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A simple model is constructed which satisfies all the laboratory, astrophysical, and cosmological con-
straints discussed recently by Caldwell and Langacker for the possible existence of a 17-keV neutrino. It
is mainly v„with v„as its pseudo-Dirac partner, whereas v, is mainly a light pseudo-Dirac neutrino with

an inert partner. The decay lifetime of the 17-keV neutrino is estimated to be 10 s or longer.

PACS numbers: 12.15.Ff, 13.35.+s, 14.60.Gh

With the reports [1,2] of two recent experiments, there
has been a great resurgence of interest in the 17-keV neu-
trino first reported by Simpson [3], but not subsequently
confirmed in other experiments [4] except two [5].
Whereas the experimental evidence remains controver-
sial, theoretical and phenomenological implications of a
possible 17-keV neutrino are clearly not without interest
and there has been a flurry of activity [6-26] in this re-
gard. In particular, Caldwell and Langacker [26] have
considered all existing laboratory, astrophysical, and
cosmological bounds and concluded that the 17-keV neu-

trino, if it exists, must be mainly v„and its contribution
to neutrinoless double beta decay must be canceled by a
massive v„. It cannot be a Dirac neutrino with an inert
partner, or else the v, pulse from the supernova 1987A
would be very much shortened [27], and be in disagree-
ment with observation [28]. To explain the apparent
deficit of solar neutrinos observed on Earth, v, must con-
vert into a new light neutrino which is inert.

It appears at first sight that it is very difficult to con-
struct a model with the above requirements. Indeed, they
are not met by any of the models that have been proposed
so far, although most are certainly acceptable if one or
more of the Caldwell-Langacker conditions are relaxed.
However, as shown below, a simple model does exist
which pairs v, with v„and v, with a new singlet state to
form two pseudo-Dirac neutrinos in a way consistent with
all laboratory, astrophysical, and cosmological con-
straints. The key to realizing the proposed scenario is to
find a specific form of the neutrino mass matrix which
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whereas the 6X6 neutrino mass matrix linking (v;t. vltt)
to itself is given by
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yields the two desirable pseudo-Dirac mass eigenstates.
This form must also be derivable from a symmetry, or
else it would not be protected against large quantum
corrections.

Let the standard SU(2) x U(1) electroweak gauge
group be supplemented by a Z5 discrete symmetry with

elements 1, co, co, co, and co ', with m =1. Let there
be three lepton families, each consisting of a left-handed
doublet (v;, I;)I. and two right-handed singlets v~tt, l~n and
transforming as to' ' (i =1,2, 3) under Z5. The scalar
sector consists of two doublets, (p~+, 41~) —I and (&2+,

412)-to, and two singlets, g~ -to and g2-to. Furth-
ermore, v; and I; have lepton number L =1 and g; have
L = —2. As a result, the 3x3 charged-lepton mass ma-
trix linking I;I to l~g is of the form

g 6 Ft 5 (g 2+ B2+ C 2+ D 2+ E 2)g4+ (g 2+ B2+ D 2)F1 3+ [B2C2+ D 2(E 2+ B2) +g 2(E 2+ B2+ C2) ]1i 2

(g 2+D2)B2~ g 2B2C2 0 (3)

Xs 6
= + E+F/2,

Note that if A =0, then M, has one zero eigenvalue. If
A =D=O, then M, has two zero eigenvalues. If only The eigenvalues of M, are then given by
F=O, then the six nonzero eigenvalues are of the form

2 3 corresponding to three massive Dirac neutrinos. Xi 2= ~A+D F/2C2,
If A =D =F=0 and either B=0 or C=O, then M, has
four zero eigenvalues. At each step, the symmetry of the X3 4 = + BC/E +B F/2E
neutrino sector is enlarged; it is thus natural [29] to con-
sider the hierarchy

(5)

(6)

(7)

F,A «D«B, C, «E. (4) where D « BC/E has also been assumed. The mass
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eigenstates n] 7 3 4 corresponding to A. ] 2 3 4 are

1 DE A DE ADE D
BC' B'C' ' ' B'C ' C

1 A DE DE C B
BC E E

(9)
i

This means that v31.
—(C/E)vm+(ADE /B C )v~L

combines with vol —(B/E) v3n —(DE/BC)v~R to form a
pseudo-Dirac neutrino which can be identified as having a
mass of 17 keV. Let v31 be mostly v„ then l3 is mostly
r, but since l3 mixes with l ~ but not lz in Eq. (I ), l

