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Standard model

2

Very successful describing low energy scale physics
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Observation requiring new physics 

3

• Inflation


• Neutrino masses


• Baryon asymmetry of our universe


• Dark matter 


• Others(muon g-2?)

today’s talk
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Inflation

4

• Flatness problem


• Horizon problem


• Monopole problem?


• Seeding the primordial anisotropies in CMB

Rapid expansion of the universe in the early time
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Inflation

5

 Generating quantum fluctuations(anisotropies in CMB)

�T

T
⇠ 10�5

Such small fluctuations finally develops the large structure of our universe
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Slow-roll inflation
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Slow roll condition 

Assuming a scalar field, with equation of motion 

�̈+ 3H�̇+
@V

@�⇤ = 0

H
2 =

1

3

✓
1

2
�̇
2 + V (�)

◆

Daniel Baumann, TASI Lectures on Inflation

a(t) = a0e
Ht

Ht & 60
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Neutrino masses
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Neutrino oscillation requiring massive neutrinos

Solar Neutrino oscillations Atmospheric Neutrino Oscillations  Reactor Neutrino Oscillations 

�m2
21 ' 7.42⇥ 10�5 eV2

At least a neutrino mass larger or similar to 0.05 eV

✓12 ✓23

�m2
13 ⇡ �m2

23 ' 2.5⇥ 10�3 eV2

✓13
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A large hierarchy comparing with other fermion masses

Neutrino masses vs other fermion masses
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Origin of neutrino masses
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Three types of seesaw model(tree level)

Tommy Ohlsson, Shun Zhou, Nature Commun. 5 (2014) 5153

SM + 3 singlets fermions SM + 1 triplet Higgs SM + 3 triplet fermions

Providing a minimal framework
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加⼊三个单态中性右⼿中微⼦ N(1, 1, 0)         

L = LSM + y⌫H̃L̄N �MRN̄
c
N

m⌫ ⇠ m
2
D

MR
=

1

2

y
2
⌫ < H >

2

MR

Origin of neutrino masses: type I seesaw

M =

✓
0 mD

mT
D mR

◆

MR
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Origin of neutrino masses: type II seesaw

• Giving neutrino mass matrix with vev of Delta


• at the same time Delta get a lepton number -2

1

2
yij�

0⌫̄c⌫ + h.c.

H(2, 1/2), �(3, 1), L(2,�1/2)
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H(2, 1/2), �(3, 1), L(2,�1/2)

U(1)L breaking term

V (H,�) = �m
2
H
H

†
H + �H(H†

H)2 +m
2
�Tr(�

†�) + �1(H
†
H)Tr(�†�)

+�2(Tr(�
†�))2 + �3Tr(�

†�)2 + �4H
†��†

H

+
⇥
µ(HT

i�
2�†

H) + h.c.
⇤
+ ...

Origin of neutrino masses: type II seesaw
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Neutrino masses connecting another important problem:

 Baryon asymmetry of our universe 
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Baryon asymmetry of our universe 
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BBN
⌘ =

nb � nb̄

n�
⇠ 10�10

T~ 1 MeV T~ 1 eV
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How to generate baryon asymmetry?
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Sakharov conditions

Assuming no baryon asymmetry in the beginning   
(if any, diluted by inflation) 

SM has (1) (2) but not enough CP violation, (3) does not 

1. B number violation 


2. C and CP violation  


3. Out of thermal equilibrium 
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Three popular ways to generate baryon asymmetry
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• Electroweak baryogenesis

First order phase transition (adding scalars) + additional CP

Rubakov and Shaposhnikov, 1996’

D. E. Morrissey and M. J. Ramsey-Musolf, 2012’ 


• Baryogenesis from Affleck-Dine mechanism Affleck and Dine, 1985’

• Baryogenesis via leptogenesis

Fukugita and Yanagida, 1986’

nB =
28

79
(B � L)i

Type I seesaw: SM + 3 right-handed neutrinos

sphaleron process
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Baryogenesis via leptogenesis
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Baryogenesis Without Grand Unification (3980 citations), 

Fukugita and Yanagida, 1986’
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Baryogenesis via leptogenesis
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Y�B ' 135⇣(3)

4⇡4g⇤
✏⇥ ⌘ ⇥ C

• epsilon is the efficiency of right handed neutrino decay 

• eta is the wash out factor: when the N leaves thermal equilibrium

• C is the conversion rate

• N mass generally  > 10^8 GeV, difficult to probe

nB =
28

79
(B � L)i
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Can type II seesaw realize leptogenesis？
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Type II seesaw 

At least two triplet Higgs are needed to generate the baryon asymmetry

Neutrino Masses and Leptogenesis with Heavy Higgs Triplets (533 citations),

E. Ma, U. Sarkar, Phys.Rev.Lett. 80 (1998) 5716-5719 

M ⇠ 1013 GeV

�i =
Im

h
µ1µ2

P
k,l y1kly

⇤
2kl

i

8⇡2(M2
1 �M2

2 )


Mi

�i

�⇤

Leptogenesis from type II seesaw?



