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ABETRACT

Viclation of baryon, lepton and in genersl rermion number is
central to ti:e hypothesis of quark lepton unification in s gauge context.
Three of its characteristie signatures are proton decay, n-n oscillation
and neutrinoless double B decay. In 1974 and 1975 it was shown tnat with-
in maximal gausit;g the proton may decay via four alteynative modes (i.e.
proton + one or three leptons or anti-leptons} satisfying AF = -2, O, -b
and -6 some of vhich may coexist; the deuteron may decay into pions and
neutrinoless double B decay occur in the context of spontaneous gauge
symmetry bresking. It is now observed that n-n oscillations (which are
related to deuteron deesmys into protons) can coexist with proton decay
especlally of AF = -4 variety (p + e"wc) and both these processes may
possese messurable strength so as to be amenable to forthcoming searches.
We axhibit alternative routes for spontaneocus breakdown of the maximal one~
family symmetry SU(16) and show that the coexistence of alternative proton
decay modes (even with n-n oscillations) does not pose any conflict with
cosmological generation of baryon excess. Spontaneous rather than explicit
vielation of B, L and F plays an essentinsl role in the realization of these
features.

-l

I. INTRODUCTION

We believe that in the context of gauge unification of particles and
their forces l)'h). guantum numbers like baryon number, B, lepton number, L and
fermion gumber F = 3L are best defined in the basic Lagrangian as parts of a
non-sbelian local symmetry G Jjust like electric charge. In keeping with
this point of view, we wish to examine in this note the consequences for proton
decay of maximal gauging %) of quark-lepton unifying symmetries.

One characteristic feature of "maximal™ gauging of symmetries is +to

ensure that baryon, lepton and fermion numbers are exact symmetries of the

basic gauge Lagrangian; they are violated spontaneously when gauge particles
acquire their masses. By contrast, for the case of non-maximal gauging,
symmetries like B,L and F are violated, in general, explicitly.

The interest in maximal gsuging of such symmetries stems from the
fact that as s rule such gauging permitz geveral intermediate mass scales 5)-1)
. 1ying within the “grand plateau” between 102 and 10]'s GeV. 8) Congequently,
it turns ocut that the proton msy decay via four different modea *)

(1) p + 3% + mescns (AF = 0},
(i1) p+ % + mesons (AF = -2},
(i1} p+ T + mesons {AF = -4} and

{iv) p » 31 + mesons (AF = -6) . {1)

‘H'hftle this had been shown in our earlier papers h)t}?ftlgTs’ here we show that
not only can some ol these decay modes coexist, butA/they may slsc coexist with
AB = 2, n-n oscillations 9 and possibly also with AL = 2 neutrinoless double
B decay with neasurable strength. We show that such coexistence can occur
without any confliet with the generation of baryon excess. ") A search for
these effects would provide important clues on the possible existence of

intermediate mass scales and thereby on the underlying, maximally gauged,

design of grand unification.

#)  That proton may decsy vie these four alternative modes waszs first poted
in Ref.h, where the maximal two family symmetry SU{32) was gauged.

nl)

A preliminary report of the results of this paper was given in Ref.T7.

o



II. MAXIMAL GAUGED SYMMETRY SU(16) FOR ONE FAMILY AND ITS SPONTANEQUS
DESCENT

let us specify what we mean by "maximal" gauged symmetry. This
corresponds to geuging all fermicnic degrees of freedom with fermions
consisting of quarks and leptons. Thus with n two component left-handed
fermions FL plug o two component right-handed fermions FR {vhich may be
replaced by the left-handed charge conjugate fields (PC)L), the maximal symmetry
1s SU(2n). As an example, for & single family of eight left-handed fermions
(six quarks and two leptons) plus their antiparticles, the maximal symmetry is
SU(16). Ome word of quslification 1s in order. Such symmetrles generste
triangle ancmalies, which are avoided by postulating that there exista a
- conJugate mirror set of fermions *} F: R which couples to the gauge mesons
through the helieity flip coupling (FL,;H F;.L). Thus by "maximal” symmetries,
we shall mean symmetries which are maximal upto the discrete mirror symmetry.

For maximal gauging of the three families {e, u and 1) one would need

to gauge 7).6) [".5[](16)]3 or the still extended symmetry SU{48). These
symmetries are no doubt gigantie, but if the quarks and leptons are proliferated,
.H‘bJ not the associated gauge particles? We believe the real anawer to
proliferation must come from viewing quarks,leptons and also the assceiated
gauge and Higgs particles as compositeé of more elementary objects - preons.lo)’ll)
From this polnt of view, extended maximal symmetries such as SU(48) or [su(16)]3
are only effective gauge symmetries generated from a much simpler and more

economical basis of precns 12).

Spontanecus symmetry breaking can permit the
descent of SU(L8) or [SU(IG)]3 to the familiar low-energy symmetry

su{2); = U(1) x 5U(3), (via for exsmple the diagonsl symmetry SU(lG)e+u+t) in
such & way that the interfamilyuniversality {e¢e— u ¢—>r1) appears only below

an energy scale of ~105 GeV. As shown elsewhere ,6)’7)

such extended maximal
symmetries permit signals for grand unificsation at low and intermediate mass
scales (~10 to 10° GeV and 108-1010 GeV) and thereby offer richer experimental
possibilities than for exsmple SU(5) or $0(10). 13) In what follows we shall
(for simplicity} use SU(16), in much of our discussion, as_a language for

maximal symmetries **), though we shall ultimately view it as part of an extended

maximal symnetry (such as SU(LB) or [SU(IS}]3),

It ia possible to aveld anomalies by intreducing multiplets other than
conjugate multiplets. An example is 5 + 10 for SU{5) {Ref.3). However in such
a theory no generator of the local symmetry can be associated with a linear
combinstion of B, L or F, so that their breaking will necessarily be of the
explicit variety. ,

#4) For the diagonally summed SU(16) + B =B, + B #B , L = L+ L,+L_sand
F=F +F +F_. ¥ T T
e L T -3

T O ¢ | oA

One immediate consequence of maximal gmuging %) is thet a linear
combination of baryon and lepton numbers (B-L for L SuU{16)) and,in addition the
fermion number F = Bq + L =3B+ L, get locally gauged; they are among the
generators of G . (Here Bq denotes quark number, which iz +1 for quarks

and -1 for antiquarks} familiar baryon pumber B, which is +1 for proton, ia

Bq/3). As a conseguence, B, L and F are conserved in the basie Lagrangian.

They are violated spontanecusly and unavoidably when the masoclated gauge particles
acquire mass, The violations (1) come sbout for example through spentaneously
induced mixings beiween gauge particles carrying different B, L and F quantum
numbers. Specifically the mixing of an F = +2 diquark gauge particle Y

coupled to Ecvuq current with a F = -2 quark-lepton gauge particle ¥'

coupled to the avulc current (See Fig.1{a)) induces AB = AL {i.e. &F = -L)

proton decay:

p+ I + mescns . (2)

Likewlse the spontaneously induced mixing of the F = 2 dlquark gauge particle
Y with an ¥ = 0 leptoquark gauge particle X coupled to the iivul. current
(see Pig.1({b)) gives rise to the AB = - AL (AF = -2) proton decay:

P + 1 + mesons . (3)

The mechanism for spontaneous symmetry bresking leading to these and other

B, L and F viclating processes is elaborated in the next sectlon.
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Fig.l: Spontanecusly irduced proton decays satisfying AF = -4 and -2,

Note that SU{16) {as also S0(10)} contains SU(h)colc’aur as & subgroup, with
lepton number as the fourth colour. All such symmetries therefore contain

Bq - 3L = 3(B-L) as a generator, where B,:1 denctes quark number (Bq = 3B).
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su(18)
50{10) SU(B)I x su(s)II * u{1)g su(12)q x SU(h), = U{l)]BI-lL]
\j
su(2), x su(2), x Su(k)F,
su{ 5) su{2), x SU(2)p x SU(3)E, . * U(1)y
Y
SUl2)y * Ull)g, x Su(3)]
D{2)py * SUL3) 0
Fig.2: Alternative routes for spontaneous descent of SU{16). See text for

definitions of the subsymmetries.

