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Physics Beyond the Standard Model

What is the origin of tiny neutrino masses?


Baryogenesis?


What is the Dark Matter?


Inflation?


Charge Quantization?


…

The Standard Model is a successful model for the elementary particle physics 

But there are a few problems which the SM cannot solve

The SM should be extended at some energy scale 

All the particles contained in the SM have been discovered.
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(KNT model)
Leptogenesis



KNT model

Tiny neutrino mass


 is a Dark matter candidateN1
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All the dimensionless couplings are less than one

The mass scale M have an upper limit
<latexit sha1_base64="RWJkJm2AYQsNdwvKege3V5ZJIGA="></latexit>

M < O(100 TeV) O. Seto, T.S. and T. Tsuyuki, arXiv:2202.00931

KNT model is a radiative seesaw model  is generated at the three loop levelmν



DM and LFV

 or  can be significantly enhancedτ → μγ τ → eγ

Let us consider a constraint |g1i | < 1
To avoid too large ,  is requiredB(μ → eγ) g*1eg1μ ≃ 0

The annihilation of the DM:  ⟨σv⟩ ≃
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DM abundance is ΩN1
h2 ≃ 0.12

2.9 × 10−9 GeV−2

⟨σv⟩

xf ∼ 1/20

O. Seto, TS, T. Tsuyuki, PRD105, 095018(2022)

More than 3  are neededg1i
More than 2  are neededg1i

One  is enoughg1i



DM in the KNT
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In the case with g1e = g1μ = 0

The scenario can be explored by future lepton collider experiments.

O. Seto, T.S., and T. Tsuyuki, 2211.10059v2



Leptogenesis in the KNT model
How about the Baryogenesis in the KNT model?

Possibility of the thermal leptogenesis

The Lepton asymmetry is produced by  decay:N2
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N2 ! S�
2 + e+Ri

The Lepton asymmetry → #B via Sphaleron
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CP

The Spharelon is in the thermal bath at T* ≤ T ≤ 1012GeV

M. D’Onofrio, K. Rummukainen, A. Tranberg, PRL113,141602(2014)

 and Tc = (159 ± 1)GeV T* = (131.7 ± 2.3)GeV

YB =
nB

s
= −

32
89

YeR

We should check whether the sceario can produce enough baryon asymmetry

If not, what kind of model extension is necessary?



Some issues in the scenario
• YS2

= − YeR

Sphaleron should decoupled before  decay is completedS±
2

 cannot be much larger than mS2
T*

•  is required for  at |g2i | ≃ 𝒪(10−6) NN2
≠ Neq

N2
T ∼ M2

The late-time decay of  washes out #LS±
2

• Washout by  scattering is significantΔL = 2
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Inverse decay & Scattering



Nuetrino mass matrix with g2i ≪ 1

Mν ≃
λS

4(4π)3mS1
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Loop function

g = (0 0 g13

0 g32 g33)
A simple example:

Negligible contribution to Mν
It tends to cause dangerous  μ → eγ

To avoid τ → μγ

-oscν

DM

O. Seto, TS, T. Tsuyuki, PRD105, 095018(2022)

fa = (M2
a /m2

S2
, m2

S1
/m2

S2
) ≲ 1

 cannot play a role in N2 mν

Only  contributes to N3 mν f1 ≪ f3

We can reproduce an appropriate mν



Four generations RHN
 and  are largeg32 g33  ( ) is fastℓ±

i ℓ±
j → S±

2 S±
2 ℓi,j = τ or μ

 is washed out too fastΔτ + Δμ

To produce , large  is necessary,Δe g31
but the washout also becomes significant and  is too large Br(μ → eγ)
We need a fourth RHN for successful leptogenesis!

g =

0 0 g13

g21 0 0
0 g32 g33

g41 0 0

A benchmark example

Table 1: Definition of benchmark inputs.

