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Almost maximal lepton mixing with large T violation in neutrino oscillations
and neutrinoless double beta decay
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We point out two simple but instructive possibilities to construct the charged lepton and neutrino mass
matrices, from which the nearly bimaximal neutrino mixing with laiigeiolation can naturally emerge. The
two lepton mixing scenarios are very compatible with current experimental data on solar and atmospheric
neutrino oscillations, and one of them may lead to an observialilelating asymmetry between, — v, and
ve— v, transitions in the long-baseline neutrino oscillation experiments. Their implications for the neutrinoless
double beta decay are also discussed.
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. INTRODUCTION Ami=mi—mi~+AmZ,.
Recent observation of atmospheric and solar neutrin®f courseAm3,~Am3, holds in this approximation. As a
anomalies, particularly that in the super-Kamiokande experieonsequence, the mixing factors of solar and atmospheric
ment [1], has provided robust evidence that neutrinos araneutrino oscillations in the disappearance-type experiments

massive and lepton flavors are mixed. Analyses of the atmdi.e., ve— v, andv,—v,) are simply given by
spheric neutrino deficit favor ,— v as the dominant oscil- _
lation mode with the mags—squared differencem? Sin? 205= 4 Ve |*|Veal*,

atm
~102 eV? and the mixing factor sf26,,,>0.88 at the
90% confidence level. As for the solar neutrino anomaly,
there are four possible solutions belonging to two categories;,
(@) solar v, neutrinos changing to active, or sterile v
neutrinos due to the long-wavelength vacuum oscillatio

with the parametersAmZ,~10 eV? and sif26,,~1

SIMP 20,m= 4|V 3| 2(1— |V 3]2), )

hereV is the 3x 3 lepton flavor-mixing matrix linking the
neutrino mass eigenstates, (v,,v3) to the neutrino flavor
neigenstates;(e,vﬂ ,V,). The present experimental data seem
Psun to favor the large-angle MSW solution to the solar neutrino
[2]; (b) the matter-enhanced.— v, or ve— v Oscillations problem. In this case, S0~ Sir? 26.,~O(1). Then two
via the l\2/|ikheyev-Smirnov-WoIfensteifMSW) mechanism  |5rge mixing angles can be drawn from E8): one between
with Amg,~10"° eV and sif26,~1 (large-angle solu-  the second and third lepton families and the other between
tion), with AmZ,~10"® eV? and sif26,,~10 2 (small-  the first and second lepton familigs.

angle solutio, or with AmZ,~10"" eV? and sif26y,, A particularly interesting limit is Sifi26,,=Sin? 265,
~1 (low solution [3]. Although the large-angle MSW solu- =1, corresponding uniquelfup to a trivial sign or phase
tion seems to be somehow favored by the present superearrangemeito

Kamiokande and SNO dafd 4], the other three solutions

have not been convincingly ruled out. To pin down the true 1 1
solution to the solar neutrino problem remains a challenging E E 0
task of the next round of solar neutrino experiments.

The strong hierarchy betweerm?,, andAm?,,, together 1 1 1
with the small v; component in thev, configuration[5], Vosi| =5 3 2| )
implies that atmospheric and solar neutrino oscillations de-
couple approximately from each other. Each of them is 1 1 1
dominated by a single mass scalhich can be set as 5 3 E

) —_— ) the so-called “bimaximal” flavor-mixing patterf9]. There
Ama;=m;—mi~*Amg,, () have been a lot of discussions about the bimaximal and

nearly bimaximal neutrino mixing scenarifk0]. While the
latter could straightforwardly be obtained from slight modi-
*Electronic address: xingzz@mail.ihep.ac.cn
"Mailing address.
Throughout this paper we do not take the Liquid Scintillation 2The conjecture that two of the three lepton flavor mixing angles

