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ABSTRACT

Universal strong, veak and electromagnetic interactions of leptons
and hadrons are generated by gauging a non-abelian rencrmalizeble anomaly-free
subgroup of the fundsmental symmetry structure SUL(h) x SUR(h) x sU(L') whien
unites three quartets of coloured baryonic guarks and the guartet of known
leptons into 16-foids of chiral fermionic multiplets, with lepton number
treated as the fourth "colour" quantum number. Experimental consequences of
this scheme are discussed. These include (1) the emergence and effects of
exotic gauge mesons carrying both baryonic as well as leptonic quanftum numbers,
particularly in semi-leptonic processes, (2) the manifestation of anomslous .
strong interactions among leptonic and semi-leptonic processes at high energies,
(3) the independent possibility of baryon-lepton number violation in quark and

proton decays and (k) the occurrence of (V + A) weak current effects.
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I. INTRODUCTION
2)

guarks (B = 1) and leptons (L = 1) together as members of the same fermionic

In two recent notes (I and II) we proposed 1), grouping baryonic
mltiplet (F = B + I = 1) and generating weak, electromagnetic as well as
strong interactions through a gauging of the symmetry group of this multiplet.

In the first place, this postulate of a common fermionic multiplet for all

fundamental matter guarantees'that in any model of weak interactions the same 3)
1+v - :
(-—Eréd helicity projection msnifests itself for leptons {as contrasted to

anti-leptons} as is manifested for baryonic quarks. In the second place, the
gauging of the symmetry group of matter ensures that all interactions, wesak,
electromagnetic as well as strong,are.universal with respect to baryons and
leptons. While the detailed dynamical model of gauge interactions clearly
depends on the precise symmetry group one may choose for the fermions (quarks
+ leptons), it must be emphasised that all such models share the following

three characteristics:

1) Among the gauge particles, there must exist exotic particles
{X-particles) carrying both baryonic as well as leptonic quantum numbers.
In the lowest orders of perturbation theory such particles would mediate

semi-leptonic intersactions only.

2} If all allowed gauge degrees of freedom are realized through
appropriate gauge bosons, the universality of gauge interactions implies that
leptoniec and semi-leptonic interactions must eventually become strong. The

asymmetric response of leptons and baryons to strong interactions at presently
sttained energies would then be interpreted as & "low" energy phenomenon.

3) If appropriate spontaneous symmetry-breaking is postulated,there
is the(logically independent) possibility of baryonic quarks transforming
into leptons, with a violation of baryon and lepton number conservation

(though the fermion number F = B + L is still comserved).

In this paper,we wish to concentrate on one class of fermionic models
for quarks and leptons. This class was briefly motivated in II; here we
shall be concerned with the experimental consequences. However, we wish
to emphasise once again that the notion that all fundamental matter is of
one variety and that this lepton-baryon unification leads to the three
genersal consequences‘enumerated above, is something which lies at a level much

deeper than the particular models discussed in this paper,ﬁhich may or may not
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need modifications as new experimental facts emerge, and that it is this

unification which we principally wish to stress.

II. THE "BASIC" MODEL AND ITS VARIANTS

The central assumption of the "basic" model we propose is that quarks
carry four colours: Three of these {a,b, ¢ in our notation; red, blue and
white in the more familiar terminology)} represent baryonic matter (B = 1), and

5) The unification of

the fourth (d or lilac) represents lepton number L .
baryonic and leptonic matter arises by extending the gauge symmetry SU(3') of
the three colours 1) (a,b,c) to SU(L') of the four colours (a,b,c,d). We
shall assume that the fifteen (1 ) gauge mesons corresponding to SU{L')

generate strong interactions with f2/hﬂ ® 1 % 10.

Accepting that (spin-%) quarks form quartets with four valency quantum
nunibers (I3 =t %-, strangeness S and charm C) with an underlying group
structure SU(1+)L x SU(h)R » the full global structu2§ we are postulating
{and one which contains the classification symmetry SU(3) x SU(3') of

hadrons) corresponds to

G = su(h)L x SU(4)g x SU(d') . (1)

This symmetry is mathematically realized by a composite structure T

® (&lb’c’d‘)

L,R (2)

b=
]
> > O g

L,R

where the (spin—%Q column (p,n,A,X) indicates valency and the (spin-zero)} row

(a,b,c,d) indicates colour degrees of freedom. A physical realization of this

structure is provided by the following two 16-fold fermions:

2.1 Fermions - - "
o P _Pb P _ Pd

: oy
Lr” " T P b (Yolpr

L,R




Their transformation properties are
Yo~ (4, 1, B)g
v = (1, 4, B)g
{=7p, n, A, and a = a,b,c,d .

