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The impact of different horizontal symmetries on nucleon decay is discussed within the frame-
work of the standard and the left-right-symmetric theory. Under very general assumptions of
operator analysis, it is demonstrated that U(1)H, SU(2)H, SU{3)H~, and SU(3)H symmetries predict
different nucleon decay modes and, hence, the on-going proton-decay experiments can be used to
discriminate among the different horizontal symmetries. Furthermore, it is shown that, under
favorable situations, the standard and the left-right-symmetric theory can also be distinguished.

I. INTRODUCTION

Experiments at currently available energies fit the stan-
dard SU(3)cXSU(2)L, XU(1)r theory' although an in-
teresting and viable left-right-symmetric alternative to
the standard theory based on the gauge group
SU(3)cXSU(2)L, XSU(2)tt XU(1)tt t is not ruled out.
However, the several fermion generations cannot be ex-
plained within the framework of these theories. Several
horizontal symmetries have been devised to understand
the problem of different generations of fermions including
their masses, mixing angles, and CP violation, but they

usually make very few testable predictions. So any
phenomenology which can discriminate among different
horizontal groups is very much welcome. In this paper
we focus on possible experimental tests of different hor-
izontal symmetries. From very general arguments of
operator analysis, 9 '~ we demonstrate that, within the
framework of the standard and left-right-symmetric
theories, different predictions follow for baryon-number-
nonconserving nucleon decay for different horizontal
symmetries.

Following grand unification, several experiments"
have been designed to measure the proton lifetime r, and
the present experimental limit gp~e+tro)&1. 5XIO'2
year is in clear conflict with the minimal SU(5) prediction
of r(p~e+rro)~10'' year. Thus, the minimal SU(5)
model' is ruled out and the proton instability has become
an empirical question. Hence operator analysis, which
does not rely on any specific grand unified model, offers a
useful method of studying various aspects of baryon- and
lepton-number-nonconserving processes, which are as-
sumed to be mediated by some superheavy particles with a
characteristic grand unification mass M =10' CxeV. His-
torically, operator analysis " has been used to discuss
the baryon- and lepton-number-nonconserving operator
structure of the effective Hamiltonian that is invariant
under the group SU(3)c XSU(2)L, XU(1)r. Thus, process-
es described by an effective Lagrangian of dimensionality
M are associated with an effective coupling constant

which is suppressed by a factor roughly of order M
It is further assumed that, after integrating out all the su-

perheavy degrees of freedom an SU(3)c X SU(2)L, X U(1)r-
invariant field theory describes the physical processes at
low energies. SU(3)c invariance requires at least three
quark fields to enter into an operator with nonzero baryon
number, and I.orentz invariance requires an even number
of fermion fields only. Thus any baryon-number-
violating operator must contain at least four fermions and
the dimensionality of the operator is at least 6. Higher-
dimensional operators are suppressed by successively
higher powers of (M)

In the present work, we consider the phenomenological
predictions for nucleon decay from the operator analysis
of the effective Hamiltonian that is invariant under
the standard and the left-right-symmetric theory includ-

ing a horizontal symmetry GH. We have considered

GH =U(1)H, SU(2)H, SU(3)tt, and SU(3)H . With the in-

clusion of the horizontal symmetry, the operator leading
to a baryon- and lepton-number-nonconserving process
should not only be singlet under the groups describing the
standard [SU(3)cX SU(2)L X U(1)r] or the left-right-
symmetric theory [SU(3)CXSU(2)L XSU(2)tt XU(1)q L, ]
but also be singlet under G~. The decay modes resulting
from an operator can be predicted from the all possible
Feynman diagrams involving the quarks and the leptons
entering the operator. Here we demonstrate that, within
the framework of the standard and the left-right-
symmetric theory including Gtt, the different horizontal
symmetries can be distinguished from a study of the nu-
cleon decay modes. Furthermore, we show that, for cer-
tain horizontal symmetries, the standard theory can be
distinguished from the left-right-symmetric theory.

The plan of the paper is as fo11ows. The different hor-
izontal symmetries and the representation of the fermions
and Higgs bosons under these symmetries are discussed in
Sec. II. Notations and classifications are given in Sec. III.
Section IV catalogues dimension-6 operators leading to
LB=~I- nucleon decay modes. Dimension-7 operators
leading to LB=~J- as well as LB=—~J decay modes
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are presented in Sec. V. Results are summarized in Sec.
VI. Section VII contains our conclusions.

II. HORIZONTAL SYMMETRYRS

Horizontal symmetries have been proposed by many au-
thors in different contexts. Although the main motiva-
tion for horizontal symmetries seems to be the existence
of the generation puzzle, the other motivations are to cal-
culate the electron-muon mass ratio and the weak mix-
ing angles ' including CP violation, to avoid the strong
CP problem, and to achieve dynamically broken
theories. i~ A horizontal gauge model is a model in which
a gauge symmetry between different generations of quarks
and leptons is introduced. This horizontal symmetry may
be spontaneously broken, l~wng to mass differences be-
tween different generations as required by experiments.
In such models there exist horizontal gauge bosons cap-
able of mediating flavor-changing transitions and Higgs
particles depending on the horizontal gauge groups.

The sim lest horizontal gauge symmetry is the U(1)H
symmetry, which is proposed to distinguish between two
fermionic generations. With the extension of the notion
of generation structure to the Higgs system, the require-
ments of anomaly-free conditions, lepton-number conser-
vation, and proper Cabibbo structure determine the
horizontal quantum number Ftt uniquely in the
standard theory. In the two-generation scheme
I'tt + —,

' ——[&+2(8—L)] for fermions, where the (—) and

(+ ) signs correspond to the first and the second genera-
tion, respectively. 8, I., and Y are the baryon number,
lepton number„and Weinberg-Salam hypercharge, respec-
tively. The corresponding quantum numbers are summa-
rized in Table I. In the left-right-symmetric theory incor-
porating U(1)H symmetry we have assumed that the fer-
mions belonging to the left-handed and right-handed dou-
blets have the same I'tt quantum numbers. The model
can be generalized to 2" (tt = 1,2, . . . ) generations. How-
ever, the assignment of Ftt quantum number to the fer-
mions is no longer unique. For the present purpose, we
restrict ourselves to the decay modes of the nucleon and,
hence, consider the two-generation U(l}tt model for its
uniqueness. There are two Higgs fields h (1,2, 1, + —,

'
) and

Ii'(1,2, 1,——,) in the SU(3)c XSU(2)L, XU(l)r XU(1)H
theory and three Higgs fields g(1,2,2,2,0), g'(1,2,2,2, —,),
and g "(1,2,2,2, ——', ) in the SU(3)c XSU(2)L, XSU(2}ti
XU(l)ti I, XU(1)H theory. These Higgs fields have been
used to construct dimension-7 operators. It may be noted
that these Higgs fields contribute to the fermion masses.

Some authors have introduced a horizontal SU(2)H
symmetry in addition to the usual SU(2)L, XU(1)r of the
Weinberg-Salam model for achieving CP violation with
two generations ' of quarks and calculating weak mix-
ing angles. In the present work we have considered an
SU(2)H model with three generations of quarks and lep-
tons. Besides their usual SU(2)L XU(1)r representation,
the left- and right-handed fermions, under SU(2)tt,
transform as triplets for the three-generation model. To
construct dimension-7 operators in the standard and left-
right-symmetric theories including SU(2}& symmetry, we
have used the following Higgs particles: (i} P(1,2, 1,1)

&i, &i

e

eR sPR

QL, CL

L s~L

QR sCR

1

2

1

3

1

3

2
3

4
3

+1,—1

+1,—1

4 4+ ———
3 & 3

1 1+3 & 3

1 1+3 & 3

0,0
2 2+3 & 3

and co(1,2, 1,3) in the SU(3)cXSU(2)L, XU(1)rXSU(2)tt
theory and (ii) P'(1,2,2,2, 1) and to'(1, 2,2,2, 3) in the
SU(3)CXSU(2)gXSU(2)a XU(1)s L, XSU(2)H theory. It
is to be noted that the above Higgs fields also contribute
to the fr~ion masses.

