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Seesa\/\/ meChanlsm <—|_ype |> Minkowski, '77; Gell-Mann,

Ramond, Slansky, Yanagida; Glashow; Mohapatra, Senjanovic ‘79

* heavy right-handed neutrinos vp
« Majorana particle

Lagrangian
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Only the neutrino with tiny masse remains in
effective low energy theory

If one of the mass eigenvalues gets heavier, the other one becomes lighter,
and vice versa.



three generation

6 X 6 mass matrix
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model (e, u, T)

We define the effective mass

Meff
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1
— mp——m
Mg "




m; O 0
VEMNSm e e (VEMNSYE=1 0 m, 0 m;: mass eigenvalues
T 0 0 ms

Pontecorvo-Maki-Nakagawa-Sakata matrix (PMNS matrix) diagonalizes m, .
PMNS matrix describes the flavor mixing between weak-basis and mass-basis.
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PPMNS (v, | = [ v,
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A conventional parametrization for MNS matrix VPMNS js
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where Sij = sin Bl-j, Cij = COS GU
* 0q,, 0,3, 0,5 are mixing angles.

« 0 is a Dirac CP phase, a,;and az;are Majorana phases.



Parameters and notations in this model

We define mp; (i = 1,2,3) to be the magnitude of each column vector of the 3 by 3 Dirac mass
matrix mp.

u; are the normalized column vectors of my,.

Ueq Ue2 Ues
— _ h that |u;| =1
mp = (leul,szuz,mD3ll3) ) U = (ul'uZtuB): up.l uu2 ull3 such that |u;]

Urq U U3
U is not unitary

Defining mass scales X; written in terms mlz)i
of mp; and the Majorana mass M;. X; =
M;
The effective mass matrix m,¢r is expressed as . 1 £ £
meff = —Mp M—mD = —-UXU
R




In order to find the mass eigenvalues and the PMNS mixing matrix, we
have to solve the characteristic equation (solutions A are mass squares).

4 )

the characteristic equation

det(meppmle. —2) =0
\ J

|

This equation is identical to three independent algebraic equations of mass
squares and seesaw parameters (elements of U and X).
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defining a new symbol
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CP asymmetry in neutrino sector

Transition probabilities via
neutrino oscillation

CP asymmetry } .

Transition probabilities via
anti-neutrino oscillation

A= Z Z XoX2 (1= | Apg P uep P T g tiep) Mass squared differences
{e.p,7} {p,q.7} <\ 2 2
Am;; = m; —mj

CP asymmetry is proportional to J written with mixing angles and CP phase.

¢

Jarlskog parameter

(in terms of mixing angles
and 6 CP phase)

—_— 2 .
] = 512523513€12C€23C13SiNO

C.Jarlskog ‘85



J can be expressed in terms of m,¢r and mass eigenvalues.

- I{(Mer ) en (Mo My )y (Mep My e

2 2 2
Ami,Am5;Ams,

We define A as the product of ] and mass squared differences.

A = JAm%,Am5;Am3,

For AC? =0, A+ 0.

Expressing it in terms of U and X, it will be complicated.




The most general form of A in three generations model in terms of seesaw parameters U and X.

( Xisin? 61 + Xosin® 6221 4+ Xge292 Xosinflacosfla X sinéy cosfy )
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Four zero texture model of Dirac mass matrix

To reduce the number of parameters, we replace some elements of
the Dirac mass matrix with O .

x k% 0 0 ¥ *
U=+ * x| (0 * *) (* 0)
ok ok 0 = O
b S * *

~~
O ¥ O
* X% *
o *x O
N
N
* O ¥
O ¥
* O ¥
N~

The configuration of the four zero texture has 4 C,=126 patterns.



Classification of four zero textures

g C4,=126 patterns.

There is one row component and one column component
all in which the elements are not zero. (9 patterns)

U
Type | * * *\  There is only one row component all in which the
E‘) 0 8 elements are not zero, and rank U = 3. (18 patterns)
k
Type I /x =* 0\ Thereis only one column component all in which the
(* 0 *) elements are not zero, and rank U = 3. (18 patterns)
*x 0 0
Type Il (* 0 0\  The numbers of non-zero elements on any row and
8 * 0 column components are 1 or 2, and rank U = 3. (36 patterns)
k k
Type v (* 0 8 There is only one column component all in which the
o elements are zero. (18 patterns)
* * 0
Type V. [* * * There is only one row component all in which the
(’; ; 8 elements are zero. (18 patterns)

0\ [Ihere are one row and column components in which two
* | elements are zero, and the common element on the both
¥/ of such row and column components is not zero. (9 patterns)

/\/—\
* ¥ %
x ¥ O O O *



Assumption
* The lightest neutrino mass is also non-zero.
m; #0 (m3#0)

 Three masses are not degenerated.

m <m,<mz Of mg3<m <m,

« CP symmetry is violated in the leptonic sector.
A+0

We adopt such textures satistying the assumptions.