~

should be mostly e and lp should be p. Hence v2I is ex-
actly v„. On the other hand, v~1 + (ADE/B C) v2R—(ADE /B C ) v3L combines with v~~ —(D/C) v3R

+(DE/BC)v2L to form another pseudo-Dirac neutrino
which is mostly v„and hence its mass should be less than
about 10 eV. Dropping the negligible components of
n ] z 3 4 in Eqs. (8) and (9), we then have

n~+n2
v, =cosO

2

n3+n4
+sin0 (io)

n3 —n4

n3+n4 n']+np
v, =cos0 —sin0 (12)

where 0 comes from the charged-lepton mass matrix of
Eq. (I) and can be chosen to fit the result of the Oxford
experiment [2], namely,

sin 8=0.0085+ 0.0006+ 0.0005.

From Eqs. (5) and (6), we find

pm(2 —2AD F/C

(i 3)

(i4)

and

Am =2B CF/E (i 5)

The best limit on h, m34 comes from recent v„v, os-
cillation data [301 which requires it to be less than
3.5 x 10 eV . Hence

3
F 1 E 2 3 5x10 eV

C 2 BC 2(17 keV) '

=3 6x10 ' eV

Since v~ R(n~ nq)/J2 is inert, —the conversion of v,
into v~R is a possible solution to the solar neutrino prob-
lem. However, the mixing here is exactly maximum
(0=45 ) which means that matter effects do not result in

any level crossing and there is no Mikheyev-Smirnov-
Woifenstein solution [31] in this case. On the other
hand, the long-wavelength solution [32] is still viable and

for that hm]q should be of order 10 ' eV'-. For the pur-
pose of illustration, let A =5 eV, F=8 eV, D =200 eV,
8 =17 MeV, C=200 MeV, and E =200 GeV, then
m(v, .) =5 eV, m(v„, v, ) =17 keV, Am~q =0.8X IO

eV, and hm34 2x10 eV . The eftective v,, mass for
neutrinoless double beta decay is very much suppressed in

this model. It is given by (B F/2E )sin 0+ (D' F/-
2C )cos 0, which is of order 10 ' eV for the above
choice of parameter values. The smallness of F, A, and D
in M, may be indicative of their possible origin as radia-
tive corrections. Note also that F=0 corresponds to the
symmetry L, —L„+L, . In the scalar sector, where
L =L, +L„+L, is only spontaneously broken, Z5 is also
broken explicitly by soft terms [33].

Consider now the decay of the 17-keV neutrino. Since
lepton number is spontaneously broken by (g, ) in this
model, there exists a massless Goldstone boson called the
Majoron which is a linear combination of g~ 2 and g~ 2.

Being all SU(2) singlets [34], they do not contribute to
the invisible width of the Z boson and are thus consistent
with the conclusion from experiments at the CERN
e+e collider LEP that the eff'ective number of light
neutrinos is just three [35]. Using Eqs. (2), (8), and (9),
we find that n3 4 do couple to n ~ 2 through g, ; hence the
decay n34 n] p+Majoron is allowed. For a g~v~pv3p
coupling of order unity, the eff'ective coupling for the de-
cay is approximately D/E, which is of order 10
Hence the decay lifetime of the 17-keV neutrino is rough-
ly 10 s. This time is long enough so that the Majoron will

not affect nucleosynthesis in the early Universe; it is also
short enough so that the 17-keV neutrino will contribute
very little to the relic density of the Universe and may
even be useful in understanding galaxy formation. The
inert pseudo-Dirac partner of v,, is also cosmologically
safe because the oscillation time between it and v,, is of
order 10 s at an energy of 10 MeV. The supernova
bound [27] on the mass of a heavy Dirac neutrino is not
applicable here because no component of the 17-keV neu-
trino is inert.

I n conclusion, a simple model has been presented
where a Z5 discrete symmetry is used to obtain the
specific forms of Mi and M„of Eqs. (I) and (2). Given
these forms, the scenario for a safe 17-keV neutrino as
discussed by Caldwell and Langacker [26] is realized. It
is mainly v„with v„as its pseudo-Dirac partner, whereas
v, is mainly a light pseudo-Dirac neutrino with an inert
partner. The decay lifetime of the 17-keV neutrino is es-
timated to be of order 10 s if the g] v2g v3R coupling is of
order unity. The solar neutrino problem is solved here by
the long-wavelength vacuum-oscillation scenario [32]
with v,, converting to v]R, which can be tested experimen-
tally in the near future.

The author thanks 3. Pantaleone for several helpful dis-
cussions. This work was supported in part by the U.S.
Department of Energy under Contract No. DE-AT03-
87ER40327.
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