Parameter Value

mS1 2.33⇥ 104 GeV
mS2 Scanned in [100, 350] GeV
mN1 Depending on mS2

mN2 Scanned in [100, 500] GeV
mN3 3.67⇥ 106 GeV
mN4 1.0⇥ 108 GeV
�S 1.0

(h12, h23, h13) (0.600e�0.0480i
, 1.0, 0.329e0.102i)

(g13, g32, g33, g41) (1.0, 1.0, �0.053, 0.1)
|g21| Depending on mN2

arg(g21) ⇡/4

which are far below the current limits.
Finally, we fix the rest of the parameters relevant to the leptogenesis. For optimizing the

production of the lepton asymmetry, we tune the value of |g21| to satisfy K = 1 in Eq. (25)
i.e.,

|g21| = 1.9⇥ 10�7
⇣

mN2

103 GeV

⌘1/2
, (49)

and we take arg(g21) = ⇡/4 which maximize the CP asymmetry ✏1. We fix the mN4 and g41

as mN4 = 1.0⇥ 108 GeV and g41 = 0.1, respectively. Our benchmark inputs are summarized
in Table 1.

3.3 Numerical analysis

We show, in Fig. 5, the evolution of absolute values of asymmetry yield Y ⌘ ni/s of each
leptons with bluish (dotted) dashed curves, that of S+

2 �S
�
2 with green curve, that of N2 with

orange curve, in the case with mS2 = 110 GeV and mN2 = 400 GeV. The asymmetry of the
N2 decay rates ✏1 is [48]: which reflects the charge neutrality, as mentioned above. The total
B�L asymmetry drown with black dashed curve always coincides that of S+

2 �S
�
2 asymmetry,

We can see that both the total B�L asymmetry and the S±
2 asymmetry decreases for a large

mN2/T . At T = Tsph, the baryon asymmetry is frozen out as YB = YB�L|T=Tsph
due to the

sphaleron decoupling. Fig. 5 shows that enough large baryon asymmetry YB = O(10�10) is
obtained in our benchmark.

In Fig. 6, we show an example of contour plots of the final baryon asymmetry for a set of
Yukawa coupling constants. We find that the baryon asymmetry is suppressed for mS±

2
& 250

GeV. We stress that this range of the mS±
2

is also preferred by the DM relic abundance as

shown in Fig. 3 and it can be explored by future e
+
e
� collider experiments. For example,

the CEPC can probe it up to 113 GeV [33], and the ILC with the center of mass energy of
250 GeV can do up to 123 GeV [29]. The CLIC with 380 GeV or the ILC with 500 GeV can
explore our predicted mass range.

14

mν

O. Seto, T.S., and T. Tsuyuki, 2211.10059v2



Evolutions of YB−L
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O. Seto, T.S., and T. Tsuyuki, 2211.10059v2

Before  decay is frozen, #B is frozen by sphaleron decoupling.N2 NEW SCENARIO!
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Scanning of  and mS2
M2

In the wide range of the mass parameters, 
enough  can be produced.YB

 is predicted.mS2
∼ 𝒪(100)GeV

O. Seto, T.S., and T. Tsuyuki, 2211.10059v2



Summary

We considered a leptogenesis scenario in the KNT model


Three RHN case does not work because of too strong washout by  
scattering processes.


A case with the fourth-generation RHN provides enough large baryon asymmetry!


 is preferred by both DM and Leptogenesis


A good benchmark for complementarity of , cosmology, flavour and collider.


We propose a new scenario for a leptogenesis at GeV


Constructing a UV picture of the model will be future work.

ΔL = 2

mS2
= 𝒪(100)GeV

ν

T ∼ 100



Backup



An idea of thermal Leptogenesis

Spharelon leads to the effective operator OB+L = Πi(qLiqLiqLiℓLi)
B+L is violated due to the vacuum structure, 
while B–L is conserved

The Spharelon is in the thermal bath at T* ≤ T ≤ 1012GeV

M. D’Onofrio, K. Rummukainen, A. Tranberg, 1404.3565

Spharelon
An unstable static solution to EOM in the SU(2) gauge theory.

