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Large CP violation, large mixings of neutrinos, and a democratic-type neutrino mass matrix
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We propose a democratic-type neutrino mass matrix baseti @ymmetry. This mass matrix predicts the
CP violation phases= /2 and the mixing angle between the mass eigenstatemd v3, Sirff;=CcoLbg
= 1/2 which is essential for the large atmospheric neutrino mixing betwgemdv .. In this model, the large
CP violation effect may be expected.

PACS numbdss): 14.60.Pq, 11.30.Er

I. INTRODUCTION maximal mixing [10], and the democratic mixind11].
Among them, the bimaximal mixing and the democratic mix-
The recent data on the atmospheric neutrino by Supeing matrix contain ncCP violation phase. The reason is due
Kamiokande(Super-K [1] show that the origin of the zenith to the absence of the mixing between the first and the third
angle dependence of the neutrino flux is due to the oscillalass eigenstates. In contrast, the trimaximal mixing predicts

w © .
to the sterile neutrinasg is almost excludedi]. Also, the — guence of its structure. _
In view of the interest in the structure to give the large

possibility of v, to v, oscillation is small1] in accordance o . SN
with the CHOOZ datd2]. The Super-K data are strength- Mixing be;weenv_#_to v, a_nd the ma>_<|maCP violation in _
ened by the other data from the MACR®] and Soudan 2 the trimaximal mixing, which are derived from a democratic
[4] experiments. The preferable values of mass and mixing"ass matrix as we see later, we propose a democratic-type

parameters are
Sif20,m=1.0, Am3,,=3.5x10 3e\2, 1)

At 90% confidence level, the allowed region
X 10 %eV?< AmZ,<6x 10 %eV? and sif26,,,>>0.85.

is 2

neutrino mass matrix based @y symmetry. We expected
that this mass matrix interpolates the trimaximal mixing
scheme and the bimaximal mixing scheme. Surprisingly, we
found that this mass matrix predicts that ds=sir6»;
=1/2. Here, we used;; for the mixing angle between mass
eigenstatesy; and ;. This relation is mostly needed to re-
alize the large atmospheric neutrino mixing. We also found

The situation of the solar neutrino problem is more in-that this model predicts th€ P violation phases= /2. In
volved. There are various solutions that explain the absolutgur model, the mixing angle between and v,, 6;,, and
flux deficits by the Homestakg5], the Super-K[6], the  the mixing angle between; and vz, 6,5, are left free. In
GALLEX [7] and the SAGE[8] data, the small-angle order to examine th€ P violation effect, we calculated the
Mikheyev-Smirnov-Wolfenstein(MSW) solution (AmZ,,,  Jarlskog parameter and found that it takes about half of its
=afewx10 °eV?), the large-angle MSW solution maximal value if the large angle solar neutrino solutions are
(10 %eV?< Am?,,<10 “eV?), the large angle low mass so- taken.
lution (AmZ,,~10 ‘eV?) and the Just-so solution In Sec. Il, we give the democratic-type neutrino mass ma-
(10—1lev2<Am§O|ar< 10 %%V?). In order to discriminate trix. In Sec. Ill, the mixing matrix which is predicted by the
these solutions, the Super-K made the extensive study on tiBass matrix is derived and the physical implication is dis-
flux-independent analysf$] by observing the day-night flux cussed. The possible derivation of the democratic-type neu-
difference, the energy spectrum distortion of the recoil elecrino mass matrix is presented basedZansymmetry in Sec.
tron, and the seasonal variation. Although the statistic is no¥. In Sec. VI, the summary is given.
sufficient, there is a tendency that the large mixing angle
solutions are preferable. If the flux of the hep neutrino is ! PEMOCRATIC-TYPE NEUTRINO MASS MATRIX

taken free, the large angle MSW and the large angle low Throughout of this paper, we consider the neutrino mass
mass solutions have the advantdgé These are evidence matrix in the diagonal mass basis of charged leptons. The
that support that the solar neutrino calls for large mixingname “democratic-type” for the mass matrix is used so that

betweenve and v, . _ o _ the mass matrix includes the democratic forms of matrices
At present, three typical mixing schemes to realize largeyng their deformations.

