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The Zee model predicts naturally two heavy, strongly degenerate and almost maximally mixed neutrinos and
one light neutrino with small mixing. This pattern coincides with the one needed for a solution of the atmo-
spheric neutrino problem bynm→nt oscillations and for existence of the two component hot dark matter in the
Universe. Furthermore, the oscillationsn̄m→ n̄e can be in the range of sensitivity of KARMEN, LSND experi-
ments. The phenomenology of this scenario is considered and the possibility to check it in the forthcoming
experiments is discussed. The scenario implies large values and inverse flavor hierarchy of couplings of the
Zee boson with fermions:f et! f mt< f em;0.1. The main signatures of the scenario are a strongly suppressed
signal of nm→nt oscillation in CHORUS and NOMAD experiments, so that a positive result from these
experiments will rule out the scenario, the possibility of the observation ofne→nt oscillations by CHORUS
and NOMAD, the corrections to the muon decay and neutrino-electron scattering at the level of experimental
errors, and a branching ratioB(m→eg) bigger than 10213. The solar neutrino problem can be solved by the
introduction of an additional very light singlet fermion without appreciable modification of the active neutrino
pattern.@S0556-2821~97!04903-5#

PACS number~s!: 14.60.Pq, 14.60.St, 14.80.Cp

I. INTRODUCTION

The Zee model@1# is the simplest model which explains
the smallness of the neutrino masses by physics at the elec-
troweak scale. It can be considered as an alternative of the
seesaw mechanism@2#.

The Zee model includes the existence of the charged sca-
lar field h, being a singlet of SU~2!, and two doublets of the
Higgs bosonsF1, F2. The singleth couples to lepton dou-
bletsC lL5(n l ,l

2), (l5e,m,t) as well as to Higgs doublets;
leptons are assumed to couple to the doubletF1 only. The
appropriate terms in the Lagrangian are

LZee5 f l l 8C l L
T i t2C l 8Lh1c12F1

Ti t2F2h
†1

ml

^F1&
C̄lF1l R

1H.c., ~1!

where c1252c21 are real mass parameters, the couplings
f l l 8 are antisymmetric inl and l 8. The interactions~1!
generate neutrino mass terms in one loop.

The Zee model gives a very distinctive pattern of neutrino
masses and mixing@3,4#. For a not too strong hierarchy of
couplingsf l l 8 the two heavy neutrinosn2, n3 are degenerate
and mixnm andnt almost maximally. The first neutrinon1
practically coincides withne and has a much smaller mass:

m1!m2'm3 . ~2!

It was noted@5# that the neutrino mass pattern of the Zee
model coincides with the one needed to solve simultaneously

the atmospheric neutrino problem@6# and problem of the hot
dark matter in the Universe@7#. Indeed, a deficit of the at-
mospheric muon neutrinos can be explained by the oscilla-
tions nm-nt with practically maximal mixing. Two heavy
neutrinos with massesm2'm3'(1–5! eV compose two
component hot dark matter~which may give even better fit
of the cosmological data than one component! @7#. Further-
more, oscillationsnm→ne andn̄m→ n̄e can be at the level of
sensitivity of existing experiments: BNL@8# and KARMEN
@9# ~see@5#!. Later it was noted@10,11# that the model can
immediately accommodate positive LSND results@12#.

A similar pattern of mass and mixing has also been dis-
cussed in the context of other mechanisms of neutrino mass
generation@13#.

In this paper we consider phenomenology of the outlined
scenario. In particular, a possibility to check it by forthcom-
ing experiments is studied.~Some previous studies can be
found in @13#!. In Sec. II we describe the scenario in details.
Section III is devoted to oscillations. In Sec. IV we find the
bounds on the Zee coupling constants. In Sec. V implications
of data on the muon decay, neutrino electron scattering,e-
m-t universality to the scenario are considered. Predictions
for m→eg and n3(2)→n1g are given. In Sec. VI, we de-
scribe a modification of the Zee model which is able to solve
the solar neutrino problem. Section VII contains our conclu-
sions.

