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1. Introduction

Particle First Second Third Mixing matrix
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Masses of SM particles are different each generation.

Flavor mixing matrices are different in the lepton and quark sectors.

- Generation (flavor) problems

- Standard model (SM): SU(3)Q ⇥ SU(2)L ⇥ U(1)Y
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Neutrino mass squared differences:
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Neutrino mass hierarchies:

- Normal hierarchy (NH)

- Inverted hierarchy (IH)
- Quasi degenerate (QD) 

m1 < m2 < m3

m3 < m1 < m2

m1 ⇠ m2 ⇠ m3

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

SM fermions get masses through Higgs mechanism.
LY = y ̄LH R ! yhHi ̄L R = mf  ̄L R.
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Seesaw mechanism
Minkowski '77; Gell-Mann, Ramond, Slansky; Yanagida; Glashow; Mohapatra, Senjanovic '79

- If                  , the left-handed Majorana neutrinos 
get non-zero masses.

- We introduce three right-handed Majorana neutrinos:

MN >> MD
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0 MD
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D MN
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M⌫ ' �MT
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N MD

Diagonalization

Lepton flavor mixing matrix (PMNS matrix)
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-       : Dirac phase,　     ,    : Majorana phases�CP ↵ �
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✓13

Global fit of the neutrino oscillation:

M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, JHEP 1411 (2014) 052

Experimental situations

- Reactor neutrino experiments indicate non-zero

NuFIT 3.2 (2018)

Normal Ordering (best fit) Inverted Ordering (��2
= 4.14) Any Ordering

bfp ±1� 3� range bfp ±1� 3� range 3� range
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- Flavor mixing matrices in the lepton and quark sectors
Lepton flavor mixing: PMNS matrix (NuFIT 3.2 (2018))

Quark flavor mixing: CKM matrix (PDG 2018)

Are there some relations between lepton and quark flavor mixing?

Lepton flavor mixing angles are large except for reactor angle       .✓13

Quark flavor mixing angles are small except for Cabibbo angle      .�C

�C ' 0.225

sin ✓13 ' �Cp
2
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<latexit sha1_base64="J3Ra2rLkwuD91Y0geDsde2NT1L8="></latexit><latexit sha1_base64="J3Ra2rLkwuD91Y0geDsde2NT1L8="></latexit><latexit sha1_base64="J3Ra2rLkwuD91Y0geDsde2NT1L8="></latexit>

sin ✓13 ' 0.149
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 8

2. Lepton model

They introduced two right-handed Majorana neutrinos:
P. H. Frampton, S. L. Glashow and T. Yanagida, Phys. Lett. B548 (2002) 119.

(N1, N2)
<latexit sha1_base64="XaruOndAQZRddZiahgHcHSMX1Co="></latexit><latexit sha1_base64="3xdcXuwBZhrgwR9Cw0h/4azbA0M="></latexit><latexit sha1_base64="3xdcXuwBZhrgwR9Cw0h/4azbA0M="></latexit>
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<latexit sha1_base64="0ZVK67285L+FRV2sM4Y/gcgeMGY="></latexit><latexit sha1_base64="smSkR8A5Q3SCRyHFeYT/FcCquRA="></latexit><latexit sha1_base64="smSkR8A5Q3SCRyHFeYT/FcCquRA="></latexit>
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<latexit sha1_base64="Q85K1zkHYempVjBk1T7o8esBes0="></latexit><latexit sha1_base64="kqvlM/cLcqNw4N4UEhMEYIiNi/Q="></latexit><latexit sha1_base64="kqvlM/cLcqNw4N4UEhMEYIiNi/Q="></latexit>

PMNS matrix element in NH case ➡ not consistent with experimental data

-  Toward a minimal model consistent
with neutrino oscillation experiments (Texture Zero)
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<latexit sha1_base64="NLKBVnRwRpqcVDW4mpCdsKekoIw="></latexit><latexit sha1_base64="NLKBVnRwRpqcVDW4mpCdsKekoIw="></latexit><latexit sha1_base64="NLKBVnRwRpqcVDW4mpCdsKekoIw="></latexit>

4 real parameters and 1 phase parameter ➡ related to the leptogenesis
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2. Lepton model

They introduced two right-handed Majorana neutrinos: (N1, N2)
<latexit sha1_base64="XaruOndAQZRddZiahgHcHSMX1Co="></latexit><latexit sha1_base64="3xdcXuwBZhrgwR9Cw0h/4azbA0M="></latexit><latexit sha1_base64="3xdcXuwBZhrgwR9Cw0h/4azbA0M="></latexit>

-  Toward a minimal model consistent
with neutrino oscillation experiments (Occam’s Razor)

The model in the IH case is consistent with experimental data:
K. Harigaya, M. Ibe and T. T. Yanagida, Phys. Rev. D86 (2012) 013002.