mixing both for the atmospheric neutrino and the solar neu-

trino mixings are known, the trimaximal mixin@], the bi- A. Democratic mass matrix

We first define the democratic forms of the matrices:
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0 0 0
M., demo— m;S;+m;S, +m;sS;. (5

S;=

Wl =

1 1 1

11 1], 2
11 1 Here we consider that mass parametm% are quantities of
the same order of magnitude, following the spirit of the
where w=exp(27/3) or exp{4m/3), which satisfiesn®=1 democratic form.

and 1+ w+ w?=0. The matrixS; is commonly referred to

as a democratic forrfiL 1], but we consider that the other two _ _ _

have the same right to be called democratic forms, because B- The deformation from the democratic mass matrix

these matrices are related to each other by the phase trans-The deformation from the democratic form can be

formation as achieved by using the following three matrices:
PSP=S,, PSP=S;, P§P=5, ) 1 0 0 1 0 O
where T,=[0 o 0], T,=[0 * 0],
2
1 0 0 0 0 w 0 0 w
P=| 0 »? 0], (4)
1 0
0 0 w
Ts= 0 (6)
and thusS; andS, are derived fronS; by the phase trans- 1
formation. It may be worthwhile to note that the phase ma-
trix P* transformsS; in the reverse cyclic direction as
P*S,P*=S,. Other symmetric mass matrices are formed by the linear
We define the democratic mass matrix by the linear comeombinations of5; andT;. Thus, the general mass matrix is

bination of these three democratic matrices as given by

m+my+m;  Mle?+mdo+mi miw+mde+mI
- M T4+ MoTo+ MaTa= L 0wt mlo+m? + M2+ m. m2+m3+m3J 7
M, =M, gemot M1 T1+MyTo+M3T==| My 2 3 Mo+mMo+mg 1tmytmg | (7

miw+miw?+md  mi+md+md  m w2+ myw+ms

wherem;=m°+3m; . In the following, we callm® (or m;) m,(0=e"2"3)=m*(w=e*""). (8)
and m; mass parameters. We call this mass matrix the
democratic-type mass matrix. The neutrino mixing matrixV is defined byV'm,v=D,

where D ,=diag(m;,m,,m3). If V is the unitary matrix to
diagonalizem,(w=¢"2"%), then V* is the one form,(w
IIl. NEUTRINO MIXING MATRIX =¢e'4™3) Below, we discuss the neutrino mixing matik

. _ L for w=e'?3, by keeping in mind thav* is also allowed in
The democratic-type mass matrix contains six complex, ;. model

parameters and thus it is a general matrix. In order to reduce
the degree of freedom, we assume thatl ‘mass param-

eters, ml and m are real” _
With this assumption, the mass matrix contains six real We considerm, for o=¢'2" We first transform the

freedoms which correspond to neutrino masses and mixingnass matrix by using the trimaximal mixing matiik as

angles. Thus, in general tH@P violation phases are pre- Vim,Vy, where

dicted once neutrino masses and mixing angles are given.

A. The neutrino mixing matrix

This assumption is one of the cases of the rather mild . 1 11
ansatz ‘mass parameters are proportional to either one of Vi=—| o o? 1]. (9)
three quantities, 1o and w?.” Two other possibilities along V3 2 1

this ansatz are discussed in Appendix B.

