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Is the Zee model the model of neutrino masses?
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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 by, — v, oscillations and for existence of the two component hot dark matter in the
Universe. Furthermore, the oscillationg— v, 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 fermiond., <f, <f.,~0.1. The main signatures of the scenario are a strongly suppressed
signal of v,— v oscillation in CHORUS and NOMAD experiments, so that a positive result from these
experiments will rule out the scenario, the possibility of the observation,of v, oscillations by CHORUS
and NOMAD, the corrections to the muon decay and neutrino-electron scattering at the level of experimental
errors, and a branching ratl®(u— ey) bigger than 10*3. 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.[S0556-282(97)04903-5

PACS numbses): 14.60.Pq, 14.60.St, 14.80.Cp

[. INTRODUCTION the atmospheric neutrino probl€i®] and problem of the hot
dark matter in the Universg7]. Indeed, a deficit of the at-
The Zee mode[1] is the simplest model which explains mospheric muon neutrinos can be explained by the oscilla-
the smaliness of the neutrino masses by physics at the eleons v,-v, with practically maximal mixing. Two heavy
troweak scale. It can be considered as an alternative of th@eutrinos with massesn,~m;~(1-5 eV compose two
seesaw mechanisfa]. component hot dark mattg¢which may give even better fit
The Zee model includes the existence of the charged sc&f the cosmological data than one compongil. Further-
lar field h, being a singlet of S(2), and two doublets of the sme?lrsei:[i\c/)i?yg?tclac:(ri]:{ilﬁ;g; p?enr?n:gr;s]'jeBcﬁ[LnS ]bgn%t EXRI?\XS\IOI‘
Higgs bosonsb,, ®,. The singleth couples to lepton dou- . '
blgtg‘lf“_:(m ,Il‘), (2|=e,,u,7') %s well a_fto Higgspdoublets; [9] (see[5]). Later it was noted10,11] that the model can

leptons are assumed to couple to the doutblgtonly. The immediately accommodate positive LSND res(llg].
P ; . pie K glonly. A similar pattern of mass and mixing has also been dis-
appropriate terms in the Lagrangian are

cussed in the context of other mechanisms of neutrino mass

m — generatio{ 13].
Lre=F,, W im¥ 1 h+cp @ lim,®hT+ — WDl In this paper we consider phenomenology of the outlined
(®y) scenario. In particular, a possibility to check it by forthcom-
tHe 1) ing experiments is studiedSome previous studies can be

found in[13]). In Sec. Il we describe the scenario in details.

where c,,= —c,; are real mass parameters, the couplingsSection Ill is devoted to oscillations. In Sec. IV we find the
f,,. are antisymmetric in” and /’. The interactiong1)  bounds on the Zee coupling constants. In Sec. V implications
generate neutrino mass terms in one loop. of data on the muon decay, neutrino electron scattegeng,

The Zee model gives a very distinctive pattern of neutrinox-7 universality to the scenario are considered. Predictions
masses and mixinf3,4]. For a not too strong hierarchy of for u—ey and vz~ v,y are given. In Sec. VI, we de-
couplingsf ., the two heavy neutrinos,, v, are degenerate scribe a modification of the Zee model which is able to solve
and mix v, and v, almost maximally. The first neutring, the solar neutrino problem. Section VIl contains our conclu-
practically coincides withv, and has a much smaller mass: SIONS.

my<m,~m;. 2) Il. SCENARIO

It was noted[5] that the neutrino mass pattern of the zee !N flavor basisy;=(ve,v,,v,), the neutrino mass matrix
model coincides with the one needed to solve simultaneousl§f the Zee model can be written as
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wheremy is the basic mass scale. The mixing angleand tion parameters of the modéhass squared differences and

parametere can naturally be much smaller than[We will mixing angles are fixed by the experimental data.
discuss a relation of these parameters with the parameters of
the Lagrangiar(l) in Sec. IV] _ Ill. NEUTRINO OSCILLATIONS
In the case cas>sind,e the eigenvalues of matrix3) o ]
equal to In terms of elements of the mixing matri%), S,;, the

oscillation probability can be written as
My=—Myesin20, My s=Mg(+1—3 esin26), (4)

m?
L
and the mixing matrixS which diagonalize$3) can be writ- P(vo—vp) =045~ 42 Sa.Sg.Sa,S,g,SIn2< aE, )
ten as
(12)
1 \2cos)  sind+ecosd  sing— ecoss whereE, is the neutrino energy and is the distance. We
S=—| —2sing cosy cos) , neglect theCP violation, taking the elementS,; to be real.