M⌫ = �MDM�1
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D = �
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4 real parameters and 1 phase parameter ➡ 5 observables

�CP = ±⇡

2
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Prediction:                        ⬅  strictly
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Data for NuFIT 3.2 (2018):

-                             , NH�CP ' �90� (270�)
<latexit sha1_base64="n2uEOd9Rg1s7SLFTqLfAYaCRfvo="></latexit><latexit sha1_base64="CS5dzOQyusHpYQmWislsw34jMtM="></latexit><latexit sha1_base64="CS5dzOQyusHpYQmWislsw34jMtM="></latexit>

-       is maximal✓23
<latexit sha1_base64="7Zij1ht9B0fPuz6bg6KwLSpJBN0="></latexit><latexit sha1_base64="CLTjFPyRZC4oQP/c0/qWkSektLM="></latexit><latexit sha1_base64="CLTjFPyRZC4oQP/c0/qWkSektLM="></latexit>

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

IH IH
NH
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Neutrino 2018: NOvA experiment
- Normal hierarchy is favored



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

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

- We take the charged lepton mass matrix diagonal
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- We introduce two right-handed Majorana neutrinos

- The right-handed Majorana neutrino mass matrix:

- The Dirac neutrino mass matrix:



Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.
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- We introduce two right-handed Majorana neutrinos

- Right-handed Majorana and Dirac neutrino mass matrices

- By using seesaw mechanism, the left-handed Majorana 
neutrino mass matrix

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

- We take the charged lepton mass matrix diagonal



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

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

 15
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<latexit sha1_base64="1Zzww1ZgDgUiHFeEkVgOk9euVb4="></latexit><latexit sha1_base64="1Zzww1ZgDgUiHFeEkVgOk9euVb4="></latexit><latexit sha1_base64="1Zzww1ZgDgUiHFeEkVgOk9euVb4="></latexit>

⬆ Symmetry for conserving this column:

TM1
<latexit sha1_base64="TqtL9MeUPqB3Olvuqp10ltYy1YA="></latexit><latexit sha1_base64="TqtL9MeUPqB3Olvuqp10ltYy1YA="></latexit><latexit sha1_base64="TqtL9MeUPqB3Olvuqp10ltYy1YA="></latexit>

4 real and 2 phase parameters

- Tri-bimaximal (TBM) mixing matrix:

Trimaximal (TM) mixing
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.
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<latexit sha1_base64="ohEP6yfLtezvT6hqidFIFiotmsM="></latexit><latexit sha1_base64="ohEP6yfLtezvT6hqidFIFiotmsM="></latexit><latexit sha1_base64="ohEP6yfLtezvT6hqidFIFiotmsM="></latexit>

- Dirac neutrino mass matrix

P. F. Harrison, D. H. Perkins and W. G. Scott 2002



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

 16

- Neutrino mass matrix

- The lightest neutrino mass       is zerom1
<latexit sha1_base64="QjWuprv41QzXEUEgBQi3D9gPJdY="></latexit><latexit sha1_base64="QjWuprv41QzXEUEgBQi3D9gPJdY="></latexit><latexit sha1_base64="QjWuprv41QzXEUEgBQi3D9gPJdY="></latexit>

We investigate a minimal model of the NH case for neutrino masses
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- Dirac neutrino mass matrix



We present a minimal model of the NH case for neutrino masses
We introduce      flavor symmetry (Indirect approach)

：    3’ scalar fields (flavons)

S4
<latexit sha1_base64="NMpyJ1YvyLLW02gIXoCkF3ZP/l0="></latexit><latexit sha1_base64="oN94dNt+RgCrSrW29aMZ33CkFNQ="></latexit><latexit sha1_base64="oN94dNt+RgCrSrW29aMZ33CkFNQ="></latexit>

