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§ Introduction



§ Dark matter

Dark matter: convincing evidences
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§ Dark matter

There must be a gravitational source, called
dark matter, whose properties are

1. Non-luminous (why we call dark matter)
No 1nteraction through EM
2. Non-relativistic (why we call dark matter)

3. Stable, or at least long-lived than the age
of the Universe [Planck(2018)]

4. Abundant enough

74% Dark Energy



§ § WIMP

With interactions and mass of the weak scale

Temperature T~3K
<

PO Due to the expansion of the Universe DM
Thermal equilibrium particles fall out of equilibrium and cannot

ihilat :
bl Kolb and Turner “The Early Universe” (1990)
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§ § WIMP

How stable?
* A discrete parity, principally Z,, 1s imposed
* Let Lagrangian invariant under the parity

* The lightest parity odd particle 1s absolutely
stable.

* E.g.

L3 —E)?mx)(—mngJrlz + vy xSter + h.c,

is invariant under (y,S*) - (—y,—S™).



§ Neutrino mass



Neutrino oscﬂlatlon
* Atmospheric neutrino

e Solar neutrino
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* Neutrino flavor oscillation: e.g., v, —

— tiny (< 0.1 ¢V ) but massive neutrino

Vu




Neutrino oscillation
e Current status [PDG (2025)]

V3

Neutrino Mixing Vo m—
[

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “Neutrino
Masses, Mixing, and Oscillations.”
sin?(A12) = 0.307 + 0.012
Am3, = (7.50 £ 0.19) x 107> eV?
sin(fp3) = 0.537 4 0.020 (S = 1.2) (Inverted order)
sin2(fp3) = 0.534 72015 (Normal order)
Am2, = (—2.527 £ 0.034) x 1073 eV? (S =1.2) (Inverted
order)
Am3, = (2.451 £ 0.026) x 1073 eV2  (Normal order)
sin?(A13) = (2.16 & 0.06) x 1072 (S = 1.2)
5, CP violating phase = 1.21 fg:%g mrad [5=1.2)
(Am3, — Ams;) < 1.1x107*eV?, CL = 99.7%
(Am3, — Am3,) = (—0.12 + 0.25) x 1073 eV?
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Neutrino mass generation

* If neutrinos are Majorana ($) (®)

L= (Le®)(Lg®) ’
1. At Tree level Vg Vg

* Type-I seesaw: Singlet vg = N [Minkowski (1977),
Yanagida (1979), Gell-Mann et al (1979)]
(qlb) (qlb)

| |
vy, ' ' vy,

e Mass matrix
(0 3’”) (—(yV)Z/MN 0)
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Neutrino mass generation

* If neutrinos are Majorana ($) (@)

L= (Le®)(Lg®)

1. At Tree level

2. Atloop level

Zee-Babu

model [Zee (1986),
Babu (1987)]  “7®
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Lepton flavor violation

* If neutrinos are Majorana ($) (@)

L= (Le®)(Lg®) ’
* Vg © Vg, g et g Vg




§ § Extracting neutrino Yukawa
to estimate l, — lgy

MV
b7 - -
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Type-I seesaw case ca N P

1
» Massm, = =y, Vv — YL v
My

e (Casas-Ibarra [Casas and Ibarra (2001)]
v : diag 1/2 1/2
W = U(mv ) R(My)
U : PMNS
R : complex orthogonal matrix



§ Baryon asymmetric Universe

Matter and little anti-matter

Fraction of critical density
0.01 0.02 0.05
— v T ——

: ~ —10
1 O
o7
: S
:
-
]
T 1078 *He
5 e
= Angul |
.g 10~° o ngular Scale
: T
=

E 6000 £ 8
2 Li -~
- 5000 - / \
! ) : \
Z 4000 £ ; \
10—10 | 6 o / 1"‘.
Is: o

2 <] 3 \ . E
Baryon density (107! g em™3 2000 F / X ,’/F X i \‘i E
g W s | g

Burles et al (1999)]" '
Burtes tal (999 Bawe”™  (planck 018)]

py Pow
2
s
l\

1l
100
Multipole moment (/)

L
100



§ Sakharov’s three conditions
[Sakharov (1967)]

1. A baryon number violating interaction 4
Baryon from non-baryon

2. C and CP violation

To discriminate particle and anti-particle

i | » I
Nobél foundatidl

If conserved,
baryon generation rate = anti-baryon generation rate

3. Departure from thermal equilibrium
To forbid the inverse process



§ § Several mechanisms

Electroweak baryogenesis
[Kuzmin, Rubakov and Shaposhnikov (1985)]

Sphaleron
+ 15t order phase transition

L,

Qar\C;J
Q3(B)
Q3(R)
Q2(G)

Le,

FIG. 1: Sphaleron process.

Qa2()
Q2(R)
Q1(G)
Q1(B)
i(R)

The incoming quantum numbers

are L = 3 and B = 0. The outgoing quantum numbers are

L =0 and B=—3

Baryogenesis via leptogenesis [Fukugita and Yanagida (1986)]

Generating lepton asymmetry + Sphaleron

Aftleck-Dine [Affleck and Dine (1985)]
Squark in SUSY




Baryon asymmetry
by thermal leptogenesis

Reviews e.g., [Buchmuller et al (2004), Giudice et al (2004), Davidson et al (2008)]
Scenario

Hot Universe after inflation

Right-handed neutrinos N are thermally produced and
reach thermal equilibrium

Out of equilibrium decay into leptons and anti-leptons
Sphaleron transfer (Lepton asym. — baryon asym.)