‘These multiplets contain twelve baryonie guarks, together with a lepton quartet

8)

which we have identified with the knowm leptons.

2.2 Gauge mesons in the "basic” model

9)

The maximal anomaly-free (renormalizable) subgroup of the valency
EToup SUL(h) x SUR(M) is SpL(h) x SpR{h), for which each quark {or lepton)
quartet transforms as a U-component internal-symmetry spinor. Likewise
(without a doubling of quarks and leptons), the maximal anomaly-free strong
gauge group, which contains the strong SU(3') as a subgroup,is SU(h')L+R.
Accepting the principle that a symmetry group is manifested only through the
dynamical interactions of the theory, we should gauge

SpL(h) x SpR(#) x SU£+R(M) ’

¥ielding a total of 10 + 10 + 15 = 35 gauge fields. However, most of the
essential features of the model are retained,insofar as its physical
predictions are concerned, if we simplify our considersticns and choose to

work with the smaller local subgroup

P (3)

L+R

4 = [0(2)7 x [su(2)2 "] x su(kt)

for which ¥, and TR transform as (2 + 2,1,%) and (1,2 + 2,4), respectively.
In the sequel we shall do this. The groups SU(2)£ and SU(E)EI act on the
(p,n)L and ()\,x)L indices, respectively {or rather, on the corresponding

+
Cabibbo-rotated fields; see Sec.IV), while su(2)l*t!

L is their diagonal

sum.

Before we discuss the structure of the local gauges, let us list some

of the general features of the proposed gauge scheme:




1} 1In contrast to the scheme proposed in I (where only the subgroup
SU(3') x U(1') of SU(4') was gauged), the present scheme treats leptons and
baryons universally even so far as strong gasuge couplings are concerned. As
will be seen in Sec,.ITT, the presently cobserved differences between leptons
and baryons in this regard will be attributed (through a mechanism of
spontaneous symmetry-breaking) to a heavy mass of those strong gauge mesons,

10)

which interact with the leptons. The advantages of the restricted gauge
scheme proposed in I, in respect of effective strong interactions generated
through the mediation of & relatively light SU(3')octet, are of course

preserved in the present scheme.

2) If g, = 8> the Lagrangisn may exhibit complete symmetry between
left and right helicities insofar as fermion-gauge-meson interactions are
concerned. The observed left-right asymmetry (i.e. parity violation) at low
and medium energies may thus be ascribed to heavier masses of the "right-hand"

weak gauge mesons compared to the "left-hand" ones.

3) An advantage of gauging the full SU(4') and the right-hand gauges
(in contrast to the restricted scheme of I) is that it is possible to generate
electromagnetism without ever introducing an abelian U(1l)-gauge group for

this purpose. The elimination of an abelian gquantum number contribution to

electric charge is most desirable in understanding why electric charge is
so quantized. Furthermore, the absence of U({1l) may have importance in

securing "asymptotic freedom" for the complete theory, including electro-
magnetism.

Below we list the set of 21 (= 3 + 3 + 15) gauge particles corresponding
to the "basic” model with the local gauge group f; . These are:

' 2
. T, ) 0 ‘ &1, : .
WL - (Q,l,l)‘ = ,lcoupling r # 0 )
o | r;l('f',WL)}’l_
- 2
; T WR 0 g | |
W = (1,31 = scoupling 7 = @

11)




o
.y v -8 x . .
Ve 15 = Dy 2 , coupling f- =1~ 10
. - 3" 0
X J7s

)
v{8) in the 3 x 3 matrix block for V denotes the SU(3') colour octet of
-gauge mesons conaisting of Vp,V and VS . X is an exotic (B=+1, L = ~1)

K¥*
SU(3') triplet 12) Lith members (x%,x7,x""), and s is an SU(3') singlet.