— e 1 1 Let us consider the probabiliti€42) for short and long dis-
) tances separately. _ . _

(1) In the short distance limit, the phase difference due to
[v,=Sw, where v=(vy,v,,v3) are the mass eigenstales AM3, is small: Am,L/4E,<1. Taking into account that
According to Eq.(4) the states, and v5 are approximately Am3,;=Am3, and using matrix5) we find
degenerate, and moreover their massedang) are much
larger than mass of,. The mass squared difference is 31'—
4E,

P(v,—ve)=P(v,—ve)~SinF2 asm2( ) . (13
Am3,=2esin20mi<mj, (6)

This result is applied to E778], KARMEN [9], and LSND
WhereAm m m . For v; component the model gives [12].

Amglem31 m3 and the ratio of mass differences equals  Forv,—v, we get

AmZ, m3,L AmZ.L
2 32
A_T = 2esin26. (1)  P(v,—v,)=4(esing) smz( aE, +c052¢95|n2( 4Ey)
(14)

Thus the Zee mass matrix leads to two different scales of the
mass squared differences and to almost maximal mixing beFhe v,-v, oscillations due to large mass splittinare dou-
tween two heaviest neutrinos. bly suppressed because of &Kl and e<1. This feature
As it was outlined in the Introduction we consider the originates from the fact that an admixture of in v, is
following scenario. suppressed by [see Eq(5)]. The mode of oscillations with
v, and vz compose two component hot dark matter of thethe smallest mass splittingsecond term in Eq(14)] may
Universe, so that give a comparable contribution. For values of’8fand e
from Eq.(10) and Eq.(11) correspondingly, we obtain
mOZmHDM:(l_S) eV (8)
. . . _ P(v,—v,)~10""—10"°. (15)
Thev,-v, oscillations with practically maximal depth ex- ”
plain the atmospheric neutrino deficit and, therefore, If both e andAm? are near the upper bounds, the probability
> 2 _ can be as big as 10. These values are still below the sen-
Amiz= Afmigy~(0.3-3) X 10" % ©  sitivity of CHORUS and NOMAD[14], but they can be
reached by future experiments COSMOS at Fermilab and
E889 at BNL[15].
For ve-v, channel we get

The oscillationsw,-ve andv,-v, with Am3;~mfp can
be in the region of sensitivity of the KARMEN and LSND
experiments. Fomg in the cosmologically interesting do-

main (8) this implies 2 L

. . P 4(ecosd)?sin? : 16

SiP26<sir20,,~(1—3)x 103, (10 (ve—v:)=4(ecos) ( 4E, ) (16

where 6, is the experimental boungr preferable value in If e=10"! and my>4 eV, thenP(ve—v,)=~10?-10"*
the case of positive resultor the v-v,, mixing angle. and thev,— v, oscillations can be detected by CHORUS
Substitutingm, and sirf26 from Eq (8) and EQ.(10) in and NOMAD. Thus the observation of signals of the

Eq. (6) we get ve— v, Oscillation and absence of signal from— v, mode
in CHORUS and NOMAD are the signatures of the Zee
= Amatm (11) model. The scenario under consideration will be ruled out if

UL
2MipwSiN26e,,

Numerically this leads[see Egs. (9) and (10)] to These so-called second order oscillations have been discussed
=10 3-0.5, with typical value X 10 2. Thus all oscilla-  previously in[16].
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P IV. PARAMETERS OF THE ZEE MODEL
CHORUS(e -> 1) m0=2.45 eV LSND(e -> u)
0.01 < In terms of parameters of the Lagrangian equatirthe
0.005
elements of the mass matr{8) equal
0.001 f f m )2
er eu w
0.0005 tang= e —— , (19
fur ViZ+£2 im,
0.0001 and[4]
0.00005
- 2
) » —— 0sin2¢cot8  Mj;
sin(6) mo~m-\/fs +f4 ———In—. (20
0.001 0.005 0.01 0.05 0.1 TVIer T AT ep \/EM W Mf