Another natural horizontal symmetry is the SU(3)tt
symmetrys since there are three generations of fermions.
This symmetry has been considtmR by several authors6
to study the fermion masses, CP violation, and flavor-
changing neutral currents (FCNC}. We have incorporated
the SU(3)H symmetry in the standard and left-right-
symmetric theories to construct dimension-6 and
dimension-7 baryon- and lepton-number-violating opera-
tors. The left-handed and right-handed fermions
transform as triplets under SU(3)tt and their charge con-
jugates as antitriplets. To avoid anomalies a right-handed
neutrino triplet is also necessary. In the present work we
refer to this version of SU(3)H symmetry as SU(3)H sym-
metry. The following Higgs particles are used for con-
struction of dimension-7 operators: (i} X(1,1,0, 3),
g(1 1 0 6), p(1 2, 1 3), and t(1 2 1 6) in the SU(3)c
X SU(2)t, XU(1)r X SU(3)H theory; (ii) X'(1,1, 1,0,3),
g'(1, 1,1,0,6), p'(1, 2,2,2, 3), and t'(1,2, 2, 2, 6) in the
SU(3)c X SU(2)L, XSU(2)a X U(1)s L, XSU(3)H theory.
These Higgs fields do not contribute to the fermion
masses.

Another version of the SU(3}tt symmetry, which is re-
ferred to as SU(3)H in the present paper, has also been
used to construct the baryon- and lepton-number-violating
operators. This symmetry has been used by several au-
thors in the context of a maximal grand unification like
SU(16), low-energy supersymmetric models, and light
Dirac neutrinos. We assume that, while all the left-
handed fermions and antiferrnions and right-handed mir-
ror fermions and mirror antifermions transform as triplets
under SU(3}P, the rest of the fermions transform as anti-
triplets under SU(3)H . The resulting theory is chiral in
both fermionic and mirror-fermionic context but, as a
whole, it is a vectorlike theory and, hence, it is anomaly-
free. The mirror fermions couple to charged gauge parti-
cles Wt-+a, generating familiar low-energy weak interac-
tions through V+A rather than V —A projections, and

TABLE I. Ferrnion classification within the two-generation
scheme.

T3
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mix little with the basic fermions. For construction of
dimension-7 operators, the following Higgs particles are
used: (i) yj(1,2, 1,3), H(1,2, 1,6), g(1,2, 1,1), and
b(1,2, 1,8) in the SU(3)CXSU(2)LXU(1)yXSU(3)H
theory; (ii) yj'(1, 2,2,2, 3), H'(1, 2,2,2,6), g'(1,2,2,2, 1},and
b, '(1,2,2,2,8) in the SU(3)cXSU(2)L XSU(2)R XU(1)R
XSU(3)H theory. It is to be noted that while yj(1,2, 1,3}
and H (1,2, 1,6) contribute to fermion masses in the stan-
dard theory, yj'(1, 2,2,2, 3) and H'(1, 2,2, 2,6) generate fer-
mion masses in the left-right-symmetric theory.

IV. DIMENSION-6 OPERATORS

We are now in a position to write the M=A, L
dimension-6 operators leading to the nucleon decay in the
SU(3)c X SU(2)L XU(1)y X6~ and SU(3)c XSU(2}L
XSU(2)R XU(1)R L X G& theories. We consider different
horizontal symmetries like GH =—U(1)H, SU(2)H, SU(3)jI,
and SU(3)jj, respectively, and demonstrate that these sym-
metries lead to different nucleon decay modes.

A. U(1)~ symmetry

III. NOTATIONS AND CLASSIFICATIONS

The operators can be classified conveniently in terms of
a multiplicative quantum number known as the I' pari-
ty, " which is assumed to be conserved in baryon- and
lepton-nonconserving interactions. A field is character-
ized by a pair of integers and/or half-integers (A,B),
which specify their transformation under the homogene-
ous Lorentz group. TL and TR refer to the left-handed
and right-handed weak isospin of the field, respectively.
The Il parity of a field is defined as ( —1}

23+ (7'L+Tg)

The E parity is even ( + 1) for quarks and leptons and odd
( —1) for the known gauge fields, space-time derivatives,
and the Higgs fields. The E parity is of opposite sign for
the corresponding feixi.ious and antifermions but of the
same sign for bosons and antibosons. The conservation of
F parity requires that the operators with even parity are
allowed but those with odd F parity are forbidden. Thus,
the dimension-6 operator QQQL (hB=&~-) with I' =+1
is allowed but the dimension-6 operator QQQL
(~R= —~j'-) with E=—1 is forbidden, and, to allow a
~R= —~& process, one has to combine a bS= —&~
operator with a Higgs field to construct a dimension-7
operator with Ir =+ l.

We establish the following notations for our purpose.
a, P, and y are SU(3)c indices; i,j, k, and l are SU(2)L in-
dices; i', j', k', and l' are SU(2)R indices; L;L and Q; L
are left-handed lepton and quark SU(2)L doublets; ER,
U R, and D R are right-handed lepton, up- and down-
quark SU(2)L singlets; LiR and QiaR are right-handed
lepton and quark SU(2)R doublets; p, q, r, s, m, u, and n
are horizontal indices for the groups SU(2)H and SU(3)H
and these indices can assume values 1, 2, and 3 for three
generations of fermions; superscript c denotes the
Lorentz-invariant complex conjugate; e,j, e;~, e p„, and
e~, are the totally antisymmetric SU(2)L, SU(2)R, SU(3)c,
and SU(3)jr tensors, resPectively, with el& —=1 and
e12i = + 1 and 5 is the usual Kronecker delta symbol. In
the horizontal representation the asterisk represents the
antitriplet representation. An operator 0 in the standard
theory is represented as 0 in the left-right-symmetric
theory.

It is to be noted that we do not write those dimension-6
and dimension-7 opia, tors, which lead to nucleon decay
modes involving heavier mesons (with c, r, or b flavors)
and the heavy lepton (y} violating the conservation of en-
ergy.

There are six dimension-6 operators in the
SU(3)c XSU(2)L XU(1)y XU(1)H theory which are

o'=(Dl RU1PR)(Ql yLLljL)&j& Py

(D 2aR U1PR)(Q iiyLL ljL)&ij eaPy i

(Q liaLQljpL )( U lyR@lR)+ijeapy ~

=(Q liaLQlj pL }(Q lkyLL lIL }+ij~kl~apy &

4 c

(D laR U1PR )( U lyR+1R)eaPy i

o'=(D 2 R U1PR)(U'lyREiR)&aPy .

(2)

(3)

(4)

(6)

n ~~v„m'm~v„m'm-e+, SC~v„X'n~v„Z'g-e+,

e &F + ve

It has already been pointed out" that the U(1)jj symmetry
forbids the nucleon decay into the leptons of the second
generation and, hence, the decays like p~K p+, K~v„
and n ~K~v„are ruled out.

