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We explore the consequences of the hypothesis that B—L symmetry, which is exact in the
standard model based on the SU(2)L XU(1)XSU(3), gauge group and its extension to the
minimal SU(5) theory, is a spontaneously broken global symmetry. This results in possibly

observable rates for 6(B—L)=0, kB=2 hydrogen-antihydrogen transitions and double

proton decay pp —+e+e+ (p+p+) and h(B —L)&0, hB =2 neutron-antineutron mixing and

p+n ~~ s; furthermore, a relation between the transition times ~H —„,~„~,Majorana neutri-

no mass, and the mass of a doubly charged Higgs particle h++ emerges. At the level of
SU(2)L, XU(1)XSU(3)„for ~„~=10sec and m ++-20 GeV, we predict ~„—„=10yr and

7"pp 10 yr, both of which are experimentally testable numbers. The embedding of our

model in SU(5) is discussed in detail, with the analysis of ~~ and sin 8~ besides matter oscil-

lations.

I. INTRODUCTION

It is well known that the standard electroweak
model based on the gauge group SU(2)L
XU(1)XSU(3), conserves baryon and lepton num-
bers. If one includes the nonperturbative effects of
weak interactions, ' neither the baryon number nor
the lepton number are exactly conserved; however,
the combination (8 L) is. One m—ay therefore look
for (8 —L)-nonconserving effects as a way to ex-
plore new physics. The following possibilities for
new interactions, then present themselves; depending
on the nature of 8 Lsymmetry b—reaking: (i) expli-
cit breaking, (ii) spontaneously broken local 8 L—
symmetry, or (iii) spontaneously broken global
8 —L symmetry.

The first possibility involves a certain degree of
arbitrariness associated with the new Higgs-boson
couplings, new multiplets, etc., and we do not pur-
sue this point of view. On the other hand, in cases
(i) and (iii), a unique set of selection rules emerges
for baryon-nonconserving processes simply from
symmetry consideration and is substantially in-
dependent of the detailed Higgs structure.

As has been noted before, case (ii), i.e., local
8 —L symmetry, implies the extension of the stand-
ard model to the left-right symmetric theory based
on SU(2)L, X SU(2)z X U(1)~ L X SU(3), gauge

group. Parity becomes a spontaneously broken sym-
metry of nature and its breaking dictates 68=0,
hL =2 and 58=2, hL =0 selection rules.

In this paper we focus our attention on case (iii),
i.e., spontaneous breaking of global 8 Lsymme-—
try, which necessarily leads to the existence of a
real Goldstone boson —the Majoron. The small,
purely pseudoscalar, couplings of the Majoron to
matter ensure its existence consistent with the exist-
ing information on long-range forces.

Furthermore, since 8 —L is a global symmetry,
only the Higgs sector of the theory must be extended
by including new multiplets which transform as bi-
linears in quark and lepton fields. This leads to the
prediction of hydrogen-antihydrogen oscillation,
and double proton decay pp ~e+e+ processes
which conserve 8 —L, but change baryon and lepton
numbers by two units. If no new mass scale beyond
m~ is assumed, we predict the H-H oscillation time
rH H &10' yr and ~2&) 10 ' yr, with lower limits
being not far from the existing experimental
bounds. Moreover, 8 —L breaking leads to the ex-
istence of neutron-antineutron (n-n ) mixing with
the strength proportional to the neutrino Majorana
mass which is the measure of 8 —L breaking. As-
suming m„in the eV region, we predict ~„„-)10
sec, again possibly close to the experimental limit.

We also present a grand unified version of our
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model, based on SU(5) gauge group with Higgs mul-
tiplets transforming as 5, 24, 15, and 50 dimensional
representations. In order to obtain observable ~„
in such models, one needs further fine tuning of the
parameters, beyond the one needed to establish the
hierarchy between X and 8' boson masses. The pre-
cise predictions for rz and sin 8)I depend on the as-
sumptions on Higgs-boson masses, and the simplest
case suggests essentially no change compared to the
minimal model.

