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Abstract 

We present variants of the singlet-Majoron model with the see-saw 

mechanism effective at the weak scale that accommodate the recently re

ported 17 keY neutrino (V17) naturally. First, we show that within the 

minimal model, by assuming an unbroken global Ie -IIJ + 1.,. symmetry 

(Ii = ith lepton number), V17 can be identified as a Dirac particle com

posed of v.,. and Vw It is then shown that with the same spectrum, if the 

Ie - IIJ + 1.,. symmetry is broken spontaneously below the weak scale, Ve-V. 

(v. stands for sterile neutrino) oscillations can account for the solar neu

trino deficit via the MSW mechanism. We also derive a recently proposed 

mass-matrix for the 17 ke V neutrino, which features Ve - V. MSW oscil

lations, within the context of the see-saw model. All known constraints 

from cosmology and astrophysics, including the supernova constraint on 

the mass of V17, are satisfied in these variants. 
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1. Int rod uction 

It is well known by now that the properties of the 17 keY neutrino (V17) , reported 

to be seen1 as a 10% admixture of Ve in the beta decay spectra of 3 H , 35S, 14C, 63Ni, 

and 76Ge, are severely constrained by laboratory data on the one hand, and by cos

mological and astrophysical considerat ions on the other hand. In particular, the lower 

limit on the life-time for neutrino-less double beta decay2 implies that it must be 

a Dirac fermion to a very high precision. Since a Dirac fermion requires two two

component Weyl fermions, the immediate question is what the Dirac partner of V17 

is. Assuming V17 = v.,., in order to be consistent with neutrino oscillation data, its 

Dirac partner can be either an SU(2)L-singlet neut rino (to be denoted by V.,.R) or the 

anti-particle of the familiar muon neutrino (ii'~). The first possibility may be incon

sistent with supernova SN1987 A observations3 unless one postulates the existence of 

new exotic interactions for V.,.R. It is therefore likely that v.,. and ii'~ are Dirac partners 

and both have a mass of 17 keY. We shall focus here on realizations of this idea in 

the context of see-saw models . 

The possibility that v.,. and r;~ form a Dirac fermion due to an unbroken le- l~ +l.,. 

symmetry was entertained4 in 1985 after the first report of the 17 keY neutrino. T hese 

three neutrino models consisting of lie, II~, II.,. , utilized the t riplet Majoron5 to satisfy 

the cosmological mass density constraints on 1117. The triplet Majoron model, how

ever, has since been ruled out by precision measurement of the ZO width. Moreover, 

if the solar neutrino deficit6 reported by the Chlorine, Kamiokande and SAGE exper

iments is to be understood in terms of the MSW resonant neutrino oscillation,7 an 

SU(2)L-sterile neutrino II. has to be introduced into the spectrum. Such a scenario 

wherein II.,. - IJ~ forms a pseudo-Dirac pair with mass of 17 keY and where lie - II. 

MSW oscillation account s for the solar neutrino deficit has been advocated recently 

by Caldwell and Langacker.8 

T he purpose of this paper is three-fold. First, we shall point out that the 17 keY 

neutrino can be accommodated as a II.,. - ii'~ Dirac pair within the minimal version 

of the singlet Majoron model.9 (Unlike the triplet or doublet Majorons, the singlet 

Majoron is compatible with ZO width measurement, since it does not couple to Zo.) 

Then we show that, within the same model, but with a slightly different assignment 

of lepton numbers to IIR 'S , lie - II. MSW oscillation could occur, provided that the 

Ie - l~+ I.,. symmetry is broken below the weak scale. The third purpose of this paper is 

to derive a recently proposed 4 X 4 light neutirno mass matrix10 that features both the 
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17 keY neutrino and Ve-V. MSW oscillation, in the context of the see-saw mechanism. 

