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We study the constraints on the hierarchy of gauge-boson mass scales from low-energy
physics in the maximal grand unification model based on the group SU(16). We show
that for certain values of sin?0y(my) and Qgong(m ) allowed by low-energy data, the in-
termediate mass scales associated with local B —L symmetry and right-handed gauge in-
teractions may be as low as 10° GeV. We use a previously suggested method to study the
Higgs-boson effects on these mass scales. We also discuss the implications for baryon
nonconservation in this model and point out that the most likely AB=~0 processes in sim-
ple versions of the model are the ones obeying A(B —L)=0 selection rule.

I. INTRODUCTION

The maximal symmetry associated with the
eight fermions and eight antifermions of each gen-
eration (v,e ~,u;,d;;i =1,2,3) is SU(16). An obvi-
ous and perhaps natural candidate for grand unifi-
cation of electroweak and strong interactions is
therefore the broken local SU(16) group! associated
with this symmetry. In contrast to other unifica-
tion groups such as SU(S) and SO(10), SU(16) has
the feature that the baryon and lepton numbers are
exact symmetries of the Lagrangian, to be spon-
taneously broken. Furthermore, a new possibility
in maximal gauging schemes is to allow for a rich-
er variety of selection rules associated with baryon-
and lepton-number violation, which are not present
in other more economical grand unification
schemes. Observability of these different selection
rules at low energies, however, depends on the pat-
tern of the breakdown of local SU(16) to
SU(3), X U(1)gy as well as on the hierarchy of
gauge-boson masses. Several patterns of symmetry
breakdown in this model have been discussed in
Ref. 1, in order to extract the various selection
rules associated with AB=~0 and AL =40 processes.
Particular scenarios have been isolated where pro-
ton decay? and n-7 oscillations®* may coexist. It is
the purpose of this paper to study the constraints
imposed on the hierarchy of gauge-boson masses in
the SU(16) model allowed by the present values of
low-energy parameters such as sin’@y, and Qstrong
and their implications for baryon- and lepton-
number nonconservation. For this purpose, we
write down the equations for the evolution of the
various gauge coupling constants’ in different
chains of symmetry breaking of the SU(16) model.
We present our analysis with and without the in-
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clusion of Higgs-boson effects. We then discuss
how various AB-40 and AL =40 processes could
arise in such models.

The paper is organized as follows. In Sec. II, we
introduce the SU(16) model to fix conventions and
notations and note the various patterns of symme-
try breaking. In Secs. III and IV we write down
the equations for the evolution of various coupling
constants for two patterns of symmetry breaking
and write down the formula for sin%@y, and
a,(my,) and extract the constraints on intermediate
mass scales of the model ignoring the effect of
Higgs bosons for each chain of symmetry breaking.
In Sec. V we introduce the Higgs multiplets neces-
sary for breakdown of SU(16) symmetry and in
Sec. VI, outline the criteria for inclusion of Higgs
multiplets in the evolution equations and study
their effect on the mass hierarchies. In Sec. VII,
the implications of the model for baryon noncon-
servation are discussed.

II. THE SU(16) MODEL

The grand unification symmetry per generation
is assumed to be the SU(16) group' with left-
handed particles and antiparticles belonging to the
fundamental representation of the group as fol-
lows:

¢A= € c l=l,2’3 ’ (1)
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representation of SU(16). These mirror fermions
will be assumed to be in the mass range of 100 to
200 GeV. We consider the following chains of
breaking for SU(16) down to SU(3), X U(1)gy:

where the ¥, stands for entry in the Ath row:
A=1,---16.

In order to cancel the anomalies, we will intro-
duce! a set of mirror fermions with right-handed
chirality transforming also as the 16-dimensional

(I) SU(16)—>SU(12), X SU(4), X U(1) 5| _ 1| —SU(3), XSU(2), XSU(2)g X U(1)5 _y,
—SU(3), XSU(2), X U(1)y ,

(I) SU(16)—>SU(8);, XSU(8)g X U(1)—SU(4) X SU(2),, XSU(2)z —SU(3), X SU(2), X U(1)y ,

(II) SU(16)—SO(10)—SU(5)—SU(3), X SU(2), X U(1)y .

The Higgs multiplets necessary for the various breaking chains will be displayed later. In the rest of the
paper, the chain (III) will not be discussed since that leads to the results already familiar for SO(10) and
SU(5) models.

The fermion masses will arise by introducing a 136-dimensional symmetric Higgs multiplet ®(,p,, which
couples to V¥ as hz//,T;C — 1y ®!48} and assigning vacuum expectation values to appropriate components of
@B}, We will discuss the detailed nature of symmetry breakdown in a subsequent section.

