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Dark photons, hypothetical feebly interacting massive vector bosons, appear in many extensions
of the Standard Model. This study investigates their production and subsequent decay during
supernova explosions. We demonstrate that the decay of dark photons, with masses ranging from
200 to 400 MeV, can lead to the emission of neutrinos with energies surpassing those emitted by
supernovae. These neutrinos therefore serve as a distinct signal of new physics, allowing for the
exploration of previously uncharted regions of the dark photon parameter space and complementing
both accelerator-based searches and other astrophysical constraints. The signal is largely unaffected
by the specifics of the supernova’s temperature and density radial profiles outside the SN core,
rendering the prediction both robust and model-independent. Our results indicate that searching
for high-energy neutrinos accompanying supernova explosions provides a novel approach to probe
physics beyond the Standard Model, including dark photons, heavy neutral leptons, and other feebly
interacting particles with masses in the hundreds of MeV range.

I. INTRODUCTION

The cores of exploding supernovae (SNe) can reach
high matter densities (ρ ∼ 1014 g/cm3) and tempera-
tures (T ∼ 30MeV), see e.g. [1, 2]. These astrophysical
environments serve therefore as unique sites of copious
productions of hypothetical particles that interact with
matter “weaker than neutrinos”. Such particles are collec-
tively known as feebly interacting particles or FIPs, see
[3–6] for the recent overviews of their properties and of
models that predict them. A commonly used approach to
constrain feebly interacting particles with supernovae uti-
lizes the fact, that SN right after the explosion is cooled
primarily via the active neutrino emission which lasts for
approximately 10 seconds. In the presence of additional
cooling channels, like the FIPs emission, this duration
might be shortened significantly [7] which would contra-
dict the SN1987a observations [8–10]. Using the energy-
loss argument different FIPs have been studied in the
past [11–20]. However, improving existing bounds ne-
cessitates detailed SN explosion models that incorporate
how neutrino emissions are influenced by any additional
cooling channels - [21] and is highly model-dependent,
given the current level of understanding of details of SN
explosions, c.f. [22].

Given the advancement of neutrino experiments, one
expects a plethora of observational data, should a nearby
supernova explode. This warrants new studies about
more detailed constraints on the properties of FIPs,
based on the detailed measurements of SN neutrino sig-
nal. This work has already started [23–25].

This work extends the supernova constraints on the
properties of dark photons (DP) — massive vector bosons
that interact with the Standard Model sector exclusively
through kinetic mixing with photons. The Lagrangian of
the model is given by

LDP = LSM− 1

4
F ′
µνF

′µν+
m2

A′

2
A′

µA
′µ− e

2
UFµνF ′

µν (1)

where LSM is the Lagrangian of the Standard Model, e is
the electric charge, U is the dimensionless kinetic mixing
parameter,1 Fµν and F ′µν are field strength tensors, as-
sociated with the SM photon field and the dark photon
respectively (original references can be found in [26, 27],
and the current model status and experimental searches
are reviewed in [28, 29]). Transitioning to the mass basis
means that electrically charged Standard Model particles
inherit an interaction with the dark photon, carrying a
“charge” of U × e. This mechanism enables the potential
production and detection of dark photons. Previously
the production of dark photons in SN interiors and their
impact on the SN cooling have been studied in [17–20].
These works considered the additional SN cooling chan-
nel via dark photons and derived the limits based on the
energy-loss arguments. An alternative test for the pres-
ence of dark photons can be the search for a detectable
gamma-ray signal that dark photons would produce when
decaying to the Standard model photons [30].

The present study focuses on the potential for detect-
ing signals induced by dark photons using neutrino de-
tectors, should a nearby Galactic supernova explode. We
propose a method similar to our previous work [25], see
also [23, 24, 31] – the detection of high-energy neutrinos
accompanying the SN neutrino signal. In contrast to the
case of heavy neutral leptons explored in [25, 31], dark
photons do not have a sizeable direct decay into neutri-
nos. However, dark photons with masses mA > 2mµ

(2mπ), produced within the SN core, can decay into
pairs of muons (correspondingly, charged pions), which
in turn will decay into neutrinos. These decays will oc-
cur in less dense regions of the supernova, allowing the
resulting neutrinos to escape and be detected by cur-
rent and future neutrino detectors, including the Hyper-
Kamiokande (Hyper-K ) neutrino telescope [32], JUNO

1 Often called ε in the literature
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[33], and DUNE [34]. Given that dark photons are pri-
marily produced in the core, where temperatures are sig-
nificantly higher than that of the neutrinosphere [1], the
energy of neutrinos resulting from dark photon decays
will be noticeably higher than that of the typical neu-
trino signal, making these signals distinguishable.

