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Gravitationally violated U „1… symmetry and neutrino anomalies
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The current searches for neutrino oscillations seem to suggest an approximateLe2Lm2Lt flavor symmetry.
This symmetry implies a pair of degenerate neutrinos with a massm0 and large leptonic mixing. We explore
the possibility that gravitational interactions break this global symmetry. The Planck scale suppressed breaking
of theLe2Lm2Lt symmetry is shown to lead to the right amount of splitting between the degenerate neutrinos
needed in order to solve the solar neutrino problem. The common massm0 of the pair can be identified with
the atmospheric neutrino scale. A concrete model is proposed in which the smallness ofm0 and the hierarchy
in the solar and atmospheric neutrino scales get linked to hierarchies in the weak, grand unification, and Planck
scales.@S0556-2821~99!04011-4#

PACS number~s!: 14.60.Pq, 12.10.Dm, 12.15.Ff, 12.60.Fr
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The pattern of neutrino masses and mixing as sugge
by the present experimental evidence and hints seems
different from the one in the quark sector. The oscillations
nm of the atmospheric origin require a largenm2nt mixing
and a very small differenceDA;1023 eV2 in their squared
masses@1#. The solar neutrino anomalies require@2# a much
smaller mass scaleDS;1026 eV2 @Mikheyev-Smirnov-
Wolfenstein ~MSW! @3# conversion# or DS;10210 eV2

~vacuum oscillations@4#!. The latter alternative can reconci
the solar anomaly only if mixing involvingne is large.

The conventional seesaw models based on grand un
theories link the masses and mixing of leptons to that in
quark sector@5#. This link does not seem to be fully sup
ported by the experiments and one must either admit a v
ety of textures@6,7# in right-handed neutrino masses or loo
for some alternative@8# schemes.

The presently available information on the solar neutrin
do not seem to choose unambiguously@2# between the MSW
or the vacuum oscillation solutions, although the MSW co
version with a large angle seems to be disfavored@2# by the
recent@9# day night asymmetry measurements at Super
miokande. Thus the MSW mechanism most likely requi
small mixing ofne . It is then intriguing why large mixing is
preferred in thenm2nt system with less hierarchicalDA .
The vacuum solution seems more natural from the poin
view of this theoretical prejudice, but in this case one ha
problem of accounting for a very large hierarchy,DS /DA
;1027. This note is devoted to discussion of these issue

Let us suppose that both the solar and the atmosph
neutrino oscillations are described by maximal (;p/4) mix-
ing among relevant states. This hypothesis is shown@10# to
lead through unitarity to a unique structure for the mixi
matrix U given by

U5S 1/A2 21/A2 0

c/A2 c/A2 2s

s/A2 s/A2 c
D , ~1!

where,c5cosu, s5sinu;1/A2. This structure can describ
the solar and atmospheric neutrino observations success
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if D23[mn3

2 2mn2

2 ;1023 eV2 and D12[mn2

2 2mn1

2

;10210 eV2. It also implies thatne does not oscillate at the
atmospheric scale in accordance with the findings at
perKamiokande. ThisU together with neutrino masses ca
be used to determine the structure of the light neutrino m
matrix in basis with diagonal charged lepton masses. T
was done@10# in case of the hierarchical masses. Since la
mixing may be intimately related to pseudo-Dirac structu
let us suppose that a pair of neutrinos are~almost! degenerate
with massesm0 and2m0. This common mass may be iden
tified with the atmospheric neutrino scale. For a fixedU as
given in Eq.~1!, one has three physically distinct possibi
ties corresponding tomi ( i 51,2,3) values

~a! ~m0 ,2m0,0! ~b! ~m0,0,2m0! ~c! ~0,m0 ,2m0!.

This implies the following neutrino mass matricesM n for the
three light states:

~a! m0S 0 c s

c 0 0

s 0 0
D ~b!

m0

2 S 1 c s

c 123s2 3cs

s 3cs 123c2D ,

~2!

~c!
m0

2 S 1 2c 2s

2c 123s2 3cs

2s 3cs 123c2D . ~3!

Of these, the texture in~a! seems more interesting as it do
not presuppose any relations among matrix elements ofM n .
Moreover, this texture follows from a simpleLe2Lm2Lt
symmetry. Conversely, bimaximal mixing may be regard
@6# as a consequence of theLe2Lm2Lt symmetry imposed
in the leptonic sector@11#. One still needs to understand th
origin of m0 and of much smaller splittingDS between~al-
most! degenerate pair. The splitting may arise due to sm
breaking of theLe2Lm2Lt symmetry. This can be param
etrized@6# in terms of a small parametere leading to
©1999 The American Physical Society02-1
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M n5m0S e c s

c e e

s e e
D , ~4!

where different entries are meant to denote the order of m
nitudes of the breaking term. This leads to

DS;4m0e. ~5!