III. SU(16) BREAKING TO SU(12), XSU@); X U(1) 5| _ |z |
AND EVOLUTION OF COUPLING CONSTANTS

In this section, we propose to study the relation between the SU(3)., SU(2)., U(1) coupling constants and
the grand unified coupling gy via the Gell-Mann—Low equations. We wish to investigate the symmetry-
breaking pattern (I) of the previous section, where SU(16) first breaks down to SU(12), XSU(4);
XU(1)g|~ |- The SU(12), is the maximal symmetry of quarks and antiquarks and SU(4); operates on
the leptonic space. At the next stage, we may have two possibilities:

SU(]Z),I XSU(4)[XU(1)]B |[—|L| —> SU(3), XSU(2);, XSU(2)g XU(l)g_1 ,

e

SU(3), XSU(4)qXSU(4)1XU(1)|B [—IL|

where SU(2),, z operates both on quarks and lep-
tons. The left-right-symmetric group’ is broken
down in the usual manner® to SU(3), XSU(2),
xU(1). We will use the method of Georgi, Quinn,
and Weinberg® as appropriately extended to include
models with intermediate mass scales. To write
down the general formula relating the gauge cou-
pling constants at two different energies, we simply
have to integrate the Gell-Mann—Low equation
between successive mass scales with appropiate
values for the B function and appropriate normali-
zation factor for generators. To state the general
formula, let us assume breaking of a group as fol-
lows:

Gy—>Gy_1—>Gy_— "

with associated mass scales @y, Uy Uy _2 " " *

[
and where G*=]], ® G%; i.e, it may be a direct
product of simple groups, with associated coupling
constants denoted by g}, corresponding to group
G7. The relevant formula relating the coupling
constants at two mass scales is then given by

x,.x+1
1 _ z PGIB
[giu) 4 (g5t (e )T
+obEntEEL @

x

This formula is a somewhat modified form of
the formula given by Dawson and Georgi,® the
difference being that in Eq. (2) PL%"" are not nor-
malized to add up to 1. This is because all our
coupling constants g will represent physical cou-
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plings and therefore, the generators at each stage
defined in the 16-dimensional space are not neces-
sarily normalized, i.e., Tr(T:T§)5458,5. The sim-
plest way to construct the Pgg is to choose a con-
venient basis for the diagonal generators for G and
find the diagonal generators for the subgroups G}
in the same basis and express it in terms of those
for GL. We will give the explicit construction for

1
.
1
0
0
0
—1
T1W>“=% 0
0
0
"
(0
1
0
0
Ty =1 ° ~1
2 0
0
"~
(0
0
1
0
WXL‘_L 0
T =2 0
—1
0
\
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P7% for the SU(16) breaking. We normalize all our
SU(16) generators by

THT, Ty) =784 - 3)
T, will be 16X 16 matrices in the space of ¥. We

first give the SU(12) generators (Q stands for the
null 8 X 8 matrix):

4

(]

These are the SU(2)y,, generators for particles. The corresponding generators for antiparticles are obtained by
interchanging the upper and lower 8 8 block matrices:

ﬂ
0
—1
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and similarly 7, and T;. Next, we define the diagonal generators for chiral SU(3), color:

rl 3
-1
0
0
Ti=—1— : -1
V2 0
0
0
" 7
rl N
1
-2
Teo—L_ 0
5—2‘/3 1 . s
)
0
0
§ =)
(6)
fo N\
1
1
0
— 1 0
‘T3 -1 ’
1
0
\ OJ
PQ N
-1
-1
2
- 0
ST 6 -1
-1
2
L o

The color- and flavor-singlet diagonal generator— the last diagonal generator of SU(12)—is
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The SU(4), generators are given by

0 =

N | =

~

0

1o

0

(]

_1J

(7)

(8)
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The B — L generator is given by

e

1

1 1
TIBI—ILI=2‘/2—4

The above generators are part of the Lie algebra
of both G, =SU(16) as well as G, =SU(12),
XSU(4);XU(1)p|—|L - Therefore, if the grand
unification mass is taken as My and the scale at
which G; breaks down is taken as M_, the relation
between coupling constants in this region is simply
given by

1L U M
g iM,) g My) M,
o (10)
1 1 U
= +2b4In s
gi(M,) g My) M,

where b, and b, stand for the one-loop contribu-
tions to the B function for SU(12) and SU(4).