In our model there are two cases=e'?"® and e'4™3
which is the complex conjugate ®2™3, The mass matrix  Surprisingly, we find that the transformed mass matrix is a
m, with real mass parameters has the following property: real symmetric matrix:
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md+m, m; m, Then, the matrixm, is diagonalized by an orthogonal matrix
~ T B ~ 0 ~ ~ :
m,=Vim,Vr= mg  Mmpytm; my (10 Now, the unitary matrix which diagonalizesn, is ex-
m, m;  mi+mg pressed by
011+ 021+ 03 O121 Oz O3 O3+ 023+ O33
V=V70=-=| @01+ ®?0p+ 0z @O+ w’Oppt Oz O3+ w0 Opgt Ogg (11

w2011+ (1)021+ 031 w2012+ (0022+ 032 0)2013+ w023+ 033

This unitary matrix is the neutrino mixing matrix because we consider the neutrino mass matrix in the diagonal mass basis of
charged leptons. This mixing matrix seems to have a complex form, but it has the outstanding propa&fty=thé} for i
=1,2,3. This property restricts the neutrino mixings tightly. Since it is hard to treat this mixing matrix directly, we attack it

from a slightly different point of view.

We first observe that by the phase transformation of charged leptons and neMragaspe made into the standard form

Vg as given in the particle dafd2].

C12C13
io
—$15C23— C125,3514€
i5
12573~ C12C23515€"

Vs=

wheres;;=siné;, ¢;j=cosé;, and ¢;; is the mixing angle
which mixes mass eigenstates and v;. That is, we can
write V=PVgP’, whereP and P’ are diagonal phase ma-
trices.

The restrictionsV,;=V%; for i=1,2,3 lead to the con-
straints | (Vsp i =|(Vspsi] for i=1,2,3, which are ex-
pressed by

| —S12Co3— C12523313ei 6| =[S12503— C12(323513ei 5| )

|C12C25— 312523313ei 5| =|—C1s5p3— 5120235‘13‘ei 5| )

|S23C19 =|C2sC1d- (13
By solving these equations, we find
C4=S833, C€0S6=0, (14)

by omitting the uninteresting possibility;3=0. It is amaz-
ing that our model predicts the P violation phaseg= /2,
and c3,=s3,=1/2 which is quite important to explain the
almost full mixing betweerw, and v, in the two mixing
limit. The most interesting point is that the mixing andglg
and theCP violation phaseé are fixed independently of
mass parameters.

—is
$12C13 S1€”"
i
C12Cp3— S12523515€" S»C13 |, (12
i
—C12573— $1C23514€' C2xC13

B. General form of neutrino mixing matrix

We take s,s= —Co3=—1/\/2. Then, the diagonal phase
matricesP and P’ are determined such that the matrix
VIPVgP’ becomes a real orthogonal matrix. In this way,
we found

1 0 0
v=0 €” 0
0 0 e
C12C13 S12C13 —isy3
S1—1C15813 C1oFiS15813 Ci3
x| 2 V2 2
_ S12FiCy3813 €127 iS15813  Cus
V2 V2 V2
1 0 O
[0 1 of. (15)
0O 0 i

In addition to interesting predictions fat,5 and &, our
neutrino mass matrix predicts the Majorana phase matrix
diag(1,1i) [13,14], which shows ndC P violation intrinsic to
Majorana system. The other phase matrix diag/(le ')
does not have any physical effect, because this phase is
absorbed by charged leptons. Our mass matrix contains six
real parameters which are converted to three neutrino
masses, two mixing angle8;, and 6,3, and one unphysical
phasep.
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The other case,;=C,3=1/\2 reduces to the case of From Eq.(A2) in the Appendix, the mass parameters are
= — /2, which is included in the mixing matrix*. now restricted by
Below, we discuss that our mixing reduces to two well- o o0 ~ ~
known typical large mixing matrices, the trimaximal mixing mp=m;, Mp=my, (21)
and the bimaximal mixing by imposing simple conditions on o .
mass parameters. and in this case the mass matrix becomes
— . 0_ .0 0_ .0
C. Trimaximal and bimaximal mixing limits mg+2my  Mg—My  Mz—my
0_ .0 — — 0 0
By taking the mass parameters in some special values, our ~ Mvg=75 m3—m;  mg—my  mMzt2mg | (22)

model red_uces_ to moqle_ls to reproduce the trimaximal mixing md—m?  md+2m? ms—m,
and the bimaximal mixing.