The presentation of the rest of the material in this
paper is as follows: In Sec. II a brief operator
analysis of matter-antimatter oscillations is given
and a possible connection between n-n and H-H os-
cillations for certain types of operators is discussed.
In Sec. III we discuss the SU(2)L XU(1)XSU(3),
model with spontaneous breakdown of global B L—
symmetry, and its predictions for n nan-d H-H os-
cillations. Next, in Sec. IV the SU(5) extension of
the model is introduced, with the discussion of the
predictions for sin 0)I and ~z. Section V offers a
summary of our results.

conventional ones:

Q

QL= d ruR r R
L

(2.1)

PL= e

A. v-v oscillation

0'"'= (AC 12'TpL )(gL C '72% QL ),
M

(2.2)

where we imagine M not to be much bigger than
M~. If the following vq condensate forms

(vLC 'vL)=m'

we obtain from (2.2)

(2.3)

The lowest-dimension operator that can give vz a
(Majorana) mass is

II. OPERATOR ANALYSIS OF MATTER
OSCILLATIONS

m
m~=

M
(2.4)

If m=mf, a typical mass ( —10 MeV) for the first-
generation fermion, together with M=100 GeV
would give m„=10 ' eV.

If we accept B and L nonconservation, it is possi-
ble to contemplate oscillations between neutral
matter and antimatter, such as v-v (Majorana neutri-
no mass), n-n, and H-H (pe~pe+). We can write
down the corresponding effective operators, in-

dependent of the model under consideration, by re-

quiring them to respect SU(2)L XU(1) XSU(3), sym-
metry. The fermionic multiplets are taken to be the

I

O."';=G'"&"'&' "(I R C dRI)(&R C 'dR )(dR'kC 'dR. )+ p«m«atio»

B. n-n oscillation'

This process is represented by the following six-
quark operators".

(i) Purely right-handed operators:

(2.5)

where G'"=h /M . These operators are important in local B Lsymmetr—y models.
(ii) Mixed-helicity operators involving weak triplets:

O„"'„-=G"'e'"e'"(Q~;C 'r2rgL, )(QLkC 'r2rgLI)(dRmC 'dR„)+perm«ation.

Again these operators are important in left-right symmetric models, with G' '=G'".
(iii) Mixed-helicity operators involving weak singlets:

(2.6)

rr rT
G e e (QLIC r2QLj)(QLIC r2QLm )( RkC dRn) ~ (2.7)

These operators are suppressed, since the bilinear Qz; C 'r2QLJ e' " transforms as a color triplet and so it can
couple to QLkC 'r2$L so as to give rise to proton decay. Therefore, G' ' has to be orders of magnitude small-
er than 6'" or G"'

C. Hydrogen-antihydrogen oscillation

There is a purely left-handed operator that can induce n-n and H-H transitions.
(iv) Purely left-handed operator takes the form

OH'H G' 'e' ej "(Q——z; C 'r2rQLj)(QLkC '72 SQLI(QLm C r21 QL„)(QLC r2'Tl/lL )+ permutation,
(2.8)
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where G' '=h /M, M again being the typical mass
in the theory. The above operator clearly induces
M =2, && =2, but b,(8—I.) =0 hydrogen-
antihydrogen oscillation (pe~pe+) and double pro-
ton decay p+p~e++e+ or p+p~)M++p+. If
we write for the effective H-H Hamiltonian

plitudes can be predicted in theories without any
mass scale beyond M=m q..