Neutrino DetectorlLSND) evidence for neutrino oscillations], could be extraordinarily largé.e., equal or close to 45°) had been
which has not been independently confirmed by other experimenthade by several author$8] before the first-round super-
[7], into account. Kamiokande data appeared in 1998.
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fications of the former, the arbitrariness in doing so has to be cos#, sing, O
resolved by imposing simple flavor symmetries or dynamical .
constraints on the charged lepton and neutrino mass matri- Ry 6,)=| —sinf, cosf; O (7
ces. In Ref[11], for example, it has been shown that a nearly 0 0 1
bimaximal neutrino mixing pattern can naturally arise from
the explicit breaking of the lepton flavor democracy. and
The present paper aims to discuss two simple but instruc-
tive possibilities to construct the lepton mass matrices, from 1 0 0
which two almpst bimaximal neutrino mixing patterns can Roi(6,)=| 0 cos, sing, ®)
directly be derived. We find that these two scenarios have y )
practically indistinguishable consequences on solar and at- 0 —sind, cosé,

mospheric neutrino oscillations, but their predictions for lep- . ) )

tonic CP or T violation are quite different. To be specific, we With special rotation angled,= 6,=45°
calculate the deviation of solar neutrino mixing from maxi- . .
mal mixing in each scenario. We illustrate that one of the two Vo=Ra3(45°) ®Ry2(45°)
lepton mixing patterns may lead to an observabhgolating

asymmetry betweew,— v, and v.— v, transitions in the 1 1 0
long-baseline neutrino oscillation experiments. The implica- E E
tions of our phenomenological models on the neutrinoless
double beta decay are also discussed in some detail. 1 1 1 .
= 2 2 & 9
Il. NEARLY BIMAXIMAL MIXING 1 1 1
The fact that the masses of three active neutrinos are ex- 2 2 E

tremely small is presumably attributed to the Majorana fea-
ture of the neutrino fieldgl2]. In this picture, the lightleft-
handed neutrino mass matriM, must be symmetric and
can be diagonalized by a single unitary transformation:

Obviously the vanishing of the (1,3) element\f assures
an exact decoupling between solar.{>»,) and atmo-
spheric ¢,—v,) neutrino oscillations. The corresponding
neutrino mass matrii , turns out to be

m 0 O
UIM VU:: 0 my 0 . (4) m; 0 0
0 0 my M,=Vo| O m, 0 |v§
0O 0 m;
The charged lepton mass matrM, is in general non-
Hermitian, hence the diagonalization [df, needs a biunitary A,-B, C, -C,
transformation: =l ¢ A, B, [, (10
—CV BV AV
m. 0 O
umb=( 0 m, 0| (5) Where
0 0 m ms mp+m,
AV:7 4 [
The lepton flavor-mixing matri/, defined to link the neu-
trino mass eigenstatesv{,v,,v3) to the neutrino flavor Me Mt
eigenstatesi, v, ,v,), measures the mismatch between the B,= R
diagonalization oM, and that ofM , : 2 4
_ut m,—m
vV=U/U,. (6) C. = 2” My (11)
2\2

Note that (n;,m,,ms3) in Eq. (4) and (me,m,,m,) in Eq.
(5) are physical(positive masses of light neutrinos and A trivial sign or phase rearrangement for,=V, may lead
charged leptons, respectively. to a slightly different form ofM, [9,13], but the relevant

In the flavor basis wher®!, is diagonal(i.e.,U,=1being  physical consequences on neutrino oscillations are essen-
a unity matrix, the flavor-mixing matrix is simplified t¢&/ tially unchanged. If the masses of and v, neutrinos are
=U,. The bimaximal neutrino mixing pattetd ,=V, can  nearly degeneraté.e., m;=m,), one can arrive at a simpler
then be constructed from the product of the Euler rotatiortexture of M,, in which A ~(mz+mj)/2, B,~(m;
matrices —m,)/2, andC,~0 hold.
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It is worthwhile at this point to give a brief comment on

