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1 Introduction

Neutrinos are still mysterious particles. The observations of neutrino oscillations have es-
tablished the fact that at least two neutrino masses are non-zero but much smaller than the
electron mass. The lack of an explanation for such small neutrino masses in the SM suggests
the existence of non-standard neutrino interactions with a new particle. The most promis-
ing classes of models to explain the origin of the small neutrino masses would be those that
involve the seesaw mechanism [1–5]. In the seesaw mechanism, heavy right-handed neutri-
nos with a Majorana mass term naturally suppress the masses of left-handed neutrinos. A
large Majorana mass term in the seesaw mechanism requires that the active neutrinos are
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Majorana particles, and the lepton number symmetry is broken. Assuming that the lepton
number symmetry is actually a global symmetry of more fundamental theory as in the SM
and becomes spontaneously broken at low energies, there is an associated pseudo-Nambu-
Goldstone boson, called the Majoron [6–8]. The Majoron has to couple to neutrinos.

A large non-standard neutrino interaction with a light particle can potentially explain
short baseline neutrino anomalies [9–15], muon g− 2 anomaly [16–20] and tensions in cos-
mology [21–29]. Relatively smaller neutrino interactions with a new light gauge boson
could also help to resolve the Hubble tension [30]. Moreover, non-standard neutrino inter-
actions with a new light boson would have considerable effects on cosmology and particle
experiments. Such scenarios are constrained by the observations of the Cosmic Microwave
Background (CMB) [31–38], Big Bang Nucleosynthesis (BBN) [33, 39–41], high-energy
astrophysical neutrinos [42–47] and other experiments of particle decays [48–50].

Core-collapse supernovae (SNe) also provide means to test non-standard neutrino in-
teractions with a light boson. SN is a powerful source of neutrinos, where in each explosion
O(1058) neutrinos and anti-neutrinos of all flavors are emitted on a time scale of t ∼ 10 s
with average energies E ∼ 15 MeV (see e.g., refs. [51, 52] for recent reviews). Production
of light bosons via feeble non-standard neutrino interactions can induce a channel for the
energy loss of the SN core [53]. Such interactions are constrained by the observation of
SN 1987A neutrino burst [50, 54]. In addition, considerations of neutrino self-interactions
mediated by a new light boson in the SN core [55–59] as well as the scattering between
SN neutrinos and the Cosmic Neutrino Background (CνB) [56, 60, 61] impose constraints
on large non-standard neutrino interactions by the SN 1987A data [56, 60] and the Super-
Kamiokande data [61]. Such large neutrino interactions with a light boson can also alter
the dynamics of the core-collapse and can be constrained [62, 63].1 The supernova con-
straints on a massless or very light boson coupled to neutrinos have also extensively been
studied over the past few decades [60, 66–78].

In this work we discuss the future sensitivity on probing flavor-universal neutrino
interactions with a new light boson from the observation of SNe neutrinos. Light bosons
produced via such interactions in the SN core would decay into neutrinos in the stellar
envelope. With a sufficiently long lifetime of the light boson, the light boson decays into
neutrinos in a region beyond the high stellar density region, and the produced neutrinos
are not thermalized. It can give rise to a significant modification of the spectrum of the SN
neutrino flux. We show that even when such interactions are too small to yield a significant
energy loss in the core, observable modifications of neutrino flux can be made by the decay
process. Alternative scenarios for modifications of the neutrino flux and γ-rays from SNe
due to decays of exotic particles, e.g., axion-like particles [79, 80], dark photons [81, 82]
and heavy sterile neutrinos [82, 83] have been studied.

1For e.g., [64] argues that neutrinos with self interactions are prevented from escaping the protoneutron
star (PNS) resulting in the modification of neutrino signal duration by the neutrino diffusion time inside the
PNS. On the other hand, the authors of [65] claim that no limit on the interaction can be obtained on the ba-
sis of the expansion of a tightly-coupled neutrino fluid irrespective of the strength of neutrino self-interaction.
Recently, [63] shows that for a sufficient strength of interaction, the neutrino signal duration can be signifi-
cantly modified for a burst-outflow of neutrino from a tightly interacting neutrino fluid. In our analysis, the
coupling strength small enough so that we safely ignore the modifications of the core-collapse dynamics.
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We focus on two SN neutrino sources: (i) a next future galactic SN, (ii) all the past
core-collapse supernovae in the universe. If a next galactic SN event occurs, a large number
of neutrinos will be observed at the large neutrino detectors such as Super-Kamiokande
(SK) and Hyper-Kamiokande (HK) [84]. However, the SN events are rare, happening a few
times per century [85]. On the other hand, diffuse neutrino flux coming from all the past
SNe, dubbed the diffuse supernova neutrino background (DSNB) (see e.g., refs. [51, 86, 87]
for recent reviews), is a stationary and predictable flux. Although the DSNB have not
yet been detected (see ref. [88] for the latest upper bound of the DSNB flux in SK), large
underground detectors such as HK, JUNO [89] and DUNE [90] will be capable of probing
the DSNB with high statistics.

This article is organized as follows. In section 2, we introduce non-standard neutrino
interactions with a new boson. In section 3, we discuss the energy spectrum of a light
boson emitted in the SN core. In section 4, we discuss the flux of neutrinos produced
by the boson decays. In sections 5 and 6, we estimate the discovery potentials for next
galactic supernova neutrinos and diffuse supernova neutrinos produced by the scalar boson
decays, respectively. In section 7, we give our conclusions. In appendix A, we estimate
the discovery potentials for supernova neutrinos from vector boson decays. The review of
constraints on non-standard neutrino interactions with a massive scalar boson form the
energy loss of SN 1987A is discussed in appendix B.

2 Non-standard neutrino interactions with a light boson

We will consider neutrino interactions with a new scalar boson, which may be described by

L = 1
2gαβ ν̄ανβφ, (2.1)

where ν is a 4-component field, and α, β = e, µ, τ . For Majorana neutrinos, ν is composed
of left-handed active neutrinos and right-handed active neutrinos (i.e., right-handed active
anti-neutrinos). For Dirac neutrinos, ν is composed of left-handed active neutrinos and
right-handed sterile neutrinos. For simplicity, here we consider only the scalar interaction.
Neutrino interactions with a pseudo-scalar boson give the same results when neutrinos are
ultra-relativistic as the neutrinos emitted from SNe. Therefore the following analysis is
applicable to the case of pseudo-scalar bosons. Interactions with vector bosons also give
similar results up to O(1) factor difference for the squared matrix amplitudes when neutri-
nos are ultra-relativistic, but the production processes of the vector bosons in the SN core
are different from the case of the scalar bosons. We will discuss the case of vetcor bosons
in appendix A.

For simplicity, we will also assume that neutrinos are Majorana particles and the
coupling matrix gαβ is universal and diagonal, i.e.

gee = gµµ = gττ = g. (2.2)

The dominant production processes for φ in the SN core are νανα → φ and ν̄αν̄α → φ.
Subsequently the decay processes φ → νανα and φ → ν̄αν̄α occur for a scalar boson
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heavier than two neutrinos. Here να and ν̄α denote left-handed neutrinos and right-handed
(anti-)neutrinos, respectively, not the 4-component field. In particular, νeνe → φ is the
most dominant production process, because in the SN core νe are dominantly produced
by electron capture processes compared with the other neutrinos and anti-neutrinos. The
squared matrix amplitude for φ→ νανα and the decay rate in the rest frame of φ are

|M|2φ→νανα = g2m2
φ, (2.3)

Γφ→νανα = g2

32πmφ. (2.4)

The same expressions hold for the processes φ → ν̄αν̄α. On the other hand, for the case
of interactions with a vector boson Z ′, the dominant production processes for Z ′ in the
SN core are ναν̄α → Z ′. In particular, the production rates for νeν̄e → Z ′ in the core
are typically much smaller than that for νeνe → φ since νe are dominantly produced by
electron capture process in the SN core.