All known cosmological and astrophysical constraints including (i) constraints on the 

life-time of VI7 arising from (a) cosmological mass density and (b) galaxy formation 

arguments, (ii) supernova constraint on the mass of V17, (iii) limit on the photonic 

branching ratio from SN1987 A, (iv) bound on the decay rate V17 ~ VeX (X denotes 

the Majoron), (v) nucleosynthesis limits on the effective number of neutrino species 

and (vi) constraint on the coupling of X to the neutrinos arising from supernova as 

well as nucleosynthesis are shown to be satisfied by these variants. 

2. 	The 17 keY Neutrino in the Singlet Majoron Model 

In addition to the standard model particles, the spectrum of the singlet Majoron 

model9 consists of three right-handed neutrinos (VeR, VI-'R, VTR) and a complex scalar 

field (j. Lepton number is assumed to be a global symmetry of the Lagrangian which is 

broken spontaneously when the field (j acquires a non-zero vacuum expectation value 

(vev). This results in a massless Goldstone particle, the Majoron (X) . In addition, 

the vev of (j generates large Majorana masses for the right-handed neutrinos, which 

explains, via the see-saw mechanism, why the light neutrino masses are so much 

smaller compared to the charged leptons. 

The 17 keY neutrino can be incorporated into the singlet Majoron model by 

imposing an unbroken global Ie - II-' + IT symmetry (Ii = ith lepton number).l1 The 

laboratory constraints from neutrino oscillation and neutrino-less double beta decay 

will then be automatically satisfied. If we assign the 'normal' U(l k~-l~+lT -quantum 

numbers of (1, -1, 1) to (VeR, VI-'R, V'TR), the heavy Majorana mass matrix will have a 

singular structure.12,13 In this case, the 17 keY neutrino would be composed of mostly 

V T and a sterile state. This may be inconsistent with supernova observations.3 Here 

we shall present an alternative assignment of Ie - II-' + IT charges to the right-handed 

neutrinos which enables us to identify VI7 as a VT - VI-' Dirac pair. Both states being 

SU(2)L-active, the supernova constraint will not be relevant in this case. 

We first observe that the quantum numbers of the left-handed lepton doublets 

under global U(l) symmetries are dictated by their gauge interactions. As far as the 

right-handed charged fermions are concerned, their Dirac masses determine the U(l) 

charges to be the same as those of the corresponding left-handed ones. However, as 

for the right-handed neutrinos, since their masses are apriori undetermined and they 

have no gauge interactions, their charges can be chosen arbitrarily. Making use of 

this freedom, we assign the U(l)'e- ,,.+'T charge of 0 (0 =I ±1, 0) to VeR, while VI-'R, VTR 
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retain their normal quantum numbers of (-1, 1). Since we desire to leave Ie -IIJ + IT 

unbroken even after spontaneous symmetry breaking, we shall assign zero Ie - IIJ + IT 

charge to the Higgs doublet 4> and the complex singlet (1'. As usual, (1' carries - 2 units 

of total lepton number which will be broken spontaneously once (1' acquires a vev. 

The leptonic part of the Yukawa Lagrangian, which is invariant under these global 

U(l) transformations is given by 

(1) 

Here, 'J; = iT24>*, ,piL = (ViL , eiL )T , and C is t he charge conjugation matrix. We have 

chosen, without loss of generality, the Yukawa couplings of the charged leptons to 

4>, which generates e, IL, T masses, to be diagonal. Note that t he VeR field, due to its 

abnormal U(l)-charge, does not enter into eq. (1), which means that it decouples 

from the rest of the spectrum. Denoting m i = fiV, M = f K" where (4)0) = v, ((1') = K" 

the 5 x 5 neutrino mass matrix can be written down in the basis (ve , vIJ, "T ,v~, V~) as 

(v~ and v~ represent the anti-part icles of VIJR and VTR ) 

0 0 0 0 ml 

0 0 0 m 2 0 

0 0 0 0 m3 (2) 

