PHYSICAL REVIEW D

VOLUME 45, NUMBER 7

1 APRIL 1992

Variant of the S; X Z; model for the 17-keV neutrino
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In extending the recently proposed S; X Z; model of quark mass matrices to include leptons to ac-
count for a possible 17-keV neutrino, a solution was already obtained with a certain choice for the Ma-
jorana neutrino mass matrix. We show here that there is another choice which results in a qualitatively
new solution. There will be three pseudo Dirac neutrinos, one of which is formed mostly out of v, and
v,. The 17-keV neutrino decays into v, , and a Majoron with a lifetime of about 3 X 107 3s.

PACS number(s): 14.60.Gh, 12.15.Cc, 12.15.Ff, 96.60.Kx

In the context of the standard SU(2) X U(1) electroweak
gauge model with only scalar doublets, it has recently
been shown [1] that an S; X Z; discrete symmetry can be
used to derive two successful empirical relationships:
|Vl =(my/m ) 1+m2/m| V., |H)"* and m2/m}
~—V,V4/V,. It has also been shown [2] that, with
the addition of scalar singlets, this model can be extended
in parallel to include leptons so that the electron neutrino
may have a massive component with sin6 <0.06. This is
below the current experimental indication [3-5] of
sinf=0.09 for the existence of a 17-keV neutrino. (The
experiment of Hime and Jelley [5] measured
sin’0=0.0085+0.000610.0005.) Whereas further exper-
imentation is clearly needed to confirm or refute this ob-
servation, it is theoretically interesting to know whether
such a large mixing can be accommodated at all in the
S3XZ; model. As it turns out, a less obvious extension
of Ref. [1] does exist which is qualitatively different than
that of Ref. [2]. The resulting model has three pseudo
Dirac neutrinos, one of which is formed mostly out of v,
and v,. The 17-keV neutrino decays into v, , and a Majo-
ron with a lifetime of about 3X 1073 s.

As in Refs. [1,2], the usual six quarks and six leptons of
the standard model are organized into doublets and sing-
lets under S5, and the scalar sector consists of four SU(2)
doublets and three SU(2) singlets. The S3;XZ; assign-
ments of the scalar SU(2) doublets remain the same, but
those of the scalar SU(2) singlets are now changed. In
Table I we list all the leptons and scalars together with
their S;XZ; and lepton-number (L) assignments. As in
Ref. [2], the charged-lepton mass matrix is of the form

0 hi(83) hy(n}
M,= |k {$3) 0 hy{(n) |, (1
"3(”’7(1)> h3<’73) h4<¢(1)>

in exact analogy with M, in Ref. [1], and the 3X3 mass
matrix linking (v,,v,,v3) to (v{,v,,v3)p is again given by

45

hs(T} 0 0
M, = 0 hs{79) 0 , )
0 0 he(dd)

in exact analogy with M,, in Ref. [1]. However, the Ma-
jorana mass matrix linking (v,,v,,v3)g to itself is now
different than that of Ref. [2], namely,

0 0 A, xD
M,=| 0 0 h,(x)|. 3)
hAx?) h (XY hg{x3)

In fact, it can easily be shown that within the context of
S3XZ,, there are only two forms of M which are of
rank 2: either the one given above or that of Ref. [2]

TABLE I. Assignment of leptons and scalars under S; XZ;
and L. The elements of Z, are 1, w, and »?, with o>=1.

S3 Z3 L
vy v,
b 2 1
Ly L, @
(Vz,Vl)R,(lz,ll)R 2 0)2 1
V3
I L’VJRrISR 1 1 1
4
l 1 1 0
it
+
2
0 1 ? 0
2
771+ M2 5 0
") (8 @
$95¢)) 2 © -2
X8 1 1 -2
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where nonzero entries occur only in the (v;,v,)g subma-
trix.

Consider now the entire 6X6 neutrino mass matrix
spanned by ¥, Vo1, V31, Vig» Var»> and vig:

0 00 &40 0O
0 00 0 40
O 00 0 0 B
M=1¢4 00 0 0 C|° “@
O 40 0 0D
0O 0B C DE

where £={(7%)/{(n3)=m,/m.,~4X1073% as in Refs.
[1,2]. Note first that if E =0, then M can be rotated into
the form

