisions of energetic low-lying hadrons.
The discovery of such gluons [which incidentally
carry electric charge, even though they are SU(3’)
singlets] would of course provide an interesting
test of the present ideas. We should emphasize
that the introduction of an SU(3”) octet of gluons
to generate strong interactions instead of a singlet
vector gluon (coupled to the baryonic current) is
dictated by our insistence on an anomaly-free
theory.

(2) The scheme leads to parity-violating am-
plitudes in hadronic processes on account of mix-
ing of strong and weak gauge mesons, With further
calculations and accumulation of experimental
data, it might be possible to disentangle these
contributions from that of the normal weak inter-
actions, especially if SU(3”) is not a very strict
symmetry. )

(3) The main virtue of the supersymmetry group
G, as presented here, has been to provide a clas-
sification scheme for the basic hadrons and leptons
and thereby a possible rationale for the choice of
the fundamental fermions. A special choice of G
and representation F has also led to an anomaly-~
free gauge description of their presently known
interactions (leaving out gravity and CP violation).
On the other hand, as remarked in Sec. I, we have
hardly made use of the full dynamical content of
the supersymmetry group G in the sense that a
whole class of gauge interactions permitted by the
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model has not been considered. Most notably, the
gauges which transform hadrons into leptons have
been left out. Likewise, the left and right SU(4’)
gauges have been treated in the most asymmetric
manner. It may be of some interest to consider
the implications of such gauge degrees of freedom
in the model. Furthermore, by gauging the par-

ticular subgroup SU(3”) for generating strong inter-

actions, we have built in the basic distinction be-
tween the hadrons and the leptons. A part of the
future program should be to have this distinction
emerge in a more natural manner from the theory.
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APPENDIX: GAUGE INTERACTIONS
IN SCHEMES (B), (C), AND (D)

In attempting to generate a gauge theory of inter-
actions in these three schemes [ as opposed to
scheme (A)], we encounter two main problems:

(1) There appear, in general, baryon- and lepton-
number—-violating transitions, and (2) it seems
difficult, if not impossible, to realize a satis-
factory gauge theory of weak, electromagnetic,
and strong interactions.

In general, (1) leads to an weak amplitude for
the decay of quarks into leptons in order G and
of the proton into leptons plus mesons in order
Gg®. In schemes (C) and (D) [but not in (B)], de-
pending on further details, this may still be com-
patible with the observed lower limit on lifetime
of the proton. However, in none of these schemes
does there seem to be an easy solution to (2).

To illustrate these remarks, consider the gen-
eration of weak interactions in scheme (B) by
assuming that the weak gauge group is SU(2). For
scheme (B), the assignments are [see Eq. (9)]

0 e ¢ H
Ny NG NS H-
A7 AQ A2 H'T

=
t
I

=+ s =
v, € ut oy,

The multiplets for the SU(2) gauge group must be

chosen in accordance with the following con-
straints:

(1) The semileptonic decays of the known had-
rons [which are SU(3”) singlets] can arise only
through currents of the type (@ 9;)*=**** ¢ involv-
ing particles in the same column of ¥5. Further-
more, to incorporate the known hadron-lepton
universality in a natural manner, we ought to
choose multiplets of SU(2) such that the weak cur-
rent is pure SU(3”) singlet. This suggests that we
introduce the multiplets

(%), (), e (%)
"{<m; 2o \wg), A qo ),

as doublets of the SU(2) gauge group.

(2) To account for the observed |AS|=1 semi-
leptonic decays involving charged currents, we
must assume* that the (%, X,);., 5, quarks are
related to the physical (%, X,);-,, . quarks by
Cabibbo rotation. In this case, in order to cancel
the |AS|=1 neutral currents, we must also intro-
duce the multiplets

{0 (), ()

as doublets of the SU(2) group. (It is this®® that
leads to difficulties; see later.)

(3) One must of course introduce the leptonic
multiplets

=05, (5,

as doublets of the SU(2) group to have leptonic
decays.

(4) The combination (I+J +K) is the minimal set
needed to reproduce the known weak interactions
without |AS|=1 neutral currents. The left and
right components of fields not included in this set
may be regarded as singlets®” of the SU(2) group.
One can introduce an additional U(1) gauge inter-
action to generate electromagnetism without anom-
alies.