Heavy neutrino decay

Introduction
FlavouredLeptogenesis
Finitemasscontributions

Summary

CPviolationinNdecay
LeptonasymmetrycanbeproducedbytheNdecay:
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CP violating decay can produce Lepton number(#B–L)

#B
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log(T )

Sphareron 
t̄sp ≃ (α4

WT)−1
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log(t̄)

 and Tc = (159 ± 1)GeV T* = (131.7 ± 2.3)GeV

<latexit sha1_base64="DxbyBF/tGNh2QdOAPwH4pnY7q+4="></latexit>

N1 = N c
1RNH is a Majorana particle

If CP is violated,  Γ(N1 → ℓL + H) ≠ Γ(N1 → ℓc + H*)



Loop functions

O. Seto, TS, T. Tsuyuki, arXiv:2202.00931

O. Seto, TS, T. Tsuyuki, arXiv:2202.00931
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when  and these 
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Upper limit on mS1

 gets the strongest suppression by (Mν)ττ m2
μ

Large couplings are required

Similar size
<latexit sha1_base64="5oQiBWAM/V6WJOu9mGl97lyIoeA="></latexit>

(M⌫)⌧⌧ =
�Sm2

µh
2
23

4(4⇡)3mS1

X

I

g2I2f(xI , y)

<latexit sha1_base64="jLUhlTc6kev4wMR41mYjTNPo+24="></latexit>

(M⌫)µ⌧ =
�Smµm⌧h2

23

4(4⇡)3mS1

X

I

gI2gI3f(xI , y)

<latexit sha1_base64="y3Mn03Pe5XSY3onIr3hwVZNSmuQ="></latexit>

(M⌫)µµ =
�Sm2

⌧h
2
23

4(4⇡)3mS1

X

I

g2I3f(xI , y)

<latexit sha1_base64="YB4vsDHsW3ZmEORlwMcaJ7PaVHY="></latexit>�����
X

I

g2I2f(xI , y)

����� 
X

I

f(xI , y) < 1.05ne↵

 is the number of the 
with   

and 

neff
Ni f(xI, y) ∼ 1.05

gI2 ∼ 1
We get the upper limit on mS1

How is the LFV constraint?
Depends on the oscillation parameters and Majorana CP phase
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mS1 < 7.39⇥ 104 GeV
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0.02 eV
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|h23|2ne↵

Neutrino data



Flavour Structure of the KNT
<latexit sha1_base64="iV7hiKXqcvyMdRRrDo53iFeCG5c="></latexit>

M⌫M⌫M⌫ =
�S

4(4⇡)3mS1

hhh

0

@
me 0 0
0 mµ 0
0 0 m⌧

1

AgggT

0

@
f1 0 0
0 f2 0
0 0 f3

1

Aggg

0

@
me 0 0
0 mµ 0
0 0 m⌧

1

AhhhT

<latexit sha1_base64="BVhYJbYU5k9Zm6iKpVzbGZX/E10="></latexit>

⇠ hhh

0

@
me 0 0
0 mµ 0
0 0 m⌧

1

AXXX

0

@
me 0 0
0 mµ 0
0 0 m⌧

1

AhhhT

In this case, we can use the following relations
Y. Irie, O. Seto, TS, Phys. Lett. B820, 136486(2021) 
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Constraints from the LFV
We focus on the  contributionS±

1
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Br(µ ! e�) > 7.45⇥ 10�16 |h13|2

|h23|6ne↵

✓
(M⌫)⌧⌧
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◆

For Normal Ordering (NO) m1 < m2 < m3

For Inverted Ordering (IO) m3 < m1 < m2

 leads to k′￼ ≡
h13

h23
∼ 0.3 < 1 h13 < h23 ≤ 1

 leads to k′￼ ∼ 5 > 1 h23 < h13 ≤ 1

Significant!

<latexit sha1_base64="BHjcoURKpA1sX17EG1guUbfMlyc="></latexit>

Br(µ ! e�) > 5.0⇥ 10�18

✓
|(M⌫)⌧⌧ |
0.02 eV

◆4 ⇣ne↵

2

⌘�4
✓

|k0|
0.329

◆2

<latexit sha1_base64="rKLf3M+MZXoiH1zyZRVsni/nqUg="></latexit>

Br(µ ! e�) > 7.4⇥ 10�13

✓
|(M⌫)⌧⌧ |
0.02 eV

◆4 ⇣ne↵

2

⌘�4
✓

|k0|
5.01

◆6

Experimental constraint:Br(μ → eγ) < 4.2 × 10−13
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 caseneff = 1  is very suppressed(Mν)ττ

O. Seto, TS, T. Tsuyuki, arXiv:2202.00931