FIG. 1. The dependence of the oscillation probabilitesHere m, is the tau lepton masgy is the weak coupling
P(ve—»;) at’ CHORUS and NOMAD (solid ling, and  constantmy is the W-boson mass, tge (1) /(D)o is
P(v,—ve) at LSND (dashed ling on sinp for Am3,=10"° eV®  the ratio of the vacuum expectation valu¥/EV) of
andmo=2.45 eVv. two Higgs doublets. The anglg determines physicalor-

d find sianals of th il thogonal to the would-be Goldstoneharged Higgs boson:
SHORU_S_an NOMAD find signals of the, — v oscilla- O+ =d; cog8—P,sing, where ®; ,®, are two charged
ions. Similar predictions from other models have been d'S'Higgs fields from the doublets. The angfeis the mixing

cussed i 16]. : .
le of the Z I h I :
According to Eq.(6) for fixed Am?32 andm,, the param- angle of the Zee singlet and the doublet state

eter € is inversely proportional to sth Therefore
P(ve—v,) increases wheP(v,— v,) decreasegsee Fig.
1).

In particular, if P(v,— ve) ~3X1072 (the level of the
LSND resulj and m3>6 eV?, then P(ve—v,)<3X10 ° e : .
which is beyond a sensitivity of CHORUS and NOMAD. On massedM; andM,, and the mixing angle is determined by

h=cospH + singH,,

®* = —singH,+ cospH,, (21)

whereH, andH, are the eigenstates of the mass matrix with

the contrary, forP(ve— v,)>2x10"2 which can be ob-
served by these experiments one H%(SVM—>VQ)<10‘5.
Thus a comparison of results from searchesR¢p.— v,)
and P(v,—v,) oscillations can give crucial check of the
model.

For the parameters under consideration there are stro
resonance transitiong,— v, ,v, and v,— v, in the inner
parts of collapsing stars. As a consequence one pred)cts
the disappearance of the neutronization pegék, hard v,
spectrum at the cooling stage, afiid) additional energy re-
lease in the inner parts of star which will stimulate shock
wave revival desired for a star explosidiiv) At the same
time the v,— v, conversion leads to suppression of the

™

allows one to determine ratios of the constaifsusing Eq.

4 \/Eg “lepMy
(22)

tan2¢=
(M2=M2)2— (472~ Lo 1M )2

As we have seen in Sec. Il, the parameters of the mass
atrix (3) my, €, 6 can be fixed by the data. This in turn

processes responsible for nucleosynthesis of heavy elements

unlessmy<2 eV[17].

(2) In the long distance limit, experiments are sensitive to

oscillations stipulated by small mass differercm3, and the

(19:
fET
r =tanfe, <1 (23
nT
and
f Amé, (m\2 1
e 2atm( ) _ . (24)
fur 2mgpy\ M,/ sin26,,

oscillations due to large mass difference are averaged outor sir?zgeﬂzzxm%, AmaDMze e\? and Amgtm

We get the probabilities

P(v,— ve) = 3sinf26—cos' 0

AmZL
x(sin20—62c0§0)sin2< Aransz ) (17)
. 2 n2 Am%zl‘
P(v,—v,)=2(esing)?+cos bsi aE, ) (18

=102 eV?, Eq. (29 givesf,,/f,,=5.3, which means an
inverse hierarchy of the Zee boson coupling constants with
fe, being the largest ongl1]. For fixed valueP(v,— v¢)

the mixing angled is a function ofAm3;=mZ Using this
dependence we get from E®3) and Eq.(24), the ratios
feu/fer andf, /fq, as the functions o, for fixed value of
P(v,— ve) (see Fig. 2 ForP(v,— ve)=1.5x 102 (which

is in the range of sensitivity of KARMEN and LSNDwe
find fg,=f,>f., atmy=5 eV. This relation may testify
for certain horizontal symmetry. Values of masg below