We comment on the case of Dirac neutrinos. For Dirac neutrinos, we can consider two
types of the interaction Lagrangians with a scalar boson [63],

L1 = gαβνcανβφ+ h.c., (2.5)
L2 = gαβ ν̄ανβφ, (2.6)

where νc is the charge conjugate of the neutrino. The light boson has the lepton number
Lφ = −2 and Lφ = 0 for the first and second case, respectively. For the first type of
Lagrangian, the dominant production process of φ is νν → φ∗ and ν̄ν̄ → φ. Thus, for the
first Lagrangian of the Dirac neutrinos, the following results for the Majorana neutrinos can
be applied up to O(1) factors. On the other hand, for the second Lagrangian of the Dirac
neutrinos, the production process of φ is ν̄ν → φ. Since right-handed neutrinos and left-
handed antineutrinos are not produced via the Standard Model (SM) interactions in the SN
core, the productions of light bosons would also be suppressed unless right-handed neutrinos
and left-handed anti-neutrinos are populated due to helicity flipping of large secret neutrino
self-interactions mediated by light bosons [46, 63]. We leave the detailed estimation of the
second Lagrangian of Dirac neutrinos as future work. In the following we consider the case
of Majorana neutrinos described in eqs. (2.1) and (2.2) as mentioned above.

3 Light boson emission from supernovae

In this section we describe the emission of a light scalar boson φ by the Boltzmann equations
for the system of ν and φ in the SN core. We then compute the energy spectrum of the
scalar boson φ emitted from the SN core.

As a reference model for a supernova, we consider an isotropic and homogeneous
supernova with the temperature inside the core of T ∼ 30 MeV and the core radius of rc ∼
10 km on a time scale of ∆t ∼ 10 s. In the SN core, the electron neutrinos νe are much more
than the anti-electron neutrinos ν̄e due to electron capture processes. Thus the chemical
potential µνe for νe is a large positive value, whereas the chemical potential µν̄e for ν̄e is
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the opposite negative value. We assume µνe ∼ 200 MeV and µν̄e ∼ −200 MeV during ∆t ,
which are the corresponding Fermi energy for νe in the core [91]. On the other hand, since
νµ, ντ and their anti-particles have the same interactions in a first-order approximation,
their chemical potentials are approximately zero. We leave precise numerical simulations
of supernovae to estimate the precise values of these parameters as future work. For a
more accurate treatment of the SN core in physics beyond the SM, see e.g., refs. [83, 92].
Non-standard neutrino interactions with a light boson can alter the dynamics of the core-
collapse if the magnitude of such interactions are enough strong [63]. For smaller magnitude
of such interactions of our interest, the dynamics of the core-collapse cannot be altered.

For the production processes να(p1)να(p2) → φ(pφ) and ν̄α(p1)ν̄α(p2) → φ(pφ), the
emission rate of the number of φ per unit volume of the SN core and per unit time is given by

dnφ
dt

=
∑
ν

∫
dΠφdΠ1dΠ2S|M|2νν→φ(2π)4δ4(p1 + p2 − pφ)fν(p1)fν(p2), (3.1)

where ν = να and ν̄α (α = e, µ, τ ), dΠ = d3p/[(2π)32E] is the phase space, and S = 1/2
is the symmetry factor for identical particles in the initial state. Since neutrinos are in
the thermal equilibrium in the SN core, the distributions for neutrinos are given by the
Fermi-Dirac distribution with the chemical potential µν ,

fν(p) = 1
e(p−µν)/T + 1

. (3.2)

where µνe ∼ 200 MeV, µν̄e ∼ −200 MeV and the other chemical potentials are zero [91].
If the produced light bosons decay into neutrinos inside the neutrino-sphere where

neutrinos are trapped through their interactions with nucleons of the medium, the observed
neutrinos from a supernova would be the same regardless of the existence of the light bosons.
To take into account this effect, we plug the decay factor e−Γφrν/γ into eq. (3.1), where we
assume rν ∼ 50 km.2 Γφ is the total decay rate of φ in the rest frame of φ, and γ = Eφ/mφ

is the boost factor. After straightforward calculations, we obtain

dnφ
dt

=
∑
ν

g2m2
φ

64π3

∫ ∞
0

pφdpφ
Eφ

e−Γφrν/γ
∫ pmax

1

pmin
1

dp1 fν(p1)fν(Eφ − p1), (3.3)

where pmin
1 = m2

φ/[2(Eφ + pφ)] and pmax
1 = m2

φ/[2(Eφ − pφ)]. Integrating over the SN core
in 10 second interval one obtains the total spectrum for the light boson from a supernova,

dNφ

dEφ
= V∆t

∑
ν

g2m2
φ

64π3 e
−Γφrν/γ

∫ pmax
1

pmin
1

dp1 fν(p1)fν(Eφ − p1), (3.4)

where V = 4π
3 r

3
c and ∆t = 10 s.

2The radius of neutrino-sphere depends on neutrino energy. Since neutrinos produced by the light
boson decay are more energetic in the stellar envelope, their radius of neutrino-sphere would be larger than
the typical radius for the standard SN neutrinos. We leave detailed estimation of this radius as future
work. However, the radius would not change dramatically, because the density of the medium in the stellar
envelope decreases rapidly with ρ ∝ r−3 [93].
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Here we comment on the matter effect on neutrinos in the SN core. The weak in-
teractions of neutrinos with a thermal background produce the effective neutrino masses,
corresponding to the effective potentials of neutrinos. In the SN core, the typical values of
effective potentials for

(−)
ν e and

(−)
ν µ,τ are of the order of |Ve| ∼ 1 eV and |Vµ,τ | ∼ 10 eV,

respectively. They modify the decay rate as Γφ/γ ∼ g2(m2
φ/Eφ − 2Vα) [50]. Thus for

mφ & 10 keV, the effective potentials are negligible. For mφ . 10 keV, the effective poten-
tials can be important. Yet the CMB and BBN observations impose severe constraints for
mφ . 10 keV [31, 33, 40]. Therefore we can neglect the effective potentials of neutrinos.

We also make a comment on the trapping of φ in the core by the scattering processes
(−)
ν φ →

(−)
ν φ [50, 54]. If the interactions of φ with neutrinos are large enough, the light

bosons are trapped in the SN core, modifying the emitted spectrum of φ. The precise
quantitative estimation is quite challenging. However, such large interactions with mφ .
100 keV are mostly excluded by the CMB [31, 33] and BBN [33, 40]. On the other hand,
for mφ & 100 keV, such large interactions will make the rapid decays of φ, not producing
the spectrum of φ outside the neutrino-sphere. Therefore we do not consider this effect.

Finally the gravitational potential of the supernova could trap the light bosons inside
the core, preventing their emissions. To determine the mass of φ where the light bosons
are trapped inside the core, we follow the simple argument introduced in ref. [94]. The
gravitational trapping effect occurs when the kinetic energy of the light boson satisfies

Ekin ≤ Ktr = GNMcmφ

rc
, (3.5)

where GN is the Newton constant, Mc ∼M� is the enclosed mass of the supernova inside
the core radius rc. One can take into account this effect by modifying the energy spectrum
for the scalar boson [83],

dNφ

dEφ
→ dNφ

dEφ
χ(Eφ −Ktr −mφ), (3.6)

where χ is the Heaviside step function.
In figure 1, we show the spectrum for the scalar boson in the case of g = 10−12 and

mφ = 100 MeV. The peak of the spectrum appear around Eφ ∼ 200 MeV because the
electron neutrinos in the core have a typical energy of 200 MeV due to µνe ∼ 200 MeV,
inducing the dominant production process of νeνe → φ. The cutoff at Eφ ' 120 MeV is due
to the gravitational trapping. For a larger mass of φ, the cutoff scale from the gravitational
trapping is larger, and it has a substantial effect on the energy spectrum for mφ & 300 MeV.

