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Unknown & BSM of Neutrino Physics

Dirac/Majorana types

Octant problem

Sterile neutrino

Neutrino absolute massNeutrino oscillation parameters

Mass ordering

Credit: JUNO

CPV phase

NuFIT

Beta decay spectrum 0νββ decay 

KATRIN
NuFIT

CMB bound

3+1 regime HNL search Seesaw mechanism LNV process Neutrino pair emission

DESI

MiniBooNE

CERN
CS Kim et al. (2023)
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Rare event searches probing  Neutrino natures

KamLAND-Zen

0νββ decay 

Majorana nature

Effective Majorana mass

Process requires helicity-flip (Majorana) 

→ Hard to detect for E>>m (Relativistic) 

→ Amplitude ∝ m/E

Dirac/Majorana types

Neutrino absolute mass

Beta decay spectrum 0νββ decay 

KATRIN
NuFIT

CMB bound

LNV process Neutrino pair emission

DESI

CS Kim et al. (2023)
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CνB

Low-E neutrino
as probe nature!! 

Grand Neutrino Spectrum. 
1910.11878
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Rare event searches probing  Neutrino natures

A Long et al (2014) 

KamLAND-Zen

0νββ decay 

Majorana nature

Effective Majorana mass

CνB

Process requires helicity-flip (Majorana) 

→ Hard to detect for E>>m (Relativistic) 

→ Amplitude ∝ m/E

(Non-relativistic)

PTOLEMY
(target 100g)

Twice for Majorana type with
contributions form both helicities 

Shift as 𝑚𝜈

Neutrino emission in atom

Shift as 𝑚𝜈

→ Dirac/Majorana distinction

E~m (Near non-relativistic 
around thresold)

Rare event & large backgroundRare event & large background



Rare event searches probing  Neutrino natures

0νββ decay CνB Neutrino emission in atom

Dark sector
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(WIMP, Dark portal, Wave DM, Dark energy …)
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Neutrino with Dark sector

MaVaNs

Neutrino NSI Neutrino portal

Neutrino with wave DM

Small correction

Portal to 
Dark sector

Visible
sector

Dark
sector

Coupled with 
Dark energy

→ Neutrino mass variation
& varying equation of state

→

Modulation signals
• Neutrino oscillation
• Neutrino mass
• Dirac/Majorana type
• CνB

Today’s
Focus!

Constraint by neutrino oscillation

(Non-Standard Interaction)

(Mass Varying Neutrinos)
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E Ferreria. 2005.03254

L Hui. 2101.11735

Matter power spectrum

QCD axion or ALP

Wave-like behavior

➔ Upper bound ➔ Lower bound 

Ultralight wave dark matter

Core size of Dwarf galaxy
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Coupled to gauge boson A Arvanitaki et al. 1405.2925
K Van Tilburg et al. 1503.06886
CJ Kennedy et al. 2008.08773
J Guo et al. 2206.14221

Coupled to SM fermion

Coupled to neutrino

A Arvanitaki et al. 1405.2925
CJ Kennedy et al. 2008.08773
M Filzinger et al. 2312.13723 
YL ChoeJo, YK, HS Lee, J Lee, J Yi. 
2509.22892

A Berlin. 1608.01307
G Krnjaic et al. 1705.06740
A Dev et al. 2205.06821
YL ChoeJo, YK, HS Lee. 2305.16900

Dirac or Majorana mass?

Ultralight wave dark matter
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Dirac vs. Majorana types 
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Nearly 
degenerate

& maximal
mixing

Dominant
Dirac mass

Dirac vs. Majorana types 
YL ChoeJo, YK, HS Lee. 2305.16900
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r: inter-nucleon distance (~fm)

Single-flavor pair: 

in Majorana limit

in quasi-Dirac limit

→  0νββ decay is activated

0νββ decay in Dirac/Majorana types 
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0νββ decay in Dirac/Majorana types 
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0νββ decay in Dirac/Majorana types 

Remark: If bare Majorana mass term exists, there is no instant 
pure-Dirac moment, but both relatively effective Quasi-Dirac time 
ratio and natural scale of mass terms can be simultaneously 
guaranteed 

Time average

YL ChoeJo, YK, HS Lee. 2305.16900
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Implications in CνB / Atomic neutrinos

CνB

YK, HS Lee. 2503.04949

Neutrino emission in atom

Endpoint modulation by mass variation

Remark: Dirac/Majorana distinction is also possible
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Modulation from the Earth’s motion in DM halo

DAMA/LIBRA

COSINE 100

Power spectrum

S Appel et al. 2023

Modulation from oscillating wave DM

Modulation signatures from DM

0νββ decay CνB Atomic neutrino

→ Frequency peak
in power spectrum!

(annual)
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Neutrino detectors can search for rare signals through modulation signature!

0νββ decay CνB Atomic neutrino

LEGEND KamLAND-Zen AMoRE PTOLEMY RENP
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Single vs. Mixed wave dark matter

𝝓

𝝓

Single wave dark matter

Mixed wave dark matter

Harmonic oscillation

Non-trivial time-dependent structure
(symmetry-broken, non-monochromatic, …)(motivated by multi-axion model or axiverse)

single frequency
(monochromatic)

Multiple frequencies
(Non-monochromatic)



Yechan Kim Modulated neutrino signals in wave DM 19

Mixed wave DM

Insufficient amplification

and parametric structure
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Mixed wave DM and parametric structure

Insufficient amplification 
& Non-linear Back-reaction

YK,  HS Lee. 2604.14480



Summary
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➢  Many unknown natures of neutrino (i.e., mass scale, Dirac/Majorana type) can be probed by the 

rare event searches (i.e., 0νββ decay, CνB, atomic neutrinos), but they are hard to detect.

➢ If oscillating ultralight wave DM couples to neutrino sector, these processes may show the 

modulation signatures along type oscillation or mass variation. 

➢ Therefore, neutrino detectors can observe rare signals of neutrino through modulation search with 

finding frequency peak in power spectrum.

➢ In addition, mixed wave DM leads to beyond simple harmonic oscillation regime (i.e., wave-

envelope with multiple peaks).

Thank you!
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