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Vacuum neutrino oscillations of solar neutrinos and lepton mass matrices
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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 8¢ 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?8#f,=1 and sif26,,,=8/9 at the symmetric limit. The
correlation betweeflJ 3| and|U¢,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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Neutrino flavor oscillations provide information of the  Our conservative approach is to assume that oscillations
fundamental properties of neutrinos such as mass and flavaeed only account for the solar and atmospheric neutrino
mixing. In recent years, there is growing experimental evi-data. Since the result of LSN[20] awaits confirmation by
dence of neutrino oscillations. One exciting example is theK ARMEN experiment[21], we do not take into consider-
atmospheric neutrino deficiL—3] as well as the solar neu- ation the LSND data in this paper. Recent results of atmo-
trino deficit[4]. Super-Kamiokandg5] presented the near- gspheric neutrinos at Super-Kamiokandd suggesty,— v,
maximal neutrino flavor oscillation in atmospheric neutrinos.ygcijlation with the near-maximal mixing. Since theﬂCHOOZ
gﬁ;ﬁgrt]Sr:gieor;éaranrigkfzr:/g?e%atiﬁ iﬁ: sal;]%?essi;ﬂ:)aflt (‘j’:cur:?gnh?%'sult [16] excludes the large neutrino oscillation of,

- 2 —4 2 i
spectra and energy shape of the solar negﬁﬁmﬁ]. Theyre— — ve aS far asA_m =9x10 ev-, the Iarge mixing be-
fore, three flavor analyses are very important for the vacuurﬁweenyﬂ and Vo154 reasonable Interpretation f(.)r the.a.tmo-

g ys€ ymp hericv,, deficit. Our starting point as to neutrino mixings
oscillation of solar neutrinof9,10]. Results of those analy- Sp “ . g porr . 9
ses can give constraints on the structure of the lepton mads the near-maximab,— v oscillation with
matrices. Therefore, it is urgent to make clear predictions

quantitatively in the lepton mass matrix models which give AmZ, =1073-10"2 eV? sinf26,,=0.8, (1)
near-maximal solar and atmospheric vacuum oscillations
[11-13.

There is a typical texture of the lepton mass matrix withwhich constrain neutrino oscillations in LBL experiments.
nearly bimaximal mixing of three neutrinos, which is derived On the other hand, recent solar neutrino data of Super-
from the symmetry of the lepton flavor democracy by Kamiokandg6] favors vacuum long-wavelength oscillations
Fritzsch and Xing14], or from theS; X S;g symmetry of  with Améle* 10 eV2 and the near-maximal mixing in the
the left-handed Majorana neutrino mass matrix given byanalysis of day-night spectra and energy shape.

Fukugita, Tanimoto, and Yanagida5]. These models can  The texture of the lepton mass matrices with nearly bi-
give identical predictions for the neutrino mixings %# maximal mixing of three neutrinos was presented based on
=1 and sif26,,~8/9 although those depend on the symme-the democratic mass matrix as follofus4,15}: the charged

try breaking patterns. However, these predictions are considepton mass matrix is
erably changed if the symmetry breaking terms are correctly

taken into account. In this paper, we investigate the quanti- 11 1 5 0 0
tative predictions on the neutrino flavor mixings including c !

symmetry breaking terms, which become significant for long M==l1 1 1|+ 0 p 0], (2
baseline(LBL) neutrino oscillation experiments. In particu- 3 1 1 1 0 0 e

lar, LBL experiments ofv,— v, can test the prediction of '

U.s in the model. The first LBL reactor experiment CHOOZ

has already reported a bound of the neutrino oscillgti@},  where the second matrix is the symmetry breaking terms,
which gives a strong constraint of the flavor mixing pattern.which were given for quark mass matrices by Ko{@2],

The LBL accelerator experiment K2KL7] is planned to be- andé;,p, ande; are complex parameters in general. By ne-
gin taking data in the next year, whereas the MINQ8]  glecting CP violating phases and using>¢€>p,,d;, this
and ICARUS[19] experiments will start in the first year of matrix is diagonalized approximately as

the next century. Thus the lepton mass matrix model will be

tested in the near future. VIMV, =diagmi;,mp.ms) &)
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mi1=(8+p,+ €)I3— &186, The neutrino mixing matriXd ,; is determined by only,
of the charged leptons as follows:
M= (8, +p,+ €)I3+ &6,
12= (6 +p+€)3+¢§ U=V/=L'F" (10
mz=¢+ (5 +p+e)l3, 4 Then, the relevant mixing parameters of solar neutrinos are
with
2 27172 Lil+ 21
&=[(2e—p 1= 8)°+3(p—)*]"* . 5 2 f
The unitary matrixV, is given asV,=FL, where
U=~ Lilcl 21
W2 16 1A3 \2 @
F=| —1\2 1N6 143 2
0 -2/6 143 Vea=~ 5lav (1)
cos 6, —sing,  \sin 26, where|L%,|?=1—|L,|? andLg, is neglected due to the sup-
L= sin 6, cos 6, \cos 24, |, pression factom,. These mixings are determined only by
s 30— NCos 3 1 L1, which is still an unknown parameter because there re-
! ! ! ! ©) mains at least one undetermined parameter in the mass ma-
trix after fixing the charged lepton masseg, m, andm,,
with as seen in Eq4). If the complex phases are allowed in the
symmetry breaking terms, there are more unknown param-
1 1 eters. On the other hand, the relevant mixing parameters of

P~ _ -+
tan 20|__\/—26| 5| )\l_\/§3C| &

(7)  atmospheric neutrinos are
If a special conditions,= —p, is taken, one can obtain the U, 3=— L§2 L§2, U,3=— L’2‘3 L§3,
familiar relation|L 4| =sin g=+|m;; /m;,|, which was used \/— \/— \/— \/—
in Refs.[14] and[15]. However, this condition is not guar- (12)
anteed in the frgmework of the mpdel_. In our following \\ here ILEJ2=1—|Lp2—|Lod? and |L%2=1—|Lg2.
analyses, a relation betweei and p, is given only by the
massm;; =m, as seen in Eq4), and so the value df,, is
given arbitrary. ThelL3 and L3; mixings are suppressed
compared withL 1, andL 5, because, is O(m,/m,). On the
other hand, thé& ,; andL 3, mixings are almost fixed except
for phases such as 21
Py 1) =1 4|Ugg Ul

Thus these mixings are determined by, andL 3,.

