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ABSTRACT

Complexicons for proton decay arising within s maximal symmetry
for quark-lepton unification, which leads to spontanecus rather
than intrinsic violations of B, L and F are considered. Four
major modes satisfying 4B = =1 and AF = 0, -2, -b and -6 are
noted. It is stressed that some of these modes rcan coexist in
accord with allowed solutlons for rencrmelization group eguations
for coupling constants for 8 class of unifying symmetries. None
of these remarks is dependent on the mature of guark charges.

It is noted that if quarks and leptons are made of constituent
preons, the preon binding is likely to be magnetiec.
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May 1980

The presentation here follows the talks given by J.C. Pati at the Grand

Unification Workshops held at Erice, March 1979 and at Durham, New
Hempshire, April 1980.
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I. INTRODUCTION

The hypothesis of grand unificatlon 1-3 serving to unify ell
basic particles - quarks and leptens - and their forces - weak,
electromagnetic as well as sirong - stands at present primarily
on its eaesthetle merits. It gives the flavour of synthesis in
that it provides a rationale for the existence of quarks and
leptons by assigning the two sets of particles to one multiplet
of a gauge symmetry G. It derives their forces through one
principle-gauge unification.

. With quarks and leptons in one multiplet of a local sponta-
necusly broken gauge symmetry G, baryon and lepton number conserv-
ation cannot be absolute. This line of reasoning had led us to
suggest in 1973 that the lightest baryon - the proton - must

ultimately decay into leptons 2. Theoretical considerationg
suggest a lifetime for the proton in the range of 1029 to 10
years =5, Its decay modes and corresponding tranching ratios
depend in general upon the details of the structure of the symmetry
group and its bresking pattern. What is worth noticing st this
Jjunction is that studies of (i) protom decay modes, (i1} n-n oscillation 6
(iii) neutrinoless double R-decay and {(iv) the weak angle T ain2ey are
perhaps the only effective tools we would have for scmetime to probe into
the underlying dggign of grand unification.
Experiments are now underwsy to test proton stebility to an
accuracy one thousand times nigher than before . Im view of this,
we ghal]l concentrate primarily on the question of expected proton
decay modes within the general hypothesis of quark-lepten unifi-
cation and on the question of intermediate mass acales filling the
grand plateau between 102 and 1015 GeV, which influence prcton
decay. At the end we shall indicate some new features, whieh may
arise if quarks and leptons are viewed - perhaps more legitimately -
as composites of more elementary objects - the "preons”.

Much of what we say arises in the context of maximsl
quark-lepton unifying symmetries of the type proposed earlier
wespecify such symmetries in detail later. One characteristic
feature worth noticing from the beginning is that within such
symmetries & linear combination of baryon and lepton numbers as
well as fermion number F are locally gauged and are therefore
congerved in the gauge Lagrangian. They are violated spontaneously
and unavoidably as the associated gauge particles acquire masses.
The purpose of the talk would be many-fold:
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1) First to restress in the light of recent developments that with-
in maximal symmetry framework' the proton may in general decay via
four major modes F ,which are characterized by a charge in baryon
number by -1 and_that in fermion number {defined below} by 0, =2,
-4 and -6 units

p* 3w+ »* AF =10
. o, : A{B-L) = -4
P*r2vu+te + 1 ete ABq = =3, AL = +3
(1}
p~ewtat, ur', extet AF = -2
' a(B-L) = -2
- e+v1v2,e+e—e—w+n- ete - ABq = 23, AL = +1
(2)
D+ e+n0, 3;I+, u+K0 AF .= -1
A{B-L) = 0
P u+“0, ;ﬁ“+’ etete ete AB = =3, AL = -1
1 (3)
- + +m = + = - AF = —F
P+3v+m, evu,,ee vt etc} s = -3, AL = _3} A{B-L) = +2

(L)
{Here B, denotes quark number which is +1 for all quarks, -1 for
antiquarks and 0 for leptons. The familiar baryon number F3)B,
which is +1 for the proton, is one third of quark number (B = B_/3).
L denotes lepton number which is +1 for (v _,e ,u7,v, 4 e.s) 1
. p L.R*
-1 for their antiparticles and O for gquarks. Fermion number F

Fl)That the proton may decay vie all these four modes ({AF = a, -2,

-4 and -6) was to our knowledge first observed in Ref.0. The modes

AF = 0 and -l occur within specific models of Refs.2 and 3,

respectively, while the questioning of baryon number conservation

(Ref.2) is based on more general consicderations and is tied simply to the

idea of quark-lepton gauge unification, together with spontaneous symmetry breeking.

F2)We arencilisting decay modes satisfying AB = -1 and AF = 42k
etc. corresponding to p~ (5 or 7 leptons) + n's. These sppear
to be suppressed compared to those listed . ’

F3)jThe reader may note that in our previous papers we had by
convention chosen to call quark number B as baryon number B.
Therefore the 15th generator of SU(L) lq(Rer.e) which was written
as {B-3L) stoed for {Bgq -~ 3L). With ®“the more conventional
definition of barvon number, as adopted in the present note,

Bq - 3L is just 3(B-L}.

O

T

is the sum of B, and L: F = B, + L. Since for proton

decayyguark number must changeqhy a fixed amount AR, = -3, there is
& one—one relationship between chenge of fermion number F and that
of any other linear combination of B, and L for example of

E(Bqlag - L] = B - L for the proton aecay modes as exhibited in
1)-(4).

2) Our main emphasias here is that these four alternative decay
modes can in general coexist.

We wish:

3) To stress that cbservation of any three of the decay modes
satisfying AF = 0, -2 end -6 would unquestionably signal the
existence of one or several intermediate mass scaleg filling the
plateau between 102 and 1015 GeV. [Existence of such intermediate
mass scales is a feature which naturally rhymes with {a) maximal
symmetries and the consequent spontanecus rather than intrinsic
nature of B, L, F violstions and (b} partial gquark-lepton
unification st moderate energies - 10% - 10 gév.] 2,10

L} To point out that the complexiomsof proton-decey
selection rules alter if one introduces intrinsic left-right Fh)
syrmetry in the basic Laegrangian thereby permitting the existence
of vp's parallel to vy,'s and

5) To stress that none of the remarks {1)-{4} is tied to the
nature of quark charges. These remarks hold for integer as well
as fractional quark charges. |In the later case {fractional
charges), SU(3) colour aymmetry is exect.]

To motivate these remerks let us first specify what we mean by
“meximal" symmetry. Maximal symmetry 9 corresponds to gauging ell
fermlonie degrees of freedom with fermions consisting of quarks
and leptons. Thus with n two component left-hended fermions Fy
plus n two component right-handed fermions Fg, the symmetry G
is SU(n)L x SU(n)R. One may extend the symmetry G by putting
fermions Fp and antifermions ¥y {as a substitute for FR) in the
same multipiet. In this csse the symmetry ¢ is SU{2n), which is
truly the maximal symmetry of 2n two component fermions. As an
example, for a single family of two flavours and four c¢olours in-
cluding leptonic colour, n = 8 and thus G = SU(16). One word of
qualification; BSuch symmetries generate triangle snomslies, which
are avoided however by postulating that there exist a conjugate
mirror set of fermions L.R Supplementing the basic fermions FL R
with the helicity flip coupling represented by the discrete symmefry

FEjNote that in this case one must assume that vg and vy combine
to form a }ight U component Diraec particle and that My 2> my o .

{To conform with astrophysicel limit one may need By B 3% 50 me »
see G. Steigman, Erice Workshop Proceedings, March R L
1980,) The alternative of v, acquiring s heavy Majorena mass is

of course permissible; but such heavy Vg will not be a decay product
in proton decay.
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(FL rE? F; L)' Thus by "meximal" symmetries we shall mean
’

»
gymmetries which are maximel uptc the discrete mirror symmetry.

Though old, it is now useful to recall the argument leading to
viclations of B, L and F. If all quark-lepton degrees of freedom
are gauged locally as in a maximal symmetry G apecified above,Fm
then fermion number F = B_+ L = 3B + L as well as an independent
linear combination of befyon and lepton numbers (B + xL) are among
the generators of the local symmetry G. Now if all gauge particles ¥6)
with the exception of the photon and (for the case of fractionally charged
quarks) the cctet of gluons, acquire masses spontaneocusly, then

both fermion numbers F and (B + xL) must be violated spontanecusly,

a3 the associated gauge particles acquire their masses. The important
remark here is that even though B, L and F are conserved in the basic
Lagrangian, they are inevitably and unavoidsbly violated

spontaneously Y,

Instead of the imal symmetry G, one may of course cheose to

gauge a subgroup C G. But as long as the suomroup
assigns quarks and leptons into one irreducible multiplet, there
are only twe alternstives open. Either the subgroup still

possesses a.naﬁffective fermion number F and/or (B + xL) among its
generators Fd},  1n this case these must be violated spontaneously

F5) For the case of the lepton number being the LEh colour (Ref.2)
this generator is of Bq - 3L = 3{B-L}.

