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2. P phases in the averaged neutrino mass from (§),, |

——ent
——

< -
t

® averaged neutrino mass:

<m, '>;‘ M

ce

® complex mass M ,, :

M,=U

el

2 2 2
m+U,, " m,+U,; My

= U, |2 m+|U,, |2 ’"232iﬁ+ U, |2 m3€2ip'

Maki-Nakagawa-Sakata lepton mixing matrix U: < =

B i(p—¢)
€G3 $,C3€ S
— _ igy ,~iB - i9 i(p-F)
U=| (=81, —Cs,8,€")e C\Cy = 55,538 $,C4C
o N —ip _ e iy ,~i(p=PB) . o
(5,8, —C,C,8,e" )e (—c, 5, —8,C,8,€" )e CyCy

standard representation

erIl | Uu2|eiﬁ IUc3 Ieip'
* * * p'=p—0

* * *

-~

B,p are Majorana CP violating phases appeared in MNS matrix.

4 —~ .
m, = m,
- - . o 2 .
neutrino mass with CP phases: < m, = m,e iB
\ m, = n,e

Then, we have

jwee :‘ Uel ‘f—gl_i_l UeZ |2 ;}’l\;'Fl Ue3 |2 ;{l;
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3. Gi'aphical representation of M., and CP phases

® Complex-mass triangle in the complex mass plane:
| Inifi

m. l U” If

Complex-mass AN ot Mae | Ut |2

triangle

—

Mee :| Uel |2 m1+|U(32 |2 m2+|U93 Iz m

3
@ Allowed region for M, :

(BB),, experimental upper bound < m,>_ for <m, >

The allowed position of M, is in the
intersection (shaded area) of the
inside of the complex mass triangle
and the inside of the circle of radius
<m,>,. around the origin.
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4. Constraints on mixing angles from (BB),,
RESRRRRAREENER SRS S e e e e

@ Allowed region for niixing angles for fixed CP violating phases:

The complex-mass triangle is
deformed to the isosceles
right triangle retaining the

ratios of the heights from the

e

vertices M;

:> |U,s

2
|
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Allowed region of | U, |?and
| U, |2 for fixed CP violating

phases § and p'
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Constraints for some cases:
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e Allowed region for mixing angles S,* vs S;” independent of

CP violating phases:

Note that the mixing angle 8 , does not contribute to (BB)oy.,

2 ., 2,12 2 2 2iB 2 2ip' 2
<m, >>= ¢ ey m+s ¢y me " + 57 me”" |

22 2 2 2 2 2 2 . 2 . 2
= (¢ c'my + 5, ¢y my cos 2B +8; my cos2p ') +(s,7cy my SIn 2P + 5, mysin2p)

—1<cos2f <1,

(<m, >—sm)* —(c e,’m +s"c;'m) <0
(<m, >+5,m)" - (¢ c,’m, — s’c, m,)? >0
(<m, >—sc;'m,) ~ (e, my +s5m)* <0

(<m, > -1-312(:32}1'12)2 — (6126‘327?11 - 332m3)2 20

IA

Hereafter we assume that m; = m,

(a)<m, ><m (Bym < <m, > <m, (c)m,

m+<m, >
my+m,
S 2
3
ml—<mv>
my +m
0 m-<m> mt+<m, > 1
m, +m my +m;
S 2
1
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—1<cos2p'<l

Hiq

< <m, > <m

m,+<m, >

my+m,

My +m,

-
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o <m,>-m m+<m, > 1
‘ my—m mytm

(c) 1

m+<in, > my+<m, >
m, +m my -+ m,
<m, >-m
=
S 2
3
My —m,

® Allowed region for S;? :

Y

~

<m, >-m 2 My+<m, >
Y2 <5< 2 Y Jor m, < <m, >
2 m,+<m >
_0 <5 <2 Y for <m,> < m,
| m, +m,
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@ Allowed region for S;* vs. <m ,>:

I ,‘
S,*
m, . ; |
m, +m, < -
o o
m, L
<m " >

@ Allowed region for m, vs. m; for given S;% and <m > .