We suppose the CP asymmetry in neutrino sector and three massive neutrinos.

(:

U

*
0
*

* % O *x ¥ © O O %

S % ¥

x ¥ O O O *

*
0)
0

k

O OO ¥ oo O

o O %

|
|
|
|
|

O O *

0
*)
*

There is only one row component all in which the T
elements are not zero, and rank U = 3. (18 patterns)

There is only one column component all in which the
elements are not zero, and rank U = 3. (18 patterns)

The numbers of non-zero elements on any row and
column components are 1 or 2, and rank U = 3. (36 patterns)

— A#0

- [VVe adopt first three types]

-~
g
There is only one column component all in which the Type IV causes one massless
neutrino automatically.
elements are zero. (18 patterns) - q
N

There is only one row component all in which the
elements are zero. (18 patterns)

There is one row component and one column component
all in which the elements are not zero. (9 patterns)

There are one row and column components in which two
elements are zero, and the common element on the both

of such row and column components is not zero. 9 patterns)

— A=0

Type V, VI and VIl do not
explain the CP violation.

They are ruled out.




Parametrization of four zero texture model

Uep Upez Ue3z Parameterization Sin@ Sinei@ ei

U=| 0 up O ) U= 0 cos9, 0
U1 0 0 cos0, 0 0
AN

4 parameters

in total 7 parameters Xy, X, X3,04, 0,, @4, ®, 01, 62, By, Oy

XiuZy + Xougy + X3ugs  XoUeoUps  XqlUeqle
Mmesr in this case  myr=— XyUealys Xyu?, 0

2
XqlUeg1Upq 0 Xquzy

X sin s cos fy X cos? by 0
X5 sinfy cos fy 0 X, cos? 64

A N th IS case A ( Xosin? 0; + Xy sin® fpe?®t 4+ Xqe2i®2 X, sinflycosfle Xo sin fy cos by )
H?Eff = —



Numerical analysis

sinB; sinB,e'P1 P2
A texture in Type I, for example U= 0 cos0, 0
cos04 0 0
Allocating parameters randomly
model anglesin U ; 64, 0, from—m to @
model phasesin U ; &, d, from—m to @

the lightest neutrino mass ; my; (ms)

$

Reconstructing the m,¢r and solving the algebraic equations

det(meffmsz -2) =0,

we obtain X;, X, and X5 .

from 0 to 0.046 [eV]

Best-fit

30

Am3, [1075eV?]

AmZ, [1073eV?]

7.30

2.50

6.39 - 7.97

2.371—-2.63




Giving the values to parameters(6y, 65, @4, ®,, my, X1, X5, X3),
We determine the m¢.

\ 4

The m,¢r produces flavor mixing angles (;,, 6,3, and 6;3), the Dirac
CP phase o, and Majorana phases (a ,{, 0t31).

¥

If all three mixing angles (8, 8,3, and 0,3) are within 3 o of the
experimentally measured values, we collect the set of parameters

as a possible model. Best 30

sin?0,,  0.297 0.250 - 0.357

sin?0,;  0.437 0.379 - 0.616

sin%0,3 0.0214 0.0185 - 0.0246




Results

» Each solved X; is smaller than 0.5 [eV].

After assuming the heavy right handed neutrino masses M;, we can
determine the Dirac mass matrix mp from the solutions X; and the
other parameters 64, 0,, ®,, ®,.

« Some models do not reproduce the correct mixing angles (normal
hierarchical case).

 There are some correlations among the parameters, and physical
gquantities.



* In normal hierarchical case, any texture which produces 0 on u- 7 element
(and also 7 -p element) of merr, does not explain the experimental results.

* x ()
Textures, which makes Merr = <* * *> , are consistent with experiments.
0 *x =x

meff = —UXUt

(
*x 0 0
Forexample, U= =« x|,
0 = 0

These 18 textures are ruled out.

While, In inverted hierarchical case, all textures are possible to reproduce the
experimental results.



- A correlation between parameters (Normal)

Holding up two specific textures in typelll as examples,

sinBq 0
U=|cosB; sind,e'®:
0  cosB,et®?

There are some kind of
correlations between
parameters ®; and @,.

= o o

3

2_ T
0 cos0,e'®P1 1 ‘ -
. 1
; U=| sinb, 0 0
cosf; sinb,e'®z 0 « ol

There is no particularly features

for @, , while @, is restricted in L g

the specific range. _ol

* The correlation between m; and |m,,| (for two textures as above)
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x axis : the lightest neutrino mass

y axis : the absolute value of the e-e element of mz¢

The correlation between m, and |m,,| is analytically comprehensible for both two
examples.