0 m 2 0 0 M 

m l 0 m3 M 0 

Since one expects the Dirac mass entries m l, m2, m3 in M~ to be of the same order 

as the charged lepton masses, and the Majorana mass M to be much larger (of the 

order of weak scale rv 100 GeV to a few TeV), the above matrix can be diagonalized 

in the approximation mi ~ M . To leading order in mi/M, the light 3 x 3 sector of 

the mass matrix is then obtained by block-diagonalization: 

M~= 

(3) 

Due to the unbroken Ie -lIJ + IT symmetry, this form of the light neutrino mass matrix 

will not be altered even after including higher order terms in m i/M. 

From eq. (3), it follows that the Ve - V T mixing angle is given by tan8 = ml/m3' 

This angle should be rv 10% to explain the {3-decay observations. Furthermore, the 
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entry m2m3/M should be 17 keY. Assuming the Dirac mass entries m2 and m3rv 

to be of the same order as the JL and T masses (within a factor of 3 or so), one finds 

that M ~ (1- 10) TeV. In other words, the model has a natural explanation for the 

17 keV mass if the scale of lepton number breaking is around the weak scale. 

It turns out that due to the unbroken Ie -I", + IT symmetry, the full 5 x 5 matrix 

of eq. (2) can be diagonalized exactly. This yields one two-component massless Weyl 

fermion VI and two 'Dirac' states V2.3 with masses given by 

2 m 
VI 

0 


2 2+m
m
~,3 

![(m22 1 
+m

2 3 
2 + M2) 

:r= J(m~ +m~ +m~ + M2)2 - 4m~(m~ + m~)] (4) 

The gauge eigen-states are related to the mass eigenstates through 

Ve COSBVI + sinB( cosav2 + sinav3) 


v'" cos{3v~ + sin{3v~ 


V -sinBvI + cosB( cosav2 + sinav3)
T 

-sinav2 + cosav3V
'" 
C 

VC 
T -sin{3v~ + cos{3v~ (5) 

where tanB = mI/m3, tan2a = 2Jm~ +m~M/(m~ + M2 - m~ - m~), and tan2{3 = 
2m2M/(m~+m~+M2-m~). The angle B~ 10%, while a ~ m3/M, {3 ~ m2/M ~ l. 

The state V2 corresponds to the 17 keY neutrino, VI is exactly massless and V3 is 

superheavy. 

(i) Decay of the 17 ke V neutrino: V17 should decay with a life-time shorter than 

sec. in order to be consistent with cosmological mass density requirements. In 

the present model, the decay VI7 -+ ve+X can occur. To estimate the life-time for this 

decay, one needs the flavor-changing vTveX vertex. Since the Majoron X has direct 

coupling only to the sterile states, its coupling to the neutrino gauge eigenstates is 

given by the matrix of eq. (2) with mi set to zero. The same unitary transformation 

that block-diagonalizes Mil of eq. (2) to give eq. (3) should be applied to the Majoron 

coupling matrix. As shown in Ref. (14), to order (mll/M), (or equivalently to order 

(m:/M2)) the light 3 x 3 Majoron coupling matrix turns out to be proportional to 

M~ght of eq. (3). This means that there is no tree-level flavor-changing coupling 

of X to order (mll/M). Such tree-level couplings are present if corrections of order 
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(mv / M )2 are included. However, it has been noted recently16 that once one-loop 

radiative corrections are taken into account , such flavor changing coupling will be 

induced even at order (mv/M ), but now suppressed by a loop factor 1/161r2 
• Using 

t his result, we estimate t he life-time of the 17 keY neutrino to be 

(6) 