This matrix satisfies the condition that all elements are real,
(M, B)22= (M, g)3z and M, g)1>= (M, g)13-

By taking the mixing angles and phase matricesgs The mass parameters are expressed by neutrino masses
- 1/\/5, 012: 1/\/5, 513: 1/\/§, C13: \/m, pP= ’7T/2, the and miXing angles as
matrix V reduces to the trimaximal mixing matrix

1. The trimaximal mixing limit

1 1
1 0 0 m2=m8=z<2m3+mz+mﬁﬁ(mz—mo,
V=V;{ 0 -1 0], (16)
0 0 1 o 1 1
m3=Z(2m3+m2+ml)—ﬁ(mz—ml),
where the phase matrix diag(11,1) does not have any
physical meaning.
From Eq.(A2) in the Appendix, the mass parameters are SN i(m —my)

now restricted by R e 2 Y

mi=mg, mg=m,, my=mg,

~ 1 1
m3=—Z(2m3—m2—m1)+ ﬁ(mZ_ml)- (23

ﬁ11:Fn2:Fn3:O. (17)
Now we see the mass matrin, which is reduced to the It is interesting to observe that our model connects the
M, demo &S trimaximal mixing and the bimaximal mixing by keeping the
0 o o CP violation phase = /2. In our model, the absence of
m,=m;S;+m;S;+ msS;. (18 the CP violation in the bimaximal limit is solely due to

) _ ) ) ) sin6;5=0 and any deviation from it recove= /2. Since
The democratic mass matri,, gemo Nas various interesting the restriction sif,s=co€b,=1/2 is the most advanta-
properties which are discussed in Appendix A. geous situation to realize large mixing angle?8#y,, by
deviating sind;3 from zero, this model provides the most

2. The bimaximal mixing fimit advantageous case for tlEP violation.

By taking the mixing angles and phase matricesgs

—1N2, =112, $,5=0, ci3=1, p=0, the matrixV IV. ANALYSIS OF OUR MIXING SCHEME
reduces to the bimaximal mixing matrix i ] )
We consider the hierarchy of neutrino masses as

1 0 O 1 0 O
AatmE A322 A312 3 X 1073eV2,
v=[0 1 0|og[0 1 Of, (19)
0 0 1 0 0 i AsolarEA21<Aatm' (24)

whereOg is the bimaximal mixing matrix defined by A Vacuum oscillations

1 1 0 We first derive the probabilities of neutrino oscillations in
= T = the vacuum. We use the abbreviatidh(l —1") for P(y,
\/z \/E —>V|/). We flnd
1 1 1

Og=| 5 3 "5 (20 P(r—7)=P(u—wn), P(e=n)=P(u—e),
1 1 1 P(r—e)=P(e—u) (25)
2 2 V2 and
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oA
P(e—e)=1- 45120120135”‘2(EL) §25§3Ci3

X Sirf

A31 . A32
EL) —4S§ZS§3C§3SIHZ(EL ,

Ay Aj
) =1—A2B%sir| 22 | - c2.AZsi?| =22
P(u—un)=1—AB-si (4EL) CLA sm2( 1E

- cl3stm2( 1E )

1
P(e—u) :Ecia[slﬁ C1oA+5,,B]?

6, O
— 251,61 02AB smz( -2 +?1 72)

o[ Az o, m
—2C1581C5A smz( ELT S Z)

A
_ 2 pei[ 2820 %2 7
2512513c13Bsm2<4E L 3 4),

1
P(u—e)= 5053[513+ C1oA+51,B]?
— 251,61 02,AB smz( —=L-=- —)
o[ Az
—2C15515C5A sm2< 1E L— >*7

A 6,
_ 2 Bsir?| 222 4+ 224+ =
2512513cl3BS|n2(4EL+ >+ 4),

P(u—7)=1— A2825m2( L-6,— 52)
—Cc3A S|n2( -8 g)

Az
_ RA2 R2ai
ciB sm2( iE

aw
o).

