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Plan of my talk

1 Introduction
2 Towards minimal seesaw model
3 Flavor Symmetry

4 Prediction of CP violation

5 Summary and Discussions



1 Introduction

The origin of flavor is still unknown |

What determines the flavor structure of quarks and leptons ?

Symmetry ? Zeros ?  Anarchy ?

In order to answer this question, we search for a simple scheme
to examine the flavor structure of quark/lepton mass matrices,
because the number of available data is much less than

unknown parameters:

For neutrinos, 2 mass square differences,
3 mixing angles in experimental data

however, 9 parameters in neutrino mass matrix

How can we reduce the number of unkown parameters ?



T2K reported the constraint on dcr August4, 2017
T2K Run1-8 preliminary
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Feldman-Cousins method E’CP (rad)

Normal hierarchy: [-2.98, -0.60] radians

The 20 CL d nt :
¢ 20 CL confidence interva Inverted hierarchy: [-1.54, -1.19] radians

CP conserving values (0,1r) fall outside of 20 intervals



2 Towards minimal seesaw model

We try to remove a certain of parameters
in neutrino mass matrix.
This work is non-trivial.

At present, we know a simple, but non-trivial way to remove them:
@ texture zeros in the neutrino mass matrix

@® 2 Right-handed Majorana Neutrinos
m;, or m; vanishes

® Flavor Symmetry A,, S,, A5 ...



Example : Occam’s Razor Approach

Harigaya, Ibe, Yanagida, PRD86, 2012, 013002

@® Texture Zeros:
One put maximal zeros in entries of mass matrices.

@® Two right-handed Majorana neutrinos ( Det M,,=0 )
Minimal number of unobserved particles

2x2 right-handed Majorana neutrino mass matrix
(3x2),, Dirac neutrino mass matrix



Case A Case B

0 *x = x % ()
T — . m —
vD x 0 %) vD 0 * x5

M 0 :
Mp = ( 01 1 [2)33 Real diagonal

3 phases are absorbed by 3 left-handed doublets.

only one phase remains |
After seesaw, neutrino mass matrix is given by 5 parameters.

Experimental data are 3 mixing angles and 2 masses.
5;,=+90° One phase controlls both 3., and Baryon Asymmetry !

However, inverted neutrino mass hierarchy |
Normal hierarchy is never reproduced !



In our approach of this talk, we take

@® Trimaximal mixing basis: instead of Texture Zeros
This basis is reproduced by A,, S, flavor symmetry.

@® Two right-handed Majorana neutrinos ( Det M, =0)
Minimal number of unobserved particles

Yusuke Simizu, Kenta Takagi, M.T, arXiv:1709.02136

2x2 right-handed Majorana neutrino mass matrix
(3x2),, Dirac neutrino mass matrix
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Trimaximal mixing is still available !

Virnnr — 1 Tri-bimaximal mixing
TEM V2 Harrison, Perkins, Scott
V2 2002

TM; TM,
Named by Albright and Rodejohann, arXiv:0812.0436

1 0 0
Upmns = VreMm (0 cos ¢ ¢~1% gin O) T Ml

0 —e“sing  coso

2 1 1 1 7
5 . o .
N fyp=1— = < = s 00 p tan 2059 ~ — 1 — —sin® #4-
. . Sl Hy9 3 oo’ gm =3 COS O p LAall 2093 E\/Esinglg ( 5 S11 ]__5)
Trimaximal
O cos & 0 e *sing
mixing T ) ' -
Upnvns = Vrem 0 1 0 | M
—e“sing 0 cos¢ 2
1 1 1 1 D
2 - - 2
sin“fyp = — > cos O p tan 2859 ~ 1 — —sin” 8-
2 3 ol — 3 CP 23 /2 sinbr ( 1 13)
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Taking both the charged lepton mass matrix and
the right-handed Majorana neutrino one to be real diagonal:

1 D (L d
Mp = M, (p[] 1), Mp=|b e
¢ IR

p:MRz/Mm

After seesaw, we can take p=1 by rescaling prameters.

At first, let us consider the case of TM;,

One can take a,b,c to be complex and d,e,f to be real
by using the freedom of phase-redefinitions of left-handed leptons.



