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Phenomena beyond the SM

 Standard Model
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Phenomena beyond the SM

Phenomena that can’t be
explained within SM :
 Neutrino mass
 Matter-antimatter asymmetry
 Dark matter
• Inflation
• Dark energy
• Strong CP problem

·

·
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Phenomena beyond the SM

 Neutrino Mass
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Phenomena beyond the SM

 Dark matter
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Observational 
evidence

Gravitational lensing

Galaxy rotation curve

CMB anisotropies

D.Clowe, 20061EO657-558 cluster

 Extremely weak EM interaction
 Stable during cosmic evolution
 Relic density 



Phenomena beyond the SM

 Matter-Antimatter Asymmetry

Definition：
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2016 PDG

An initial matter-antimatter asymmetry  
will be diluted by the inflation.

Dynamical 
evolution

BAU
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Phenomena beyond the SM

 Matter-Antimatter Asymmetry
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Sakharov conditions:

• B-violating

• C and CP violation

• non-equilibrium
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Phenomena beyond the SM

 Matter-Antimatter Asymmetry

SM meets the

Sakharov conditions
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• Nonperturbative effect caused by chiral 
anomaly violates B and L - sphaleron
process；

• Quark mixing - CKM matrix contains C and 
CP violation；

• EW phase transition leads to non-equilibrium.

1010Bh -:

• Not enough CP violation
• Too weak non-equilibrium 

in the EW phase transition Matter-antimatter 
asymmetry requires BSM



 Generation of neutrino mass – seesaw mechanism

 Leptogenesis

 Dark matter candidates

 Possible relation among dark matter, neutrino mass and BAU
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Popular schemes to explain the phenomena



Popular schemes to explain the phenomena
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 Generation of neutrino mass

Introducing right-handed neutrino to the SM

Dirac fermion

L Ry y y= +

L Rmass R LL m m myy y y y y- = = +

Majorana fermion
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2

c
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ΔL=2
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C
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If neutrino is Dirac fermion，then to have 𝒎𝒎ν
120.1eV  y (10 )O： n

-: :
Dm ynu=

Other leptons and quarks 
Yukawa couplings ( )510 1− 



Popular schemes to explain the phenomena
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 Generation of neutrino mass

Type-I seesaw:

Diagonalization
R DM m?
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Popular schemes to explain the phenomena
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 Generation of neutrino mass

Type-II seesaw: a new triplet scalar

Type-III seesaw: a new triplet fermion 

Type-I,II,II seesaw  → 

0
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Popular schemes to explain the phenomena
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 Generation of neutrino mass

Neutrino radiative mass ----
Weinberg operator at loop level

Some possible 
one-loop neutrino 

radiative mass

2

216
loopm

Mn
l u
p

µ

Lower the scale of 𝒎𝒎ν generation
Detectable at accelerators
Loop particles may serve as DM



Popular schemes to explain the phenomena
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 Leptogenesis

Type-I seesaw ：
1 . .
2

C
LI N R R R RL y l N N M N H cf- = + +

Asymmetric CP conjugate
decay processes *

iN la f?

iN la f? 𝐿𝐿 = +1

𝐿𝐿 = −1
脱离热平衡

• Equal widths at 
tree level

• Asymmetry at 
loop level

M. Fukugita, T. Yanagida, 1986



Popular schemes to explain the phenomena
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 Leptogenesis
*
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 Arbitrary orthogonal matrix O’s CP phase can 
provide sufficient CP violation，even if 𝒎𝒎ν
contains no CP phase.（David，Ibarra，2001）



Popular schemes to explain the phenomena

 Freezing out 
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 Dark matter candidates
G

G

• Particles in hot, dense equilibrium in early universe;
• As the universe expands: lower number density, lower 

reaction rates, decoupling from equilibrium, freezing 
out, relic density. 

Relic Density

 Boltzmann equations – tracing evolution 
of  number density

( )2 23 eq
dn Hn v n n
dt

s+ = - - thermal average 
cross section



Popular schemes to explain the phenomena

 DM relic density
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 Dark matter candidates
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J(x) describes the effects of number density 
change due to annihilation after freezing-out.