4 Neutrino fluxes from boson decays

The light bosons decaying outside the neutrino-sphere may produce an observable effect
on the neutrino fluxes from supernovae. In this section we estimate the modification of the
neutrino fluxes from a next future galactic supernova and from all the past supernovae in
the universe.
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Figure 1. The energy spectrum of the scalar boson emitted from a supernova with g = 10−12 and
mφ = 100 MeV.

4.1 Flux from a next galactic supernova

First we discuss a flux of neutrinos from a next future galactic supernova, following refs. [83,
95]. Suppose that the light boson decays at a time tD and at a distance RD = βtD from the
SN with its velocity β = vφ/c. Neutrinos will be emitted at an angle Θ relative to the light
boson momentum, where we define cos Θ ≡ pφ ·pν/ (|pφ||pν |). After the light boson decays,
the produced neutrinos will travel a distance `ν until they arrive at the Earth. The distance
between the center of the SN and the Earth is dSN. Then `ν can be written, using the law
of cosine and assuming RD � dSN, which is valid for parameter region of our interest

d2
SN = `2ν +R2

D + 2`νRD cos Θ,
`ν ' dSN −RD cos Θ. (4.1)

The arrival time for the emitted neutrinos is tarr = tD + `ν/c while the minimum arrival
time is tmin = dSN/c. Then the delayed time t for arrival is given by

t = tarr − tmin,

= tD + `ν − dSN,

= tD(1− β cos Θ), (4.2)

where we set c = 1 and use eq. (4.1) and RD = βtD. We transform the angle Θ to another
one θ, which is the angle of neutrino emission in the rest frame of φ relative to pφ in the
lab frame:

cos Θ = β + cos θ
1 + β cos θ . (4.3)

We thus obtain
t = tD

γ2(1 + β cos θ) , (4.4)
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where γ = 1/
√

1− β2 = Eφ/mφ. Then the number of να arriving at a spherical shell with
a radius of dSN per tD and ων , where ων is the energy of the emitted neutrinos in the rest
frame of φ, is given by [95]

dNνα

dtDdων
= BαN̄ν

∫
d cos θ

∫
dEφ

1
τγ

dNφ(tD, Eφ)
dEφ

fνα(ων , cos θ),

= BαN̄ν

∫
d cos θ

∫
dEφ

1
τγ

exp
(
− tD
τγ

)
dNφ(0, Eφ)

dEφ
fνα(ων , cos θ), (4.5)

where τ is the lifetime of φ in the rest frame, Bα is the branching ratio of the considered
decay process and N̄ν is the number of the emitted neutrinos by the decay of a particle
φ. For φ → νανα, N̄ν = 2. BαN̄ν/(τγ) exp(−tD/(τγ)) is the production rate for neutri-
nos per time, i.e. dNφ/dtD. The spectrum dNφ(0, Eφ)/dEφ is given in eq. (3.4). Finally
fνα(ων , cos θ) is a distribution function for ων and θ, which is normalized to be 1.

Let us change variables to the delayed time and the neutrino energy in the lab frame
by the usual transformation Eν = γ(1 + β cos θ)ων . We obtain a differential flux as

dNνα

dtdEν
(4.6)

= BαN̄ν

τ

∫
d cos θ

∫
dEφ exp

[
−γ(1 + β cos θ)t

τ

]
dNφ(0, Eφ)

dEφ
fνα

(
Eν

γ(1 + β cos θ) , cos θ
)
.

Integrating over the delayed time, the expression for the neutrino energy spectrum is ob-
tained as

dNνα

dEν
= BαN̄ν

∫
d cos θ

∫
dEφ

1
γ(1 + β cos θ)

dNφ(0, Eφ)
dEφ

fνα

(
Eν

γ(1 + β cos θ) , cos θ
)
.

(4.7)
For φ→ νανα, the emitted neutrinos in the rest frame of φ are isotropic and have energy of
ων = mφ/2. Then the distribution function for ων and cos θ is given by the delta function:

fνα(ων , cos θ) = 1
2δ
(
ων −

mφ

2

)
. (4.8)

Plugging eq. (4.8), Ba = 1/6, and N̄ν = 2 into eq. (4.7), we obtain dNνα/dEν ,

dNνα

dEν
= 1

3

∫
dEφ

1
pφ

dNφ(0, Eφ)
dEφ

. (4.9)

The integral range of Eφ is the region satisfying m2
φ/[2(Eφ+mφ)] ≤ Eν ≤ m2

φ/[2(Eφ−mφ),
which represents the kinematically allowed relationship between Eφ and Eν .

In figure 2, we show the energy distribution of neutrinos produced by the decays of the
scalar bosons emitted from the SN core with g = 10−12 andmφ = 100 MeV (blue solid line),
which is given by eq. (4.9). We also show the distribution of neutrinos directly produced
from SN explosion (black dashed line), whose details are discussed in section 5.1 and given
by eq. (5.5). Neutrinos produced by the decays of φ is dominant at Eν & 80 MeV. Even for
the small coupling of g = 10−12, the energy distribution of SN neutrinos is modified due to
the large number density of neutrinos (mainly of electron neutrinos with µνe ∼ 200 MeV).
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Figure 2. The energy distribution of neutrinos produced by the decays of the scalar bosons,
φ→ νανα, emitted from a supernova with g = 10−12 and mφ = 100 MeV (blue solid line, eq. (4.9))
and anti-electron neutrinos from a supernova (black dashed line, eq. (5.5)).

Finally we make a comment on neutrino flavor conversions in SNe. Since we assume
the flavor-universal coupling to a light boson (gee = gµµ = gττ ), flavor conversions of
neutrinos after the light boson decay is already averaged out and ineffective. In general,
however, flavor-dependent couplings can modify the resultant neutrino fluxes at the Earth
by neutrino oscillations in SNe. In density region close to the neutrino sphere, the high
neutrino density might affect the resultant neutrino flux by means of a refractive effect via
neutrino self-interactions. But this effect is still under investigation (e.g., see refs. [51, 96–
98] for recent reviews). In the SN envelope at lager radii, the flavor conversions of neutrinos
after the light boson decay might be enhanced by neutrino interactions with the electron
background called the Mikheev-Smirnov-Wolfstein (MSW) effect [99–101]. Both effects
would depend on the lifetime of the light boson and the emitted neutrino energy. We leave
this analysis for flavor-dependent non-standard neutrino interactions as future study.

4.2 Flux from all the past supernovae

Next we discuss a diffuse flux of neutrinos from the decay of φ produced in all the past
SNe in the universe. In analogy to the DSNB [51, 86, 87], we model the diffuse neutrino
flux from the decay of φ integrated over redshift and weighted by the SN rate,

dΦνα

dEν
= c

∫ zmax

0
RSN(z)dNνα

dE′ν

(
E′ν
)

(1 + z)
∣∣∣∣ dtdz

∣∣∣∣ dz, (4.10)

where z is the redshift, E′ν = Eν(1 + z), |dt/dz| ' H0(1 + z)[Ωm(1 + z)3 + ΩΛ]1/2 with the
cosmological parameters H0 ' 70 km s−1 Mpc−1, Ωm ' 0.3 and ΩΛ ' 0.7 [102]. We take
zmax = 5 to be large enough to incorporate almost all SNe events.
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The SN rate is proportional to the star-formulation rate ρ̇∗(z),

RSN(z) = ρ̇∗(z)
∫ 125M�

8M� dMψ(M)∫ 125M�
0.5M� dMMψ(M)

, (4.11)

where ψ(M) = dn/dM is the initial mass function (IMF). We assume the IMF satisfies a
Salpeter law, ψ(M) ∝M−2.35. We use the following fitting formula for the star formulation
rate [103–105],

ρ̇∗(z) ∝
[
(1 + z)p1k +

(1 + z

5000

)p2k

+
(1 + z

9

)p3k
]1/k

, (4.12)

where k = −10, p1 = 3.4, p2 = −0.3 and p3 = −3.5. The SN rate is normalized as
RSN(0) = (1.25±0.5)×10−4 Mpc−3 yr−1 [106]. Since the uncertainty of the IMF is almost
canceled by the ratio in eq. (4.11), the remaining dominant uncertainty is that of the star
formulation rate, where we include this uncertainty in RSN(0).

