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Introduction



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.



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.

Leptogenesis



Baryon asymmetry of the Universe
We are surrounded by matter, not anti-matter

• Earth, Sun, Solar system, … 

• Cosmic ray from our galaxy

the antiproton spectral index decreases more rapidly than
the proton spectral index and for the highest rigidity
interval, 60.3 ≤ jRj < 450 GV, the antiproton spectral
index is consistent with the proton spectral index.
Figure 3(a) presents the measured (p̄=p) flux ratio.

Compared with earlier experiments [2,6], the AMS results
extend the rigidity range to 450 GV with increased
precision. Figure 2 of Supplemental Material [18] shows
the low energy (< 10 GeV) part of our measured (p̄=p)
flux ratio. To minimize the systematic error for this flux
ratio we have used the 2.42 × 109 protons selected with the
same acceptance, time period, and absolute rigidity range
as the antiprotons. From 10 to 450 GV, the values of the
proton flux are identical to 1% to those in our publication
[16]. As seen from Fig. 3(a), above ∼60 GV the ratio
appears to be rigidity independent.
To estimate the lowest rigidity above which the (p̄=p)

flux ratio is rigidity independent, we use rigidity intervals
with starting rigidities from 10 GV and increasing bin by
bin. The ending rigidity for all intervals is fixed at 450 GV.
Each interval is split into two sections with a boundary
between the starting rigidity and 450 GV. Each of the two
sections is fit with a constant and we obtain two mean
values of the (p̄=p) flux ratio. The lowest starting rigidity of
the interval that gives consistent mean values at the
90% C.L. for any boundary defines the lowest limit.
This yields 60.3 GV as the lowest rigidity above which
the (p̄=p) flux ratio is rigidity independent with a mean
value of ð1.81" 0.04Þ × 10−4. To further probe the behav-
ior of the flux ratio we define the best straight line fit over a
rigidity interval as

ðp̄=pÞ ¼ Cþ kðjRj − R0Þ; ð4Þ

whereC is the value of the flux ratio atR0, k is the slope, and
R0 is chosen to minimize the correlation between the fitted
values of C and k, i.e., the mean of jRj over the interval
weighted with the statistical and uncorrelated systematic
errors. The solid red line in Fig. 3(a) shows this best straight
line fit above 60.3 GV, as determined above, together with
the 68% C.L. range of the fit parameters (shaded region).
Above 60.3 GV, R0 ¼ 91 GV. The fitted value of the slope,
k ¼ ð−0.7" 0.9Þ × 10−7 GV−1, is consistent with zero.
With the AMSmeasurements on the fluxes of all charged

elementary particles in cosmic rays, p̄, p, eþ, and e−, we
can now study the rigidity dependent behavior of different
flux ratios. The flux ratios and errors are tabulated in Tables
II and III of Supplemental Material [18]. For the antiproton-
to-positron ratio the rigidity independent interval is 60.3 ≤
jRj < 450 GV with a mean value of 0.479" 0.014. Fitting
Eq. (4) over this interval yields kðp̄=eþÞ ¼ ð−2.8" 3.2Þ×
10−4 GV−1. For the proton-to-positron ratio, the rigidity
independent interval is 59.13 ≤ jRj < 500 GVwith a mean
value of ð2.67" 0.05Þ × 103 and kðp=eþÞ ¼ ð−0.9"
1.0Þ GV−1. Both results are shown in Fig. 3(b) together
with the 68% C.L. range of the fit parameters (shaded
regions). In the study of the ratios, we have taken into
account the correlation of the errors due to uncertainty in
the ECAL energy scale in Φe" [15].
In Fig. 4 of Supplemental Material [18] we present our