Observed DM relic density 2 0.1186 0.0020DM hW = ? 2016 
PDG



Popular schemes to explain the phenomena

WIMP
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 Dark matter candidates
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EW interacting WIMP coupling 
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Popular schemes to explain the phenomena
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 Possible relation among dark matter, neutrino mass and BAU
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 Based on type-III+I/II seesaw

 Inflaton decay L asymmetry

 Fermion triplet as minimal dark matter

 CP violation comes from 𝐼𝐼𝐼𝐼(𝑚𝑚ν)

 A unified scenario for neutrino mass, dark matter, baryon
asymmetry and inflation.

23

Nonthermal leptogenesis and minimal dark matter

 New model



Nonthermal leptogenesis and minimal dark matter
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 New model

1 ( )
2

L Vm
s ms s s= 抖

Introducing a scalar singlet as inflaton for inflation，

Inflation helps with flatness, 
horizon and magnetic-
monopole problems

Unknown potential: 
polynomial, exponential, etc.

Polynomial 2 2 41 1( )
2 4

V Ms ss s l s= +2 21( )
2

V Mss s=

CMB experiments 
imply that 2( )V s sµ

2013,Planck,
2014,BICEP2

 Inflation erased initial matter-antimatter asymmetry.
 All matter and antimatter are produced during 

reheating after inflation. 

 Nonthermal leptogenesis： Decays of inflatons produces 
L asymmetry, allowing for a lower reheating temperature. Three-body 

decay of inflaton



Nonthermal leptogenesis and minimal dark matter
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 New model

Based on type-I/II+III seesaw ：
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Nonthermal leptogenesis and minimal dark matter
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 New model

Fermion triplet as minimal dark matter
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Minimal Dark Matter
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• SU(2) multiplets with 
minimal quantum number

• Gauge interaction with SM 
particles

• Loop corrections make 
mass split, neutral particles 
being DM

• Only parameter: DM mass

M.Cirelli, 2006

Z2 symmetry: 2( , ) ( , )Z
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To forbid some Yukawa couplings 
(DM, SM leptons and Higgs)



Nonthermal leptogenesis and minimal dark matter
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 CP violation and neutrino mass matrix

Redefinition of mass matrices, couplings and fields: 

Choose a basis so that

Thus，CP phase exists only in type-I/II seesaw
Yukawa couplings
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In the redefined Lagrangian, 
some mass matrices and 

couplings can be set to real, 
but not all.

Type-I/II seesaw Yukawa
couplings are complex

matrices.



Nonthermal leptogenesis and minimal dark matter
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 CP violation and neutrino mass matrix
When Higgs field develops vev, EW symmetry breaks spontaneously, neutrinos 
obtain small masses by seesaw mechanism

Type-III seesaw Yukawa couplings and mass matrices were set real, so CP phase exists 
in type-I/II seesaw

Imaginary part 
of  𝒎𝒎ν is the 
only source of 
CP violation 

for
leptogenesis

1 . .
2

c
L LL m H cνν ν⊂ − +

Neutrino mass is generated by both type-III and 
type-I/II seesaw

Majorana mass
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Including two 
Majorana phases
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 CP violation and neutrino mass matrix Specific expressions 
of imaginary parts of 

𝒎𝒎ν
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Nonthermal leptogenesis and 
minimal dark matter
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 CP violation and neutrino mass matrix
Given Δ𝒎𝒎𝟐𝟐 and mixing angles from experiments 
(2016PDG) (best fit)

 Normal hierarchy
2 2

2 5 2 2 2 3 21 2
21 3

2 2 2
12 23 13

7.37 10 eV 2.50 10 eV
2

sin 0.297 sin 0.437 sin 0.0214

m mm m m

θ θ θ

− −+
∆ = × ∆ ≡ − = ×

= = =

，

， ， 

3 2 1m m m> >

1 2

δ π

α π α π

→

→ →

（0，2 ）

（0，2 ）， （0，2 ）

Dirac phase

Majorana phase
Vertical line represents 

cosmological bound on 𝑚𝑚ν

0.57eVi
i

m <∑
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2 2
2 5 2 2 2 3 21 2
21 3