-
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5. Constraints on CP violating phases from (BB),,

@ Allowed region for CP violating phases S and p’ independent
of mixing angles:
m s <m, > cage: No restriction for CP violating phases

<m, > S M cagse: Restriction for CP violating phases

The complex-mass triangle [::> Allowed region for CP

must overlap with the circle phases 8 and p’ for_-f :
with radius of <m ,>__.. <m,>=m, case 1.
- 2p’ :
M, exclude region

23

a.< > < > .< > aLa<m, >
a{.’. = COS l( m, max) + COS l( m, max ), a[2 =COoS l( m, ma.\) + cos 1( LY lllﬂ.\)
’ m, l?’ll. m, m,
1 .< > .< >
a23 _a12 =COS i m, max) —~.COS I. m, max)
Rn my

{| 2ﬁ l:<— (xlz and |2p'|< (x23 “a12 } is excluded"
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6. Constraints on CP violating phases

nd Neutrino Oscillation]

e =

® Allowed regidn for CP violating phases f and p’ using th

constraints on mixing angles from the neutrino oscillation data:

U, P=0

U, *=lU,, =

1
2

(Solar MSWLMA)

(CHOOZ)
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—m. >

v <m il
max V%ax
For the cases
W, —m
(a)< My > ax < 2"2 : |:> eXCIU.ded
m, +m, )
(b) =5 =< >n ) no constraints on 3
m, +m .
(c) S<<m, > S > * I allowed bound on 3 as:

d<m, > *-m®-m]
o 2mm,

r—— il
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7.

Averaged neutrino mass (m,), from P decay

@® Averaged neutrino mass (m,); defined from B decay

2 2 ) 2 2 2
(m, ) =|U, IZ,mI H Uy, " my +[ U, " my

with unitarity relation

ﬂ ]=lU€1|2+|U82l2+|US3l2

® Relations among mixing matrix elements

2 "2 B 2 -
|Uel| '— 2 2 +|Ue3| 32 22
m, —m, m, —m,
2 2 2 2
2 (m );3 —m 2 My —m
\U,,|' = ——F—7— - U, [ 55—
m, —m, my, —=m
ﬂ ‘combined with 0= | U ;|21

For (m,), <m, case:

2 (mv)ﬁz_”/‘!l2
O S IUeB ' S b 2
' m, —m,

(;mv)ﬁz-m‘rnl2 2
2 2 2 |U32| 2 0

m,” —m,

2 2 2 2
m, —m m, —
my,—m, m," —m,

224

14




1o

For m, < (m, ), case:

2 2
(mv )ﬁ —m ot
2 2

(m; )ﬁz - m22 2
2 2. S | Ue3 | 5
my —n my —m,

- @ Present experimental bound for (m.,),:

(m,)s <3 eV

by Particle Data Group 2000

4
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8. Constraints on mixing angles

from [ (BB)o, + v oscillation + B decay]

@ The position of complex mass M ,, in (BB)y, is restricted,

on the lin
with using the definition of the neutrino mass (m, ) ; from  decay:

() (m,); <m, case:

2 2
my"—m, |
) 2 2
- (m)g —m,
r= 2 2
m,” —m,

(b) m; <(m,); case:

{b)

e

my —(m,) ﬁz (m,) ﬁz —h,’
p = =

-

2 2 22
n” —m, my” —m,

2 2 2 2
o my”—(m, ), oo (m,)" —m,
= , =

2 2 2 2
ny” —m, - m," —m,
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® The position of complex mass M ., in (BB),, is restricted to be

inside of a circle by changing the CP violating phases £ and p'.

