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1. Introduction

- Standard model (SM): SU(3)g x SU(2)r x U(1)y

Particle First | Second | Third Mixing matrix
U C t .

Quark (d) : (s) ; <b> . CKM matrix
Us ch t% (Cabibbo-Kobayashi-Maskawa)
dp SR bR

Lepton <V6> (V“ ) (VT> PMNS matrix
S s/, 7 s
e% i TR (Pontecorvo-Maki-Nakagawa-Sakata)

- Generation (flavor) problems

<

of SM particles are different each generation.

are different in the lepton and quark sectors.



Neutrino mass squared differences:

S g 2 2 AR 2
Ams = m5 —my7, |Amatm‘ = ‘mg —m7|.

Neutrino mass hierarchies:

- Normal hierarchy (NR) - My < My < M3
- Inverted hierarchy (IH) —) ms < mip < Mo

- Quasi degenerate (QD) = My ~ M2 ~ M3

SM fermions get masses through Higgs mechanism.
Ly =yYrHYr — y(H)Yryr = medryr.

Neutrinos cannot get masses because there are
no right-handed neutrinos in the SM.



o Seesaw mechanism
Minkowski '77; Gell-Mann, Ramond, Slansky; Yanagida; Glashow; Mohapatra, Senjanovic '79

- We introduce three right-handed Majorana neutrinos:

7 M Diagonalization
= (adg iy )t

- If My >> Mp, the left-handed Majorana neutrinos

get non-zero masses.

o |Lepton flavor mixing matrix (PMNS matrix)
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o Experimental situations

- Reactor neutrino experiments indicate non-zero 63

Global fit of the neutrino oscillation:

NUFIT 3.2 (2018)

Normal Ordering (best fit)

Inverted Ordering (Ax?* = 4.14)
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- Flavor mixing matrices in the lepton and quark sectors
o Lepton flavor mixing: PMNS matrix (NuFIT 3.2 (2018))

0.823 0.548
Upnns| ~ | 0.425 0.721 0.548
0.377 0.425 0.823

flavor mixing angles are except for

o Quark flavor mixing: CKM matrix (PDG 2018)

0.974 0.00365
Vexm| ~ | 0.224 0974  0.0421
0.00896 0.0413  0.999

flavor mixing angles are small except for

o Are there some relations between lepton and quark flavor mixing?

R
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2. Lepton model

- Toward a minimal model consistent
with neutrino oscillation experiments ( )

They introduced two right-handed Majorana neutrinos: (Nl, Ng)

P. H. Frampton, S. L. Glashow and T. Yanagida, Phys. Lett. B548 (2002) 1109.

@

a0
M 0
MD — bii-e : MN — ( 01 M >
2
RR
Y e
PMNS matrix element in = not consistent with experimental data

Am
R i VAT 0.086

~ 2mg 2\/Am
U200 2405

o 4 real parameters and = related to the leptogenesis



2. Lepton model

- Toward a minimal model consistent
with neutrino oscillation experiments ( )

> They introduced two right-handed Majorana neutrinos: (N1, N5)
K. Harigaya, M. Ibe and T. T. Yanagida, Phys. Rev. D86 (2012) 013002.

The model in the Is consistent with experimental data:

0 d
M p =CsEE) ] MN:(]\gl ]\22) ,
G =gl A > RR b
Mz M
M, =-MpMy'ME=-]10 £ L
daf _bec ¢ | f2

4 real parameters and = 5 observables

Prediction: 0op = =— <= strictly

DO |

2



- Normal hierarchy is favored
o Data for NuFIT 3.2 (2018):
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Normal hierarchy is favored

o Neutrino 2018: SK experiment

0
0.001 0.002 0.003 0.004 0.005
2 2 2
IAmg, 1, IAm3 | eV

K. Abe et al. [Super-Kamiokande Collaboration], Phys. Rev. D 97 (2018) no.7, 072001
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- Normal hierarchy is favored

o Neutrino 2018: NOVA experiment
ALLOWED OSCILLATION PARAMETERS

NOVAFD  8.85x10™ POT equiv v + 6.9x10°° POT ¥
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Best fit:

Normal Hierarchy

sin20,3 = 0.58+0.03 (UO)
AmZ23; = (2.5140.12 5 55)- 10-3 eV2

Prefer non-maximal at 1.8¢0
Exclude LO at similar level

Mayly Sanchez - ISU
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We investigate a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- We take the charged lepton mass matrix diagonal

- We introduce two right-handed Majorana neutrinos

- The right-handed Majorana neutrino mass matrix:

o M1 0 J p_l 0
v =" ) =4 (%o 1)

- The Dirac neutrino mass matrix:

5 e
Mp =vY, =% |05 €
!

1



We investigate a minimal model of the NH case for neutrino masses

Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- We take the charged lepton mass matrix diagonal

- We introduce two right-handed Majorana neutrinos

- Right-handed Majorana and Dirac neutrino mass matrices

bl | 0 a d
) MD = | i
A |
Cnd
- By using seesaw mechanism, the left-handed Majorana
neutrino mass matrix

My = M, (p

o [a’p+d® abp+ de
M, = -MpMy' Mg, = abp + de  b*p + €2
acp +df bep+ef

14

acp + df
bcp + ef
c’p+ f*




o We investigate a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- Tri-bimaximal (TBM) mixing matrix: P.F. Harrison, D. H. Perkins and W. G. Scott 2002

B
VreMm = % %
75 Vet
Symmetry for conserving this column:
mixing "T'My

C. H. Albright, A. Dueck and W. Rodejohann, Eur. Phys. J. C 70 (2010) 1099;
W. Rodejohann and H. Zhang, Phys. Rev. D 86 (2012) 093008.

- Dirac neutrino mass matrix

b+c e+f
2 2

MD:U b €
o s

4 real and 2 phase parameters
18
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We investigate a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.
- Dirac neutrino mass matrix
b+c e+f
s 2
MD — vV b €
C /
- Neutrino mass matrix
. U2 ( 3 9 \2 118 7 D o 2 2 \
M, = -+ 1 (0+e’ptlet£)?)  5y/5(( —b%)p—e+ f?)
LVL() f . ‘ 4 »
0 LW/E(E@-Pp-+f2) Hb-o+(E-5H?) )

- The lightest neutrino mass 11 is
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o We present a minimal model of the NH case for neutrino masses

We introduce 5. (Indirect approach)
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

Cy B yatm¢athHN1 /A F ysol¢soll__/HN2/A

¢atma ¢sol : 54 3’ scalar fields (flavons)

L : 543 lepton doublet H : S4 singlet Higgs doublet

N1, N> : S, and gauge singlets right-handed Majorana neutrinos
A : Cut-off scale for the model
Sa breaks down to Z5 (1, SU)

e . i

2 2 ey
(Patm) ~ C , {@Pso1) ~ ik , U 3 L i R
b e DEEESN S |

Multiplication rule for S, group: &(3')L(3") = ¢1 L1 + ¢poL3 + ¢p3Lo
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o We present a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- In order to get a minimal scheme, we reduce parameters

(D) b+c=0, (Mel0 " =0

(o <
v| b e (I)b+c=0
-’
b e+f\
2 2
Mp =Y, = v |8 e (Ife=1
0 a0 )
= 6+f\
2 2
FINE € (IT) 6 =0
\ C J /
3 real parameters and =) Is predicted

1%
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We present a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- In order to get a minimal scheme, we reduce parameters

0 <

(I)b+ec=0: Mp=vY,=2|b e
2

Neutrino mass matrix after rotating TBM matrix: M.,

0 0
o2
o f]\; 0 3(k+1) _ 1 /2(k2 1)
0 .
0 —%\/g(k2 —1) 2B%*pe??5 4+ 2(k — 1)?