A
P(HM):l—AzszsinZ(Ll—élLJr51+52
v
—c3Asm2( L+ 8- E)

A T
2 a2 2, 7
ciB S|n2(—4E L—6, )

where

|
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N v [T To2
A= sl +Cisly B=\cl,+sist,

c s
5,=tan ! 152813) , Op=tan 1( 12313) , (27

12 C12

andjj;= miz— m?. These are the general formula and a sim-
pler form of the oscillation probability is obtained once the
distancel is specified.

B. The analysis

We start from the CHOOZ data which restripts|?
<0.05 which leads to

$2,<0.05. (28)

Next, the probability ofv, to v, and v, at the atmospheric
range are simply expressed by

A atm

P(u— e)=2s3,c2.sir T

atm

P(u—7)= cl3smz (29

Therefore, by combining our model and the CHOOZ data we
predict that the probability for,, to ve is small, P(u—e€)
<0.1, and the effective mixing angle betweep and v,

is

SiP2 0 m= C15>0.90. (30)

As for the solar neutrino problem, we assume ¥eV?
<Agpa<10 *eV2. In the vacuum, we find

solar

P(ve— ve)=1— 257,75 45120120135“"2 L,

solar

4E

P(ve—v,)= SiCTat 23120120135”"2 L

A
+ 512012513C133'nilar|-

solar

P(ve— 1,) =S5Ca5+ 282,1,C oS n2

Asolar

512012513(3133'”_ L. (31

(26) Thus, we find that

SIN2 0o SIMP26,,C75>0.90 sif26,. (32

073002-5



FUKUURA, MIURA, TAKASUGI, AND YOSHIMURA PHYSICAL REVIEW D 61 073002

Thus, our model can accommodate all four solutions, the B. Z5 invariant Lagrangian
small-angle MSW, the large-angle MSW, the low mass, and  Another reason to introduce the mass matrix in Eg).

the Just-so solutions. may be given by imposing th&; symmetry on Yukawa
interaction. The left-handed doublet leptons can be arranged

C. CP violation in eigenstates of; symmetry as
In order to see the size of tHeP violation, we consider )
the Jarlskog parameter that is defined[bg] v,=Y let ol +1,
\/§ 1

JIcp=IM(Ver VIV 1V ,0) = §1561587:C55515C 351 5= 1/6/3.

(33 ol gt w?l 1,
Our predicted values;ys= — sy3=1/1/2 and sins=1 give ‘I'ZZTv
the most advantageous case to obtain lakge concerning
0,5 and 6,
o+, ,+1,
1 , = (37
(Jcp) our modeF™ — 5512(:12513(:13' (34) 3

The prediction oflcp depends o, and ;5. If we take the wherel ;= (ve, ,€) and so on. Under th8; transformation,
values?,=0.05, we havelcp=—0.053 sin 2;,. If the solar le—1; andl,—le, I.—1,, they are transformed as
neutrino mixing turns out to be one of large-angle solutions,

sirf26,,~0.8, we findJcp=—0.047 which is about half of V=0V, VooV, Wi—-Vs. (38)
the maximal value Jcp)ma=0.096. For the small-angle

case, we obtain about a 10 times smaller value than the large- Then, we introduce three kinds of triplet Higgs which

angle case. transform as\ ;— w?A;, A,—wA,, andA;—A5. Then, the
invariant Yukawa interaction terms among two doublets and
V. SOME DERIVATIONS OF THE NEUTRINO MASS a triplet are
MATRIX

The neutrino mass matrix that we discussed in the former Ly=—
section may be derived by the following considerations in
the basis where charged leptons are mass eigenstates.