When m0 is identified with the atmospheric scale
(;0.03 eV), the above equation implies

e;~102421025!

for DS;~102521026! eV2 ~MSW!,

e;~1029210210!

for DS;~10210210211! eV2 ~vacuum!. ~6!

What could be the origin of such small values form0 ande?
It is indeed possible to link these scales to the hierarch
among the known scales namelyMweak, MH;MGUT , and
M Planck.

Let us consider the standardSU(2)3U(1) model with-
out addition of any right-handed neutrinos. Neutrino mas
are generated through the following Yukawa couplings wh
an SU(2)-triplet Higgs field is introduced:

2Ln5 1
2 f i j L i

TDL j1c.c. ~7!

HereD refers to the 232 matrix for the triplet Higgs field.
We have suppressed the Lorentz indices in the above e
tion. i , j refer to the generation indices. We also impose
Le2Lm2Lt symmetry. Nonzero vacuum expectation val
~vev! for the neutral component ofD then leads to structure
as in Eq.~2a! with

m05~ f 12
2 1 f 13

2 !1/2^D0&; tanu5
f 13

f 12
.

u could be naturally large forf 12; f 13. The smallness ofm0
may appear unnatural inSU(2)3U(1) theory. But small
triplet vev and, hence,m0 may result if theory contains
heavy scales such asMGUT . This follows from the induced
vev mechanism which implies@5,12#:

m0;^D0&;
MW

2

MH
.

MH;1015 GeV then leads to the required valuem0
;1022 eV.

The symmetryLe2Lm2Lt must be regarded as a glob
symmetry in the present context, since it is not possible
gauge this symmetry in standard model~SM! without intro-
ducing right-handed neutrinos. Such global symmetries
known to be unstable against gravitational effects@13,14#
and would be broken. We assume that this breaking is m
fested in the low-energy theory through higher-dimensio
05300
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operators suppressed by the Planck massM P . One could
write the following symmetry breaking nonrenormalizab
terms:

O15
1

2
b1i j n i

Tn j S f0* 2

M P
D ,

O25
1

2
b2i j n i

Tn jD
0S h

M P
D ,

O35
1

2
b3i j n i

Tn jD
0S h†h

M P
2 D . ~8!

Here we have introducedSU(2)3U(1) singlet field h
which is assumed to obtain large;MH vev. f0 (D0) corre-
sponds to the neutral component of theSU(2)3U(1) dou-
blet ~triplet! Higgs field. The dimensionless coupling
bmi j (m51,2,3) break theLe2Lm2Lt symmetry.

The operatorO1 is the familiar one introduced, for ex
ample, in@15#. The above operators lead to thee parameters
in Eq. ~4! and, hence, to the splitting among the degener
pair. One, respectively, gets, for the operatorsO12O3,

~Dm2!1;4b1m0

Mweak
2

M P
;b1~1027 eV2!S m0

1022 eV
D ,

~Dm2!2;4b2m0
2S ^h&

M P
D

;b2~4.031026 eV2!S m0
2

1023 eV2D S ^h&

1016 GeV
D ,

~Dm2!3;4b3m0
2S ^h&

M P
D 2

;b3~4.031029 eV2!S m0
2

1023 eV2D S ^h&

1016 GeV
D 2

,

~9!

where (Dm2) i denotes splitting of the degenerate states
duced byOi . Here we have assumed that parametersf in Eq.
~7! are of O~1! and have identifiedf ^D0&;^D0&5m0.

The operatorO1 gives a splitting which is somewha
larger~smaller! than the scale needed for the vacuum~MSW!
solution to the solar neutrino problem. The second and
third operators can generate scales relevant for the MSW
the vacuum solutions, respectively, if the vev forh is at or
near the grand unification scale. While MSW is a natural a
appealing solution to the solar neutrino problem, it cannot
implemented in the present context for two reasons. Firs
the large angle solution obtained here from theLe2Lm2Lt
symmetry seems to be disfavored experimentally as alre
mentioned. More importantly, the said symmetry implies
mixing angle ofp/4 degree for which the MSW effect doe
not occur. The corrections to this mixing angle induced d
to e are too small to change it appreciably@6#. Thus, in spite
2-2
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of the possibility of generating the MSW scale natural
vacuum solution is to be preferred in the present cont
This solution can be realized easily in a simple model
which we now turn.