II. SCENARIO

In flavor basis,n f5(ne ,nm ,nt), the neutrino mass matrix
of the Zee model can be written as

M5m0S 0 e sinu

e 0 cosu

sinu cosu 0
D . ~3!*Electronic address: smirnov@ictp.triese.it
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wherem0 is the basic mass scale. The mixing angleu and
parametere can naturally be much smaller than 1.@We will
discuss a relation of these parameters with the parameters of
the Lagrangian~1! in Sec. IV.#

In the case cosu@sinu,e the eigenvalues of matrix~3!
equal to

m152m0esin2u, m2,35m0~612 1
2 esin2u!, ~4!

and the mixing matrixSwhich diagonalizes~3! can be writ-
ten as

S.
1

A2 S A2cosu sinu1ecosu sinu2ecosu

2A2sinu cosu cosu

2A2e 1 21
D ,

~5!

@n f5Sn, where n[(n1 ,n2 ,n3) are the mass eigenstates#.
According to Eq.~4! the statesn2 andn3 are approximately
degenerate, and moreover their masses (;m0) are much
larger than mass ofn1. The mass squared difference is

Dm32
2 52esin2um0

2!m0
2 , ~6!

whereDmi j
2[mi

22mj
2 . For n1 component the model gives

Dm21
2 .Dm31

2 .m0
2 and the ratio of mass differences equals

Dm32
2

Dm21
2 52esin2u. ~7!

Thus the Zee mass matrix leads to two different scales of the
mass squared differences and to almost maximal mixing be-
tween two heaviest neutrinos.

As it was outlined in the Introduction we consider the
following scenario.

n2 andn3 compose two component hot dark matter of the
Universe, so that

m05mHDM5~125! eV. ~8!

Thenm-nt oscillations with practically maximal depth ex-
plain the atmospheric neutrino deficit and, therefore,

Dm32
2 5Dmatm

2 ;~0.323!31022. ~9!

The oscillationsnm-ne and n̄m-n̄e with Dm21
2 'mHDM

2 can
be in the region of sensitivity of the KARMEN and LSND
experiments. Form0 in the cosmologically interesting do-
main ~8! this implies

sin22u<sin22uem;~123!31023, ~10!

whereuem is the experimental bound~or preferable value in
the case of positive result! for the ne-nm mixing angle.

Substitutingm0 and sin22u from Eq. ~8! and Eq.~10! in
Eq. ~6! we get

e>
Dmatm

2

2mHDM
2 sin2uem

. ~11!

Numerically this leads @see Eqs. ~9! and ~10!# to
e5102320.5, with typical value 331022. Thus all oscilla-

tion parameters of the model~mass squared differences and
mixing angles! are fixed by the experimental data.

III. NEUTRINO OSCILLATIONS

In terms of elements of the mixing matrix~5!, Sa i , the
oscillation probability can be written as

P~na→nb!5dab24(
i. j

Sa iSb iSa jSb jsin
2S Dmi j

2L

4En
D ,

~12!

whereEn is the neutrino energy andL is the distance. We
neglect theCP violation, taking the elementsSa i to be real.
Let us consider the probabilities~12! for short and long dis-
tances separately.

~1! In the short distance limit, the phase difference due to
Dm32

2 is small: Dm32
2 L/4En!1. Taking into account that

Dm31
2 .Dm21

2 and using matrix~5! we find

P~nm→ne!5P~ n̄m→ n̄e!'sin22usin2S Dm31
2 L

4En
D . ~13!

This result is applied to E776@8#, KARMEN @9#, and LSND
@12#.

For nm2nt we get

P~nm→nt!54~esinu!2sin2S Dm31
2 L

4En
D 1cos2usin2S Dm32

2 L

4En
D .

(14)

The nm-nt oscillations due to large mass splitting1 are dou-
bly suppressed because of sinu !1 and e!1. This feature
originates from the fact that an admixture ofn1 in nt is
suppressed bye @see Eq.~5!#. The mode of oscillations with
the smallest mass splitting@second term in Eq.~14!# may
give a comparable contribution. For values of sin22u and e
from Eq. ~10! and Eq.~11! correspondingly, we obtain

P~nm→nt!;102721025. ~15!

If both e andDm2 are near the upper bounds, the probability
can be as big as 1024. These values are still below the sen-
sitivity of CHORUS and NOMAD @14#, but they can be
reached by future experiments COSMOS at Fermilab and
E889 at BNL@15#.

For ne-nt channel we get

P~ne→nt!54~ecosu!2sin2S Dm31
2 L

4En
D . ~16!