III. THE HIGGS SYSTEM

] Even though we believe that symmetry viotations have a dynsmical role (perhaps
in the fermion-palring forces), we shall employ thé usual Higgs fisld mnemonic:

local scalar operators multilinear in the fermion fields will be represented by
independent scalar fields. Their non~vanishing vacgum expectation values, which
are governed by an effective potential, determine the pattern of spontaneocus
symmetry preaking. Needless to say, we shall not be in a position to solve

for the true minimom of the full effective potential, which in general inwvolves
the interplay of several scalar multiplets and thus a multitude of unknown

msss and scalar quartie coupling parameters.
solve the gauge hierarchy problem 15). We belive that a solutionm to both
these problems, which are related,would arise by taking recourse to ideas
similar to those of technicolour 16) (ineluding grand unification), but vhere

for are we yet in a pogitlon to

not only the Higgs, but also the relevant fermions and gauge particles are
b

Thls spontaneous violetlem of B, L and F should be distinguished from
the case where the viclations are intrinsic,that is to say explicit already in
the besic gauge lagrangian. For example for SU(5}, neither 8-L nor P ia locally
gauged end B, L as well as F are violated explicitly in the basle gauge inter-
action *). For 50{10} ) B-L is-locally gauged, but net F and here too B, L
and F are violated in the basic gauge Lagrangian. As explained elsewhere in
detall 7), such explicit vlolations erise only provided ome chooses to "squeeza”
the gauges of the "maximal" symmetry (like SU(16)) such that one &nd the same
gauge particle couples, for example, to the diguark (Ecvuq) as well as to the
quark-lepton (Eyul.c) currents in the gauge Lagrangian. In other words, B, L

and F are violated {explicitly if one chooses to gauge specific

subgroups (like SU(5) or S0{10)} of the "maximal" group. The two cases of
spontanecus versus explicit violations of B, L and F differ from each other
conceptually as well as in their physical consequences.
vioclatien would in general uisappear at high temperatures exceeding the massea
of the relevant gauge varticles, while .explicit vioclation would

Spontaneous

acquire its maximm strength at such temperatures where the gauge particles
vould be mssless'}h)'l‘his distinetion would play its most obvious role in the

early stage of the Universe as we indicete later.

It iz now of interest to see the alternative routes for the spontaneous.
descent of SU(16) down to the low-energy symmetry SU(2)L x u{1) x SU(3)C . The
three most obvious routes are vis 1} SO(10} with respect to which the fundamental
fermionic 16-plet remains irreducible, 2) the maximal chiral route "

. SU(B)I x SU(S)H ] U(l)F, where the two SU(B)'s cperate in the spaces of the

eight fermions and the eight antifermions, respectively, and U(I)F represents
fermion muber and 3) the route through 511(12)(1 x SU{4) = U(I)!Bl-ILI wvhere .
SU(:I.Z)‘1 operates on six quarks plus six antiquarks, SU(h)l on two leptons

plus two antileptens and U{l) corresponds to the symmetry IBq{ - 3j] = 3t)s}-|L)).
These three alternative routes are exhibited in Fig.2. Note that unlike the

first two, the third route separmtes quarks from leptons at the very first stg;e

of the spontaneous symmetry breaking. Lov energy selection rules for B, L and
F violations and proton decay as well as the strength of n-n oscillation would
depend upon the route for spontanecus descent Nature chooses. Our attitude is
that it would be premature at present to speculate on which of these routes if
any is preferred. We exhibit below the Higgs system, which may permit descent

via these alternative rowtes.

*] For the minimal SU(5) model {with 5 and 24 of Higgs), vhile B,L and P are .
vioclated, B~-L turms cut to be a global symmetry of the basic Lagrangian,

#8) Thig is because SO0(10) contains su(“colour (Ref.2)} as a subgroup.

-5-



10)"12)' In this note we shall content

ourselves simply to spelling out altermative patterms of vacuum expectation

compoeltes of preons or pre-preons

values leading to distinctive experimental consequencea. A choice between
these patterns may soon be provided by ongoing experiments searching for

17) 18}

proton decay and p-n oseillation

Let us dencte the fermion 16-plet {u, Wy, v A A dgs & e |<1 s
c
d N d.b e iUl u s u.b, . L} by wA and its conjuga.te by tp R where e
denotes charge con.]ugntion and A =1,2,...,16. Assuming that the Higgs are
effectively composites of even numbers of fermions (ineluding antifermions),
we are led %o conaider Hligegs fields such as

T -1 '
¥a € *s) ~ tram
Vo ~ 4
#EP vy vy~ o) L e (%)

These include the symmetric second rank tensorial representation 0{ AB} * 136,
the adjoint representation lB = 235 and the fourth rank tensorial representation
symaetric in two upper ana mtric in twe lower indices ng} = 18,240 or
SU(16). The last two multiflets provide the alternative chains of SU(16}-
breaking, while the VEV of 136 breaks SU(2) x 8U(2) x SU(k} in addition to
providing masses for the fermions. It is helpful to decompose SU(}6) represen-
tations in terms of its subgoup:)SU(B)I x SU(B)II x U(l)l, and

gu{2), x BU(Z)R x SU(h);R corresponding to the chain

Su{16) » su(a)I x su(S)H x u(1)Ir

+ su(2), x su(2)p x SUR)] o . (5)

As mentioned betore,SU(ﬁ)Iand ‘SU(S)H operate in the spaces of eight left-
hended fermions and eight left-handed antifermlions, respectively, while U(l)F
denotes fermion number.

Under SU(&)I x SU(B)II x U{I)F. the lé-component objacts ¥, and 'ﬁA
decompose as 16 = (6’1)1 + (1,3)_1 and 16 l"l"('B',].)_l + (1.8)+1, reapectively, while
under SU(Z)L x SU(2)R x SU(MLA—R x IJ(l)F they decompose Bs:

#) The spontaneous breakdown of SU{B} x SU(8) subgroup (without the fermion number
symmetry U(l)F} has been considered in a different context in Ref.l19.

-T-

= b AT R T —

- mwmwﬂ"’-ﬂww«-:ﬂgul ook W o o N

v Vag (2,1,4), a=1,2
A \ﬂal—l (1,2.5)‘1 a = 1,...,1$

- (2,15}
i = = ! d
v [;iﬁ] 1,2, +1 ' (6f 3

Here the subseripts 31 denote fermion numbers. Both ¥ e and ¢-- are lefT~hanled "

represent eight fermions in two flavours and four colours, u‘hih

spinors, ¢
an )1' 1]

¥;7 Tepresents their antiparticles. Note that both vy - and . (\lﬁ—-
In short pA is composed of (fL,(!)L),

rR), where f; . ere the octets of left-handed
k]

transform in the same way under su(s}°.
while ;A is composed of ((?)R,
and right-handed fermions.

The 255 gauge partliecles of SU(16) decompose under SU(B)I x SU(B)II x U(l)r

&8s follows:

255 = (1,1)g + (63,1), + (1,63),

+ (8|8)+2 + (BQB)_E * (7&} ;

while under su(z)n x .=.=u(2)R x 8U(%)% x U(l)F, the decomposition is as foliows:

255 = (1,1,1)‘J + (3.1.1+15)0 + (1,3.1+15}°

+ {1,1,15415) + (2,2,6420), + (2,2,6+10)_, . (Dwd
The singlet (1,1,1)0 which is also a singlet of su(a)I x SU(B)H couples to
the fermicn number current. The remaining ¥ = O gauge partfclea couple to the
¢hiral currents.of SU(B) x SU(8}. The components with ¥ = 32 couple to fermion
number changlng currents ?gvurb and T‘Lyuf; . The components (2,2,64-10)2
are hermitian conjugates of (2,2,6+T5)_2 . The gauge particles may symbolically 3
be represented by the following 16 x 16 matrix:

_"L' v, (glucma)| ¥ ~E§Tuq_L =]
" ’ ! . e - .
{63.1)Q xb(lepthmk) b AW lLy“q,L, quuln
. +(1,1);f.’ (8,8), . (¥ po¥ely, Iy )

- (1,63}, ! A : -
(8,8)_5- (1,1}, ¥, ¥, L+R

L. -

-8~



[Tt is worth noticing that the gauge particles of the subgroup SO(10)
include the 24 real symuetric combinations "Y " = (14W2) {{2,2,6}, + (2,2,6) 5}
but not the corresponding antisymmetric combinations "Ya" £ 1A% {(2,‘2,6)___2 -
(2.2,5)_2} . S8ince any member helonging to the set "Ys" couples to a mixture
of F'= 42 and F = -2 currents, its exchange leads to an explicit violation of
fermion number as well as of baryon and/or lepton numbers for S0{10).]