From the experimental results of the neutrinoless double beta decay, for example,
it gives a prediction for the mass of the lightest neutrino mass.



 Correlations among CP phase and Majorana phases (inverted)

sinB, 0 0
U=|cosB; sinB,e!®r 0
0  cosB,et®2 1

a3, 1S not determined and it does not have correlation with a,, nor 0.

While a,; and 0 appear in the limited range.
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The sign of 0 and the sign of a5,
depend on each other.

In some cases of the model, the CP phase 0 is outputted around —g or g



Summary \

- In three generation seesaw model, we reduced the number of model parameters as
possible,

T £k X sinB; sinB,e'®1 e!®2
U = <* * *> » (O * O) = 0 cos0, 0
* 0 0 cos0, 0 0

- We classify them and picked up the textures under the condition that the lightest neutrino
mass is non-zero and CP is violated.

- There are some correlations among model parameters and physical quantities.

- This analysis makes some predictions for the phases 0, a,;, and a3, and also for
relations among physical quantities. /

~

Future works
- To give some explanation on the numerical results with the analytical method.

- To apply this model for other physical phenomena, such as neutrinoless double beta decay
and leptogenesis.

\_ /
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Textures in Type |

There are 18 different textures (patterns of configuration)

They are related on each other by replacing the column or row components.

*
(*
0

* O -

o O

* *
0), (0
* *
0 0
* *
0 0
x|, *
* *

* O -

o O



Textures in the same Type are related to each other by exchanging the
column and row components in U.

Up = PUg(
1 00\ /0 0 1\ /0 1 0y /1 0 0\ /0 0 1\ /0 1 0
P,Q = (0 1 0), (1 0 0>, <0 0 1>, <0 0 1), (0 1 0), (1 0 0)
o001/ 0o 10/ \1 00 o100 \1o0oo0o \o o1
Any criterial textureU, Another texture in the same type U, = PU,Q
L.'T
, PUQ
X, 0 0
Y= 0 X, 0 .
0 0 Xj — O
Meff = ~UXUT Meff = _P{[-"T(QXQT)UT}PT
V P TL’TMJ NS
'PMNS




A texture in Type |

. - id b - - : 4 Yy - -
sinfl;  simfpe'?t ' Xysin? 0; + Xosin? 9291 + Xqe2@2  Xysinflycosfly X sinfy cos by
U= 0 cos o 0 Meff = — X5 sin #s cos fs X5 cos? s 0
cos fq 0 0 X1 sin# cos by 0 X1 cos? by

Another textures in Type | (exchanging the first and second row components)

0 cos (s 0 010 sinfy  sinfe'® P2
sinf; sinfye®t €92 | = | 1 0 0 0 cos o 0
cos #q 0 0 0 0 1 cos ty 0 0
X5 cos? 6 Xo sin o cos fo 0
mess = — | Xosinflacosfly X, sin? 01 + Xgsin? #ye?91 + X3e292 X sinf cos
0 X sin # cos 4 X cos? 64

Another textures in Type | (exchanging the first and second column components)

sin fpe'®t  sinfl; €92 eib2 0 1 0
cos o 0 0 = 0 1 0 0
0 cosfly 0 0 0 0 1

X5 sin? 7 + X sin® #pe2%1 + X692 X, sinflycosfy  Xo sin#; cos 6
Meff = — X1 sin A5 cos 9 X cos? 65 0
X5 sin f cos 64 0 X5 cos? #4



Application for leptogenesis

The lepton number asymmetry f (k = 1,2,3 i = e, u,7) is related to the
difference of the partial decay vvldth of heavy right handed neutrino.

7 2 I+ 2
K _ rvk —1i;07) -k —17¢7) , k "
ot F(L—'R — [ ¢T) —|—F(:fR x’.j_i ) R VR
+
¢ b
Electron number asymmetry (i = e), no/n—zero.
i  In((mhymp ) (e (mp)er) T v s o
€ 16?]_ },}"#k . . ‘(”'}D)E‘k‘g mp = "’"I"]'Dpl -;-j-j.DHQ ‘r”Dj.,LB
Mpr1 Mpr2 1Mpr3
1 I:rr((mnmg)k k(M) ek (MD)er) -
T Th'k [(mp)er|? } | M
HRTR ek ;f'kkr p— W

T.Endoh, T.Morozumi, Z.Xiong ‘2004

In order to ¥ # 0, at least two of the matrix elements of (mpe1, Mpez, Mpe3)

must be non-zero.



Mpe1 Mpep Mpe3
0 Mpr2 0

For example, in the case of my,, = <mpu1 0 0
total number asymmetry is identical to the electron number

asymmetry.
Y ¢

i=e,|,T
el and ¥ do not contribute to the total number asymmetry.

Textures in Type | have such feature.



