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K. S. Babu and Rabindra N. Mohapatra

Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742
(Received 31 January 1991)

We present an extension of the singlet majoron gauge model which realizes a novel scheme of geome-
trical neutrino mass hierarchy proposed recently by Glashow, wherein v. and v, are Majorana particles
with m,, =m,, = 10 7 eV while v, is a Dirac particle with a mass of 17 keV. Our model explains the
solar-neutrino deficit via the Mikheyev-Smirnov-Wolfenstein mechanism and accounts for the recently
reported anomaly in beta-decay spectra in a natural manner without any undesirable fine tuning of pa-

rameters.
=1073-10 "' sec.

PACS numbers: 12.15.Ff, 12.15.Cc, 14.60.Gh, 96.60.Kx

The first clue to physics beyond the standard model
may very well come from the study of new as yet un-
known properties of the neutrinos. Two most exciting re-
sults in this direction are (i) the deficit in the solar-
neutrino flux observed in the chlorine [1], Kamiokande
[2], and gallium [3] experiments and (ii) reports of an
anomaly in the beta-decay spectrum first observed by
Simpson [4] from studies of tritium and sulfur, and more
recently by several other groups [5].

A natural and elegant explanation of the solar-neutrino
deficit is the resonant conversion of v, produced in the so-
lar core into v, as it propagates through matter as dis-
cussed by Mikheyev, Smirnov, and Wolfenstein [6] (the
MSW effect). The mass parameters for this scenario
should lie in the range m, ~m, ~ 1077 eV and v,-v,
mixing should be of the order of a few percent. On the
other hand, if the observed anomaly in the beta-decay
spectrum is genuine, it would require the existence of a
neutral fermion with a mass of 17 keV and mixing angle
with v, of order 10%. The simplest possibility is to as-
sume that this neutral lepton is none other than the famil-
iar tau neutrino. It must then be a Dirac particle in order
to avoid conflict with double-B-decay experiments [7].
(A 10% admixture of a 17-keV Majorana neutrino in v,
would imply an effective mass of 170 eV in double 8 de-
cay to be compared with the experimental upper limit of
a few eV.) A major challenge to the idea of a 17-keV v,
is to make it decay fast enough into invisible channels so
as to avoid mass-density constraints of the Universe [8].

The above set of constraints on neutrino properties pose
two theoretical challenges. The first is to construct a
scheme which reproduces this seemingly bizarre hierar-
chy in neutrino masses while accommodating the con-
straints of mixing and lifetime. The second is to realize
such a scheme within an extension of the standard model
without unnatural fine tuning of parameters.

In a recent paper Glashow [9] has proposed an inge-
nious extension of the singlet majoron model [10] which
answers the first challenge. In Glashow’s scheme, the fer-
mion spectrum of the standard model is extended to in-
clude right-handed neutrinos (vg), one per generation.
The global B — L symmetry is spontaneously broken as in
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An interesting consequence of the model is that v, is short lived with a lifetime of

the singlet majoron model [10] to generate a seesaw form
for the neutrino mass matrix, i.e.,
0 m
MV= mT Ml (l)
where m and M are 3x3 matrices. m is the Dirac mass
matrix connecting v, to vg, and M is the Majorana mass
matrix for the right-handed neutrinos induced by cou-
pling to the majoron. Glashow’s proposal is to require the
matrix M to have rank 2, so that it has one zero eigenval-
ue, leading to one Dirac neutrino (identified with v.)
with m, == m; and two Majorana neutrinos (v, and v,)
having generic seesaw masses m, =~m;/M,;. The in-
teresting point about this mass matrix is that if the Dirac
masses m| = my=m3== 17 keV, and the B — L breaking
scale is of the same order as the electroweak scale
(M =300 GeV), it will lead to the desired values for
my,m,, (=107*eV) and m, (=17 keV). In addition
to these states, there are two heavy Majorana states with
masses of order 300 GeV. Thus the masses obey a
geometrical hierarchy with the v, mass lying near the
harmonic mean of the heavy and light Majorana masses.
The cosmological constraint on v, is avoided as it decays
via majoron (y) emission (v.— v;+y).

The above pattern of mass eigenvalues and mixing is
somewhat nontrivial to realize theoretically in a natural
manner. For instance, (i) the value of 17-keV Dirac
mass would ordinarily require a Yukawa coupling of or-
der 10 77 and (ii) the absence of any significant genera-
tion dependence for Dirac neutrino masses, unlike that
observed in the charged-fermion sector, will need an ex-
planation.

In this Letter, we propose a renormalizable gauge mod-
el which realizes naturally such a scheme for neutrino
masses. Our model is an extension of the singlet majoron
model, where the Dirac mass matrix m of Eq. (1) arises
only at the one-loop order. As a result, even with all Yu-
kawa couplings of order 10 ~'-10 "2, the induced Dirac
masses can naturally be in the keV range. Furthermore,
since these masses are induced through loops not involv-
ing the charged fermions, no significant generation
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dependence is expected. A key ingredient of our model is
that the global U(1) symmetry is not generation blind.
As a result the Majorana matrix M of Eq. (1) naturally
has rank 2. An interesting consequence of our model is
that v, turns out to be short lived with a lifetime of
=1073-10 "' sec. This comes about as the decay am-
plitude for majoron emission (v.— v;+y) goes as m/M
rather than (m/M)? as in a class of singlet majoron mod-
els [11].

