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Supernovae (SNe)
• Core-collapse SN is one of the last-stage of the heavy star.

• Collapsing star becomes

Hot and dense proto-neutron star.

• Light particles with                               and small coupling 

can be produced in SNe.  
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~ nuclear density

SNe provide a unique environment to test feebly interacting light particles!

Credit: Science Photo Library –

NASA/ESA/STSCI/J.HESTER & A.LOLL, ASU/Brand X Pictures/GettyImages



Supernovae (SNe)

• In the dense SN core, 

the Standard Model (SM) particles are trapped.

• The weakest interacting SM particles, i.e., neutrinos 

carry the huge energy outward and cool the core.

• SN neutrinos were indeed observed from SN 1987A!

• The data is roughly consistent with the SM.

SN 1987A
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SN core



SNe and light particles

• New particles,    , with weaker interactions than neutrinos

→an additional cooling channel

• Total           Total      :

→The data for SN1987A neutrinos would be inconsistent.

(SN energy loss argument)

• This argument uniquely constrain light particles such as axions.

• Recently, this arguments is improved.

SN core
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[G.G. Raffelt. (1994)]

E.g, γ-ray observations can probe light particles decaying to EM particles with                  . 



Light particles decaying to neutrinos

• Some light particles,    , 

can decay to neutrinos outside the SN core.

• Energy from the     decay is                                    

higher than the standard one                      . 

• Detection rate in the Water-Cherenkov detector 

is roughly               .   

Even if total                   total      , we may constrain     decaying to neutrinos!

[KA, S. Im and M. Masud. (2022)] [D. Fiorillo, G. Raffelt and E. Vitagliano. (2023)][KA, S. Im, M. Masud, S. Yun (2024)],…

Flux

(or                      etc. )
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core

Neutrino (decoupling) sphere 



High energy neutrinos from decays

• More energetic

• High sensitivity, 

• Less background

Future galactic SN neutrinos in Hyper-K

• Better sensitivity by larger detector

• Still less background

• Galactic SNe will be closer than SN 1987A.

Flux
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core

Neutrino (decoupling) sphere 

Exponential suppressed

An SN outside the MW galaxy

We will improve the energy loss argument

by high energy SN 1987A and future galactic neutrinos.

A few time per century may occur.
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Light particles decaying to neutrinos

• Light particles interacting neutrinos (lepton sector) are well motivated.

・Heavy neutral leptons (right-handed neutrinos)

・ gauge bosons

・ gauge bosons

・Majorons (Pseudo-Nambu-Goldstone boson related with Majorana mass)
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*Gauge bosons cannot decay to photons at tree level.

→Neutrino signal would be important for light gauge bosons.

→Neutrino mass, baryon/lepton asymmetry etc.

→Muon g-2 anomaly, Hubble tension

→Neutrino mass, Hubble tension

→Neutrino mass



Outline

• Introduction

• Core profile in supernovae

• Neutrino oscillations for neutrinos decayed by light particles 

• Event rates and statistical analysis

• Each results

9/20



Core profile in supernovae (at                      )

• Electrons are highly degenerate.

→The phase space of electrons is filled and some reactions are Pauli-blocked. 

• are mildly degenerate → Some reactions are NOT highly suppressed.

[P. Carenza, et al. (2023)]
[A. Caputo, et al. (2022)]

Degeneracy parameter:
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Core profile (up to                           )

• We use the publicly available data of SFHo-18.8 [A. Caputo, et al. (2022)].

because this is a conservative model in public models. 

• A publicly available data is limited. We further assume

1.

2. 

[A. Caputo, et al. (2022)]
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[T. Fischer, et al. (2021)]

[T. Fischer, et al. (2021)]



Effects of neutrino oscillations on the neutrino fluxes 

• and      are mainly detected via       in 100-MeV region → is important.          

• No big differences between the normal and inverted mass orderings of neutrinos.

• No big differences between                and                .  

Density, i.e., the decay point
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Oscillation

probability



Event rates

• Detector:

Kamiokande (0.78 kton) and IMB (6.8 kton) for SN 1987A

Hyper-Kamiokande (220 kton) for a future galactic SN

• Detector efficiency: the right figure

Kamiokande (0.78 kton) is important for the standard SN neutrinos.

IMB (6.8 kton) is important for high-energy SN neutrinos! 

• Energy range to be analyzed:

Kamiokande: 7.5 MeV-50 MeV

IMB: 19 MeV-

Hyper-K: 10 MeV-1 GeV

[D. F. G. Fiorillo, et al. (2023)]
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Event rates

• Main detection processes:

• Data-taking time (after the first neutrino event)

Oxygen Nucleus

[D. F. G. Fiorillo, et al. (2023)]
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for SN 1987A

for a future galactic SN

We expect atmospheric neutrino background is negligible

until this time in HK.



