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Neutrino oscillation in vacuum

Flavored neutrinos: Weak interaction eigenstates
Production & Detection

e” Vo
v, v, V-
o " [ " T w-

Massive neutrinos: Majorana VS Dirac
Majorana: V = V© (VR ~ VZ) Z°
neutrinoless-double beta decay _“ o

Dirac: 1/ =£ 1€ (Vc ~ N) : ‘é :




Neutrino oscillation in vacuum

Flavor eigenstates # Mass eigenstates
Vo = UiV
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Two-flavor neutrino propagation in vacuum
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Neutrino oscillation in matter

Majorana
Only a LH component

Adding the matter term the equation of motion for
neutrino wave function

(1) — Ayo)v, = muy

Squaring: (E — A)? — p* ~ mm/!

Mass matrix is symmetric

Dispersion relation: p~ F — (



Neutrino oscillation in matter

Dirac
Have both a LH and RH component

Equation of Motion

iPv, = mug + Ayory
idvr = m'yg

Eliminating the RH neutrino
(0% + mm! + A iyolvr = 0.

mm T
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Dispersion relation: p~ E — ( + A)



Neutrino oscillation in matter

Consider neutrino/anti-neutrino propagation in a
general background
electron, positron

Coherent forward scattering
vV €
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P(v,—v,)=sin"20,, sin*(



Standard MSW effect

Generalized matter potential
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VoM = V2Gp(N, + Ne)

Standard matter potential
e =1 (Ne — 0)
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Matter potential @ high energy
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DM models

A lot of models of DM and mediator

L' = gai fiY*Var X, + h.c.
Gai fRVar ¢i + h.c.
Jai firVaL ¢ + h.c.
Jap VgrVarL ¢ + h.c.

gap %TRVQL ¢ +y b fofl +h.c.




General formulation

Equation of motion in the momentum space

(p— Yyur = (MT+E)ux,
(%~ Pur = (M +Eolur.
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General formulation

The Equation of Motion

Correction to the neutrino mass matrix

- > ¥
M~ (14+=)M[1+=
(3)u(3)

Original mass term is modified

For large parameter space, the mass correction is
subdominant




DM model

Bosonic DM (¢) and fermionic messenger (X;)
Lagrangian
r *
Eint — gaifiPLVa¢ + 1.

Coherent forward scattering
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General formulation

Ki-Young Choi, Eung Jin Chun
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Corrections
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Dark NSI potential
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Change of shape:
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Dark NSI potential
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Constrained DM
potential:

1~ 10% of Am?2/2E
NSI Probes:

€ap = Vg /Vit"
Ruled out DM
potential:

Massless oscillation
Future probe of

DM potential

Governing
oscillations of ultra-
relativistic neutrinos
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Two-flavor oscillation

The effective Hamiltonian

T Am?* [—(cos20 —z) sin20 +y
M= "E sin260 +y  cos20 —«x
v~ YT 2 LT
T = Wi = Vrr)/ , and y= H
Am?/4AFE Am?/AE

The mixing angle & mass squared difference in the
medium

(sin 26 + y)*
(cos20 — )2 + (sin 20 + y)2’
Am3; = Am?y/(cos 20 — x)2 + (sin 26 + y)2.
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Mass difference between v&v
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Modified mixing angle
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DM assisted neutrino oscillation
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In the case of m% < 2mpyE, (Peak energy << 1MeV)

yom o A poa/mpy d 1
v, 2 2F, 4D :
f €
9 X 10 3eV? \(T) 20meV \ 7N A2
~ 2F, mpm ’.»";ff”% 2F,
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A = DM r7*diag(Am2)UT, Bt Ef
PDM

~ | 0.091 0.381 0.408
0.085 0.408 0.477

0.026 0.091 0.085 (20meV>2(0.3Gchm‘3)

mpm PDM

Standard neutrino oscillation can occur from the
symmetric DM effect even for massless neutrino.



DM assisted neutrino oscillation

Predlctlons Work In Progress

Ki-Young Choi, Eung Jin Chun, JKK, A. Smirnov
No observation in the absolute neutrino mass

- neutrinoless double beta decay
- cosmological observation of the sum over neutrino mass

Asymmetric oscillation in the neutrino and anti-
neutrino

- Thanks to anisotropic velocity of DM on the Earth, the
matter potential has asymmetry

- Annual modulation of neutrino oscillation

Directional dependence of neutrino oscillation
- Matter potential oscillates depending on time



DM assisted neutrino oscillation

Predlctlons Work In Progress

Ki-Young Choi, Eung Jin Chun, JKK, A. Smirnov
No observation in the absolute neutrino mass

- neutrinoless double beta decay
- cosmological observation of the sum over neutrino mass

Asymmetric oscillation in the neutrino and anti-
neutrino
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DM-neutrino interactions

Constraints

Work in progr

€SS

Ki-Young Choi, Eung Jin Chun, JKK, A. Smirnov

Early Universe

Present Universe

-DM relic density

Neutrino flux

ODMDM%V}/U -Neutrino reheating
< > . Neff, BBN
-CMB anisotropy Supernovae-1987A
IceCube-170922A
Ki-Young Choi, JKK, Carstg
ODMV%DMVU -Large Scale Structure Neutrino flux

suppression
Neutrino flux

N ROtt

anisotropy




Questions?

UV-completion?
Dark sector coupling only to neutrinos

Observable DM effect if my pyy K meV & |1] < 1
BBN 2 N,/

Neutrino-DM scattering
Star cooling
Supernovae cooling / trapping

Origin of DM
Ultra-light particle
Cold



Conclusions

A systematic study of neutrino oscillations in a medium
of DM

Asymmetric medium induces CPT violation in
neutrino oscillations which may be tested near future

DM assisted neutrino oscillation
DM interaction with neutrino can explain neutrino oscillation

Further studies on phenomenological implications and
viability are needed



Conclusions

A systematic study of neutrino oscillations in a medium
of DM
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Further studies on phenomenological implications and
viability are needed