We shall work with the standard SU(3)xSU(2),
xU(1)y gauge group with the left-handed lepton dou-
blets ¥,., right-handed singlets e,g, and right-handed
neutrinos v,g, where a =1,2,3 is the generation index. A
global U(1) symmetry is imposed which depends on the
generation. Besides the standard Higgs doublet ¢g, the
scalar sector of the model contains new particles, includ-
ing a neutral singlet A carrying global U(1) charges.
These particles are listed in Table I along with their U(1)
charges. [Leptons not listed have zero U(1) charges.]
The U(1) symmetry is anomalous.

The most general leptonic Yukawa coupling of the
model invariant under the global U(1) is

Ly =g, Vo ¢sear+hijVi ¢vir+hi 3V ' vig
+h3i V3 ¢ vir+ fvirC ~'vigA+H.c. 2)

Here the index a runs over all three generations, whereas
i,j take values 1 or 2. Without loss of generality we have
chosen the charged-lepton couplings to be diagonal in
flavor and defined the linear combination of v,z and vyg
coupling to A simply as vyg.

The Higgs potential of the model contains, in addition
to trivial invariants, the following terms:

V=uoTitsp'n +110dit2onTA* + 220" 0503 03
+a3nT A2+ Aant n3a*2+H.c. 3)
The parameters of the potential are so chosen that at the
tree level, only the following fields have nonzero vacuum
expectation values (VEV): (99 =«kg; (A)=v. As a re-

sult, all charged fermions will acquire masses. The Ma-
jorana mass matrix for the right-handed neutrinos is

TABLE 1. Global U(1) charges of leptons and the Higgs
particles.

Particle U(1) charge
VIR, V2R +4
ViR =5
W¥ir,€3r +9
p=C@p" 97" +4
o' =(p"t )7 -5
ni +1
n -1
ni¥ +3
A +1

given by
0
0

M= @)

S o o
oD o

fe

This matrix clearly has rank 2 as required to produce a
Dirac v,. The massless state v,z will be identified with
v.r. Note that this system is somewhat more economical
than conventional seesaw matrices since M has just one
parameter. All Dirac masses of the neutrinos are zero at
this stage.

At the one-loop level, ¢° and ¢'° will acquire nonzero
vacuum expectation values from the graphs shown in Fig.
1. These contributions are finite and can be estimated to
be

AAsrg viks

(%=« ,
¢ 1672 m2m}
S (5)
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Assuming all the mass parameters (xs,u,n,,m,) to be of
the order of the electroweak symmetry breaking scale
(=200 GeV) and A; to be in the range (0.5-1)%x10 ',
we get k= k' = 100 keV-1 MeV. Once (%0, {¢'*)=0,
nonzero Dirac mass entries will be induced in the matrix
m of Eq. (1). If the Yukawa couplings k. are of order
10 7'-10 "2, these masses will naturally be in the keV
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FIG. 1. One-loop diagrams generating finite vacuum expec-
tation values for ¢° and ¢".
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range. All entries of m except the (3,3) entry are now
nonzero, which we shall denote by m,,. The first index
corresponds to the left-handed neutrino and the second
index to the right-handed neutrino.

It should be noted here that if all Yukawa couplings of
vr (viz., ha) are of the same order, the Dirac masses of
all three neutrinos will be of the same order, as hy-
pothesized by Glashow.

Let us now turn to the diagonalization of the 6 X6 ma-
trix M, of Eq. (1) when the 3x3 submatrix M has rank 2

Here A is a 4X4 matrix, B is 4x2, and the 2X2 matrix H
given by

ol

is invertible. Since elements of 4 and B are of order «,
k', while those of H are of order v, M, can be block diag-
onalized to order (x%/v,x'*/v) by the unitary matrix