It is clear that the above scheme leads to baryon-
and lepton~-number-violating transitions since the
same gauge bosons (W', W™, W?) are exchanged
between the sets I and J or J and K. Thus physical
i):li and X‘ quarks can decay to leptons in order g?
as follows:

Amplitude

Ag=T,+ W™ =T, +(e”+7,) (g?cosb/my?) (A1)
N~V + W =T, +(e"+7,) (-g2sind/m,?) .

So there would be 7o stable quarks in this scheme.
For possible decays of the observed hadrons to
leptons, it is sufficient to examine the possibility
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of such decays of the proton only. Assuming that
the low-lying hadrons are primarily SU(3”) sin-
glets, the proton consists of one each of (a, b, c)
quarks. Consider any one of its components; for
example (2®; $19). Assuming that the quarks and
diquarks are heavier than the proton, one can
easily verify that the lowest order?® in which the
proton can have a real decay is g%; the amplitude
for such a decay is proportional to (g°/my°) sin®6.
A possible chain of virtual transitions leading to
proton decay is indicated below?®:

e ~
Co~T" + Ny T +H(T,+ W)

— T+ (U, +e”+7,),
p={ Pttt + R g T H(eT WD) (A2)
I'4

—— mt+(et+e"+7,),

U“é e~ MW wt (e 7).

A crude estimate of the lifetime of proton asso-
ciated with the above decay is found to be between
10'® and 10'° sec. Even though this is of the order
of or greater than the age of the universe, it is
still ridiculously low compared to the experimental
lower 1imit*® 7,>10% sec.

Similar considerations apply also to scheme (C);
however, there is an essential difference due to
the appearance of the unknown lepton E* in the
place of u*, which may help remove the conflict
with proton lifetime. To see this, note that if we
choose the SU(2) multiplets for ¥, [given by Eq.
(9)] analogous to the minimal set (I+J +K) for
¥, the doublet

(32)
Ae/L

for scheme (B) is replaced by the doublet

E+

<7\2 >L
for scheme (C), the other multiplets remaining
the same. On account of this, the heavy lepton
E* would appear as an end product (instead of u*)
in the conversion of %Y [see Eq. (A2)]. If Mg+>m,,
the decay of proton involving real E* is forbidden.
It is then easy to see that the decay of proton must
at least involve the conversion of a “c” quark
(say, %) to an appropriate “b” or “a” quark,

which in turn can decay to light leptons. As the
above conversion would take place only via strong
interactions and therefore would be accompanied
by the emission of an appropriate strongly inter-
acting SU(3”) octet meson, it can be shown, in
this case, that the proton lifetime would be higher
than the estimate given above depending upon the
nature of SU(3”) symmetry.3® For example, if
SU(3”) were broken only weakly, the proton decay
amplitude would involve fourth or higher powers
of Gp; its lifetime may thus become long enough
so as not to conflict with the experimental lower
limit on 7,. The quarks could still decay in order
Gp. These remarks apply to scheme (D) as well
as to scheme (C).

We may now illustrate remark (2), mentioned in
the beginning of this section. Note that the degree
of freedom, which has been used to generate the
known weak interactions in the above schemes,
does not permit us to build strong interactions with
desired symmetry and still preserve the goal of
renormalizability. This is apparent simply by
noting that the SU(2) gauge symmetry which treats

(),

as a doublet must be violated by strong interac-
tions, which affect the hadron A7 but not the lepton
V,. In such a case renormalizability is lost. This
argument can be further extended. In principle, a
different choice of the weak gauge group [such as
O(3)] and a cleverer choice of the multiplets may
alter the situation presented here. We have not
explored this possibility in detail; however, it
appears difficult to change the situation substan-
tially.

In summary, even though schemes (C) and (D)
offer some intriguing possibilities which are worth
noting, none of the schemes (B), (C), and (D)
seems to be appropriate for realizing the goal we
have sought to gchieve in this paper, i.e., to gen-
erate the weak, electromagnetic, and strong inter-
actions by a renormalizable gauge principle. The
latter seems to be feasible only for scheme (A).
We should also remind®? the reader that the exotic
possibilities pointed out in this appendix apply
exclusively to schemes (B), (C), and (D) and not
to (A), which is discussed in the text.

*This paper is an extended version of a preliminary
draft, circulated at the Sixteenth International Confer-
ence on High Energy Physics, Batavia, Ill., 1972
(see J. D. Bjorken’s review talk at the conference).

TWork supported in part by the National Science Foun-
dation under Grant No. NSF GP 8748.
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