The quantity dNνα/dE
′
ν is the mean neutrino spectrum induced by the scalar boson

decays per one SN. We assume dNνα/dE
′
ν is given by eqs. (3.4) and (4.9). In other words,

we assume again all the SN core temperature and radius are T ∼ 30 MeV and rc ∼ 10 km
during a time scale of t ∼ 10 s, respectively. The chemical potentials for neutrinos are also
assumed to be µνe ∼ 200 MeV, µν̄e ∼ −200 MeV and µνx = 0 (νx = νµ, ν̄µ, ντ , ν̄τ ) [91].
However, strictly speaking, the neutrino spectrum for a SN also depends on the progenitor
mass. In this study we take the simplified model for SNe and leave it as future work a
more precise estimation of neutrino spectrum taking into account such details of SNe.

In figure 3, we show the diffuse neutrino flux produced by the decays of the scalar
bosons, φ → νανα, from all the past SNe with g = 1.5 × 10−11 and mφ = 100 MeV (blue
solid line), given by eq. (4.10) and the DSNB flux directly produced in the SN explosion
(black dashed line). The details of the DSNB flux of ν̄e directly from the SN core (black
dashed line) is discussed in section 6.1.1 and given by eq. (6.1). The diffuse neutrinos flux
produced by the decays of φ is dominant at Eν & 40 MeV. Due to the large number density
of neutrinos, the DSNB flux is modified for the small coupling of g ' 10−11.

5 Discovery potential for next galactic supernova neutrinos emitted from
scalar boson decays

In this section we study the potential of large neutrino detectors to discover the neutrino
burst produced by the decay of the light scalar bosons emitted from a future galactic su-
pernova core. We will discuss the discovery potential for next galactic supernova neutrinos
from vector boson decays in appendix A. Here we will assume that a typical distance of
a future galactic supernova from the Earth is dSN = 10 kpc [107]. For neutrino detectors,
we will consider Super-Kamiokande (SK) and Hyper-Kamiokande (HK). The SK detector
is a water Cherenkov detector with fiducial volume of 22.5 kton in Hida, Japan. The HK
experiment is the future experiment of the successor of SK with a larger fiducial volume of
374 kton as the planned final configuration. In the following we consider fiducial volume
of 22.5 kton for SK and 374 kton for HK, respectively.
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Figure 3. The diffuse neutrino flux produced by the decays of the scalar bosons, φ → νανα,
emitted from all the past SNe with g = 1.5× 10−11 and mφ = 100 MeV (blue solid line, eq. (4.10))
and the DSNB flux of ν̄e directly produced in the SN explosion (black dashed line, eq. (6.1)).

Although the IceCube detector has the largest volume among neutrino detectors over
the world, it is a coarse-grained detector and would obtain only the average energy of the
Cherenkov light in the ice, being unable to reconstruct the signal energy [108]. It would
also include relatively large background compared with SK and HK [108]. Other future
neutrino experiments, JUNO and DUNE, have smaller fiducial detector volumes than HK.
Yet they might have similar discovery potential due to different energy resolutions and
cross sections with neutrinos (see also section 6.1). However, in this section, we will not
consider IceCube, JUNO and DUNE.

In the following analysis we will consider only the time-integrated neutrino fluxes and
event rates for a conservative estimate of the discovery potential.

5.1 Event rates at Super-Kamiokande and Hyper-Kamiokande

SN neutrinos are mainly captured in SK and HK by the inverse beta decay (IBD) process
up to Eν . 80 MeV and the quasi-elastic process of neutrinos by the charged current
interactions with Oxygen up to Eν . 1 GeV [109]. In the following, we only consider the
processes involving νe and ν̄e for simplicity and a conservative estimate,

ν̄e + p→ e+ + n,

(−)
ν e + 16O→ e± + X, (5.1)

where X is a nucleon. The neutrino flux at the Earth from a next galactic SN is obtained
from eq. (4.9) multiplied by the geometrical dilution factor 1/(4πd2

SN). The number of the
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expected events is approximately given by

dN

dEe
(Ee) = Np

1
4πd2

SN

dNν̄e

dEν
(Eν)σIBD(Ee, Eν) (5.2)

+NO

[
1

4πd2
SN

dNν̄e

dEν
(Eν)σν̄e-O(Ee, Eν) + 1

4πd2
SN

dNνe

dEν
(Eν)σνe-O(Ee, Eν)

]
,

where Np = 1.5 × 1033 and NO = 7.5 × 1032 are the number of free protons and oxygen
molecules inside the fiducial volume of 22.5 kton, respectively, and σIBD and σν̄e-O(σνe-O)
are the IBD cross section and the CC cross section between ν̄e and 16O (νe and 16O),
respectively. We take the IBD cross section from ref. [110] and the CC cross section with
16O from ref. [111]. Ee is the energy for electrons and positrons. We have approximately
used Ee = Eν − 1.3 MeV for the IBD process, Ee = Eν − 11.4 MeV for the CC process
between ν̄e and 16O and Ee = Eν − 15.4 MeV for the CC process between νe and 16O.

Taking into account the energy resolution of the detector, the number of the expected
events is then given by

dÑ

dEe
=
∫ ∞
−∞

dE′e
1√

2πδE
exp

[
−(Ee − E′e)2

2δ2
E

]
dN

dEe
(E′e), (5.3)

where we assume the spectrum is smeared as a Gaussian profile with a energy resolution
δE . We also assume that the energy resolution of SK and HK is the same as the SK-III
observation [112],

δE/Ee = 0.0349 + 0.376/
√

(Ee/MeV)− 0.123(MeV/Ee). (5.4)

The main background is the neutrino events coming directly from a next galactic SN
of the standard scenario, which were not produced by the decay of the light bosons. Since
neutrinos produced by the decay of the light bosons from a SN will be observed during a
short time of ∼ max[10 s, tD], we can neglect other backgrounds. For the background of
neutrinos from a SN, we use a “pinched” parametrization of the time-integrated neutrino
flux for the different species ν = νe, ν̄e and νx (νx = νµ, ντ , ν̄µ, ν̄τ ) [113, 114],

dNBG,0
ν

dE
(E) = Lν

(1 + αν)(1+αν)

Γ(1 + αν)〈Eν〉2
(

E

〈Eν〉

)αν
exp

[
−(1 + αν) E

〈Eν〉

]
,

αν = 2〈Eν〉2 − 〈E2
ν〉

〈E2
ν〉 − 〈Eν〉2

(5.5)

where Lν is the luminosity and αν is the so-called pinching parameter. Since the neutrino-
sphere radius increases for neutrinos with higher energy and the density of the SN en-
velope decreases rapidly for the lager radius, the neutrino spectrum become “pinched”
as in eq. (5.5) , which is numerically confirmed [113, 114]. Based on a numerical simu-
lation [114], we set the values of Lν , αν and 〈Eν〉 listed in table 1. During propagation
through the SN envelope, flavor conversions are enhanced by their interactions with the
electron background called the MSW effect. We neglect flavor conversion effects induced by
neutrino-self interactions which are currently under investigation. Considering this effect,
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Species Lν (erg) 〈Eν〉 (MeV) αν