5 eV imply an inverse flavour hierarchy of the couplings:

which are applied to the atmospheric neutrinos. Notice that,, >f, >f... ForP(v,— ve)<10* one gets the inverse

P(v,—ve) is suppressed due to both 81 ande<1, and
the dominant effect comes from,— v, oscillations as we
suggested in the Introduction.

flavor hierarchy already belomy=10 eV. Absolute values
of the coupling constants can be fixed by Eg0). Taking
values of parameters: si=101, tan3=10, M;=M,
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Ratio
250

3 2

P(LSND) = 1.5 x 10
¥ %< 0.0365 . (28)

200 fop /o
The Zee singlet exchange leads also to lepton number vio-
lating processy,e”— v, which contributes ta, e scat-
tering incoherently. Its amplitude is proportional ftg, f., .
- The second term in the LagrangiéZb) gives a renormal-
\ ization of the four fermion coupling consta@t of the muon
decayu— vﬂev_e. Assuming that the effect of the Zee boson
on the decay rate is smaller than 0.1¢$0 that it does not
destroy the agreement in the electroweak precision)tests
FIG. 2. The ratiod . /., (solid line) andf., /f,, (dashed ling ~ '"d
as the functions ofn, for P(v,— ve)=1.5x102.
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f
~500 GeV we findf,=10"2—1. Therefore, the scenario %<7X 10" *Ge. (29)
implies rather big coupling constants of the Zee boson.

V. CONSTRAINTS FROM THE ELECTROWEAK DATA Also modes of the muon decay with lepton number viqlation
appear.u—v,eve, u—v,ev,, u—v,ev,. They contrib-
Since the constanty,, , f,, are rather big the Zee singlet ute to the total decay rate incoherently, and restrictions on
can give observable contributions to different weak pro-constants are much weaker than Ezp).
cesses. The effective four-fermion Lagrangian induced by Bound on the model follow also from the— u— 7 uni-
the Zee boson exchange can be writtefiter appropriate versality. A deviation from the universality due to the Zee
Fiertz transformationas boson contribution i$1—g,/g,|~f2,/(GeM?), whereg,
and g, are the coupling constants of the- and r-weak
charged currents. Recent measurement of the branching ratio
of the decayr—ev,.v, at OPAL[19] gives the ratio of the
couplings g,/g,=1.0025-0.0060, and the corresponding
— v, Y"(1—ys) uvey*(1—ys)e+---], (25 bound on the parameters of model is Ed29)
f2,/M2<0.006G .
These bounds corresponding input data are collected in
Table |, where we used experimental errors wiith(88%
1 fﬁM C.L.) in CHARM Il and OPAL data in order to get bounds
= 26, IYER for the coupling.
The result(29) allows one to get bounds on masses and
and mixing of scalar bosons. Indeed, using expres<ad) for
the mass we can finfl,, as the function okp, 8, andM;:
1 cod¢ sire f.eM=feM(¢,,8,Mi). Insertmg.thls function into Eq29), we
==t (27)  find the lower bound on sih as the function ofM, for
M M1 M2 different values of P(v,—wve), my, tans, and fixed

) M,=300 GeV|[see Figs. G)—3(c)]. Notice that the stron-
Notice that only usual left-handed components of leptongest bound is foM,=M,. The forbidden region becomes

participate in the_interactions with the Zee boson, and ther%\rger with an increase of tghas well as with a decrease of
fore the Lagrangiari25) has usuaV-A form. __my andP(v,— ). As follows from Fig. 3, a big region of
__Let us consider the neutrino electron scatteringparameters exists in which all the restrictions are satisfied.
v,e  —v,e andv,e —w,e . The contribution from the  Fyrthermore, one of the charged Higgs bosons can be at the
Lagrangian(25) changes theg coupling: gi—gf+£. On  |evel of lower kinematical bound.

the other hand the CHARM Il data ay andgg [18] agree The model leads to the radiative decays of the muon
well with predictions of the standard model. Therefde ,—ey and neutrinovz ,y— vy through the one-loop dia-
should be smaller than the experimental errAig] gram with the Zee singlet.