F6} From the limits on EStvos type experiments, one knows that no
massless gauge particle couples to B, L or F leading to an effective

=8
four fermion eoupling 2 GNewton x 10+ .

FT7) Trulyr the argument above demapnds vlolatlons of linear
combinations F = (3B + L) and (B + xL), i.e. 8% leagt B or L

must be violated. Several authors have remarked that it is possible
to introcduce global quantum numbers within the gquark-lepton
unification hypothesis, which would preserve proton stability {see

Ref.11}. But all simple models end up with an unstable proton (Refs.1-3).

F8) For example [SU(h)]b and [SU(G)]h contain {B-L) as a local
symmetry, but not F (though F is & global symmetry in the basic
Lagrangian of these models). SNW{16) cperating on 16 folds of e,

u and t family fermions (see Table I) is & subgroup of [5U{16)]3
and 8U(k8), It contains B-l and F with B = Bg + I, + B, and like-
wise for L and F.

for reasons stated above .0r the gauging of subgroup 9 leads to a
"squeezing" of gauges of the maxdmal symmetry G such thet one and
the same gauge particle couples for example to the diquark (g%q) as
well as to the quark-lepton (GRS) currents.F9) In this case,
baryon, lepton and fermion numbers are violated esxplicitly

through the gauge interaction itself. One way or another, some
linear combinations ¢f B and L must be violated; the basic
reason in elther case belng the same - i.e. the appearahnce of
quarks and leptons in the same symmetry multiplet.

Spontaneous and explicit violations of B, L and ¥ ean in
general leaed to similar predictions for proton decay. But the two
cases would differ characteristically from each other at super-
high temperstures, where explieit violatiom would acquire their
maximal  geuge strength with the superhesvy gauge masses going to
zerc, while spontaneous violations would in fact vanish.

IT. MODELS OF GRAND UNIFICATICN

It is useful to see the interrelationshipebetween different
types of unification models. The simplest realization of the idea
of quark-lepton unification is provided by the hypothesis that
"lepton number is the fourth colour. 2 Fora single family of
(u,d} flavours, the ccrresponding multiplet is

=
—
o
=4
o
n
<
1]

(F ) = ¥ i (s5)
JL,r

Qe
a1
=%
~
Y
=
n
Q

with r, ¥y, b and L denoting red, yellow, dlue and lilse colours,
respectively. The corresponding local symmetry is

- r
G = sul2), xsu(@), xsn)] ., (6)

vhere SU(Q}L,R operates on the flavour indices (u,d); g and
SU(h)L+R operates on the four colour indices {r,y,b,t). Tt is the
SU(4) eclour symmetry which intimately 1links quarks and leptons.
The symmetry has three features: 1) First it is one of tha
simplest subunification modelscontaining the low energy symmetry
SU(2}L x U(l) x SU(3)£+R on the one hand and realizing quark-lepton

Fo)Examples of this type are SM(5) (Ref.3) and 50(10) (Ref.12).
SU(S) does not contain B-L or F as local symmetries. 50{10}
contains (B-L) but not F. Both SU(5) and 50{10} violate B, L and
F explicitly in the basic gauge Lagrangian.
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unification on the other. It gauges through the SU(4) colour
symmetry (linking quarke and leptons) the combination

(Bg-3L) = 3(B-L} &z a local symmetry. 1ii) Second, it is non-
abelian epd thus provides s simple - Teison for the quantizatiﬁn
of cherges. iii) Its gauge structure is left-right symmetric 14,
{Indeed the idea of lepton number - as the fourth colour reguires
that neutrinos must be introduced with left and right helicities F11}
and thereby the basic matter multiplet must be left-right symmetric
given that quarks enter into the basic lLagrangian with both
helicities.)

The symmetry f; , because of its simplicity, might be the
right stepping stone towards grand wnification. It should of course
be viewed as a subunification s{ﬂmetry as it contains at least two
gauge coupling constants - one for SU(2); g and the other for
SU(4){4g- In other words, it should be regarded as part of a bigger
unifying symmetry ( possessing & Bingle gauge coupling constant.
There wre a number of candidates for G, whith do contain the sub-
wuification symmetry Table I provides a list of some of
these symmetries.

Table I t

(1) [SU(4) T a(4 flavours x b colours),

+ (b flavours =l colours)T o
(Ref.2) °*

(2) [5U(6)1%.-3(6 flavours x6 colours)
{Ref.15)

(3} Maximal symmetry for a family

SU(2) x5U(2) U)o / SU(16) - --+ 316, + 26, + 16

16, = [u,», i 4, e1a%, % u':.v"]L
(Refs.9,16}

F12)

(4} so{10) -~ >16_ + 16 + 16
- m~ Y —~ T
(Ref.12)
[(5) Bg cee-r>27 427 4 2T
(Ref.17)

L
1t The symmetries [SU(n}] and SU{16) require the presence of mirror
fermions for cencellation of anomalies (see discussion 1in Sec.I).

F11)With vq
F12180(10) is the simplest extension of suL(z) x sun(z) x suL+R(h)' because
the latter is isomorphic with £0{L) x f0(§).

being distinct from ;R'

All the unifying symmetries listed in Table T are left-right
symmetric. By contrast one may consider the left-right asymmetric
model 3 sU(5), which 1s the smallest grand unifying symmetry of
all with the multiplet structure :

(5+10), +(5+ 10}u + (5 4+ 10)

in which the right-handed neutrinos (v ., )H are missing. Note
that 3p contrast to the models 1isted ®*"*" % i mable 1 the
miltiplet structure for SU{5) is reducible;{3 + 10) within one
foamily.

Even if Nature is {ntrinsically left-right asymmetric, from
the point of view of maximal gauging, the underlying family symmetry
would be SU(15), for vhich the (5 + 10) form a single 15-fold. Tt
is worth remarking that sU{15) , S0(10} and B5U(5) mey
all be viewed as subgroups of SU(16). The symmetry SU(16) gauges
bo{h fermion number F &g vell ag B-L as local symmetries and
thereby congervees doth in the gauge Lagranglan before thelir
spontaneous vioclation,30(10), however, gauges B-L (since it
contains SU(E)L x SU(2), x su(h}£+nz 50{k) x 50{6)) but not the
fermion number F. In fact F 1s viclsted so far as the 50{10) gsuge
Legranglen {s concerned due to sgueezing of SU(16) gauges in the
sense mentioned earlier. By contrast SU(5) gauges.uneither P nor
B-L as local symmetries. For SU{5) like 50(10}, F is explicitly
viclated in the gauge Lagrangian. Depending upon the cholce
of the Higgs structure and the fermion-Higgs Yukawa interactions,
B~F may or may not be a good global quantum mumber for SU(5).

(For exsmple,the simplest SU(5) model with a 2k and 5 of Higgs
conserves (B-L); but this is not a genersl property of SU(5).}

In general, since SU{16) 2> 50(10) and SU(5), it may descend
Spontanecusiy to U(2) x U(1) x SU(3) via 50(10} or SU(5) as
intermediate steps. Alternatively, it may descend via
suua-)jll x su(B)B * U(l)F, where U(l)r gauges fermion number and
SU(S)A and SU(B)B operate on the octets of FL and FE of a given

family. By introducing Higgs corresponding to hoth types of
deacent, one may descend directly to SUC(Z) x SURK2) x Su(k)
ar even to SUL(B) x SUﬁ{E) x SUL+R(3) x U{1). Low energy

phenomens including complexicns for proton decay would depend
upon which of these alternative routes 1s chosen. Scme of these
possibilities are exhibited in Fig.l.
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Maximal symmetry and spontaneous viglations of B, L and ¥

A maximal symmetry SU(2n], which puts n left-handed guarks
and leptons as well as their charge conjugate fields within the
same multiplet F = [q,L|q°,P.°]L generates the sets of gauge fields
shown in Fig.Z2.

SO(iO) SU(g)xSU(ggy\U(j)r We note that within meximal gauging each of the gauge particles
(1G A of the Lagrangian before spontaneous breaking carries definite
— ) (g 1) + (1 '§) baryon, lepton and fermion numbers and thus these quantum numbers
riq ! -1 are conserved. The violations of these quantum numbers arise

Y =y X ABq = -3, AL = #1, AF = =2 P+ &+ mesons .