Of the Higgs multiplets mentioned eariier (see {l4}), the 136 decomposes

a8

136 = (3,1,10),, +(1,3,10)_,+ (1,1,6), + (1,1,6)_, + (2,2,1415), . (9)
“Thus it contains no SU{2) x SU(2) x SU(L) singlet. Hence at the level where
SU!Z)L x 511(2)R x SU{14)° 1is preserved, the 136 should develop no VEV's., The
255 possesses one singlet {see {B)}); thus

[
mlc'l
mml

Ry - wRE LGBy -l

<¢§E> <o§§> =0 . (10}

Such a pattern breaks SU(16) into SU(8) x sU(B) x U(l)F. Note that VEV of 255
preserves fermicn number F as also B and L. Thus 196 gives masges only to

those gauge particles which carry fermion number %2. These are the (8,8)+2
and (3,8)_2 appearing in Eq.(7). 1In the notation of earlier papers (B,E.’»)_'_2
containe the diquark (Y}, the lepto~antiquark (Y'} and the dilepton (Y") gauge
particles coupled, respectively, to the currents aiyuql.’ iiyqu and 2 LY L -
The (B,B)_2 are the hermitian conjugates of (8,8)+2
of the hiersrchy of SSB, components of ;gg &3 well as additional componenis of

(At the lower stages

257 may acquire noo-zero VEV with magnitudes much smaller than that of 1’6.
[~4
These would breek SU(2); x SU(2)p = sU(k)  ..)

Vecuumm expectation values of the L% rank tensorial fiela 0%3%%

can take SU{16} into su(z)L x su(a)R x su(h)L+R violating F, B and L., For
speclal combinations of these, the SU(16) may break down to S0{10). To
demonstrate this we first note that 0%%% possesses six independent
gu{2) x su{2) = su{k) singlets. This mey seen as follews: Under
su(8) x su(é) x UF(J')’ thia multiplet ‘decompose as:

o8B = (36,36), + (56,360,
+ (280,8), + (8,260), + (8,8)

2
+ (280,8)_, + (8,280)_, + (8,8

) o
+ (1232,1)0 + (1,123.2)o + (1,1)0 + (J.,63)0 + (63;,1)0

+ (63,63), . {11)

Under SU(2), x SU(2)p su{ )¢S

4R * U(l]F the above multiplets further decompose
into

(36,36) = (1,1,1+415420")) + (3,1,15445), + (1,3,15+b5),
+ (3’3'1‘"15"8”1.

(1232,1) = {1,1,1915+20'+84) ) + (3,1,15+15+h5+45484)  + (5,1,1415484 ),

(5,3)2 = (2,2,6+1o)2

(8,280), = (2,2(4%20")), +7(2,2+(kxb)+(1x36)),

(63,6305 = (2,1(255)), + (3,1,15+(15415) ), + (1,3,15+(25515)),
+ (3,3,1415+15+(15x15) ), . (12)

Thus the invariants of SU(2) x SuU(2) x Su(l) in ¢§g§ lie in the six sub-
miltiplets of SU(8) x su(8) x u(1); wiz: (1,1232},, (1232,1),, (1,1),,
(63.63)y, (36,36),, and (36,36)_, . Of these (36, %) and (3.,36) are nermitian
conjugates of each other. Accordingly, at the "evel that Su(2) x su{2) = su{l)

is preserved, the VEV of Q%éﬁ; may be represented by five parameters:

OVBYD NG R R RO WO
- W) (658) + 628%) (a"a‘s + 5 a*)

ey dé =_ 21 g 8 4 B
LPaa w8 ) =75 %0 * 630 %a %5 %a s * 63,63 % 95 %a %
oy af - a,p g,
C (8 % 5 1oo0) (568 - 66y (o245 - 6 Sey
LECAPER AN (5_55 + 5-65) (a3 %8 + 5 53)
R4 a¥ = 080 b Y (13)
ac b ( > E‘ab Cagys V36,36 -

—]10=



Of these, note that only 36,36 corresponding to the VEV of the submultiplets
(36, 36)1‘ and (36,36) .y, Vviolstes fermion number by *h units, characteristic of
so(10}.

It is a straightforvard though tedious task to evaluate the contributions

of these Higgs fields to the vector mass terms. Dencte the components of the

gauge field by W MB . They enter the covariant derivatives in the form

’ B _ B c,B B .C L

vr'1 ¥ 3, % - 1e (qu % - Ve e,) _ (k)
cD cb E ,CD E ,CD ¢ ED D ,CE

v ‘e aL| $n - 1g(ww‘ g wun *E - g *5 - uE o). (15}

It follows that the vector mass matrix is contained in the epxression

(7, O00) (7,450 * 1 0, €Y (<))
- (G5 by - FE LRV - F e By
+ 2 (oY (e - (oY (oK

S TIRC IR LR TR DI L L

To study the structureof this, Pirst assume that the SU(8) x su(8).
singlet \7(1 1) dominates over all the other non-singlet VEV parameters of

S5}
o). o b Y0y 7 Paose a) Pla,1232) le3,63) 28 Pz6,36)"

The singlet po.rameters vil,l) will contribute only to the masges of the

F = 2 gauge particles ¥, Y', Y" (see Eq.(8 }) belonging to (B,8) and its
conjugate, which in addition receive contribution from 1" (the VEV of 255,

see Eq.(10)). Their net masses {in the approximation that SU(8) x SU(B) x ul1)p
is preserved) are given by

2 2, o2 2
Y',Y" ~ g hy(l,l) 4‘1?0) . (i1}
which miltipliesWs B ”%E

This mass term vill be split by the VEV of the non-singlet components of the

scalay field and thereby Y, T', Y" would receive differing masses. In general,

such splitting is not of much interest, but the contributions of 1’36 ,36) are
distinguished by the fact that they yield fermion number changing mass mixing
term

—11-

2.y b5, _as LU

2 =
(& )IAPI=1+ =& Vi11)Vi36,36) "aa "oy Cagys Sha & T RS

{18}
which induces Y-T' and Y"-T” AF = *k gauge mixings. *) The SU(8) x Su(8)

singlet gauge vector VF vhose source is the fermion number current of course

acquires a mass at this stage
2 2 as af\2
Mlz" vla? =E l'v(36,36)! (wau - ¥aa ¥ . (9)

Of the remaining 63 + 63 = 126 gauge particles belonging to SU(8) x SU(8), twenty-
one, vhich gauge the subgroup H = SU(2)} = su{2) x SU(h)c, remain massless at this
stage, while the rest 105 lying in the coset spece SU{8) x SU(8)/H will acquire
masses through 1’?63,63)’ 1,'(1232 1)° 1}‘(1 1232) and and 7%(36,36). These 105 gauge
particles will split into three distinct submultiplets (1,1,15)L_R. (3,1,15)

and (1,3,15) of the residual symmetry H. Their mass terms, under the simplifying
assumption that | V(36.36)i is small compared to the other three parameters,

are:
2 2 B a
€ Uig3,63) 2 A LIS,
2 2 BB an
& (Wigs,63) *Y(1232,1)) Braa Prog * (3:1435)
2 ( + ya_ "% n 8 . (1,3,15)
g (Yigs,63) *Y(1,1232)) Bres PmEm »3s : {20)
where
Af aw 88y BB LB vy B,
a aa a ‘ay 3
BB B8 _1,b e 1 .8 by , 1 ,b B ey
BlLaa ¥aa 2% %a "1 way *5% % WI:T
b8 . bB_L1,b. & _ 1L 8. By, 1.8, o
Bram Ve “2%Ym ~T%YS *Fé%ieYm 0 - (21)

We stress that there is no a priori theoretlical reason - hierarchical or
otherwise - for the simplifying sssumption made sbove regarding the relative
smallnegs of |‘l}’(36 36)' and that in general 136,36) may even exceed the
magnitudes of the parameters retained in (20)., 1In this case SU(8) x SU(8) = U{l)r
vould descend to SU(2) x su{2) x su(lk) through the single VEV parameter 19(36,36).

-— . + -
#) Tne Y-T' induces AF = -b protan decays {p —ye + mesons, ete.) ag shown in
Pig.1{a}, while the Y'<Y" induces AL = #4 processes v + v=rV + 7V .