In the SU(3)c XSU(2)L XSU(2)R XU(1)R L XU(1)jj
theory the following four dimension-6 operators are possi-
ble:

(Q li'aR Q1j'PR }(Q liyLL ljL)&ij &ij''&aPy i

0 =(Q fi~Qi~pL)(Q li'yRL1 j'R)&ij &ij''&apy ~

o =(Q liaLQ»PL)(Q'lkyLL iiL)&ii&ki&aPy
3 c

o =(Ql'aRQlfpR)(Q'lkyRL»R)&; j&ki& py

These give rise to the following decays of nucleon:

p~~ ve~7T e ~7T 1T ve~~ 7T e ~~ v e

(8)

n m v„~ e+,m+m. v„m m e+,~ ~ v, .

Like the standard theory, the left-right-symmetric theory
including U(1}IL forbids the nucleon decay into the leptons
of the second generation but, unlike the standard theory,
the latter also forbids the decay of nucleon into strange
particles.

These operators lead to the following decay modes of the
nucleon:

0-

E m~v„j' e+,E+m e+ Eon,oe+ ~o~oe+
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B. SU(2)ii symmetry

PR}{Q yL J'L) J5pq Py

H =(D pR UpR)(Q;yLLJL)eJ(5p, 5q, +5p, 5q„)e p„, (12)

&'=(D "R UIR){Q'yLLJ'L)'J(5p 5q 5p 5—
q }' py

&'={Q FaL Q,'PL )( U URER )«g5pq 5a&aPy

9' =(Q~(paLQJpL)(UyRER)eJ(5p, 5~+5~5q„)e py, (15)

=(Q FaLQJpL }{QkyLLIL )~ij ~kl5pq5rs~apy ~

+'= {QIaL QjPL }(QkyLLIL )eij~kl(5pr5qs+5ps5qr )eaPy &

(16)

We consider an SU(2)JJ model with three generations of
fermions. i We have constructed the following operators
in the SU(3)c XSU(2)L XU(1)y XSU(2}H theory:

6 &P={Qi'aR Qj'PR )(Q k'yRLI'R )+I'j'ek'I'5pq5rs&aPy ~

+ '=(O' RQj'pR){Q k'yRLI'R)

X ki'j Ek'I'(5pr5qs +5ps5qr )Sapy ~

+ '=(Q;'RQJ pR){Q k yRLfR)

(2&)

(29)

X (TE)&'j'''(TE)k'I'('5pr5qs 5ps5qr )Eapy

(Q i~aL QjPL }{Qi'yR Lj R)'eljeij ''5pq5rs~ayy ~

={Q iaL QjPL ){Q i'yRLJ'R )&lJ'&I'j'(5pr5qs +5ps5qr )&aPy ~

(30)

(31)

{32)

These lead to nucleon decay modes as follows:

p ~'e+, m.+m'v„n-'~'e+, m+ v„n-+n--e+, K+ v„,
K+iyov Kon+v„, K. IJ+,K+m jJ+,K+K v„K qy jJ+

&'=(Q FaLQJ'pL }(Qk"yLLI'L )

X(T'E)j'(T~)kl'(5p 5qs 5p 5q ~E py

+'=(DaPRUPR)(Uy"R&R)5pq5 & Py

=(D aR UPR }{U yR~R ){5pr5qs+5ps5qr )eaPy ~

+"=(D aPR UPR }{U y'RER }(5p.5q. 5ps5q. )&a—Py

9"' =(UaRUPR)(Dy'RER)(5p„5q, 5ps5qr)eaPy—.

The following nucleon decay modes are predicted:is

K+@ v„,K ++V„,X p+,E+m p+,K m p+,
K+K'v„vr'p+, m'm'p+, m+m-p+

(20)

(21)

(22)

ft ~K Ves& 77 Ves~ ~ Ves~ s+ ~ &K Vp &

Interestingly, unlike the standard theory, the left-right-
symmetric theory including SU{2}JJ forbids the M=O
nucleon decays involving the charged lepton of the second
generation.

C. SU(3)P symmetry

(34)

There are only two dimension-6 operators in the
SU(3)c XSU(2)L XU(1)r XSU(3)JJ theory, which are

8'=(DaR UpR)(QIyLLjL)eij5 g,5,,eapy, (33)

& =(QP~QjqpL)(U'„"RER )e,j5, 5, ,e,py .

K'K'v„m-e+, m+m- v„K+m- v„,m-p+, m'm-p, +,
The model allows M=0 nucleon decay modes involving
the leptons of the first generation and only the charged
lepton of the second generation whereas dS= 1 decays in-

volve leptons of the second generation only. Furthermore,
the model predicts M=2 nucleon decays involving the
neutral lepton of the first generation.

In the SU(3)cXSU(2)L XSU(2)R XU(l)R L XSU(2)Iq
theory the following ten dimension-6 operators are possi-
ble:

={Q i 'aR Qj 'PR }{Q i yL LjL )+Ijei 'j '5pq 5rseaPy & (23

2 &P={Q' RQj'PR )(Q yLLjsL )~'I'e'j'(5p 5q +5p'5q )e Py

(24)

(Q laLQJ'pL }{QkyLLIL )eij ekl5pq5rseapy ~

=(Q PaL QjqPL. )(Q k'yLLI'L )&J&kl(5pr5q +5ps5qr )&aPy

+ '={QF~Qj'pl. }(Qk'yLLI'L }

X(«)ij".(«}kI{5p„5q, 5p, 5q, )e p„, —

These operators predict the following decay modes of the
nucleon:

P~~ Ves~ ~ Ves~ e s~ ~ e sm' m' sK Vp s

K+m v&,K a+v&,E p+,K+m' p+,E m p+

n m'v„m'm'v„m'm -e+,K'v„,K'm'v„, K'm-p+,

7T 8,'F 7F Ve

(36)

It is to be noted that the operators in the left-right-
symmetric theory incorporating SU(3}P lead to the same

It may be noted that this model, like the three-generation
SU{2)JJ model, allows hS=1 decays involving only the
leptons of the second generation but unlike the three-
generation SU(2)z model, the SU(3)H symmetry allows
the 6$ =0 decays involving the leptons of the first gen-
eration only.

In the SU(3)c XSU(2)L XSU(2)R XU{1)R L XSU(3)JJL
theory, there are also the following dimension-6 operators:

& '=(Q ~eaRQJ'PR)(Q IyLLJ'L)&IJ&'J 5 .„5 «s&aPy

~gp qjl =(Q I LQJaPL)(Q "yRLJ'R)&g&'j5p„~5„.& Py
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nucleon decay modes as those predicted in the standard
theory including the SU{3)P symmetry although the
former allows left-handed as well as right-handed neutri-
nos whereas the latter yields left-handed neutrinos only.

V. DIMENSION-7 OPERATORS

%e now write the dimension-7 operators. It is
worthwhile to point out that a dimension-7 operator con-
tains four fermion fields and one Higgs Field (H) and the
effective coupling constant of a nucleon decay mode
described by a dimension-7 operator will be suppressed by
a factor M (H). If we assume the unification mass
scale M=10 ~ GeV, (H)=m(y-10 GeV, we get the
proton lifetime y=10~ year. However, the value of y is
reduced with the choice oF a lower value of M or an inter-
mediate mass scale (m ) responsible for horizontal symme-
try breaking. In particular, if proton decay is mediated by
some exotic particles with mass M=10' GeV, and the
horizontal symmetry is broken at a mass scale
(H) =m =10 GeV (as determined from the constraints
on flavor-changing neutral currents, we obtain y=10"
year.

