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Vacuum neutrino oscillations of solar neutrinos and lepton mass matrices

Morimitsu Tanimoto*

Science Education Laboratory, Ehime University, 790-8577 Matsuyama, Japan
~Received 8 July 1998; published 11 December 1998!

We consider the case that the solar neutrino deficit is due to vacuum oscillations. The lepton mass matrices
with nearly bimaximal mixings are needed in order to explain both the solar and atmospheric neutrino deficit.
A texture with the symmetry of flavor democracy orS3 has been investigated by taking account of the
symmetry breaking terms of the charged lepton mass matrix. It is found that predicted mixings can be con-
siderably changed from the neutrino mixings sin22u(.1 and sin22uatm.8/9 at the symmetric limit. The
correlation betweenuUe3u anduUe1Ue2* u is also presented. The test of the model is discussed by focusing on the
three flavor analyses in the solar neutrinos, atmospheric neutrinos, and long baseline experiments.
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PACS number~s!: 12.15.Ff, 14.60.Lm, 14.60.Pq
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Neutrino flavor oscillations provide information of th
fundamental properties of neutrinos such as mass and fl
mixing. In recent years, there is growing experimental e
dence of neutrino oscillations. One exciting example is
atmospheric neutrino deficit@1–3# as well as the solar neu
trino deficit @4#. Super-Kamiokande@5# presented the near
maximal neutrino flavor oscillation in atmospheric neutrino
Recent Super-Kamiokande data also suggest that vacuum
cillation regions are favored in the analysis of day-nig
spectra and energy shape of the solar neutrino@6–8#. There-
fore, three flavor analyses are very important for the vacu
oscillation of solar neutrinos@9,10#. Results of those analy
ses can give constraints on the structure of the lepton m
matrices. Therefore, it is urgent to make clear predictio
quantitatively in the lepton mass matrix models which g
near-maximal solar and atmospheric vacuum oscillati
@11–13#.

There is a typical texture of the lepton mass matrix w
nearly bimaximal mixing of three neutrinos, which is deriv
from the symmetry of the lepton flavor democracy
Fritzsch and Xing@14#, or from theS3L3S3R symmetry of
the left-handed Majorana neutrino mass matrix given
Fukugita, Tanimoto, and Yanagida@15#. These models can
give identical predictions for the neutrino mixings sin22u(

.1 and sin22uatm.8/9 although those depend on the symm
try breaking patterns. However, these predictions are con
erably changed if the symmetry breaking terms are corre
taken into account. In this paper, we investigate the qua
tative predictions on the neutrino flavor mixings includin
symmetry breaking terms, which become significant for lo
baseline~LBL ! neutrino oscillation experiments. In particu
lar, LBL experiments ofnm→ne can test the prediction o
Ue3 in the model. The first LBL reactor experiment CHOO
has already reported a bound of the neutrino oscillation@16#,
which gives a strong constraint of the flavor mixing patte
The LBL accelerator experiment K2K@17# is planned to be-
gin taking data in the next year, whereas the MINOS@18#
and ICARUS@19# experiments will start in the first year o
the next century. Thus the lepton mass matrix model will
tested in the near future.
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Our conservative approach is to assume that oscillati
need only account for the solar and atmospheric neut
data. Since the result of LSND@20# awaits confirmation by
KARMEN experiment@21#, we do not take into consider
ation the LSND data in this paper. Recent results of atm
spheric neutrinos at Super-Kamiokande@5# suggestnm→nt
oscillation with the near-maximal mixing. Since the CHOO
result @16# excludes the large neutrino oscillation ofnm
→ne as far asDm2>931024 eV2, the large mixing be-
tweennm andnt is a reasonable interpretation for the atm
sphericnm deficit. Our starting point as to neutrino mixing
is the near-maximalnm→nt oscillation with

Dmatm
2 51023–1022 eV2, sin22uatm>0.8, ~1!

which constrain neutrino oscillations in LBL experiment
On the other hand, recent solar neutrino data of Sup
Kamiokande@6# favors vacuum long-wavelength oscillation
with Dm(

2 .10210 eV2 and the near-maximal mixing in th
analysis of day-night spectra and energy shape.