as in Eq. (4). It is convenient to write M, in the follow- 1—4pp” p P
ing block form: U= +0o| X K 8)
4 B —pT 1 Q‘PTP TR
v e T (6) -1 -2 . .
B" H where p=BH "'+ ABH ~%. The 4x4 light neutrino
_ mass matrix is then
Ml =4 — g BT+ 0| X KD
UZ vz
0 0 0 my 2mm 3 mymayztmizmy mpzmsy 0
0 0 0 my 1 |mimatmizm; 2myamy; mams; 0
0 0 0 my| fo ny3zmsy may3ms3y 0 0 ©)
myy mjyy msy 0 0 0 0 0
An inspection of Eq. (9) immediately leads to the con- r
clusion that v, is a pseudo-Dirac particle, with its main our model is given by
Dirac mass coming from the first matrix: m, =(m#f _ 0 04 o 0
+m3i+m$ )2 Since mgp =hax or ha k', with x and x=NUlmA+BsImos+pIme°+ ' Ime™], (10
k' in the range 100 keV-1 MeV, this mass can naturally where
be of order 17 keV. v, and v, masses arise from the
second matrix of Eq. (9) and are seesaw suppressed. As B _Ks 52 —4x?
an example, consider the following choice of parameters: v | k& +x2+k"?
mn=1.7, m;»=2.0, m|3=1.0, mo =0.1, m22=12.0,
my3=12.0, m3; =17.0, m3;;=0.1 (in keV) and fv =300 X 52 — 452
GeV. This yields m, =2x107° eV and mvﬂ=10_3 eV ﬂ=’v‘ 4+ 2+ Kl an
which are in the right range for the MSW mechanism for s
solar neutrinos to be effective. There is a tiny admixture , " 5
of Majorana mass in v, which splits the masses of v;, ﬂ'-—L oy KT —4x” ,
and v,,. For the choice of parameters above, this mass v k§+xi+x?

splitting is 4x10 ™7 eV.

The charged-current mixing angles 6., and 6,. are
determined essentially by the first term of Eq. (9):
0.c=my1/m31, ,,=my/m3. The v.-v, mixing angle,
on the other hand, receives comparable contributions
from both terms. All these angles are arbitrary, and can
be chosen to be at the few percent level. For the numeri-
cal example above, 6., =12%, 8, =10%, and 6,. =1.8%.

As noted earlier, a 17-keV v, should decay fast enough
so as to avoid cosmological constraints on the mass densi-
ty of the Universe. v, decays in our model via majoron
emission (v.— v;+y), where the majoron y is the mass-
less Goldstone boson associated with the spontaneous
breaking of the global U(1) symmetry. Let us now dis-
cuss the coupling of y to fermions. The majoron field in

1500

and N is the normalization constant. Since x,x' = 100
keV-1 MeV, while kgs,0=200 GeV, the -constant
Bs =107 The coupling of charged fermions such as e,
u, and d to y are proportional to Bsms/my. The coupling
8ree to the electron is then = 10 7'®, which is consistent
with all astrophysical constraints [12]. The induced cou-
pling of y to the electron by gauge-boson exchange at the
one-loop level is even smaller.

The flavor nondiagonal couplings of the majoron to the
light neutrinos, which determines the v, lifetime, can be
obtained by first applying the same unitary transforma-
tion U of Eq. (8) to the majoron coupling matrix, which
in our model has entries in the off-diagonal block as well.
In the basis where the light neutrino mass matrix is given
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by Eq. (9), we find the majoron coupling matrix to be

0 0 0 4m||
0 0 0 4'712] 2 ”
Govy =t - yolX x|,
iViX v 0 0 0 5m3] L'Z v
4m|; 4m2| —SM3| 0

12)

It follows from Egs. (9) and (12) that the unitary
transformation which diagonalizes the light neutrino
mass matrix will not simultaneously diagonalize the ma-
joron coupling matrix. It is even more striking that the
diagonalization of the leading Dirac mass term of Eq. (9)
leaves behind an off-diagonal majoron coupling of order
m/v. As a result, g, ,,~m,/v. The decay rate for
vi.— vex is given by I'=(81/32x)(mji/v?)6%. For
0.:=10%, and the U(1)-symmetry-breaking scale of the
same order as the electroweak scale, the lifetime of v, is
10 73-10 7" sec, easily satisfying the cosmological con-
straints of mass density of the Universe [13].

Let us now turn to the implications of the model for
nucleosynthesis. Since v, in our model is a pseudo-Dirac
particle, there can be v. -v., oscillation in the early
Universe. Its strength depends on the v, -v., mass split-
ting ém. It has been shown in Ref. [14] that for
dm=10"° eV, v,, does not contribute as an extra
species to nucleosynthesis. As shown in the earlier exam-
ple, 8m <10 7% eV can be satisfied in our model. The
Higgs-induced four Fermi couplings of v, are of order
Grx10 73 (for M,=300 GeV) so that they do not keep
Vi, in equilibrium during nucleosynthesis. On the other
hand, if the lifetime for decay into majoron is of order
10 ™! sec, due to time dilation effects, the lifetime in the
rest frame of the Universe will be more than 10 sec. The
majoron then does not contribute as an active additional
species. We would then predict N, =3, consistent with
the most recent analysis [15] which quotes NV, < 3.3. The
nucleosynthesis constraint on §m implies that the oscilla-
tion length for a 1-GeV v, beam in the laboratory will be
about 1000 km and hence unobservable.

There are limits on m,, coming from supernova 1987A
observations: m, =28 keV [16]. This bound is not
violated by the 17-keV pseudo-Dirac neutrino. The new
interactions of v, present in our model are too weak
(i.e., Grx 10 73) to affect the neutrino signal from the su-
pernova.

The rare process u— ey will proceed in our model via
¢* exchange. For the range of parameters we have
chosen, the branching ratio is less than 10 ~'2, consistent
with, but not too far from, the present experimental limit.
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