To consider the breaking of SU(12), XSU(4),
XU(1)|3)_|L\ to SU@3), XSU(Q2),,
X SU(2)g X Upg _ (1), we must express the diagonal
generators of G,, in terms of those of G:

Yp_; =(T1; —V3Ty,) (11)

which leads to the following values for relevant
“probabilities,”

-3 -9

Pp_rsvu2, =1, Pp_rsua),=3 (12)

coming to the case of SU(2) g, note that, at the
SU(2) level, the physical T3/  generator is given
by

Ty =TP*4+T¥>4r¥> 1/ . (13)
This implies that

1 3 1
= +
SLrAM,)  gpiM,)  giM,)

or, in the language of “probabilities,”

Psuq),;suaz), =3, Psuosuw, =1 - (14)

The same relation holds for the SU(2)z group also.
Similar considerations for SU(3), lead to

Psuas) ssuia), =4 - (15)
Using Egs. (11)—(15), we can write down the ex-

pression for the gauge coupling constants at the
mass scale Mz, whose G, breaks down:

1 4 My
s =5 2 [4bpin
g3 (Mg) g (My) My
i =3 4 +2 (3b12 +b4)lnM +b2L/Rln (16)
8/ (Mg) g{My) M,
1 = 4 +2((bjp+3b )lnM +b ln-————
g 1 (Mp)  gXMy) R M, T M

Using a similar procedure and noting that for SU(2); X U(1)y,
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Y=V3/5T3x +V2/5¥5_; (17)

we can write down the expression for gauge coupling constants at u=M; where the symmetry
SU(2), X U(1)y is broken down to U(l)gy. They are

1 4 12 lap,m Y M.
= n—-
gi(My)  gHMy) 2 M, M,
My M,
A= 12 |(by by T bl | (18)
g (M) g (My) M;
1 4 (11613 +9b)in o + L (354205 )in > M. b in 2R
gyz(ML) gZ(Mu) 12 ¢ 2k B ML
Let us recall that the value of by for a group SU(N) is
by = [ ir ] (19)
N 16112 N

where f is the number of fermion multiplets transforming as the fundamental representation of the group
SU(N ), and Ty is the value of the second-order Casimir operator on the representation of Higgs mesons.
Using this, we obtain the following formulas for the siny (M, ) and a,(M; ) for chain I of symmetry
breaking (M; =My, the conventional W-boson mass):

. 3 lla(M,)
sin®0y (M )= i —Ez;f—

4[4 (T T,) IM
[— 12—4]nMc

M12
- (TZL — Ty ]ln——— ’ (20)

+[2— 5 (5Ty, —3Tox —2T; M,

TABLE 1. Allowed intermediate mass scales (in GeV) for the symmetry-breaking chain
SU(16)—SU(12), X SU(4); X U(1) |p|_ | without the effect of Higgs bosons.

Mass Wy Mass M Unification mass sin’Qy
=0.11
1.5x 102 6.7 10" 1015 0.22
1.8 10" 4.9x 10" 10" 0.23
1.8x10'° 9.5x 10" 10V 0.23
2.8x10° 5.1x108 10%° 0.25
2.8 108 2.6 10" 10" 0.25
2.8x10° 5.1x10' 10" 0.25
4.1x10? 5.2%10? 10° 0.27
4.1x10? 2.7x 108 10° 0.27
4.1x10? 1.4x 10" 105 0.27
4.1x10? 2.7x 10 10" 0.27
a,=0.12
6.3 10! 5.6 10" 101 0.22
7.7X10° 4.1x 10" 10" 0.23
7.7x10° 7.9 10 10" 0.23
1.2x 108 4.2%x10° 10'° 0.25
1.2x 108 2.2 10" 10' 0.25
1.2x10° 4210 10" 0.25
1.7x10? 4.3x10? 10° 0.27
1.7x10? 2.2%x 108 10 0.27
1.7x10? 1.2x 10" 10t 0.27

1.7x10? 2.2x10' 107 0.27




1 3 1
a(M;)  8a(M;) 24rm

4[12— (T, —Ty)]ln

i My
+[9— 5 (8T; —3T2L—5Ty)]lnﬁ— .

Using a range of values of sin’@y (M, ) from
0.22 to 0.27, in Table I, we give the allowed values
for the various intermediate mass scales without
taking into account the effect of Higgs bosons. In-
terestingly enough, we find that, there do exist
solutions with rather low mass parity restoration,’
if we accept sin?0y =0.26—0.27. As has been
shown, by Rizzo and Senjanovic,” such “large”
values of sin’6y, are allowed once the right-handed
current effects are taken into account. Thus,
SU(16) grand unified theory provides another class
of models in which a low-Wx SU(2), X SUQ2)x
X U(1)g_ electroweak theory”® can be embed-
ded. Phenomenological implications for such
models have been discussed in Refs. 7—9. We
note that the value of the unification mass
My =My in this case can be as low as 10°. One
therefore has to be careful in introducing baryon-
number violation in this situation.