TM, with NH = m,=0

After seesaw, we obtain
. faPp+d® abp+de acp+df
M, = MpMzp'Mh = — | abp+de ’p+e> bep+ef
MO Naep+df bep+ef Ap+ [

And then, move to TBM basis:

2 1 0
. T : 4 T
M, = Vg M, Vg Vrpm = VE VB3
VB VB2
btc etf
2 2 . .
Finally, we find | Mp=1| b ¢ gives TM; with NH.
C f m1=0
0 0 0
M=o [0 e+ Pprler ) J3(E-Fp—et+p)
Mo
0 3 /3@ == ) (b=t (e— 1))
4
ma + mj = % [BY(55% 4+ 2j 4+ 5)° + 2B*(5jk + j + k + 5)* cos 295 + (5k* + 2k + 5)7]
. 9 . € b . C iop
13 m%"'”§=1{;?—k)434fa ?:ka P ?ZBfé



After taking

62
. 1
M,=—1| 0
M,
0
G2 1 0
SO0 0

14

TM, with IH =~ m,=
g A
9% E;f
Mp=1| b e , we get
b f
\ Y
0 0 |
a(e+ 1) —1y/3le= e+ f) {f - M]
—3\/2(e—fle+ 1) sle— 1)

0 0 0
y f 3 (1..id : 1 /3/1.2 2i¢ :
0 + 7 0 Z(kfzw’“ + 1)2 —5\/;(.1{. e~ — 1)
My 3 y _
0 0 —3\/302%% — 1) L(ket — 12

2

Mixing angles and CP phase are given only by k and ®,
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TM, with NH or IH|  m,=0 or m,=0

( )
b —e—f
After taking | /v = g ; , we get
J

)

3 2 V3 2 2
o ale+ )7 0 (e =) g iy
M, =+ : (2 0 W0 7 = ke
e —f) 0 3e—f)? ‘

gz (00 O\ o [ S(ke™ 120 G2 —1)
= |0 Lo+ m 0 0 0
TON0 00/ Y N\B(R2e —1) 0 (ke —1)2

Mixing angles and CP phase are given only by k and ®,

%
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3 Flavor Symmetry

—2b C“;f
M D — b €
b f

b+e e+f
2 2
Mp = ( b e

|
|

TM, with NH

TM, with IH

TM, with NH or IH




Realization of Dirac neutrino mass matrix
for TM, with NH in S, flavor symmetry

S, : irreducible representations 1, 1°, 2, 3, 3’

Introduce two flavons (gauge singlet scalars) 3" in S,: @, , ®_,

Lepton doublets L : 3’ Right-handed neutrinos v, : 1

Consider | 5 | =
specific vacuum alignments for 3' | (Cam) ~ o] (bsat) ~ | f
(&

S, generators : S, T, U preserves Z, {1, SU} symmetry for 3'.

—1 9 9 b+e bte
1 - [z 2
SUUS)=F512 2 -l for3and3 . SU bl =10 for3
"\2 -1 2 ; c

3'%3'x1 3'%3’x1 4 (m eﬂr)
Y,

Jatm ‘LH VRl + Jsol Hul’fqg give ﬂ.-'fD _

1 7 L(B )C)( ) = Ll(r)l + LQ()g -+ £3(,)2 k




% TM, with IH in S, flavor symmetry

3x3%1 3’x3x1’

—Osol LH Vg Gom) ™ ( i ) | ) ( ! )
A 3 37 e

Ysol
4 )
—2b L
Mp = b e
b f

. J

Yatm |,

A Oarm LH Vg +

—2
( 1 ) preserves Z, (SU) symmetry for 3.
1

% TM, with NHor IH in A, or S, flavor symmetry

-1 2 2
1 g 15 -, 5| for3
1| preserves S symmetry for 3. 3\, 5 ) and¥

S is a generator of A,and S, generator

b e

—e—f b —e—f
€ breaks S, T , U, SU unless e=f . Vp =
b f

18 We need auxiliary Z, symmetry to obtain
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4 Prediction of CP violation
Input Data (Global Analyses)

observable 30 range for NH 30 range for IH
|AmZ,| (2.407 ~ 2.643) x 10 3eV? (2.399 ~ 2.635) x 103V~
|AméZ, | (7.03 ~ 8.09) x 10 eV~ (7.03 ~ 8.09) x 10 "eV~
sin” 03 0.385 ~ 0.635 0.393 ~ 0.640
sin” 019 0.271 ~ 0,345 0.271 ~ 0.345
sin” 13 0.01934 ~ 0.02392 0.01953 ~ 0.02408

