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Single flavor

RH Majorana field Yukawa coupling  Scalar SU(2) doublet
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* Self-energy of the RH neutrino: quantum correction to the propagator
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Single flavor

e Expanding the propagator around the pole
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* Physical mass and decay width
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Multiple flavors
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 Diagonalization of the mass matrix N, = UasNj,  MYee = pTa,u < Unitary matrix
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Multiple flavors

* Self-energy matrix S(p) = pRER(P?) + pLER(p%)

(Er)sa(p”) = iale [ log (j) + iﬂ®(292)]
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* Resummed propagator matrix
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e Diagonalization of the resummed propagator
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Find mixing matrices that give the resummed
propagator of unstable fermion



e Diagonalized propagator matrix
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Did not Introduce any
nontrivial assumptions for
diagonalization!

Geometric series: loop-effects
+ Linear algebra



Multiple flavors

e Effective Yukawa couplings  |Ch" =Cr(% ). CF = Cr(p% )
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Two flavors of RH Majorana neutrinos with an
intermediate mass difference



Non-perturbative effects

* Non-perturbative effects of loop-induced mixing

S(p) ~ O(f2/167%) P —mn, ~p—mn, ~ O(f*/1677)

Easy to add up by \
resummation, but easy
to be neglected!
Cr,r(p?) #1+ O(f*/167?)
Diagonalization exact at
least up to the NLO made Physical particles as asymptotic states cannot

the proper analysis of satisfy Dirac equation even up the LO!
them possible!

 Physical particles should be interpreted as quasiparticles.



Quasiparticle

e Definition

Emergent phenomena that occur when a microscopically complicated
system such as a solid behaves as if it contained different weakly interacting
particles in free space - Wikipedia

e Example

A. An electron traveling through a semiconductor behaves like an electron
with a different mass (effective mass) traveling unperturbed through free
space - Wikipedia

B. Particles in the early universe are thought to have been in a thermal
environment and have acquired thermal masses



Large ma

 |Large mass difference

ss difference

my, — mpy, > leo(Z), my, — mpy, > mNQO(Z).
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Large mass difference

* |n the literature, some nontrivial assumptions were
always introduced to diagonalize the propagator, and
those assumptions are in fact valid only when the mass
difference is large.

e As aresult, they could see only the case of a large mass
difference, and could never see the non-perturbative

effects.

* No need to interpret the effective particles as
quasiparticles.



Small mass difference

Small mass difference my, —my, < mpy,0(%), my, —my, < my,0(%)

Non-perturbative in general
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Intermediate mass
difference

e Intermediate mass difference my, —mny, ~ my, O(2),

e Only numerically calculable

my, - 1000.
my, = 1000.

. +3.24469x10719 { 6.1477 x10°11 — 2,88915 x 19°1°

e (M2 ) =
R ( N1 ) ~6.1477 x10711 _2.88915x101% 1 1.11725%x1071°2 ;+ 2.78145x10°1°

-6.1477 x10711 - 2.88915x10°1 1 0. +2.78145x10°19 i
py; = P11 = 1000. -3.5515x1077 i
Py, = P2 = 1000. - 2.47464x107 i

£ ( 0.0000642625 + 0.0000466894 1 -0.0000510455 - 0.0000370867 1 )
0.0000951057 + 0.0000309017 1 -0.0000809017 - 0.0000587785 i

o ( 0.0000687768 + 0.0000965131 1 -0.0000902131 + 0.0000193361 1 )
0.0000949879 + 0.00010018 1 -0.000111624 + 0.0000163194 1

e ( 0.000113043 - 0.0000355864 1 -9.48769x10°° + ©.0000917729 i )
0.000176382 - 1.85878x10°° i -0.0000492687 + ©.000149514 i

i)

g (ME, ) ( 1.30333x10°19 1 3.24469x 1029 i 6.1477 x10°21 - 2.88915x 101 i
R N> =

|

cLmty) - |

1.24519 - 0.130381 i
-0.213356 - 0.760928 1

1.24519 - 0.130381 1
Cumty) = | i

-0.213356 - 0.760928 1

Ch (mfy ) Cr (%) = |

0.213356 +0.760928 1
1.24519 - 0.130381 1

0.213356 +0.760928 i
1.24519 - 0.130381 i

2.19202 +0. 1

1.05028 x 1071

27H2)|ck (m§ ) Cr (M, ) e = 2.93426

Al 7 =

tr[AAT]

-1.95063 1

mmy, —my, ~ mN2O(Z>

1.05028x107°1° + 1.95063 i
2.19202 +0. i



CP violation in the decay of
heavy neutrinos

e CP asymmetry
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Figure 5. Feynman diagrams that contribute to N, — L;¢ through the wavefunction renormalization.

One-loop calculation
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CP violation in the decay of
heavy neutrinos

e Discrepancy among the expressions of CP asymmetry
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CP violation in the decay of
heavy neutrinos

e Pilaftsis, Underwood, 2004
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CP violation in the decay of
heavy neutrinos

Anisimov, Broncano, Plimacher, 2006

future use, we introduce here an expansion parameter « related to the largest of the couplings K,
o = Max Kij (19)
N 1672 |

In the interesting case that the masses of the right-handed neutrinos are quasi-degenerate, i.c.,
M2 -M R4 M 1, one can define an additional small expansion parameter
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Our results, to be presented in the following, will only be valid as long as A > «, since
otherwise perturbation theory breaks down.
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Physical implications

The intermediate mass difference allows maximal CP violation. Applicable
to the resonant leptogenesis. The current analysis should be corrected.

The quasiparticles of heavy neutrinos are not Majorana.

The correlation between the CP violation and the generation of
quasiparticles. (Incomplete)

Dirac fields

e Implication for the CKM matrix: mixing matrices are non-unitary.

Scalar fields

e Meson mixing: might resolve the discrepancy between the current analysis and
experimental results for heavier mesons.



Summary

Loop-induced mixing generates quasiparticles which are
effective particles generated by RH Majorana neutrinos
interacting with each other through Yukawa interaction.

In the cases of intermediate mass difference, those
quasiparticles cannot be treated perturbatively or analytically.

The non-perturbative effects of loop-induced mixing can be
properly treated by carefully diagonalizing the propagator
matrix.

Correct calculation of the CP violation effects is made
possible.