~12-~



The next stage of symmetry breaking
su(2), x su(2), x sulh) . »su(2), x (L), x 8u(3)®

ghere U{1), is defined by the sum I,p + #2/3 = Igp + (B-L)l2{x:;:}r be
affected bx the VEV.of other components of the sca.lar multiplet @{CD}
forming non-trivially under SU(E)R x SU(h)L_'_R (see (12)), as well as by the
VEV of the scalar multiplet 136, which contains the submultiplets (3,1,10),,

(1,3,10) 5, (1,1,6) , + (1,1,6)_, + (2,2,1415), .

trans-

For exsmple, one might have

v & Vihad o 5Teb They
ERD = (658 + oF) (eaek = ol + el + offed) s
* (820ag)p % 85(r30p & 80000 ¢ 611,00

x (5‘!53:5 5*)u

(22)
with non-vanishing vacuum expectation values
su(a)L x SU(Q)R x SU(k) representations (1,1,15) and {1,3,1)}. The parameters
g and uy, Tespectively, give masses to H; of SU(2)R and to the leptoguerk
#ange particles (the X'a of SU(lt) ). An alternative attractive possibility

is that the VEV of the multiplet 136 symbolically denoted by the pattern *)

1.115 and u3 of the

<(1.3 10) 2) -1"136 10%-10% Gev, {(3,1,16) 2> =0, <'(1 E6), 7 =0

{(1.1,6) ) =0, 2,297 << ¥ (23)

glves heavy masses 2,10“-105 GeV' to ‘Hg- as well as to the leptoquark gauge

particles X's and thereby breaks (thmugh the VEV of s single submultiplet
(1,3,10)_,) * left &> right symetry »),
and fermion number simultaneously.

. quark-lepton unification

#) In temsorial notatlon this corresponds to

136
Loy = $Yaawn? "~ (g, o 85 V4

An analogous suggestion hae been made by Mohapatra and Marshak (Ref.og)
in the context of the symmetry structure -~ 8U(2} x 30(2) x 30(4}6 .

)

W

Of particular interest are the leptoquark gauge particles

- X, =¥, ~¥g . (2 )
These can indme,')(via'a loop disgram involving W X {4y asuge coupling
(see Fig.3) or through a tree diagram (involving en Xuaudb <4 coupling)}
effective Yukawa transitiona of the type:

(qdpp > (gt & ' (25}

with 1,},k teking appropriste group indices. These transitions have amplitudes
proportional to lfmi . Such effective :rmaitlons, taken in the third order,
followed by quartic scalar cvoupling i , subject te one component of ’.!,
having non-zero VEV, induce AF = 0 proton decays +o three leptons (see Fig.3)

p ~3n —3 leptons + (mesons) (AF = 0) . (26}

0\\ d’lﬁ q 5}1

N P
Rt
P
£2
% fy
g—~f{+® 3q— 3leptons

@) (b}

Fig.3: Spontaneously induced g« £ + ¢ =and 3g + 3% transitionms.

[}
) See Rer.21 for detalls.
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We Dave discussed slgewhers that for reasonable values of the quartic
coupling consta.nt Arvd(u) and for relevant Higgs masses ~10-100 GeV¥, such

313

amplitudes would lead to a partial proton decay rate ~(10 years)” L tor a

leptoquark mass nx in the range of 10 -105 Gev.

The leptoquarks Xu are a8lso importsnt in that their mixings with the
superheavy digquark Y gauge perticles induce AF=-2 proton decays shown in
Pig.1(b}

p—»{e” or v) + mesons

The dlquarks Y coupling to EETHQL are doublets of SU(Z)L, while the leptoquarks
X, belenging to Su(h)colour are singlets of SU[2)L. Thus & mixing between them
inevitably viclates SU(Q)L consigtent with the results of Ref. 22 . Such a
mixing can therefore occur only at the last stage of spontaneo:l symmetry
breaking when SU(?}L x (1) breaks to U(ZL)em . It could arise from the VEV of

{AB}

IF! = 2 components of ‘{CD} for example

oy Zl? = a

<% v Sags 04 Ean B 8 @ . (27}
vhere it is understood that € 8§ vanishes unless g, 8, § is a permutation
of 1,2,3. The magbltude of w 18 necessarily limited to 0(10 GeV) since
this component contributes to the masses of the weak bosons WL and Z. The
mixing term it generates is

+ h.e. {28)

2 2 &y, be
(8a%)) spluz & V1,1) ¥ (0" - V") Yy g5 tan

We can now compare the orders of magnitude of the AF = -2 and AF = -}
transitions associated with this scheme. The leading contributions to the
respective amplitudes would be

52”’(1;& N
Mi LI -
Ll 1)7}'(362_36_1 . (29)

y

vhere My~ My~ 5(1’21'1) +\"°) and M, ~ 51’236.36) denote typlcal masses
of the vector dlquark and the neutral vector V', which couples to fermion number.

Amp{aF = =2) =

Amp(AF = -b) =

#) Alternstively, it may arise through VEV of an additional scalar multiplet such

o[[g% ~ [16 xlS]Mﬂ,ﬁx[lﬁ' x 16#]

antisym v

~15-
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It i3 clear that depending upon the magnitudes of W 1’{1 1) (36 6}
a5 Well as the magses of the leptoq_ua.rk gauge particles, ‘bhe i'a (vhich recelve
contributions from Ugs Wyg andﬂ% , see Eqs.(22 ) and (23)), several alternative
scenarios regarding relative impartance of AF= O versus AF = -2 versus AF = -k

modes are g priori permissible. In particular three slterrativea are worth neting:

W Y

y 14
.0~ Viss,36) ~ 10 eV W,

8 .
my » 107 Gev (30)

Here n?-umy,-v (Am )]AI"" fleJ‘? Gevz' thus the AF = _k . amplitude has
the: canonica.l ﬂmﬂgth ~10 -29 Ge‘l—a; this would lead to decays of the type
P+ e*wo ete., with a partial ra.te e (1030 years} -1, The AF = =2 a.mplitudc .
vould have a strength 1077 CeV'" for m, 3 20° GeV. In this case &F = -b
and AF =2 -2 decay modes of the proton can coexist, but the AF = O mode would be i
geverely damped o) (1r far exceeds 108 GeV, AF = =2 na well ag AF = O md¢|
and AF = -h modes’ h.e. pia e 1!9 etc.) would be the sole decay modes of the
proton.)

i mo1gld _ a0 8 ..10-
(3) Vi, ~10 1077 GeV 2> W 1’236,36)”10 -10"" ‘gev

(31]
For this case yk. <o and also the AF = O amplitudes can sach lead to partiu
decay rates for groton of order (10 years) -1 s but the Ar-l =k amplitude would
have s strength w10~ 40 Gev2 ana thua tne corresponding decay modes (p—rea ﬂg;qtq,)

oy 10"‘-].05 GeV

() W~ 203 aev > () 1y Vs6,36) 2 101 ey

my ~ 10%-10° GeV, (Sm)i:f ~ my my o~ 108-20% Gev? (32)
L

This case with (ﬁmz)xY given by m, m (rather than by 52'\.?’(1,1)&) zgﬁl.l)‘u }
can arise provided the cortespondi%g X4y ¥ mixing srises through the VEV of &
multiplet other than “*) Q{AB} with v (defined by Fq.{a7}) set to zero. Here

cp}
AF = 0, =2 a.s well as -b would bave comparsble strengths with pertial rates of

32

order (10 010 years)

> Note that in this case, one cannot permit my to be muchr lover than 10&'
GeV, or else the AF = » 2 amplitude alone would lesd to & proton lifetims mwh

shorter than 1o3° years.

"
) As mentioned before, X-T mixing can also arise through VEV of the
miltiplet QEW%

=16~



The pattern of symmetry breaking we have so far considered.essentially
corresponds to the first route involving a descent for SU(16)} via SU(8) x su(8)

x U(l)r (see Fig.2). The relevant steps may be summarized as follows:

'\32055 a.nd/or (1 l)

(1) su(8) x su(8) x ul1),

13{36,36) with or without {‘\’('1232’1),
Yi1,1232)° (63,63)

@ su(16)

(III) su(2); x su(2)R x SUy )

L+R
#1’%36 and/or (u3, “15)

(1v) Su(2), x v} x s0(3)°

[7

(v) vQ1) g, * SU(N° (33)

Needless to say, one single vacuum expectation value parameter can suffice to

.yield the desired descent at any given stage of SSB exhibited above. Far example

the pattern

w2 > 936,36 < o8} i¥ s ) (3)

corresponding to Just one single scalar multiplet being operative at any one stage
of SSB would suffice to provide the descent depicted above.