1
0
0
0
T{”“:% —1
0
0
0
0
- J
r N
0
1
0
0
TWXC=1 0
2 2 1
0
0
\ QJ
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’

i M,
+[6— E(8T3 ~—3T2L "3T2R _ZTB )]ln-—
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Mg

(21)
L

IV. SU(16) BREAKING
VIA SU(8), XSU(8)y SYMMETRY

In this section, we consider the breaking of
SU(16) via the chain SU(8); X SU(8)g X U(1)f.
This subgroup has already been discussed in litera-
ture as a candidate for the grand unification
group.!® It is clear, that the physics above the
SU(8), X SU(8) breaking scale is not of impor-
tance to us here. We therefore concentrate on the
breaking pattern below the mass scale M3 where
SU(8); X SU(8)g is broken down to
SUQ), XSUR)g XSU@), X U(1)g, etc., i.e., chain
II of Sec. II.

For completeness, we present the basis and the
diagonal generators to obtain the evolution equa-
tions for the gauge couplings:

rO T
0
1
0
T;chzl 0
2 0
—1
0
. QJ
(22)
r N
0
0
0
1
1 0
Wxe__ 1
i = 2 0
0
—1

0
\ J
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C 1 N
—1
0
0
1 1
Ti=—7~
22 —1 ’
0
0
0
. J
- : B
1
-2
1 0
c __ __—
Te= 2v6 : 1 ’
-2
0
0
N / 23)
( 3
1
1
1
-3
11 1
T7_4‘/§ 1 ’
1
-3
0
- 1 -
1
1
T 1 :
5= 1 |
1
1
—I
" P

For the antiparticle sector the null 8 X 8 matrix and the first 8 X 8 matrix in T; are interchanged with a neg-

ative sign.
For the next stage of SU(2); XSU(2)g X SU(4),, we can write down the “probability” functions as

Psu),,sus), =4 Psu)g,susiy, =4 Psuw,sue), =2, Psuwa),sum), =2 - (24)
At the next stage, we break the group down to SU(3), X SU(2); X U(1)y so that, only two nontrivial proba-
bility functions arise, i.e.,
(25)

3 2
Pysue,=7%» Prsuw, =7

Using all these results and following exactly the same procedure as in Sec. III, we obtain the following
formula for sin®0, (M, ) and a,(M; ):
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1a(M) M M
sin29W=%-—~—Z—8—7—rL— [[—4—%(5T2L—3T2R —2T4)]lnﬂRi +5[2——111—(T2L—Ty)]1nﬂlf ,
(26)
1 __3 U [12——‘—(6T —3T,x—3T )]ln—%—+[18—i(8T +5T,; — 13T )]lnﬁli
a(M)  SalMy) 487 e VA R M
[

Again as in Sec. III, we will defer the inclusion the 18 240-dimensional representaiton denoted by
of Higgs contributions to a subsequent section and (I>{’é{g§ where the curly bracket stands for sym-
present in Table II the mass scales without their metrization with respect to the indices within the
effect. In this case, we do not find any solutions brackets; a third one belonging to the 16-
with low-energy parity restoration even for “large” dimensional representation ®4 and finally the
values of sin’gy,. 136-dimensional symmetric Higgs field @, p).

Symmetry breaking discussed in Ref. 1 is different
from ours. We, therefore, describe it below. <I>‘14,

V. HIGGS BOSONS IN SU(16) will be used to implement the first stage of the
symmetry breaking in the chains II. Note that it
We will assume that the symmetry breaking of cannot be used to implement!! the first stage of
the SU(16) model is implemented by including ex- symmetry breaking in chain I, i.e., SU(16)
plicit Higgs scalar multiplets into the theory and —SU(12), XSU@); XU(1) g || |- We will use
giving nonzero vacuum expectation values to ap- the <I>"é’f,g multiplet to implement this stage of the
propriate components. We first discuss the Higgs symmetry breaking. Let us first concentrate on
multiplets necessary for breakdown of SU(16) sym- chain I. For this purpose, we need the representa-
metry to SU(3), X U(1)gy. We discuss their impli- tion contents of the Higgs multiplets under the
cations for neutrino masses and in the next section various symmetry groups involved at different
study their impact on the gauge-boson mass hierar- stages in this chain. We use two Q{éﬁ multiplets
chy. to implement the first and second stages of the
We will consider the following Higgs multiplets: symmetry breaking. We first display the represen-
one belonging to the 255-dimensional adjoint repre- tation content of <1>[’é;€;§ under SU(12), XSU(4),
sentation denoted by ®7%; a second one belonging to XUM)g_p:

|

18240=(924;4)+(78;10)+(12;4)+(12,36)+H.c. +(5940; 1) 4 (1;84) +(143;1)+(143;15) +(1;15) +(1;1) ,
27

where H.c. stands for conjugate representations to the ones preceding it. It is, therefore, clear that by giving
a nonzero vacuum expectation value (VEV) to the (1;1) component of 18 240, we break the group down to
SU(12), XSU@4); XU(1) ||| |- We note that in Eq. (27), the representation (78,10) and (143;15) represen-
tations contain singlets under SU(3), X SU(2); X SUQ2)g X U(1)5 _;. We assume that these components
develop VEV’s which break the group down to SU(3), XSU(2);, XSUQ)g X U(l)p _..

To achieve the final stages of the breaking, we use the fundamental and the symmetric Higgs multiplet
136 which has the following representation content under SU(3), XSU(2), XSU(Q2)g U(1)p _p:

16=(3,2,1);+(3,1,2)_;+(1,2,1),3+(1,1,2) _3, (28)
136=(3,1,1),4+(6,3,1),+(1+8,2,2)o+(3,1,1 ) _5+(6,1,3) _,+(1,3,1) _g+(1,2,2)0+(1,1,3) . (29)
T
We may use 16 to break the SU(2); X SU(2)g right symmetry. If we use 16 to break
X U(1)g_; symmetry down to SU(2), X U(1) and SUQ);, XSU2)g X U(1)g_1, at the tree level the
136 to break the group down to SU(3), X U(1)gm. neutrino has only a Dirac mass. However, it can
It is necessary to point out the neutrino mass is have a Majorana mass arising in higher order by a

sensitive to the multiplets used in breaking left- mechanism originally discussed by Witten.!? We
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TABLE II. Allowed intermediate mass scale (in GeV)
for the symmetry-breaking chain SU(16)—SU(8),
X SU(8)r X U(1)F without including the effect of Higgs
bosons. a;=0.1.

Mass My Mass M¢ sin®0y
1.2x10" 6.3x 10" 0.22
4.0x 10" 1.1x10" 0.23
1.3x 10" 1.9x 10" 0.24
4.4x 10" 3.3% 10 0.25
1.5x 10" 5.7x 10" 0.26
4.9 10" 9.9 10" 0.27

show the relevant graph in Fig. 1. Noting that 136
gives mass to the light fermions, we can estimate
the Majorana mass of the right-handed neutrino to
be

2

AM , (30)

at? my
m‘V

® = T6m? M,

where AM stands for the dimensional 16X 16X 136
Higgs coupling. A natural choice for M is My
since 16X 16 X 136 coupling is likely to be a low-
energy remnant of the ®,®, PEDHIEC! coupling on
setting (D¢ )5£0. Thus, we expect

My
My

Mp
My

my

”lV n!

*= Jor?

For Mg ~108GeV, M;~10" GeV (a choice al-
lowed by sin’6y and ;) we expect m, ~1¢€V. In

Mg . 31)

this case, the Dirac mass is much bigger than the
Majorana mass. However if we have My~Mp
~10" GeV, this leads to m, ~10* GeV which is

quite an interesting prediction. This predicts the
light left-handed Majorana neutrino mass to be
around ~1—10 eV.

ey

Q\\ - 4
{18}~ {16}
/
{136} ,/ {255} {25}
/

{16} ) {16} {16}

FIG. 1. The two-loop graph that generates the Ma-
jorana mass for vz.

Thus, if we accept the low-mass-Wjy solutions,
the left-right symmetry as well as the SU(2),
X U(1) symmetry must be broken by 136 dimen-
sional representations. The Majorana mass for vy
is then given by ~Mpy and my, =my?/My. For
the sake of completeness, we mention that the
chain II of symmetry breaking via the
SU(8), X SU(8)x route is affected by using at the
first stage the adjoint representation ®5. It has
the following representation content under

SU8), XSU@B)g X U(1)p:
255=(1,1)9+(63,1)9+(1,63),
+(8,8),+(8,8)_, . (32)

Giving (1,1)) a nonzero VEV breaks SU(16) to
SU(8);, XSU(8)g. The rest of the breakdown is
achieved by the ®|#3}, ®,, and @45 and the dis-
cussion is similar to that just given.