A, B
(m?+my) (W) i Tzv_l‘l’l"'(mg"‘mz)

A - — A
X (W) i Tzv—lef2+ (M3+M3) (W3)Ci 72U—3\1f3

A. Neutrino mass term and S; symmetry with Z5 phases 2 3
. . L - —— A -~ — A
We consider the following three types of transformations; _2( My w?(¥,)Ci Tzv—l‘l’3+ My (W5)Ci Tzv—z‘l’l
1 2
(n Ve—>w21/#, vlu—>w21/,., v,— 0°v,, A
~ — 3
+mg( )i 72—\1’2), (39
(an  vemov,, v,—ov,, v,—ovg, U3
() ve—v,, v,—=v,, v,—ve, (35  where v; are vacuum expectation values df . When

vacuum expectation values of triplet Higgs are generated, the
wherew=exp(27/3) or exp{4/3). They are considered to Majorana-type mass term given in E@) is generated for
be S; transformations witfZ; phases. neutrinos. We argue that in order to acquire small vacuum
The Majorana mass matrix for left-handed neutrinosexpectation values of triplet Higgs bosons, the seesaw sup-
which is invariant under one of these transformation is expression mechanisiii6] should be adopted.
pressed by
M, = m?Si+FniTi ’ (36) C. Nonrenormalizable interaction
The triplet representation can be composed of the two
wherei=1,2,3,S;, andT; are defined in Eqs2) and(6).  doublet representation. We can explicitly construct the Higgs
The mass matris ; is derived by imposing the transforma- triplet, A; by the combinations of two Higgs doubletd,
tion (1) and so on. which transform as
Since there is no principle to discriminate these three ma-
trices M;, we assume that the neutrino mass mairix is
expressed by the sum of these three mass matrices, although
there is no good reason to explain this. Then, we obtain th&he symmetric combinatiortd;H,, H,H,, andH,H, trans-
neutrino mass matrir,, in Eq. (7). form asAq, A,, andA;. Thus, we obtain the Lagrangian as

H1—>(DH1, H2—>H2. (40)
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0~ < HiH, o ~ selves. The effective magém, )| ~m; or m;|cos 2, could
Ly=—| (Mp+ M) 0™ (V)" ¥ ———+(my+my) be as large as the sensitivity of the neutrinoless doyble
U1 decay experiment. It may be worthwhile to comment that
H.H, N H cos ,,~1 for the small-angle solution an¢0.44 for the
X (W)W, +(M+mg) (W3) Wy 22 2 large-angle solutions, such as df,,,~0.8 for the solar
Uz uz neutrino problem.
(2) The hierarchical casda) |m;|>m;=|m,|. We expect
_2( My 2(W )W, Hl':l + (W) O Hul'JZ that |m;|~ \/ratm~0._05 eV. Then, we expect/(m,)|
2 Uy <|m4|~0.05 eV, which may be hard to detedb) m,
=|m,|>|ms|. We expect tham;~ A ;~0.05 eV. Then,
~ ——= HzH; we expect|(m,)|~m,; or |cos X;,/m; which is about the
+Mg(W )W u% ) ' (42) order (F)).05|<ev,>v|vhichl ma)|/ be W%tzllinlthe reach of future ex-

periments.

whereu; is the vacuum expectation value of the neutral com-, Note added Afterh submitting our pﬁper,h we were in-
ponent ofH,. After the symmetry breaking, the neutrino 0'med by H. Fritzsch and Z.Z. XinfL9] that they discussed
mass matrix in Eq(7) is obtained. another possibility to obtain the largeP violation.
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system are predicted to b&s=—m/4 and 6=m/2. As a
consequence, the mixing matrix is expressed by two angles, APPENDIX A: EXPLICIT EXPRESSIONS OF MASS
0., and 6,3, as shown in Eq(15). If the solar neutrino PARAMETERS AND THE INTERESTING PROPERTY
problem turns out to be solved by the large angle solutions, OF THE DEMOCRATIC MASS MATRIX
the largeCP violation effect is expected. In this situation,

our model predicts that the Jarlskog parameter is about half 1. Mass parameters

of the maximal valueJcp=—0.047 with sif26,,=0.8.  Mass parametensi® andm;,=m®+ 3m; are explicitly ex-
This could be explored by the future long-baseline experipressed in terms of neutrino masses and mixing anglgs,
ments. and 0,5, and the unphysical phagewhich is eaten by the

