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Normal Hierarchy of neutrino masses is favoured ?
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Parameterization of
mixing angles and CP violating phase
Lepton mixing matrix (PMNS)
( C12C13 512C13 8136\
\

5 5
—819C23 — C12523513€"°CF  C19Co3 — S12893513€"°CF $93C13
5 5
S12893 — C12023513€"°°F  —(C19893 — S12C23813€" 7Y (23C13 }

x { Exp [ia], Expl[ip], 1}

Diagonal Majorana Phases matrix



Our Framework of Predictions for CP violation

Dirac Mass Matrix

The Sign

| Propeny rd
Type | seesaw | Texture-Zeros | of
Neutrmo iverse’s Baryon Asymmet

Right Handed Neutrino

TMaximal number of zeros Leptogenesis

Occam’s
Razor
. Approach

William of Ockham

“Entities should not be multiplied unnecessarily.”



2 Neutrino Mass matrix with Occam ‘s Razor

The Uccam's Razor ApprUaCh The first attempt K. Hariga)éz,yll/-l.;:i,;;gT%ng(;g;

Lepton massterm: [  Mpep +[pmpN + §NC’MRN + h.c.

( 1. Diagonal base Mg Mg x

2. Impose Zeros to components of " .
5 physical values are observed by experiments

A\
2 2 NOW
[ AmZ, Amiy, 0Oz 03 913]

Prune parameters in neutrino sector to be #5.

kThey discussed two generations of My (mp is 3x2 matrix)
0CCAM'S RAZOR

They predicted the &¢p
and discovered that hierarchy of neutrino is IH only.




Case A Case B

0 *x = x % ()
m,p = . oMmyp =
vD x 0 %) vD 0 * x5

Asterisk is complex. My 0
RR

0 M, m3=0

Three phases are removed away ! only one phase remains !

After seesaw, neutrino mass matrix is given by b parameters .
Inverted neutrino mass hierarchy !

Observed Baryon Asymmetry can be explained by the leptogenesis
signs[ 0 ] > 0 for Case A and signs[ & ] < 0 for Case B

One phase controlls both & o and Baryon Asymmetry !



Significance (o)

Normal Hierarchy

of neutrino masses is favoured

NOvA Prellmlnary

FNOVAFD Sin0,,=04 -
6.05x10° POT equiv.  ___h ]
— IH =
1 ‘
- 1 —
% T m 3 2r
2

J. Bian [NOVA Collaboration]
@ICHEP2016 CHICAGO

-2InLL

T | T I‘L‘.P'I
-

T2K
Measurement (Data)
L L L B L B L L B
- T2K Runl-7c preliminary J',..-" """""" .H"-.
:_ — Normal Hierarchy !,-"'- k"-."'

---- Inverted Hierarchy

—-2IlnL
-2InL

(90% CL)
(2o CL)

crit

crit

dcp (radians)

K. Iwamoto [T2K Collaboration]
@ICHEP2016 CHICAGO



The Occam’s Razor Approach to realize NH

We discuss three generations of Mg

1. Diagonal base Vg Mr (mp and Mg are 3x3 matrices)
Add 1 complex parameter (2 real parameters).
Total number of parameters is 7 now.

Experiments will observe 7 physical values

A

In the Future

sol

)
[A m=

2 -
Am;,..~ 012 a3 013 dcp m'ee]

2. Impose Zeros to components of D,

Four-Zeros Dirac mass matrix
is the maximal number of zeros.

(Our set up) Occam’s Razor




Minimal textures with NH

G.C.Branco, D.Emmanuel-Costa, M.N.Rebelo and P.Roy
Phys. Rev. D 77 (2008) 053011 [arXiv:0712.0774 [hep—ph]]

4 zeros textures of Dirac neutrino mass matrix

with three Right-handed Majorana Neutrinos

Example/0 % 0 M, 0 0 me. 0 0
myp=1x* 0 =x ., Mg = 0O M, 0 ., Mg = 0O m, O
0 *x =x LR 0 0 M3 RR 0 0 Mr /) 1R

Asterisk is complex.
M,, M,, M; are taken to be real and positive.