T kv arg[b] Rk gbBa

k, B : real parameters
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We present a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- FLASYZ2018: King’s talk (k=-3)

SKK 1301.6264 Google

The Littlest Seesaw |

1512.07531
0O 0 0 1 3
my, —m, |0 1 1| +mp |3 L
0

4.0

2 input parameters
Predicts:

3 neuirino masses,
3 mixing angles,

1 Dirac CP phase,
2 Majorana phases
= 9 observables

Currently measured
5 observables

Very predictive!

Baliett. SHC Pascol. e.g. max. atm & max. CPV
Prouse, Wang 161201989 MgmeV] due to approx. mu-tau sym

b= o 2 SFK, Nishi 1807.00023
“) () (V) (ne\7)

¥ ’ Good agreement!
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o We present a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- Numerical analyses:

045 050 055  0.60

sin®6,,
blue: 3o 1o purple: mode of King et. al. (k=-3)
30 20 (T2K experiment)
dop = ::g = sign cannot be fixed = leptogenesis
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o We present a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- Numerical analyses:

-150 -100 -50 O

-150 -100 -50 0 150
BI°]
blue: 3o 1o purple: mode of King et. al. (k=-3)
20 (T2K experiment)
and are related each other
because there is only In our model

R2



- CP violation and leptogenesis

o Lagrangian including right-handed Majorana neutrinos

i % v
L'=8L<T1 + iN[”y“auN] = ((Y,/)QIL@HN] | 21 NICN] -k hC>

o Decays of the right-handed Majorana neutrinos

)

R3



- CP violation and leptogenesis
L(N, - HIpSTNG — 1)

o CP Asymmetry: €; =

)
LN, — HLy DV 5 HI)
(

R4



- CP violation and leptogenesis

o Baryon asymmetry of the universe:

23

np
iz — == S0 _YB—L
Tt 79
AN eq e eq _ 135¢(3)
Yp_ 1 = €Yy, g' = 10675 (SM) ¥il= -7

K . suppression factor
G. F. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia, Nucl. Phys. B685 (2004) 89

10 3 ae 3 My i 02
~ | ~ — o M Jf
PR T (5.5 X 1O4eV> il 77 Yo

RE



- CP violation and leptogenesis

o Baryon asymmetry of the universe:
3 Im[{(Y)]Yy)21}%] My
16m (YY) Mo

Y

CpPre=

Im[{(Y]Y})21}”]

= %fQ(k — 1)*sin 2¢5

(YJYV)M
3 f12 ) ; g w12
o= B (1 — k%) (k+1 2
TREIGR T R A AT, A,
. Jop 4 K TTH
sin dgp = ST ) @l L [Ue1UM2UM2UM1}

§23C23512C12513C1 3

RE



- CP violation and leptogenesis

o Baryon asymmetry of the universe:

3 Im[{(Y,]Y)21}%] M

€]
; 167 (YI/TYI/)].]. M2

Im[{(Y,]Y, )21 }?

m{O% )] o G 2 s,

S Y
Jop o« (1 — k?)sin2¢5

. X Jop & kT
Sindgp = S et BT o [ U ||

§23C23512C12513C1 3
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o We present a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- Numerical analyses: 75 = (5.8 — 6.6) x 107'° (95% C.L.), My = 10** GeV

045 050 055 0.60 0.65

sin2023

blue: k<-1 orange: -1<k<0

30 20 (T2K experiment)

