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credit: G. Raffelt

400 years ago: fundamental laws of physics

Now: new physics
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Outline

arXiv: 2404.17352 [Phys.Rev.Lett. 133 
(2024) 12, 121802]

arXiv: 2603.09615 [Phys.Rev.Lett. 137 
(2026) 11, 111005] 
+
arXiv: 2609.18247

Testing neutrino 
mass orgins with 
supernova neutrinos

Circumstellar medium 
of supernovae as new 
probes for FIPs

I. II.
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Testing neutrino mass orgins with supernova neutrinos 

I.
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Evidence of neutrino mass from neutrino oscillation
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

neutrino mass eigenstates:
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

source detector

     L
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

Mixing:

source detector

     L
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

source detector

     L
production:
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

source detector

     L
production:
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

source detector

     L
production:

detection:
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

Oscillation amplitude

source detector

     L
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

credit: JUNO
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

credit: JUNO

fast oscillation
slow oscillation



      Chui-Fan Kong (IBS-CTPU-PTC)                   HET Seminar @ BNL, Sep 17, 2026                                            17   

Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

credit: JUNO

Neutrino masses drive the 
oscillation behavior ! fast oscillation

slow oscillation
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Evidence of Neutrino Mass

oscillation       interference       phase difference       different mass

credit: JUNO

         What’s the origin of 
         neutrino mass?

fast oscillation
slow oscillation

Neutrino masses drive the 
oscillation behavior !
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Neutrino mass origins



      Chui-Fan Kong (IBS-CTPU-PTC)                   HET Seminar @ BNL, Sep 17, 2026                                            20   

Neutrino mass origins

vacuum neutrino mass dark neutrino mass

Neutrino Mass Origin
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Neutrino Mass Origin I: vacuum mass

Type-I seesaw Type-II seesaw Type-III seesaw ...

Vacuum Neutrino Mass

P. Minkowski
T. Yanagida

M. Gell-Mann
...

M. Magg & C. Wetterich
G. Lazarides, Q. Shafi, & C. Wetterich

R. Mohapatra & G. Senjanovic
...

R. Foot, H. Lew, X.-G. He, & G.C. Joshi
E. Ma

...
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Neutrino Mass Origin I: vacuum mass

Type-I seesaw Type-II seesaw Type-III seesaw ...

Vacuum Neutrino Mass
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Neutrino Mass Origin II: dark mass

drives
neutrino 
oscillation
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Neutrino Mass Origin II: dark mass

What if                , but neutrino matter potential
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Neutrino Mass Origin II: dark mass

effective mass   
or 
‘‘dark’’ mass

What if                , but neutrino matter potential
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Neutrino Mass Origin II: dark mass
Dark Neutrino Mass

A. Y. Smirnov, talks@MAYORANA Workshop

Forward scattering with DM background

[H. Davoudiasl, G. Mohlabeng, & M. Sullivan, arXiv:1803.00012; S.-F. Ge & H. Murayama, arXiv:1904.02518; 
K. Y. Choi, E. J. Chun & J. Kim, arXiv:1909.10478, 2012.09474; M. Sen and A. Y. Smirnov, arXiv:2306.15718]
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Neutrino Mass Origin II: dark mass
Dark Neutrino Mass

A. Y. Smirnov, talks@MAYORANA Workshop

Forward scattering with DM background
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Neutrino Mass Origins Comparison

Dark Neutrino Mass:

Vacuum Neutrino Mass:

vs.
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Neutrino Mass Origins Comparison

Dark Neutrino Mass:

Vacuum Neutrino Mass:

Can we distinguish these two origins ?

vs.
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Supernova Neutrino Time Delay

Credit: IceCube

Yes! Look into larger scales!

[  T. J. Loredo and D. Q. Lamb, astro-ph/0107260; E. Nardi and J. I. Zuluaga, astro-
ph/0306384, hep-ph/0412104; G. Pagliaroli, F. Rossi-Torres and F. Vissani 1002.3349; J. S. Lu, 
J. Cao, Y. F. Li and S. Zhou, 1412.7418; R. S. L. Hansen, M. Lindner and O. Scholer, 
1904.11461; F. Pompa, F. Capozzi, O. Mena and M. Sorel, 2203.00024; F. Pompa and O. Mena, 
2310.05474; G. Parker and M. Wurm, 2311.10682; P. Denton and Y. Kini, 2411.13634  ...]
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Supernova Neutrino Time Delay



      Chui-Fan Kong (IBS-CTPU-PTC)                   HET Seminar @ BNL, Sep 17, 2026                                            32   

group velocity:

I. Vacuum Neutrino Mass
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group velocity:

smaller than speed of light
&

space-time independent

I. Vacuum Neutrino Mass
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group velocity:

time delay:

I. Vacuum Neutrino Mass
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group velocity:

time delay:

I. Vacuum Neutrino Mass
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group velocity:

Recall

II. Dark Neutrino Mass
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group velocity:

Recall

II. Dark Neutrino Mass
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group velocity:

Recall

space-time dependent!

II. Dark Neutrino Mass
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group velocity:

space-time dependent!