5 complex parameters in Dirac neutrino mass matrix
3 real parameters in Mg,

3 phases are absorbed by 3 left-handed neutrino fields!
2 phases remainds, they are so called right-handed Majorana phases!

10 8 real parameters and 2 phases: 10 parameters



Parametrization

0 A 0 k—lle_““ 0 0
mp=|(A 0 B Mp = M, 0 mem 0
/
0 B C), , 0 0 1
& after the see-saw mechanism
-1
[ 1 ' MR

Kei?a 0 0\ /K, 0 0
0 Ky 0] |0 K, 0]lm]), My

0O 0 1

0\ /% 0 0 0 Ak, 0
- Bllo & o|l=(4a% "0 B
o B ¢)\o 0 1 0 Bk, C

Without loss of generality

Py , Symmetric mass matrix
B'kl =B =b

11 7 parameters: a, b, C, K,, K,, &,, &;



We can rewrite as:

For example, So called Fritzsch type mass matrix
0 ael®s/2 () / I% 0 0
mp = |ae’®2/2 0 b Mp=My [ 0 & 0
/ 0 b€i¢B/2 C O O 1
See-Saw mechanism | |
1 (1‘21\726{1’@3 O abI{QQZQSB
my = v 0 (1‘21\:16’7@5’4 + b2 be (1!2)_(2!1) :
V10 (l.bI\'Qé’iéB be b2[&72€i¢3 n 2 entries are zero !

These matrices give Jarlskog invariant and d¢p

12

a*b*P K1 K3{a?sin(ps — o) + b?sin(¢pa + ¢B)}
(Am?2. )2Am?2

'atm) sol

']CP ~

S111 OCP — Jcp/(.523C23.512612.§13613)

®,, O, arerelated to O



Since (1,2) entry of m, is zero, we have predictions:

] - 0 i,
19C93 — C1aCa3513€ T )e™ iy

Val
—
o

O — (C19C13 (—

_ i 2%, —idep,,
+ s19C13(C19093 — S19593513€"°9F )e”"Pma + s13893¢13¢” PP g

0.6
05 t¢
i
04 52,
cY‘—) ¢¢++ +ﬁﬁ+ﬁ++
SRR ot L
% #ﬁ%*' 4 ::; {iﬂjﬁﬁ @%&*&Q PR L
02 : -*ﬁ.f# +¢%&+A g bk ++H:: : ##;+%F}+ ++§&%r
0.1
0 AT
2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10° 6 65 7 75 8 85 9 95
K4 Imgel[meV]
K1—M3/|\/|1

13

i icti < Mee >=UZmy +UZma + UZyms
No crucial predictions at present o el €2 e3



14

3 The Sign of Universe's Baryon Asymmetry

®,, O, are related to Leptogenesis !

Leptoge nESiS M. Fukugita, T. Yanagida, Phys. Lett. B 174(1986) 45.
D(Ny — lg) —T'(Ny — 1)

“TTN S o) + r(\q = 10)
) 2] M2
- Im [{ m mp)i } } !
87’ v? mDmD Z b D) : ‘ f(iwlz)

For example,

0 ae'®B/2 ()
mp = | ae'?4/? 0 b mbmp =
0 be'B/2 ¢

£ %———b‘ 5

87 v? \[1
Lepton number violation transfers baryon number violation
by Sphaleron process.

28 ng — np
Yp=—Y, x —eaxsingy (YB M)
79 S



Can we determine The Sign of Universe’s Baryon Asymmetry ?