A. U(1)~ symmetry

In the SU(2)cXSU(2}LXU(1}yXU(l)jj theory there
are two possible Higgs fields, h (1,2, 1,+ —,) and
h '(1,2, 1,——,

'
), which have been used to construct

dimension-7 operators. We do not write the operators as-
sociated with h'(1, 2, 1,——,

'
) as these operators lead to nu-

cleon decay modes involving heavy-quark fields. The
relevant dimension-7 operators with h {1,2, 1,+ —,

'
) are

(Q ~liaL Q 1jpL ){I"2kLI 1yR }hi &ij&kl&apy

L =(Q i;~Q»pL){12~1 2yR)h(«j«~. ~,2 c

I-'={&2 R»PR)(L 2(LU(yR»j&g&aPy . (39)

The decay modes resulting from these operators are

{38)

D. SU(3)~ symmetry

All fermions of the three families transform as triplets
and all antifermions transform as antitriplets under
SU(3)&~ symmetry. Therefore, the operators containing a
multiple of three fermions or a fermion-antifermion pair
will be invariant under SU(3)jj symmetry. But Lorentz
invariance permits only an even number of fexuiionic
fields. Thus, in the SU(3)cXSU(2)LXU(1)yXSU(3)H
theory, baryon- and lepton-number-violating operators
containing four fermion fields do not preserve SU(3)H in-
variance and, hence, the construction of dimension-6
operators is not possible. ' The same is also true for the
SU(3)c XSU(2)L XSU(2)R XU(l)R L X SU(3)jj theory.

In the SU(3}cXSU(2)LXSU(2)R XU(1)R L XU(1)R
theory, there are three possible Higgs fields g(1,2,2,2,0),
g'(1,2,2, 2, +-', }, and g"(1,2, 2,2, ——,'), which are ne(Am-

sary to generate the quark mass matrices. The
dimension-7 operators associated with the Higgs field
g ( 1,2,2,2,0) are

(Q 1iaLQijpL){~2kLQli'yR)glj'~ij&kl&ij''&apy & {40}1 C

G =(Q 1(~Q(jpL)(L2(RQ(kyL)g(j e(jk(de; je py, {41)2 C

3 C(Q li'aRQlj'pR ){I'2(LQ(k'yR )gal'kjiki'j'ek'I'+apy &

G =(Q i'aRQij pR)«2k RQi yL)gj(«j«j&k(& py (43)4 c

(42)

These operators allow the following nucleon decays:

P~7T V~, 7T K V~

Pl ~g V~qS' 'll V~q7T K V~ ~
0 0 0

With g'(1,2,2,2, + —,
'

), the operators are

H'=(Q

H =(Q

H =(Q

H =(Q

H =(Q

i(~Q ifpL)«2kLQ2(yR)g('j &ig&k(«,"&apy,

1(aL Q 1jpL )(I 2('R Q2kyL )glJ'&(j&k(
tf

li'aR Q 1J'pR ){I'2(LQ2k'yR )gfl'&lj&t'j'&k'('&apy &

lt

ti ~Qij pR)«2k RQ2(yL)gj( «j«j &k (&apy
I t

'((~Q2jpL)«2kLQ1('yR)g(j'+ljekl+('j'+apy &

(44)

(46)

(47)

(48)

={Q1(aL Q2jpL){I'2kLQ1('yR }glj'{«)ij {«)(d+(j+apy &

6 C

(49)

(50){Q 1(aL Q2jpL ){~2(R QikyL )g(j «jkk(e(aj~eapy
C 1$

H ={Q'liaLQ2jpL){L'2('RQ(kyL)glj {«)(j{«)kl«'j'eapy &

8 C

(51)

(Q 1('aR Q2J'pR ){~2(LQ(k'yR )gf('+if&i'j''sk'I'+apy &

9 C tf

(Q li'aR Q2j'pR }(I2(LQ(k'yR }10 c

Xgj( 6(J(«)(~j~ '(«)k ( soapy

= (Q li'aR Q2J'pR ){I2k'RQ 1iyL )gjl'«j&i'j'ek'I'~apy &

11 c

—(Q 1('aRQ2j'pR){L'2k'RQliyL }gjl'kij{+ )i'j' {«)k'(' apy
12 C

(S5}
These predict

P~E V~~X 7T V~~X 7T V~,E O' P,

Furthermore, dimension-7 operators associated with
g"(1,2,2,2, ——', ) are given by

(Q 2iaLQi, pL)(~ ikLQ2(yR)g(j «'j&(d&i'j'eapy &

—
C

m ={Q2(~QljpL)«ikLQ2('yR)glj' {«4j {«)k(«'j'e py
2 c t

(56)

Here dimension-7 operators allows nucleon decay modes
into the neutral lepton of the second generation only. m ={Q2;~QijpL)«i(RQ2kyL)gji&ij&k(&(j&apy &

3 C

(57)

(58)
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Iyl =(Q z;~Q(jpL)«1'RQ2kyL)gij («4j («)k(&'j& py
4 c

= (Q 2i aR'Q1j'pR )(L 1(LQ2k'yR )gjl' eij~l j 'kk'( &'a'py ~
5 c

(Q 2i'aRQ1j'pR)(LliLQ2k yR')gjl' &ij(«)i J'"(«)k'I ka'py &

6 c

(73)

(74)

=(Q iaLQJ'PL)(L kLDyR )l™(«)ij ( e)k(~pqr5smeaPy ~

N'=(D'pRUpR)(L, 'LD'„R}ceja e~je~ 5 e py, (7

=(D aPR UPR }(L'LDyR)j™&(J&pqr5smEaPy

(Q i~aLQjPL )( kLDyR )!sJI («)(j '(y )klepqm5rseaPy ~

=(Q 2('aRQ1j pR'}(L1k'RQ2(yL }gJ(' &(j&(j'&k'( &a'py
7 c

= (Q 2i'aR Q1j'pR }(Llk'RQ2iyL )gj!' 'sij(«)i j"('«)k'I'sapy8 c

(63)

N'=(D a'RDpR)« lLU1 R

N'=(D 'pRDIR }«iLUyR

tm
&(J'&pqm 5rs&apy ~

fm)!s(j eij Spqr 5sm SaPy ~

(75)

(76}

(77)

These lead to

p~E+E v„E+E+e

N =(D'pRDpR

N =(D'RDpR

)« lLDyR

)« "LDyR

)~i &pqm5rs&apy ~

)!s(i &pqr5sm&apy .

(78)

(79)

n KoKov„E+Eoe- .

Interestingly, dimension-7 operators with the Higgs field
g(1,2,2, 2,0) allow only M=O nucleon decays; those
with g'(1,2,2,2, + —,) lead to only )IS =1 nucleon decays
but the operators with g"(1,2, 2,2, ——,) give rise to nu-

cleon decay modes with M =2 only.

B. SU(2)(r symmetry

There are eight dimension-7 operators with the Higgs
field $(1,2, 1, 1) in the SU(3)c XSU(2)L XU(1)yXSU(2)H
theory with three generations of fermions. These are

F'=(D'PR UpR )(L,'LDyR )(t(j~e~5~5„e py, (64)

F =(D'PR
UPR )(L,"LD'yR)PJe~J(5p„5q, +5p, 5q, )e P„, (65)

F'=(O'PR UIR)(L,"LD'„R)(t(Jk;,(5p„5q, 5p, 5q, )e Py—, (66)

(Q i aL Qj pL }(Lk(D yR )Oleij ek(5pq5rs~apy ~

=(Q aLQJpL}(L kLDyR)0(& Jek((5p 5q '+5( 5q )& py

(68)

The decay modes resulting from these operators are

p E+V„K++ v„E ++V„E+E vq, E+~+e

K+K+p, K+v~E+m v„E m+v„K+K v,

Eov Eo~ov EoEov E+e —Eom+e, E+Eo&—

E v E m v„K++ v E E v E+m e,E+m v, .