Statistical analysis

• Standard SN neutrino flux: A fitting formula

• Likelihood function: Poisson likelihood

• Maximum likelihood analysis:

[D. F. G. Fiorillo, et al. (2023)]

Total energy Average energy Shape parameter

Fiducial values 

for averaged all 

We marginalize 

to minimize     . 
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Heavy neutral leptons (sterile neutrinos)

• We consider a single Majorana mass eigenstate     mixing only with       or       or       .           

• Dominant production process

• Decay process:

+ their charge-conjugate processes

etc.

the charged current processes only for mixing with      and 

+ their charge-conjugate processes

Their cross sections are enhanced by                         , compared with, e.g.,                       . 

Their productions are only mildly Pauli-blocked. 

16/20



Heavy neutral leptons mixing with

• Other SN limits come from no γ-ray observations from HNL decays etc.

• Galactic SN observations will improve by                                                                       . 

The lifetime of HNLs

is too longer to

observe their decays.

The Boltzmann 

suppression

Trapping

in the core

(assuming                         )
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gauge bosons 

• Dominant production process

neutrino-pair coalescence:

semi-Compton scattering:

• Decay process

New gauge bosons

This process is dominant for                 .

→We use the same formula with the Compton scattering. 
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gauge bosons 

• We have improved the previous SN 1987A limits by a factor of 3-10.

• Future galactic SN observations in HK will further improve by a factor of 26.  

• Our limit is overlapped with the region to relax the Hubble tension. 

is dominant.

is dominant.
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Summary

• Hot and dense environment in SNe can produce feebly interacting light 

hypothetical particles.

• Their subsequent decays to neutrinos outside the SN core produce the 

secondary flux, modifying the high-energy tail of total SN neutrino flux.  

• We obtain new strong limits and future sensitivities on heavy neutral 

lepton (sterile neutrino),               and             gauge bosons, and 

majoron from the absence of high energy SN 1987A and galactic neutrinos.

Thank you!

20/20



Backup



Production of new particles and secondary     fluxes

• We solve the Boltzmann equation for new particles,     , to estimate their productions: 

• The emitted spectrum for     from a SN: 

Collision term to describe scatterings and annihilations

Momentum

angles

New particles should survive 

outside the neutrino sphere. 

Trapping by absorptions/rescatterings
(averaged by angles from the radial direction)

Neutrino (decoupling) sphere

Decay rate

Absorption rate



Production of new particles and secondary     fluxes

• The secondary neutrino flux:

• Time delay: 

The emitted angle in the rest frame of 

The emitted angle in the lab frame 

The remaining     flux Distribution of        and     from a decay  
Neutrino energy 

in the rest frame of  

Time

in the lab frame

Velocity
Lorentz boost factor

・Time delay is suppressed by the Lorentz boosted factor.

・We consider a data-taking time as                                                   . [L. Mastrototaro, et al. (2019)]



gauge bosons 

• Production process

• Decay process

4

As we have discussed in this sect ion, the interact ions
involving the ∆ field can be described by terms that re-
spect certain symmetries [42–45]. The coupling γ0-N -∆
is part icularly relevant for contribut ions to ⇡ − p ! γ0n
through an intermediate ∆ resonance. This coupling
is derived from the e↵ect ive chiral Lagrangian involv-
ing photons (for isovector components), which arises
from plasma mixing or the aforement ioned kinet ic mix-
ing. In the framework of chiral expansion, the leading-
order γ0-N -∆ coupling emerges at O(! 2/ m2

N ) in the form
of the magnet ic dipole moment due to the underlying
spin-3/ 2 gauge symmetry [42–45]. In comparison, we
note that the a-N -∆ couplings in axion models occur
at O(! / mN ) as the neut ral pion field is replaced with
the axion [46, 47]. Therefore, we do not expect a simi-
lar enhancement through the ∆ baryon mediator in the
case of dark gauge bosons, unlike what occurs in axion
models. This just ifies our simplificat ion.

I I I . D A R K G A U G E B OSON PR OD U CT I ON

FROM SU PER N OVA PI ON A B U N D A N CE

Let us now compute the rate of dark gauge boson pro-
duct ion via pion-proton react ions, ⇡ − p ! γ0n. The
e↵ect ive couplings between the dark gauge boson and
hadrons, as given in Eq. (12) leads to the four diagrams
that are illust rated in Fig. 1; the solid, dashed, and wavy
lines represent the nucleon, pion, and dark gauge boson,
respect ively. The external dark gauge boson can be at -

Figure 1. The diagrams for the dark gauge boson (wavy) pro-
duction via negatively charged pion (dashed) scatter ings with

nucleons (solid).

tached to the nucleon line through the nucleon current
couplings, which are depicted in the two upper diagrams.
In addit ion, there is a four-point vertex originat ing from
the contact ⇡ -N -γ0 interact ion, represented by the lower
left diagram. Finally, the diagram mediated by the ⇡ -⇡ -
γ0 couplings is shown in the lower right diagram.