Physics Letters B 548 (2002) 119-121

www.elst

Cosmological sign of neutrino CP violation

P.H. Frampton®®, S.L. Glashow ¢, T. Yanagida ¢

@ TH Division, CERN, CH-1211 Geneve 23, Switzerland
b Department of Physics and Astronomy, University of North Carolina, Chapel Hill, NC 27599, USA
¢ Department of Physics, Boston University, Boston, MA 02215, USA
< d Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

o
ed Neut“n Received 9 October 2002; accepted 14 October 2002
nd

\N“h tWO gen 6:%(N1.N2)<Agl 132)(%;) +<~1.~2>(g “ ,?) (ﬁi)H+h-C-. (1)

B &y = (Im DDY)}, = Im(a'b)>
= +Y2a%b?sin 25

One phase a,b, My, M>,Y >0 6 13—

B >0

therefore 0 >0
15
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Our Challenge !
4 zero textures with normal mass hierarchy

We introduced 7 physical parameters.
If 7 physical values are exactly determined, :
:there are no degree of freedom in the matrix!!:

)
Am=

atm

)
Am?=

sol B12 bO23 O13 0cp Mee
Yp o< singa

Can present data constrain sin® , ?



4 Numerical Results

Input 5 data
(Global Analysis Results)

M. C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, arXiv:1512.06856

Am?

atm

— 2457 +0.047 x 107%eV? | Am?2, = 7501912 x 107%eV?

sol —

sin? B9 = 030470015 . sin® o3 = 0.4527 0052 . sin®fy3 = 0.0218 £ 0.0010

90% C.L.

17



The Sign of Universe's Baryon Asymmetry
0 aei®B/2 () Suppose M,<<M,, M,

mp = | ae'®4/? 0 b YB X +blll()4
0 be'?B/2 ¢

dalrad]

18
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However, there are many four zeros textures !

CIOSSi |ed b G.C.Branco, D.Emmanuel-Costa, M.N.Rebelo and P.Roy
f Y ““Four Zero Neutrino Yukawa Textures in the Minimal Seesaw Framework”
Phys. Rev. D 77 (2008) 053011 [arXiv:0712.0774 [hep—ph]]

m;=0 and Four-Zero Dirac mass matrices are 72 patterns !

18 textures (my)12 = (my)21 =0

18 textures (m,

) (

18 textures (my, )3 =(m,)3a =0 = degenerate neutrino masses
)
)

6 teXtures |(77l,, 11 (772'1/)‘23‘ _ |(7n1/)'21 (771‘1/)13| = arg {(771‘1/)11 (7711/)23 (771'1/);1 (771‘1/)1‘3} =0

6 textures

‘(772'1/ 22 (777'1/)13| - I(‘Inu)lQ (772'1/)'23‘ = arg {(771'1/)22 (771‘1/)13 ('772‘1/)1(2 (772'1/);3} =0

6 textures [(my, )33 (mw)12] — [(my)13 (M )32] = arg {(my, )33 (my )12 (M) 13 (M )39} =0
There are relations between 0§ ., and the phase of leptogenesis
in the framework of four zeros textures:

S. Choubey, W. Rodejohann and P. Roy
““Phenomenological consequences of four zero neutrino Yukawa textures”

Nucl. Phys. B 808 (2009) 272, Erratum: [Nucl. Phys. B {¥bf 818} (2009) 136]
[arXiv:0807.4289 [hep—phl]



Among 54 patterns,

Suppose M, <<M,, M,

the Dirac neutrino mass matrices determing a sign of BAU by one phase

with normal hierachy of neutrino masses are:

2
24 textures ! {Im H(mEmD)u} } =0 fori=2 or 3 }
(/0 ay 0] a; 0 0 a; 0 0 0 0 as
by 0 b3 0 by b3 0 by b3 by by O
\\ 0 Co C3 ) & N 6)) 0 C1 0 C3 0 Co C3
rMO as das \ 0 ao as a; a9 0 aq 0 as
by 0 O by 0 0 0 0 b3 0 by O
Lc 10 (53 ’ ci co 0 0 ¢ c3 0 c¢o c3
(/0 ay 0) a; 0 0 a; 0 0 0 0 as
0 by b3 by by O by 0 b3 0 by bs
A C1 0 C3 / 0 Co C3 0 Co C3 C1 €9 0
20 etc.
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The Sign of Universe's Baryon Asymmetry