£<AgQ}. Using 1o error Ag; =0.025, we find, explicitly, The branching ratio for thee— ey [4] equals

G .
T;f[ v,y (1—vys)ev,y,(1—ys)e

where

£ (26)

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

Processes Input experimental data féﬂ/l\/lz
Ve V,e, Ve V,e gf=—0.528+0.026 (CHARM ) <3.6x10 °Gg
n— v,V AT, /T ,<1073 <7x10 *Gg

e— u— 7 universality g./9,,=1.0025-0.0060(OPAL) <6X10 3Gg
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sin (¢) 12
- - _ B(u->er)x10
=245eV M, =300GeV tan(p)=593 -
o5t ot o2 <V fanld 00 tan() = 20
50 - q)
sm P =
0.4
s 0.02
0.3 1
0.5
0.2 o1 _ —-0.05
0.05 -
0.1 0.01 -7 .-- 0.10
0.005 -
@’ 200 400 600 800 T A 3 4 § ; 10 17 My V)
sin (¢) _245eV M,=30GEY tan(B)mz FIG. 4. The dependence of the branching ratiouef>ey on
05 Mo = Ol ¢ 2 =70 heY k)= m,, for sing=0.02(solid curve, 0.05(dashed curve and 0.1(dash-
! | dotted curvgé The values of other parameters are fixed as
0.4 ’. | tan3=20, M; =500 GeV, M,=300 GeV, and sif2=2x10"3.
! The short vertical lines indicate the lower boundsnoniwhich are
I
0.3 i iven by the muon decay. The experimental upper bound on
/ g Yy y p pp
! B(u—ey) is shown by the horizontal dashed line.
02« S
2 2
3x10 m C
0.1}3% T(Vi—>1/1)=[ami5 2m—’2LC#(1—C—TCOSZH)
M, (GeV) T .
® ° 1 3y -1
m;
x| 1— —) ) , (3D
sin (¢) i
m0=10 eV M2=300 GeV  tan(B)=159.3
05 Py where
N C ! L M, 1[-(2—1)
= n — — — ,
03 "7 In(MZ,/ME)) | M2, mZ
0.2 =, 7. (32
0.1 The lifetime 7(v;—v,) depends mainly on the charged
o ML(GeV) Higgs scalar massdd; andM,; f, . and sinp enter only
© 200 400 600 800 1000 1 via the mass of neutrino. Fony=1-10 eV the lifetime is in

the interval 18°~10*° years. This may have some cosmo-

FIG. 3. The lower bound for sif as the function oM, for  logical implications.
P(v,—ve)=3%10"2 (solid curvg, 3x10™* (long-dashed curye In the limit of f,,.=0 the corresponding anomalous mag-

and 3x 10 % (short-dashed curyeFor other parameters we tat® netic moment of neutrino can be represented4as

tan3=59.3, my=2.45 eV, (b) tanB=2, my=2.45 eV, and(c)
tan3=59.3,my=10 eV. In all the caseM,=300 GeV. m,=—4emC,, (33

whereC . is defined in Eq(32). ForM ;=M ,=300 GeV and

2
my=2.65 eV, we gefu,=6x10 %/2m,.

ferf,ur

MZ G

o
B(u—ey)= 187

(30

VI. SOLAR NEUTRINOS

Using Egs. (19), (20), and (247)' We can express it as  por solar neutrinos all oscillations are averaged and from
B(u—ey)=A(sing,M; tanB)m,. The branching ratio be- Eq. (12) one gets a survival probability

comes smaller with increase of girand decrease of tgn
(see Fig. 4 The present experimental upper bound, P(ve— ve)=c0s 0+ 1sint 0+ O(€?). (34)
B<4.9x 10 ! [20] (shown by the horizontal dashed line
can be strengthen up to>&10 2 in the experiment at There is no dependence of suppression of geflux on
MEGA in LAMPF (Los Alamos [21]. Future experiments energy and fore,sirfd<1 the effect is small. Thus in the
will push the limit to 3x 10~ 4 [21]. Results from these ex- scenario under consideration there is no solution of the solar

periments combined with bounds from precision téglig.  neutrino problem.
3) will cover essential parts of the parameter space of the Let us suggest that apart from three known neutrinos also
model. singlet (because of the CERN"e~ collider LEP bound