If e>1021 andm0.4 eV, thenP(ne→nt).102221021

and thene→nt oscillations can be detected by CHORUS
and NOMAD. Thus the observation of signals of the
ne→nt oscillation and absence of signal fromnm→nt mode
in CHORUS and NOMAD are the signatures of the Zee
model. The scenario under consideration will be ruled out if

1These so-called second order oscillations have been discussed
previously in@16#.
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CHORUS and NOMAD find signals of thenm→nt oscilla-
tions. Similar predictions from other models have been dis-
cussed in@16#.

According to Eq.~6! for fixed Dm32
2 andm0, the param-

eter e is inversely proportional to sinu. Therefore
P(ne→nt) increases whenP(nm→ne) decreases~see Fig.
1!.

In particular, if P( n̄m→ n̄e);331023 ~the level of the
LSND result! andm0

2.6 eV2, then P(ne→nt),331025

which is beyond a sensitivity of CHORUS and NOMAD. On
the contrary, forP(ne→nt).231022 which can be ob-
served by these experiments one hasP(nm→ne),1025.
Thus a comparison of results from searches forP(ne→nt)
and P(ne→nm) oscillations can give crucial check of the
model.

For the parameters under consideration there are strong
resonance transitionsne→nm ,nt and nm→ne in the inner
parts of collapsing stars. As a consequence one predicts~i!
the disappearance of the neutronization peak,~ii ! hard ne
spectrum at the cooling stage, and~iii ! additional energy re-
lease in the inner parts of star which will stimulate shock
wave revival desired for a star explosion.~iv! At the same
time the nm→ne conversion leads to suppression of ther
processes responsible for nucleosynthesis of heavy elements
unlessm0<2 eV @17#.

~2! In the long distance limit, experiments are sensitive to
oscillations stipulated by small mass differenceDm32

2 and the
oscillations due to large mass difference are averaged out.
We get the probabilities

P~nm→ne!5 1
2 sin

22u2cos2u

3~sin2u2e2cos2u!sin2S Dm32
2 L

4En
D , ~17!

P~nm→nt!52~esinu!21cos2usin2S Dm32
2 L

4En
D , ~18!

which are applied to the atmospheric neutrinos. Notice that
P(nm→ne) is suppressed due to both sinu !1 ande!1, and
the dominant effect comes fromnm→nt oscillations as we
suggested in the Introduction.

IV. PARAMETERS OF THE ZEE MODEL

In terms of parameters of the Lagrangian equation~1! the
elements of the mass matrix~3! equal

tanu[
f et

f mt
, e[

f em

Af et
2 1 f mt

2 Smm

mt
D 2, ~19!

and @4#

m0'mt
2Af et

2 1 f mt
2 gsin2fcotb

64A2MWp2
ln
M2

2

M1
2 . ~20!

Here mt is the tau lepton mass,g is the weak coupling
constant,mW is theW-boson mass, tanb[^F1&0 /^F2&0 is
the ratio of the vacuum expectation value~VEV! of
two Higgs doublets. The angleb determines physical~or-
thogonal to the would-be Goldstone! charged Higgs boson:
F15F1

1cosb2F2
1sinb, where F1

1 ,F2
1 are two charged

Higgs fields from the doublets. The anglef is the mixing
angle of the Zee singlet and the doublet stateF1:

h5cosfH11sinfH2 ,

F152sinfH11cosfH2 , ~21!

whereH1 andH2 are the eigenstates of the mass matrix with
massesM1 andM2, and the mixing angle is determined by

tan2f5
4A2g21c12MW

A~M1
22M2

2!22~4A2g21c12MW!2
. ~22!

As we have seen in Sec. II, the parameters of the mass
matrix ~3! m0, e, u can be fixed by the data. This in turn
allows one to determine ratios of the constantsf i j using Eq.
~19!:

f et

f mt
5tanuem!1 ~23!

and

f em

f mt
'

Dmatm
2

2mHDM
2 S mt

mm
D 2 1

sin2uem
. ~24!