0 a0ei%8/2 () Suppose M,<<M,, M,
mp = 0 bgei¢3/2 ba YB X —FSiIl@A
creital? 0 cs) ; p

dalrad]




The Sign of Universe's Baryon Asymmetry

0 arei®B/2 g, Suppose M,<<M,, M,
mp = | bye'®a/? 0 0 Yp o +sing 4
cpeiPal? 0 C3

constraint by

dalrad]

2 )
(AmZ,;, Ami,, 12, tos, 013)

in 90% C.L.

dcplrad]
If ocp will be fixed close to —7/2 ,
The matrix is candidate of determining the sign of
50 Universe's Baryon Asymmetry!!



However,
the hierachy of the right-handed neutrino masses are not specified.

Let us impose Froggatt-Nielsen mechanism to specify M, hierarchy.

Consider 0 ay a3 Kb 0 0
the case - "wp =01 0 0 . Mp=My| 0 K;' 0
. 1 0 C3 LR 0 0 1 RR

FN charges: L (L, L, Ly, R(R, R, 0) withR,>R,>0

0 \tha o\ N0 0
myp = (AL2+R1 0 0 ) . Mp =M, ( 0 )\ 0)
LR RR

\Latha 0 \Ls 0 0 1

If we take following K; and K,, we can adjust FN framework.
[{1 p— (('.33/(':1)2 p— /\_QR1 [(Q p— ((13/(1,2)2 : /\_2R2

Let us allow error-bar of 50% in these relations !

23



Prediction in Froggatt-Nielsen Framework

without FN with EN

o
£l il s
& & w,,;ﬂ’ "

vy
2 #“‘.a ,/‘3‘
-3 o A e

3 2 1 0 1 2 3

Ocp [rad]

In progress
24 p 9
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9 Summary

Occam’s Razor imposes 4 zeros in the Dirac neutrino mass matrix
with 3 Right-handed Majorana neutrinos.

7 parameters in the neutrino mass matrix m, with NH

Two CP violating phases appear !

®,, Oy are related to O ;- and Leptogenesis

Some textures for Dirac neutrino mass matrix
with 4 zeros are successful to predict
the sign of Universe's Baryon Asymmetry.



Five zeros cannot explain the experimental data
of the neutrino mixing !

More than four zero textures

mp=|A" 0 B Mp = M, 0 1 ,—idn
0 B C

» Imposing more zeros?
if) C =0 (5th Zeros)

A% kye'?B 0 AB'k
my= - 0 GO
GO

0 AB'ko elB

012 and 023 become zero !!
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013 and SCp TZK

T2K-Only

/; ; __ T T T ‘lw l T T T ] T T T l T T T I __ /;
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= F - &
s PO 68.27%CL . e
o 1 — 90%CL 4 &

C *  Best-fit N

- PDG 2015 .

0 =

l:— —— Normal Hierarchy

- —— Inverted Hierarchy .

2 .

- Fixed Mass Hierarchy

-3 ; 1 1 1 1 ] 1 1 1 I 1 1 1 I __

0 0.06 0.08 0.1

. -~
sin” 61‘
J

T2K Result with Reactor Constraint
(sin® 26,3 = 0.085+ 0.005)

3 __ T T T T le I T T T T I T T T T I __
B T2K Runl-7¢ preliminary _E
R 68.27%CL .
I — 90%CL =
C *  Best-fit N
0 ]
1 - —— Normal Hierarchy
- —— Inverted Hierarchy -
2 .
: Fixed Mass Hierarchy 1
_3 ; 1 1 1 1 1 " I 1 1 1 1 I 1 1 1 1 I __
0015 0.02 0.025 0.03 0.035
I sin” 6,

- T2K-only result consistent with the reactor measurement

T .
- Favors the §.), ~ — - region
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