We extend the SM by adding two additional Higgs fiel
namely, anSU(2)-triplet D and a singleth. In addition, we
imposeLe2Lm2Lt and aZ3 symmetry with the charge as
signment (1,21,1,1) for the fields (uc,dc,f,h). The rest of
the fields are assumed to carry zero charge underZ3. All the
scalar fields are also assumed to be neutral underLe2Lm
2Lt . The Yukawa couplings in Eq.~7! generate the re
quired Le2Lm2Lt symmetric mass matrix. The smallne
of D0 arises as follows. Consider the following scalar pote
tial containing a heavy;MGUT and the electroweak scale

V5m2f†f1MD
2 TrD†D1Mh

2h†h1l~f†f!2

1lD Tr~D†D!21lh~h†h!21•••

2@bfTDfh1gh31c.c.#. ~10!

The terms not explicitly written in the above equations c
respond to some of the quartic terms involvingD and
crossed quartic terms@16# for the doublet field. We assum
that all the mass scales except the one~namelym2) associ-
ated with theSU(2) doublet field in the above equations a
large, i.e.,;MGUT . For Mh

2 negative, the vev forh is
driven to a large scale, whileD0 vev can be small forMD2

.0. Minimization of Eq.~10! gives,

u;2
Mh

2

lh
,

v;
bv2u

2MD
2

;
bv2

2MH
,

v2;2
m2

l1~b2/2lh!~Mh
2/MD

2 !
, ~11!

where,^f0&[v/A2, ^D0&[v/A2, ^h0&[u/A2. The choice
MH;MD;1015 GeV leads tô D0&;1022 eV very close to
the atmospheric mass scalem0;0.03 eV.

Note that in the absence of the cubic term inh, the above
scalar potential has a global symmetry under whichD andh
carry opposite charges. The cubic term allowed here by
Z3 symmetry makes the would be Goldstone boson, the M
joron, massive with mass at the grand unification scale.
Majoron would also obtain mass through higher-dimensio
terms @17# like h6/M p

2 . This mass would be of the orde
1023MGUT for the natural value of the parameters. Su
heavy scalar in the presence of large symmetry break
scalê h& may appear to cause cosmological problem@17#. In
the present case, the coupling ofh to the heavy triplet field
D provides an effective decay channel for the Majoron p
vided MD I

(I referring to theCP-odd component! is suffi-

ciently lighter than the Majoron. The quartic couplingb in
Eq. ~10! is seen to lead to
05300
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G~h I˜fD I !;
b2MW

2

Mh I
8p

.

The above provides a fast decay channel forh I with lifetime
of order;10213 sec provided its mass is around 1014 GeV.
This could sufficiently dilute the relic density of the massi
Majoron avoiding problem with the cosmology.

The structure of theLe2Lm2Lt breaking higher-
dimensional operator induced by gravitational effect is go
erned by the gauge symmetries of the model. It was reali
that this is true, even if the gauge symmetry of the lo
energy world is a discrete@18# one. The gauged discret
symmetries may arise in the low-energy theory as a remn
of some continuous gauge symmetries, if the Higgs fie
responsible for its breaking are invariant under a discr
subgroup. Such discrete symmetries are then required to
isfy the discrete anomaly constraints@19#. These constraints
derived in@19# are given forZN group as

SU~M !2XZN : STiqi5
1
2 pMN,

ZN
3 : Sqi

35mN1dnN3/8, ~12!

where, d50 (1) for N odd ~even!. The corresponding
anomalies involvingU(1) factors do not impose any signifi
cant restrictions on the low-energy theory@19#. It is easily
verified that the discreteZ3 imposed here indeed satisfie
these constraints withp35p250, m521 in case of the
three fermionic generations. This symmetry may then be
posed as an additional constraint in deciding the structur
the allowed higher-dimensional terms. One sees that of
three operators in Eq.~8!, only dimension six operator is
invariant under theZ3. As mentioned in Eq.~9!, this operator
can lead to the right splitting between the degenerate pair
account for the solar neutrino deficit through vacuum os
lations. It is indeed remarkable that one could relate both
solar and the atmospheric scales to the other known sc
this way.

The imposition of a discrete symmetry above is somew
ad hoc and may be dispensed with, if the coefficientb1,2
associated with dimension five terms are small instead
being O~1!. Specifically, one requiresb1;1023,b2;1024

in Eq. ~9! in order to account for the vacuum value forDS .
This suppression need not be as unnatural as it may loo
familiar example of such suppression@14,20# is provided in
case of the breaking of the Peccei-Quinn~PQ! symmetry
@21# induced by the wormhole effects@13#. It is found that if
the global symmetry in question is spontaneously broken
scale f, then coefficients characterizing its gravitation
breaking are suppressed by the wormhole action. Such
pression is typically expected@20# to be f /M P . Thus in our
case, spontaneous breaking of theLe2Lm2Lt symmetry
around the grand unified theory~GUT! scale may account fo
the required suppression inb1,2.

