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Oscillation Pattens

» Active & steile neutrino oscillations—density-matrix formalism  G. Sigl & G. Raffelt, NPB 1993
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Relativistic Oscillations

/_\’ Feeble interactions or quasi-thermal equilibrium
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How oscillations appear from massless particles

H. Jukkala, arXiv:2211.11785, a detailed record of closed-
time-path formalism

» Flavor-covariant Kadanoff-Baym formalism—the starting point
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* Comparison with density-matrix formalism

4P
L dt

= [H, p] ;{F,p} | ;{F”,l — p}



How oscillations appear from massless particles

* Flavor-covariant Kadanoff-Baym formalism—the starting point
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» Particle & anti-particle number density
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How oscillations appear from massless particles

» Kinetic equations for n,4, 71,
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The commutation also appears
— —the source for oscillations

» Kinetic equations for An,; = n,z — 1,4, Z Mop = Ngp + N
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Oscillation Phase via Thermal Masses
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self-energy correction
In the rest plasma frame:u = (1,0,0,0)
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Oscillation Phase via Thermal Masses

» Quasi-thermal leptons, n,; + 11,3 = 2n™5,,; + O(u?)
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Applications 1n Leptogenesis
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Traditional leptogenesis

» High-scale leptogenesis from heavy neutrino decay

. 1 - -
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» Leading low-scale leptogenesis mechanism: resonant leptogenesis (Pilaftsis 1997); leptogenesis via
sterile neutrino oscillations (Akhmedov-Rubakov-Smirnov, ARS mechanism, 1998);
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A New Channel of Leptogenesis 1in Type-1 Seesaw

Lisp & A. Pilaftsis, arXiv: 2601.15921
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I Leptogenesis conditions
/I: ° ° ° ° °
Themal cut: on-shell quasi- o Out_of_equﬂlbrlum SM nggs
o p:“jmde PN, decay to relativistic sterile
3 neutrinos
¢ ° ° °
_____ o CP violation from neutrino
Yukawa couplings y’
, 1 1 K
Vacuum amplitude: o« — — ; - » Electroweak sphaleron processes
Ph 1 1 on the asymmetry of Y, but not
Thermal amplitude: o — — > Resonance and flavor oscillation may be the same thing on YN

Pre-condition: lepton thermal mass 1s SM dominated < oscillation rate not much smaller than damping date
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Thermal Resonant Leptogenesis

* An easy-to-remember result
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* Quasi degeneracy of neutrino masses not required
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Experimental probes

e Markov Chain Monte Carlo

Normal Ordering: muon dominance
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* Deep Neural Network (machine learning)

Normal Ordering: muon dominance
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Summary

« Oscillations from massless thermal (quasi)particles can occur 1n a thermal plasma—A proper
technique: flavor-covariant non-thermal quantum field theory

« Thermal lepton oscillations can boost leptogenesis to explain the baryon asymmetry of the
universe—open a new channel 1n the well-motivated type-1I seesaw framework

« The maximal effect of SM lepton oscillations 1n leptogenesis at finite temperatures leads to a
new mechanism—quadratic leptogenesis—that depends only on small Yukawa couplings at

quadratic order

Thank you!
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