For sin22uem5231023, DmHDM
2 56 eV2 and Dmatm

2

51022 eV2, Eq. ~24! gives f em / f mt55.3, which means an
inverse hierarchy of the Zee boson coupling constants with
f em being the largest one@11#. For fixed valueP(nm→ne)
the mixing angleu is a function ofDm31

2 5m0
2 Using this

dependence we get from Eq.~23! and Eq.~24!, the ratios
f em / f et and fmt / f et as the functions ofm0 for fixed value of
P(nm→ne) ~see Fig. 2!. ForP(nm→ne)51.531023 ~which
is in the range of sensitivity of KARMEN and LSND!, we
find f em. f mt@ f et at m055 eV. This relation may testify
for certain horizontal symmetry. Values of massm0 below
5 eV imply an inverse flavour hierarchy of the couplings:
f em> f mt@ f et . For P(nm→ne)<1024 one gets the inverse
flavor hierarchy already belowm0510 eV. Absolute values
of the coupling constants can be fixed by Eq.~20!. Taking
values of parameters: sinf .1021, tanb.10, M1.M2

FIG. 1. The dependence of the oscillation probabilities
P(ne→nt) at CHORUS and NOMAD ~solid line!, and
P(nm→ne) at LSND ~dashed line! on sinu for Dm32

2 51022 eV2

andm052.45 eV.
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.500 GeV we findf em5102221. Therefore, the scenario
implies rather big coupling constants of the Zee boson.

V. CONSTRAINTS FROM THE ELECTROWEAK DATA

Since the constantsf em , f mt are rather big the Zee singlet
can give observable contributions to different weak pro-
cesses. The effective four-fermion Lagrangian induced by
the Zee boson exchange can be written~after appropriate
Fiertz transformation! as

GF

A2
j@n̄mgm~12g5!en̄mgm~12g5!e

2 n̄mgm~12g5!mn̄eg
m~12g5!e1•••#, ~25!

where

j[
1

A2GF

f em
2

M̄2
, ~26!

and

1

M̄H
2

[
cos2f

M1
2 1

sin2f

M2
2 . ~27!

Notice that only usual left-handed components of leptons
participate in the interactions with the Zee boson, and there-
fore the Lagrangian~25! has usualV-A form.

Let us consider the neutrino electron scattering,
n̄me

2→ n̄me
2 andnme

2→nme
2. The contribution from the

Lagrangian~25! changes thegL
e coupling: gL

e→gL
e1j. On

the other hand the CHARM II data ongL andgR @18# agree
well with predictions of the standard model. Thereforej
should be smaller than the experimental errorDgL

e

j,DgL
e . Using 1s errorDgL

e50.025, we find, explicitly,

f em
2

M̄2
,0.036GF . ~28!

The Zee singlet exchange leads also to lepton number vio-
lating processnme

2→nte
2 which contributes tonme scat-

tering incoherently. Its amplitude is proportional tof em f et .
The second term in the Lagrangian~25! gives a renormal-

ization of the four fermion coupling constantG of the muon
decaym→nmen̄e . Assuming that the effect of the Zee boson
on the decay rate is smaller than 0.1%,~so that it does not
destroy the agreement in the electroweak precision tests! we
find

f em
2

M̄2
,731024GF . ~29!

Also modes of the muon decay with lepton number violation
appear:m→nten̄e , m→nmen̄t , m→nten̄m . They contrib-
ute to the total decay rate incoherently, and restrictions on
constants are much weaker than Eq.~29!.

Bound on the model follow also from thee2m2t uni-
versality. A deviation from the universality due to the Zee
boson contribution isu12gt /gmu; f em

2 /(GFM̄
2), wheregm

and gt are the coupling constants of them- and t-weak
charged currents. Recent measurement of the branching ratio
of the decayt→en̄ent at OPAL @19# gives the ratio of the
couplings gt /gm51.002560.0060, and the corresponding
bound on the parameters of model is Eq.~29!
f em
2 /M̄2,0.006GF .
These bounds corresponding input data are collected in

Table I, where we used experimental errors with 1s~68%
C.L.! in CHARM II and OPAL data in order to get bounds
for the coupling.

The result~29! allows one to get bounds on masses and
mixing of scalar bosons. Indeed, using expression~20! for
the mass we can findf em as the function off, b, andMi :
f em5 f em(f,b,Mi). Inserting this function into Eq.~29!, we
find the lower bound on sinf as the function ofM1 for
different values of P(nm→ne), m0, tanb, and fixed
M25300 GeV @see Figs. 3~a!–3~c!#. Notice that the stron-
gest bound is forM15M2. The forbidden region becomes
larger with an increase of tanb as well as with a decrease of
m0 andP(nm→ne). As follows from Fig. 3, a big region of
parameters exists in which all the restrictions are satisfied.
Furthermore, one of the charged Higgs bosons can be at the
level of lower kinematical bound.