I. Qa(G)
Qa(3)
Qs(R)
Q2(G)
L = Qa(B)
Q2(1)
i (G)
O (B)
L Q1 (R)




Sakharov condition 1n leptogenesis

* A baryon number violating interaction

1'\‘ !

Majorana N (L-violation)
Sphaleron (B+L-violation)

e (C and CP violation

A H e L

g

* Departure from thermal equilibrium

H2 = L %G 4
= — ,
3M3 30

Figs from [Giudice et al (2004)]

Roughly, (YY) <o

1 My
872 Mp

)




Baryon asymmetry
by thermal leptogenesis

Resultant baryon asymmetry
ny &<

= (K—

S g«

CP asymmetry

 [(N{»®D)+T(N{>D*1)
Efficiency (dilution, washout) factor k

c .

Sphaleron transfer C
Degrees of freedom in thermal bath g,



Davidson-Ibarra bound

[Davidson and Ibarra (2002), Buchmuller, Di Bar1 and Plumacher (2002) ]

* For My K M,, M; case
3Mlzlm (YNY,J)lej—l(yNYJ)lj)
£ =
167 (YNYI\J,F)M

* In type-I seesaw, with the seesaw formula and
Casas Ibarra parametrization,

3M; |AmGyn| ~ 10-6 M4
B 10° GeV

€<
8mvsmy + my



Washout
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Washout

How does the washout proceed?
Figs from [Buchmuller et al (2004)]




Leptogenesis at low scale?

y
No “tree level seesaw relation”
* With lighter My o
* Efficient generation -~ $665 -
 Strong washou o\ » Lept0g¢n6515
A [Fukugita and
O &Q . Yanagida
106 Wy = (1986)]

Resonant |
- , Leptogen 0 .
Oscillation J{U . 10 10°°(GeV) M),

[Pilaftsis
(1997)]

; >
via

[Akhmedov,
Rubakov and
Smirnov (1998)]



§ Revisiting KNT model

[Seto, Shindou and Tsuyuki (2022, 2023)]



A three lOOp mOdel [Krauss, Nasri and Trodden (2003)]

Particle content

__

SM particles usual usual usual
N; 1 0 — 1/2
S1 1 —1 + 0

Sy 1 ~1 - 0
The lightest 1s stable = DM

Realistic neutrino mass

[ = 2 [Cheung and Seto (2004)] 8 ,"35 ; ‘3,55\\‘5?
0.02 eV P S
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DM and Br(z = uy)

N; 1s DM candidate

Lai+ fj‘_
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=Z=
N, N,
e U T
0 g12 g13\p,
g = 0 1 ga3 N.
0 1 g3/,
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ATLAS bound (2020)
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§ Leptogenesis in KNT model

[Seto, Shindou and Tsuyuki (2023)]



Leptogenesis in KNT model: obstacles

1. DM carries lepton number
* N o Syl - Nilglg
MA No lepton asymmetry
2. Strong washout by AL = 2 scattering processes

c.f. negligible in the standard, S ‘e ) Sy
P
)i\ s <KL
eRa ' en
Ly LB s




Leptogenesis in KNT model: obstacles

1. DM carries lepton number
2. Strong washout by AL = 2 scattering processes

3. Large CPV = Large LFV
, V mass, DM 52_\\ LS5

/_l\
eEa eEIB

A, + A; washout too fast
large CPV should come from e sector

0 0

g = Yae gZu 92t




Getting over obstacles

1. DM carries lepton number
e N, > SFlF - NJIZIE ¢ Keep S; light

2. Strong washout by AL = 2 scattering processes
* Givingup A, + A,

3. Large CPV = Large LFV
Toavoid [ = ey, v mass, DM

Generating A, by CPV from g5, + gae



Set of Boltzmann egs.
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* Evolution of yields

mg, = 110 GeV, my, = 250 GeV
Tspn = 132GeV [D’Onofrio et al (2014)]
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* Comparison with the standard leptogenesis
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* Parameter range

In wide range of parameter space, enough
baryon asymmetry can be generated.

CEPC ILC250 ILC500
—— I T—1
300 == — -
— 250 F— = .
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5 200F—— .
150 |- | =
100 | I I I I

100 150 200 250 300
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§ Summary

* New scenario of low scale thermal leptogenesis 1s
proposed.

* L# 1s kept washing out
* B# 1s fixed at sphaleron decoupling

e In KNT model of radiative neutrino mass
generation

e Prediction

* Four generations of RH neutrinos

* Charged scalar (“slepton”) with Mt = 0(10%) GeV






§ § Other properties of DM

DM are not made of baryon
Big Bang Nucleosynthesis
Cosmic microwave background radiation

DM are not just dark stars or planets

DM have small kinetic energy oy
Distribution of galaxies, clusters of gal§§ [SDSS] & 7

[simulation by Moore]

DM hardly interact themselves
Bullet cluster [Clowe et al (2004)]
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