ν̄e 5× 1052 13 2.8
νx 5× 1052 15 2.4

Table 1. Parameters for the time-integrated background neutrino fluxes of ν̄e and νx (νx =
νµ, ν̄µ, ντ , ν̄τ ) from a SN given in eq. (5.5) for our reference model, based on ref. [114].

the time-integrated flux arriving at the Earth for ν̄e is approximately given by [115, 116],
assuming an element of the Pontecorvo-Maki-Nakagawa-Sakata matrix of |Ue3| = 0,

dNBG,NO
νe

dE
(E) =

dNBG,0
νx

dE
,

dNBG,NO
ν̄e

dE
(E) = c2

12

(
dNBG,0

ν̄e

dE
−
dNBG,0

νx

dE

)
+
dNBG,0

νx

dE
, (5.6)

where c2
12 = cos2 θ12 ' 0.7 [117, 118]. Here we consider only the normal ordering of neutrino

masses for definiteness since the fluxes in both the normal and inverted ordering are almost
the same (see e.g., figure 175 in ref. [84]). The time-integrated flux of eq. (5.6) is shown
in figure 2 as the black dashed line. Then the number of event for the background can be
calculated similarly, following eqs. (5.2), (5.3) and (5.6).

In figure 4, we show the number of events for neutrinos produced by the decays of
the scalar bosons from SN explosion (blue solid line) and neutrinos directly emitted from
the supernova (black dashed line). Here we consider g = 10−12, mφ = 100 MeV and
dSN = 10 kpc. Even for the small coupling of g = 10−12 with mφ = 100 MeV, which is not
excluded by current experiments and observations, the signal for φ → ν̄eν̄e and φ → νeνe
is detectable at Ee & 80 MeV. The larger cross sections for neutrinos with higher energy
help to detect the signal for φ→ ν̄eν̄e and φ→ νeνe.

5.2 Method and results

To distinguish SN neutrinos induced by the scalar boson decays from the background, we
introduce a cut-off energy Ecut defined as [119]∫ ∞

Ecut
dEe

dÑBG

dEe
= 1, (5.7)

where dÑBG/dEe is the background event rate taking into account the energy resolution.
At Ee > Ecut, the background can be considered to be sufficiently small. Then we define
the number of the signal,

Nsignal =
∫ ∞
Ecut

dEe
dÑ

dEe
. (5.8)

We regard the parameter region predicting Nsignal = 9 as the region where we could discover
non-standard neutrino interactions with the scalar bosons from a next galactic SN at
99.7% (3σ) C.L. approximately.

In figure 5, we show the contour plot of Nsignal = 9 in the (mφ, g) for the future
observations of next galactic supernova neutrinos produced by the scalar boson decays in
SK and HK with dSN = 10 kpc. In this figure, we also show the current excluded region
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Figure 4. Events in Super-Kamiokande with fiducial volume of 22.5 kton from a next galactic SN
with dSN = 10 kpc. We consider g = 10−12,mφ = 100 MeV. Ee is the energy of electrons and
positrons. Blue solid line denotes events from neutrinos produced by the decay of the scalar bosons
and black dashed line denotes the background events from the standard SN neutrinos.

of the (mφ, g) by the SN 1987A energy loss3 (see the details in appendix B) [50, 54],
CMB [31, 33] and BBN [33, 40] observations. Both SK and HK will improve the current
constraint on the (mφ, g) from SN 1987A significantly. For mφ . 200 MeV, SK and HK
will improve the constraint on the coupling g from SN 1987A by 2-3 orders of magnitude
toward the smaller side. For mφ & 200 MeV, the discovery potentials in SK and HK will
be weaker since the production of the scalar bosons is suppressed by the Boltzmann factor
and they are gravitationally trapped. However, since SK and HK are very large detectors,
both detectors would still be sensitive to mφ ∼ 1 GeV.

In our analysis, we assume the non-standard neutrino interactions with φ are flavor-
universal, gee = gµµ = gττ = g. Then νeνe → φ is the most dominant production process
due to electron capture processes in the SN core. We can neglect the flavor conversion effect
in the SN envelope due to the universal couplings. If we consider the non-standard couplings
only with νµ, ντ and their anti-particle, the sensitivity in SK and HK will be weaker due
to the weaker production rate of φ though the constraints from SN 1987A energy loss also
become weaker [50, 54]. For non-universal non-standard neutrino interactions with φ, we
will also need to consider the flavor conversion effect in the SN envelope.

3In SN 1987A observations, we can also constrain non-standard neutrino interactions with φ from ex-
cessive reduction of the trapped lepton number density in the core due to νeνα → φ since the successful
bounce shock depends on the ratio between the trapped lepton and baryon number density. However, this
constraint strongly depends on the explosion mechanism and numerical simulation. We do not show this
deleptonization constraint [50, 54].
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Figure 5. Contour plots of Nsignal = 9 in the (mφ, g) plane for the future observations of next
galactic supernova neutrinos produced by the scalar boson decays, φ → νν, in SK (yellow dashed
line) and HK (red dot-dashed line) with dSN = 10 kpc. The blue shaded region denotes the
current constraints from the energy loss of SN 1987A [50, 54]. The gray shaded regions denote the
constraints by the CMB [31, 33] and BBN [33, 40]. We regard Nsignal = 9 as 99.7% (3σ) C.L. limit
on the (mφ, g) approximately (see text for details).

6 Discovery potential for diffuse supernova neutrinos from scalar boson
decays

In this section we study the potential of large underground detectors to observe neutrinos
produced by the decay of the light bosons from all the past SNe. We will discuss the dis-
covery potential for diffuse supernova neutrinos from vector boson decays in appendix A.
Since the flux of such neutrinos is quite small unlike the case of a next galactic SN, we need
underground neutrino detector with large volume to distinguish between the signal and rel-
evant backgrounds. The next-generation neutrino experiments such as Hyper-Kamiokande
with Gadolinium (HK with Gd), JUNO and DUNE are expected to be sensitive to this
flux. In the following we consider backgrounds and event rates at HK with Gd, JUNO and
DUNE and discuss the discovery potential of these experiments for non-standard neutrino
interaction with a light boson.

6.1 Backgrounds and event rates at neutrino detectors

First we discuss relevant backgrounds and show event rates for the signal and backgrounds
in each neutrino detector. In this work we compute the number of events for 20 years of
data-taking in each experiments. For calculating the background spectra we have taken
help of the publicly available packages SNOwGLoBES [120] and nuHawkHunter [121].
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6.1.1 Hyper-Kamiokande with Gadolinium

Hyper-Kamiokande (HK) [84] is the successor of Super-Kamiokande with a lager water
Cherenkov detector to be built in Hida, Japan as we already mentioned in section 5. The
planned final configuration consists two tanks, - each of 187 kton of fiducial volume. In the
following we consider 374 kton of fiducial volume in total. The main detection channel is
the IBD process, ν̄e + p→ e+ + n.