In Sec. III we will discuss a model where the last
possibility is realized.

with

H-H H-H(PL
T —] T —1 (2 9)

III SU{2~x XU(1)XSU(3), MODEL WITH
SPONTANEOUS BREAKDOWN OF GLOBAL

8 —L SYMMETRY

(2.10)

where Pn(0) is the value of the three-quark wave
function of the nucleon at the origin, mixing of hy-
drogen and antihydrogen atoms, 5mH H, can be ex-

pressed in terms of GH H as follows:

(am, )
(2.11)5mB H

——GH H
7r

OII g Gg gg(QLi C r2 rQLj )(QLkC +2 rgLl }

X (d T C—ld )&mme jln

where G„„-=G''m . Noting the fact that

and using Eq. (2.4), we obtain

(2.12)

(2.13)

We will define rH H=lri/mH H and astrophysical y
rays appear to put bounds on ~H H

&10' yr. We
will come back to the phenomenological analysis of
H-H oscillation and related phenomena in a subse-
quent section.

Now, coming back to n-n oscillation, if we use
Eq. (2.3), we obtain

Q

QL= d (2, —,,3,),
L

ull(1, 3,3, ), da(1 ——, , 3, } .

(3.1)

Higgs bosons:

$(2, 1, 1, )

and the following additional SU(2)L Higgs triplets:

In this section we present a discussion of matter
oscillations iri a single model based on
SU(2)L XU(1)XSU(3), gauge group. This material
is largely based on our recent work. The main idea
is to incorporate the notion of spontaneously broken
global 8 Lsymme—try into a study of n nan-d H-H
transitions; the result of which, as we shall see, is
the connection between these processes and neutrino
Majorana mass.

We start by describing the model. The gauge
group is the standard SU(2)L XU(1)XSU(3), model
of electroweak and strong interactions, with both the
conventional fermionic and Higgs multiplets.

Fermions:

H-H

7 n —n

mM m„
(am, )

(2.14)
b, (3,——,,6,}, hl(3, 2, 1,), (3.2)

We see that for the models in which the dominant
contribution to n-n oscillation involves pure left-
handed quark operators, v.

H H can be predicted in
terms of r„„-and m„. For example, if we choose
M=10 GeV, we expect

rHH=SX10 [m, (GeV)]r„ (2.15)

For &n -=1 yr, m„=1—10 eV, ~HH-10' —10' yr,
which is close to the lower bound inferred from as-
trophysics. The important point to note is that ac-
ceptable and interesting baryon nonconserving am-

where the numbers in parentheses denote the repre-
sentation content under SU(2}L, U(1), and SU(3)„
respectively. The extension to more generations of
fermions is straightforward and is not included only
to keep the notation simple (see below, though).

We assign the usual 8 and L quantum numbers to
the multiplets in (3.2) and assume Ba ————,,
Lq ——0 and 8~ ——0, Lq ———2. As was mentioned

1
'

1

in the Introduction, we demand the full Lagrangian
to possess global U(1)s L symmetry. The most
general Yukawa interaction and Higgs boson poten-
tial are then given by [6=(1/v 2)7"6 ]

Wr h„gL(ir2$*)ull+h——dgLpdll+h, gLpell+fqgl C 'r2bqgL+f, fLC 'r2hlpL+H. c. (3.3)
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and

I'= —p~ P /+A~(P P) —p~ TrbihI+Al(Trb&AI) +A& TrbrbIbIA& pq—Trbqhq+lq(Trbqhq)

+AqTrhqbqbqbq+&Trbtb&Trhqhq+& Trbqhqbr~t+0 4(13ITrbrbI+Pq Trbqbq)

+P ('YI&r&r+yq4qbq)P+Ae ke'z~„(Trbqbq )(Trbq AI)+H. c. (3 4)

0 0 0
/v2 ' ' /V2 0 (3.5)

leading to the usual expressions for quark and elec-
tron masses and a Majorana mass for the neutrino

m, =v2f, a . (3.6)

The leptonic aspect of this model has been dis-
cussed at length before. ' ' The spontaneous
breakdown of global B Lsymmetry —leads to an ex-
istence of a zero mass Goldstone boson, the Majora-
na, ' whose presence requires redoing some of the
usual weak interaction phenomenology. The only
constraint of importance for us is f, & 7X 10 from
m and K meson decays' and a & 100 keV from the
astrophysical analysis of energy loss from red gi-
ants. ' ' This results in m„&700 eV; obviously not

a very useful bound.

where we have explicitly included the only nontrivi-
al color indices in the last term of (3.4). That term
is very important: in its absence the Lagrangian ad-
mits two separate U(1) symmetries corresponding to
baryon and lepton numbers; however, A,+0 leaves
only U(l)~ L broken.

