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Introduction

Introduction

Neutrinos are massive. (massless in the Standard Model)
m Neutrino oscillation data = O(0.1) eV

NH IH
sin” 61 0.306" 4015 0.306" 0 015
sin® fo3 0.4411 0031 0.587 0050
sin® 03 | 0.02166 0072 0.021797 0 000
Am3, [eVF]| 7.5019019 x 1070 | 7.507019 x 107
Am2, [eV?]]2.524700% » 1073 | —2.51470038 x 1073
m Very small masses of neutrinos A
and large mixing angles. 3
m Mild hierarchy of two heaviest masses
< 6.
m = different mechanism of md
mass generation?
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Introduction Seesaw mechanism

Seesaw mechanism

m [here are many neutrino mass generation mechanisms.
m Seesaw mechanism (Type |, Type II, Type Ill...)
In Type | seesaw (simplest), three heavy right-handed neutrinos Ny

are introduced.

— 1
L= —ngLyVNR — §N}§5MNR + h.c.

1
%—V_LmDNR_§N[§MNR+h'C' mD:yl/<¢>

Mass matrix v, Nj
0 mp . mym—mDM_lmlT)—F---
mb M (if mp < M)
m Rough picture
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Introduction Seesaw mechanism

Seesaw mechanism
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m Ex.1: y, ~ O(1) for M = 10" GeV
m Ex2: y, ~O(1077) for M =1 GeV
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Introduction Seesaw mechanism

Seesaw mechanism
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m An energy scale smaller than Planck scale is necessary.

m Cannot directly correlate neutrino mass scale and Planck scale.
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v mass from Planck scale The Model

m Add three right-handed neutrinos.

1— M;i— N
L = §NZ@NZ — 5 NZ-CNJ' — (Yy)ij HLZNJ + H.c.
m Assumption: (almost) rank-1 mass matrix at Planck scale.
00 0\ My 0 0
M=~\|100 0 |, M=1 0 M, 0
00 M; 0 0 My
at Planck scale at low energy scale

— reduce number of parameters
m Right-handed Majorana neutrino masses are expected to be generated
via gravitational interactions. <— No flavor discrimination
111
M=M,|l 111 | — Mass eigenvalues = 0, 0, 3M
111
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v mass from Planck scale RGE

Renormalization Group Equation for M

m VM, and M, are generated by radiative effect.
= Renormalization group equation (RGE) for M.

m All the diagrams

/E* ] /’— =~ ] H H
i R H ~o H <. -
/ 5 _- -

L N
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v mass from Planck scale RGE

Renormalization Group Equation for M

m At 1-loop, only one diagram contributes
1loop  AM 1

Mo dt (4m)?

m At 2-loop, there are many contributions
2oop _ AM 4

M dt  (47)°

Rank increasing diagram

(viv,)" M+ M (V)]

(Yiv,) M (YY) + -

H H the other diagrams do not
. Pl N increase rank of M.
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v mass from Planck scale RGE

Renormalization Group Equation for M

Full beta function

dM 1 " A .
At (4m)2 [(YJYV) M+ M (YJYV)} + ) (YIv,) M (YY)
L |17 1 |
YY) — vy, iy, — yiyyt
+(47T>4 { 3 (gY + 92) (Y Y) 4YV Y, V)Y, 4YV Y,YY,
T
_STF (YJYe + YJYV + 3YJYU 4 SYdTYd> (YJYV)} M
I | 1
I _ v 2yt i
(47T>4 { 3 (QY T 92) (Y Y) 4YV Y, Y)Y, 4Yy Y,YY,
3

ST (YIY. 4 Y[V, 4 3V, + 3Y]Y) (ijy)}

m We include only M and V).
The other contributions do not increase rank of M.
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ANESR TN EIFIIl  Analytic solutions

Analytic solutions

dM VY,
m lterative integration: — = P'M + MP +4P'MP, |P =X
dt (47r)?

— M(p)~ M(Mp) + [P"M(Mp) + M(Mp)P + 4P" M (Mp)P]

u
loo [ -2
<log ()
m Diagnalize M ()

m For Rank M =1 case (M = diag(0, 0, M3) at Planck scale)

Mg(,u) ~ Mg,
M
Ms(p) ~ —4 M3 P;, log (—P> — 10" GeV for Y, = O(1)
9
2 D2 2 MP 9
9

— M () is comparable to four-loop order
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ANESR TN EIFIIl  Analytic solutions

Analytic solutions

m For Rank M = 3 case (M = diag(My, M,, M3) at Planck scale)
assumption: My ~ My < Msj

Mg(/ﬁ) ~ M37
M
Mo(p) =~ —4 M3 (P321 + P322) log (f) :
2
Py Py (Pyy — Py) — Py (P4 — P2 }
=y PP D] (o
Ps + P, v

m M{=My=0 = Rank M =1 case is recovered.

m |f tree contribution M, M5 is larger than loop induced mass,

M>P2 + M, P2
Ml(,u)% 2431 1£32

P35 + P,
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Numerical ana|y5|s (Rank M =1, Rank Y, = 2)

1020 m Parametrization
- Y, = ViYpVi — YpVi
1
o P =—=ViY3V}
% 10° (47T)2 e :
& m At Planck scale
2 10°
=

M = diag (O, O, Mp)
Yp = dlag (07 Y2, 1)

1015 Y Y Y RS N Run RGE

109 107° 1074 1073 102 101 10°
Y2
. . . 0 Y,vu
m Diagonalize 6 X 6 mass matix T at low energy scale
Y v M

m Note: if Rank Y, = 1 at Planck scale, Ny mass is not generated.
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Numerical ana|y5|s (Rank M =1, Rank Y, = 2)

P e w Heaviest: My|, ~ Mj
Lt m 2nd heaviest:
4
- Y, Mp .
3 | MQ’M L T X mlxmg4
o (47)
;é . 10" GeV

m Lightest: my|, =0
RS SR En i eDuar i hecause
10715 b Rank (YpM~'Y}) =2

107° 107° 1074 1073 1072 1071 10V

Yo

m 2nd lightest state (red) is always ~ 0.1 eV.

m The other two states: yv + M|,
Pseudo Dirac state is constructed by (v, Ny) if o < 1072,

m cannot generate mild hierarchy
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Numerical ana|y5|s (Rank M = 2, Rank Y, = 2)

107 — . = At Planck scale
U ——— M = diag (0, M5, Mp)
o ' Yp =diag (0,1, 1)
100 | ] — 10?
210 | ]
= i |

m Heaviest, 2nd heaviest,

ightest are same with
Rank M =1 case.

m Mild hierarchy of small neutrino masses can be obtained
if 107 <y <1072
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Summary
If right-handed neutrino masses are very hierarchical at Planck scale,
radiative corrections dominate right-handed neutrino masses at low

energy scale.
Without any new energy scale, one of small neutrino masses is naturally
generated via seesaw mechanism.

Future Works
More detailed analysis.
This framework leads predictive phenomenology because of reduced

number of parameters.
Ex. application to leptogenesis, the other scenarios with hierarchical

mass spectrum.
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