1 1
the mathematical structure &, obtained in Eq.(10). In- — — 0
deedM, can be decomposed as follows: c st 0 V2 V2
S 1 1 1
M,=A,lx+B,lg+C,lc, 12 Vw=| ¢ S O m5 5 5
0 0 1
where l _1 i
2 2 2
1 00
la={ 0 1 0F, Oy Saine S XGe L X e,
0 0 1 V2 2 V2 2 2
CX SX —i CX SX — CX
-1 0 =| ——+—=e' —+—e % — :
22 22 2
lg=| 0 0 1], (13
1 1 1
0 1 Z - —
2 2 J2
16
0 1 -1 (18
le=| 1 0 O or of the pattern
-1 0 O
1 1 0
It becomes clear that the diagonalizationMf, requires an NG
algebraicunitary matrix which is able to diagonalizg and c, 0 —s,e?
| simultaneously. This unitary matrix is jugt, given in Eq. B 0 1 0 1 1 1
(9). Although the aforementioned decomposition is by noV@= _ ) ﬁ
means unique, it might have a meaningful interpretation in s,e % 0 C,
an underlying model of neutrino masses with specific flavor 1 1 1
symmetries. 2 2 E
We observe that the bimaximal neutrino mixing pattern
will be modified, if U, deviates somehow from the unity
matrix. This can certainly happen, provided that the charged c, S, . c, L s, .
lepton mass matrisM, is not diagonal in the flavor basis —=- Ee'd’z —=+ ge'd’z ——=e'?%
where the neutrino mass matii, takes the form given in
Eq.(10). AsU =V, describes a product of two special Euler 1 1 1
rotations in the real (2,3) and (1,2) planes, the simplest form = ) 5 E ,
of U, which allowsV= U,TU,, to cover the whole & 3 space
should beU,=R;4(6,) or U;=R3,(6,) (see Ref[14] for a C: Sz iy Cz S i, C,
detailed discussion To incorporateT violation in neutrino 5" Ee oot Ee : B
oscillations, however, the complex rotation matrices (17)
i i by . . .
costy . sinde 0 where s,=sin6,, c,=cos6,, and so on. It is obvious that
Rio Oy, ) =| —sin 6. %  cosh, O (14)  V(y andV(, represent two nearly bimaximal flavor-mixing
0 0 1 scenarios, if the rotation anglég and 6, are small in mag-
nitude.
As the mixing angled, or 6, arises from the diagonaliza-
and tion of M, , it is expected to be a simple function of the ratios
of charged lepton masses. Then the strong mass hierarchy of
coséb, 0 sing,e'?: charged leptons naturally assures the smallness of 6,,
as one can see later on.
R31( 02 ’ ¢’z) = 0 1 0 (15)

—sing,e 'z 0  cos,
[Il. CONSTRAINTS ON sin 228,,, and Sir? 20,

should be usefl15]. In this case, we arrive at lepton flavor  Indeed the proper texture &, which leads to the flavor-
mixing of the pattern mixing patternV, is
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0 C O
M®=| Cf B 0|, (18)
0 0 A

where Aj=m,, Bj=m,—m,, and C;=+ymem, e'?x. The
mixing angled, in V,, is then given by

ymem,,

m,— M,

tan26,) =2 (19

On the other hand, the proper texturehdf which gives rise
to the mixing patterrV, reads as follows:

0 0 C
M@= 0 B 0 [, (20)
Cr 0 A

where Ai=m,—m,, Bj=m,, and C;=\m,m e'%=. The
mixing angled, in V(, turns out to be

Ymem,.

m.—mg’

tan(26,)=2 (21

Taking the hierarchy of charged lepton masges., m,
<m,<m,) into account, one obtains

me
S~ 1\ —,

m,

me
=\,

T

(22

to a good degree of accuracy. Numerically, we fifig
~3.978° and#d,~0.972° with the inputsn,=0.511 MeV,
m,=105.658 MeV, andn,=1.777 GeV[16].

Now let us calculate the mixing factors of solar and at-

PHYSICAL REVIEW D 64 093013

distinguishable in the experiments of solar and atmospheric
neutrino oscillations. They may be distinguished from each
other with the measurements |&f.3| andCP or T violation
in the long-baseline neutrino oscillation experiments.

It is worth mentioning that Gonzalez-Garcia, Be@aray,
Nir, and Smirnov have recently defined a small real param-
etere to describe the deviation of solar neutrino mixing from
maximal mixing[17]:

1—-€

Sir? Oy = 5

(26)

with |e|<1. This parameter proves very useful for phenom-
enological studies of the solar neutrino problé¢hY]: the
probabilities of solar neutrino oscillations depend quadrati-
cally on € in vacuum, and linearly ore if matter effects
dominate. It is then our interest to calculaten the nearly
bimaximal neutrino mixing scenarios under discussion. We
notice that

Si 20g,=1— € (27)
results from Eq(24) exactly. Comparing Eq27) with Egs.
(23) and (24), we obtain

le] =s,V1+2 cog e, (28)
for V,, and
le|=s,V1+2 cog¢, (29

for V(, . Given ¢, and ¢, of arbitrary values, the allowed
region of |e| turns out to be 0.069|€|<0.120 in the sce-
nario of V() and 0.01%|€[<0.029 in the scenario of ;.