Esteban, Gonzalez-Garcia, Maltoni, Martinez-Soler, Schwetz JHEP1701 (2017) 087

Output: CP violating phase d.p

Since we take trimaximal mixing, sin?8,, is strongly constrained
independent of parameters of Dirac mass matrices:

: 21 1 . 9 1 1
sinZf, = 1 — = <z sin2 fro — = S 2
Sin” o = 1 3cos? b3 — 3 for TMl ST 3cos?btis — 3 for TM2

sin20,,=0.317-0.320 for TM1 and 0.34 for TM2




TM, with NH m,=0

b+c e+f
ve_ [ 3 4 real parameters
R ; 2 phases

Specific three cases to remove 2 parameters

Casel b+c=0 Case2 c=0 Case 3 b=0

2

) <f b etf
2 2 2

Mp=11b e Mp=1{b e My =
~b f 0 f

o NN

e+ f

€

f

3 parameters + 1 phase e, fare real : b is complex

-
0
My = ( b 3@) e/f=-3, 2 real parameters + 1 phase

20 —b —f Littlest seesaw model by King et al.

.

J




Case 1

30 30
o Magenta by King et al
agenta ing et al.
100 "& TM; sum rule
50}
5 O2g(T2K : 1 ST
& (T2K) cos 0cp tan 2653 ~ — ‘ 1 — —sin%64
-50} 24/2 sin O3 2
_100- //
_15020(T2K)
035 040 045 050 055 0.60 0.65
sin’ 8,
Case 2 Case 3
150 J 150!
100 - 100! C)
50 —= 50
20 T 0
S S
-50 =" | 1 -50-
-100 ] -100} ()
-150 ] =-150¢
035 040 045 050 055 060  0.65 035 040 045 050 055 060 065

)
21 sin’6,; sin” 6,3
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ocp [°]

sepl’]

Case 1

30 30

::Z_ Magenta by King et al.

o e—

0/20(T2K)

-100¢

~90; ///

~15020(T2K)

035  0.40 050 055  0.60

sin’ 8,

0.45

150¢
100}

50} R

=50}

-100¢

-150¢

-15 -10 -5 0
K k=-3
King et.al.

0.65

King et al.

k=-3

0.40}

I————EE L AL e A

0.35

-15

20(T2K
0.004—

~10 _5

o

20(T2K)

0.003;

[Mee| [eV]
o
o
o
N

0.001}

0.000

~150 -100

50 0 50
écp [7]

100 150
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New simple Dirac neutrino mass matrices
with different k=e/f

(8 Y G Cd

k= -5 k= -1/5 k= -2 k= -1/2
5.,=2(50-70)°  5.,=2120° Scp~+120° 5.,=+(50-70)°

sin®0,;=0.55 sin%0,,~0.4 sin20,,~0.4 sin’0,;=0.55

Littlest seesaw model by King et al.

0 f k=-3

b= sin20,,=0.45~0.55
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Predictions at arbitrary c/b=j

; . - 5 parameters
@ -=3, 7= Bei%s by supposing

J to be real

0 0 0
i, =0 SB[ (- ) — k1]
0 3B [Bemn(1— )~k 1] L [Been(1— ) 4 (k— 1)

150

100

ocp[’]

-100

-150

-15

5 "0
j c/b=j=-1

case 1: ¢/b=-1, case 2: ¢/b=-c0, case 3: ¢/b=0



écpl’]

|
TM, with IH m_.=0 _op et
iler = b e
cos ¢:p tan 20 ! (1 T2 ) - b f
Soep 2= : — —sin® O3
2v/2sin b3 2
~ | | | | | 150
50 \ ~ 50 /
0 =
) -
-50 ]
__._----
\-"‘_
~100 /—I‘/_ — -100 \\
~150 e
035 040 045 050 055 060 065 0.0 s o -
sin’ 6, )

[ ; = et ] k=|9/f|=065~1 .37 ¢k=i(25°~38°)

Imee|~50 meV



TM, withNH m,=0 | . (

1 5 - ,
(l — l Sill2 913)

cos Ocp tan 2053 ~ ———
V2 sin b3

150} / ] 150}
100! f 100!
50! ] 50!
= 0f . a 0t
o Lo
-50} ] -50f \
-100f T~ ] =100;
o \ ] -150}
035 040 045 050 055 0.60 065 0.0 0.5 1.0 1.5
sin’ 6 k
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Predicted &,y is very sensitive to k.