If HK is doped with Gadolinium (Gd), some backgrounds are significantly reduced
using neutron tagging [122]. A prompt positron event followed by a slightly delayed (∼ tens
of µs) emission of 8 MeV γ cascade by excited Gd nucleus (caused by the neutron capture
of Gd), is a strong indicator of a true IBD event. If full neutron tagging is accomplished
under doping 0.1 % Gadolinium to water, we can ignore most of the neutral current (NC)
atmospheric neutrinos events which are the main background given by γ-rays via NC quasi
elastic scattering at energies of tens of MeV [123], as well as spallation background caused
by cosmic rays. The NC background can further be reduced even more significantly by
methods based on Convolution Neutral Network [124]. Only 9Li spallation products, which
emit both positron and neutron, mimicking the IBD process, cannot be neglected but can
be substantially reduced at & 12 MeV by applying cuts based on a correlation with cosmic
ray muons [84]. The insivible muon background will be also suppressed by a factor of
about 5 using the neutron tagging [122]. Since we might distinguish the IBD process from
the CC νe and ν̄e interactions with 16O due to the neutron tagging, we neglect these CC
processes,

(−)
ν e + 16O→ e± + X for simplicity.

Then at the positron energy of Ee+ . 10 MeV, the dominant backgrounds are solar
and reactor neutrinos, and 9Li spallation. At 10 MeV . Ee+ . 20 MeV, the dominant
background in our study is the DSNB, which is directly produced in the SN explosion [125,
126], not produced by the decay of the light bosons while at Ee+ & 20 MeV, the main
backgrounds are the invisible muon and the charged-current (CC) atmospheric neutrino
events. Although the invisible muon events will be suppressed by neutron tagging, they
still contribute to the main background at high energies up to Ee+ ∼ 50 MeV, which is the
threshold for non-emission of Cherenkov lights induced by muons.

For the calculation of the DSNB events for ν̄e directly produced in the SN, we use the
following parametrization of the DSNB flux,

dΦBG
ν̄e

dEν
= c

∫ zmax

0
RSN(z)

dNBG
ν̄e

dE′ν
(E′ν)(1 + z)

∣∣∣∣ dtdz
∣∣∣∣ dz, (6.1)

where dNBG
ν̄e /dE′ν is given by eqs. (5.5) and (5.6) with the parameters in table 1. We also

consider only the normal ordering of neutrino masses for definiteness. The DSNB flux is
shown in figure 3 as the black dashed line. For recent precise numerical simulations of the
DSNB flux, see refs. [127, 128].

The expected number of events per energy is approximately, considering the energy
resolution of the detector as the Gaussian profile,

dÑ

dEe+
= εTNp

∫ ∞
∞

dE′e+
1√

2πδE
exp

[
−

(Ee+ − E′e+)2

2δ2
E

]
dΦν̄e

dEν
σIBD(E′e+ , Eν), (6.2)
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Figure 6. Expected event rate predicted for the non-standard neutrino interaction with g = 1.5×
10−11 and mφ = 100 MeV as a function of the positron energy in HK with Gd for 20 years of data-
taking. The signal due to φ→ ν̄eν̄e after the emissions of φ in the SN core is plotted in the blue line.
The backgrounds due to the standard DSNB, which is directly produced in the SN, invisible muons
and the CC atmospheric neutrino events are plotted in black, yellow, red dashed lines, respectively.

where E′e+ = Eν − 1.3 MeV, Np = 2.5 × 1034 is the number of the proton for 374 kt of
fiducial volume and we assume the detector efficiency ε = 67% (a neutron tagging efficiency
of 90% and event selection efficiency of 74%) [84] and T = 20 years. Here we also assume
δE is given by eq. (5.4).

In figure 6, we show the event rates for the signal due to φ → ν̄eν̄e (g = 1.5 × 10−11

and mφ = 100 MeV) after the emission of φ in the SN core and the backgrounds in
HK with Gd in 20 years of data-taking. For the invisible muon background between
20 MeV . Ee+ . 50 MeV, we use the expected distribution from figure 188 of ref. [84] and
for this background above Ee+ & 50 MeV, we use the normalized shape from figure 11 of
ref. [129]. For estimating atmospheric ν̄e background, we use the atmospheric ν̄e flux from
the result of the Monte Carlo FLUKA simulations [130]. At 60 MeV . Ee+ . 100 MeV,
the signal of φ→ ν̄eν̄e is larger or comparable with the backgrounds. At Ee+ & 100 MeV,
the CC atmospheric neutrino events are dominant. The parameter of g = 1.5× 10−11 and
mφ = 100 MeV is not excluded by the current experiments and observations but is close
to the constraints from SN 1987A (see figure 9 in the next section).

6.1.2 JUNO

The Jiangmen Underground Neutrino Observatory (JUNO) [89] is a liquid scintillator
detector made of linear alkylbenzene (C6H5C12H25) with volume of 20 kton to be built
in Jiangmen, China. JUNO will have a very good energy resolution because of the liq-
uid scintillator detector. The main detection channel in JUNO is also the IBD process,
ν̄e + p→ e+ + n.
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Background caused by the neutrinos from nearby nuclear reactors can be safely ne-
glected at Ee+ & 10 MeV. The most relevant backgrounds at Ee+ & 10 MeV are the CC
and NC atmospheric neutrino events and the DSNB events. The background events of
the fast neutrons produced by muon decays outside the detector happen near the edge of
the detector. When we consider a smaller fiducial volume of 17 kton, this background can
be reduced. In addition, if pulse-shape discrimination can be successfully applied to the
signal and the backgrounds, the fast neutron and NC atmospheric neutrino events can be
significantly suppressed [89, 131]. In the following we apply the pulse shape discrimination
to the signal and the backgrounds (see figure 3 of ref. [131] and table 5-1 of ref. [89] for
an efficiency of the signal and the backgrounds). At higher energies, the CC atmospheric
neutrino events are the dominant background.

The formula of the expected number of events in JUNO is given by eq. (6.2) with the
number of free proton Np = 1.2×1033, which corresponds fiducial volume of 17 kton, and a
detector efficiency for the signal ε = 0.8 [131]. The width of the Gaussian energy resolution
is assumed to be δE/Ee+ = 0.03/

√
(Ee+/MeV) [89].

In figure 7, we show the event rates for the signal due to φ → ν̄eν̄e (g = 1.5 × 10−11

and mφ = 100 MeV) after the emission of φ in the SN core and the backgrounds in
JUNO in 20 years of data-taking. For the NC atmospheric neutrino background, we make
use the event rate from the right panel of figure 5-2 of ref. [89]. For CC atmospheric ν̄e
background, we also use the atmospheric ν̄e flux from the result of the Monte Carlo FLUKA
simulations [130]. Since the location of JUNO is almost the same latitude as that of SK
but their flux is slightly smaller for Eν ∼ 50 MeV [132], we use to rescale table 3 for SK of
ref. [130] by a factor of 0.9. At 40 MeV . Ee+ . 100 MeV, the signal of φ→ ν̄eν̄e is larger
or comparable with the backgrounds. At Ee+ & 100 MeV, the CC atmospheric neutrino
events are dominant.

6.1.3 DUNE

The Deep Underground Neutrino Experiment (DUNE) [90] is a liquid argon detector with
fiducial volume of 40 kton to be built in South Dakota, U.S.A. The main detection channel
is the CC interaction of νe with argon,

νe + 40Ar→ e− + 40K∗. (6.3)

The details of the background in DUNE are still under study. In the following, we
assume the background will be similar to the one in ICARUS detector [133]. The dominant
backgrounds at Eν . 19 MeV are the 8B and hep solar neutrino events while at Eν &
19 MeV, the relevant background is the DSNB events. The CC atmospheric νe event is
also another dominant at Eν & 30 MeV. We calculate the DSNB events for νe similarly to
the calculation of the DSNB events for ν̄e discussed in section 6.1.1.