- These two kinds of spontaneously induced mixings are exhibited in
N ' Figs.3a and 3b, respectively. For SU(16) the Y &= ¥' mixing
1eads to AF = -b decays. Such mixings can be induced for
SU@), x UL) XSU3), ) F13) {00}
L +R example by Higgs of the type Q{A.B} , where A, B,
C, D range over 1-16, These violate B, L, F bhut reapect (B-L).
If 1 i i i
Fig.l: Some alternative routes for spontaneous descent of SU(16). B nsg‘(iiggigﬁezsudzsnl:zrggufg)Higgé c(:é)tl:eua&(iit)nnt @25) type
to low energy symmetry. The subseripts #1 for (§,1) and A ? R i . The descent
(1,2) dencte the respective fermion numbers. to SUL(Z) X SUR(Q) x 3U(L), through both these types of Higgs

however as the gauge particles {barring the photon and the cctet of
gluons for the fracticonasl charge quark case) acquire masses through
spontaneous breakdown of the local symmetry G. The violations
come sbout in two distinet ways.

SU"S) (a) Geauge mixing: Spontaneous symmetry bresking induces mixingsg
of gauge particles carrying different sets of values of B, L and
F and this leads tc violations of these gquantum numbers. In
particular, the A(B-L) = 0, AF = -4 and A(B+L) = 0, 4F = -2

4’ ; proton decays arise through the gauge mixings noted below:
SU@), xSut2)r XSUM) o

Mixing Symmetry viclation Decay mode
Y& T ABq = -3, AL = =1, AF = o} p + i + mesons

a:d the fact that X-gauge boscns belong to SU{4} must ensure that
2 2 2 .

mX_'é AYY"'"' By Myt where AH' is the mixing parameter in the

Y-Y' mass matrix. )

FA3)The detailed patterns of symmetry bresking as correlated with
the helicities of partiecles involved in the decay will be
presented in a paper with J. Strathdee.
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Gauge particle-geuntum numbers

Wogluons = F

]
o
-
L:-]

]
=

L}
o

qil

leptoguark
X !

diguark

a

lepto-antiquark
F=4+2, B = L=+1

dilepton

Fig.2: Gauge particles within a maximal symmetry. Here Bg, L and
F 2 B, + L denote quark, leptcn and fermion numbers, respectively,
as de?ined in Sec.I.

=11~

% gie oy mmot gt -

(a) (b)

(AF = -%) p + % + mesons {AF = -2) p + £ + mesons

Figs.3e,b: Spontanecus violations of B,L and F in & maximal symmetry
lepding to gauge mixings, These induce, for example, AF = =k

and -2 proten decays. @ , and Wl o 8re Higgs fields {see text]).
] . 1]

il pedt

@, 3 \“\ e <6‘| 7

AL e NS
g lr

~ ~
< S ' -
. Xy ' u)
% %j ~ @
(a) (b
Fias.Ha,b: Spontaneous viclations of B,L {and in general F) leading to
dffective Yukawa transitions: qt + 2 + ¢l . These transitions

in third order induce AF = 0 proton decays: p > 3% + mesons
(and analogously AF = -6 decays: p + 31 + mesons). fee text.

Fig.g: AF = 0 proton decays through gspontanecus violations of B
and L. These utilize the effective Yukaws trensitions of Fig.h
thrice. Note that the mechanism of Figs.3, ) and 5 apply to
integer as well as fractionallg charged quarks.
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The amplitude for AF = 4 transition (generated via Fig.3a) is:
- 2 .2 2 _2
AM3a > Blyp o 3 ®(e” 83y, /2 af,

This is bounded below by g mx/mr and sbove by g /m.Y The lower and
upper bounds correspond to the minimal and maxima.l va.lues of A?Y'
mentioned above.{Note that the maximal value Aw, mY - m.l,, is the

case for example for S0{10) which contains Y= (Y + ¥ )/W2 type gauge

particles only.) This is recoverasble from SU{16) when {Y - T')//2 gauge
zesona are of lnfinite mass.

The Y + X mixing leads to AF = -2 tvansitions (Fig.3b). This
could arise for example from VEV's of a Higgs of the type ‘P%Eg%
Writing {¥) as 4 <'i‘2> where (¥, conserves

sy, (2) x su (2} x su(Lk) and <\r1) violates SULfe! as well as
SUR(2) (with the corresponding components transforming as

I, = %snd 1 l), it follows that < ¥ ><.m'w /g, while <!2)

L
may be as large as F14) mx/g. Thus
. . 5
M3yl e’ el ¢ X o B )
22 2 2
™y ™y

It 1s worth noting from the above that if AYY’ has its maximal value

~mY » then AF = -4 amplitude would elways dominate over AF = -2

amplitude by a factor 3 (m.x./mw ) >> 1. The two a.mplitudes would be

comparable however I1f 4

is much smaller than {see next
secticn). ! mr

Fih)
We face here, a8 elsewhere, the problem of gauge hierarchies;

t.e. the question, are all VEV's of Higgs fields alvays of the
gsame order of megnitude? If this is the case <'f2> is also
of order (mw /e).

L

-13-

(h) The violations of B,L and F mey alsc srise through
spontaneously induced three point Yukawa transitions of the type
q+ L+ ¢ {see Figs.lha and kb)

CL:‘L*"RJ'Cim+ (B> + (>
qiR+\,L+Bi+ LY + 0

ke (B> + (0

al,
e (B Gy i

Here 1 and a denote flavour and SU(3) colour indices,
respectively. The fields A, B and ¢ which are identical to
those introduced in Ref.2, transform as {2,2,1} (1,2,F) and
(2,1,%) respectively under SU(E)L x SU’(2)R x SU‘\'h)m_R . Under
SU(16}, A tbelongs to a [16 x ls]aymetric

"
C and B' togetner make a 16 fold. The fields Cj and B, have
c
the same quantum numbers within a 16 fold as Ve, amd v
respectively, while A possesses I3L = I R -1/2, The VEV

<Ei> and <A°> are of order (m.w /g), wnile <Bh> mist be
L

of order (mw /g) or (mx/g), whichever is lower. The effective
R

representation, while

Yukawa transitioms (T), used thrice, induce AF = { proton decays
18
{see Fig.5) of the type

VYo
P> v ovp EL,H + n'a s (8}

~lh-



where i{; p denotes either the charged or the neutral lepton. These

transit&éns are made possible thsough quartic scalar interactions
ich permit for example {Cy + C5 + B%) to make & transition into

1 gnd thereby disappear into vacuum through B;h>- # 0 (see

discussion: later). Fermi statistics together with the colour

singlet nature ~f the proton inhibits both neutribos in the

finsl state from having the seme helicity 18 (see (8)).

An enalegous mechanism induces the Yukawa transitions
i

g 7+ X& which in third order induce proton decays satisfying
AF = -6

p+30= (38 + n's) + 3y (3L + n's) + <)‘(t> (9)

In aceord with the observation in Ref.%, the above mechanisms
show that all four modes for proton decey satisfying AF = 0, -2,
-4 and -6 can arise within e meximal symmetry G. Their relative
rates would depend upon the asscciated gauge masses - and the mixing
ptt ameters, which in turn depend upon the parent symmetry G as
well as upon its breaking pattern.

Two common features of these mechanisms are worth noting:

i) They utilize only spentenecus rather than expidbeit-
violations of B, L and F. None of these would be operative if the
vacuum expectation values of all the relevant Higgs fields
were set to zero.

ii} None of these mechanisms is tied to the nature of quark

charges. They hold for quark charges being either integral or
fractional with SUgij colour local siiﬁetfg either being broken

spontenecusly and softly or remasining exact,

{We would 1ike to make a small digwession here. Our suggestion
of quark-lepton unification of 1972 has been misunderstood in this
regard - as though it is tied to integer charges for quarks.

A bit of history is perhaps relevant. During the years 1972-Th

almoat everyone accepted fractional charges and absolute confipement.

Our contention, however, was that both possibilities - fractional as
well as integral charges for quarks - arise within the same
unification hypothesis. For example, the hypothesis "lepton number
is the fourth colour" permits both charge patterng depending only
upon the nature cof apontaneous symmetry breaking.“ Since it was a
logical possibility, we built the theory of integer charges for
querks snd possible "quark 1iberation” so that it can meaningfully
be confronted with experiments. As far as we know there does not
exist any theoretical or experimental argument as yet providing

—15-
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unambi%uo?s evidence for one quark charge pattern versus the
other.¥15)We therefore still keep our options open regarding the
nature of quark charges and - awalt experiment to settle this
question F15} We stress however that the twin

suggestiong 1:2 of querk-lepton unification and consequent baryon
number violation are not tied ln any way to the nature of gquark
charges. They are more general.]