VI. EFFECT OF HIGGS BOSONS
ON HIERARCHY OF GAUGE-BOSON MASSES

In this section, we will describe how to include
the Higgs-boson effects consistently in the
renormalization-group equations in grand unified
theories.”> The main problem is to find what the
masses of the various components of each Higgs
multiplet are likely to be. Then, it is straightfor-
ward to include their effect in the equations for the
evolution of the various gauge coupling constants.

In Ref. 13, a set of rules has been given to iso-
late which components of a given Higgs multiplet
are important at a given mass scale. We summa-
rize them here:

(i) Minimal fine tuning. In the Higgs potential,
we will do no more fine tuning than is required to
obtain the hierarchy of gauge-boson masses. Also,
we will assume all Higgs self-couplings to be of or-
der unity.

(ii) Spontaneous symmetry breakdown and in-
tramultiplet mass splitting. Let the grand unifica-
tion group G, breakdown be as follows:

GoDGlDsz"' . (33)

Let the associated mass scales be po,tt1,15,.... Let
® belong to an irreducible representation of G,
and be used to break the group G, to G,, ;1. Let
P have the following representation content under
Gp:

o= 7. (34)
j
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If (®F ) =pu,, is responsible for the breaking of
G, to G,, 1, we postulate that'3 the whole sub-
multiplet ;" has mass of order y,, and will con-
tribute only above Q> p,,.

(iii) Survival hypothesis. To discuss this, let us
discuss the above example. The question is what is
the mass of ®}"; js=k. We postulate that, of @',
any set of multiplets which constitutes a full ir-
reducible representation under any of the groups
Gp—n, n=0,1,2,... m —1, will acquire a mass
corresponding to the mass scale breaking the group
Gp_n_1to Gy _,, i€, by, _,_1, unless any sub-
multiplet happens to be a pseudo-Goldstone boson.
This is similar to the survival hypothesis discussed
by Georgi'* for the case of fermions.

We will now apply these criteria to the SU(16)
Higgs multiplets. Let us take each multiplet one
by one for case I. It is obvious that, since ® 'éﬁ is
involved in the first stage, all its submultiplets
have mass of order My and, therefore, do not con-
tribute to coupling-constant evolution. Let us next
consider the multiplet @{’éﬂ that breaks
SU(12), XSU@4), XU(1)|g| | |. Since it is the
(78;10) component which acquires a nonzero VEV,
its mass will be of order M, and will therefore
contribute to b, and by above M,. All the
remaining multiplets in Eq. (26) are superheavy
and are not relevant to us. Now, let us assume

that 16 breaks SU(2);, X SU(2)g XU(1)g_,. Under
SU(12), X SU@),,

16=(12;1)+(1;4) , (35)

where, under SU(3) X SU(2);, X SUQ)g XU(1)g_,,
(1,4)=(1,2,1)+(1,1,2) . (36)

It is the (1,1,2) which breaks SU2)x X U(1)5 _;,
therefore, (1,1,2) has mass of order My and will
contribute b,z and bz _;). On the other hand, the
multiplet (1,2,1) will also have a mass of order My
by left-right symmetry. On the other hand, the
(12,1) part of the multiplet will be superheavy by
the survival hypothesis (iii) above.

Let us, finally, consider the multiplet 136 that
breaks SU(2); X U(1) to U(1)gy. Under
SU(12), X SU4),,

136=(78,1)4(12,4)+4(1,10) . (37)

To break SU(2); X U(1), we use (1,10) and (78,1).
Therefore, by the survival hypothesis, (12,4) will
acquire mass of order M. Now, under
SU(3), xSU2);, XSUQR)g XUl _,

(78,1)= (3,1,1),+(3,1,1) _,+(6,3,1),

+(6,1,3)_,+(1+8,2,2),, (38)

TABLE III. Allowed intermediate mass scale (in GeV) for the symmetry-breaking chain
SU(16)—8SU(12), X SU4); X U(1)| g | — || with the Higgs-boson effect taken into account.