S4
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LY = yatm�atmL̄HN1/⇤+ ysol�solL̄HN2/⇤
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：    3’ lepton doublet

�atm,�sol
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N1, N2
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⇤
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：    singlet Higgs doubletS4
<latexit sha1_base64="H/JNqaeBwnFn5h9qm5yyyjXERys="></latexit><latexit sha1_base64="H/JNqaeBwnFn5h9qm5yyyjXERys="></latexit><latexit sha1_base64="H/JNqaeBwnFn5h9qm5yyyjXERys="></latexit>

：    and gauge singlets right-handed Majorana neutrinosS4
<latexit sha1_base64="H/JNqaeBwnFn5h9qm5yyyjXERys="></latexit><latexit sha1_base64="H/JNqaeBwnFn5h9qm5yyyjXERys="></latexit><latexit sha1_base64="H/JNqaeBwnFn5h9qm5yyyjXERys="></latexit>

：Cut-off scale for the model

breaks down toS4
<latexit sha1_base64="H/JNqaeBwnFn5h9qm5yyyjXERys="></latexit><latexit sha1_base64="H/JNqaeBwnFn5h9qm5yyyjXERys="></latexit><latexit sha1_base64="H/JNqaeBwnFn5h9qm5yyyjXERys="></latexit>
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�(30)L̄(30) = �1L̄1 + �2L̄3 + �3L̄2
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S4
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Multiplication rule for      group:

Z2 (1, SU)
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Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.
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- In order to get a minimal scheme, we reduce parameters

3 real parameters and 1 phase parameter ➡ CP phase is predicted

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.
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：

k, B : real parameters

M̂⌫
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Neutrino mass matrix after rotating TBM matrix:

M̂⌫ = �f2v2
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We present a minimal model of the NH case for neutrino masses

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

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

- FLASY2018: King’s talk (k=-3)

Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.
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green: 1σblue: 3σ purple: mode of King et. al. (k=-3)
vertical red line: 3σ horizontal red line: 2σ (T2K experiment)

�CP ' ±⇡
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➡ sign cannot be fixed ➡ leptogenesis

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

- Numerical analyses:

Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.
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Dirac phase and Majorana phase are related each other 
because there is only 1 phase in our model

green: 1σblue: 3σ purple: mode of King et. al. (k=-3)
red line: 2σ (T2K experiment)

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

- Numerical analyses:

Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.
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Lagrangian including right-handed Majorana neutrinos

Decays of the right-handed Majorana neutrinos
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- CP violation and leptogenesis
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- CP violation and leptogenesis
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Baryon asymmetry of the universe:
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Baryon asymmetry of the universe:
- CP violation and leptogenesis
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Baryon asymmetry of the universe:
- CP violation and leptogenesis
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Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

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

- Numerical analyses:

orange: -1<k<0blue: k<-1
vertical red line: 3σ horizontal red line: 2σ (T2K experiment)
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, M2 = 1014 GeV
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- We introduced two right-handed Majorana neutrinos

-      symmetryS4
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- CP phase is predicted because of 3 real 
and 1 phase parameters

- The sign of CP phase for PMNS matrix is fixed by 
considering the baryon asymmetry of the universe 
through leptogenesis

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

3. Summary



 30

Buck Up



- Neutrino oscillation and lepton mixing
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Eigenvalues of neutrino for flavors and masses, time evolution
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Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

- After rotating tri-bimaximal (TBM) mixing matrix
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We investigate a minimal model of the NH case for neutrino masses
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Conditions of (1,1), (1,2), (2,1), (1,3), (3,1) components to be zero:

- Neutrino mass matrix

- The lightest neutrino mass       is zerom1
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- After rotating tri-bimaximal (TBM) mixing matrix

We investigate a minimal model of the NH case for neutrino masses
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- Neutrino mass matrix       is diagonalized by
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is in terms of the model parameters b, c, e, f, p

- PMNS matrix: UPMNS = VTBMV23
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- Lepton mixing angles
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Y. S., K. Takagi and M. Tanimoto, JHEP 1711 (2017) 201; Phys. Lett. B778 (2018) 6.

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

- Numerical analyses:
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M2 = 1015 GeV
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