Both ranges ofe| are phenomenologically interesting for
solar neutrino oscillations, as comprehensively discussed in
Ref. [17].

IV. LEPTONIC T VIOLATION

mospheric neutrino oscillations in the disappearance-type ex-

periments. Using Eq2), we arrive straightforwardly at

Si? 20g,=1—52(1+2 co ¢,),
(23
Si? 260 m=1—s4
for Vi, ; and

Si? 204,=1—52(1+2 cog¢,),

(24)
SINP 20m=1

for V(, . Allowing ¢, and ¢, to take arbitrary values, we
find that the magnitude of sid,,, lies in the following
range:

1—38?<sirf26,,<1-¢7, (25)
wherei=x or z Numerically, we obtain 0.988sir?26,,
<0.995 forV,y and 0.99 sir? 26,,<1.000 forV ;. Note

The strength o€ P or T violation in neutrino oscillations,
regardless of whether neutrinos are Dirac or Majorana par-
ticles, is measured by a universal and rephasing-invariant
parameter7 [14], defined through the following equation:

lm(vmvﬁ,-v;*jvzo:ﬁ‘i (£apyiji) (30)
Y

in which the Greek subscripts run ovee, f,7), and the
Latin subscripts run over (1,2,3). Considering the two lepton
mixing scenarios proposed in Sec. Il, we obtain

CxSx

4.2

C,S
zz sin ¢Z for V(Z) .

4.2

sing, for Vi,
(31)

that sirf 26,,,,= 1.000 holds in both cases. Therefore the twoFor illustration, we typically takep,= ¢,=90°. Then we
nearly bimaximal neutrino mixing patterns are practically in-arrive at7~0.012 and7~0.003, respectively, fo¥,, and
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V(» . The former could be determined from the probability

asymmetry betweenv,—v, and v,—wv, transitions
(CP-violating asymmetry, or that betweern,— v, and v,
— v, transitions {T-violating asymmetryin a long-baseline
neutrino oscillation experimentl8], if the Earth-induced
matter effects were assumed to be absent or negligible:
AP=P(v,—ve)—

P(v,—ve)
=P(v,—ve) —P(ve—v,)
=16JsinF,sinF,3sinFg;
~16.7SinF»; SirfF 55, (32
whereF;;

the neutnno source and the detector unit of km) andE
being the neutrino beam energyn unit of GeV). In realistic

=1. 27Am ;L/E with L being the distance between

PHYSICAL REVIEW D 64 093013

vacuum
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0.8
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12
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20

FIG. 1. lllustrative plot for matter effects on the universal

long-baseline neutrino oscillation experiments, however, the.yiolating parameter7, where Am2,~5x1075 eV?, Am2~3

terrestrial matter effects are by no means small and must bg 103

taken into account.
It is generally expected that th&violating asymmetry
betweenv,— v, and v,— v, transitions is less sensitive to
matter effects than th& P-violating asymmetry between
v,— ve andv,— v, transitiong 19]. For simplicity, we con-
centrate only onT violation in the following. In analogy to
Eq. (32), the matter-corrected-violating asymmetry can be
expressed as
AP=P( v, — Ve) ~P(v

e V,u)
= 16:‘7$in~|5123in~|523$in~|i31
~ 16?Sinﬁ213in2ﬁ32, (33)

whereF;: =1 27Am L/E andAmz—m m] with m; being

eV?, and ¢,=90° have typically been input.

x=Am3;+Am3,+A,

y=Amz,Am3,+A[Am3,(1—|Ve|?)