0 m

MzmTO

) (5)

where m is a 3 X3 matrix. Hence M’ is the mass matrix
for three Dirac neutrinos. In the case with E5£0, but 42,
B?<<C?, D?, E?, it turns out that M contains two pseu-
do Dirac neutrinos; if E << V' C2+4D? as well, there are
three pseudo Dirac neutrinos. The characteristic equa-
tion for M is given by
AAY—EN—( A2+ B+ C2+D?)A?
+ A’EA+ AYB?*+C?)]
—E2AYAM*—EAM—(A*+B*+D?)A?
+ A2EA+ A%B?]=0 . (6)

Let 4%,B*<<C% D% E? then the eigenvalues are ap-
proximately given by

A=~1[E+VE?+4(C*+D?)], @)
AC A?’D’E
A=t —F—— , (8)
Vv'c2+D? 2(C?*+D?)?
and
2 42
A~ $4B  SFAE )
o 2C?

Presumably, the 17-keV neutrino is to be identified with
the eigenvlaues of Eq. (8), which have eigenstates given
by

£&D BD D

1
"3,4272

C 4D
“Vc2+p?2’ C*+D?

b

(10)

and the much lighter neutrino of Eq. (9) is associated
with the eigenstates

1 ED _ B &’BD £A
~— += + —
me=g b FhEe T

(11)

oLt Y=
c cvecr+p? ' vV c*+Dp?

This means that the two pseudo Dirac neutrinos are
formed by combining

VoL _(é-D/C)'VlL _[ AD /(C2+D2)]V3R
with

[Dv,g —Cv,z +(BD /C)v;; 1/V C*+D?,
and by combining
with

Vs, —(B/C)v g —(E2BD /C*)vyp .
Hence, we should take v,; to be mostly v,, and thus /,;
should be mostly 7;. In other words, in contrast with the
model of Ref. [2], where (I, ; 3); correspond roughly to
(e,u,7)r, we must examine M, of Eq. (1) anew for a solu-

tion With IZL ZTL .
As in Ref. [2], we write

0 a &b
M=|a 0 b |, (12)
&c ¢ d

but now we assume b2 >>a?,c2,d2. Then the diagonaliza-
tion of M, according to

m? 0 0
MMi=v|io0o m2 o |V (13)
0 0 m?

T

results in

m_=~b , m“'—v‘/c2+az 5

m,=~|a’d —2&abc|/bV c?*+a? ,
and
cos6 sinf 3
V=~ |(d/b)sin@ —(d/b)cos® 1 |, (14)
—sin6 cos6 d/b

where tanf=a /c. Since (v,,v,,v,), are defined to be the
SU(2)-doublet partners of (e,u, 7)., Eq. (14) implies that

Vo =c0s0v; —sinbvy; +(d /b)sinbv,; , (15)

VL =c0s0vy; +sinbv ; —(d /b)cosbv, , (16)
and

Vo =vy +E* v +(d/bvy . )

Using Egs. (10) and (11), we can relate (v,,;); to the
mass eigenstates n; ; 3 4:

1 D

V”‘:TZ n1+n2—%(n3+n4) N (18)
—1 BD

V3Lz_\/§ nl—n2+_c ‘——C2+D2(n3_n4) ) (19)

and
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1
VZL:T}E— n3+n4+§C£(n1+n2) . (20)

Hence v,; has an overlap with (n,+n,)/V2 given by
—(ED /C)cos@=(d /b)sinf, and an overlap with
(ny—ny)/V'2 given by (BD /CV C?+ D?)sinf, which is
negligibly small. Note that (n, +n4)/\/2_15 mostly v, ,
which interacts with 7, but (n;—n,)/V'2 is mostly its
Dirac partner which is inert. Note also that from Egs.
(15), (16), (18), and (19), v, and v,; are dominated by
(ny£n,)/V2, which are Dirac partners. In other words,
a linear combination of v, and v, combines with the or-
thogonal combination of v, and ¥, to form a pseudo
Dirac neutrino.
Returning to the (e,u, 7) mass matrix, we see that
e =~sinf
m,

(21

%sin@ —2& cosO

Because of this constraint and the assumption that
d?<<b?, (d/b)sinb is always much smaller than 0.09.
For example, if sin6~1, then d=m,m_./m,~8.6 MeV
and (d /b)sin6=0.005. Consider now the massive com-
ponent of v, , which is mostly (n;+n,)/V2. Its overlap
is given by —(&D /C)cos6@+(d /b)sin@ and should be
about 0.09 in magnitude. On the other hand, the overlap
with v, is (§D/C)sin@+(d /b)cosé, which should be
less than 0.03 from v,— v, oscillation data [6]. Hence, it
is desirable to have tanf= —(d /b)/(§D /C) so that v,-v,
mixing can be ignored. In that case, Eq. (21) implies that
sinf=0.3 for £=+m,/m, and cosf>0. Also we
have &D/(Ccos0)=~0.092, or C/D=0.043, and