Spontaneous versus explicit. violetions of B, L and F

It is now instructive fo compare violations of B, L. and F,
which are spontaneous in origin (as cutlined sbove} to those which
are explieit.  The latier arise in general if one chooses to
‘gauge subgroups of the .maximal symmetry defined by the fermion
content. As mentioned ‘eerlier, examples of such aub-
groups are BU{5} end S0{10). For these cases, instead of tne di-
quark current {qfq) and (lepto-antiquark) current (g4°) coupling
to distinet gauge particles Y and Y' , respectively, the two
currents couple to one and the same gauge particle Yy in the
basic Legrangian. This is equivalent to "syieezing” the two
gauges sgsociated with the two distinect currents mentioned above
8o that Y, ~(Y + ¥')/#% coupling to the sum of the currents is
present in the basic Lagrangisn, but Y, ~ (Y - F')/47 caupling to
the orthogonal combination is absent. (Equivalently,Ya is assigned

B =

F15&ecent arguments of Okun, Voloshin end Zakharov (Moscow preprint
ITEP-T9) favouring fractional charges for quarks do not take into
account the facts that (&) variation of electric charges for integer
charge versus fractional charges as functions of momentum are
governed by different renormalizetion group equations due to the
presence of the colouwr component Iin the former, which is sbzent in
the latter and (b} that for a partially confining theory there exist
singularities in the variasble mass parameters in time-like regions
even near the origin without reguiring the exiatence of physical
particles at such points. This will be elaborated in a forthcoming
preprint. A second argument based on n' + 2y (M. Chanowltz, Phys.
Rev. Letters ULl , 59 (1580) favouring fractionsl charges is subject
to the uncertaln PCAC extrepolation from 1 GeV2 to zero for the case
of ICQ. There is a third argument based on an empirical analysis

of deep inelsstic Compton scattering yp + v + X data (H.K. Lee

end J.K. Kim, Phys. Rev. Letters 40, 485 (1978) and J.K. Kim and
H.K. Lee, preprémt (1979)) which by contrast to the previous two,
favours integer over fractional chargea. This argument is

uncertain to the extent that the Pn Involved in present experiments
is nct high enough to permit a leglitimate use of the parton model.
We must weit for unambiguous ewperiments - like the two photon
experiments in e*e— + e*e— + hadrons - to provide a definitive

test. We understand that these will scon be completed.
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an infinite mass.) The exchange of the Y, particle thns leads
to a violation of B, I and F in the second order of the basic gauge
interactions (see Fig.g) and induces the AF = -4 decays

p~ £ + mesons . (10}

We see that expliecit violations of B, L and F arising through
squeezed gauging can in general lead to similar consequences for
proton decay as the case of spontanecus viclation arising for a

maximal symmetry (compare Fig.g with Fig.3}. To state it differently,

Ir Y  and Y: are given masses im SU(16) spontaneously,in the - --

infinite iimit for the mass of Y , we recover the predictions of

#0(10). In this sense such predictlions are contained in those
gbtained from SU(16).

The two cases - spontaneous versus explicit viplations of
B, L and F - appear to possess an absolute distinction from each
other at high temperatures within the range of temperatures
betveen m, and m, and beyond m wvhere m and m are

the masses of the combinations of the fields YB and Ya.

N % ]

v Y

Fig.6: Explici% . viclations of B,L and F t.h-rough gauge squeezing.
Here for example, Yg.= (Y + ¥')"/+/2 is a gauge particle of the
basic Lagrangian but the orthogonal combiration (Y-T')/42 is

absent or effectively hes infinite mass. Sfuch gauge squeezings
oceur in SU(5) and 50{10).
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III. CONDITIONS FOR RELEVANCE OF ALTERNATIVE FROTON NDECAY MODES

We now proceed to obtain the"neceasary"and sufficient conditions
for alternative proton decay modes satisfying AF = 0, -2, =k and
~6 to be relevent for either the forthcoming or the second
generation proton decay searches. For this purposewe ghall consider
only those mechanlsms for proton decsy which arise within a maximal
symmetry, out% ned in the previous section. Depending upon the
decay modesFl he experimental searches are expected to be sensitive
to proton lifetimes varying betveen 1030 to 1033 years.

Now let us first observe the restrictions which arise from the
effective low energy symmetry being SU(I—.‘)L x U(1) = 8U(3)eoioure
Weinberg and Wilczek and, Zee 19 have shown that the effective
proton decay interactions based on operators of lowest dimension,
which is aix?]-T rautomatically conserve B-L, if they are con-
strained to satisfy the low energy symmetry SU{2);xU(1)xgU(3) olour
Based on this observation theyhave concluded that proton decafr our
should be dominated by the AF = -b modes {e.g. p + e*x0, Sn* atc.)
vhich conserve B-L. In drawing this conclusion they were motivated
by the assumption that the theor% possesge esse%ially only two
mass scales my ~ 100 GeV and FI My ~101% - 1015 gev, in wvhien
case the alternative decay modes AF = 0, -2, -6 - requiring
higher dimensional operators and/or violation of SU{2)p = ©{1} -
would be damped at least by a factor =~ (my /M, ) compared to the
"allowed" (B-L) conserving decay modes in * the amplitudes.

There are however good reasons why one may consider departures
from this mssumption.

FI5 For the two-body modes such as p + e¢*n0 and n + et~ satisfying
AF = -4 as well as n + e~vt satisfying AF = -2, the forthcoming
experiments may be sensitive to proton lifetimes ¢ 1033 years.

For the multiparticle modes such as p + e- + 2v + whr* and

n -+ e + 2v + 1t satisfying AF = 0, the sensitivity might be two
or three orders of magnitude lower, while for AF = &6 modes such
as p+ et + v+ 32, the sensitivity may lie inbetween (see Ref.T
for details).”

F17) Thug these csn include in general only operators of the form
aqq? and gqu which, respectively, induce only AF = -l (e.g.

p -+ et + w0) and AF = -2 (e.g. p + e— + wtr+) decays. The AF = O
and AF = -6 decays would involve in any case higher dimensicnal
operators with a minimum of six fermion flields {dimension 2,9).

F18) Here Y is used in the generic sense to denote a superheavy
gauge particle coupling to different sorts of F = 2 currents.
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i The most importanﬁ is that there do exist grand unification
models such as [SU{L)]*, [SU(6)]* and thelr extended maximal
versions involving fermion number gauging (such as SU{32), su(u8)

or the smaller tribal group [SU{16)]13), which do permit intermediate
mass scales filling the gep between 102 and 1015 GeV with the
lightest leptoquark gauge particle X -as light as

'101‘-105 Gev. 2,10 It is precisely because of the existence of
these Intermedimte mass scales why models of Refs. 9 have
permitted all along elternative proton decay modes l +«This Wwe
elaborate below.

The second reason why . such intermediate mmss scales
are worthy of consideration is purely experimentak. They provide
the scope for discovery of new physies through tengible evidence
for quark-lepton unification in the conceivable future, especislly

if there exist leptoquark (X) gauge particles in the 10-100 TeV
region. 7

The third reason ig that if these intermediaste mass
scales do exist they would permit AF = 0, -2 and <6 modes, whose
rates may in general even exceed the rate of the AF = _)4 mode

(p + x9 + e*). Experiments must therefore be designed to look for
such modes.

One other reascn for the existence of intermediate mass scales
(with succeseive steps perhaps differing by powers of ¢ or o) is
that it m¥% e it easier to understand the problem of the gauge
hierarchy "</, And finally existengﬁé intermediate mass scales
may also account for the departure of present experimental
=1n29w =0.23 + Q.01 from the "cancnical" theoretical value of =0.20.

F19) Several authors (Ref.20) have recently considered the
possibility of intermediate mess seales

permitting Higgs rather than gauge particles to acnuire such masses
and introducing Yukaws interactions to induce new complexions for

proton decay. In view of the relative arbitrariness of Yukawa
couplings we pursue the consequences which follow from the gauge

interactions and the Higgs self-coupling only, subjeet te Spontaneous

symmetry breaking. Recently Welnberg has extended his analysis
(Ref.21} permitting intermediate mass scales. We understand that
H.A. Weldon and A. Zee {Ref.21) have msde m similar anslysis,
though we have not seen their preprint.
¥59) This is only a conjecture at present and needs to be further
jnvestigated.
Fgl;The welght of this remark is dependent upon further refinements
in the measurements of singew.
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With these to serve as motivations for the existence of
intermediate mass scales let us first present a scenario for the
hierarchy of gauge masses. This is depicted in Fig.7. We discuss
lster how such a scenario can be realized within maximal
symmetriea in accord with renormalization group equations for the
gauge coupling constents. The characteristic feature of this
scenario is that the leptoguark gauge perticles (X) are rather
light characterizing the fact that they belong to the lower sub~
unification symmetry SU(2), x SU(2)p **SU(M){,p . The fermion
number *2 gauge particles Y, ¥' and Y" defined already range
in meases between 1010 and 1015 Gev with all possible mutual
orderings including the possibility that they may all be nearly
degenerate.