Obviously, the decay modes resulting from dimension-7
operators with the Higgs particles P(1,2, 1,1) and
ro(1,2, 1,3) are different; the latter leads to 4S =1 and
BS=2 nucleon decays, whereas the former allows M =0,
dS =1, and bS =2 nucleon decays.

In the SU(3)cX SU(2)L XSU(2)R XU(l)R L XSU(2)H
theory, twelve operators with the Higgs field P'(1,2,2,2, 1)
are possible:

cp g r s=(Q i'aR Qj pR )(L i'LQk'yR )P, j('&ijeij''kk'I'5pq 5rs~apy ~

(80)

F'=(QipLQJ'pL)(L kLDyR }

X(ts((«) J («)k!(5p 5q 5p 5q )e py

F =(D aRDPR )(L (~L UyR)st(Je!I(5pr5qs 5ps5qr)eaPy
—

~

F =(D'PRDPR)(L;LD'„R )(t(;(5p„5q, —5p, 5q, )k Py .

These give rise to the following decay modes:

(70)

(71)

F'=(Q; RQj'pR)« l(QkyR)

pf
X(tijl'E(Jsi'J'rk'I'(5pr5qs+5ps5qr)eapy ~

F'=(Q "aRQJ'pR }«lLQk yR)

ltX $JII +(J(«)(~j («)i'k5p(r5qs 5ps5qr )eapy

= (Q (~aL Qj pL )(L kL Qi yR )St('IJ" ij ~'k(~(j''5pq 5rs~apy '

(81)

(82)

p~K v~, K vT v~sE V~,E K v~sE '7T vpsE E v~

E+m.+e,K+++p

E+n. V&,K m+e, K+m. e,K+@,E m+p

E+m p,E+e

Furthermore, there is another set of eight dimension-7
operators with the Higgs field co(1,2, 1,3}. These are
given by

F'=(Q pLQJ'pL)(L kLQ'yR)

sf
X(tiije;jek(e; j(5p„5q, +5p, 5q, )e py,

F'=(Q lpLQj'pL }(LkiQ'yR }

X(ts(J'(«)(j '(«)k(&(j''(5pr5qs 5ps5qr )~apy ~

=(Q (PaR Qj'pR )(L k'R QiyL )(t(ji'&ij e('j Ek I 5pq5rsEap'y ~''

F'=(Q;'aRQJ'p„)(L k RQ(yL)

XNJI &(J&i j &k I (5pr5qs+5ps5qr )&apy *

(84)

(85)

(86)

(87)
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I' '=(Q;'RQj'pR)«k RQ;yL)

Xstrjtl e;,(«);, («)k l (5p, 5q, —5p, 5q, )k py,

= (Q iaL Qj pL }(Li'R QkyL )Ajl'~ij ~kl~i'j'5pq5rs~apy &

~ "=(Q ipLQj'pL )(L iRQkyL }

X strl e;,ekie;; (5p„5.q, +5p, 5q„)e,Py,

=(Q iaL Qj pL )(L i'RQkyL )

Xglj («)~j («)kit; j (5p„5q, 5p, 5q—„)e Py .

These predict the following nucleon decays:

(91)

n —+K v„K m v„K K V„,K+@ V„K+e,K+m e

K'~+e-, E+K'I -,E'V„K'~'V„E+~-V„K'E'v, .

Clearly, the decay modes arising from dimension-7
operators with P'(1,2,2,2, 1) and co'(1,2,2,2, 3) are dif-
ferent; the former leads to AS =0, M =1, and M =2 nu-

cleon decays while the latter allows M=1 and M=2
nucleon decays only.

Interestingly, with SU(2}jr-triplet (co,co'} Higgs bosons,
the standard and the left-right-symmetric theory cannot
be distinguished although, with SU(2)H singlet (i}},((t'), they
lead to different predictions.

C. SU(3)P symmetry

@~K V~s& K V~s& K V~, K E V~, K K P,K V~,

K+K v„K+E+e

and

K+vr v&, K+K e,K+p, K m+p, K++' p

Another eight operators with the Higgs field co'(1,2,2,2, 3}
can be constructed as follows:

N =(O' RQ'pR}« "LQk R)~'l & («} '.(«}ki.

In the SU(3)c X SU(2)L XU(1)„XSU(3)jj theory,
dimension-7 operators have been constructed using the
Higgs fields yj(1,2, 1,3), H (1,2, 1,6), b (1,2, 1,8), and

g(1,2, 1,1}. The following two operators with the Higgs
field yj(1,2, 1,3) are possible:

X'=(O'PR UpR)(L,"LDyR)yjj™e~je,, 5, e py, (100)

X =(DaR DpR)(L,'L UyR)yjj EijE»»»5 * Eapy . (101)

The decay modes are

p~E+V~K+m V~E ++V~K+K v,
Xfpqm5rstapy &

=(Q ' RQj'pR)(L 'LQk'yR )aijl' ~ j(«)'j "'(«)k'I'

X&pqr5sm&apy &

N'=(Q&aLQjPL)«kLQiyR)W'j~ («)ij («)kl'
X &l'j'kpqm 5rs&apy &

N'=(Q ipaL Qj'pL )«kL Q'yR)lj' («}ij («)ki

X &ij''spqr5sm6apy &

N =(Q; aRQj'PR )(L k RQ,'yL )mji &ij(«); j («)k i

X&pqm5rs&apy &

N =(Q;:QjpR)(L «'Q,"yL}~;i'~;,(«};, («)„
X&pqr5sm&apy &

N = (Q & aL QjpL )(L i'R QkyL )a) ij~ («)ij '(«}kl

(92)

(93}

(94)

X ~ij ~p~q+m +~r'~s'"n~~apy s

12 (Dcp»Uq" )(L r»Ds» )~tm»n»

(102)

p+q+r* s+m+n+X 6'"E (103)

These operators lead to the following decay modes of the
nucleon:

p~E vK mvKm vE EVE v E
E m+v K+K v

n~K v„K m. V~K+~ V~K K v, .

With the Higgs field H(1,2, 1,6), there are two opera-
tors which are

(Dsp»Uq')(L r'Ds' }Htm»n»

X &i j'&pqm 5rs&'apy &

N'=(QKLQj'pL)«" RQkyL)aslj.
~ («}ij («) i

X&&'j'Epqr5sm&apy .

(98) and

(99)

n Kv Km. v K++ v KKv Kv~Kmvp,
K+@ V~K K v, .