II. Dark Neutrino Mass

 Navarro-Frenk-White profile

We are here!
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group velocity:

space-time dependent!

II. Dark Neutrino Mass

 Navarro-Frenk-White profile

varies a lot at the 
galactic scale!
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...

II. Dark Neutrino Mass

just an integration over neutrino trajectory
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...

II. Dark Neutrino Mass

vacuum neutrino mass differed by this factor!
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differed by this factor!

...

II. Dark Neutrino Mass

vacuum neutrino mass

high density low density

Ge, CFK, Smirnov, PRL 24
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Experimental sensitivities
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Supernova Neutrino Production

• νe SN burst production (Garching model):
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• νe SN burst production (Garching model):

 

Supernova Neutrino Production

DUNE Collaboration
 arXiv: 2008.06647
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Supernova Neutrino Production

• νe SN burst production (Garching model):

• MSW matter effect (from core to surface): 

F. Pompa, F. Capozzi, O. Mena, & M. Sorel 
arXiv:2203.00024

NO: normal ordering
IO: inverted ordering 

neutronization 
burst peak

from global fit result:
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Supernova Neutrino Detection @ DUNE

credit: PHYSICSGG

Liquid Argon Time Projection 
Chamber (LArTPC)
40 kt fiducial mass (?) 

credit: DUNE
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Supernova Neutrino Detection @ DUNE

S. Gardiner, 2010.02393 
& 2101.11867  

DUNE Collaboration
 arXiv: 2008.06647
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Time Distribution
Event rate:
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Time Distribution

• The time distribution becomes
wider as the neutrino mass increases

energy integrated outEvent rate:

Ge, CFK, Smirnov, PRL 24
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Sensitivities

Ge, CFK, Smirnov, PRL 24
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Sensitivities

• The sensitivity is enlarged by measuring supernova neutrinos 
around the galaxy center

Ge, CFK, Smirnov, PRL 24
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Sensitivities

• The sensitivity is enlarged by measuring supernova neutrinos 
around the galaxy center

• Sensitivity for normal ordering (NO) is reduced by MSW matter 
effect

Ge, CFK, Smirnov, PRL 24
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Circumstellar Medium (CSM) of supernovae as new probes for FIPs

II.
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What is CSM
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Production of CSM

credit: NASA
credit: NAOJ

Mass loss via the wind

solar wind

SN wind (CSM)
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Observational Evidence

P. Chandra, arXiv:2510.20913

How do we know there is CSM surrounding SN?

between shocked ejecta and CSM
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Plenty of measurements!
Observational Evidence

W.V. Jacobson-Galán, 
arXiv:2507.08078

X-ray

Spectroscopy

Radio

Photometric
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Component of CSM
What makes of CSM

• Hydrogen

• Helium

• Carbon

• Nitrogen

• + Heavier elements

Spectroscopy

W.V. Jacobson-Galán, 
arXiv:2507.08078
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CSM Density Profile

E.A. Zimmerman et al. 
Nature 627 (2024) 759

our focus
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Why we consider CSM
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Traditional Method
After FIPs (X) produced inside a proto-neutron star (PNS) 
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Traditional Method

Decay inside mantle            Energy trapped

After FIPs (X) produced inside a proto-neutron star (PNS) 
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Traditional Method

Decay inside mantle            Energy trapped

After FIPs (X) produced inside a proto-neutron star (PNS) 

Constraint from low-energy SN
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Decay outside mantle            Energy escaped

Traditional Method

Decay inside mantle            Energy trapped

After FIPs (X) produced inside a proto-neutron star (PNS) 

Constraint from low-energy SN
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Decay outside mantle            Energy escaped

Traditional Method

Decay inside mantle            Energy trapped

After FIPs (X) produced inside a proto-neutron star (PNS) 

Constraint from low-energy SN Constraint from cooling, fireball, galactic 
positron (511 keV), prompt gamma ray
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Exsisting Constraints w/o CSM

A. Caputo, J. Park, S. Yun
arXiv:2511.15785
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However, CSM exists!
CSM as A New Playground
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CSM as A New Playground

However, CSM exists!
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CSM as A New Playground

However, CSM exists!

A new playground for BSM!
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How CSM constrains on FIPs
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Photosphere Induced by FIP Decay

FIPs decay into electron/positron inside CSM
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Photosphere Induced by FIP Decay

DP momentum
DP decay length  
DP momentum distribution
electron/positron energy
electron/positron energy distribution

# of e± produced at r                      integrated energy spectra

FIPs decay into electron/positron inside CSM
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Photosphere Induced by FIP Decay

FIPs decay into electron/positron inside CSM
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Photosphere Induced by FIP Decay

electron/positron energy deposition inside CSM

FIPs decay into electron/positron inside CSM
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Photosphere Induced by FIP Decay

electron/positron energy deposition inside CSM

FIPs decay into electron/positron inside CSM

credit: ESTAR
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Photosphere Induced by FIP Decay

electron/positron energy deposition inside CSM

CSM temparature increases

energy deposition efficiency
                                   internal energy density of ideal gas
ionization energy density
radiation energy density 

FIPs decay into electron/positron inside CSM
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Photosphere Induced by FIP Decay
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Photosphere Induced by FIP Decay

electron/positron energy deposition inside CSM

CSM temparature increases

extra blackbody (BB) emission

FIPs decay into electron/positron inside CSM
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Photosphere Induced by FIP Decay

electron/positron energy deposition inside CSM

CSM temparature increases

constrained by observations!