Defining Vu? = auw + igw‘l‘u - if‘l’Vu , the Fermi Lagrangian is given by

Thus . ¢ 3
Py
— : (L +v.) | n
_ . == 5 o
Lint ® & 2 , (PeByraXeln (VL)) Yy P \
o = a,b,c,d o
X L
r \
Py
- - (1 =y | n,
* &g g (pa oo Ol)R (W'R)u Yy -—5-2—' \
o = a,b,c,d o
| Ko IR
{ 1)
Va
1pi
=1 =i =1 -1 D
+f E W, ¥ ¥, ¥ )n V.Y, ) _
i = p,n,A,X V.
i .
| Ya rew

The complete Lagrangian (after Cabibbo rotations) is exhibited in (16a) and
(16c) of Secs.h.2 and 4.3,
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2.3 The photon

To identify the ﬁhoton field we must fix on & charge formula for the
fermionic multiplet. It is easy to show that the postulste that the known

1 T
baryons are three baryonic quark composites and have F3 = F8 = 0 leaves us with

Just the following choice for the charge -operator ls) Q:
I+I1 I+II B 2
= I + A (6)
= Iy, * g FleFy+ Ty /3Tl -
3
. 1 1
Here (I§+II)L n denote the diagonal gemerators of su(e)i+§I, while F. , Fg
| 2
and FiS are the diagonal generators of SU(h')L+R . The coefficients o and
B of Fé and Fé are arbitrary. This results in the following chaxge
assignments for the fermionic multiplets WL R :
y
2_a_8 2,2 _.8 2,8 !
[ 3-%-% 3Y2 7% 343 e
s :_o_ 8 iy _ B ~ L, 8 -
3727 % 3727% 373 1 .
[Q(asﬂ)]- a
‘ 1 o 8 1 a B8 | 1 B )
______ NI R, 4 - = -
37276 3727% 373 .
T
2 a A 2 o B 2 R
_____ L4222 £ 4 B
372§ 3Y27% 3t 3 o

(1}

Note that the baryonic quarks (in the first three columns) may be assigned a
wide variety of charges, but leptons associated with the fourth colour possess

the unique assignment of charges (0,-1,-1,0). In the sequel we shall consider

two speciml choices for o and B :

the integer charge model: o = B = +1 (8)

the fractional charge model: o = 8 =0 , (9)

vwhich serve to bring out the main contrasting features of different sub-models.
Corresponding tothe charge formula (7), the photon field will be made up of
WﬁL . Wén’ Vv(8) and g0 (see Sec.IV). (Note that
SU(L4) and SU{L4') contribute symmetrically to Q for the integer charge model,

appropriate pieces from

which we concentrate on, in the main, unless otherwise stated.)




a.h Varients to the "basic" model

If electron number Le and mucon number Lu correspond to distinct
colours, the following simple variants may be considered: '

a) The "economical" model

Teke as basic fermions the four 8-folds:

P, P, PV
= a b “e
Wpp= |® > ¢ ]
a nh c L,R
" Aa Ab kc n
W LR ,
Xy % Xo V
| L,R

with the symmetry group:

SUL(E) x SUR(g) x sue(h') x suu(h') .

The number of fermions is the same as in the "basic" model; however, the
number of gauge bosons has increased to 3 + 3 + 15 + 15 = 36. The physical
SU(3') may now be identified with the diagonal sum of SUe(3') and SUU(B')’
whose emergence will require a more elaborate Higgs-Kibble set of scalars than

are needed for the "basic" model (see Sec.IV).

b) The "prodigal" model

A model similar in structure to the "basic" medel, although more
prodigal in quarks and leptons needed, could be constructed with the following

basic fermions:

0
o ' t '

P, P, P, E p, p, P, M
n n n E N n' n% n! M

(q!e).L R = a b c _ » (\FH)L,R = )\? ' At - .
] Aa A,b Ac e a kb c U
1 t 1 y!

X& Xb XC v L,R X& xb XC L,R




Here EC , B, M° » M are new heavy leptons and the primed particles are new

quarks lh). Notice that for this model both neutrinos (V' as well as V) can
be "charmed". (This will have implications for the limits on masses of X

particles; see Sec.III.)

¢) The "five-colour" model

Cne may take as the basic set of fermions a 20-fold ¥ with the
symmetry group, SUL(h) x SUR(h) x SU(5'), where

0 0
P, P, P, E M
_ na nb nc E M
‘PL R - - - -
]
Aa Ab Ac e U

L,R

Once again, we can assign "charm" both to v and V' . (As will be seen

in Sec.III, what chiefly distinguishes all these variants from the "basic"
model is the forbiddenness of the transition KO +> e + u+ . | This transition
is allowed in the"basic" model through the mediation of the exotic X's. As

a consequence of this, while for the "basic" model, X's must be super-heavy
hnx) th - 10° BeV), they need not be much more massive than 10° - 103 BeV

for the variants.)