+Am3,(1—|Veg?)1, (36)

2x3—9xy— 27AAM3,AM3, |V, |2

1
Z=C0S —alCcos
{3 2(x?—3y)3"?

The terrestrial matter effects are described by the parameter
A=2.2GgN.E [21], with N, being the background density

of electrons andk being the neutrino beam energy. Assuming
the matter density of the Earth’s crust to be constant, one
may getA~2.2x10 * eV?E/[GeV] as a good approxima-
tion [22].

the effectlve neutrlno masses in matter The relation between To illustrate, let us calculatd and AP for two scenarios

7 and J reads[20]
- Ale Am3; Am3, (34
Am21 Am31 Am32
where
=~y 2 2
Am3;= 3Vx*=3y\3(1-27),
~ 1
Amgl— —X?=3y[3z+3(1-7?)],
(35

Am3,= %\/xz—By[Bz— V3(1-29)],

and

of the long-baseline neutrino oscillation experiments:
=730 km andL=2100 km. The former baseline corre-
sponds to a neutrino source at Fermilab pointing toward the
Soudan mine or that at CERN toward the Gran Sasso under-
ground laboratory, and the latter corresponds to a possible
high-intensity neutrino beam from the High Energy Proton
Accelerator in Tokaimura to a detector located in Beijing
[23]. We typically take Am3,~5x10"° eV? (the large-
angle MSW solution to the solar neutrino problernd
Am3,~3x107% eV?, as well as¢,=90° based on the al-
most bimaximal lepton mixing patterv,,. The numerical

results of andAP as functions of the neutrino beam energy
E are shown in Figs. 1 and 2, respectively. We observe that
the magnitude of7 can significantly be suppressed due to
matter effects. This feature ¢f makes the measurement of
leptonic CP- and T-violating asymmetries more difficult in
practice. Indeed th&-violating asymmetnA P is quite small

in the chosen range of the neutrino beam energy (1 GeV
<E=<20 GeV), at most at the percent level. The terrestrial
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0.7 — T T T T T T 1 in general consist of two addition@lviolating phases of the
Majorana type, i.e.,
06 -
V=V=VP,, (37)
0.5 - a: vacuum . o . .
b: matter whereP,=diag{1,e'?,e'?} is a diagonal Majorana phase ma-
04+ . trix. Although p and o have no effect orCP or T violation
AP(%) in normal neutrino-neutrino and antineutrino-antineutrino os-
03 - . cillations, they are expected to play an important role in the
neutrinoless double beta decay, whose effective mass term is
0.2 - = given as
3
01 B ~o
(M, )=| 2, (mVg)). (39)
=
0 1 1 1
0 16 2 The current experimental bound {sn, )<0.34 eV, ob-
tained by the Heidelberg-Moscow Collaboration at the 90%
confidence leve[24]. For the two nearly bimaximal lepton
3 I s e e o mixing scenarios under discussidmmye> reads as follows:
25 -
_la, B idy 1 Y 220
(M, )= Ecx+ Esxcxe X+ste x| |
2r a: vacuum 1
b: matter (39)
15| e, B id, 1 Y 2026
AB) (M, )= 5C2 Eszcze o S€7,
1 -
where
05 )
a=m;+m,e'?r
0 .
B=m;—m,e'?, (40)
_05 1 1 | ] 1 1 1 | 1
0 4 8 12 16 20 y=m,+ mzei2p+ steizg_

E (Gev
(G Note that s,~\m,/m,~0.069 ands,~m,/m,~0.017,

FIG. 2. lllustrative plot for matter effects on thBviolating thereforec,~c,~1 is an excellent approximation. If the
asymmetryAP betweenv,— v, and ve— v, transitions, where spectrum of neutrino masses were known, one would be able
Am;~5x10"° eV, Am§1“3>< 102 eV?, and ¢,=90° have to simplify the expression ofm, ) or (m, ) and con-
typically been input. front it with the present experimental bound. Subsequently

_ let us take four specific but interesting cases of the neutrino
matter effects om\P are in general insignificant and negli- mass spectrum for example.
gible, except the case of the resonance enhancemefit at  (a) m;~my~ms. In this case, the third term gm, ),
~15 GeV for L=730 km or at E~4 GeV for L or(m, )(2 is negligible. We then arrive at
=2100 km. It should be noted thAtP~AP has no way to ¢
lead to7~ 7. Therefore a relatively clean signal ®fviola-
tion, even measured in the future long-baseline neutrino ex- <mve>(x)%ml
periments, does not mean that the fundamemtalolating
parameter (f or ¢,) candirectly be determined. To pin down
those genuine parameters of flavor mixing andiolation,
we must first of all understand the terrestrial matter effects to
a high degree of accuracy. More reliable knowledge of the
Earth’'s matter density profile is unavoidably required for ourlf p~=*=90° holds, we 0btain<mve>(x)w J2s,m; and

long-baseline neutrino oscillation experiments. (M, )~ J2s,m;. The experimental bound (m,)