LY "
F= a2 {qL) 1 1029 - 10'% gev
qq h 4 ~
Fah :
* i
F=0 V+A W
!
F=240 {ig) X's _—.!--—> 10* - 1200 Gev
v
+
F=0 V-4 W, 100 Gev
AT L
F=20 photon gluens m= 0

Fig.T: A scenaric for gauge masses arising within a maximal symmetry.
The masses of Y, Y' and Y" range between 1010 - 1015 GeV with all
possible mutusl orderings including the possibility that they are

degenerate. Wi can be heavier or lighter than X's.

R

Wé now wish to argue that the AF = 0 and -2 modes involving
the decays p + 3% + pions and p + (e or v) + plons would be
relevant to forthcoming proton decay searches for the following
get of values of the X and Y gauge particles:

AF= 0-.-9Need m, 210" - 105 Gev
AF=-2...5Need (m, ~ 101%- 10'2 gey
ty 210" - 10° gev (11)
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(Later weshow that these requirements are met within a class of
maximel symmetriles.)

AP = 0 modes {(p + 3% + x's)

These decays occur for either integer or fractionally charged
quarks as follows. Each quark makes & virtuel transition to a
lepton + a Higgs field 4i; the three Higgs fields generated thepe-
by corbine to annihilste into vacuum through a VEV ﬁ)# 0
(see Figs. ksnd 5 and discussion in the previous section). The
preferred configuration corresponds to one quark being right
handed, which emits & BY field, and the other two bei§%2%eft
handed, which emit appropriate components of C‘i fields Jurther-
more it turns ouwt, owing to selection rules, that one of the quarks
must proceed via a tree (Figs.da) and the other two via loops
(Fig. ). F23) e corresponding emplttudes(suppressing spinors)
are given by

ME, (Fesays (F/wd ) (m) (<2 o <E1)
Mt;:’ (rig.38) = L‘F;/W;X%‘Q—q’ ((C:i > , <§'41 >)

whege he =ayperscripte,l and R and the sets of parameters
T ysmy ) and (B>, my ) 8 with the transitions of left

and right-handed quarks, respectively.

(12)

Fe¢/ Recall B and € transform as {1,2,0) and (2,1,0) respectively
under SU(2)[J ® SU(2)y » SWL), Together C and B"f make a 16 fold
of SU{16). 't and B ffelds have the same quantum numbers as the
fermion fields Fp, and Fg. ‘I'Qus only ﬂ- and Bﬂ- possess fnon-zero
VEV, which give masses Eo W[ end Wy respectively (see Sec.II).

With integer charges for quarks,additional componente of C and/or
B multiplets can acguire non-zero VEV (gsee Ref.2); but these do
not materially alter the complexlons of proton decay.

P23) This ie under the assumption that leptoquark geuge particles
(X'} coupling to cross currents of the form {(eu} and (vd) are much
heavier thap those coupling to (Vu)and (ed), which are denoted by
X. This situation emerges automaticsally if the unifying symmetry
G descends to lov energy symmetries via SU{2)y = su{2}y x Sll(h);ﬂ.n.
See Ref.18 for a more general discussion,
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Using these amplitudes for q + L + (Higgs) trensitions, taking
mo (3 to 10} x 101‘ GeV, and allowing a reasoneble range for the
Higgs parameters (vhich are constrained by the gauge masses, See
Hef.1B for detsils) the proton decay rate (ignoring all but A&F = 0
modes} is found to be 18

‘l'p -] 102'13 - 103h years f (13}

The main point worth noting is that the AF = 0 modes become important
3 GeV). A

In
if the leptoquark gauge boson X has s mass {10 - 10

gimilar masas range Is slso obtained 1u Ref.21.

—
AF = -2 modes (p+ e 71 7 etc)

These decays arise through X - I swmemnixing, ,see Fig.3m
and slso Sec.II}. Since such a mixing viclates SU(E)L % U{1), the

corresponding mixing (mnss)2 denoted by AJE(Y must be proportional
2 ' 2
. i AS = 41 )
to a \{EV.{ m"L Taking e menx (or conaservatively me .

and my :;-:.1(‘}5 GeV (as before), we see that AF = -2 proton decay
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would permit the possibility that AF = 0, -2 m-h modes can cc-
exist and be relevent to present searches. The possible co-
existence of the AF = -6 mode depends upon some further coneiderations
which we shall not pursue here.

interaction viewed as an effective four fermion interaction would have Our task now iz to show that such mass pattemf as outlined

2 2 B in (I5) can be realized within unifying symmetries in mccord with
a strength (An)f(mx mr}. This would exceei the canonical value rengrmalization geoup equetions as well as observed values of
:JLO-29 cev? for m, 2 10%? cev (or 3 x 10 + GeV), leading to proton sinBy and og.
lifetime in the range of 10°0 - 10°° years.

i 11 :
We thus see that for m, 210" - 10° GeV and me &3 %107 - I¥. BSOLUTIONS TO HIERARCHY EQUATIONS FOR A CLASS OF UNIFYING
1013 GeV (the precise nmumber depending upon A}E{Y), AF = 0 as well as SYMMETRIES
AF = -2 could coexiat with comparable rates and be relevant to forth- Perturbative renormallization group equations for the running
ton d hea. eoupling constants of e spontanecusly broken unifying symmetry
coming proton decay seerches permit in general solutions for the gauge masseaf‘g’ which exhibit
a hierarchy. We refer to, these equations as hierarchy equations
+ 0 and ask: Do there exist solutions to these equations within some
= d +en et :
AF 4 podes (p > e ete) - class of unifying symmetries which permit
Thege arise through Y &% Y¥' mass mixing (see Fig.3a).
2 2 (a}) ~10h - 105 GeV
Denoting the mixing {mass)“ by AH" the corresponding ampliitude M-x
. 2

ig A?Y./(mi ~m.§,). As explained in Sec.II, Ay, can be as (b} MY"'lOll - 1015 cev

2 2 -

. This is the case for example if SU(16} descends to
large a8 wmy ~ oy it a (¢} sin®6 #0.23 and
low energy symmetries without passing thronugh su{8) = su(8) = u(1). If 4,, nas W
22 () a (m, )= 0.1% «(1€)
its maximum value m, & m, {as in the case for example for 50(10)). : 3 My )
then the AF = -l amplitude would have a strength ‘A’lfme and
a proton lifetime 210 years would require my = 10t Gev. - wever, We know that the enswer is negative for SU(5) and S0(10).
2
w.th the perfectly feasible possibility of ~A$1n gmaller than my, Now to seeshw a "light" leptoquark gauge particle X with a
30 mess 210" - 107 GeV can be realized in the first place, it is inst -

there is the possibility that ton lifetime of 10 ears can be -~ s s - 8L Iuc

po ¥ that proton © v tive to recall the case of the two-family [SU(4)]* model,which possesses a
compatible with Y and Y' being lighter. For example if single gauge coupling constant because of discrete symmetry
a%' = (1010 GeV)2 then proton lifetime of 1030 years would be between the four SU(L) factors. This symmetry depending upon the

. 12 nature of SSB can break via two alternative chalns
compatible with o, P-3 oy, ~ 10 GeV. We are interested in this .

possibility because for such values of ¥ mass (and with my -:.:--_10,4—105

T+ !
M, sue ™ x bty x S,
Ge¥), the AF = -2 and the AF = 0 modes Decome relevant as weil. Thus ﬂ
we see that a gauge imass pattern ISU(A )]
Mq

T ) SUB),
SU@), xUy xSUB) XSVg

A 12
'W\x ~\0-\os Qa\/,m\(zm\itozm Gel/ o (18) .
1T
Al ' )VJ.. Lo (A'l- )}6- m (15) Here SU(h)EI;-VOU.l' acts on (u,d,c,s); g flavours. su(2)] ana
YY &~ 10 GV and XX) = Nme SU(E)%‘I act ~ on {u,d); end (c,s);, ~ doublets respectiVely;
SU(2)£"H is their diegonsl sum. The gauge particles of SU(2)£+II
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are related to those of SU(E)I -11 by HI+II = (w + W )/JE . Thus,
if g is the symmetriec gauge coupling constant of each su(k} I+II
factor, the coupling constant g. of the low energy symmetry SU(Z)
would approach g/ v¥2 in the symmetry limit. Likewise the
coupling conatant g§ for vector colour SU(3),p would also
approach /vﬁ? » since it is obtained by diagonal summing of SU(3)
and SFAE% By contragt the coupling constant g% for chiral

colour 3U(3)L » SU(3)g (relevant to the lower ghaln) would
approach g in €he symmetric limit. Thua

vector colour 8y = g; = ;& (eymmetric limit)
2

¢

chiral colour g, =5 ; g° = g (symmetric limit) =

2 oz 3 - (s

It can be shown that this difference of a factor of l/ Nr' hetween

flavour versus colour coupling constants, translates into a factor
22,5, vhich multiplies the logarithm of fu . It alters

drastically the determination of the unification mass M1 and one
obtains 10

15
hﬂi ~ |C) (52\/
AU“ eu Q. 20
M, = 10° GeV
xle%vag

For vector colour

For chiral colour

.g. EfL- 0. 30
7 {19}

The mass of X 1s about a factor of 10 lower than Mj. Thus

for My 2 108 Gev, iz = 107 GeV, as desired. However the case of the two family

[su(Ly1¥ deacending via chiral colour is now excluded experimentally,

since it ylelds too high a wvalue for sinzﬂw (= 0.30) compared to
the experimental walue of =r 0.23.