For mv = 17 keV, () ~ 0.1, and M = 100 GeV - 1 T eV, we find t hat the life-time 

is in the range of (102 - 104 ) sec. This clearly satisfies the cosmological mass density 

constraint . We note that the somewhat model-dependent constraint on the life-time 

arising from galaxy formation arguments ( TvlT ~ 107 sec.) is also satisfied by the 

model. 16 

(ii) Vl7 ~ V e +x: Since V 17 decays dominantly into Ve +X, the decay V17 ~ ve +X 

should also occur. These decays conserve Ie - I", + I.,. quantum numbers. There are 

observational constraints on this decay life-time from 1MB and Kamiokande neutrino 

detectors which could have seen delayed ve events from supernova SN1987 A. It has 

been shown in Ref. (17) that the range of life-time Tv = (104 sec. - 108 sec.) can 

be excluded from t he non-observation of delayed events. This constraint is clearly 

satisfied by our model. P ut in another way, if the scale of lepton number breaking, 

M , were much larger than 10 TeV, the life-time of the 17 keY neutrino would have 

been much longer and would have been inconsistent with supernova observations. 

(iii) Photonic branching ratio: The life-time for the photonic decay V 17 ~ Ve +I 

is severely constrained by non-observation of MeV gamma rays from SN1987 A by 

the Solar Maximum Mission Satellitel8 
: T( V17 ~ Ve + I) 2:: 1015 sec. In t he present 

model, however, since the only charged part icle in the spectrum is the W ± gauge 

boson, such flavor-changing couplings involving the photon are GIM suppressed and 

satisfies this constraint easily. We estimate 

(7) 

1020This corresponds to a photonic life-time of ~ sec. which is well above the lower 

limit. 

(iv) Coupling 0/ the Majoron (X) to neutrinos: There is an upper limit on the 

diagonal Yukawa coupling19 of X to V17: hVV)( ~ 10-6. If the Yukawa coupling exceeds 

this value, the decay V17 ~ V17 + X which can occur inside the supernova core, will 
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be too fast resulting in rapid cooling of the core via Majoron emission. In the present 

model, the relevant coupling is given by (mVJ.7/K,) ~ (10-7 - 10-9 ). 

(v) Nucleosynthesis: The off-diagonal coupling of X to neutrinos is constrained 

by nucleosynthesis arguments. If the off-diagonal Majoron coupling h~7"e" is greater 

than 10-6 
, the process vT ---+ ve + X will be in equilibrium during the epoch of 

nucleosynthesis. 20 The Majoron contributes as 4/7 of an effective neutirno species. 

This would violate the bound N" ~ 3.3 that has been derived based on nucleosynthesis. 21 

In the present model, the off-diagonal Majoron coupling is of order (1/167r2 )(m,,/K,) f'V 

10-10 
, well below the limit. Since there are no extra light species, the model predicts 

N" == 3 for nucleosynthesis. 

(vi) Supernova constraint on the 17 ke V mass: Since V17 is composed of SU(2)L

active species, both helicity states will be trapped after production inside the super

nova core. This does not alter the supernova energy loss or duration of the pulse. 

Consequently, there is no constraint from SN1987 A on the mass of V17. 

3. Singlet Majoron Model Featuring 17 keY Neutrino and MSW Mecha

nlsm 

In the model presented in Section 2, due to the unbroken Ie -I", + IT symmetry, 

Ve and v. (v. = v~, antiparticle of VeR) were strictly massless. As a result, there is 

no oscillation between Ve and v •. In this Section, we present a variant of the model 

with the same minimal spectrum which features Ve - v. MSW oscillation that can 

account for the solar neutrino deficit in addition to the generating the V T - ii", 17 keY 

state. This is achieved by breaking Ie - I", + IT symmetry spontaneously below the 

weak scale. This is reminiscent of the triplet Majoron model where the total lepton 

number is broken below the weak scale. 