~ Our model predicts n€P violation intrinsic to the Ma-  phase redefinition of charged leptons. This is achieved by
jorana neutrino systeifi3,14). The phase in the Majorana  examining

phase matrix diag(1,d), in Eq. (15) relates to theCP signs

of mass eigenstate neutrinfis7] in addition to the relative mg 0 O

signs of neutrino masses. The phase matrix di&f(E '?) vl 0o m o +

in Eq. (15 are absorbed by charged leptons. m,=V 2 Ve (A1)
The effect for the neutrinoless doukiedecay is given by 0 0 ms

[18]

We find for w=e'?73

_ 2 2.2 2
=[(myci,+ m,sT,) i3+ Mgsiy, o
42 M=

m)l= 3" uzm

1 -
5(5%24' cisTy) — V2€15614(S12009+ C158,55iNp) ] my

where the dash in the sum means thatxtends to light
neutrinos. The mixing matri}J is the matrix including the
Majorana phase matrix)=Vgdiag(1,1i). The effective

1
+ E(Ciﬁ' S55S79) + V258,614 C1,C09

mass|(m,)| depends on the relative signs amamg, m,, B ) N 1, 2 _
andmg, which corresponds t€ P signs of mass eigenstate $125138IMp) Mz +1 5 Cigt V2S150138IN 1 Mg,
neutrinos [17]. Here we takem;>0. In case that/m,|
=|m,|, we find 1 o
) ) my= E(Siﬁ CTSTe) \/5012(713[ S12(30'5( pt 3
(.| |m;Clg+ mssty (my>0) 43
! My COS 201,673+ MgsTy  (Mp<<0)’ - 2m 1, 20
FC1SSIN p+ - | Myt E(C12+312513)

There are three typical cases. )
a

(1) The similar mass casgn,|~|ms|~m;. In this case, 5(
: : +1251,C14 €C15€08 p+ ——
Agoar @and A do not constrain the neutrino mass them- V2s113 C108 p 3

- 5123135“"( p

073002-7



FUKUURA, MIURA, TAKASUGI, AND YOSHIMURA PHYSICAL REVIEW D 61 073002

2 1, _ 2 where D; are diagonal matrix adD,=diag(1,0,0), D,
+ || Mo+ 5 eist V2sieasing p+ —- | mg, —diag(0,1,0),D=diag(0,0,1), and
L 1 1 1
1 21 _ 2
mY=15 (si,+cS%e) — V21,013 S1,€09 p— —- Vi=—z| @ o 1] (Ad)
2 3 \/§ 2
) o 1
. 2 1 2 2 2 . . . .
+C125138IN P53 m; + E(Clz+512513) By using V¢, the democratic neutrino mass matrix
M, gemoinN EQ. (5) is diagonalized as
2 ) 0
+1/251,C14 €100 T3 T S1Sissing p mg 0 O
VIM, gemVr=| 0 m3 0 |. A5
2 1 ) - 2m Ty, demoV' T 2 . ( )
— || fmet {5 ctst \25,4¢,5sin p= 3| Ms. 0 0 m
- Thus, in this limitm? are interpreted to be masses of neutri-
My ={C,Cia+ (ST~ C1,55)COS2p + 251,C158,58IN2p} My nos. , S _ S _
), o s 5o _ The unitary matriXV+ is nothing but the trimaximal mix-
+{S1L15+ (€T, S15513) COSZp — 251 ,158158IN2p}t M, ing matrix. The matrixV is transformed into the standard
2 9 form as
+{s73— C15C0s2p}m3,
1 00 1 0 O L 1 1 i
— 2 0 i O|v|/0 1 0|="fi0 ie* 1
— 2 .2 2 22 t
m,=1{ C7,Cist (S7,—C 253)cos<2p——)
e e 3 0 0 i 0 0 -i/ V¥lis? io 1
(A6)