“The 50(10) route

At this point we may mention that an alternative chain, which emphasises

the 80(10) subgroup raher than SU(B) x SU(8) can be realized ghrough the dominance of

the YEV of the 50{10) singlet in the multiplet "{ggi

In terms of the SU(B) x SU(8) notation for distinguishing
su(z)L x su(:a)R x SU(4} singlets, the SP{10) chain would be singled out if the
ninimus of the effective scalar potential would guarantee the relations | upto

perhaps terms of order a or a2):
V(36,36) = Wi63,63) = 6¥{1232,1) = 6¥(1,1232)
= 3_1_ Wi1,1) > v'g” . (35)

) T

In this case, neither V%, nor W(1,1) dominate and as is expected of S0(10),

+ 0

-4  transitions (:1. e.p+en ete.) are the sole deca,y modes *} of

the AF =
the proten, the corresponding amplitudes " being of orvder g IWY . Here

"Ys" 2 1/42 {(2,2,6)24- (2,2,6]_2} are the gauge particles b&onging to s0{10).
Note that the specia) reiations (35) between the VEV parameters keep the linear
combinations "Ya'" massless, while giving masses to the orthogenal combinations

"= 1 NT U2,2,6), - (2,2,6) )

50(10) canbreak downto SU(2) x sU{2) x SU(L) at the second stage of
spontaneous symetry bresking via either *¥) 2,1255 » or via small depesrtures
of order ® or a° from the special relations ’.35) or both.
su{2) =xgu{2) * sU(k) can break dewnsubsequently to SU{2) x U(1l) x su(3) "

as before through W !1:6 . The second route of spontaneous symmetry breaking

The symmetry

may be symmarized by the following steps:

Sl B! 355
@ su(16) _Hem | got10) 20 L sue) x sul2) x suls)e
with Eq.(35)
136

R

YR, au(2) x ula) « sut3°—2e), y1) x sutae .

(36)

! ) x SU!JQ'. x USlz chain and the coexistence of proton decay with n-n

OScilla.tions

x sU(b),
operating on six quarks plus six antlquarks, SU(!t) operating on two leptons
plus tvo sntileptons and U(1) gauging IBI - 1] ,could materialize if the adjoin’c.

255 in the presence of other scalar multiplets acquires a VEV of the form
diaga{1,1,1,1,1,1,1,1,1,1,1,1,-3,-3,-3,~3) with A far exceeding the VEV of the

The third alternative route SU{16) -+ su(12)

#} Ifthe grand unification mass is permitted to be as high as Planck mass,

then leptoquark X may be permitted to be light encugh 23) (~ 10” Cev) for s0(10)

x U(1) with su(:l.z')-q

in sccordance wifh renormalization group equations and this would make AF = O mode

probable, One does not knew of course_whether perturbanve use of rcnngnlint
group equations upto Planck mass, where quantum gravity should :immnmt is
meaningful.

#%) Kote that 11 255 by itself would take SU(16) to 8U{8) x SU(B) = u(1)

Bince 8U(8) x su(s) x U(1) and 50(10) overlap am SU(2) x SU(2) x gu(4}S, the.

paremeter . 1}'(;';55 and the VEV parameters of 'Eg] . hegethar alvays lake
sU(16) to su(2) x su(2) x su(k)®,
###) Or alternativelyyif the SU(12}qx su(h)lx U{l) ainglet within oggg;

acquires the largest VEV of all.
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other multiplets. This would give superheavy masses (>>10h CeV¥) to the lepto—
quarks X’s and the lepto-antiquarks ¥''s, but would keep the diquark Y’s as well
as the dilepton Y" massless. In other words, in this third route, quark-lepton
unification is lost at the very first stage of SSB. This is in sharp contrast
to the first two routes which retain gquark-lepton unification symbolized by

sub}

colour and (thus masslessness of X) till the second or third stages of SSB.

Note also that at this stage the quark number (Eq = 3B] as well as the

lepton number L are separately conserved and are coupled to massless gauge
particles.
At the next stage of SSB, which could arise through the VEV parameters

_17(1 1), M 36,36}, ete. belonging to 'Eggi , toe symmetry SU(32) x Su{l) x U(l)lBs -l
would descend to SU(2) * SU(2} x su(3)° x U(l) . This is the.intersection

of the two symmetries su(12) x su(h) x U(l)qu lLI and su(z) x su(2) x su(ts)L+R
At thia stage the diquark Y’s acquire masgses and simultaneously fermlon nuber
violaticns inwolving for example Y-¥' and Y-X gauge mixings occurs. The symmetry
can reduce further at a third stage through 13'%36 5 (see Eqa.(22)
.and (23)) to su(z)L x U(1)} ; su{3)%, which can finally reduce to U(1)e = gu(3)°
via VEV of the type w~ 10 GeV ms mentioned before.

and/or ugs vy

The various steges of SSB corresponding to this third route are summarized

below:
55 up{AB}
’ and/or *lep
}; (11) su(12) x Sull)y x U(l)lBl-lﬂ

(1} su(16) 2

{AB}V

v(36,36), V(1,1) & ¢/ 1)

(111) su(2), x Sul2)y x SU(3) ,p % V(1) o

+ 1?’;36 and/or (uls,u3)

{zv) 8u(2 ) * U(1) = su(3)®

b

(V) u(1) g, su(3)°©

(3m)

#) Note thet the flavour SU(2)L g Of quarks are disjoint from those cof the
leptons within suua) x su(h) x U{1). The union of the SU{2) of querks with
that of leptons occurs in the present scheme at the second stage of S8B for

example through the VEV of - Eég% .

-19-
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The striking feature of this route is that the diquark Y a3 well as the dilepton

We now observe that this

+
route can lead to proton decays of the AF = =L variety (i.e. p+ e wo etc.)

Y" are relatively light, while Y' and X are superheavy.

coexisting with n-n oscillations of measurable strength.

To construct an effective Lagrangian for n-n “oscillations,
ve find it
simpliecity, we restrict the discussion to a 136 of SU(16).

necessary to utilize propagating scalar particles., For
This is the only
representation, which can form an SU(16) invariant Yukawa coupling with the
16-plet of fermions. Some of its components develop vacuum expectation values

and thereby give rise to the fermion mass terms:

n ooty <$”‘B}> =m ul oL oS
A B u a a

<] T ~1 ¢
v

moaclal+m el c e em v C
d "a a - e v

-1 1l e

¢ M) T ST i) VT (38)

Both Dirac (mu) and Majorana (mn(v )) mass terms for the neutrino are included
for generality. The Dirac mass terms arise from the VEV of the F =
(2,2,1), ana (2,2,15), , while the |aF| = JaL| = 2 Majorans mass terms @(v;)
gnd‘uQ(v )arise respectively from the YEV of the |F| = 2
and (1,3, 10) _p» 311 belonging to the single multiplet 136 of SU(16). The
Majorana mass for the left-handed neutrino 7nivL) arising from the VEV of
(3,1 10)2, if non-vanishing, must be sufficiently small relative to the other
parameters, since VEV of (3,1 10) invelving a triplet of SU(2) leads to
departures from unity of the ratio ). = m, /(m, cos8 ).
of vp can hovever be large { »»100 GeV) cor%espondiug to a large VEV of
(1,3.I3)_2 in the context
of subsymmetries like S0{10) and SU(2) x sU{2) x SU(4) and with our discussion
in earlier sections regarding the hierarchical pattern of gauge masses. Thia
will keep the left-handed neutrine light with & mass ~s (1 to few Mev)"’/'m.(va)
~1 to 10 eV for TTL(vR) ~ 103 GeV, where (1 to few) MeV represents & typical

0 components

e dmponents (3,1,10)2

The MaJorana mass

consistent with the suggestion of several asuthors e

Dirac mass for the first generation of guarks and leptoma. With Majoranae
masses for neutrinos, neutrinoless double B decay must accur at a level depending

upon these masses b),24)

.)

The present experimental value of p = 1.00 # Q.02.
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We now cheerve that the dlquark ¥ geuge particles can induee, via &

FL N e coupling (see Figs.k(a) snd (v))
loop dlagraa invalving Wy 4 t ) geug p‘ e
or through a tree diagrem involving an r“auc' &'y coupling g.blc))r
effective Yukawa trans itiens t)- amt

2 |8F} = 2 ef the type

(@) (b)

w
W ’,(d},tf—:m ;
w -r' l-“\
1/ ! \\
rd M t‘
Y o', QK. é
~ L]
. . “Dt', H

(a) (b)

Fig.5: Spontaneously induced AF = -2 q + a + W transition.

