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Introduction

Introduction

Neutrino mass differences are confirmed by the neutrino oscillations.
m Am, = 7.50 x 107° eV?, Am2, = 2.524 x 1073 eV? (NH)
m Large mixing angles of the PMNS matrix
sin® 1 = 0.306, sin® O3 = 0.441, sin ;3 = 0.0217.
Neutrinos should be massive.
Dirac or Majorana? How much is CP phase?

There is much experimental evidence of DM.
Rotation curves of spiral galaxy

m CMB observations
m Gravitational lensing
[

LIURIER 26.8%

Large scale structure of
the universe

Existence of DM is crucial.
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Introduction

Radiative generation of neutrino masses

(%)

m Zee model ;

First model (one-loop, no DM) Wt
— Already excluded by current v oscillation data. £ . &

How to construct a model with DM
— Forbid Dirac mass term with a symmetry (ex. Z,)
Type | seesaw

loop 0 1 1T
( 0 M> = my ~ (47T)2mDM mp

— Correlate DM and neutrino phenomenology.

m A large number of models have been proposed.
m Most of models deal with canonical WIMP.
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SIMP (Strongly Interacting Massive Particle)

m DM abundance can be determined by 3 — 2 or 4 — 2 processes
in dark sector, but not 2 — 2 annihilating processes (WIMP).
m DM is in kinetic equilibrium with the SM at least until freeze-out
of DM.
Condition for thermal SIMP: ', < I's_yo < I'iin
DM SM DM DM DM DM
e e e
DM SM DM DM  SM SM
Normal annihilation 3 to 2 process Elastic scattering
m Typical scale of SIMP mass:
my, ~ O(10) MeV for 3 — 2 process

(my ~ O(100) keV for 4 — 2 process)

Large self-interaction of DM can solve small scale structure problems.
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Radiative Neutrino Mass Model with SIMP Particle Content

A Radiative Neutrino Mass Model with SIMP

Particle content

L HI| N | n |x|S

SUR) I 2 |2 [ 12 [1]1
Uy | —1/2]1/2| 0 [1/2]0]0
Zs 0 0 2 2 121
Spin /2 | 0 |[1/2] 0 [0]O

m 75 symmetry can be derived by an extra U(1) symmetry.

— 3-to-2 annihilation occurs.

Z3 symmetry is also possible (but excluded by perturbativity)

m S is a resonant particle to enhance annihilation cross section for
3DM — 2DM.
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Radiative Neutrino Mass Model with SIMP Neutrino Masses

Neutrino Masses

m Neutrino masses are generated at two-loop level.

i ()-S5 ) (%)
HX, 1 S HX X —8¢  C¢ X
sy

Ko 2
VDQSX

="

J ’ mpy = O(100) GeV,
mx = O0(0.1) GeV

Ly = —Yia)N; P Lo — ygj SN{PgN; — yglj SEPLN]-C + H.c.
2 12

/’Ly S 5 (0]0) (0]0)
(dm)d (y O + Yty p)

m If you take y,yL g ~ 0.1, 1 ~ 0.1 GeV, s¢ ~ 0.05, f100p
— m, ~ 0.01 eV
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Radiative Neutrino Mass Model with SIMP Constraints

Constraints

m LFV (¢ — (') — y is constrained.
m Electroweak precision data (STU parameters)
— mp ~ my+ and small sin §
m Invisible decay modes (h, Z — X X) mx = O(10) MeV
— sin¢ <0.2 (%)
m Perturbativity (scalar quartic couplings < 4)
m Potential should be bounded from below (quartic couplings > 0)
and vacuum stability (<X>:0)
2
—» sufficient condition Ax > —2 \g > — H
ms m§
m SIMP condition 'y, < I'syo < I'ikin
m DM abundance Qh? ~ 0.12
m o.at/mx S 1 cm?/g by collision of bullet cluster
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Radiative Neutrino Mass Model with SIMP SIMP Condition

Condition for SIMP

3to 2 process XXX — XX T3,y = (0v*)n?

X
X~oo X,
- s -7 . -
LSS RS ( . /xxx
. M .
X" is X---»--E)---—--o: —|—
1] 'O ~\~
N ey I %
Xam=="" X
2 2
2 M2 1 1
ov 3

. + .
m3 [4m3 —m% +imsls  Im3 — m% + imgsls

Elastic scattering with the SM particles (v)

X s ' X s ¥ ytsint émxT
\ N ,"/ “\‘ N ,"/ (erv) ~ 8w (M3 — m%)?
/ 2 S z 1—‘kin = <Uelv>nu

v, Vg Vr Vs
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Radiative Neutrino Mass Model with SIMP SIMP Condition

Condition for SIMP

my =30MeV, mg =93 MeV

my =40 MeV, mg =128 MeV

T2 > T35
2

0.50 [aon < T352 < 107 2T,

ot < T3 <1
o 10 2T <1372
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m Magnitude of Yukawa coupling is y = O(0.01 — 1).
m Fermion mass (V) is 0.1 GeV S M <1 GeV.

u Fann - <Uuyv>nX
H1,2

| RLQ = —
mx
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Radiative Neutrino Mass Model with SIMP Relic Abundance

Relic Abundance

€s
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m Two resonances at mg ~ 2my, 3mx

m DM relic abundance can be sufficiently reduced when close to a
resonance.

m Not to much parameter tuing (< 10%).
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Radiative Neutrino Mass Model with SIMP Self-interaction

Self-interacting Cross Section

X, X X, oX
s s “ S
. 4 X 4
$§~ ’ ' \“ 'l' + .
o ) s
/" \s Fd ‘\
PN A \
x x xd \x
1
2
Tsell = (oxx +oxx +0%x) . Osarr/Mmx S 1 cm™/g
by bullet cluster
2 2
0o A o Ay = H2
XX 64rm?, m%
2 2
_ 1 Ha
Oxx = x + 3 3

Oy N ————— -
XX 2
128mm% dmy —my

m Resonance at mg ~ 2mx is excluded.
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Summary

Radiative neutrino mass generation mechanism correlates small
neutrino masses and DM.

We have constructed a model with radiative neutrino masses
and SIMP DM.

A resonant particle is needed to satisfy all the constraints.
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