The variant assumes the same minimal spectrum of particles (i.e., VeR, V",R, VTR 

and a complex scalar u in addition to the standard model particles). Total lepton 

number is not imposed, but Ie - I", + IT is assumed to be a global symmetry of the 

Lagrangian. We assign Ie-I",+IT charge of 1/3 to VeR and -2/3 to u. Once u acquires 

a vev, Ie -I", + IT symmetry will be broken spontaneously giving rise to an associated 

Majoron. We shall assume (u) == K, to be much smaller than the electroweak scale, of 

order (10 - 100) keV. As before, (v,..R, VTR) retain their normal quantum numbers of 
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(-1, 1). The most general leptonic Yukawa Lagrangian is then given by 

(8) 

Denoting liv = mi and 11K. = P,i, t he 6 X 6 neutrino mass matrix is now (in the basis 

(lie, 1I1J, II.,., II. , 1I~, 1I~), v. =V:) 

0 0 0 0 0 rnl 

0 0 0 0 m 2 0 

Mil = 
0 

0 

0 

0 

0 

0 

0 

P,1 

0 

P,2 

rns 

0 
(9) 

0 m 2 0 P,2 0 M 

m 1 0 m3 0 M 0 

Since K. rv (10 - 100) keY , the entries P,l and P,2 of eq. (9) are much smaller than all 

the other non-zero entries. Mv can then be block-diagonalized in the approximation 

p'i« mi « M . The light 4 X 4 matrix in the basis (1I., lIe ,IIIJ ,II.,.) is obtained to be 

-P,1 m1P,2 / M 0 m3IL2/M 

m1P,2/ M 0 m lm2/M 0 
M light = _ (10)II 

0 m1m 2/M 0 m 2m S/M 

m s P,2/ M 0 m2m S/M 0 

This matrix is identical to eq. (3) but for small entries proport ional to IL1,2 added 

along the first row and column. So most of the discussions pert aining to the 17 ke V 

neutrino in the previous section will be valid here too. In particular, 1117 is composed 

of active st ates, mostly v.,. and Vw T he lie - v.,. mixing angle is given by () ~ m1/m 3. 

The 17 ke V mass (m2mS/M ) follows naturally if the mass-scale M is of the same 

order as the weak scale. We should note that a 4 X 4 light neutrino matrix of the 

same form as eq. (10) has recently been derived based on a different model in Ref. 

(22). 

What is different about the mat rix of eq. (9) compared to eq. (2) is the small 

but non-zero elements ILl and IL2- These entries mix the sterile state II. with lie and 

II.,., which facilit ates lie - II. MSW oscillation. Choosing P,1 ~ 10-3 eV, P,2 ~ a few eV 

and the Dirac mass entries m /s comparable to the charged lepton masses as before, 

one obtains the desired MSW spectrum, viz., mil. rv 10-s eV, mile rv 10-4 eV with 

the lie - II. mixing angle of a few percent . If the vev of (T is of order (10 - 100) keY, 
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the Yukawa couplings f~ and f~ should be of order 10-7 and 10-3 respectively. These 

are similar in magnitude to the electron Yukawa coupling in the standard model. 

The coupling of the Majoron to the light neutrinos here is different from that 

of the previous model of Section 2. The difference arises because (J' has primordial 

couplings here to the ultra-light II. and not to the super-heavy II",R or II.,.R, unlike 

in the previous model. In the basis (II., lie, II"" II.,.), the Majoron coupling matrix to 

leading order takes the form 

-P,IM mIP,2 0 m3P,2 

Yx = 
1 

-- 
K.M 

mlP,2 

0 

0 

0 

0 

0 

0 

0 
(11) 

m3p,2 0 0 0 

The decay II.,. -t II.X amplitude is proportional to (m3P,2/ K.M), which for (m3P,2/M) 

~ 10-3 eV and K, ~ 100 ke V is of order 10-8 • The life-time of 1117 is then of order 

10-2 sec. Note that 1117 decays dominantly into a sterile state in this case. The 

supernova constraint on the life-time (viz., Tv = (104 
- 108

) sec. being excluded) is 

then not applicable. All constraints resulting from cosmology and astrophysics listed 

previously are seen to be satisfied by the present variant. In particular, supernova and 

nucleosynthesis bounds on the diagonal and off-diagonal couplings of the Majoron to 

neutrinos are satisfied since they are of order 10-8 or smaller. The estimate of the 

photonic branching ratio is same as in eq. (7). 