[; — kgﬂ k=|e/f[=0.78~1.24  ®, =+(165°~180°)

Im_.|=(2~4) meV

2.0
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™, withIH m=0 , (, ' '

1 5
COS (5 N t' ) 29 ~ 1 - =7 in? 9
COS O p tall 2Ua23 \/§ i 913 ( 1 S 13)

150 / sl \
100 100! .
50 50!
lﬁg 0 ] |§. 0!
-50 - 50!
— "
-100 i ] -100] :
_150 \\ 7 a0l /
035 040 045 050 055 060  0.65 0.0 0.5 1.0 1.5 2.0
i k
sm2323

e i k=|e/f|=0.49~1.95 D, =-40°~40°
? — kf

Im_.|~50 meV
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oce [°]

Combined result

150:—
i | TM1 Littlest
- NH [ omne.. b King
100: o2 02 T
50t
0r
-50¢
-100¢ o
- k=[-2,-0.52
-150¢
0.35 0.65

e/f will be fixed by the observation of &, .



5 Summary and Discussions

@® Trimaximal mixing basis
This basis is reproduced by A,, S, flavor symmetry.

@® Two right-handed Majorana neutrinos

—2b < b —e—f |
Mp = ( b e ) Mp = (b e )
b f b f )
TM, with NH TM, with IH TM, with NH or IH
Minimal seesaw mass matrices will be tested by 5., and sin28,, .

[ )
0 of 0 2f 0 f 0 f
Mp=|b 5f], bo—f |, booAf |, b —2f
(—b —f) (—‘5 5f) (—b —Qf) (—b 4f)

\_ J

The sign of by 8. is not determined in our talk. Baryon asymmetry
of the universe can investigate its sign by using the leptogenesis.
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Neutrino mixing vs. quark mixing

Neutrino mixing ( 5 ) _
(3c C.L. range) Ve

Ue1 Ue2 Ue3 Vi
Up1 UMZ Uu3 V2
Ui Up Ugg V3

70.800-0.844 0.515-0.581 0.139-0.155
0.229-0516 0.438-0.699 0.614-0.790
0.249-0.528 0.462-0.715 0.595-0.776

|. Esteban et al., JHEP 01 (2017) 087

Quark mixing (CKM matrix)

0.97434 0.22506 0.00357 )
0.22492 097351 0.0414
@.00875 0.0403 0.99915J

= Particle Data Group (2016)

They are so much different!

Nakahata@HPNP2017 March
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Neutrino mass and mixing (what we know now)

Normal Hierarchy

m32 e

m22 o

m, %=

-

Am4,2=2.524*3538 x10-3 eV2

OR

—
v,
V.

) |Am212=7.50 tO;‘:%’ x10°5 eV/2 ,
ms

Inverted Hierarchy

m22A_ 2 + 5
Am21 =7.50 _017 X1Oe-V2

AM,,2= - 2.51473933 x; \953

\ 4
I_

Numbers from |. Esteban et al., JHEP 01 (2017) 087
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Ty

After seesaw (My)ap = E XM Xig v

x ()
Neutrino mass matrix 0 x
has one zero.
I -
() — (1)(13(—81)( 23 — (1)( )3%13(”CP> ~lal)ll

+ s12013(C12093 — S12593513€°°P )e*Pmy + s13893c13¢ Py
m,(NH) or m;(IH) = O because of 2 right-handed Majorana neutrinos

In the case of m3=0 (IH), this relation is easily satisfied.
In the case of m;=0 (NH), this relation is significantly broken.
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C12C13 519C13 5136_*56“1’ ez 0
i _ o o Jibe . ) b o 5
Upnvns = | —S12023 — €12593513€"°CF  C1aC93 — $12593513€"¢F 593C13 X | 0 €72

) . s L. e b . -
S12593 — C12C23513€ °CF  —(C19S93 — S12C93513€°“F  (C93Cq3 0 0

T 7777 77277 |1 — & : N Y
Jop =T [Ug U ULUS | = So3¢93510¢12513C15 50 dcp

2 1L
: A T
Vrem = Ve
V6 VB V2
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Ocp []

Case 2

150}
100
50}

=50}
-100}

-150¢

0.35

0.40 045 050 055  0.60

Sin2923

k=e/f=-1.7~ -1.1

0.65

Ocpl’]

Case 3

150}
100¢
50

-50¢
-100}

=150¢

0.35

040 045 050 055  0.60

sin’ 8,

k=e/f=-0.84~ -0.73

0.65
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