AC/V C*+D?*~17 keV, or 4 ~400 keV. Since B, C,
and E are not yet constrained, we can adjust their values
for the v,(¥,) pseudo Dirac mass and look for a solution
which can explain the solar-neutrino deficit in terms of
the Mikheyev-Smirnov-Wolfenstein (MSW) effect [7]. It
has recently been shown [8] that a value of about
4%107% eV? for the product of Am?, and sin’*(26,,) is

desirable for this purpose. In this model, sin*(26;,)
~c0s%(260)=~0.67 for sind~0.3 and
2 42
Am %2 ~2 fﬁ M (22)
o C?

Hence, if B ~10 keV, C ~10 GeV, and E ~0.85 GeV, we
find the v, (¥,) pseudo Dirac mass to be 1.5X10™ 3 eV
and Am?, 26X 1078 eV2. Therefore, going back to Eq.
(7), we see that the two heavy Majorana neutrinos are
most likely_also pseudo Dirac neutrinos with a mass
given by V/C2+D?, as long as an MSW solution is im-
posed.

So far we have shown that with Eq. (3), the S;XZ;
model has a solution with three pseudo Dirac neutrinos:
a very massive one perhaps of order 10?> GeV, a not-so-
massive one of 17 keV, and a light one of 1073 eV. The
electron neutrino has an overlap of 0.092 with the 17-keV
neutrino, the muon neutrino has a negligible overlap with
the 17-keV neutrino, and the 7 neutrino is mostly the ac-
tive component of the 17-keV neutrino. A linear com-
bination of v, and v, has a very small mass difference

N
with its orthogonal combination; hence, VeV, oscillations

do occur and sin%(26,,)Am?%, ~4X107% eV? can be real-
ized for an optimal explanation of all solar-neutrino data
in terms of the MSW effect. Another kind of oscillation
occurs because v, is mostly (n;+n,)/V'2 and there is a
mass different between n; and n, given by Eq. (8) corre-
sponding to

A’D’E
(C*+D?)?

AC
V'c?+D?
which ranges from about 1 to 10? eV? in this model. The
effective v, mass for double-B decay is less than 3X 107>
eV, much below the present experimental upper limit of
about 1 eV.

We now consider the decay of the 17-keV neutrino.
Since lepton number is spontaneously broken by {x?) in
this model, there exists a massless Goldstone boson called
the Majoron which is a linear combination of )(1 2,3 and
X! 1,2,3- Being all SU(2) singlets [9], they do not contribute
to the invisible width of the Z boson and are thus con-
sistent with the observation of the CERN e "e ~ collider
LEP that the effective number of light neutrinos is just 3
(10]. Using Egs. (3), (10), and (11), we find that n;, do
couple to n;, through )(,, hence, the decay n; ,—n;,
+ Majoron is allowed. For h, of order unity, the
effective  coupling is approximately given by
ABD /C(C*+D?) for (ny+n,)/V2 and £4/C for
(ny—n,)/V'2. We estimate their contribution to be of
order 1078 to 10™7; hence, the decay lifetime of the 17-
keV neutrino is roughly in the range 3 X102 to 3 X 10~*
S.

An almost Dirac 17-keV neutrino may also contribute
an extra degree of freedom to the effective number of
neutrinos in the expansion of the early Universe. This
may affect nucleosynthesis and violate the present astro-
physical upper bound [11] of 3.3. However, it has been
pointed out recently by Babu and Rothstein [12] that if
the mass difference squared between the two mass eigen-
states which make up the 17-keV pseudo Dirac neutrino
is less than about 10 eV? (which is possible here), then the
effective number of neutrinos remains at 3. On the other
hand, there is also an upper bound of the order 10 keV on
the mass of a Dirac or pseudo Dirac neutrino with an in-
ert partner from supernova dynamics [13]. This is a seri-
ous problem for our model as well as any other which
postulates an inert partner for the 17-keV neutrino.

Recently, there has been a deluge of papers [14-31] on
the theoretical interpretation of a possible 17-keV neutri-
no. The model we have presented here is distinguished
by its connection to an existing model of quark mass ma-
trices [1], allowing it to offer a unified description of both
quarks and leptons, and by its prediction of three pseudo
Dirac neutrinos.

Am%, ~2 (23)
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