Incidentally, the theory as a by-product possesses
a discrete symmetry Ds, with all the fields having
the transformation property (field)~e' ~ (field). In
particular under D~, p~ —p, n ~—n, but e ~e and
mesons~mesons. This symmetry, as we shall see
below, plays a crucial role in guaranteeing the stabil-
ity of the proton.

The potential in Eq. (3.4) is minimized for the fol-
lowing values of the fields, which break the global
8 —L symmetry".

1. H-H osciIIations

This process proceeds in the manner shown in
Fig. 1. Its strength is easily estimated to be

~fq'f.
(3.7)

m~ m ++

This in turn leads to an effective hydrogen-
antihydrogen mixing of the strength

+ ff—GH-H I V~(0) I
'(PLC PL)(eLC eL)

+ H.c. , (3.g)

where
I
P~(0)

I

is the quark wave function inside
the nucleus, and e and p are electron and proton
fields. From Ref. 7 and Sec. II we can then estimate
the mixing time for H-H oscillations as

(m, a)
rH-8 '=GH-H I&~(0) I'

In what follows we will take mz —100 GeV and
q

A, —1 as natural values. Since f, & 7)& 10
m ++ & 15 GeV, '

by assuming fq & 10—3 and tak-

ing"
I
f(0)

I
=10 GeV we get from (3.7) and

(3.9)

A. Matter-antimatter transitions

We now turn our attention to ~=2, EL=0
n —n transitions and ~=~L =2 H-H transitions.
Notice that, since a discrete symmetry Dz remains
unbroken, proton is absolutely stable. That means
that we have no reason to assume the existence of
new large mass scales in the theory; in what follows
we shall make the most natural assumption of a sin-

gle mass scale, i.e., that of weak interactions —100
GeV.

FIG. 1. Example of a quark diagram involving H —+H
4 2

process, A„„andAdq are charge ——and +—members

of the Aq triplet, and 5++ is the doubly charged Higgs
scalar from h~.
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&gg&3X10' yr. (3.10)

We wish to add, that as is usual with kB&0 pro-
cesses, our prediction depends sensitively on the
choice of Higgs particle masses; however, our esti-
mate is fairly reasonable. We eliminate a large de-
gree of uncertainty, when we make a comparison of
rz z with (possibly) observable r„„

2. n-n Oscillations

where we have used (3.6). For the same values of
parameters as before, we obtain

=10 m (3.12)

The experimental limit w„„-&10sec requires then
m„&10 ' eV (of course, the smaller couplings
and/or larger value of m~ would suppress the

above process and allow for heavier neutrinos).
Using Eqs. (3.7), (3.9), and (3.11) we obtain our

main result, shown in (2.14), in which all depen-
dence on quark couplings f» and diquark Higgs
(5») masses has disappeared. Expression (2.14) pro-
vides a definite prediction that can serve as a test of
the idea of spontaneous breaking of global B I. —
symmetry.

As far as laboratory experimental searches for H-
H mixing is concerned, long mixing times would ap-
pear to make it inaccessible to observation in exist-
ing setups. However, the processes such as

dL

I

Ig
Ull

I

I

I~ - ader)

dd

ci

It is easy to estimate ~„„from Fig. 2, in exactly
the same manner as for H-H transitions

3

(3.11)

p+n~e++v and n —+p+e++v, and especially
double proton decay described below, are free from
the suppression due to atomic wave functions and so
could be searched for in the same set-ups that look
for proton decays.

