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Motivation

• Question: Neutrino, Dirac or Majorana?
• neutrino is Dirac à light right-handed neutrinos à
• In SM there’s no problem is decoupled from SM
• In BSM, could be thermalized

• “Neutrino Portal”
• Weak Lab Constrain
• Rich cosmological phenomenology

Future CMB experiment (CMB-S4) à percent level 
determination of
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• Contact Interaction
• X. Luo, W. Rodejohann, X. Xu, JCAP, 2005.01629
• "Freeze-out"

• Non-Contact Interaction
• X. Luo, W. Rodejohann, X. Xu, JCAP, 2011.13059

• Freeze-in
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Contact Interaction
Consider the most general interaction form

• In the chiral basis, they are

• Dimensional Analysis

Very High T à in thermal equilibrium, low T à decouple 4





• Quick Example: If decouples sufficiently early ( ), then when the 
universe cools down to 10MeV we have:

à à

• Later the decouple à higher              à higher

• Still approximation, solve Boltzmann equation à accurate answer
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Brief Intro of Boltzmann Equation

• Boltzmann Equation governs evolution of particle distribution

• The collision term is a large integral of … everything

• Method: Dolgov et al [hep-ph/9703315]. TLDR, what's the result?



Results
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Find out  
à Boltzmann equation
à Solve Evolution of 
à



From the temperature calculate 

Current:                         Excluded à probe                         physics
Future:  Exclude any small       à probe infinite energy? No

9

Results



Freeze-out à Freeze-in

• Low energy EFT fails at high T, open the vertex
• Dimensional Analysis

High T à not thermal equilibrium
Low  T à model dependent à Boltzmann
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Results
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Results
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Results



Summary
• Interactions of neutrinos (      ) with        in the early 

universe

• Resolve Dirac/Majorana
• could be thermalized à

• Constraint on à Constrain coupling strength
• Freeze-out:  Planck2018 à

Future CMB à exclude
• Freeze-in
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