4. 	Realization of a Simple Form of the Neutrino Mass Matrix 

As seen in Section 3, if the light neutrino sector involves a sterile state (II.) in 

addition to the usual (lie, II"" II.,.), the 17 keY neutrino can be identified as a pseudo

Dirac state composed mostly of II.,. and 'iJ"" and still resonant MSW oscillation between 

lie - II. could account for the solar neutrino deficit. A simple form of the 4 X 4 

neutrino mass matrix which accommodates these two features was proposed by us 

in collaboration with Rothstein. 10 In the basis (II., lie, II"" II.,.), the mass matrix was 

proposed to be 
P,l P,2 0 0 


P,2 0 ml 0 

(12)Mv= 

0 	 mI 0 m2 

0 0 m2 0 

If ml ~ 1.7 keV, m2 ~ 17 keV and P,l rv P,2 rv 10-3 eV, the 17 keY neutrino with 

the required mixing properties can arise and lie - II. MSW oscillation can explain the 
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solar neutrino deficit . In Ref. 10, we constructed an extension of the standard model, 

where using Ie - 1~ and 1'T symmetries, we showed t hat m1,2 arise as one-loop radiative 

correction out of t he JL and T masses while JL1,2 arise at t he two-loop level, thereby 

explaining naturally their small values without fine-tuning of parameters . 

Here we wish to point out t hat the model of Ref. 10 can be embedded in a 

more attract ive quark-lepton symmetric extension of the standard model with three 

right-handed neutrinos (instead of one) . In this new scheme, t he V~V'T mass term m 2 

arises out of a see-saw mechanism at the tree-level, and is naturally of order keV. 

The entry m 1 connecting Ve V~ is induced at t he one-loop level, whereas the milli-eV 

entries JL1 and JL2 are generated at the two-loop level. Most of the propert ies of t his 

model, such as V 17 life-time, Ve - V. oscillation etc., are the same as in our previous 

model. 

T he model is based on t he standard gauge group with the fermion spectrum 

extended to include three right-handed neutrinos (VeR, v,ul, V'TR )' The Lagrangian of 

the model is assumed to respect U(l )e x U(l)~_'T global symmetry. All fermions, 

except VeR are assumed to have their normal quantum numbers under this symmetry. 

We assume VeR to transform as (1,1) under this symmetry (see remarks in Section 

2). 

The Higgs spectrum of the model along with t heir global symmetry transforma

tion properties are shown in Table. 1. 

Table 1. Quantum numbers of the scalar multiplets. 

Multiplet SU(2)L X U(l )y U(l)e X U(l )~-'T 

4Jt, 4>2 
",t 
",t 
k++ 

1 

k++2 
0"1 

0"2 

(2,1) 

(1,2) 

(1 ,2) 

(1,4) 

(1 ,4) 

(1,0) 

(1,0) 

(0,0) 

(-1,-1) 

(-2,-1) 

( -2 ,0) 

( -4,-2) 

(1,1 ) 

( -1,-2) 

As in most two-Higgs doublet models, we impose a discrete Z2 symmetry to prevent 

t ree-level flavor-changing neutral currents mediated by the Higgs particles. Under 
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this Z2, <P2, ViR, 1J2, Ul,2 are odd, while all other fields are even. The most general 

gauge invariant Yukawa couplings of the leptons consistent with these symmetries is 

given by 

(13) 

The most general Higgs potential allowed by the symmetries of the model is 

v = 	 Va + ~l<piT2<P21JI u; + ~21Ji1JikI - u; + 
~3ki+ kI - u~ + M1 ki+1J21J2 + H.C. (14) 

Here Va consists of terms of the form (<pj <Pi), (1J+1J-) etc., their products, and the term 

(<pI <P2)2. The (mass)2 terms for <Pi and Ui are chosen to be negative so as to generate 

vev's for them parametrized by {<p?} = Vi and {Ui} = "'i, i = 1,2. Since we assume 

that the only mass-scale is the electroweak scale, "'i will be taken to be around a Te V. 