measured antiproton-to-electron and proton-to-electron
flux ratios. Both of these flux ratios exhibit rigidity
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FIG. 2. The measured antiproton flux (red, left axis) compared
to the proton flux (blue, left axis) [16], the electron flux (purple,
right axis), and the positron flux (green, right axis) [15]. All the
fluxes are multiplied by R̂2.7. The fluxes show different behavior
at low rigidities while at jRj above ∼60 GV the functional
behavior of the antiproton, proton, and positron fluxes are nearly
identical and distinctly different from the electron flux. The error
bars correspond to the quadratic sum of the statistical and
systematic errors.
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FIG. 3. (a) The measured (p̄=p) flux ratio as a function of the
absolute value of the rigidity from 1 to 450 GV. The PAMELA [6]
measurement is also shown. (b) The measured (p̄=eþ) (red, left
axis) and (p=eþ) (blue, right axis) flux ratios. The solid lines show
the best fit of Eq. (4) to the data above the lowest rigidity consistent
with rigidity independence together with the 68% C.L. ranges of
the fit parameters (shaded regions). For the AMS data, the error
bars are the quadratic sum of statistical and systematic errors.
Horizontally, the data points are placed at the center of each bin.
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anti-proton

proton
∼ 10−4

consistent with secondary prodcution p + p → p + p + p+p̄

Cosmological observation
• Power spectrum of CMB 

• Abundance of light elements
ηB =

nb − nb̄

nγ
≃ 6.14(19) × 10−10
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [50]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

reflects the combined statistical and systematic errors, with the latter, estimated to be ±0.002 [67],
being dominant.
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Baryogenesis and Sakharov’s condidtions

Baryon number is violated 

Both C and CP are violated 

Out of thermal equilibrium

In order to realise it, the Sakharov’s conditions should be satisfied.

In a seesaw model (SM+RHN), these conditions can be satisfied as

Sphaleron  

Heavy RHN decay in early Universe

Baryon number violation
C and CP violation&out of equilibrium

M.Fukugita, T.Yanagida, PLB174,45

In early Universe

In the Inflation era, primordial baryon number is diluted by reheating of Universe
Baryogenesis should occur after reheating (inflation)!

(Canonical) Leptogenesis



Leptogenesis



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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 and Tc = (159 ± 1)GeV T* = (131.7 ± 2.3)GeV
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N1 = N c
1RNH is a Majorana particle

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



CP violation in RHN decay
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Davidson-Ibarra bound
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In the seesaw model, the neutrino mass matrix is given by 

Large CP violation requires heavy RHN
S. Davidson, A. Ibarra, PLB535, 25
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J.A. Casas and A. Ibarra, NPB618, 171



Boltzmann equation
The Boltzmann equation is used for quantitative estimation of the produced #B-L
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Figure 3: Comparison analytical (dashed lines) and numerical (solid lines) results for

heavy neutrino production and B − L asymmetry in the case of zero initial abundance,

N i
N1

= 0, for weak washout (top) and strong washout (bottom); |ε1| = 10−6.
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W. Buchmüller,P. Di Bari, and M. Plümacher, hep-ph/0401240

Strength of the washout:
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Lower bound on RHN mass
After combining all ingredients, the Baryon asymmetry is estimated as

Efficiency factor
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Figure 8: Efficiency η of leptogenesis in the SM, assuming zero (dashed red line),
thermal (continuous blue line) or dominant (long dashed green line) initial N1 abundancy.
Upper plots: η as function of m̃1 (renormalized at mN1

) for mN1
= 1010 GeV. Lower plots:

contours of η(m̃1, mN1
) = 10−6,−5,...,0,1. In the shaded regions the neutrino Yukawa couplings

are non-perturbative.

keep N1 so close to thermal equilibrium that η does not depend on the unknown initial N1

abundancy (similarly, an eventual pre-existing lepton asymmetry would be washed out if
N1 Yukawa couplings act on all flavours).