B. Double proton decay p+p ~e++e+

This process proceeds through the same diagram
in Fig. 1 that describes H-H transition and can be
characterized by the same effective strength Gz ~
defined in (3.7). The absence of spontaneous fission
of 23 Th led the authors of Ref. 7 to put the limit on
the lifetime of this decay: ~zp & 10 yr; or
equivalently the bound on the coupling:
Giiii

~
g(0)

~

&10 GeV . On the other hand,
for the same values of the parameters as before, we
estimate in our model Giiit

~
P(0)

~

&10 GeV
or in other words ~&z & 10 ' yr.

For values of r~ ~ that we predict, there also ex-
ists the possibility of observing H-H mixing effects
in astrophysics by looking for energetic interstellar y
rays.

As for other distinguishable features of this
model, we note the following.

(i) Doubly charged Higgs bosons (with ma++ ——15

GeV or so) should be visible in existing high-energy
machines in the not too distant future.

(ii) Electron neutrinos should weigh about 10
eV, if both n nand H--H processes are to have
detectable rates.

(iii) There exist direct AS =2 tree-level amplitude
through the exchange of a diquark Add, with the
strength f~f, lm 6». For fd &10 and ma -100

e
GeV, we need f, lf~ &10 in order to guarantee
the smallness of EL -Es mass difference. This
would predict the large suppression of possible A-A
transition, compared to n-n process.

In conclusion, we have presented an SU(2)L XU(1)
model where global 8 —I. symmetry is spontaneous-

ly broken, leading to both n-n and H-H oscillations.
Using the present limits on v„„-,we obtain

z~ ~ & 10' yr. In the next section we shall see how

this model can be embedded.
In closing we should mention that our model pro-

vides the simplest framework which realizes the
general possibility of mutally related r„„-and r~ ~
when only left-handed operators contribute. The
connection is necessary since we work in the context
of purely left-handed, standard model.

clL

FIG. 2. A basic quark diagram showing n-n transi-
tions.

IV. SU(5) MODEL WITH SPONTANEOUSLY
BROKEN GLOBAL B —L SYMMETRY

We have shown in the previous section how a fair-
ly simple extension of the Higgs sector in the stand-
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ard model can lead to mutually connected and possi-
bly observable n-n and H-H oscillations. Here, we
shall discuss its grand unified version, with special
emphasis paid to the predictions for proton lifetime
and sin Oq, besides matter oscillations.

Gauge group:

G= SU(5) X U(1)g

with U(l)o a global symmetry specified below; we
shall call its generator G.

Fermions A. s in the minimal SU(5) model, ' we
have

C C
Q3 —Q2 —Q) —d)

d2

5=Fg —— d3 10=Tg ——

—u3 0C

C C
Q2 —Q )

C
Q~ Q2

0 —Q3 —d3 (4.1)

u& Q2 Q3 0 e+
C

d) d2 d3 —e+ 0
L

Higgs sector Apart . from 5-dimensional representation H and 24-dimensional representation X of the
minimal model, we include the following additional Higgs multiplets to implement our idea of spontaneous
B—L symmetry breakdown:

15: A~, SO: g~~, , (4.2)

where h~ is symmetric, 5&&
——A~, and P~, is totally antisymmetric in upper and lower indices, respectively,

and is traceless, g&, =0.
The most general Yukawa interaction consistent with SU(5) gauge symmetry is

Wy hdFgH TL~+hge~ Tf~HrC Tig)+h~FarC 6 Faq+fe Type C X„,Tiqq + H c (43)

It is easy to see that the above interaction is invari-
ant under a U(1)a global symmetry U =e', where

Grl. ——TL, , GFg ——3',
GH = —2H, Gh =65, GX = —2X,

(4 4)

all other fields of the theory having no G charge.
The invariance of the rest of the Lagrangian under
this symmetry is not automatic. It requires omitting
various reriormalizable couplings such as Hb, +H,
X&+X, etc. Therefore, we demand U(1)G to be a
symmetry of the full Lagrangian.