The vev of Ul breaks the U(l)e X U(l)I-'-T symmetry down to U(l)e-I-'+T. While {U2} 

breaks this residual symmetry completely, it is transferred into the fermionic sector 

only at higher order, as shown below. The model has two singlet Majorons, same as 

in Ref. 10. 

The tree-level neutrino mass matrix involves only (vI-" VT) v~, v~) and has the form 

dictated by ll-' - IT symmetry: 

0 	 0 h~V2 0 

(15) 
0 0 0 h~V2 

h~V2 0 0 M 

0 h~V2 M 0 

It is reasonable to assume that the neutrino Dirac masses are of the same order as 

the corresponding charged lepton masses, so that any mechanism that explains the 

charged fermion masses will also explain these values. Block-diagonalization of the 

matrix of eq. (15) in the approximation M ~ h~V2' h~V2 gives the element m2 of eq. 

(12) to be m2 = h~h~v~/M. For h~V2 f"V ml-' and h~V2 f"V mT) we obtain m2 to be 

of order 17 keY if the mass-scale M is of order 1 TeV. Thus, without fine-tuning of 

parameters, a multi-keY mass for the VI-' - VT pair arises naturally. At the tree-level, 

all other entries of the light 4 X 4 neutrino mass matrix are zero. 
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The rest of the mass-matrix arises as follows. At the one-loop level, the diagram 

of Fig. 1 gives rise to m I, while the entries ILl and IL2 corresponding to v. - v. and 

'lie - v. arise at the two-loop level via the diagrams of Fig. 2. We estimate 

( /1>"1) (V2 ) (m!)ml ~ - - - - - Itt (16)
1611"2 VI Ml 

where MH is a typical Higgs boson mass. For 11 ~ >"1 ~ 1.3, V2 /Vl ~ 5, and 

MH ~ tt1/3 ~ 1 TeV, m1 is 1.7 keY, which has t he desired magnit ude. T he two-loop 

contributions are estimated to be (see Fig. 2a and 2b) 

I: '3>"3 ( It~ ) M 
(1 611"2)2 Mk 1 

(17)~2{::;~2 (::) (~~) m. . 

For f2 ~ 10- 3 , f3 ~ >"3 ~ 10- 2
, and M 1 ~ 100 GeV, we get ILl ~ 10-3 eV. Similarly, 

with >"2 ~ 10- 1, and tt2 ~ M H , IL2 is 4 X 10-4eV. In addition, the Ve - v. mixing 

angle can be a few %. Needless t o say, these values are in the right range for the 

MSW mechanism to be relevant to resolve the solar neut rino puzzle. 

Without detailed elaboration, we wish to note that the model satisfies the lab

oratory constraints on neutrino oscillation and neutrino-less double beta decay due 

to the approximate Ie - l~ + IT symmetry exhibited by t he mass matrix of eq. (12). 