#} Throughout this paper, we hgte worked with gauge couplings ey Riggs self-
couplings.
for use in proton deecay or n-n transition calculations. The gauge couplings of
fermions and Higgs particles together with Higgs self-couplings (vwhich in turn
determine the Higgs VEV's) then allow us to determine sffective Higgs-Yukaws
couplings in terms of the gauge parameters and the VEV's . We avoid in thia
way the arbitrariness of the Higge-Yukawa coupling, beth in respect ¢ff their

magnitudes as well as in respect of thelr group-theoretlc complexion.
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No direct Yukawa couplings of fermions with Higgs have been intysduced

g @lpp* HE=0ls (p=ad> . (39)

Bere 3,),k,i take appropriste greup indices; ¢' denotes the scalar multiplet
136 introduced before; Q; ‘nelonga to the submul:biplet (2,2,1)0 or (2,2,15)0
of 136 possessing F = 0, while &, helongs to the submultiplet (3,1,10)+2 or
(1.3,10),5, withP = 42, or 136 or 136% carrying F = 2. Recall that the VEV
of (1,3,10)+2 and. {pozaibly alse) .(3,1,1n)+2. vhich are now utilized, are the

ones which give Maj)Jorana masses to YR and “L respectively.

The Yukawa transitions lizted above are indeed completely analogous
to those of the AF = 0 @ + £ + § type discussed before (see Pig.3(s))

except that the medisting particle now is the diquark Y rather than the lepto=
quark X.

The [AF| =2 transitions at the quark Ievel may also srise through
effective vertices of the type g » g + ®.involving the emission of an F = 0
gauge meson W (rather than a Higgs 4') via loop aiagrams shown in Figs.S5{a} and
(b). In each cmae the VEV of an appropriate [F| = 2 component of ¢' is
utilizea,

L2

q q q

:P n
m
MR
¢

-e _,..Illi...q.-...-...
Q

&__@ Mechanisms for 3q —»3q transitiocns. Selec'cioxg rules force two of the
propagating scalsr fields in Fig.6(s) to have F » O and the third to have F = 2,
The Yukaws vertices denoted by a blob can cnly arise through, a combination of-
invariant gauge plus Yukawa couplings together with a non-vlnishin(__m of lﬁ
F ~2 fieid.

<~



The effectlive operator for n & n oscillation consists of several terms
of the form uudddd.
to AF = O proton decay, see Fig.3(b))} through third order of Yukawa transitions
q+q+ ¢ followed by an invarlant quartic A’
F = 2 component (i.e. (3,1,10)+2 or (1,3,10)+2) of ¢' having non-zero VEV.
The anticommuting nature of the quark field operatoras together with fermiom
that twa of the Yukawa
transitions must involve the emissionofF = O components (i.e. (2,2,15)0) of o'

These can now ¢ome about {in & manner completely anslogous

coupling, subject to cne

number conservation in the basie Lagrangian imply ")

®} This follows by noting that the process 3g —+ 3q for the present model
(where fermion mmber is a local symmetry and thus conserved in the gauge
Las.mngia.n) can come gbout only if we utilize VEV of F = 2 components of &'
thrice. This says that in Pig.6{a), either {i) all three of these |[AF| = 2
VEV parameters are utilized in the three Yukawa transitions, each involving
q+qg+ ¢, or {11} two of these AF = 2 VEV parameters are utilized in the
Yukawa transitions, while the third |AF| = 2 VEV parameter is ipyokea &t the
l(¢')h vertex. The first case {i) can be eliminated as follows:

Case(1)- Consider the emisaion of an F = O component of ¢' (i.e. elther (2,2,1)O
or (2,2,15)0) at all three Yukawa vertices q + q + ¢'. To obtain effective
uwdddd interaction, at least one Yukawa vertex must be of the {ype d + d+ ¢
with a corresponding Lorentz and SU(B)colour invariant effective interaction
ﬁdf“(.‘) ¢t dLB(x) E(A‘B}(x)‘;ﬁhere a,B are 8U(2) colour indices running from
1 to 3. Since the 4's anticommute, only the antisymmetric combipation in the
product (5)2'1 x (;)2,1 with 3 pertaining to Su(3)} colour and th: subscript
{2,1) to Lorentz indices can comtribute (i.e. either (3)1’1 or (3)3’1). But
for apin-0,only (é)(l,l) is relevent. This however is not contained in either
(2,2.1)0 or (2,2,15)0 . This eliminates Case {i}. The (E)(l,l) ie contained,
on the other hand,in an F = 2 component. of ¢' like (1,3,10)2. Furthermore,
observe that two of the Yukaws transitions can be of the type u +d + ¢' for
vhich the symmetric combination (§)1,1, which occurs in the F = O component
(2.2.15)0 can contribute,
components at two of the three Yukawa vertices (i.e. u » d + ¢') and the
emission of the F = 2 component (like (1,3,10),) at the third vertex (3 + d + ¢')
This uniqueness is a consequence of
fermion number being gauged ms local symmetry. Note by contrast that if one
worked within the subunification symetry SU(2); x sU(2), x su(h);R (Ret.2),
which contains B-L but not germion number &8 a generator, there would be greater
flexibvility including the pegadibility that all four Higgs partiecipating at the
uvl‘ vertex can be (1,3,10) or {3,1,10) particles. Such s vertex utilized in
Ref.20 in the basic Lagrangian is simply not permissible within SU(16) invariant

Thus Case (ii) inveolving the emission of F = 0

is sllowed and uniguely selected out.

—

structure, as it viclates fermion number. For this reason Fig.6{a), while
resembling certain features of the mechanism presented in Ref.20, differs in

1ts intrinsic structure.
23

(esch producing & change in fermign number by twa wnits at the vertex concerned, i
see Fq.(39}], vhile the third mugt involve the emigalon of an F = 2 component .
(t.e. (1,:45,10)2 or (3,1,10]2) utilizing the normal SU{16) invarient Yukawa
interaction of @',

An snslogous mechanism with twe of the propagating F = O particles being
geuge rather than Higgs mesons can alse induce 3 —3q transition as shown in
Fig.6(b). '

Noting that the amplitude for the effective Yukawa transitions
g+ g+ ¢’ (F=0) arising via & typical loop diagram (Fig.4(a})) is

~af(m, &47(F = 2) fo2) an(wdmd) = ny, the amplitude for 3q 33 (vide
Fig.6(a}_) is:

-

= 2 . 2 4 X
Al30 233} BBy 1" (HOF = 20 /Imyspapy Bpi(p s o] - (ho)

Taking mYleh-los G, (' (F = 2)) 2 10° 6ev, 1%8(), b a &la),

- ' (= 2 1
Dyr(rez) T Tyt (pmp) ™ I L' (F=2) ~ 107 GeV ama (mq]eﬂ"v 3 GV, we

obtain A(3g—-3g) ~ (10-29-10'33} GeV ™. This would correspond to an n-o mixing
mass  Smp oy & (1672910733} Gev, the corresponding n-n oseillation period (for
free neutrons) being T 3(10+5-10+9) aec. with a deuteron lifetime

;':;1030-1038 years. (The AB = 2, AL = O deuteron decay lnto plone was considered
in Ref.h.) Needless to say, the above should be regarded only as a rough estimate

of the orders of magnitudes *). Similar estimates come sbeut from Fig.6{b). 4_ ,

The important point to note is that for a mass scale g 1(:!“-105 GeV,
characterizing the breakdown of SU(12 )q x SU(&)’. x U(1) to the lower stage

{see Eq.(37)) and in particular themass of the diquark Y s =0 cacillation
18)

" begins to acquire s strength which should be measurable in the xiear fubure - .