Now, (X )=Mx which is responsible for breaking
of SU(5) down to SU(2)L, XU(1)XSU(3), will not
break U(1)G. On the other hand, (H )=Mn which
is responsible for the second stage of the symmetry
breaking, breaks U(1)o, since G(H) = —2(H), but
preserves (Y+G/2)(H) =(H). A simple compu-
tation shows' that this is nothing else but B —L
symmetry when it acts on fermions

(b,»)&0, which leads to the spontaneous break-
down of 8 l. symmetry —manifest through a Ma-
jorana mass for the neutrino

m„=h„(a). (4.6)

The associated Goldstone boson, the Majoron, is
now given by

(H )Imh» (6 )ImH5-M=
(&H)'+&»')'" (4.7)

and its properties are essentially the same as in the
SU(2)L XU(1) model. 'q

We now turn our attention to matter oscillations.
These processes, as we show below, are mediated by
particles in 6 and g multiplets. Let us then first
display the SU(2)L, XU(1) X SU(3), representation
contents of 6 and g:

(3,2, 1, ) + (1,——,,6, ) + (2, —,,3, )

2 GB —L=—F+—
5 2

(4.5)
5,b

——6)

(4.8)

The potential of the theory can be chosen in the con-
ventional manner to produce a minimum at

where a, b, . . .are SU(2)L indices and i,j,k, . . .are
SU(3), indices. Similarly, for P we get
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(1,—4, 1, ) + (1,——,,3, ) + (2, ——,,3, )
r

ab ab ab
+ij k ~1 +cdi +2 +cij ~3

+ (1,—,,6, ) + (3, --, ,6, ) +
V

~ ~

XJcab =X4 Xbjk X5

(2, 1,8, )

ia+jbc —~

(4.9)
Before we discuss any physical consequences due to
these Higgs scalars, we would have to know their
mass scales. If one assumes minimal fine tuning,
i.e., one makes no more fine tuning of the parame-
ters beyond the one needed for the gauge hierarchy
Ma /Mz-10 ', then the survival hypothesis is
operative ': only those particles which haUe to be
light will remain light. In this case, it is the SU(2)L
doublet (H4, H5) from H and the SU(2)L, triplet h~
from b. Namely, (H4, H5) contains Goldstone bo-
sons (longitudinal components of 8'+-and Z) and
the physical scalar g, whereas 5& contains the Ma-
joron to prevent the rest of the multiplet from
becoming superheavy. All other Higgs scalars
would however become heavy. This, of course,
would imply the suppression of all other processes
but proton decay and we somewhat uneasily give it
up. We could imagine that some symmetry (maybe
supersymmetry) could eventually keep other parti-
cles light, but for the moment we just assume it (it is
always technically possible to do it by adjusting the
parameters). Still, however, X2 has to be superheavy,
because it mediates proton decay and so m&2-M&.
As far as other particles are concerned, we will keep
them light and in particular we assume that g&, X4,
X5, and b

~
submultiplets have masses of order 100

GeV. It is worth noting that X~ and h~ are doubly
charged Higgs bosons, where X~ couples to right-
handed leptons and b,

~ couples to the left-handed
ones and is the analog of the b ~ of Sec. III.

We are now fully prepared to study matter oscilla-
tions in this model.