The expected number of events per neutrino energy in DUNE is, considering the energy
resolution as the Gaussian profile,

dÑ

dEν
= εTNAr

∫ −∞
∞

dE′ν
1√

2πδE
exp

[
−(Eν − E′ν)2

2δ2
E

]
σν−Ar(E′ν)dΦνe

dE′ν
, (6.4)
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Figure 7. Expected event rate predicted for the non-standard neutrino interaction with g =
1.5× 10−11 and mφ = 100 MeV as a function of the positron energy in JUNO for 20 years of data-
taking. The signal due to φ → ν̄eν̄e after the emissions of φ in the SN core is plotted in the blue
line. The backgrounds due to the standard DSNB, which is directly produced in the SN, the NC
and CC atmospheric neutrino events are plotted in black, purple and red dashed lines, respectively.

where NAr = 6.02× 1032 is the number of argon in 40 kton liquid argon and we assume a
detector efficiency of ε = 86% (a trigger efficiency of 90% and a reconstruction efficiency
of 96%). σν−Ar is the total cross section between νe and Ar and we take this cross section
from ref. [134]. The resolution for neutrino energy in the DUNE detector is assumed to be
δE/Eν = 0.2 (see figure 7.5 of ref. [90]).

In figure 8, we show the event rates for the signal due to φ → νeνe (g = 1.5 × 10−11

after the emissions in the SN core and mφ = 100 MeV) and the backgrounds in the DUNE
in 20 years of data-taking. For atmospheric ν̄e background, we use the atmospheric νe flux
from the result of the Monte Carlo FLUKA simulations [130]. Since the location of DUNE
is almost the same latitude as that of the Gran-Sasso laboratory, we use table 5 of ref. [130].
Unfortunately the CC atmospheric neutrino background are dominant compared with the
signal in all energy region. Since in the DUNE location the atmospheric neutrino flux is
larger than in the locations for HK and JUNO [130], DUNE has weaker sensitivity to the
signal than HK with Gd and JUNO.

6.2 Method and results

To estimate sensitivities of the non-standard neutrino interaction with the scalar boson,
we perform a χ2 analysis for each detector considering the systematic uncertainties using
a pull method [135]. In all cases, we assume 20 years of data-taking and an energy bin of
2MeV for HK with Gd, 1MeV for JUNO and 4MeV for DUNE. The energy range for HK
with Gd, JUNO and DUNE is assumed to be 60-100MeV, 40-100MeV and 40-100MeV,
respectively. Since the standard DSNB directly produced in the SN explosion might include
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Figure 8. Expected event rate predicted for the non-standard neutrino interaction with g =
1.5 × 10−11 and mφ = 100 MeV as a function of the neutrino energy in DUNE for 20 years of
data-taking. The signal due to φ → νeνe after the emissions of φ in the SN core is plotted in the
blue line. The backgrounds due to the standard DSNB, which is directly produced in the SN, the
CC atmospheric neutrino events are plotted in black red dashed lines, respectively.

large uncertainty due to the emission of φ, we adopt the above energy range, neglecting
the small event due to the standard DSNB. We define the χ2 function as [125]

χ2 = min
a,b,c

[
−2
∑
i

ln L0,i
L1,i

+ a2

σ2
a

+ b2

σ2
b

+ c2

σ2
c

]
, (6.5)

where the summation is over the energy bins relevant to the experiment. We consider the
Poisson likelihood functions as

Lx,i =
λkix,i exp(−λx,i)

ki!
(6.6)

with x = 0, 1. Thus Lx,i describes the probability to observe ki events at the i-th energy
bin with a Poisson distribution with mean λx,i. We take

λ0,i = (1 + b)NBG,i, λ1,i = ki = (1 + a)Nsignal,i + (1 + b)NBG,i. (6.7)

Only in the case of DUNE, we consider λ0,i = (1+b)(1+c)NBG,i and λ1,i = ki = (1+a)(1+
c)Ni+(1+b)(1+c)NBG,i. The pull parameters a, b and c take into account uncertainties for
the diffuse SN flux, the background and the neutrino-argon cross section respectively. The
uncertainty for the diffuse SN flux is mainly the SN rate and we take the standard deviation
to be σa = 30%. The main uncertainty for the background is the one for the atmospheric
neutrino flux prediction in the low energy (. 1GeV) and we assume σb = 25% [130]. The
standard deviation for the neutrino-algon cross section is taken to be σc = 15% [136]. The
set of the pull-parameters a, b and c are marginalized in eq. (6.5).
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Figure 9. Contour plots of 90 % C.L. intervals in the (mφ, g) plane for the future observations of
neutrinos produced by the scalar boson decays from all the past CC-SNe, φ→ νν, in HK with Gd
(red dashed line), JUNO (green dot-dashed line) and DUNE (purple dotted line). The blue shaded
region denotes the current constraints from the energy loss of SN 1987A [50, 54]. The gray shaded
regions denote the constraints by the CMB [31, 33] and BBN [33, 40].

In figure 9, we show 90 % C.L. (χ2 = 2.71) intervals in the (mφ, g) plane for the
future observations of neutrinos produced by the scalar boson decays from all the past
SNe, φ→ νν, in HK with Gd (red dashed line), JUNO (green dot-dashed line) and DUNE
(purple dotted line). We also show the current excluded region of the (mφ, g) by the SN
1987A energy loss (see the details in appendix B) [50, 54], CMB [31, 33] and BBN [33, 40].
All of HK with Gd, JUNO and DUNE will slightly improve the constraint from SN 1987A.
HK with Gd and JUNO have the similar sensitivity, improving the constraint from SN
1987A by a factor of ∼ 2. In terms of the total emitted energy of the scalar bosons φ, this
improvement corresponds 25% of the total energy of SN 1987A since the emission rate of Eφ
is proportional to g2. Though the expected observations of the diffuse supernova neutrinos
produced by the decays will improve less the current constraints on the (mφ, g), it will be
also useful in complementing the constraints from the energy loss of SN 1987A [50, 54].

We should note that we have assumed the core in all the past SNe with the same radius
of rc ∼ 10 km, the same temperature of T ∼ 30 MeV and the same chemical potential for νe
and ν̄e of µνe ∼ −µν̄e ∼ −200 MeV during a time scale of t ∼ 10 s. Strictly, the profile of the
core and the resultant spectrum of φ would depend on the progenitor mass of the SN. Thus,
this assumption might include uncertainty than the improvement in our analysis of a factor
of ∼ 2. However, it will still complement the constraint from the energy loss of SN 1987A.
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7 Conclusions

We have investigated the potential of future observations of next galactic supernova neu-
trinos and neutrinos from all the past SNe to probe flavor-universal non-standard neutrino
interactions, gee = gµµ = gττ = g, with a light massive boson. In sections 3 and 4, we have
shown the massive scalar boson produced in the SN core can decay back into neutrinos,
φ → νν , in the steller envelope, modifying the SN neutrino flux without violating the
constraint from the energy loss of SN 1987A. Our main findings are:

• The discovery potential of SK and HK to probe neutrino burst produced by the de-
cays of the light scalar bosons from a next galactic supernova at a typical distance
of dSN = 10 kpc is shown in figure 5. Then the sensitivities of SK and HK to the
neutrino coupling with the scalar boson are up to g . 10−13 and g . 2×10−14, respec-
tively, exceeding the constraint from the energy loss of SN 1987A by several orders of
magnitude. Due to the large statistics of neutrino events, SK and HK would be still
sensitive to mφ ∼ 1 GeV where the production of the scalar bosons in the core are
suppressed by the boltzmann factor e−mφ/T and the gravitational trapping of the core.