The texture of the lepton mass matrices with nearly
maximal mixing of three neutrinos was presented based
the democratic mass matrix as follows@14,15#: the charged
lepton mass matrix is

Ml5
cl

3S 1 1 1

1 1 1

1 1 1
D 1S d l 0 0

0 r l 0

0 0 e l

D , ~2!

where the second matrix is the symmetry breaking ter
which were given for quark mass matrices by Koide@22#,
andd l ,r l ande l are complex parameters in general. By n
glecting CP violating phases and usingcl@e l@r l ,d l , this
matrix is diagonalized approximately as

Vl
†MlVl5diag~ml1 ,ml2 ,ml3! , ~3!

where
©1998 The American Physical Society04-1
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ml15~d l1r l1e l !/32j l /6,

ml25~d l1r l1e l !/31j l /6,

ml35cl1~d l1r l1e l !/3, ~4!

with

j l5@~2e l2r l2d l !
213~r l2e l !

2#1/2 . ~5!

The unitary matrixVl is given asVl5FL, where

F5S 1/A2 1/A6 1/A3

21/A2 1/A6 1/A3

0 22/A6 1/A3
D ,

L.S cosu l 2sin u l l lsin 2u l

sin u l cosu l l lcos 2u l

2l lsin 3u l 2l lcos 3u l 1
D ,

~6!

with

tan 2u l.2A3
r l2d l

2e l2r l2d l
, l l5

1

A2

1

3cl
j l . ~7!

If a special conditiond l52r l is taken, one can obtain th
familiar relationuL21u.sinul.Auml1 /ml2u, which was used
in Refs. @14# and @15#. However, this condition is not guar
anteed in the framework of the model. In our followin
analyses, a relation betweend l and r l is given only by the
massml15me as seen in Eq.~4!, and so the value ofL21 is
given arbitrary. TheL13 and L31 mixings are suppresse
compared withL12 andL21 becausel l isO(mm /mt). On the
other hand, theL23 andL32 mixings are almost fixed excep
for phases such as

uL23u.uL32u.
1

A2

mm

mt
.0.04. ~8!

Let us turn to the neutrino sector. Assuming that the n
trinos are of the Majorana type, the neutrino mass matrix

M n5cnS 1 0 0

0 1 0

0 0 1
D 1S dn 0 0

0 rn 0

0 0 en

D , ~9!

where the first matrix is theS3L invariant one and the secon
is the symmetry breaking one. It is noted thatcn50 and
cn5O(1 eV) were taken in Ref.@14# and in Ref.@15#, re-
spectively. Since the mass matrix of the neutrino is still
agonal in both models, the same numerical results are
tained for flavor mixings. The neutrino masses a
determined being independent of flavor mixings in th
model. So the parametersdn ,rn and en are easily con-
strained by puttingDm21

2 5Dm(
2 andDm31

2 5Dmatm
2 .
01730
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The neutrino mixing matrixUa i is determined by onlyVl
of the charged leptons as follows:

U5Vl
†5L†F†. ~10!

Then, the relevant mixing parameters of solar neutrinos

Ue15
1

A2
L11* 1

1

A6
L21* ,

Ue252
1

A2
L11* 1

1

A6
L21* ,

Ue352
2

A6
L21* , ~11!

whereuL11* u2.12uL21u2 andL31 is neglected due to the sup
pression factorl l . These mixings are determined only b
L21, which is still an unknown parameter because there
mains at least one undetermined parameter in the mass
trix after fixing the charged lepton massesme , mm andmt,
as seen in Eq.~4!. If the complex phases are allowed in th
symmetry breaking terms, there are more unknown par
eters. On the other hand, the relevant mixing parameter
atmospheric neutrinos are

Um352
2

A6
L22* 1

1

A3
L32* , Ut352

2

A6
L23* 1

1

A3
L33* ,

~12!

where uL22* u2512uL21u22uL23u2 and uL33* u2.12uL32u2.
Thus these mixings are determined byL21 andL32.

As seen in Eq.~11!, there is a correlation betwee
4uUe1Ue2* u2 and uUe3u; both are relevant quantities for th
oscillation probability of solar neutrinos as follows:

P~ne→ne!.124uUe1Ue2* u2sin2
Dm21

2 L

4E

22uUe3u2~12uUe3u2!. ~13!

Since those are given in terms ofL215uL21uexp(ip), we can
present an allowed region on the (uUe3u,4uUe1Ue2* u2) plane
by changinguL21u and the phasep. In Fig. 1, the allowed
region is shown between two curves for the case ofp50°
and p590°. If Dm31

2 >931024 eV2, the mixing uUe3u is
constrained by the CHOOZ experiment@16#, in which the
oscillation probability is expressed as

P~ n̄e→ n̄e!.124uUe3u2~12uUe3u2!