Nevertheless the sbove example provides the clue for low mass
unification. The ides 18 to create through spontanecus descent
a dichotomy between low energy flavour versus colour coupling
constants such that the former is lower than the latter in the

F2iTThe chiral colour symmetry must break to vectoriasl colour
eventually. But if this breaking takes place by a mass scale &
M, s ORE can ignore the effect of such a breaking for studies of

reno%malization group equations st momenta m,
L

-25—

;ymmetric limit.FQS)This is best illustrated by the three family

symmet.ry 22 [SU(G)]h, vhich operstors on six flavours (u,d,c,s,%,b)
and six colours. There are three leptonic colours rhyming with
three quark colours (r,y and b). There are the singgferved leptons
plus twelve uncbserved heavy leptons in the model. Here the

low energy flavour SU(2)L is obtained by diagonal summing of three

su{2)'s, which respectively act on (u,d), {c,s) and (t,b} - doublets.
Thus g, = g in the symmetric limit. In this case, even {f the
low enefgy colour symmetry is vectorial SU(3)L+R » 8y = &8/V3

<83 ]% in the symmetric limit. This, together with the fact that
therbare value of the weak angle 23 gin B 9/28 (rather than 3/8),
leads agaln to a low unification mass for the descent

(su(6)1® v L+II+1IT

—_— su(z) ¥ (1) x SU(B) g Beee

M xlos GeV, i.e. mleOs GeV. (20)

In this case one furthermore obtains a desiradble value for the weak
angle 2

stnle T —% 9 ~o0.235 . f21)

We thus see that quark-lepton unification could take place
through leptogquark gauge intersctions at an energy scale 107 GeV. For

]
the chiral descent [SU(6)1" ~ su(a)I"H*HI * u(1) x sUf(3) x SUL(3)
the unification mass could be lower sti1l (= 10h GeV).

What about the masses of the fermion number F = 12 gauge
particles Y, Y' and Y" arising within a maximal symmetry? To obtaln
8 seenario in whlch the messes of these gauge particles lie jin the
range of 10 GCeV, while ¥'s are a3 light ase 19 -10%
GevV, we . proceed as ronous. Assume (following the

F25)This ingredient hastens the "meeting" of the colour and the
SU{2) flavour coupling constants. There is a second ingredient
which can speed up the "meeting" of SU(2) and U{1l) coupling
constants. This is realized through a lowering of the bare value

of the weak &ngle sin280 from the canonical value 3/8 This iohthe

i

case for [SU(G)] where 51n26 25- on account of the presence of the
extra leptons. However for SU(lG) or [SU(lG)]3, sin230 has the
"eanonical" value % .

F26)qnis is without counting the mirror fermiens.

F27)The discussions to follow are based on a forthcoming paper by
B. Deo, J.C. Pati, S. Ra)poot and Abdus Salam (Ref.2h).
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illustrations for [su(h)]h and [(su(s)]") that each individual
family defines a distinct SU{2) within the parent symmetry G; these
distinet SU(2)'s combine (or following a terminology used before,
thev are "squeezed") _throu§h spontanecus symmetry breaking by s rela-
tively heavi mass scale E#l

the SU{2) of low energy electroweak symmetry. Thus allowing for

q left-handed families we envisage the descent

o1’ M, somy - @

Recall that for [su(h)]", q = 2, vhile for [SU(G)]h, q = 3. If the
theory is left-right symmetric, there would be the corresponding
Yaqueezing of [SU(2)g]Y into = single SW(2)y or even U{1l)p through
& heavy mass scale MR

[su(a)R]cl ——y SU(2) or U(1), . (23)

In general the) parent symmetry G may contein distinet SU(4) colour
symmetries ¥}y well, which are distinguished from each other
either through helicity of fermions on which they operate, or
through the family attribute, or both. For generality assume that
there are p SU(H) colour symmetries within G. To be specific we
shall furthermore assume that these are vectorial L+R symmetries.

(The generalization to chiral SU(}4) colour is straightforvard.) F3P)
These p SU(h)L+R symmetries are "squeezed" through SSB to a single
SU(h)L+R by e heavy mwass scale M, . Thi single SU(h)L+R subsequently
descends also sponteneously to Sﬁ(3)i$n°ur x U(I)Lﬁﬁ via a heavy
mess scale M3.  The leptoquark gauge particles X's receive their
mass through M3 with My= M3/10. Thus the colour sector may bresk
as follows::

- b
Lsu@),, o) Ma, suwy . Mo s, x Ve -
(2L}

F28)15 realize the known universality of different families in
electroweak interactions and to preserve the GIM mechanism upto its
knowp aceuracy My, should exceed about 107 GeV,

F29)The foyrth colour is lepton number.

F30)a1ternatively [SU(k)]P mey descend Tirst to [SU(3)]P = [mM(1)1P,
vwhich subsequently descends to [SU(3)] x ©(1). This is considered
in Ref.2h.
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to yileld the diagonally summed 5U(2),which is

In short the scenario which we are led to consider for the
sake of obtaining intermediate mass scales and thereby signals for
grand unification at moderate energies is this: The families
define distinet SU{2)'s and possibly even distinct SU{3) or SU{kL}
colour symmetries at the level of the parent symmetry. The
distinction is lost and thereby universality of families defined
by discrete symmetrieas e <% p 4> 1t emerges at low energies due to

spontaneous symmetry breaking. F3l) ‘=

Such family distinetions are not resiized within smaller
symmetries such as SU(S), S50(10) and SU{16). But they do exist

within symmetries such ms [sU(k)]®, [sU(6)}}, [s0(5)17 = su(5)e =
su(s), * su(5), € SU(15) and likewise [50(20)1° and 1su(16)33
S8(h8). .

We are aware that the symmetries of the latter kind are
gigantic. But then Neture appears {0 be proliferated anyway
beyond one's imagination st the quark-lepton level. Why are there
families at all? If femilies proliferate, ¥why not the gauge mesona?
At the present stage of our ignorance there is no besic reascn
why the family universality should be an exact prineiple for all
energies. The gigantic symmetries are the price one is paying for
believing quarks snd leptons are fundsmental entitles. We return
to this problem towards the end.

With these remarks to serve as motivations, we consider the
possibility that the parent symetr{ G breaks spontaneocusly to
low energy components as follows: 2

1:.E‘l)For {nstance, taking only two families e end u , there are
two distinet W's (“e and \_i'u) in the basic Legrangisn. Due to

hierarchiesl SSB (We - Wu)/ A2 acquires & heavy mass ;105 GeV,

but (We + Wu)h\ﬁf acquires a mass only of order 100 GeV. Hence the
low energy e<—>» § universality. OSuch a picture 1s logically
feasible, since tests of e & p universality in weak interactions
extend at best upto 10 to 30 GeV of centre-of-mess energies. Do
there exiat additional W's and Z's which couple fo differences of
e“a-ndﬁu.zcurrents? Tegts of such family universality should provide
an iwportant motivation for building high energy accelerators in
the 1-100 TeV region.
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G M, sum;ﬁ’ x [SULZ)R]‘L X [sum)L,,k]Px Uy
M, M, Mg |

Su@y, (UOTY SV vp

L Sa), ,RxU(n)‘_ﬂ:
mNL ‘L ¢ R
SUR), x YUY % SU3) . (25}

Such & hierarchy leads to the following two equations via the
rencrmalization group equations for the coupling constants:

. 2 ok
S"'Q eo -Sin ew - 1.1.2“._A Si.'ng‘c\ _1_.1_2“ ﬂ
o Ced o, erede, T 3W A

CL b 1
- L Am O, = 1R Single . f3q-2p\44
d o " 6T M e_z') 37

- 2 2 g—r IAL&Q'
3 GO () G 6s (Y]
=wt 4p 4 3
8 =5 ()" () () ]

= (M 2¥ M >
;b (ﬁ'_) (K'; ) (26)
L

A

1]

fhe reductions shown on the right sides of the two top equations
correspond to a single stage descent G l-SU(E)L x (1) x SU(3)L+R
forwhichML=P&!=Mh=M3-M 7-)1:'“ .