Mass Wy Mass M¢ Unification mass sin%6y
a;,=0.11
4.1x 10" 9.6 10" 10" 0.23
6.6 107 4.3x10° 1010 0.25
5.3x108 7.9% 10" 10" 0.25
1.2x10° 1.0x 10" 10" 0.25
7.0 10? 1.7x10° 10* 0.27
1.1x10° 1.9 10* 10° 0.27
8.6x10° 3.5%10° 10'° 0.27
7.0 10* 6.4 10" 10" 0.27
1.6x10° 8.2x10' 10" 0.27
a,=0.12
1.7x 10" 8.1 10" 10%° 0.23
2.7x107 4.1x10° 10%° 0.25
2.2x108 7.4 10" 10" 0.25
5.1x108 9.4x10'¢ 10'7 0.25
2.9%10? 1.6 10° 10* 0.27
4.4x10? 1.8x10* 10° 0.27
3.6x10° 3.3x10° 10'° 0.27
2.9x10* 6.0 10" 10% 0.27
6.6 10* 7.7x 10 107 0.27
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(1,10)=(1,3,1) _¢+(1,1,3)6+(1,2,2) . (39)

The (1,2,2), parts in both Egs. (38) and (39) will
acquire VEV’s of order My, and will give Dirac
masses to quarks and leptons. It is clear that the
multiplets (3,1,1), (3,1,1), (6,3,1), (6,1,3), (8,2,2),
(1,3,1), and (1,1,3) will acquire mass of order M,
and will therefore contribute to by, and b,y. There
are two left-handed doublets with mass of order
Mp and two left-handed doublets with mass of or-
der M;. Thus, above My, two (1,2,2) multiplets
contribute to b,; and b,g whereas above M, two
left-handed doublets contribute to b,; .

We illustrate their effect only for the symmetry-
breaking chain I and the resulting mass scales are
given in Table III. We have presented this simply
as an illustration and in subsequent discussions, we
will not use the particular numbers reported. We
will in the subsequent section discuss phenomeno-
logical implications of this model including dif-
ferent kinds of Higgs multiplets. The main point,
we wish to make, however, is that the Higgs-boson
effects on mass scales are not completely negligi-
ble.

Color gluons: V/—5 Vi, ij=1-+-;

VII. SPONTANEOUS SYMMETRY BREAKING
AND PREDICTIONS
FOR BARYON NONCONSERVATION

In this section, we wish to include some com-
ments on the detailed mechanism for spontaneous
breakdown via the SU(12), X SU4); X U(1) | p | _ ||
route and its phenomenological implications. We
remind the reader that, in this chain, we will tem-
porarily use two symmetric-adjoint multiplets
Q[’éﬁ to break the group from SU(16) to
SU(12), X SU(4); XU(1) ||| | and then to
SU(3), XSU((2);, XSUR)g XU(1)g_r. To imple-
ment the first stage, we assign

M
(e =?" , 40)

where a runs over the quarks and antiquarks, i.e.,
a=1,2,3,4,5,6,7,9, 10, 11, 13, 14, 15 and a
goes over the leptons and antileptons: a=4, 8, 12,
and 16.

We want to discuss which gauge bosons acquire
mass at a given stage. For that purpose, we fix the
following notation:

Left —and right- handed weak gauge bosons: W, Rp» P=12,3;

U(1)p_, gauge boson: B ;

Leptoquark bosons: Xga =4,8,12,16, «=1,2,3,5,6,7,9,10,11,13,14,15 ;

Diquark gauge bosons connecting quarks and antiquarks: Yg, B=1,2,3,5,6,7, «a=38,10,11,13,14,15 ;

Dileptons: Y% a=4,8, b=12,16.

Owing to Eq. (40), the 96 gauge bosons X5 ac-
quire mass of order M. Note that since the
gauge bosons connecting quarks and leptons of
each flavor acquire mass of order My > 10" ~10°
GeV, it is consistent with the present data on
K L —)’Le.

At the second stage of symmetry breaking, we
assume that a second @{éﬁﬁ with the following
VEYV exists (summation over color indices i under-
stood):

. o M
(D15 =(Didy ) =—. (41)
g
This gives mass to 144 gauge bosons including
Y2 Y2, But it does not give rise to any mixings
between X, Y, and Y’ type gauge bosons since Eq.
(41) conserves baryon and lepton number. In fact,

I
we find that using this multiplet, it is difficult to
get any baryon nonconservation. The point is that
the only interesting VEV that leads to AB=~0 pro-
cesses and breaks the symmetry appropriately is of
type

i ud; L. ud;

(@ dgac) =e'fk<q>uﬁefc>7eo , 42)
where we have used explicit fermion labels instead
of numerical indices. Note that we needed a mul-
tiplet with antisymmetrical indices. If we had used
symmetric indices, then {u;,d; } would have given
rise to an SU(2), triplet and could not have a scale
more than M; /10 or so. This conflicts with our
previous requirement that

(|t =2e
g
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ud deC
¢vcdce ®¢vcdc
\ /

\ /
q \ / q¢
qu \ S xI cqc/
X%

c
|

FIG. 2. (B —L)-conserving proton decay p —e *7°.