These operators permit the following nucleon decay
modes:

There are only two operators with the Higgs field
6(1,2, 1,8):

J'=(Q &'aLQ~'PL )(L kLD'yR )~i™"(«)r, .(«}ki"

p —+K+V„K+m v„K m+V„K+K v~, K+m+e

K+K+@,K+V K+~ V„K ++v K+K v,

X&pq~&„g g g&~py

J =(Q;aLQjpL )(L kLDyR )Al Eij &kl

X6,~6,~6 ~„e py. (105}
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These opu"itors allow the following decay modes:

K+v E+m v E m+v K+E v E+E+e

E+m+IM, ,E+m vc,E w+vc

Z' ={QP~ QgpL }«kL&yR 4ieije'ki5R, a5~aeapy

The operator predicts the following decays modes:

(106)

p~1y vg&1y 1y v~&K vi»K 1r vt»K 17 vl»K K v~

E+m' v„E m'+v,

if~1y Vg&1y 1F' Vg&1y 1y Vg&K Vi»K 17 Vl»K IC Vg &

0 + — 0 0 0 0 0 0 0

K 7T vc)K o' vc)E 7F v~ ~

It is to be noted that the operators with the Higgs fields
yj(1,2, 1,3) and H(1,2, 1,6) lead to AS =1 and AS =2 nu-

cleon decays. Furthermore, the operators with g(1,2, 1,1)
lead to AS =2 nucleon decay involving v„whereas those
with A(1,2, 1,8} lead to AS =2 nucleon decays with v„e, and v, only. Interestingly, with yj(1,2, 1,3},
H(1,2, 1,6), and /{1,2, 1,1), there are no operators leading
to the nucleon decays into the charged leptons.

In the SU(3)c X,SU{2)LXSU(2)„XU(l) XSU(3)&~~

theory, dimension-7 operators have been constructed using
the Higgs fields yj'(1, 2,2,2,3), H'(1, 2,2,2,6),
A'(1, 2,2,2, 8), and g (1,2,2,2, 1). There is only one opera-
tor with yj'(1, 2,2,2,3):

cp q r g ltdX ={QiaRQjpR}«iLQkyR)1)jl ej(«)'j"(«)ki

n~K vq, K K v, „K ry vq, K V~K 1y V~K+1r v~,

K+1r V„K-'K'V„1rov„e'm'v„ry+~ V„K-+K'e

K+jl, ,K+1y ji,K 1y+p,K 1y V„K+nv', .
The following operator is possible with the Higgs field

g(1,2, 1,1):

JP~L+V~K+m V~E m+v~E+L V~K+K V„E+v~,
IC+1y v K 1r+v K+K+e,K+1y+ji

={Q iaL QjpL )(~ klQi'y. R }Alj ' "eijeklei j''
X pyX5 5 5 e

J'={QKLQj'PL)«kLQ'yR)AiJ "(«),".(«}kl

r»s»m» + '

3 cp q r s lcm»e{Qi'aR Qj 'pR )(I k'R QiyL }Ajl' eij&ij''ek'I'

(112)p»r q»s m»q +Py )X5 5 5 e

(Q i'aRQj'pR )(~ k'RQiyL }Ajl' eij(«)i j"(«')k I''
X&»»»&~~&~py .

p q m

The following decay modes are allowed:

(113)

p~& vc)'fT fl' vc)L v~)E 7T vIl)E 7T v )E K vc)E v~)

E+m v K m+v E+E V~K+K+e,L+m+p

n ~KOK'V„KOV„,KO~'V„,K'V„K'~'v KOK'v„~'v, ,

m m vc)m+m' vc)E+m. V~,K+m V~K+K e

E+p,E+m0p, L0m+p,

With the Higgs field g(1,2,2,2, 1), the following two
operators can be constructed:

qZ ={Q&aLQjpL)«kLQi'yRClj eijeklei j''5R, a5&z'aeapy &

(114)

E0V„E0m0V„K0E0V„K+g-V„E0E0V„E0v„,

K m V~,E+m' V~,E+L e,E+p,K+~0@,L0g+p

The following four operators are possible with
A'(1, 2,2, 2,8):

" s»m p»q»r» ++ 'X5 e e

This predicts

p~K+v K+1r V~K 1y+v~K+K v,

n +K v KV'V~K+-1y v K K v, .

(107) z =(O' RQj pR)«kRQ'yLCjl
CP q r S

X eljei'j'ek'1'5R a~5 a eapy ~

These operators lead to the following decay modes:

+~ vc)E vol) ~ ~ vc)E 7T vp)L 8 vp)E E vc

(108)p»q»r» s»ns»a» &W 'E

I ={Q; RQl pR}(I-'LQkyR}Hji " ej(«}'j.(«}kl

p»q»m» r»s»n» N~

They give rise to the following decays:

(109}

There are two possible operators with H'{1,2,2,2,6}:

={9&'aRQj'PR }(I ~C, Qk'yR )Hjl' eij(«}ij"(«}k'l'' ++ vc)E vgl)+ + vc)+ + vc)L + vp, )E + vp, )E E vc '0 0 ~0 + — 00 + — 0 0

%'ith q', dimension-7 operators lead to the same nucleon
d~~y modes as those obtained in the standard theory.
With H', the operators lead to nucleon decays involving
e and ji which are forbidden in the standard theory
with H. With A' and g, AS = 1 nucleon decays involving
v, are forbidden although these decay modes are allowed
in the standard theory.
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D. SU(3)$ symmetry

As mentioned in Sec. IV, it is not possible to construct
dimension-6 oPerators in the SU(3)c XSU(2)L X U(1)y
XSU(3)H theory. With fermionic fields only, one needs
at least six fermions to construct Lorentz-invariant
dimension-9 operators which are SU(3)H singlets. Howev-
er, in the presence of a Higgs field, it is possible to con-
struct Lorentz-invariant dimension-7 operators, which are
also invariant under SU(3}tt. We have considered four
Higgs fields X(1,1,0, 3), g(1, 1,0,6), p(1,2, 1,3), and
t (1,2, 1,6) and constructed the possible dimension-7
operators.

There are only two operators with X(1,1,0, 3}and these
are

5'=(D aR UpR)(L;LQjy. L )I' E;,E~r5, Eapy, (116)

'=(Q i'kQj'pL. )«kLQl'yL»' («);,"(«}ki

V'=(Q i'LQj'pI. }(Lkl D;R ~s i™(«)j".(«)ki

XEpqm5, n, Eapy

& =(D'~gDpR)(L, "L UyR)pj™E~JE~ 5, E py .

(125)

(126)

The following nucleon decay modes are possible:

p —+E+v„E+m v„E m+v„E+E v~,E+m+e, E+E+p

arid

K m+e, E+E p

vgjE E vpE

~ =(D aR UpR )(L iL DyR )tj

Furthermore, two operators can be constructed with the
Higgs field t(1,2, 1,6):

+ ~ppr ~g s ~aPy

These give rise to the following nucleon decay modes:

p~E+ v, E+m v~E m+ v„E+E v,

and

n E vEmvE+m vEE v, .

