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SU(3) x SU(2) x U(1) 

Yang-Mills gauge theory for strong and electroweak interaction
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2006年

2011年

Big-Ban Model + Inflation   
General relativity with a non-zero cosmological constant 

Cosmology Standard Model 

2019年

DM and DE

Dark matter cannot be the 
part icle in the standard 
model, which has to be:

Dark Matter : 26.8%

Massive

W IMP

Non baryonic

No charge (electric or color)

Stable (τ > 1026 s, τuniverse ~ 1017 s)

Axion
Sterile neutrino
. . . . . .
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Cosmic Microwave Background (CMB)     
very cold (-270.275 C, 2.725 K) and nearly uniform relic 

radiation left over from the hot big bang 

1992 2003 2013

1965

Physics Nobel Prize 1978

Physics Nobel Prize 2006

Baryon Number B  Violation C 
and CP Violation
Interactions Out Of Thermal 
Equilibrium

Sakharov Conditions (1967)

Matter- antiMatter Asymmetry 
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Standard Model Has All Ingradients, But Too Small a ηB

7

Baryon number violation: Sphaleron effects-tunneling effects from different vacuum 
states with non-zero baryon number differences. 
Violated B+L, but conserves B-L.

C and CP violation: Electroweak interaction violates C, and phase in Kobayashi-
Maskawa mixing matrix violates CP.

But, CP violation rate too small, out of thermal equilibrium too weak. Not enough to 
generate a large enough Baryon Asymmetry. 
Too small.   Needs to go beyond SM!

New physics beyond SM needed!  Many possibilities…. Which one?
This talk, a case study of leptogenesis - parameters detetrnined at low energy



Neutrino Mixing and Non-zero Neutrino Masses

Need mixing and non-zero mass to have oscillation!
Active neutrinos mix with each other and have non-zero masses!

Must go beyond SM to have neutrino masses!



How To Generate Masses For Neutrinos?

Neutrinos have small mass, they mix with each other
There may be additional light sterile neutrinos
Electrically neutral, has the possibility of being its own anti-particle, 
Majorana particle. Dirac or Majorana particle?

To have Dirac mass, need to introduce right handed neutrinos νR: (1,1)(0)



Majorana Masses For Neutrinos?

Neutrino is its own anti-particle, particle and anti-particle to pair up for mass term
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Loop generation neutrino masses

Provide understand why neutrino masses are small 
but no information about mixing! May provide some 

understadning of BAU because lepton number violation? 

Simplest model ruled out
XG He, EPJC34(2004)371
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Seesaw and leptogenesis
Fukugita and Yanagida, PLB174, 45(1986)
Neutrino have Majorana mass, violate lepton number by two units!
Translate lepton number asymmetry generated to baryon number asymmetry!
Requires lepton asymmetry generated before Sphaleron effects to be in effective 
( T ~ 1012 – a few TeV).   

Initial: aL(i)=a, aB(i)=0.
Sphelaron effect: Conserve B-L, but violates B+L
After: aL(f)+aB(f) = 0, aL(i) – aB(i) = aL(f) – aB(f)
aL(f) = a/2;  aB(f) = -a/2  
half of initial lepton asymmetry will be translated into baryon asymmetry if complete.

SM Sphaleron effect:  aB = - (28/79)aL     Generating a none-zero aL ?a 12
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Seesaw model plays the right role

The last term violates lepton number L by two units!
Out of thermal equilibrium decay, new CP violation in N -> L h()
In MR diangonalized baisis, new CP sources in Yν

N decays into L and anti-L differently

Sphelaron effect translate lepton number to baryon number; 
New CP violation sources in Yν and also MR; 
Out of thermal equilibrium heavy netrino decay.

Can explain Matter - antiMatter asymmetry, but not much predictions can be made!
Can predictive leptogenesis model work, all parameters determined at low energies?
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Leptogenesis determined by Low Energy Physics
MD and MR  arbitrary, now predictions can be made.
Efforts have been made 
to make MR to be 
expressed in terms 
of known low energy 
parameters: 
Mu,d, e, VKM, VPMNS ...

X-G He, S. Low and R Volkas, PRD 78 (2008) 113001



Example: A GUT model to realize:



Neutral compoments



MR is completely determined by low energy physics inputs
mν  and MR  are rank 3 matrices.



Sample solutions using most recent inputs for Model A

Quark masses at scale mZ

NO: MR, Mi (GeV) 

mν1  = 10
-3

 eV

No Majorana phase case

IO: MR, Mi (GeV) 

mν1  = 10
-3

 eV



Model A

Model B

Model C



Model Predictions and Conclusions

Seesaw Lagrangian

Φ the Higgs doublet. Rotated in the baisis where having vev alone (  => (v +      )/      , 
other components are much heavier). v = 242 GeV, h Yukawa coupling:                             
In the basis,         

CP violating lepton number violation 
is given by



Evolution of lepton number violation

Taking spectator and sphaleron 
effect into account, 



Applied to our models

There are considerable information for quark and lepton masses and mixing, 
taking them as known input numbers,

Unknows are ligthest neutrino mass mlightest, CP violating Dira phase δCP  and 
the two Majorana phases α and β. 
Scan the parameter space to find ηB around 6.8x10-10



Model A

Model B

Model C

No solutions for both NO 
and IO.

No solution for IO, Yes 
for NO

No solution for IO, Yes 
for NO











Benchmark solutions



Evolution of the heavy RH neutrino

abundances Ni (left panels) and

flavored B − L asymmetries Nα

together with the total asymmetry
 
Ntot (right panels) for the four 

benchmark points.



Preditions for neutrinoless double beta deays