2 2 2
12 23 13

7.37 10 eV 2.50 10 eV
2

sin 0.297 sin 0.437 sin 0.0214

m mm m m

θ θ θ

− −+
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= = =

，

， ， 

3 2 1m m m> >

1 2

3 / 2δ π

α π α π

→

→ →（0，2 ）， （0，2 ）

F. Capozzi et al., 
Phys.Rev. D95, 096014 

Nonthermal leptogenesis and 
minimal dark matter

 CP violation and neutrino mass matrix
Given Δ𝒎𝒎𝟐𝟐 and mixing angles from experiments 
(2016PDG) (best fit)

 Normal hierarchy

Dirac phase

Majorana phase
Vertical line represents 

cosmological bound on 𝑚𝑚ν

0.57eVi
i

m <∑
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（0，2 ）， （0，2 ）

Nonthermal leptogenesis and 
minimal dark matter

 CP violation and neutrino mass matrix
Given Δ𝒎𝒎𝟐𝟐 and mixing angles from experiments 
(2016PDG) (best fit)

 Inverted hierarchy

Dirac phase

Majorana phase
Vertical line represents 

cosmological bound on 𝑚𝑚ν

0.57eVi
i

m <∑
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 Minimal dark matter
(iD )L mχ χχ χ= + mass at tree levelχ

 Loop corrections induce mass splitting between neutral and charged components

Corrections to 
neutral component

0m m
χ χ± =

DM mass far less than σ and 
type-III seesaw fermion T( )
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 Dark matter relic density

Co-annihilation processes 
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In the limit of SU(2) 
unbroken, SM particles 
masses approximate to 0
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 Leptogenesis

Type-I seesaw
Type-II 
seesaw

 Width of inflaton at tree  level
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 Reheating temperature
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， ， No self-energy corrections from leptons and Higgs，
since the corrections from e and neutrino cancel out. 
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 CP asymmetry produced by inflaton 
decay at one-loop

( ) ( )

( ) ( )

( ) ( )

( ) ( )

0 0

0

0

0 0* 0 0

0 0

0* 0

= L L L L

L

L

L

L

e e

c
L L

c
L Le

c
L L

c
L Le

e e

e e

ν χ χ ν χ χ
σ σ σ σ σ

ν χ
σ

σ

χ
σ

σ

ν χ
σ

σ

χ
σ

σ

ε ε ε ε ε

σ ν χ φ σ ν χ φ
ε

σ χ φ σ χ φ
ε

σ ν χ φ σ ν χ φ
ε

σ χ φ σ χ φ
ε

− +

−

+

+ −

− + + −

+ −

+ + +

Γ → + + −Γ → + +
=

Γ

Γ → + + −Γ → + +
=

Γ

Γ → + + −Γ → + +
=

Γ

Γ → + + −Γ → + +
=

Γ

( ) 2Im1
16

T T N N

T T N T

f f f f M
f f M M

α β α βαβ σ
σ

α βα

ε
π

  = −
∑

∑
( ) 2

2

Im1
16 2

T T

T T T

f f f M
f f M M

α β αβαβ σ
σ

α βα

µ
ε

π
∆ ∆

∆

  = −
∑

∑

Type-I+III seesaw

Type-II+III seesaw

( ) 2

2

Im1
16

T T

T T T

f f m M
f f v M

α β αβαβ σ
σ

α βα

ε
π

  =
∑

∑

CP violation exactly 
comes from imaginary 

part of 𝒎𝒎ν
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 CP asymmetry produced by inflaton decay at one-loop ( ) ( )
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 Final B asymmetry
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 Numerical example

Interactions for generating 
𝑚𝑚𝜈𝜈 would not wash out CP 
asymmetry produced by 

inflaton decay
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 Reviewing some BSM phenomena including neutrino mass, 
matter-antimatter asymmetry and dark matter, and some 
schemes for these problems;

 We proposed a leptogenesis model based on type-III+I/II 
seesaw in which the three-body decay of inflaton produces L 
asymmetry. Decay products fermion triplet’s neutral 
component may serve as minimal dark matter and neutrinos 
acquire Majorana masses through seesaw mechanism. In this 
model, CP violation for leptogenesis comes exactly from the 
imaginary part of neutrino mass matrix. 



Thank you
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