(@ (m,), < m, case:

-

R

Here, M; M, are given by

) |
Y (m)p U, P (my +my)(my —m,)

m, —m, m, —m,

2
M, = mmy +(m, )" T (my —m)(my, —my) |

m, +m, m, +nmy
(m.) 2_’?712
Note that 0< U, P s —F—
m, —m
-, | -
~ mym, —(m, ) g <M, M, qumaﬂmv)ﬁ
My=—1m : my +my
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(b) mé < (m,,)ﬁ case:

- -
nnnnnnnnn

- -
__________

Here, M', M'; are given by

Note that

———>

M' =
m, —m,
M,
my +m,
2 m),
0<iu, g BT
My —m

(mV)f__- _rnlm2 S Ml
"y —m,

1
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m)ptmmm o G )y = m)

m, —m,

<

_ m,m, +(mv)]32 U P (my —my)m, —mm,)

m, +m,

mym, +(m, )ﬁ2

my +m,
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® The allowed region in the <m ,> - (m,), plane obtained irrespectivel;

of the CP violating phases and mixing angles.

(a) (my)ﬁ < mz CaSe: :

mym, —(m, )’ .

m, —m

max

2
m,m, +{(m,)
< <m,>< 2T T )
I m, +m

(b) m,<(m,), case:

2 2
—~ A |
max U )g mlmz,O < <mv>Smjml U ) =

my —m, "yt 1,

by

<m,>
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9. Constraints on CP violating phases

from [ (BB)y, + P decay]

-
rs g

@ The constraints on the CP violating phases for typical mixing &ngleé_"

For | U, =0 case in (a):
The position of complex mass M ,, moves along a circle by changing

the CP violating phases f, independently of o'

I
ffia et Tl =
-J}f‘\\&
”» N
l\\\ . g
X x
, N

e i
- -

.....

____________

. mnr, —(m,) Hz
with M, =

m, —m,

mynty + (i, ), ?

m, + m,
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~<m,_>
max

For the cases

<y (m, )ﬁ2

My

1) ¢ <M, > S
(1) | , —m, =) excluded
mmy +(m,)y"
. _<_ < > .
@) ~ M Pmx ) no constraints on g
2. 2
i) i, —(my g <m >_ <M +(m,)p
"y —m "y +m,
allowed bound on g as:
= cos™ | = > —(myr)’ = (19" <12B1<m
_ 2mm,rs
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28

Restriction on CP violating phase 8 in the <m,>,, and (m,), plane

(a)

<My nax

m

no constrainz on B

exc lude

restriction on B

sxelude

M
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For U, I* =

the CP violating phases p ', independently of g p".

"2
_ (mv)ﬁ - . .
5 >— case in (a):

with

-
-
I

__________
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The position of complex mass M ,, moves along a circle by changing
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LT

For the cases

mm, —(m,),"
@D <M Zme S " —m : ) excluded
myms +(m, )5 | ,
) ~ S<My Zne D) no constraints on §
2 2
i) 2 < <, 5, < T
ny —m, m, +m,

allowed bound on ' as:

| <m )max2 —(’nlp)z — (mBq)?

= 2mm, pq

COS <l2p'lsw
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Restriction on CP violating phase p 'in the <m,> ., and (m,), plane

(a) i
ma
no constrains on &'
M restriction on g’ *
exo fude
exdiude
m; - JH; me
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9. Summary

O We have proposed a graphical method ( "complex-mass triangle" )
for obtaining the-co’nstraints on Majorana CP violating phases,
and mixing angles from the neutrinoless double beta decay (.B B -
0 We have obtained, in terms of neutrino masses, allowed regions for
® mixing angles S,* v&;. S,> (independent of CP phases).
® CPphases B8 vs. p' (useful only for <m,>less than m,).

O From (8 B),, +v oscillation , we have obtained allowed regions of B

Majorana CP phases , for MSW-LMA solution for solar neutrino = :

problem.

O From (8 B),, + 8 decay, we have obtained allowed regions for
their observable neutrino-masses,

® <m,>vs.(m,),; (independently of CP phases).

O From (8 B)y, v osci]lation. + 8 decay , we have obtained aﬂowed

regions of mixing ahgles for two scenarios for mass hierarchy,
m; € my~ my; and m;~ m, < m;

It turns out that, for m; < my,~ m,, the sméli mixing angle (SMA)
solutions for solar neutrino problem is disfavored for small (8 8 )y,
neutrino mass, <m > < O;OIeV ..

O From (B B8)y, +v oscillation + 3 decay , we have obtained allowed

regions for Majorana CP phases for fixed mixing angles.
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