L

~2Q=-

We now ask, are there solutions to these equations for some p

and q which correspond to the conatraints on gauge masses as well as
sinzﬂw and o as listed in the relation {16 )7 (Note that chiral
colour corresponds to p = 2.} We find 24 that there 1s no sclution
satisfying constraint (16 ) for p = ¢ = 1; such values of p and q ..
correspond to SU{S} and 80(10}. There is alsc no solutioen for p = 2,

1 which correspond to SU{16). But there do exlst solutiorns for

i

q
pP=q=2; forp=2, gq=3and for p=q = 3. Such velues of p and

q can be obtained for example within [30(10)]3, [8uf 16)]3. These
solutions and the corresponding coexistence of alternative proton decay

wodes are listed below:

15 12
M v"-l;O GeV, Ml}~ ML~ MR ~ 10 GeV
=g =2 My~ 10777 GeV mp My~ 205 Gev

Thus AF = 0 and AF = -4 can coexist, but
AF = -2 is suppressed

Me M, = 10'? cev, M, = 10%0 Gev

MLz lOT GeV, M, = 105 GeV :bea- th Gev

p=2,q=3 3
AF & 0, =2 and =4 can coexist
12 6
M M, ~ 1077 Gev, M, =107, Gev, M ®10° eV
= ’ o 5 h

P=qg=3 M3-10 Gev:nyn-lO GeV
AF = 0, -2 and -b can coexist

' — (27}

We thus see that within maximal symmetries permitting intrinsic .
family distinetions proton can decay through alternative decay

modes as claimed in the introduction.F32)Tt is also worth noting that
for three families with p = q = 3, the family universallty of weak
interactions can disappear at an energy scale of order 100 TaV
carresponding to MLz 10Y Gev.

F32} Recently, Weinberg {Ref.21) has noted that in addition %o the
A{B-L} = 0, AF = b mode (p + e*w0} there can be only gpe other proton
decay mode satisfying either AF = 0, AF = 2, or AF = =6, He was led
to this observation by arguing that the AF = {0, -2 or -6 processes,
which are mediated by intermediate mass scales My << M ~r101% ey
would have rates -~~aT or a<T in the early Universe at temperatures
in the range M »> T >> My, Such processes with rates exceedlng

the rate of expansion of the Universe would be in thermal equillbrium
and therefore wipe out any baryon excess generated ln earlier epochs
(due to AF = - b processes), unless a specific linear combination

(B+ aL) is absolutely conserved. We chserve that these arguments apply
only if B, L, F violations are explicit rather than spontaneous.
For the latter case, the violations disappear for temperatures T > Mr.
Thus any baryon excess generated before this epoch is not wiped ocut.
Thus there is no conflict between coexistence of AF = 0, -2 and -h
modes for proton decay on the one hand end the observation of baryon
excess on the cther, if the viglations are spontanecus.
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V. A SUMMARY CF THE FIRST PART
We ratBed two questions:

(1) Is it conceivable that the basic idea of quark-
lepton unification may be tested tengibly through manifestation
of exotic quark-lepton ipteractions in the concelvable future?
This has been answered in the affirmstive.A number of unification
models permit at least the leptoquark X gauge particles to possess
& mass in the 10-100 TeV region. We need Isabelle, ISR and their
immediate suecessors thereof as well as improved cosmic ray studies

to see the effects of the X particle. These may be seen for example
through enhanced lepton pair production in pp and pPp processes.

(41) Can the variety of complexions for proton decsy outlined
in Sec.I exist and coexlst? This gquestion has also been answered.

To summarise:

(1) The idea of quark-lepton unification is not tied to the
nature of quark charges.

{2) Proton decay is central to the hypothesis of quark lepton
unification. It 18 & reasonable expectation within mcst models
thet the lifetime of the proton should iie within the range of

1028 - 1033 years.

(3) Proton decay modes can provide an important clue to the
underlying design of grand unification. For example, observation
of AF = 0, -2 or -6 mode at any level within the conceivable
future will signal the existence of intermediate mass scales, which
in turn will reflect upon the nature of the parent symmetry G. In
particular, the observation of the AF = 0 mode will strongly suggest
the existenee of new interactiocns in the 10 to 100 TeV region.
Thus, a search for such decey modes, if need be through second
and third generation experimenta,would be extremely important in
that such searches would have implications forbullding of high
energy accelerators.

{4} Observation of proton decsy will strongly support the
idea that gquark and leptonic matters are yltimately of the same
kind, though thie has no bearing on the queation of whether quarks
and leptona represent the ultimate conatituents of matter.

This leads to the second part of o gemstderations where we ine
dlcate the directicms-4m whicki-wosle of the .oManges sight dfcur for the
unification hypotheais, if quarks and leptons are vieved as
composites of more slementary cbjects - the preons, and also how
the preons may bind.

VI. FPREOXS F33)

_ To resolve the dilemma of quark-lepton proliferstion it was
suggested in 1974 that quarks angd leptons may define only 8 stage
in ohe's quest for elementarity <1, The fundamentel entities
mey more appropriately correspond to the truly fundamental
"sttributes"(charges} exhibited (or yet to be exhibited) by Nature.
The fields carrying ESEBE fundamental attributes we celled "PREONS".
Quarks and leptons I imay be viewed within this picture as
composites of a set of preons conslsting, for example, of m
elementary "flavons" (fj) plus n elementsry "ehromens” (C,). The
flavens carry only flavour but no ecolour, while the chromons carry
only colour but no flavour. If both flevore and chromons carry
spin-} , one needs to inelude a third kind of spin-3 atrribute (or
attributes) in the preon-set, whieh for convenlence we shall callyp
"gpinons” (:v); these serve to glve spin-} to quarks and leptons
but may in general serve additional purposes. The quarks and
leptons are in the simplest case composites of one flavon, ote
chromon and one spinen plus the "sea". If the p and.t families are
viewed te differ from the e—family only in respect of an "excitation
quantum number" or degenerscy quantum number, vhich is lifted by
some "fine or hyperfine” interaction, then only seven precns con-
sigting of {u,d,r,¥.,b,t and [) suffice to describe the 24 quarks
and leptons of 3 families {and poesibly others yet to be discovered).

For this reason, the precn idea appears to be attractive., But
can it be sustained dynamically? The single most important
problem which confronts the preon-hypothesls is this: What lg the
nature snd vhet is the origin of the force which binds the preons
%0 meke querks and leptons?

Qur first observation , follow ?5 ‘the work of oneé of us 23 1s that
ordinary "electric” type forces F30} - gbelian or non-sbelian - arising
within the rand -

F33 ]
) This section follows & recent paper by J.C. Pati

(Ref.25). See almo remarks by Abdus Salam,Concluding talk, EPS
Conference, Geneva, 13979.

pjh)For simplicity let us proceed with the notlion that lepton
number is the fourth colour {Ref.2.). In this case the compasite
structure is as follows: (qu) =y + (r,y or b} + g, while
v+ L+ ete. Withinin the preon-idea leptons may
however differ from quarks by more'than one §ttribute. For
example, we may have v = u + £ + L vhere (g # {). Suck variente
will be considered elsevhere.

T, Y,b

¥33) With the spinon present the flavons and chromons Can carry
integer spin O or 1.

3% By "electric" type forces we meen forces whose effective
eoupling strength is of order o 2 1/137 at the unificatlon
point M.
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unification hypothesis are inadequate to bind preons to meke quarks
and leptons unless we proliferate preons much beyond the level
depicted above.

The argument goes as follows: Since quarks and leptons are
point-like - their sizes are smaller than 1071 om as evidenced
(especially for leptons} by the {g-2) experiments - it follows that
the preon binding force Fy gust be strong or superstrong at short
distances r.é& 10-1T - 10719 op corresponding to running momenta
Q 21 to 10 TeV.. (Recall for comparison thet the chromodynamic
forces generated by the SU(B)colour-symetry is strong (uc 2 1)

only at distances of order 1 Fermi, which correspond to the sizes
of the known hadrons.) This says that the symmetry generating the
preon binding force must 1lle outside of the familiar

su(2) x u(1) = su(3)_, symmetry.