We have restricted ourselves so far to the SM. Many
the present considerations can be generalized to theSU(5)
model with some modifications. The tripletD may be part of
a 15 dimensional representation~denoted by the same sym
bol! of SU(5) and the role of the singlet field may be playe
2-3
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by the adjoint ~A! representation used for breaking th
SU(5) symmetry. A straightforward generalization of th
Le2Lm2Lt symmetry would be to assume a family depe
dentU(1) symmetry and assign charges~1,21,21!, respec-
tively, to three generations of the 5-̄plet of fermions leaving
rest of the fields neutral under it. The couplings 5ī 5̄ jD then
lead to the neutrino masses as in Eq.~7! if the triplet com-
ponent of the 15-plet has a small vev. Such vev could foll
@5# from a term in the scalar potential coupling, th
5-dimensional Higgs fieldH̄ to D:

bH̄aH̄bDacAc
b , ~13!

where,a,b refer to theSU(5) indices. This term is analo
gous to the last term in Eq.~10!. As in that case, the vevs fo
the doublet component ofH̄ and the adjoint field induce a
vev for the triplet in 15.

The splitting among neutrinos is accounted for by the f
lowing dim 5 operators:

b1i j

2M P
5̄ia5̄ jbHaHb

b2i j

2M P
5̄ia5̄ jbDacAc

b . ~14!

These are analogous to operatorsO1,2 in Eq. ~8! and can
account for the vacuum oscillation scale provided the co
ficientsb1,2 are suppressed.

In the exactU(1) symmetric limit, the down quarks re
main massless, while the mass matrix for the up-quark is
restricted by the imposedU(1) symmetry. The former can
obtain masses from theU(1) breaking terms. These are cha
acterized by the following dimension five operators

G i j
d

M P
5̄ai10j

abHcAb
c . ~15!

The adjoint field will acquire a vev at the grand unificatio
scale

^Aa
a&;

MX

gGUT
,

where MX is mass of theSU(5) gauge Boson. ForMX
;1016 the above operator leads to a contribution of<O~0.1
GeV! which is right for the description of the strange qua
mass, but falls short of the value of theb quark mass.

Let us consider an alternative possibility in which o
assigns nontrivialU(1)-charges also to Higgs fields and th
u
it
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10-plets of fermions. Take as an example, theU(1) assign-
ment (0,21/3,21/3) for three 10-plets. The 5¯of Higgs field
H̄ and the adjoint are assumed, respectively, to carry
charges22/3 and 4/3. TheH̄ charge is specifically chosen t
obtain the right structure for the quark masses. The cha
for A is fixed by requiring that the term in Eq.~13! be al-
lowed by theU(1). One nowobtains the following mass
matrices for the up and down quarks in the absence of
gravitational breaking of the symmetry:

Md5S 0 m18 m28

0 0 0

0 0 0
D Mu5S 0 0 0

0 m1 m2

0 m2 m3
D ,

~16!

where m1,28 (m1,2,3) are parameters determining down~up-
quark! masses. It is seen that theb, c, and t quarks acquire
masses at this stage. The higher-dimensional terms displ
in Eq. ~15! can now account for the strange and down qu
masses. Similarly, one could write dimension 5 opera
analogous to Eq.~15! giving mass to the up-quark. Thus
large part of quark masses and mixings may actually be
to the gravitational breaking of theU(1) symmetry. This
symmetry is, however, not strong enough to make definit
predictions on theses masses and mixings.

The symmetryU(1) does not remain exact in the la
example, but is spontaneously broken around the GUT sc
This may be a welcome feature as such breaking can po
bly account for suppression@20# in the magnitudes of the
coefficientb1,2 of the higher-dimensional term.

In summary, we have underlined the role that theLe
2Lm2Lt symmetry can play in generating leptonic mixin
structure desired on experimental grounds. The presence
heavy scaleMH in theory then accounts for the atmosphe
mass scale. Planck scale suppressed breaking of the sym
try seems to be in the correct range to provide a solution
the solar anomaly as well. The role such breaking can pla
generation of neutrino masses has been emphasized p
ously @15#. Here we have shown that the Planck scale alo
with Mweak and aMH;MGUT can account for all the ob
served features of the solar and atmospheric anomalies
vided neutrino mass structure is approximatelyLe2Lm2Lt
symmetric.

I am grateful to Probir Roy, Saurabh Rindani, and Sud
Vempati for discussions.
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