• The discovery potential of HK with Gd, JUNO and DUNE to probe the neutrino
burst produced by the decays of the light scalar bosons from all the past SNe is
shown in figure 9. Their sensitivities to the neutrino coupling with the scalar bo-
son slightly improve the constraint from the energy loss of SN 1987A by a factor of
∼ 2. However, we have assumed a simple supernova core model for all the past SNe
with the core temperature T ∼ 30 MeV, the core radius rc ∼ 10 km, the chemical
potential for the (anti-)electron neutrino µνe ∼ −µν̄e ∼ 200 MeV, and the burst du-
ration time ∆t = 10 s. This assumption might include an uncertainty larger than
the improvement in our analysis of a factor of ∼ 2.

For the flavor-universal neutrino couplings to a light scalar boson as in our analysis,
the light bosons are dominantly produced by the process νeνe → φ in the SN core. On the
other hand, if one considers flavor-dependent neutrino couplings with φ, both the discovery
potential for φ and the constraint from the energy loss of SN1987A are to be changed,
because the production rate of φ in the SN core and neutrino flavor conversions in the stellar
envelope will be different. We have also assumed the SN core with T ∼ 30 MeV, rc ∼ 10 km
and µνe ∼ −µν̄e ∼ 200 MeV during ∆t = 10 s. More improved simulations of SN explosion,
including the emission of φ, would be interesting future work.

In appendix A, we also estimate the discovery potentials for next galactic supernova
and diffuse supernova neutrinos from vector boson decays with flavor-universal couplings
to neutrinos. We found that the future observations of next galactic and diffuse supernova
neutrinos can be sensitive to the couplings, improving the limit from the SN 1987A energy
loss by several orders of magnitude and a factor of ∼ 2, respectively while the sensitivities
(and the constraint of SN 1987A energy loss) for the vector boson are weaker than those
for the scalar boson.

To summarize, future neutrino observations from a next galactic SN will significantly
improve the sensitivity to non-standard neutrino interactions with a light boson beyond the
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corresponding constraint from the energy loss argument for SN 1987A, and future neutrino
observations from all the past SNe will complement the SN1987A limit.
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A Discovery potentials for supernova neutrinos from vector boson de-
cays

In this appendix we consider flavor-universal non-standard neutrino interactions with a
light vector boson. Then we estimate the potential of neutrino detectors to discover next
galactic supernova and diffuse supernova neutrinos produced by the decay of the vector
bosons emitted from the SN core.

Flavor-universal non-standard neutrino interactions with a vector boson may be de-
scribed by

L = gαβ ν̄αZ
′
µγ

µPLνβ , (A.1)

where PL = (1− γ5)/2 is the left chirality projection operator and we assume

gee = gµµ = gττ = g, (A.2)

and the other components are zero. The dominant production processes for Z ′ are ναν̄α →
Z ′ and subsequently the decay processes Z ′ → ναν̄α occur for a massive vector boson. The
squared matrix amplitude for Z ′ → ναν̄α and the decay rate in the rest frame of Z ′ are
given by

|M|2Z′→ναν̄α = 2g2

3 m2
Z′ , ΓZ′→ναν̄α = g2

24πmZ′ . (A.3)

In a way similar to the case of the scalar boson discussed in sections 3, 4, 5 and 6, we
can estimate the discovery potential for supernova neutrinos from the vector boson decays.
The dominant production process for the vector boson Z ′ in the SN core is ναν̄α → Z ′ while
that for the scalar boson φ is νeνe → φ since the electron neutrinos are most populated in
the core by the electron capture process. Then the sensitivities of neutrino detectors for
supernova neutrinos produced by the scalar and vector bosons will be quite different.

In figure 10, we show the contour plot of Nsignal = 9 defined in eq. (5.8) in the (mZ′ , g)
for the future observations of next galactic supernova neutrinos from the vector boson
decyas in SK and HK with a distance between the supernova and the Earth of dSN =
10 kpc. We also show the current excluded region of the (mZ′ , g) by the SN 1987A
energy loss [50, 54] and BBN observations [40]. Both SK and HK will significantly improve
the current constraint on the (mZ′ , g) from SN 1987A even in the case of vector boson.
Compared with the case of the scalar boson, the sensitivity for the vector boson will be
weaker as expected above.
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Figure 10. Contour plots of Nsignal = 9 in the (mZ′ , g) plane for the observations of next galactic
supernova neutrinos produced by the vector boson decays, Z ′ → νν̄, in SK (yellow dashed line) and
HK (red dot-dashed line) with dSN = 10 kpc. The blue shaded region denotes the current constraints
from the energy loss of SN 1987A [50, 54]. The gray shaded regions denote the constraints by
BBN [40]. We regard Nsignal = 9 as 99.7% (3σ) C.L. limit on the (mZ′ , g) approximately (see text
in section 5.1 for details).

In figure 11, we show 90 % C.L. intervals in the (mZ′ , g) plane for future observations
of neutrinos produced by the vector boson decays from all the past SNe, i.e. the DSNB, in
HK with Gd (red dashed line), JUNO (green dot-dashed line) and DUNE (purple dotted
line) with 20 years of data-taking. All of HK with Gd, JUNO and DUNE will improve the
constraint from SN 1987A by a factor of ∼ 2. However, these result might also be subject to
a large uncertainty concerning the precise estimation of the diffuse supernova neutrino flux.

B Constraint from the energy loss of SN 1987A

In this appendix we discuss the details of constraint on non-standard neutrino interactions
with the massive scalar boson in eqs. (2.1) and (2.2) from excessive energy loss of SN 1987A
neutrino burst, following refs. [50, 54]. In refs. [50, 54], flavor-dependent non-standard
neutrino interactions are discussed. In this study, we have reproduced the constraint on
the flavor-universal non-standard neutrino interactions in eqs. (2.1) and (2.2).

The energy loss rate per volume and time due to να(p1)να(p2) → φ(pφ) and
ν̄α(p1)ν̄α(p2)→ φ(pφ) in the SN core is

dρφ
dt

=
∑
ν

∫
dΠφdΠ1dΠ2EφS|M|2νν→φ(2π)4δ4(p1 + p2 − pφ)fν(p1)fν(p2). (B.1)

The difference with the production rate of φ in eq. (3.1) is only a factor of Eφ. We consider
again the SN core is an isotropic and homogeneous with rc ∼ 10 km and T ∼ 30 MeV
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Figure 11. Contour plots of 90 % C.L. intervals in the (mZ′ , g) plane for the future observations
of neutrinos produced by the vector boson decays from all the past CC-SNe, Z ′ → νν̄, in HK with
Gd (red dashed line), JUNO (green dot-dashed line) and DUNE (purple dotted line). The blue
shaded region denotes the current constraints from the energy loss of SN 1987A [50, 54]. The gray
shaded regions denote the constraints by BBN [40].

during a time scale of ∆t = 10 s for simplicity. Neutrino chemical potentials in the core are
also assumed to be µνe ∼ −µν̄e ∼ 200 MeV and µνx ' 0 (νx = νµ, ν̄µ, ντ , ν̄τ ) during ∆t. In
the core, we consider neutrinos follow the Fermi-Dirac distribution in thermal equilibrium.
Then the total energy loss is, including the survival probability of φ outside the neutrino-
sphere with rν ∼ 50 km and the gravitational trapping to the SN core discussed in section 3,

Eφ = V∆t
∑
ν

∫
dΠφdΠ1dΠ2EφS|M|2νν→φ(2π)4δ4(p1 + p2 − pφ)fν(p1)fν(p2)

× e−Γφrν/γχ(Eφ −Ktr −mφ), (B.2)

with V = 4
3πr

3
c , γ = Eφ/mφ. χ is the Heaviside step function and Ktr is given by eq. (3.5).

Due to the fact that we observed the neutrino burst from SN 1987A with the total energy
of the SN explosion of ∼ 3× 1053 erg, we need to avoid excessive energy loss of SN 1987A
neutrino burst. Then we demand

Eφ . 3× 1053 erg. (B.3)
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