FIG. 3. A graph inducing H —+H process in SU(5)
model. In our notation g~, J4, and g5 are the components
of 50-dimensional multiplet g.

pqrst p'r' q s' ut'
~2 ~2~ ~p'q'+t's'r+pr'u+qst (4.1 1)

The amplitude for H-H process can then be written
as (if one ignores helicity differences)

G& p= I
@~(0)

I g 2 2 +
f'"i f'~v~z

my my my my my

(4.12)

If it turns out that X4 is heavier than the rest of the
fields. (say superheavy for some reason), then the
second term would dominate, leading to the kind of

A. Hydrogen-antihydrogen oscillation

There will be two classes of diagrams arising from
Higgs self-couplings of the type Tr(X XX X) (type I)
and Tr(XXXb, ) (type II). Since 0&(h), the second
coupling will also lead to n-n oscillations, thus ena-
bling us to relate H-H and n-n transition rates. A
typical coupling of type I is

v =)(, x&&g'"' (x+)""(x+)"'"'

and will lead to H-H oscillation via the graph in Fig.
3. Similarly, a type II coupling does it through Fig.
4

FIG. 4. Similar graph inducing again H~H process in

SU(5}. 6& is an SU(2)L, triplet (hi) from 15-dimensional
multiplet h.
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B. Neutron-antineutron oscillations

They arise from type II couplings, when we set
(6»)&0 (see Fig. 2) and so

3

my
(4.13)

As we mentioned already, if for some reason

m~ ))m~, the connection between ~„„-and v.
H H4 5

discussed in Secs. II and III is obtained

situation described in Sec. III. On the other hand, if
the opposite is true, then both contributions compete
against each other and due to different helicity
structures, the situation is somewhat complicated.

bi ——11——,ns ——, g T,' '(R)8(t t—,),
a

b, = , —,—n,—,—g—T."'(R)8(t—t.),
'2

4 i ~a
bi —— ,—n—, —» g 8(t t —),

a

where t, = lnm„m, being the common mass of a
given SU(2)L, &&U(l) XSU(3), Higgs multiplet and nz
is the number of fermionic families. From (4.15)
and (4.16), we get

1 8 1 1 Mx
In

a(M ) 3 ug(M ) 2m M oem

(4.17)

77172g Nl y
2

1

h„(m,a)
(4.14)

3 5u(Mn ) Mx~
sin 8~(M~ ) =—— ln

8 16m M ~o~

where Mz is the unification mass

3 5
A =(b2 b)), B—=(b3 —, b2 ———,bi),

where ma is, strictly speaking, the mass of the dou-

bly charged Higgs field. We therefore reproduce in

this case the predictions of the SU(2)L
&(U(1)&&SU(3), model of Sec. III. In other words,
we have a simple grand unified theory that evades
the picture of a complete desert when Ma and Mx,
through an oasis at low energies manifested in
matter oscillations and the double proton decay. Let
us just recall from Sec. III that under reasonable as-

sumptions we obtain ~HH) 10' yr and 7

&10 ' yr.
The discussion of our model cannot be complete if

we do not include the analysis of the predictions for
ordinary M =1 proton decay and sin 8~.

~=Ao+ gA. , &=Bo+gB.
(4.18)

' 41%'
Bo B 3 1

Ma 'Pm, 'exp 2'
a a3 wTp

0
Pp 4 8m. 3 1

Mz exp
Bo 8 a3(Mn )

Ao and Bo are the values of A and B in the minimal
SU(5) model and A, and B, denote the contribution
of additional Higgs multiplets to A and B. From
(4.17) and (4.18) one can write down the ratio of the
modified proton lifetime r~ to the corresponding
value vp in the minimal model

~ ~

C. sin 8y and 'pp

Recall that in the minimal SU(5) model,
sin 0~-0.22 and ~ =10 —10 ' yr. The presence
of extra light Higgs bosons of our model needed to
mediate the matter oscillations will affect these pre-
dictions.