FIPs decay into electron/positron inside CSM

extra blackbody (BB) emission
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SN 2023ixf as A Case Study
Inside the nearby galaxy Messier 101, with a distance ~ 6.85 Mpc

credit: S. Gomez/STScIE.A. Zimmerman et al. 
Nature 627 (2024) 759
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SN 2023ixf as A Case Study
Early-time observations of SN 2023ixf

credit: Transient name server

inverted triangle: non-detection data
others: detected data
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SN 2023ixf as A Case Study
Early-time observations of SN 2023ixf

credit: Transient name server

inverted triangle: non-detection data
others: detected data

our focus
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SN 2023ixf as A Case Study
Early-time observations of SN 2023ixf

optical band (400 nm -- 900 nm)

Y. Cheng, CFK, L.-S. Lin, M.-R. Wu, S. Yun
PRL 26
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SN 2023ixf as A Case Study
Early-time observations of SN 2023ixf

optical band (400 nm -- 900 nm)

Y. Cheng, CFK, L.-S. Lin, M.-R. Wu, S. Yun
PRL 26
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SN 2023ixf as A Case Study
Early-time observations of SN 2023ixf

our conservative criteria:

optical band (400 nm -- 900 nm)

Y. Cheng, CFK, L.-S. Lin, M.-R. Wu, S. Yun
PRL 26
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Constraint on DP (i)

Y. Cheng, CFK, L.-S. Lin, M.-R. Wu, S. Yun
PRL 26
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Dust Sublimation

dust grains (molecules) exist in outer layer of CSM

credit: L. Nittler
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Dust Sublimation

absorb optical photons and reprocess into infrared

dust grains (molecules) exist in outer layer of CSM
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Dust Sublimation

absorb optical photons and reprocess into infrared

dust grains (molecules) exist in outer layer of CSM

optical signals
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Dust Sublimation

absorb optical photons and reprocess into infrared

dust grains (molecules) exist in outer layer of CSM

an additional dust-destruction requirement  
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Dust Sublimation

E. Waxman, B. Draine 
arXiv:astro-ph/9909020

same scale as Van der Waals force

How to destruct dust? Still heating!
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Dust Sublimation

absorb optical photons and reprocess into infrared

dust grains (molecules) exist in outer layer of CSM

an additional dust-destruction requirement  
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Constraint on DP (ii)

Y. Cheng, CFK, L.-S. Lin, M.-R. Wu, S. Yun
PRL 26
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Besides extra BB radiation, what’s more?
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511 keV Photon Production

Y. Cheng, CFK, L.-S. 
Lin, M.-R. Wu, S. Yun
arXiv:2609.18247
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511 keV Photon Production

Y. Cheng, CFK, L.-S. 
Lin, M.-R. Wu, S. Yun
arXiv:2609.18247our focus
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511 keV Photon Production

Y. Cheng, CFK, L.-S. 
Lin, M.-R. Wu, S. Yun
arXiv:2609.18247
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511 keV Photon Production

Y. Cheng, CFK, L.-S. 
Lin, M.-R. Wu, S. Yun
arXiv:2609.18247
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Experimental Sensitivities

AMEGO Collaboration
arXiv:1907.07558

COSI Collaboration
arXiv:2308.12362

AMEGOCOSI

launch planned in 2027
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Projected Constraints from 511 keV Line

Y. Cheng, CFK, L.-S. 
Lin, M.-R. Wu, S. Yun
arXiv:2609.18247
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Summary

• Supernova neutrino time delay can be a powerful tool to test neutrino mass 
origins, which could be either vacuum neutrino mass or dark neutrino mass

• Circumstellar medium (CSM), which exists in the outsphere of SN, can be 
heated up by extra energy depoisition and emits light via blackbody radiation

• Early-time observation of SN 2023ixf luminosity provides a strong constraint 
on such extra energy depoisition

• 511 keV line search can also put a strong projected contraint
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Summary

• Supernova neutrino time delay can be a powerful tool to test neutrino mass 
origins, which could be either vacuum neutrino mass or dark neutrino mass

• Circumstellar medium (CSM), which exists in the outsphere of SN, can be 
heated up by extra energy depoisition and emits light via blackbody radiation

• Early-time observation of SN 2023ixf luminosity provides a strong constraint 
on such extra energy depoisition

• 511 keV line search can also put a strong projected contraint
Thank you for your attention!
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Back up
SN1987A

G. Pagliaroli, F. Rossi-Torres, & F. Vissani 
arXiv:1002.3349

The minimum is located at ~ 
3.5 eV, although not 
statistically significant
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Back up
parameter space

M. Sen and A. Y. Smirnov, arXiv:2306.15718, 2407.02462
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Back up
matter potential

M. Sen and A. Y. Smirnov, arXiv:2306.15718
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SN 
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Explosion energy = Ejecta kinetic energy
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