2
k<-1: 0o p ~ o = is fixed
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3. Summary

o We presented the minimal model of the NH case for neutrino masses

- We introduced two right-handed Majorana neutrinos

- symmetry
(e <=8
My =¥y =vb e
ik

: Is predicted because of 3 real
and 1 phase parameters

- The of CP phase for PMNS matrix is fixed by

considering the baryon asymmetry of the universe
through leptogenesis

9






- Neutrino oscillation and lepton mixing

o Eigenvalues of neutrino for flavors and masses, time evolution
|Va> :ZUaj|Vj>7 |Voz(t)> :ZUaj'Vj>6_iEjt

o 2 generation case (mixing angle: 6)
ve(t)) = COSH‘V1>€_iE1t + sin (9‘1/2>6_iE2t

v, (#)) = —sinflvr)e 1 + cos Oluvg)er

o Transition probability for Ve — v/

E,—E
P(ve = vust) = |(vu|ve(t))|? = sin? 20sin? —2 . L
Am2L
~ sin? 26 sin” ZE SN — 1Tl

g = \/P m; —=0p o

31



S

We investigate a minimal model of the NH case for neutrino masses

Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- After rotating tri-bimaximal (TBM) mixing matrix

Aiip-i—].)z AyByp+DyEy Av Oup"'Dv F,
22 6 23\/5 ; 2v/3
A | ) e B2p+E B,C,p+E,F
7\/[ :IfT ‘A/[ ‘/T‘ Y AUBUP D, E, v P Y, vvp vy
AVL TBM v/ I'BM ]\/ jo 3 v/§ 3 ; \/6 ;
A Cup+D, F, B,.Cuopt+ L F, Cup I FV )
2v/3 V6 -

A, =2a—b—¢c, B,=a+b+c¢c, C,=c—0b,
D,=2d—e—f, E,=d+e+f, F,=f—e€

LR T
V6 V3
v y, 4 Sl I
TBM \{6 \{g 1\/§
A6 R
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o We investigate a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- After rotating tri-bimaximal (TBM) mixing matrix

p+ BVp+ Ev Cup+ Fv
22 6 323\/§ ; 2v/3
3 o T / y ot 5 ' Bu_p_ E,, up+Eu BUCVﬁEvFv
A'fy — ITBNIA'[V‘ I'BM A’j(] 3\/§ 3 2\/6 i
C.p+D.F, B,C.p+E,F., C2p | F} )
2v'3 V6 2
Conditions of (1,1), (1,2), (2,1), (1,3), (3,1) components to be zero:
=2a—b—c=0, =2d—e— f =

- Neutrino mass matrix

- My

=
|
ﬁ-
\
A|w
e TN
—
—
+
m
—
b
5o
+
™
+
.k*:-
N
[0
N
DN
DN | bt <\\
B QS
e
P .
0
0w
|
o~
o
u"
=
|
M
&
S~
O
pa—

\0 3v/3 (- b)p—e® 4 £7)
- The lightest neutrino mass 1M is
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We investigate a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- Neutrino mass matrix M,, is diagonalized by

| AR
V23:71 Osl s 1 (oespal "ORE /T ETRE
(late sy Vo |

) is in terms of the model parameters b, c, e, f, p

- PMNS matrix: Upmns = Vrem Vos

e A
\

g

1

2

75/

VM =

R
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o We investigate a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- Lepton mixing angles

s2, = sin® 1o = Uea” s2, = sin® fy3 = Vs g sin O — U ,.3|°
121 e 23 o 7 1" YA X &
1 — |Uesl? ’ 1 — |Uesl?
- Jarlskog invariant parameter
indop = Jop Jer = Im [l U, U
SIN 0o p = S5 WP — Hl[ el“~ u2% 12 ,ul]
5§23€23512€12513Cq 3

- Effective mass for Neutrino less double beta decay

2 D 2
|m€€| 5 )merl )] m2U€2 T m3U63
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0 | NO NUFIT 3.2 (2018)
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Neutrino 2018: SK experiment

| | | | | |
Normal Hierarchy, 90% C.L.
Super-K
T2K
-+ NOVA

—— - lceCube




o We present a minimal model of the NH case for neutrino masses
Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- Numerical analyses:

M,=10'GeV

M,=10%%GeV

blue: My = 10** GeV  orange: My = 10*° GeV
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