All known constraints from cosmology and astrophysics are also met by the model, 

just as in Ref. 10. In particular, V17 --+ Ve + X decay occurs with a life-time of order 

(10-2 
- 10- 1

) sec. There is no constraint on the mass of 1117 since it is made up of 

two active species. Nv is p redicted to be 3 for nucleosynthesis. The coupling of the 

Majoron to electrons arises at the one-loop level via the exchange of k++ scalar and 

is estimated to be 
f: >..~ (tt~me ) 

geex f"V 1611"2 M1I (18) 

For f3 >"3 ,...., 10-2 , and MH f"V tt1/3 ~ 1 TeV , this coupling is 10-15 , well below f"V f"V 

t he astrophysical limit of 10-12 • The photonic branching ratio constraint [T( 1117 --+ 

1015 
Ve + i) ~ sec.] is also satisfied if MH ~ 1 TeV. 

Since the vev's of 0'1 and 0'2 break the global symmetries of t he model completely, 

one in principle expects all vanishing elements of the neutrino mass matrix, eq. (12), 

to acquire non-zero values. This is indeed what happens when we go beyond two

loops . However, most of these higher loop correct ions are vanishingly small and can 
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be neglected. One notable exception is the II~ - liT mass splitting. As shown in 

Re. (10), the mass-splitting arising from the matrix of eq. (12) is Im~1£ - m~T I ~ 
2 (IJL1IJL~mn / (m~ +m~)3/2 f"V 10-17 e V 2. The three-loop corrections to this can be 

significantly larger. The dominant contribution comes from the graph of Fig. 3, which 

generates a II~II~ entry in the mass matrix. This can be estimated to be 

(I: 13A~A3) (1\.~I\.~M1m~) (19)mVl£vl£ -
f"V 

(167r2)3 M1I 

For the choice of parameters given above, this entry is of order 10-13 eV, corresponding 

to Im~1£ - m~J of order (10-9 
- 10-8 ) e V2. Furthermore, since II~ and liT would have 

been degenerate in the absence of these small corrections, the mass eigen-states turn 

out to be equal mixtures of II~ and liT corresponding to 45° mixing. 

It will be interesting to see if the model can also account for the reported deficit 

of atmospheric muon neutrinos23 via II~ - liT oscillations. For large II~ - liT mixing, the 

preferred mass-splitting for this to occur is in the range (10-4 -10-2 ) eV 2 •24 Consider 

the following choice of parameters: 11 = Al = 1.3, 12 = 3 X 10-6
, 13 = 3 X 10-2

, A2 = 
1, A3 = 0.3, V2/V1 = 5, MH = M1 = 1\.1/3 = 1 TeV. In this case, m1 of eq. (16) is 

1.7 keY, JL1, JL2 of eq. (17) are of order 10-3 eV as before, but mVl£vl£ of eq. (19) is 

now 10-8 eV. This corresponds to Im~1£ - m~J f"V (10-3 
- 10-4

) eV2. Clearly then, 

for a range of parameters which is not unreasonable, the model can account for the 

atmospheric neutrino deficit. 

5. 	Conclusions 

We have presented in this paper variants of the singlet Majoron model which can 

accommodate the 17 ke V neutrino naturally. The models presented are consistent 

with all known cosmological and astrophysical constraints, including the limit on the 

mass of 1117 from supernova. The scale of lepton number violation is required to be 

of the same order as the electroweak symmetry breaking scale (a few 100 GeV to a 

few TeV) so as to be consistent with the various constraints. In Section 2, we have 

shown a way to fit 1117 into the minimal version of the singlet Majoron model. This 

model is charaterized by an unbroken Ie - l~ + IT symmetry. With the same minimal 

spectrum, but by allowing for small Ie - l~ + IT breaking below the weak scale, we 

showed that lie - II. MSW oscillation can also occur which could explain the solar 

neutrino deficit. The model of Section 4 based on the see-saw mechanism seems to 

be capable of explaining three outstanding puzzles in neutrino physics viz., the solar 

neutrino deficit, the 17 keY neutrino, and the atmospheric muon neutrino deficit. 
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Figure Captions 

Fig 1: One loop diagram responsible for generating Ve - VJ.j mass t erm in the model 

of Section 4. 

Fig. 2: Two loop diagrams giving mass to Ve and v •. 

Fig. 3: Three loop graph which induces VJ.jVJ.j entry of the neutrino mass matrix. 
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