(117) pm~ qn* r*s a~y 'X5 5 5

(Q iaL Qj pL )(L kl DyR }tl™~~
~Eij Ekl

pm + qn+ rs aPyX5 5 5 E

These predict the following nucleon decays:

(127)

(128)

With the Higgs field g(1, 1,0,6), the following six
operators can be written:

T =(DaR UpR )(L i~LQjyL )f "Eij EI&qmErsnEapy & (118)

T'=(Da% UPR)« iLQjyL C™EjERq.EsmnEaPy,

(Q iaL Qj pL )(L kL QlyL g™(«)ji'(«)ki

&&pqm&rsn&aPy ~

T'=(Q;'aLQj'pL)« 'kLQl'yL)5™(«)ij ( E}kl

& &pqr&smn&ayy ~

=(D aR UpR )(E R UyR P EpqmErsnEapy &

T =(D aRR UpR )(E R'UyR )(™&pqrEsmnEaPy

(120)

(121)

(122)

(123)

p~E+ v E+ v E+Eov,E+~ v~,E m'+ v~, E+~ v~

Eo~+ v Eop+,E+w-p+, Eon- p+,E+E v„E+v, ,

E+w' v„E'm+ v,

Eov Eov„E+~ v„,Eow v~, E+m

E~v E+~ v E~v EE v EE v E~ I

The following three operators are obtained with the
Higgs field p(1,2, 1,3):

V'=(D aRR UpR )(L,'L DyR )pj™EJEt&qm5,n, Eapy &

prom these operators, the following decay modes are
predicted:

m+E v E+v E+E v

and

(129)

It is to be noted that only strangeness-changing nucleon
decay modes are allowed by dimension-7 operators with
g(1, 1,0,3), g(1, 1,0,6), and p(1,2, 1,3) but strangeness-
changing as well as strangeness-conserving decay modes
arise from the operators with the Higgs field t(1,2, 1,6).
Furthermore, the operators with X(1,1,0,3) and g(1, 1,0,6)
lead to M=~~- decays while those with p(1,2, 1,3) and
t(1,2, 1,6) give rise to M= —&& nucleon decay modes.
Interestingly, dCh = —&j; operators forbid nucleon decay
into v which is allowed by M =&&- operators. In addi-
tion, operators with the Higgs p(1,2, 1,3) allow M=2 nu-
cleon decay modes involving the leptons of the second
generation, which are forbidden by ~=&&. operators.
The operators with the Higgs X(1,1,0,3) forbid nucleon
decay into charged leptons but allow decay into v, only.
In contrast, M =~& operators associated with g(1, 1,0,6)
allow nucleon decay into the neutral leptons of all genera-
tions and the charged lepton of the second generation
only.

In the SU(3)c X SU(2)L XSU(2)R X U(1)R L X SU(3)H~
theory we have also constructed dimension-7 operators
with the Higgs fields X'(1, 1, 1,0,3), P(1, 1,1,0,6),
p'(1, 2,2,2, 3}, and t'(1, 2, 2,2, 6), respectively. The follow-
ing two operators can be written with the Higgs field
X'(1, 1, 1,0,3):

S ' =(Q p~QfpL }(Lsk'iQisyL )X" («)lj"(«)kl
X i&qr nns apy &
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~ =(Q' RQj jIR)«k"RQI'yR»" («);,'.(«)ki

«pqr& ~ &aPy (130)

Another set of four operators can be constructed with
the Higgs field r'(1,2,2,2,6):

W =(Q IaRQj jIR)(L .
L Qk yR)rjI ejei jek I

These give rise to the following decays:

p —+K+ v~E+m v~E m+ @~K+K v

n E'v„E'~'v„E+m- v„K'K'v, .

With the Higgs field f(1,1,1,0,6) the following four
operators are possible:

T'=(Q'hQj'IIL)«'k'LQI'yLV" "(«)j.(«)kI

X &pqm+rsn&aPy ~

=(Q LQjgL ')(~ klQlyL g~™(«)j(«)k'l

X ~pqr~smn&apy ~

3 cp
(Q I'aRQj'pR )(~ k'RQI' R Cl™(«)ij'"(«)k'I'

X &pqm&rsn&apy ~ (133)

T'=(Q R Qj'jIR )«k"R QI'yR C'™(«)'", («)k I

pm qn* r s)&5 5 5 e

~'=(Q IaL Qj'IIL )«kL QI'yR )rlj' eij ~klsi'j

pm~ qn~ r~s ayyx5 5 5 e

cp q r~ s i'm~ n& =(Q'~QjjIR)«kRQ'yL)&jI "
&,&'Jqk'I

pm~ qn~ r~s a '&&5 5 5 k

(Q iaL QjjlL )(I' i RQk'yL )r/j' kij 'BI+I'j'

pm qn r sx5,5,5, e

These operators predict the following decay modes:

p g v~ K 7T'vg E Kv~E K v~E vg E
Eom+v„E+E v~

(139)

(140)

(141)

(142)

X &pqr &smn &aljy

The following decays arise from the above operators:

(134) Pl ~K V~, 7T 77 V~, 7T 7T V~~K E V~, 77 E V~ q

E v„mE v„m E+v„KE v

p ~K E v~ qK 77 v~~K 77 v~~K v~~E p,E 'lT' p
E m p+,E+v~K+m' v~E m+ v~E+E v,

X &~m5~+~&ajiy s

I"=(Q FaL Qg'pL )«kLQi'yR )Pij~ («)I,'(«)kl

&& &I'J'&pqm 5,«g &aPy ~

(135)

(136)

3 cP q r s gm= (Q i'aR Qj'jIR )(I' k'R QiyL )Pjl' ij («)I'j "(«)kI'
&«pqm5„~, &any ~

v'=(Q ipLQj'pL)(L 'RQkyL)Pij' («) j («)kI

&& &I'j'&pqm5, e, &ajiy .

(137)

(138)

These operators predict the following decay modes of nu-
cleon

p~E+V„E+n v„E @+V„E+Ev&,E+m+e, K+K+@

n E V„E ~ V„K++ v„K E v~, K m+e

K+@ e,K+K p

n KK v„Kav~, K V~,Km p+,K V„Km v, ,

K K v~K+m v„K+@ v& .

We can construct the following four operators with the
Higgs field p'(1, 2,2,2, 3):

1 cp q r + s atm—(Q i'aR Qj'jIR )(L' iL Qk'yR )Pjl' &Ij(«)ij'"(«)k'I'

Here also only the strangeness-changing ~&=~& nu-

cleon decays are possible with Higgs fields X'(1,1,1,0,3)
and P(1, 1,1,0,6) but ~=—A~- decays result froin the
operators with the Higgs field p'(1, 2, 2, 2, 3). However,
both the strangeness-changing and strangeness-conserving
decays are allowed from the ~&=—A&- operators with

Higgs field t'(1,2,2,2,6). Like the standard theory, nu-

cleon decay modes involving v, result only from &R = jkL

operators. Moreover, ~=&1- operators forbid 65=2
nucleon decay into the leptons of the second generation
while M = —&& operators allow hS =2 decays involving
the leptons of the second generation only. Interestingly,
no charged leptons arise from &&=&&- operators with
X'(1,1, 1,0,3) or M= —&&- operators with t'(1,2,2,2, 6)
but the charged leptons result in the nucleon decay with
the Higgs fields f(1,1, 1,0,6) and p'(1, 2,2,2, 3) associated
with ECh =&K and dS = —~ j'- operators, respectively.

Decay modes such as p~K+ v„K+m v„E m+ v, and
n~K v„K+m v„K m v, are possible in the standard
theory with the Higgs field g(1, 1,0,6), but these are not
allowed in the left-right-symmetric theory with the Higgs
field g'(1, 1, 1,0,6).