The paper is organized as follows.
– In the section II, the production of the dark photons

are described and their spectra are calculated.
– In Section III we compute the distribution function

of the DP’s decay products – muons and pions, the
sources of the secondary neutrinos. Here we also
analyze their thermalization happening before decay,
which modifies the particles’ spectra.

– In Section V, the decays of remaining muons and pi-
ons leading to the neutrinos as secondary particles are
discussed and the neutrino spectra are computed.

– The propagation and flavor content of the secondary
neutrino flux is described in Section VB.

– Section VC discusses detection by the secondary neu-
trinos by Hyper-K and other neutrino detectors. Our
main result is then summarized in Figure 6.

– In the final Section VII, we discuss the results and fu-
ture prospects.

II. DARK PHOTONS IN THE SUPERNOVA
CORE

In the supernova medium the production of the
dark photon occurs via scatterings of charged parti-

cles. The main production channel is the proton-nucleon
bremsstrahlung:

p+N → p+N +A′ . (2)

(here N is neutron or another proton). DP can also be
produced in the scatterings, involving charged leptons:

e± +X → e± +X +A′ (3)

where X is either a proton or another charged lepton.
Since the nucleon number density is higher than that of
the leptons and the cross-section of strong interactions is
higher, than the electromagnetic ones, the channels (3)
are subdominant and will be neglected in our calcula-
tions.

The period after the core bounce, when the temper-
ature and density in the core are the highest, leads to
the most efficient DP production. A proper analyti-
cal description of such a process is missing. To sim-
plify the calculation (and to make our results read-
ily reproducible) we will employ a simplified model of
the SN core – a sphere with a uniform baryon density
ρB = 3 × 1014 g/cm3 and the temperature T = 30MeV.
We take both quantities as constant for the time duration
temm = 10 sec. The most intense production of the dark
photons photons occurs inside the core and our result is
not sensitive to the temperature/density profile outside
(see also discussion below, in Section V).

To find the dark photon spectra fA′ , we use the Boltz-
mann equation:

dfA′(pA′)

dt
=

∫ ∏
i=1,2,3,4

d3pi
(2π)32Ei

S|M|2(2π)5δ(p3 + p4 + pA′ − p1 − p2)f1f2(1− f3)(1− f4)(1 + fA′). (4)

where pi are the momenta of initial and final nucleons;
S|M|2 – matrix element of the processes (2) with the
symmetry factor S included in it; and fi’s are the phase-
space distribution functions of the nucleons. We solve

Eq. (4) following the approach of [17, 20]. For scattering
energies, that are small compared to the nucleon mass,
the integration over the 12-dimensional space can be con-
siderably reduced, leading to the 3-dimensional integral:

dNA′

dE
= e2U2α2

πninj

√
T 3

8πm3
N

∫
dudvdz

√
uve−u

√
1− q2

x2
δ(u− v − E/T )Iij . (5)

where απ ≈ (2mN/mπ)
2/4π is the pion-nucleon coupling

[35]; ni, nj are the number densities of nucleons, u, v, z, q
– dimensionless variables, related to momenta and angles
in the scattering process. Finally the quantities Iij are
the expression, different for pp and pn processes, and
discussed further in Appendix B.

A low energy fraction of these dark protons will be

gravitationally trapped inside the SN core, where they
will decay and all their decay products will eventually
thermalize, not affecting the SN neutrino spectra. The
relevant part of the energy spectrum of dark photons is
therefore given by:

dNA′

dEA′
→ dNA′

dEA′
· θ(EA′ − Eg −mA′) (6)
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FIG. 1. The energy spectra of dark photons, generated in the
supernova core during the initial 10 sec post-bounce. Parts of
the spectra represented by dashed lines are excluded due to
gravitational trapping (see the text for details).

where the gravitational binding energy is defined as

Eg =
rg
Rc

mA′ (7)

with Rc ≃ 10 km is the typical radius of the SN core,
and rg – its Schwartzhield radius. The examples of the
dark photon spectra dNA′/dEA′ produced during temm ∼
10 sec are presented in Fig. 1.