The model leads to the radiative decays of the muon
m→eg and neutrinon3(2)→n1g through the one-loop dia-
gram with the Zee singlet.

The branching ratio for them→eg @4# equals

FIG. 2. The ratiosf mt / f et ~solid line! and f em / f et ~dashed line!
as the functions ofm0 for P(nm→ne)51.531023.

TABLE I. Input experimental data and constraints of our parameters.

Processes Input experimental data f em
2 /M̄2

n̄me→ n̄me, nme→nme gL
e520.52860.026~CHARM II ! ,3.631022GF

m→nmen̄e DGm /Gm,1023 ,731024GF

e2m2t universality gt /gm51.002560.0060~OPAL! ,631023GF
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B~m→eg!5S a

48p D S f et f mt

M̄H
2GF

D 2. ~30!

Using Eqs. ~19!, ~20!, and ~27!, we can express it as
B(m→eg)5A(sinf,Mi ,tanb)m0

4. The branching ratio be-
comes smaller with increase of sinf and decrease of tanb
~see Fig. 4!. The present experimental upper bound,
B,4.9310211 @20# ~shown by the horizontal dashed line!,
can be strengthen up to 5310213 in the experiment at
MEGA in LAMPF ~Los Alamos! @21#. Future experiments
will push the limit to 3310214 @21#. Results from these ex-
periments combined with bounds from precision tests~Fig.
3! will cover essential parts of the parameter space of the
model.

The lifetime of heavy neutrino with respect to decay
n i→n1g( i52,3) equals@4#

t~n i→n1!5H ami
5F2mm

2

mt
2CmS 12

Ct

Cm
cos2u D G2

3S 12
m1

mi
D 3J 21

, ~31!

where

Cl 5
1

ln~MH2
2 /MH1

2 ! H 1

MH2
2 F lnSMH2

2

ml
2 D 21G2~2→1!J ,

l 5m,t. ~32!

The lifetime t(n i→n1) depends mainly on the charged
Higgs scalar massesM1 andM2; f l l 8 and sinf enter only
via the mass of neutrino. Form051–10 eV the lifetime is in
the interval 1022–1029 years. This may have some cosmo-
logical implications.

In the limit of f et50 the corresponding anomalous mag-
netic moment of neutrino can be represented as@4#

mn.24em0Ct , ~33!

whereCt is defined in Eq.~32!. ForM1.M2.300 GeV and
m052.65 eV, we getmn.6310216e/2me .

VI. SOLAR NEUTRINOS

For solar neutrinos all oscillations are averaged and from
Eq. ~12! one gets a survival probability

P~ne→ne!5cos4u1 1
2 sin

4u1O~e2!. ~34!

There is no dependence of suppression of thene flux on
energy and fore,sin2u !1 the effect is small. Thus in the
scenario under consideration there is no solution of the solar
neutrino problem.

Let us suggest that apart from three known neutrinos also
singlet ~because of the CERNe1e2 collider LEP bound!
neutrinons exists. This neutrino mixes with electron neutrino
so that the resonance conversionne→ns explains the deficit

FIG. 3. The lower bound for sinf as the function ofM1 for
P(nm→ne)5331023 ~solid curve!, 331024 ~long-dashed curve!,
and 331025 ~short-dashed curve!. For other parameters we take~a!
tanb559.3, m052.45 eV, ~b! tanb52, m052.45 eV, and~c!
tanb559.3,m0510 eV. In all the casesM25300 GeV.

FIG. 4. The dependence of the branching ratio ofm→eg on
m0 for sinf50.02~solid curve!, 0.05~dashed curve!, and 0.1~dash-
dotted curve!. The values of other parameters are fixed as
tanb520, M15500 GeV,M25300 GeV, and sin22u5231023.
The short vertical lines indicate the lower bounds onm0 which are
given by the muon decay. The experimental upper bound on
B(m→eg) is shown by the horizontal dashed line.
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of the solarne flux.2 The explanation requires the mass
squared difference and the mixing angle in the intervals
@22,23#

Dm25~4210!31026 eV2, sin22ues5102321022.
~35!