韩成成-中⼭⼤学(SYSU)    Type II Seesaw leptogenesis 21

One triplet Higgs can not generate leptogenesis!

but it is enough to give neutrino masses!

(1,016 citations)

Leptogenesis from type II seesaw?
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Leptogenesis from type II seesaw
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Assuming phi is a complex scalar with B/L charge and potential is “flat” 

V (�) =
1

2
m2|�|2 + [cn,m�n(�⇤)m + h.c]

(B/L violation) 

m 6= n

Affleck-Dine mechanism

jµB = i(�⇤@µ�� �@µ�⇤)

nB = i(�⇤�̇� ��̇⇤) � =
1p
2
⇢�e

i✓

A motion of theta will generate baryon number

= ⇢2�✓̇�    is spatially constant
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Affleck-Dine mechanism



韩成成-中⼭⼤学(SYSU)    Type II Seesaw leptogenesis 25

Affleck-Dine mechanism

• Scalar particle with initial displaced vacuum


• Scalar particle taking B/L charge


• Small B/L violation term in the potential 

Three conditions for Affleck-Dine mechanism

？

Type II seesaw
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• Scalar particle with initial displaced vacuum


• Scalar particle taking B/L charge


• Small B/L violation term in the potential 

Three conditions for Affleck-Dine mechanism

Type II seesawIf the scalar plays the role of inflation

Combing the idea of inflation with A-D mechanism
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To be consistent with inflation, we need add non-minimal couplings

SM+Type II seesaw

h ⌘ 1p
2
⇢Hei⌘ �0 ⌘ 1p

2
⇢�e

i✓
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During inflation(Oleg Lebedev and Hyun Min Lee, arXiv:1105.2284)

Similar to SUSY case, but mixing with a general angle

SM+Type II seesaw

⇢H = ' sin↵, ⇢� = ' cos↵

⇠ ⌘ ⇠H sin2 ↵+ ⇠� cos2 ↵

⇢H
⇢�

⌘ tan↵ =

s
2��⇠H � �H�⇠�
2�H⇠� � �H�⇠H
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SM+Type II seesaw

Lp
�g

= �
M2

p

2
R� ⇠

2
'2R� 1

2
gµ⌫@µ'@⌫'

�1

2
'2 cos2 ↵ gµ⌫@µ✓@⌫✓ � V (', ✓)

Finally the model can be simplified as

We need keep the theta term, because

nL = QL'
2✓̇ cos2 ↵

V (', ✓) =
1

2
m2'2 +

�

4
'4 + 2'3

 
µ̃+

�̃5

Mp
'2

!
cos ✓
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⇠ = 300, � = 4.5 · 10�5, �̃5 = 10�9

�0 = 6.0Mp, �̇0 = 0, and ✓̇0 = 0

Lepton number generation
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SM+Type II seesaw

⌘B =
nB

s

����
reh

= ⌘obsB

 
|nLend|/M3

p

1.3 · 10�16

!⇣ g⇤
112.75

⌘� 1
4

�̃5 = 7 · 10�15 for ✓0 = 0.1

Treh ⇡ 2.2 · 1014 GeV
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Wash out process

�

�

L

L

H

H

H

H

m� < 1012 GeV
µ
2

8⇡m�
< H(m) =

m
2
�

MP

A small mu term is preferred
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SM+Type II seesaw

• Triplet Higgs could be as light as TeV

• Vacuum value < 10 keV, traditional type II seesaw < 1 GeV



韩成成-中⼭⼤学(SYSU)    Type II Seesaw leptogenesis 34

Phenomenology implications I: collider physics

Decay of the doubly-charged Higgs

For  v > 1 MeV, mainly decay gauge bosons

For  v < 0.1 MeV, mainly decay leptons
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Current limit from LHC

ATLAS, Eur. Phys. J. C 78 (2018) 199

 Smoking gun: observing doubly-charged Higgs from leptonic channel

Phenomenology implications I: collider physics

5 sigma discover region @100 TeV collider

Y. Du, A. Dunbrack, M. J. Ramsey-Musolf, J. Yu, JHEP01(2019)101

Future reach
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Phenomenology implications II: flavor physics

B(µ+ ! e+e�e+) =
|yµey†ee|2

16G2
Fm

4
�++

B(µ+ ! e+e�e+) 6 1.0⇥ 10�12

B(µ ! e�) ' ↵

3072⇡

��(y†y)eµ
��2

G2
F

✓
1

m2
�+

+
8

m2
�++

◆2

B(µ ! e�) < 4.2⇥ 10�13

µ+

e� e+

e+
�++

µ
e

�
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Phenomenology implications III: neutrino physics