For this purpose let us start with the general for-
mula for arbitrary Higgs multiplets. Write down
the familiar evolution equations for a3, aq, and a i,
SU(3)„SU(2)z,and U(1) gauge couplings, respec-
tively,

(4.19)

csin 8n (Mii )=—
~—"o

5
u(Mn ) ln

X

16m. gm, '

(4.20)

Similarly, we can derive the change in sin 0~, again
compared to the minimal model

defi 1
b;ut (i =1,2,3),

dt 2m'

where

(4.15)
When we apply the above formulas to our model,
where the additional Higgs multiplets are 15 dimen-
sional representation 6 and 50 dimensional represen-
tation g, we get
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7p
0

Vp

5 4 7 4mg my my my
4 6 8

m~, m~ m~ m& m&

(4.21)

a(M~)
b, sin~8@(Mg )= ln

804m

153m 90m~ m~

243 + ln
mg

741
X5

92m 94m 94 427 84
4 ~6

Clearly, without precise knowledge of particle
masses anything is possible. We just mention in-
teresting possibilities from the point of view of
matter oscillation discussed in our model.

(i) mr -Mx (to suppress proton decay) and

m„st=M~. In this case

hs1n Og -4X10 (4.22)

V. SUMMARY

Grand unified theories, such as the minimal SU(5)
model, characterized by a single mass scale beyond
M~ leave us with a picture of a desert. Proton de-
cays, but only in h(B L)=0 allowed ch—annels such
as p~m. +e+. Actually, 8 —L symmetry remains
exact to all orders in perturbation theory even in
minimal SU(5) theory, as much as it does in the
standard SU(2)r XU(1) X SU(3), model. Interesting
consequences emerge if 8 —L is a spontaneously
broken global symmetry, as was discussed in this pa-
per. Besides neutrino becoming a massive Majorana
spinor, one in general expects matter-antimatter os-
cillations, such as H-H and n-n. In Sec. II we have

essentially no change from the minimal model.
(ii) If further m& y&m~, rz increases somewhat,

4

whereas sin Hs decreases. For example, for
m& -Mz, we would obtain zz -100&&,4

b, sin 8~-0.02 which is acceptable and may be even
preferable from the point of view of a slighter short-
er lifetime rz in minimal SU(5).

In any case, although we fail to predict ~p and
sin 0~ precisely, the natural expectation is that the
values of both are not substantially different from
those in the minimal SU(5). We have an amusing
situation, in which besides matter oscillations as new
phenomena, we have the possibility of 68=2 dou-
ble proton decay pp —+e+e+ or p+p+ competing
against the "ordinary" 58= 1 proton decay
p ~a e+. We can even imagine the situation where
double proton decay becomes the dominant mode, if
say, X6 is substantially heavy to suppress r~ [see
(4.20)],

shown how for purely left-handed effective opera-
tors oscillation periods ~„„andvH H may be related
to each other, simply through neutrino mass and a
mass of a hypothetical doubly charged Higgs scalar
b, ++. If a physical mass scale that sets the strength
of the processes is of order of 100 GeV, then one
gets an interesting possibility of observable both n n-
and H-H oscillations, with ~„„=10sec and
gH~-10' yr, for m =10 ' eV and my++=20
GeV. In Sec. III we have discussed in detail an
SU(2)r XU(1)X SU(3)-based model, with an extend-
ed Higgs sector, which exemplifies the above situa-
tion. It is noteworthy, that besides H-H transitions,
one also expects double proton decay pp~e+e+
with ~2p ) 10 '

yr, with the conventional M = 1 pro-
ton decay forbidden to all orders in perturbation
theory; an amusing possibility. It turns out that this
model can easily be embedded in SU(5), with spon-
taneous breakdown of global 8 —L symmetry being
preserved. Under a certain condition on Higgs-
boson masses, the predictions of the
SU(2)r. XU(1)XSU(3), model can be preserved. Of
course, the whole program in this case requires giv-
ing up the survival hypothesis, which turns out to be
a general necessity in grand unified theories.
Could supersymmetry help here? In any case, al-
though we fail in exactly predicting sin 0~ and vp,
they seem to be little changed compared to the
minimal SU(5) model, if light-Higgs-boson masses
are not varied too much. We have an interesting
possibility of double proton decay competing with
the usual 68=1 process, if not even dominating.
Even more exciting is the possibility that matter os-
cillations may be observable.
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