At smaller m̃1 the efficiency η depends on the initial N1 abundancy, ranging between
the limiting cases (0) and (∞), as illustrated by the gray band in fig. 8. As expected, the
maximal value of η ∼ g∗ is reached at m̃1 ∼ m̃∗

1 ≡ 256
√

g∗v2/3MPl = 2.2 × 10−3 eV in
case (∞). In such a case, η decreases at m̃1 & m̃∗

1, because N1 decays out-of-equilibrium
at temperature TN1

RH ∼ mN1

√

m̃1/m̃∗
1 & mN1

so that N1 reheating washes out some lepton
asymmetry. In more physical terms, the particles H, L emitted in N1 decays have energy
larger than the temperature T , and split up in ∼ mN1

/TN1

RH particles without correspond-
ingly increasing the lepton asymmetry, so that η ∼ g∗

√

m̃∗
1/m̃1.

When m̃1 <∼ 10−6 eV, N1 reheating starts to be significant even in case (1) giving η < 1.

19

∼ mν

G. F. Guidce et al., hep-ph/0310123
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Figure 9: Allowed range of m̃1 and mN1
for leptogenesis in the SM and MSSM assuming

m3 = max(m̃1, matm) and ξ = m3/m̃1. Successful leptogenesis is possible in the area inside
the curves (more likely around the border).

In fact, even if N1 initially has a thermal abundancy ρN1
/ρR ∼ gN1

/g∗ " 1, its contribution
to the total density of the universe becomes no longer negligible, ρN1

/ρR ∼ (gN1
mN1

)/(g!T ),
if it decays strongly out of equilibrium at T " mN1

. For the reasons explained above, this
effect gives a suppression of η (rather than an enhancement), and for very small m̃1 the
case (1) and (∞) give the same result.

The lower panel of fig. 8 contains our result for the efficiency |η| of thermal leptogenesis
computed in cases (0), (1) and (∞) as function of both m̃1 and mN1

. At mN1
>∼ 1014 GeV

non-resonant ∆L = 2 scatterings enter in thermal equilibrium strongly suppressing η.
Details depend on unknown flavour factors.

Our results in fig. 8 can be summarized with simple analytical fits

1

η
≈

3.3 × 10−3 eV

m̃1

+

(

m̃1

0.55 × 10−3 eV

)1.16

in case (0) (40)

valid for mN1
" 1014 GeV. This enables the reader to study leptogenesis in neutrino mass

models without setting up and solving the complicated Boltzmann equations.

Implications

Experiments have not yet determined the mass m3 of the heaviest mainly left-handed
neutrino. We assume m3 = max(m̃1, matm). Slightly different plausible assumptions are
possible when m̃1 ≈ matm, and very different fine-tuned assumptions are always possible.
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Examples of Low scale Leptogenesis

Resonant Leptogenesis L. Covi, E. Roulet, F. Vissani, PLB384, 169; A. Pilaftsis, T.E.J. Underwood, NPB692,303;…

Baryogenesis via neutrino oscillation
E.K. Akhmedov, V.A. Rubakov, A.Y. Smirnov, PRL81, 1359 ; T. Asaka, M. Shaposhnikov, PLB620, 17

Can we consider a Leptogenesis scenario with much lighter RHN?
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How to go beyond the Davidson-Ibarra bound?

Baryogenesis via Neutrino Oscillation

 Oscillation of HNLs can be a source of BAU

 Oscillation starts at ~ 	 	 /

 Asymmetries are generated since evolution rates of and 
are different due to CPV

Akhmedov, Rubakov, Smirnov (ʼ98) / TA, Shaposhnikov (ʻ05)
Shaposhnikov (ʼ08), Canetti, Shaposhnikov (ʻ10)
TA, Ishida (ʻ10), Canetti, Drewes, Shaposhnikov (ʼ12), TA, Eijima, Ishida (ʻ12)
Canetti, Drewes, Shaposhnikov (ʻ12),  Canetti, Drewes, Frossard, Shaposhnikov (ʻ12) 