We now face the questions: does the proton decay into leptons and if

" so does the ultraiight mass (~10h GeV) of the diguark Y make it decay too

rapidly? We observe that as SIJ(12)q x SU{h)z x U(1) descends to

su(2), x su(?) }x 8U(3)° x U(1), | through the VEV parameters Vfs6,36) 20d
v(l,l) < ¢opy  (see Ea.(13)). simultenecusly
the Y mixes with the lepto-antiguark ¥' with a mixing (mues)z (Sm)fn,, = 5217(1,1)

V(36,36) ¥ n2 (see 5a.(18). :

The diquark ¥ acquires a mass;

#*) In particular one might consider <0'(F=2)> a~ 103 GeV and therefore a

relatively 1ight W of about 10> Gev. Allowing A~ #(a), m($') 1a sti111
2
~10" Ge¥; such a mass will not much alter the estimate above.
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This has the important consequences that (i) the AF = -4 proton decay
(p -te+)t° ete.} must occur as in Figel(a] and (ii)the amplitude for this decay
2 R 2 1
{see Eq.(g9)) being 32(6::1)“./[1!3!»3.] is fust (ga/m.l,.) Thus vith m, = 10
GeV (a feature consistent with the faet that the lepto-antiquark Y' acquires mass

at the first stage of spontaneous breskdown of SU(16) into SU(12) x su(k), = u(1)),

the AP = .l proton decay has the canonical strength 2 10~ 29 GeV 2 In other

vords, the proten will decay(via AF = -4, A(B-L) = 0 mode), but not unduly
rapidly, despite the ultralight diquark ¥ (mY~10h GeV). We stress that this is
something vhich could be possible only because of the spontanecus nature of B,
L, F viclations occurring within our approach (for which Y-T' mixing vanishes
a5 my = 0).

In this %hird route of spontaneous descent, not only lepto-antiqusrk Y
but also the leptoquark X acquires a mmss at the first stage of SSB. With
By, 3.,101 GeV (see above) it follows that nye %y, % 10t 1h GeV. Thus for this
third route, it is c¢lear (see discussion presented before) that AF = O proton
decay (i.e. Vp -3 leptons + mesons) would be atrongly suppressed. The &F = .2
mode, with amplitude o g ("'w "Y)’('H:"r) ~ g (mw /) (1/mx) would alsc be
suppressed relative to the LF = -l mode. To su.m%arize the third route of
spontanecus descent with a mass hierarchy of the type sumarized below

Ry 2 Dy, zlﬁll‘ GeV, my 22 myy = (5m)n. B 101‘-105 GeV {41} ‘

glvea rise to proton decays of the &P = -k variety, i.e. p = e+1r0 ete., toexisting
with n-o oscillations of meamsurable strength even though AF = 0, -2 and -6 -,

preoton decay modes would be suppressed.

We regard this as one of the most interesting festures of physics based
on SU{16). If proton decay of the AF = L variety as well as p-n oscillations
are indeed found to occur, we would interpret this as indicative of a maximal
gauging as in SU{16) with a relatively light diquark Y (mY ~101,_10 GeV),
together with a puperheavy leptoquark X (mx £~ 10 GeV). g:;ntrast this with

su{z) x su{2} x su(k},

ip which n-n oscillation occurs but without proton decay and it is the lepto-
quark X, vhich is relatively‘lig;ht (:nX ~10h-10 GeV). We trace this distinction
primarily to the fact that the subunification symmetry does not contain fermion

the model of Ref.20, based on the subunification symmetry

number as s local gauge symmetry, while SU(16) does.

Finally, we wizh to note that the AF = -6 mode (i.e. p + 3% + mesons),
though not explicitly discussed so far, can also be preminent. Just as the
AF = 0 mode {p + 3% + mesons) is mediated by the leptoquark X coupled to th L
current (see Figs.3{a) and (b)) likewise the AF = -6 mode (p»3t+ mesons)
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can be mediated by the lepto-antiguark ¥' coupled to irulc current and would
be prominent if Ty ~ 10 --1!)5 Ge¥. The three routes of spontanecus descent
exhibited in Sec.I do not however permit the lepto~antiquark to be this light
and thus suppress the AF = ~6 mode. One amusing possibility nevertheless is
that SU(16) may deucemd via & fourth slternative route utilizing the VEV of 253
inte SU(B) x SU(G) x U{1), where SU(B]' operates on six quarks plus two
a.ntillptons (rnther than leptons) and SF.I(S)II operates on six a.ntiquarks plus
two leptons {rather then antileptons); the symmetry SU(B) x S‘U(B) x U1}
descends subsequently to the familiar lower symmetry SU(2) x SU(E) x SU(3)°
andstill further to su(a) x u(1) x suizd, utilizing thehmsof
{CD} and _1_ respectively. In this way the Y' can be light [~ 12 —lg Ge¥) if
< ’{cn}) ~ 10 -105 GeV. The diquark Y would be heavy (>»10 ~10 CeV),
as for route I, but simultmeously the :Leptoqua.rk ¥' would be heavy. Thug the
AF = -6 mode {p e 49 +3 etc) can coexist with the
AF = - mode *) {p + e’ + mesona) but the AF = 0 (p + 3 leptons + mesons} and
AF = -2 (p + & + mesons) modes (requiring relatively light X) as well as
AR = 2 n-m oscillation(requiring relatively light Y) would be suppressed.

The features of the four alternative routes of spontanecus descent are .
sumsrized st the end in Table I.

The different complexions for proton decay and AB = 2 nea oscillation
if found to cccur with measursble strengths for the present level of experimentation

would symbolize different characteristic mass scales (Mc) for the hierarchy of

*
grand unification. These are listed below *¥)

e induced by Y-Y' mixing as im Fig.1(a}, the mixing

- uld b
) The AF = -k mode vo 10 _105

1s bounded sbove in the present case by the lighter mass scale ~ Byt

(mass)

GeV.
##) These.mass scales derived through explicit mechanisms coineide approximately

t and dimensional
with the estimates of Ref.25 which are based on simplifying operator « LoM* oy
spdlysis. Some differences {as in the case of AF =- permitting L X il

N
<& My v for the present case versus Mc -~.-10l GeV of Ref.26) have
*

With By
their érigin in spontaneous Fath#r than explicit viclaticns of the B,L and F.
We stress that the chevscteristic mass scales exhibited im Eq.{L2) are derived
under the assumptlon that quarks and leptons are elementsry. These estimates
may chenge radically for a preonic or pre-preonic composite model of quarks,

leptons,. gauge and Rlgegs particles.
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zﬁn|)

a,2(p+e +mesgonm} . . . ... ... . Mc~108_1312 GeV {aee text)
&F = 0 (p + 3 leptons + mesens} . . . - . . & M~ 10%-10% Gev
AF = -§ (p + 3 antileptons + mesens) - - . M~ 101'-105 GeV
oF = 2 {nedn oscillation) . . . - . . . . M_~ 1045 gev

(12}

We nov face two important questions:

Question 1: Can the vastly different mass scales of the type exhiibited in
Eqs.(30)-(32) and (41} 2nd Table I coexist in accordance with the coustraints of
renormalization group equations for the running coupling constants and the
observed values of sin23 and Ot.s‘l

6)!7)

It has been shown elsevhere that the answer to the mhgpve guestion
i3 in the affirmstive. In particular,the gauge mmss patterns of the type exhibited
in Ege.(35), {(31) or (32) and therefore the coexistence of some or all of the
prot'on decay modes satisfying &F = 0, -2 and -4 are indeed permissible if we
allow distinctions between the three known families to appear at the basic level
by gauging their maximal symmethies like [su(16)]3 or SU(kB). The major
consequence of such maximal symmetries from an experimental point of view is

that they f£ill the muck advocated "gesert" between 10_2 and 1015 GeV with
intermediate mass scales and thus new physics * appesrs at these

energy scales.

Finally, the realization of n-n oscillations together with the AF = -4
protonr:decay (p + e+ﬂo ete.) at an cbservable level requires a mass pattern
By~ my ~10*" Gev and m, x Ay, =rlol‘-105 GeV (Eq.(41)}}. This also appears
to be permiseible for the three family symmetry [SU(lG}}a deacending in a

(ne example of such new physics is the breakdown of (e,u,t) family
universality. &uch a breakdown would arise from contributioné of gauge particles
belonging to [SU‘(IG)]3/SU(16)e+u'+T » which couple to differences of electronic,
mwonic and 1 currents. These contributions can be prominent st an energy

ascale which need be no higher than - 10%-10° GeV (seé Refs.6 and 7).

2T

manner analogous ¥ to SU{16) = E‘:L:l(lz)q x SUU-&)z x U(l)|3|"|Li'

Question 2: Does the coexistence of the alternative proton decay modea
(AF = -1, -2, 0, -6} with or without n4»n oscillation (symbelizing diverse
characteristic masas scales) conflict with the cosmolegical generation of baryon
excess am} for & Universe, assumgd initially te be matter-antimatter symmetric?

