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Outline

Review of neutrino mass and mixing
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——motivation of spacetime-varying Weinberg operator

——intuitive picture based on semi-classical approach

——quantitative result based on closed-time-path approach



SM (massless neutrinos)

EW
Higgs

�v

g g0mu

md

ms

mb

mc

mt

Quark  
masses  

and  
mixing

Charged  
Lepton  
masses 

me

mµ

m⌧

✓q23

✓q12

✓q13

�q

5
✓QCD Strong CP

17+2 free parameters

gs



Neutrino oscillations confirmed neutrino masses and lepton mixing 
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Neutrino masses and lepton mixing
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SM + massive neutrinos
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Neutrino oscillations
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Neutrino oscillations
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Seesaw mechanism

Weinberg Operator

Origin of neutrino masses
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Origin of lepton flavour mixing
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Origin of lepton flavour mixing
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Spacetime-varying Weinberg operator
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Spacetime-varying Weinberg operator
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Weinberg operator before phase transition

Weinberg operator after phase transition
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Baryon-antibaryon asymmetry
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Dark Energy 69%

Dark Matter 26%

Matter 5%

nB � nB

n�
⇡ 6.2⇥ 10�10⌘B ⌘

Planck 2018

Most matter is formed by 
baryon, not anti-baryon. 

The SM cannot provide 
strong out-of-equilibrium 
dynamics and enough  
CP violation. 

= (6.12± 0.04)⇥ 10�10
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Baryogenesis via leptogenesis
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Sakharov conditions for leptogenesis
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Out of equilibrium dynamics

C/CP violation

SM L/B-L violationB violation )
(sphaleron processes)



Leptogenesis via RH neutrinos
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Classical thermal leptogenesis (in type-I seesaw)
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Lepton asymmetry                      �f`↵ ⌘ f`↵ � f`↵
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ph/0512160; Nardi, Nir, Roulet, Racker, hep-ph/0601084; Abada, Davidson, 
Josse-Michaux, Losada, Riotto, hep-ph/0601083; Blanchet, Di Bari, hep-ph/
0607330, ……
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Leptogenesis via RH neutrinos
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Leptogenesis via leptonic phase transition
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1. Baryogenesis via leptonic CP-violating phase transition  
S Pascoli, J Turner, YLZ, arXiv:1609.07969 

2. Leptogenesis via Varying Weinberg Operator: the Closed-Time-Path Approach,  
J Turner, YLZ, arXiv:1808.00470 

3. Leptogenesis via Varying Weinberg Operator: a Semi-Classical Approach  
S Pascoli, J Turner, YLZ, arXiv:1808.00475

Weinberg operator leptonic phase transition+



Role of Weinberg operator
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A consistent Weinberg operator provides two Sakharov conditions

SP
The Weinberg operator violates lepton number and leads 
to LNV processes in the thermal universe.   

The Weinberg operator is very weak and can directly 
provide out of equilibrium dynamics in the early Universe.
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Including spacetime-varying effect, the CP violation can be 
satisfied, and the lepton asymmetry is generated by the 
interference of the Weinberg operators at different times

CP violation induced by varying Weinberg operator

The coefficient of the Weinberg operator is varying

24
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Lepton asymmetry in Semi-classical approach
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Majorana-like  
mass matrix
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The “EOM” of lepton and antilepton 

EOM of lepton-antilepton propagating along the z direction is given by 

jz = +
1

2

jz = �1

2

decoherence length, avoiding interference between infinite distance

Lepton asymmetry in Semi-classical approach

We further include the decoherence 
effect is included by replacing the 
incoming and outgoing  momentums

The semi-classical approximation follows the technique of varying mass 
for left-right chirality transition developed for electroweak baryogenesis 
in Huet, Sather, hep-ph/9404302
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Lepton asymmetry in Semi-classical approach
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The closed-time-path approach
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Classical QFT QFT in non-equilibrium 
case
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The closed-time-path approach

Propagators
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Dispersion 
relations
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Classical QFT vs CTP formalism
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CPV source in 
classical formalism

Self energies  
including CPV source  

in CTP formalism
+

⇥ +

Leptogenesis via RH neutrino decay

Leptogenesis via RH neutrino oscillation

⇥

Im

Im

CPV source in 
classical formalism

Self energy including CPV 
source in CTP formalism

Anisimov, Buchmuller, 
Drewes, Mendizabal, 
1012.5821

Drewes, et al, 1711.02862

e.g.,



Lepton asymmetry in CTP approach
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Lepton asymmetry in CTP approach
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CP-violating self energy

⇥

Lepton asymmetry

The final lepton asymmetry is determined by the behaviour of Weinberg operator 
during the phase transition and thermal properties of leptons and the Higgs.



Influence of phase transition
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Single-scalar phase transition
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Influence of phase transition
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Multi-scalar phase transition (in the thick-wall limit)

e.g.,

time-dependent integration

space-dependent integration�nII
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Interferences of different scalar VEVs cannot be neglected. 

Time derivative/spatial gradient
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Influence of thermal effects
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Resummed propagators of the Higgs and leptons

thermal equilibrium

thermal mass
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By assuming thermal equilibrium in the rest frame of plasma,  
the space-dependent integration is zero. 

�nII
` / Im{tr[�⇤(x)@z�(x)]}

Z
d4r r3 M= 0

Thermal effects influence the time- 
and space-dependent integration. 

is invariant under parity transformation M )
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Influence of thermal effects
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y� = y � i�/2

y = r0

Performing the time-dependent integration

From 4D momentum space to 3D momentum space + 1D time 

Integrating out the time



Influence of thermal effects
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Leptogenesis via Weinberg operator (in CTP approach)
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arXiv:1808.00470

Asymmetry between lepton and antilepton number density 

Damping rate normalised 
by temperaturex� = �/(2T )

https://arxiv.org/abs/1808.00470


Lepton models vs neutrino experiments
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In the single-scalar case

Effective nu mass before PT

Depend on lepton model

Effective nu mass after PT

Measured by nu experiment

M0
⌫
=

�0

⇤
v2
H

M⌫ =
�

⇤
v2
H

nu oscillation exp：DUNE, T2HK, …

0ν2β exp: Gerda, EXO-200, KamLAND-Zen 

determined by symmetries  
(Discrete, U(1), SO(3), SO(10)…)  

and order of scalars getting vevs
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Temperature for phase transition

sphaleron decouple

  leptogenesis via PTsphaleron process  
in equilibrium

EW scale

Big Bang

TeV scale

GeV scale

1012 GeV

Seesaw scale  
(1014 GeV)
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106 GeV
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p
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nB ⇡ �1
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I give a brief review of neutrino mass and mixing. Models related 
to these issues usually introduces new symmetries, which may 
result in a spacetime-varying Weinberg operator. 


I introduce a novel mechanism of leptogenesis via phase 
transition. No explicit new particles are required, but just a 
spacetime-varying Weinberg operator. 


In order to generate enough baryon-antibaryon asymmetry, the 
temperature for phase transition is roughly around 1011 GeV.

Summary

Thank you very much!