N NL

Medium effects

8	

∗

2015/02/14Takehiko Asaka (Niigata Univ.)
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From Asaka san’s slide LL

NR

Sphaleron

LL

NRB
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✏1 /
(M2

1 �M2
j )M1�j

(M2
1 �M2

j )
2 +M2

1�
2
j

CPV can be maximized to be O(1) when Mj − M1 ≃
1
2

Γ1 =
M1

16π
(YNY†

N)11 ≪ M1

e.g. For , M1 ∼ TeV M2 − M1 ∼ keV



Enhancement of CPV by large YN
Another way to violate the Davidson-Ibarra bound is breaking the seesaw relation
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Leptogenesis

Resonant Leptogenesis

via neutrino oscillation

Without the seesaw relation, 
this space can be used

e.g. In the radiative seesaw models

Krauss, Nasri, Trodden　model Ma　model (Scotogenic model) Aoki, Kanemura, Seto model

N
N

NYNYN
YNYN

YN YN

mν =
v2

2
YT

N M−1YN YN ∼
1
v

mνM



Leptogenesis in the KNT model

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



KNT model

Tiny neutrino mass 

Dark matter candidate

Ni

S+
1

S−
2

SU(3) SU(2) U(1) Z2
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1 1 –1 –
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`L `R `L`RNN

S
+
1 S

�
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+
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�
2

hHi hHi

mNh hg g

�S
L. Krauss, S. Nasri, and M. Trodden, PRD67, 085002 (2003)
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`

All the dimensionless couplings are less than one

The mass scale M have an upper limit
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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



Leptogenesis in the KNT model

The Lepton asymmetry is produced by  decay:N2

In the KNT model,  is a DM candidateN1
<latexit sha1_base64="beeeKkqcaMhCDQnTk1USwjIuim4="></latexit>

N2 ! S�
2 + e+Ri

The Lepton asymmetry → #B via Sphaleron

There are three big issues in this scenario

• YS2
= − YeR
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N2 ! S+
2 + e�Ri

Sphaleron should decoupled before  decay is completedS±
2

 cannot be much larger than mS2
T*

•  is required for  at |g2i | ≃ 𝒪(10−6) ΓN /H < 1 T ≃ M2

CP

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

YB =
nB

s
= −

32
89

YeR

• Washout by  scattering is significantΔL = 2
e+

Ri e+
Rj

S+
2

S+
2

Na

N2 → S∓
2 + e±

Ri
N1 + e∓

Rj

  cannot contribute to  N2 Mν



Neutrino mass

Mν ≃
λS

4(4π)3mS1

0 h12 h13

−h12 0 h23

−h13 −h23 0

me 0 0
0 mμ 0
0 0 mτ

gT (f1 0
0 f3) g

me 0 0
0 mμ 0
0 0 mτ

0 −h12 −h13

h12 0 −h23

h13 h23 0

 and  contribute to N1 N3 Mν

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, arXiv:2202.00931

fa = (M2
a /m2

S2
, m2

S1
/m2

S2
) ≲ 1



Dark matter in the KNT model
The annihilation of the DM:  ⟨σv⟩ ≃

m2
N1

(m4
N1

+ m4
S2

)
8π(m2

N1
+ m2

S2
)4

|g1τ |4 1
xf
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DM abundance is ΩN1
h2 ≃ 0.12

2.9 × 10−9 GeV−2

⟨σv⟩

xf ∼ 1/20

mS2=mN1

LEP
CEPC
ILC250
mS2=200 GeV
ILC500
mS2=300 GeV
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|g
13
| Light  is prefered!mS2



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

O. Seto, TS, T. Tsuyuki



Evolutions of YB−L
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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
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Summary
Leptogenesis usually requires a very high-scale mass of RHN 

Low-scale leptogenesis is an attractive idea because of its testability. 

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 prefered by both DM and Leptogenesis 

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

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

ΔL = 2

mS2
= 𝒪(100)GeV