As seen in Eq.(11), there is a correlation between
4|U,U%|? and |Ugl; both are relevant quantities for the
oscillation probability of solar neutrinos as follows:

Log=|L L m, 8
ILad=[bad= 51 = ® —2|ue3|2<1—lueslz>. (13
Let us turn to the neutrino sector. Assuming that the neuSinNce those are given in terms bf,=|L z|exp(p), we can

2
trinos are of the Majorana type, the neutrino mass matrix igresent an allowed region on thies|, 4|UeUg,|) plane
by changing|L,;| and the phas@. In Fig. 1, the allowed

1 0 0 5, 0 0 region is shown between two curves for the cas@ef0°
B and p=90°. If Am3,=9x10™* eV?, the mixing|Us| is
M,=c,| 0 1 0f+{ 0 p, O], © constrained by the CHOOZ experimgfit6], in which the
0 01 0 0 e oscillation probability is expressed as
where the first matrix is th&;, invariant one and the second P(ve— o) =1—4|Ugs|2(1—|Ugs|?)
is the symmetry breaking one. It is noted tlgt=0 and 5
c,=0O(1 eV) were taken in Ref.14] and in Ref.[15], re- % .nzAm31L 14
spectively. Since the mass matrix of the neutrino is still di- S 4E (14

agonal in both models, the same numerical results are ob-

tained for flavor mixings. The neutrino masses areFor example, the CHOOZ result gave constraints
determined being independent of flavor mixings in thissin*26cpo0-~<{0.12,0.20,0.75 for Am31~{52 1x10°3
model. So the parameter8,,p, and €, are easily con- eV?, which correspond tdU5|<{0.18,0.23,0.50 respec-
strained by putting\m3,=Am3 andAm§l=Am§tm. tively. Thus the constraint dU;| is strongly dependent on
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FIG. 2. Allowed region on the|Us|,4|U ,3U%|?) plane which

. ’ _—
FIG. 1. Allowed region on|U.s|,4{UcUg,|) plane, whichis g tha one between two curves fgr=0° andq=180°.

the one between two curves fpr=0° andp=90°. Black points

denote the best fits of solar neutrinos in the three flavor analyses i 0.06 for Amglzg,x 102 eV? at K2K [23] due to the
Ref.[10] for each|U.s|. For[Ues|=0.0, 0.2, and 0.4, the values of constraint of the CHOOZ resuli6].

sznin are 36, 42, and 56, respectively. The allowed region at 95% Let us COHSIder the case Of the atmosphenc neutrlno By
C.L. completely covers our predicted one. using L3,~0.04 expig), we can estimate |4JM3U’;3|2 as a

5 _ _ _ function of |U 5|, whereq=0°-180° and.,5 is determined
Am31. This fact is advantageous for testing the model be'by unitarity_ We present an allowed region on the

cause the solar neutrino data determines the best fit que3|,4|U,L3U’:3|2) plane in Fig. 2, where the allowed re-
(|Uesl, 4|UU%|?) being independent chm3;. We show  gion is shown between two curves for the case of the phase
the best-fit points in the three flavor analyses in Re®] by  q=0° andq=180°. It is found that p_JMSU*;3|2 could de-
four black points for eachUs|. If these best-fit points are viate significantly from 8/9, which was presented in Refs.
reliable, we can find in Fig. 1 thato3|=0.3-0.4 is favored [14,15, due to the symmetry breaking terms in the model.
in the present model, which meansn,<10"2 eV? inthe  The LBL experiments ofr,— v, and v,— v, enable us to
CHOOZ data. LBL experiments can test this prediction intest our predictions in the future.
the future. The summary is given as follows. The mass matrix model
However, it is important to comment on the allowed re-based on the democratic form has been investigated focusing
gion at 95% C.L. in Ref[10], which completely covers our on the recent data of solar neutrinos and atmospheric neutri-
predicted one. Thus the prediction & | in the model is  nos. If the solar neutrino deficit is due to the vacuum oscil-
less predictive at the present. Moreover, fot.g|  lation as suggested by recent Super-Kamiokande data, nearly
=0.0,0.2, and 0.4, the values m?mn are 3.6, 4.2, and 5.6, bimaximal mixings are needpd in qrder to explain both the
respectively. This means that smaller values|dfs| are solar and atm_ogphenc neutrino deficit. In the present model,
preferred. Therefore, we need three flavor analyses of th#0se large mixings are derived from the charged lepton sec-
solar neutrino oscillation including new data of the energytor while the neutrino mass matrix is a diagonal one. It is
spectrum in Super-Kamiokandé, 7. remarked that tht=T symmetry breaking term qf t_he cha_rged
LBL experiments provide an important test of the model/epton mass matrix is very important for predicting mixing
becausdU.4| is a key ingredient for the,— v, oscillation angles. '_rh_e model will pe tested by the precise determlna_tlon
as follows: of the mixings andAm? in the solar neutrinos, atmospheric
neutrinos and LBL experiments in the near future.

Am3L
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8
P(v,— ve)=4|UgU%s|?sin? :§|ueg|zsin2
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