3sin2
Dm31

2 L

4E
. ~14!

For example, the CHOOZ result gave constrain
sin22uCHOOZ<$0.12,0.20,0.75% for Dm31

2 .$5,2,1%31023

eV2, which correspond touUe3u<$0.18,0.23,0.50%, respec-
tively. Thus the constraint ofuUe3u is strongly dependent on
4-2
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Dm31
2 . This fact is advantageous for testing the model

cause the solar neutrino data determines the best fi
(uUe3u,4uUe1Ue2* u2) being independent ofDm31

2 . We show
the best-fit points in the three flavor analyses in Ref.@10# by
four black points for eachuUe3u. If these best-fit points are
reliable, we can find in Fig. 1 thatuUe3u.0.3–0.4 is favored
in the present model, which meansDm31

2 <1023 eV2 in the
CHOOZ data. LBL experiments can test this prediction
the future.

However, it is important to comment on the allowed r
gion at 95% C.L. in Ref.@10#, which completely covers ou
predicted one. Thus the prediction ofuUe3u in the model is
less predictive at the present. Moreover, foruUe3u
50.0, 0.2, and 0.4, the values ofxmin

2 are 3.6, 4.2, and 5.6
respectively. This means that smaller values ofuUe3u are
preferred. Therefore, we need three flavor analyses of
solar neutrino oscillation including new data of the ener
spectrum in Super-Kamiokande@6,7#.

LBL experiments provide an important test of the mod
becauseuUe3u is a key ingredient for thenm→ne oscillation
as follows:

P~nm→ne!.4uUe3Um3* u2sin2
Dm31

2 L

4E
.

8

3
uUe3u2sin2

Dm31
2 L

4E
,

~15!

whereuUm3u52/A6 and the smallCP violating term is ne-
glected. Then, the expected maximal oscillation probabi

FIG. 1. Allowed region on (uUe3u,4uUe1Ue2* u2) plane, which is
the one between two curves forp50° andp590°. Black points
denote the best fits of solar neutrinos in the three flavor analyse
Ref. @10# for eachuUe3u. For uUe3u50.0, 0.2, and 0.4, the values o
xmin

2 are 3.6, 4.2, and 5.6, respectively. The allowed region at 9
C.L. completely covers our predicted one.
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is 0.06 for Dm31
2 .531023 eV2 at K2K @23# due to the

constraint of the CHOOZ result@16#.
Let us consider the case of the atmospheric neutrino.

using L32.0.04 exp(iq), we can estimate 4uUm3Ut3* u2 as a
function of uUe3u, whereq50° –180° andL23 is determined
by unitarity. We present an allowed region on th
(uUe3u,4uUm3Ut3* u2) plane in Fig. 2, where the allowed re
gion is shown between two curves for the case of the ph
q50° andq5180°. It is found that 4uUm3Ut3* u2 could de-
viate significantly from 8/9, which was presented in Re
@14,15#, due to the symmetry breaking terms in the mod
The LBL experiments ofnm→nt and nm→ne enable us to
test our predictions in the future.

The summary is given as follows. The mass matrix mo
based on the democratic form has been investigated focu
on the recent data of solar neutrinos and atmospheric ne
nos. If the solar neutrino deficit is due to the vacuum os
lation as suggested by recent Super-Kamiokande data, ne
bimaximal mixings are needed in order to explain both
solar and atmospheric neutrino deficit. In the present mo
those large mixings are derived from the charged lepton s
tor while the neutrino mass matrix is a diagonal one. It
remarked that the symmetry breaking term of the char
lepton mass matrix is very important for predicting mixin
angles. The model will be tested by the precise determina
of the mixings andDm2 in the solar neutrinos, atmospher
neutrinos and LBL experiments in the near future.

I thank A. Smirnov for the quantitative discussion
vacuum oscillations of solar neutrinos. I also thank Y. Koi
for the discussion of the model. This research was suppo
by the Grant-in-Aid for Science Research, Ministry of Ed
cation, Science and Culture, Japan~No. 10140218 and No
10640274!.
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FIG. 2. Allowed region on the (uUe3u,4uUm3Ut3* u2) plane which
is the one between two curves forq50° andq5180°.
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