• Neutrino must be majorana type

Neutrinoless double beta decay
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• CP violation in neutrino sector
Nova, 21’T2K, 19’

Leptogenesis even without CP violation

Phenomenology implications III: neutrino physics
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Phenomenology implications IV: cosmological signal

• Tensor to scalar ratio,  within the future reach of LiteBIRD
0.0033 < r < 0.0048

• Non-Gaussian signature, model dependent

• Imprint of isocurvature signature from baryon matter

• Gravitational wave from preheating
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Summary

• One simple extension of SM,  three problems can be solved: 
inflation, baryogenesis and neutrino masses

• Unique signatures at collider, LFV violation, neutrino 
experiments and astronomy observations

• More studies in future
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Thanks 
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Summary

• One simple extension of SM,  three problems can be solved: 
inflation, baryogenesis and neutrino masses

• Unique signatures at collider, LFV violation, neutrino 
experiments and astronomy observations
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Back up
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Slow-roll inflation
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Slow roll condition 

Assuming a scalar field, with equation of motion 

�̈+ 3H�̇+
@V

@�⇤ = 0

H
2 =

1

3

✓
1

2
�̇
2 + V (�)

◆

Daniel Baumann, TASI Lectures on Inflation

a(t) = a0e
Ht

Ht & 60
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Slow-roll inflation

45

标量扰动

ns ' 0.965

r . 0.056

n=1 to be scale invariant

tensor-scalar ratio

张量扰动



韩成成-中⼭⼤学(SYSU)    Type II Seesaw leptogenesis

Unitary problem for Higgs inflation

46
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SM+Type II seesaw
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SM+Type II seesaw

Kappa is almost fixed during inflation
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After inflation

d[a3f(�)✓̇]

dt
=

d[a3nL/(QL⌦2)]

dt
= a3U,✓

nL(t) = nLend
⌦2(�)

⌦2(�end)

✓
a

aend

◆�3

If U,theta red shifted faster than a^3, we can ignore the last term
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After inflation

Analytic estimation

After inflation, nL is just conserved with additional factor Omega
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Instanton, sphaleron process

51

Effective for  T> 100 GeV
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Instanton, sphaleron

52
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Baryon asymmetry via leptogenesis
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B =
8N + 4

22N + 13
(B � L)i
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SM+Type II seesaw

g̃µ⌫ = ⌦2gµ⌫ , ⌦2 = 1 + ⇠
'2

M2
p

d�

d'
=

q
(6⇠2'2/M2

p ) + ⌦2

⌦2

Lp
�g

= �
M2

p

2
R� 1

2
gµ⌫@µ�@⌫�� 1

2
f(�)gµ⌫@µ✓@⌫✓ � U(�, ✓)

f(�) ⌘ '(�)2 cos2 ↵

⌦2(�)
, and U(�, ✓) ⌘ V ('(�), ✓)

⌦4(�)
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SM+Type II seesaw

�̈� 1

2
f,�✓̇

2 + 3H�̇+ U,� = 0

✓̈ +
f,�

f(�)
✓̇�̇+ 3H ✓̇ +

1

f(�)
U,✓ = 0

Lp
�g

= �
M2

p

2
R� 1

2
gµ⌫@µ�@⌫�� 1

2
f(�)gµ⌫@µ✓@⌫✓ � U(�, ✓)

f(�) ⌘ '(�)2 cos2 ↵

⌦2(�)
, and U(�, ✓) ⌘ V ('(�), ✓)

⌦4(�)

Motion during inflation 
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SM+Type II seesaw

nLend = QL'
2
end✓̇end cos

2 ↵

' �O(1)QL'
2
end

MpU,✓

f(�end)
p
3Uend

cos2 ↵

' �O(1)QL�̃5'
3
end sin ✓end/

p

3�

⇠ = 300, � = 4.5 · 10�5, �̃5 = 10�9

�0 = 6.0Mp, �̇0 = 0, and ✓̇0 = 0

Theta follow slow roll
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Slow-roll inflation
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标量扰动

ns ' 0.965

r . 0.056

n=1 to be scale invariant

tensor-scalar ratio

张量扰动
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Baryon asymmetry of our universe 

•T > 1 GeV, 


•T < 1 MeV, no baryon asymmetry


•T < 1 MeV, baryon asymmetry

nb ⇠ nb̄ ⇠ n�
nb

n�
=

nb̄

n�
⇠ 10�20

⌘ =
nb � nb̄

n�
⇠ 10�10

p

p̄

two questions: why difference? why so small?