Weinberg 25} has made the interesting observation that the answer to thia
question is in the affirmative,if vlolations of B, L and F are explicit. The
argument is briefly this: since the AF = 0, -2 apd =6 proton decays as also

- N 5§
AB = 2 n-n cscillation are mediated by intermediate mass scales MI (~10"-10"" GeV)
&< M ~101h GeV, such processes wauld have relatively fast rates ~ aT or uz'l'
in the early Universe at temperatures in the range MI << T << M, where the gauge
psrticle masses vanish. Thus theae processes (with ratea exceeding the rate of
expansion of the Unlverse) would be in thermodynamic equilibrium arnd¢ would wipe
out any baryon excess generated in earlier epochs st temperatures ~ M due to
the AF = -4 process, unless a specific linear combination B + alL is conserved
{a # 0). This would imply that only one of the three modes AF = J, -2 or -6
can coexiat with the AF = =i mode -not more than one ~ and furthermore there
should be no AB = 2 n-n oscillation.

»} For [SU(lS)]p, vhere p = 1,2,3 dengtes one, two, three families, the relevant
deacents may be as follows:
(1) [su(16))® —-->M1 81.1(3.6)e+u+1 + su{12) x su(d) x U1}

or
{i1) [su(16)]p_.Ml_,su(12)p » sull1® x u{1)P + su12) = su(k) x U1}

or

1r) (506 L, su(12) x su(d)P x u(1)P + su(12) x SU(h) x u{1)

(1v) (su(16)1%  [su(6) 1% x [su(6) IF = [sU(w), 1% xv(1) -

Descents via (ii{} or {iv) lead to desirable solutions for gauge masses
permitting coexistence of proton decay with n-n oacillaticns of measurable
strength, The renormalization group eguations for these cases will bhe

‘presented in a separate note.
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ot I B Ol M R . el i ke ke v o e



It haa been remarked 7

thet these argumenta apply, howvever, only if the
vicletiong of B, L a.nd.'!' are explielt rather than spontaneoua. For the latter
case the violationa (AP = 0, -2, -6 or AB = 2) associated with a mass scale M
digappear for temperatures > MI Thege viclations appear only at temperatures
T M‘I However, the agscciated gauge particles acquire their masses at the
same time that the viclistiens appear. The rates of B, L arnd F violating processes
{4F = 0, -2, -6, etc.) damped by the mssociated gauge masses are now lower than
the expansion rate of the Universe at this epoch. This keeps all these processes
out of equilibrium whepever they are operative. Consequently, baryon excess
generated in an earlier epocch T » MI by for exemple the AF = -4 process is not

wiped out by processes occurring st later times. We copcldde that there 1g no

confliet between the coexlstence of AV = 0, -2, -h and -6 proton decay modes

(with even AB = 2 n-n oscillaticn) and the generation of the barycn excess, if

the viclations of B, L, F are spontaneous. This is one of the crucial differences

between explicit versus spontaneous violetions of B, L, F.

-

Iv. CONCLUDING BRMARKS

{1} Viclatiecn of baryon, lepton and,in general,fermion number is central
to the hypothesis of quark lepton-unification io & geuge context. Three of its
characteristic signatures are proton decay, n-_:-l oscillation and neutrinoless
double B decay. In 197h and 1975 it was alresfiy shown 1) that within maximsl gauging,
the proton may decay via alterpative modes satisfying AF = 0, -2, -k and -6
some of vhich may coexist; the deuteron may decay into pions and neutrinocless
double B decay may occur in the context of spontaneous gauge symmetry breaking.
Here we have shown that n-n oscillations (which are related to deuteron decays
into pions )zggexist with proton decay of especially AF = -k variety {(p ..pe+1r°)
and both these processes may possess measurable strength so as to be gmensble
to::torﬁhcominglsearches. This paper has sharpened the formalism, glven the
detaila of Higgs breakings and also shown that the existence of alternative decay
- modes of the proton pose no conflict with the cosmologleal generation of baryon

excess,

(2) Fon-maximal symsietries like S0(10}, SU{8) x SU(8) x U(1), and su(s)
are contained within SU{16) and srise effectively as special cases through
spon%anecus descent of the maximal symmetry SU{16). Their predictions on proton
decay are therefore naturglly contained within the predictions of su{16).

-29-

211,26} itnin most models that

the 1tfetime of the proton will lle within the range of 1026-1033

fortheoming searches fully sensitive to all these models.

(3) It is a ressenshle expectation
years, making

{4) Neither proten decay into the medds emmerater in this paper nor
n~n oscillatien are tied in any way te the nature of quark charges.

{(5) Quark-lepton unificstion symmetry gauged in its maximal form,
permits in general several intermediate masa scales »T) (~101‘ to 1012 Gev}‘ .
filling the grend plateau between 10° and 10™° GeV. FProton deeay and n-i '
oscillation can provide & window te these intermediate scales. In particular,.
the observation of the AF = 0, or -6 mode {i.e. p—»3f or 3% + mesons) and for
n-t oseillation st any level within conceivable future will strongly suggest the
exlstence of new physics at 10 to 100 TeV region snd thereby motivate building
high energy machines in this range. For this reason, second and third generation
experiments for proton decay and p-o oscillation must be planned to look for all
modes 1isted sbove as possible rare processes, in case they are not found in the

first geperation experiment=a.

{6) Coexistence of any two of the proton decay modea AF = 0, -2 or -6
or the mere existence of AB = 2 n-n cscillation with proton decay of 'the AF = -J&
variety would strongly suggest that the sssociated violations of B,L, F are
spontanecus rather than explicit. This is irn-order that -commslogieal 3cnern_'_*
of baryon €xcess '-?7) may survive.

(7) Observation of proton decay will strongly support the idea that '

2) in their composition, though
this hes no bearing on the guestion of whether quarks and leptons represent the

quark matter and leptonic matter are similar

ultimate constituents of matter.
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TASLE I

A Sample of Alternative Selection Rules

Routes of 35B

Patterns of VEV

Selection Rules

(see Fig. 2 and text) (A) " 255 AF = <l -2 Yes
v~y ~ o AF a, ~6, No
(1,1) (36,36 ° 2 o = 0, <6,
AB = 2 g-@ No
mx P 10
(1) su(16)-+[su(3)1=su(s)n} (B) AF = 0, -2 Yes
vess molhyay war AF = -4, -6 No
=0{(1) (l l) (36,36) AB = 2 nIt No
¥ ~ 108 - 1010
~ 0% - 10°
(c) v
255 1 .
Vo wlo §>E’(1,1)U(36,36)] AF 0; 2,-h Yes
AF = =6 No
~ 10+ -
mxwlol‘-ms(cm)nmwmx 48 = 2 p-% No
~ 105 107
(11) su{16) —¥s0{10} VEV of '»Eégi»u-z% AF = =L Yes
subject to the special 4F = -2,-6 Yo ’
relations eg. (35} AF = 0 No (see text}
AB=2n-nNo :
(111) su(le)ésutle)qxsu(hze 0355 ~1olhaev~ my ye AB = 2 n-mi Yes
b 5 AF = -4 Yes
x Ay ko -
Y 1py- 1w (36,36) © (1,1)™10 = 10 oF = 0,-2.-6 No
~ mY,Y"~( Gm)YY'
(1v) su(161¥su(8); x su(a); 2% w10t m AF = —b,-6 Yes
NS e Iy _ AF = 0,-2 No
xuli) (1,1)" " (36,36)~%° B =2 oE Ho
o,

Table I: AF = 0, -2,

-4 and ~6 proton-decays correspond to p —*3 leptons + mesons,

p=»lepton (¢ or v} + mesons, p—Yantilepton (" or ¥) + mesons and p?3 anti-

leptons + mesons respectively. The VEV-parameters and masses are given in unilta of

GeV.

For explanstions of the alternative patterns of VEV and the definitions of VEV-

parameters see text. .For a definition of the dirferent gauge particles‘ X, T, ¥' and’

Y" see Bg.(8}.

The chara.cteriza.tion "vag" Tor any proton-decty mode correaponds to 9,

partial rete ~v(10°7-1G°9 yea.rs) » vhile that for . n-n oseillation corresponds to

free neutron-oseillaticn period ~~10

+5 +9

= 10 gac.,

cerresponding modes have lower rates.

Al

with "no" implying that the
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