VI. RESULTS

%'e shall now summarize our results on the analysis of
nucleon decay modes arising from dimension-6 and
diinension-7 operators in the standard and the left-right-
symmetric theory including GH where GH

—=U(1)H,
SU(2)H, SU(3)H, or SU(3)H. We assume the grand unifi-
cation mass scale M=10' GeV implying &=10 ' year.
In the context of the standard theory our analysis on
dimension-6 operators shows that U(1)H symmetry allows
nucleon decay modes like
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p E0e+K+ v„E+w0v„K0m+ v„E+m e+,K'm'e+ p ~K+v„K+m+e, E+E0v„,E+K+p

but SU(2)H or SU(3)z~~ symmetry forbids these decay
modes. Both SU(2)~ and SU{3}Psymmetries allow decay
modes like

p~E p+,E+ vq, K+m. vq, E ++v~,K+@. p+,K m p+

n —+E v„E m+e, E+m e,E+E p,E E vp,

which are forbidden by U(1)H or SU(3)H symmetry.
Furthermore, SU(3)& symmetry gives rise to

p ~K+ v„K+~ v„K m+ v„E+K v,

n~K v~,E 1T v~~K K vp, K K p

but U(1)H symmetry forbids nucleon decay into the lep-
tons of the second generation. However, SU(2)H symme-

try predicts

p ~~0p+, K+K0v„m'm'p+, m+m--p+

n~7T p ~K K v~, 7T' K p

which are ruled out by SU{3)~~~ or U(1}& symmetry.
terestingly, the construction of dimension-6 operators is
not possible in the standard and the left-right-symmetric
theory incorporating SU(3)$ symmetry. In the left-right-
symmetric theory, U{1)~ symmetry does not allow
dimension-6 operators leading to the strangeness-changing
nucleon decay; with SU(2)~ symmetryth, e operators al-
low decays such as p~K+K~v, and n~KOK~v, but
SU(3}Psymmetry forbids these decays.

Furthermore, the decay modes arising from dimension-
7 operators can also discriminate among the different hor-
izontal symmetries. In spite of the suppression of the ef-
fective coupling constant by the factor (M) ' for
dimension-7 operators compared to dimension-6 opera-
tors, the former can lead to v= 103' year if we assume the
unification mass scale M =10' GeV, and the horizontal-
symmetry-breaking mass scale m = (H ) = 10 GeV where

{H) is the vacuum expectation value of the relevant

Higgs field. Within the framework of the standard
theory, dimension-7 operators lead to different nucleon
decay modes for different horizontal symmetries. U(1}~
symmetry allows

p~K v~, & K' v~

n ~E0v„K0m0v„E+m- v„K0E0v,

but SU(2)H and SU(3)H symmetries lead to

p —+K+v~K+m v~E m+ v~K+E v,

n Kv Emv K+m v KEv,
although the above decays are ruled out by U(1)~ symme-

try. In the left-right-symmetric theory U(1)H, SU(2)~,
and SU(3)P symmetries allow p~K+Kov„K+m+p
and n KOK v„K+ir p, ,K m+p, which are prohibited

by SU(3)~ symmetry. However, SU(2)~, SU(3}lr, and

SU(3)~ symmetries allow p~m+v„m+m v, and
n ~n v„m n v„m+n v„which are forbidden by U(1)~
symmetry. Interestingly, the decays like p ~K+K+p,
E+m+e and n ~K+K p,E+n. e,E m+e are possi-
ble with SU(2)H and SU(3)H symmetries although these
are ruled out by SU(3)H and U(1)H symmetries. With

SU(2)H and SU(3)H symmetries, decays such as

p —+K+v~K+ v&,E+K+e,K+@+p

n E v K v&,K+K e,K+m p,K n+p

are allowed, which are prohibited by SU(3)~ symmetry.
The decay modes resulting from dimension-6 operators

can distinguish between the standard and the left-right-
symmetric theory for some horizontal symmetries. With

U(1}H symmetry, the standard theory allows strangeness-

changing nucleon decays such as

p K+ v,E e+,K+m v„K m+ v E+m e+,K m e+

0 0 0n ~7K V~, 7T 7T v~,

which are forbidden by SU(2)H, SU(3)H, or SU(3)H sym-
metry. In addition, U(1)~, SU(2)H, and SU(3)lr sym-
metries predict g~K+v„and n ~K v„which are prohi-
bited by SU(3)~ symmetry. But SU(2)~ and SU(3}H
symmetries allow

p~E+E v„E+~+p

n~K K v„K+m. p,K m+p, a+, n. v&,

which are ruled out by SU(3)~ and U(1)H symmetries. In
contrast, SU(2)~ and SU(3)Ir symmetries allow

n~E v„E m. e+,E m. v, ,

which are forbidden in the left-right-symmetric theory.
With SU(2}H symmetry, nucleon decays such as
p~m p+, m. m. p+, m+m. p+ and n~m p+, m. m p+, are
allowed in the standard theory but these decay modes are
ruled out in the left-right-symmetric theory. However,
with SU(3)H symmetry, both the standard and left-right-
symmetric theories do not allow the construction of
dimension-6 operators. With SU(3)H symmetry, both the
theories lead to similar nucleon decay modes from
dimension-6 operators although the standard theory al-
lows left-handed neutrinos only but the left-right-
symmetric theory yields left-handed as well as right-
handed neutrinos.
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Dimension-7 operators also lead to decay modes which
can distinguish between the standard and the left-right-
symmetric theory for certain horizontal symmetries.
With U(1)H symmetry, the left-right-symmetric theory al-

lows

p~E+m+p, E+E v„E+E+e

n ~E+p,E m+p, K+~ p,K E v„K+K e

which are ruled out in the standard theory. VA'th the
SU(2)tt symmetry, the left-right-symmetric theory allows
p~E+E+e and n~E+E e, which are forbidden in
the standard theory. With SU(3)lt symmetry, the stan-
dard theory predicts

p~E+ v„E+m v„K m+ v,

n~E vesE m' ve~K m' ve

which are not allowed in the left-right-symmetric theory.
However, with the SU(3)P symmetry, the standard theory
allows

p~E 'F v~, ,E v v~

and

n —+E m v„K+m v, ,

which are restricted in the left-right-symmetric theory.

VII. CONCLUSION

From the operator analysis of nucleon decay in the
standard and the left-right-symmetric theory including
GH whe~e GH —=U(1)H, SU(2)H, SU(3)H, «SU(3)H we
conclude that the ongoing proton decay experiments can

discriminate among the different horizontal symmetries.
In particular, the determination of r(p~e+n. )) 10
year will support U(1)H, SU(2)H, or SU(3)zP symmetry
but will rule out the SU(3)H symmetry. On the other
hand, the detection of the decay modes p ~e +@,
p+E,v&E+ will favor SU(2)H and SU(3)tt symmetries
only. In contrast, if the decay mode such as p~E+vz is
detected, SU(3)& is definitely ruled out and SU(3)H sym-
metry is certainly favored although U(1)tt and SU(2)ti
symmetries are not completely ruled out. Similarly, if the
experiments measure Qp ~p, +E,v&E+ ) ) 10'' year,
SU(3)H and SU(2)tt symmetries are definitely favored al-
though SU(3)tt is not totally ruled out. It may be noted
that, dimension-7 operators can lead to decay modes like
p~p+Ee, v&E+ for SU(3)~~ symmetry and p~E+v& for
U(1)H, SU(2)H, and SU(3)P symmetries with r & 10 ' year
if M =10' GeV and (,H ) =105 GeV. Furthermore,
under a favorable situation, the standard and left-right-
symmetric theories can also be distinguished in the nu-
cleon decay. For example, the proton decay mode
p~E~v, can arise in the standard theory with U(1)tt or
SU(3)lt symmetry but the mode is forbidden in the left-
right-symmetric theory including U(1)tt, SU(2)tt, SU(3)P,
or SU(3)li symmetry. Similarly, petr p+ decay mode is
possible in the standard theory with SU(2)H symmetry but
the mode is ruled out in the left-right-symmetric theory
including U(1)H, SU(2)tt, SU(3)&, or SU(3)H symmetry.
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