Now consistent with our desire to adhere to the grand
unification hypotheais, we shall assume that the preon binding
force F, derives its origin either intrineically or through the
spotitaneocus breakdown of a grand unifying symmetry G. Thus either
the basie symmetry G is of the form Gy % G, with Gy generating the
known electroweak-strong forces and generating the preon-binding
forces, (in this case G and ure related to each other by a
discrete symmetry so as to permit a single gauge coupling constant);
or the unlfying symmetry G breaks spontanecusly as follows:

S5B .
G —-—;Gk x Gb x [possible U{1)-factors] . (28}
In the second case Gy need not be related to G, by discrete
symmetry. But in either case Gy contains the familiar

SU(Z)L x U(l)w x SU{3)c°1°“-symetry and therefore the number of

attributes (Ny) on which G, operstes needs to be gt least 5. This
corresponds to having 2 flavons (u,d) plus three chremons {r,y.b).
To incorporate lebtonie chromon £ and possibly also the spinon g,
Ni may need to be at least T; but for the present we shall take
conservatively Ny 2 5.

Now consider the sizeF3T%f_Gb.0n the one hand the effective
eoupling constant Eb of the binding symmetry is equal to the
effective coupling constant g, of the familimr SU(3)-colour

" symmetry (up to embedding factors 10 1ike 1/V2 or 1/¥3 ete.) at
the unéfication mass scale M »> 10" GeV. On the other hand,
oh = g, /4" needs to exceed unity st a momentum seale w2 1 to
10 TeV, where the chromodynamic coupling constant ap << 1. It
therefore follows (assuming that the embedding factor mentioned

F3TIn these considerations we agsume all along that the conventional
perturbative rencrmalization group approach applies to the
variations of all runni coupling constants down to such momenta,
where they are small (2%(1": £ 0.3) {see Rer.6).
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not eesthetically appealing.

above is unity) that G_ is much larger than SU(3)F38)Using re-
normalization group eqiations for variations of the coupling
constents op and &g, one may verify that G, minimally is St(5)
and correspondingly the dimension Ny of the space on which Gy,
operates is minimally 5.

Mow the preons {P,} which bind to make quarks and leptons must
be non-trivial with respect to both 0Oy and Gy. Since each of
Gk snd G"b requires for their operations a spece, which is minimally
five dimensional, it follows that the numter of preons N, needed
(under the hypothesis shove) is mainly N x Ny > 25.

Np)ﬂk'ﬁl‘ibb‘B*S*ES . {23)
We may consider relaxing the assumption that the emebedding
factor 1s unity. This would permit the ratio [g, (u)/g (n)] to
be a numbsr like V2 or \fS‘p for example. In turn cthisu-Mcs.n
result in a reduction in the size of . But simultaneosuly swuch
& step necessitates an increase in the size of Gy or effectively
of the number N with the result that the minimsl nurber of preons
needed LY 3> N> "b i3 not reduced below 21.

This number 25 (or 21) representing the minimal number of
preons needed already exceeds or is close to the number of guarks
and leptons which we need at present, which is 24. And if we in-
clude, more desirably, the leptonic chromon £ and the spinon § ir
the preonic degrees of freedom, the number of preons needed would
increase to 35 {or 27). ’

Such & preliferation of preons defeats from the start the very
purpcse for which they were introduced - economy. In turn, this
poses 8 serious dilemma. On the one hand giving up the preon idea
altogether and 1living with the quark-lepton system &8 elementary
runs counter to one's notion of elementarity and is thus unpalatable.
On the other hand, giving up the grand-unification hypothesis is

5

. 2
Because of this impasse, it has recently been suggested that

the preons carry not only electric but also magnetic charges and that their

biqding force is megnetic in nature. The two types of charges are
related to ea.ch other by the familiar Direc-like quantizetion

conditions 26,29 for charge-monopole or dyon systems, which imply
that the magnetle coupling strength a = gslfhw is 0{l/ag) 2 0(137)
and thug is superstrong. In other words, the magnetic force can

F38BT This incidentally excludes the poss_i'bility that Gy !s abelian.
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arise through an abelian U(l)-component within the unification
hypotheais (as remarked further at the end) and yet it can be
superstrong. This is what gives it the power to bind preons into
systems of small size without requiring a proliferation. Quarks
and leptons do not exhibit this superstrong force because they are
magnetically neutral (see remarks below).

Wa. firat diascuss the consistency of this idea with presently
Known phgnomena from 8 gqualitative point of view and later indicate
the possible origin of this magnetic force.

(1} 8ince the electric fine structure copstant o = 2 /ux
varying with running momentum remaing small & 107 almost every-
where {at leest Bp to mopenta ~ 101% GeV and therefore up to
distanges ~-1072% cm), the magnetic "fine structure” constant
oy = gslh! related to a, by the reciproeity relations iz super-
strong even at distences as short as 1028 cm (if not at r + 0).

It is this strong short distance-component of the magnetic force
vhich mskes quarks and leptons go point-like with sizes r << lo‘iecm.
Their precise size would depend upon the dynamics nf the super-
strong force which we are not yet equipped to handle. For our
purposes we shall take rp to be as shert as perhaps */M?lanck"lo-aa
cm but as large as perhaps 10718 o (i.e. Ty < 10-18 ¢,

(2) Quarks and leptons do not exhibit even s trace of the
superstrong interactions of their constituents because they are
magneticolly neutrel composites of preogg and their sizes are
small pcompared Lo the distances R ‘g 107 c¢ms which are probed by
present high energy experiments.

(3) We mention in paesing that had we assumed, following
Schwinger <7, that guarks (rather than precns) cerry magnetic
charges, we would not understand why they interact so weakly at
short distances as revesled by deep inelastic ep-scattering.

{l) Due to their extracrdinarly small sizes, it can also
be argued <7 that low energy paremeters such as (g-2) of leptons
would not show sny noticesble departures from the normal expectat-
ions, Similar remark applies to the P and T violations for quarks
and leptons, which would be severely damped in spite of large P and
T violations for preons carrying electric and magnetic charges.

What can be  the possible origin of
magnetic chagges of preons? The origin could perheps be
topologicel +31 Spontaneous breaking of the non-sbelian preonic

local symmetry GP to lower symmetries may generate monopoles or dyons.

Such & plcture would be attractive if in particular it could generate
gpin 3 monopoles (in eddition to spin O and spin 1) and assign
electric and magnetic charges to the originally introduced spin 3
fields snd their topological counterparts.
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There i a second alternative, which is the simplest of all in
respect of 1ts gauge structure. Assume that the basic Lagrangian
of the preons is generated simply by the abelian symmetry
U(1)g X Ul1),,. The U{1l)p generates "electrie” and U(1)y the
"magnetic" intersctions of precns. SubjJect to subaidiary conditions.
the theory generates only one photon coupled to electric as well
as magnetic charges 32. The charges are constrained by the Direc
gquantization condition. In this model the basic fields are only
the spin } preons and the spin-l pnotou. The strong magnetic
force binds preons to meke spin 3 quarks and leptons as discussed
earlier. Simultaneously it makes spin-1 and spin-0 composites
of even number of preons (including antiprecne), which also have
very small sizes like the quarks and leptons. The spin-0 and spin-l.,
fields carry charges and interact with quarka end leptons as well
aa among themeelves. The use of g5 recently suggested "theorem" 33
would then suggest that their effective interactions must be
generated from a local non-abslian symmetry of the Yeng-Mills type,
which is broken spontanecusly, in order that they may be re-
normalizable.  The spin-0 composites will now pley the role of
Higga-fields.3h1t is smusing thet if this picture can be sustained,
the proliferated non-abelian quark-lepton gauge structure G(q 1)
with the mssocimted spin 3, spin-1 as well as spin-0 quante méy
have its origin in the simplest interaction of all: electro-
magnetism defined by the abelien symmetry G = U{l)g x U(l)M .

The jdea of the magnetic binding of preons and 1ts erigin
needs to be further developed. What isw . argued here is that
within the unificetion context a magnetic binding of preons
appears to be called for if we are not to proliferate preons
unduly.

We wish to thank Bibhutl Deo, Victor Elias, Subhas Raj)poot and
especially John Strathdee for several stimuleting discussions. The
research of J.C.P, was supported in part by the U.S. Nationsl Sclence
Foundation and in part by the John Simon Guggenheim Memorial Poundation
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In such a picture there would be a natural reason why electric
charge may be absolutely conserved and correspondingly tha
photon may remain truely wessless, desplte spontanepus symmetry
bresking, since the photon is distinguished by the fact that it
is responsible for the very existence of the composite Higgs
particles vhich trigger spontaneous symmetry bresking.
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