From & pure theoretical point of view, none of these '"varianits" is as
attractive as the "basic model"™.  However, at this state of experimental
uncertainty, we do not wish to prejudice the issue of a final choice among

them.



III. LIMITS ON GAUGE MESON MASSES

.

All models discussed above give rise to exotic strong interactions.
In order to account for their absence in the present energy domain, some of
the gauge mesons must be heavy or super-heavy. Such interactions are generated

by three sets of gauge bosons in the scheme.

et
1) The exotic vector X triplet (XO,X X ), whose interactions in the

"basic" model read (see (5) and (16a)):

0, = - - -y
£ [x (\)pa +en + uAa + v xa)
+ X (vpb + en, + uAb + v_xb)

+X7(0p, + en, + WAL+ V'X )+ hee ] (10)

2} The exotic SO meson, whose coupling is given by

}:j-_ = = o) L aTu e Ze 4 Tue Sroryl 0
f _ [papa + nana + Aala + xaxa] 3{Vv + ee + pu+ V'V')| 8

o=8,b,0 ‘
(11)

3) The right-hand geuge mesons Wy , which lead to weak (v+A)} inter-

actions.

The following sequences of masses will suppress reactions arising from
1), 2) and 3) to the presently observed extent, both in tree and (one can show)
also for the loop diagrams (see Sec.h.U for an example of the operation of ‘the
suppression mechanism for loop diagrams 15)).

i) The X couplings contribute to 0, 1° > efe”, u*u” and (in the
"asic" model only) to K° +e” +u*, K > e’ + 17 . Since the observed
amplitude for K+ TR U~ is of the order of GFdz and no events of the
variety K Ty
mass of X in the "basic" model given by fglm? < Gﬁﬁa . TFor lehﬂ'B 1,
this implies that X must be super-heavy (mx §' 3 x 10h BeV). For variants
to the "basie" model, where X +e~+ 1.1+ is forbidden, X need not be much more

have yet been cbserved, there is a lower limit on the

~10=~




massive than m2 e G;lf2 , the severest lower limit on m  coming from nuclear
R-decay and theX ve hadronic interasction in the "economicﬁl" model. (Note that the
vu hedronie interactions through the medistion of X part?cles are suppressed

in the "economical" model since known hadrons are basically charmless and V
carries charm. In the "prodigal" model, both v, and vu are charmed so that

the lower limit restrictions on FX are even less severe.)

In the following section, we exhibit the scheme for generating masses
of the gauge bosons for the "basic" model only. It is worth remarking, however,
that a non-superheavy X(nfK ~ 100 BeV in the "prodigal" model) will influence
e—e+ -+ hadronz)at present centre-of-mass energies =~ 5 BeV and may provide an
1

explanation of the recently observed near constancy of the annihilaticn

cross-section over a wide range of energies.

ii) The SO coupling leads to order f2 interactions of neutrinos with
hadrons and leptons. In order that the effective strength of such interactions

is less than or of order G

N 2
Permi at low energies, we expect (f2/mso) i,GF .

iii) From the presently observed helicities and other weak interaction
experiments it appears that the V + A amplitudes are at most of order (10)% of
V-4 emplitudes, from which we may conclude (if g = gR) that L 2 3m .

Wt
R L

In addition to the restrictions on the masses of the exotic gauge bosons,

"aere are constraints on the masses of Wf- and the colour octet V(B),

sue to the fact that they should mediate the known V-A interactions and effective
strong interactions (between baryonic quarks)’respectively. From this we expect
that

2 -1
(qu_) 2 GF o
L
w(V(8)) = (3 - 10) BeV . (12)
-11-
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Particle

v(8)

Summary of expected masses for gauge particles

Coupling

2

£ 2 1.10
T = 1710

2

El‘-u o
ar % T 137
2

S
s % T 13T
2 -
f o -

= ® 1-10
2

£ =1-10

12~

superheavy

heavy

heavy

Expected (Hass)2

~2.-1
S5

"pasic" model

> o

> 2.1 "economical
f GF nodel

2: =1 "prodigal"
Z T a6y model’