<0.34 eV is then assured fon;<3 eV of patternV(X) or
form;=15 eV of pattem:/(z) . If the value ofp is not close

So far we have only introduced a Dirac-tyfeviolating ~ t0 *90°, one may obtaifm, )~mjy|cosp| for both lepton
phase into the lepton flavor-mixing mattix The latter may mixing patterns. Such a constraint could provide some infor-

1 ' Sy : .
_(1+eI2p)+ _(1_e|2p)e|¢;x ,
2 V2

(41)

1 . S o
(M, ) @~my|5(1+e'?) - T%(l—e'zp)e'¢z :

V. NEUTRINOLESS DOUBLE BETA DECAY
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mation on the Majorana phage provided that the magni- lepton-number—nonconserving processes, in which the Ma-
tude ofm; were already known. jorana phases can show up, to get more constrainjs amd
(b) m;~m,>m;. One may easily check that the results of o. However, all such processes are suppressed in magni_tude
(m, ) and(m, ), in this case are essentially the same agby an extremely small factor compared to normal weak in-
those in caséa). teractions[15,25. Hence it seems practlcally impossible to
. . measure or constraip and o in any experiment other than
() my=m,<ms. In this case, we obtaimz~Am3,

the one associated with the neutrinoless double beta decay.
~\Am2,=<0.1 eV. Thenm; and m, should be of

O(10°2) eV or smaller. Note that the contribution of; to VI. SUMMARY

m,, ) is always suppressed Isy or s,. Therefore the mag- . : I
{ "e> IS always supp 5 z 9 We have discussed two simple possibilities to construct

nitude of(m,,e) is at most ofO(10°2) eV for eitherV(x) or  the charged lepton and neutrino mass matrices, from which

\‘/(Z)’ much smaller than the present experimental bound. two almost bimaxima[ neutrino mixing patterns can natL_JraIIy
(d my<m,<m, This *normal” neutrino mass emerge. Both scenarios are favored by the atmospheric neu-

. o trino oscillation data, and are compatible with either the
hierarchy leads toms=~ Amg;~ VAMy,<0.1 eV as W_e”_ large-anglgor low) MSW solution or tf?e vacuum oscillation
as my~ JAm;;~ yAmg,<0.01 eV, where the upper limit splution to the solar neutrino problem. While the two lepton
of m, corresponds to the large-angle MSW solution to themixing patterns have practically indistinguishable conse-
solar neutrino problem. In this case, E§9) can be simpli- quences on solar and atmospheric neutrino oscillations, their
fied as predictions for leptonicCP or T violation are different and

distinguishable. Only one of them is likely to yield an ob-
servable T-violating asymmetry betweew,— v, and v,
— v, transitions in the long-baseline neutrino oscillation ex-
(42) periments. To be specific, we have taken two typical base-
1 20— ) 2 026 lines (L=730 km andL=2100 km) to illustrate the mag-
<mve>(z)“§|m29 P79+ mgs;e' e nitude of T violation and its dependence on the terrestrial
matter effects. The implications of our nearly bimaximal
We see tha(mye>go(10*2) eV must hold for both nearly neutrino mixing scenario_s on the _neutrinoless _double beta
bimaximal lepton mixing patterns. decay have also been discussed in some detail. We expect

The neutrinoless double beta decay itself is certainly no{hat a variety of neutrino experiments in the near future

enough to determine the two Majorafiaviolating phaseg could prowde_ crucial tests of the existing lepton mixing
and o. One may in principle study some other possiblemOd.eIS and give useful hints tpwards the symmetry or dy-
namics of lepton mass generation.

1 ) )
<mve>(x)%§ |mye'2e= o)+ m3559'2¢x| ,
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