Let us denote the four-momentum of the init ial proton
and the final neut ron as pp and pn , respect ively, while
the four-momentum of the incident negat ively charged
pion is represented by p⇡ . The matrix elements with
the e↵ect ive couplings parametrized by q̃p and q̃n read as

follows

M N =

p
2

f ⇡
g0✏µ ū(pn ) −

q̃0
n

2pn · pγ 0

⇣
2pµ

n /p⇡ + γµ
/pγ 0/p⇡

⌘

+
q̃0

p

2pp · pγ 0

⇣
2pµ

p /p⇡ − γµ
/p⇡ /pγ 0

⌘
γ5u(pp) , (26)

M con =

p
2

f ⇡
g0 q̃0

n − q̃0
p ✏µ ū(pn )γµγ5u(pp) , (27)

M ⇡ =

p
2

f ⇡
g0 q̃0

n − q̃0
p ū(pn )γ5u(pp)

⇥[pµ
⇡✏µ ]

2mN

p⇡ · pγ 0 + (m2
⇡ − p2

⇡ ) / 2
(28)

for the two upper diagrams, the lower left diagram, and
the lower right diagram, respect ively. Here, u(pN ) de-
notes the spinor of a nucleon N , mN represents the nu-
cleon mass, m⇡ is the pion mass, and ✏µ stands for the
polarizat ion vector of the dark gauge boson. In these
expressions, as a reasonable approximat ion, we neglect
the mass of the dark gauge boson, mγ 0. At the vac-
uum where p2

⇡ = m2
⇡ , one can st raight forwardly verify

the fulfillment of the Ward-Takahashi ident ity [48, 49]
(i.e., the current conservat ion law) by observing that the
total amplitude M t ot = M N + M con + M ⇡ vanishes
when replacing ✏µ ! [pγ 0]µ . This ensures that the four
diagrams depicted in Fig. 1 const itute the complete set
at the leading order.

The product ion rate of dark gauge bosons per unit
volume can be described by

Qγ 0 =

Z
d~pp

2Ep(2⇡ )3

d~p⇡

2E⇡ (2⇡ )3

d~pn

2En (2⇡ )3

d~k

2! (2⇡ )3

⇥ ! |M t ot |
2

f pf ⇡ (1− f n )

⇥ (2⇡ )
4
δ(4) (pp + p⇡ − pn − p0) , (29)

where f N = (exp [(EN − µN ) / T ] + 1)
− 1

represents the
Fermi-Dirac dist ribut ion funct ion for a nucleon N with
µN being its chemical potent ial. Here E i and ~pi de-
note the energy and spat ial momentum of each part icle
i = (p, n, ⇡ ). For the pion occupat ion number, we ap-
proximate f ⇡ as e− (E ⇡ − µ ⇡ ) / T , adopt ing the Boltzmann
dist ribut ion instead of the Bose-Einstein dist ribut ion.
This choice ensures consistency with the virial expansion,
providing an appropriate approach to describing thermal
pions in the presence of the nuclear medium [20].

Before deriving the total scat tering amplitude squared
as the crucial ingredient in Eq.(29), we highlight some
kinemat ic features of the Panofsky process ⇡ − p ! γ0n
[25] that simplify the analyt ical evaluat ion related with
the energy-momentum conservat ion as done in the axion
case [21–23]. The integral over d~pn can be explicit ly elim-
inated by ut ilizing the spat ial momentum conservat ion,

δ(3) (~pp + ~p⇡ − ~pn − ~k). Then, the energy conservat ion
condit ion δ(Ep + E⇡ − En − ! ) reveals a subt le depen-

dence on the angular relat ion between ~k and both ~pp and
~p⇡ . Nevertheless, due to the sufficient ly low temperature

[C. S. Shin, et al. (2022)]

*Other processes might be important 

but we neglect them for simplicity and conservatively.  



gauge bosons 

• cannot decay into       below 1 MeV. 

• We have improved the previous SN 1987A limits by a factor of 14.



Majoron

• Production process

• Decay process



Majoron

• is most populated in the core due to                                .

Matter potentials modify

the dispersion relation for     .

→The production rate for    

becomes independent of        .

The production rate for

due to                                 . 
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