A way to avoid this problem is to replace the
symmetric-adjoint multiplet at the second stage by
the antisymmetric-adjoint Higgs multiplet in addi-
tion to the symmetric one. This will induce
(B — L)-conserving proton decay via the diagram
of Fig. 2. This amplitude is given by

aM, 2¢ ae
= ,
MMy~ My?

M(p—e*tn®)= 43)
where € is the mixing parameter between the di-
quark and leptoquark gauge bosons. For

My =10*—10° GeV, this gives a proton lifetime

T, =10%—10% yr.

Unless € is chosen unnaturally small, proton life-
time would constrain My > 10 GeV. So, from
this point on, we will discuss physics for these
values of My.

Let us now look for AB=40 processes with other
selection rules. Note that up to the scale Mg,
B —L is an exact symmetry: therefore,
A(B — L)=40 selection rules must be proportional
to Mp. Once we are below the scale My, local

N
ud
/e <¢Vcdc>

<

—_——

~ C 4C
‘o <¢’ L >
q VVC vd

c ,C
S vd

/\\@ < vcdc>
q q

FIG. 3. Feynman graph for n-i7 oscillation in the
SU(16) model.

B — L symmetry is broken by

M
(@) =—" (44)
4

which obeys the selection rule A(B —L)=2. The
combination of A(B —L)=2 and A(B —L)=0
operators produce both AB=2 processes such as
n-i oscillation and A(B +L)=0 processes such as
n—e~ 7t decays. It appears that the dominant
contribution to n-7 oscillations comes from the
graph in Fig. 3. This graph is similar to the one
noted in Ref. 15 and as already noted this leads to
an extremely slow n-i7 oscillation time, 7, _ =10
yr. Thus in this model n-7 oscillation is
suppressed. In fact, it appears to use that n-i os-
cillation will always be suppressed in simple
SU(16) models being considered for the following
reasons. The only A(B —L)=2 VEV allowed by
charge conservation is that due to vgvy conden-
sate. But this obeys AL =2;AB=0. So, to obtain
AB=2 processes, we must insert two A(B —L)=0
VEV’s that break AB and only such VEV’s allowed
by color and electric charge conservation are

(D 4<)» Which also gives rise to p—e *7° decay.
So, roughly speaking, one obtains M, .
~ |Mp_»e+ ol 2 as an order of magnitude estimate.
This means 7, _; > 10’ yr. One way to avoid this,
of course, is to introduce very complicated Higgs
multiplets with six SU(16) indices, ®  pcprr, and
choose low unification mass. Then, there will be
allowed Higgs-boson self-coupling of the form

d d
u //
ud
<4>cdc>
v @\\
\\
/)
-7 <¢p. >
c c@'/ vev© .
v d W
<¢ese A
P2
d ” e
}

FIG. 4. The one-loop graph leading to (B +L)-
conserving decay mode n—e ~m+.
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¢AB¢CD¢EF¢A BCDEF+ Then glvmg ((puddudd )#0
will lead to large n-i oscillation amplitude.

The other A(B —L)=2 process which respects
the A(B +L)=0 selection rule arises from the
Feynman diagram in Fig. 4, and leads to decays
such as n—e~7*. But these appear to have a
strength

m.2
=Grae M" ~10735 GeV~2. (45)

n—e~nt= 2=
U

It thus appears that in the model discussed here,
the dominant proton decay mode is the (B —L)-
conserving mode p—e *7° which has a lifetime of
10* yr. Finally, we note that in the cases with a
low-mass Wy scale, an outstanding signature will
be provided by the existence of neutrinoless
double-B decay transitions in a manner similar to
that discussed in earlier papers.? Other processes
in the leptonic domain will be processes like
p~—e "y, m—3e, etc., as already discussed.® !

To summarize, SU(16) has the following predic-
tions for baryon and lepton nonconservations: For
high-mass unification, the dominant AB=40 pro-

cess is A(B —L)=0 process p—e *7°, where for
low-mass unification (i.e., My < 10° GeV), the only
possible AB540 process is n-i oscillation with

7, _z==10""—10® sec. In either case, if
sin’6y~0.27, and a;~0.1—0.2, one obtains a low
value for my,,, the scale of right-handed interac-

tions. This has many interesting implications as
already discussed in the literature,® ¢ for example,
neutrinoless (Bf8,) decay u—ey, u— 3e, etc.

Note added. After this paper was completed, we
were informed that a similar detailed analysis of
mass scaled in the SU(16) model has been carried
out by J. C. Pati and A. Mohanty, Maryland re-
port (unpublished).
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