2
+2s inf 2p— ——| tmy+{ s2,c2,+(c?
10125155 ( P73 ) ! 12615t (€1 Therefore, theCP violation phase intrinsic to a Dirac neu-
o trino system isdé=m/2, i.e., the maximalCP violation.
—552353)005( 2p— ?) —25120128135in( 2p There are two other phases that are intrinsic to the Majorana
neutrino system which is the same as the general case given
o , , o in Eq. (15).
~ 37| [ M2t S5 C15C08§ 2p— | 1My,
APPENDIX B: OTHER ANSATZ ABOUT MASS
PARAMETERS
_ 2
my=1 ci,c%+ (s2,— cizsis)co{ 2p+ — In the text, we considered the model which prediets
=V3; . Here we consider other such possibilities.
+2s in 2 +2—Tr m, +1{ s2,c2,+(c?
120125135 pT 3 1 12~13 12 1. The mass matrix which predictsV;=V3
) o 2 We consider the case Whemg andm, are proportional
_512513)005( 2p+ >3- _25120125135'”( 2p to ?, m3 andm, to w, andm3 andm; to 1. When this mass
) ) matrix is transformed by, we obtain the mass matrix,,
7T 7T i i . hich is a complex symmetric matrix.
+ 7 52—02005<2 + T ms. (a2) gven in Eq.(10) w plex sy
3 2 1318 P73 ] 3 (A2) However, these complex phases are removed by the phase

transformation by phase matrix diagf, w,1) andm, can be
transformed into a real symmetric matrix. That is, by the

2. Interesting properties of the democratic mass matrix . . . .
trimaximal mixing matrix

The democratic mass matrix, gemo defined in Eq.(5)

consists of matrice§; which are rank 1 and have a special w? 0 0
property that they are diagonalized simultaneously by the Vi=V-l 0 » O (B1)
bilinear transformation/1S Vy with the unitary matrixVy . T o o0 1 ’

The condition that symmetric matricdsandB are diagonal-
ized simultaneously by this transformation A& B=B* A
and matricesS; satisfyS' S;=0 fori#j, so that they satisfy
the condition trivially. In fact, we find

the mass matrixn, is transformed by a real symmetric mass
matrix m;,

ViSV=D;, (A3) m/=V'Im,V4. (B2)

073002-8
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This mass matrix is diagonalized by an orthogonal matrixsame discussion for the previous case, we findrthatan be

o'.
Thus, the mixing matrix is given by
V=V;O'. (B3)

This mixing matrix has the property that;;=Vz; for j

transformed into the real symmetric mass matrix by the
trimaximal mixing matrix as

=1,2,3. As we discussed in the text, this condition implieswhere

that|(Vsg) 1j|=1[(Vsp 3| for j=1,2,3. By solving these equa-
tions, we find

2
S3

c§3=—23, cosd= — cot26;,. (B4)

Cis C23513

Since the CHOOZ data gives the severe constrasfts,
<0.05 andc3,=s3,, we cannot predict the large mixing be-
tweenv, and v,. Thus, unfortunately this model cannot

m,=Vim,V7, (B5)
w 0 O

Vi=V; 0 o® 0 (B6)
0 0 1

Then, we find thaV/; =V’2*J- for j=1,2,3, which implies that

explain the atmospheric data and the CHOOZ data simulta-

neously.

2. The mass matrix which predictsV1]-=V’2kj

We consider the case thm‘l) andm, are proportional to
w, my andm, to w2, andmJ andmj to 1. By repeating the

2
s c

$2=—=2 COSO= —=-COt20;,. (B7)
c2, S23513

Since s3; should be very small to explain the CHOOZ
data, this model cannot explain the atmospheric data.
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