The singlet neutrino could be the right-handed counterpart
of the known neutrino components or new very light fermion
which comes from some other sector of theory.

The mass of the lightest neutrino in the Zee model~which
is essentially thene) equals

m15m0esin2u'
Dmatm

2

2mHDM
;~125!31023 eV. ~36!

Squared massm1
2 is close toDm2 desired for solar neutrinos

~35!. This means that the mass of singlet neutrino,ms ,
should be rather close tom1 ~recall that for the resonance
conversion one needsms.m1):

ms2m1

m1
'

Dm2

2m1
2 . ~37!

For m1.431023 eV one gets from this equation
Dm/m1,0.2.

Let us consider the simplest scheme with only one singlet
neutrino. We extend the Lagrangian of the Zee model by
adding the terms

f lC̄lFns1mssns
TCns . ~38!

All couplings f i can be of the same order. The first term
leads to mixing of ns with the active neutrinos:
mls5 f l^F&. Performing block diagonalization of 434 mass
matrix we get the mass matrix for the (ns2ne) system:

M'Smss mes

mes m1
D , ~39!

wheremes5 f e^F& andm1 is fixed in Eq.~36!. The mixing
angle is then

sin2ues'
2mes

mss2m1
. ~40!

If the massmss is not too close tom1, we get

ms;~224!31023 eV, mes;1024 eV. ~41!

With increase ofms ~and consequently the degeneracy!,
mes can be further diminished.

According to Eq.~41! a solution of the solar neutrino
problem implies very small Yukawa coupling,f e,10215,
which is of the ordermEW/mstring, wheremstring;1018 GeV

is the superstring scale. The mass of the singlet neutrino
ms is of the orderm3/2

2 /mstring, which also may indicate the
SUSY origin of the singlet.

Mixing of the singlet neutrino with high mass statesnm ,
nt is of the order

sin22ums;sin22uessin
2u;1027, ~42!

so that the bound from the primordial nucleosynthesis@25#
can be satisfied.

The influence of the singlet fermion on ‘‘standard’’ struc-
ture of the Zee model is negligibly small and the results of
the previous sections are not changed.

VII. CONCLUSIONS

~1! The Zee model reproduces rather naturally the pattern
of neutrino masses and mixing which solves the atmospheric
neutrino problem, supplies a desired hot dark matter compo-
nent in the Universe, and gives then̄m2 n̄e oscillations in the
range of sensitivity of existing experiments.

~2! The solar neutrino problem can be solved in extension
of the model with an additional singlet fermionns , so that
solar neutrinos undergone→ns conversion. The introduction
of ns does not destroy basic features of the Zee model.

~3! The data on oscillations of the solar and atmospheric
neutrinos as well as the cosmological mass scale fix all pa-
rameters of the Zee mass matrix. In general the scenario
implies inverse flavor hierarchy of the Zee boson couplings.
There is a possibility off em. f mt@ f et which may originate
from certain horizontal symmetry.

~4! The masses of the charged scalar bosons are of the
order 100–500 GeV, and in certain cases at least one of the
bosons can be at the lower experimental bound.

~5! This scenario will be tested in forthcoming experi-
ments:~i! The probability ofnm→nt oscillations is expected
to be very small; the discovery of these oscillations in CHO-
RUS and NOMAD will rule out the scenario.~ii ! On the
contrary, the signal ofne→nt oscillations may be in the
region of sensitivity of these experiments.~iii ! The confirma-
tion of the LSND positive result will further testify for the
suggested scenario.~iv! One may observe deviations from
the SM predictions in the m→nmen̄e decay, the
n̄me

2→ n̄me
2 and nme

2→nme
2 scatterings as well as the

violation of e2m2t universality, etc.~v! The probability of
m→eg decay can be close to the present experimental upper
bound. ~vi! The lifetime for the neutrino radiative decay
n3(2)→n1g is expected to be 1022–1029 years. The decay of
the relic neutrinos may have observable astrophysical conse-
quences.
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2Similar pattern of neutrino masses and mixings including the
sterile neutrino for the solar neutrino, atomospheric neutrino, and
hot dark matter~as well as LSND! has been discussed in the context
of other mechanisms of neutrino mass generation as well as phe-
nomenologically by several authors@24#.
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