The lifetime of heavy neutrino with respect to decay neutrinovg exists. This neutrino mixes with electron neutrino
vi—v1y(i=2,3) equald4] so that the resonance conversian— v4 explains the deficit
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of the solarv, flux.? The explanation requires the massis the superstring scale. The mass of the singlet neutrino
squared difference and the mixing angle in the intervalamg is of the ordermg,zlmstring, which also may indicate the
[22,23 SUSY origin of the singlet.

Mixing of the singlet neutrino with high mass states,

Am?=(4-10)x10"° eV?, sif26,=10%~10 2. v is of the order

(39

The singlet neutrino could be the right-handed counterpart sir?2 0,5~ Sin?2 0, Sinf6~1077, (42)
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 mdslédich SO that the bound from the primordial nucleosynth¢28]

is essentially the,) equals can be satisfied. _ _
The influence of the singlet fermion on “standard” struc-
- ture of the Zee model is negligibly small and the results of

My =Moesin26~ " ~(1-5)X107% eV. (36)  the previous sections are not changed.

Squared mass’ is close toAm? desired for solar neutrinos
(35. This means that the mass of singlet neutring,,

should be rather close tm; (recall that for the resonance (1) The Zee model reproduces rather naturally the pattern
conversion one needss>m;): of neutrino masses and mixing which solves the atmospheric

neutrino problem, supplies a desired hot dark matter compo-
o nent in the Universe, and gives thg — v, oscillations in the
m o 37 i L9 .

1 my range of sensitivity of existing experiments.
(2) The solar neutrino problem can be solved in extension

For m;>4x10"° eV one gets from this equation of the model with an additional singlet fermion, so that
Am/m;<0.2. solar neutrinos underge.— v conversion. The introduction

Let us consider the simplest scheme with only one singlept ;. does not destroy basic features of the Zee model.
neutrino. We extend the Lagrangian of the Zee model by (3) The data on oscillations of the solar and atmospheric
adding the terms neutrinos as well as the cosmological mass scale fix all pa-

— T rameters of the Zee mass matrix. In general the scenario
fi¥ PvstmesCrs. (38 implies inverse flavor hierarchy of the Zee boson couplings.
There is a possibility of.,=f,.>f.. 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-

VII. CONCLUSIONS

ms—m; Am?

All couplings f; can be of the same order. The first term
leads to mixing of vy with the active neutrinos:
mis=f(P). Performing block diagonalization of*44 mass
matrix we get the mass matrix for the{— v.) system:

Mss Mes (39 ments:(i) The probability ofv,— v, oscillations is expected

to be very small; the discovery of these oscillations in CHO-
o ) o RUS and NOMAD will rule out the scenaridii) On the
where_meszfe(cb) andm, is fixed in Eq.(36). The mixing  contrary, the signal ofv.— v, oscillations may be in the
angle is then region of sensitivity of these experimentsi.) The confirma-

tion of the LSND positive result will further testify for the
_ (40) suggested scenarigiv) One may observe deviations from
Mss— My the SM predictions in the u—v,ev, decay, the
v,e —v,e andv,e —v,e scatterings as well as the
violation of e— u— 7 universality, etc(v) The probability of
u— ey decay can be close to the present experimental upper
bound. (vi) The lifetime for the neutrino radiative decay
v3(2)— 17 is expected to be 8-107° years. The decay of
the relic neutrinos may have observable astrophysical conse-

M~(
Mes My

2m
SiN260, o~ -

If the massm is not too close tan,;, we get
m~(2—4)X10 % eV, m,~10% eV. (41

With increase ofmg (and consequently the degenergcy
Mes Ccan be further diminished.
According to Eq.(41) a solution of the solar neutrino dU€NCES.

problem implies very small Yukawa coupling,<10 5,
which is of the ordemgy/Mgying, Wheremgying~10'8 GeV ACKNOWLEDGMENTS
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