III. DARK PHOTON DECAYS

Our study concentrates on the parts of the dark photon
parameter space where these particles decay inside the
supernova (but of course, outside of the supernova core).
Along with their decay, dark photons can get re-absorbed
in the supernova environments. It has been shown in
[20] that for dark photons with mA′ > 2mµ their decays
are dominant for the depletion of the dark photon flux.
For masses mA′ ≲ 600MeV there are three main decay
channels [28]:

A′ → e− + e+

A′ → µ− + µ+ (8)
A′ → π− + π+

The decay width into the lepton pair is given by

ΓA′→l+l− =
α

3
U2mA′

√(
1−

4m2
l

m2
A′

)(
1 +

2m2
l

m2
A′

)
(9)

where ml is the mass of the relevant lepton. The decay
width into hadrons is related to it as

ΓA′→hadrons = ΓA′→µ+µ−

(
σe+e−→hadrons

σe+e−→µ+µ−

)∣∣∣∣√
s=mA′

(10)
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FIG. 2. The branching ratios for the dominant dark photon
decay modes. For masses of interest, no other decay channels
with the branching fractions ≥ 1% level exist.

where σe+e−→hadrons is the inclusive inelastic cross-
section. The branching ratios for these channels are
shown in Fig. 2. The electron decay channel is not in-
teresting to us as they are stable, and can not lead to
the production of neutrinos, but muons and pions are
long-lived and have neutrinos as their decay products.
The decay of these particles can therefore lead to delayed
neutrino emission – the subject of this study.

The energy spectra of the decay products have been
calculated before [36] and for the 2-particle decay sce-
nario has the form:

fx(E) =
mA′

2Ē
BrA→µ/π

∫
Emin(E)

dEA′

pA′

dNA′

dEA′
(11)

The subscript x stands for µ/π, Ē ≡ mA′/2 is the energy
of the decay product in the rest frame of the parent par-
ticle, pA′ is the absolute value of the DP’s 3-momentum;
and the quantity Emin shows the minimum values of the
DP energy, that can produce a pion/muon with the en-
ergy E in the laboratory frame:

Emin(E) = max

(
Eg, E +

m2
A′

4E

)
(12)

In both decay processes the kinematics are the same,
therefore the calculation will be the same up to the
change in the product’s mass.

An example of the resulting spectra of the pions and
muons is given in Fig.3 The suppression of the pion
spectra is due to the small BR for the presented mass
(BRA′→π+π− ≈ 3.7% for mA′ = 340 MeV). For higher
masses, the importance of pions will increase. The dis-
tinctive shape of the "flat" spectra is due to gravitational
trapping, implemented as a low-energy cut-off for the
spectra of dark photons.
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FIG. 3. Energy spectra of pions and muons from dark photon
decay with mass mA′ = 340 MeV (solid lines). The smaller
quantity of pions results from a lower branching ratio for this
decay channel. The distinction between dashed and solid lines
is due to gravitational trapping.

IV. MUONS AND PIONS INSIDE THE
SUPERNOVA

Muons and charged pions participate in the EM in-
teractions with the SN plasma – mostly with electrons,
protons, and photons. The temperature outside the SN
core is significantly lower than the mass of pion or muon.
Therefore, if such interactions occur at a rate higher than
the decay of the corresponding particles, they will cool
down, losing their momenta and becoming non-relatistic.
We will call such a process thermalization, implying that
it is only a kinetic energy equilibration with plasma.

We start our analysis with the case of muons. Three
main thermalization channels are

1. Scattering off photons µ± + γ → µ± + γ

2. Scattering off free electrons in plasma2 µ± + e− →
µ± + e−

3. Scattering on free protons3 µ± + p → µ± + p

A. Scattering of muons on free electrons.

The stopping power and energy loss of Eµ ∼ 100 MeV
muons in regular matter is dominated by the ionization
processes [37], which in the case of muon kinetic energy
Tµ ∼ MeV is equivalent to scattering on free electrons.
We can expect, that in the case of the SN plasma, the
result will be similar.

Naively, the dimensional estimate for the cross-section
would be similar to the Thomson scattering σT ∼ α2/E2

2 the abundance of positrons at T ≪ 1 MeV is negligible.
3 At large radii, there are also He nuclei, but as we will see, this

process is subdominant

with typical energy in reaction E ∼ mµ, but instead, due
to small electron mass and, as a result, small transferred
momentum, this cross-section will be significantly higher
as well as energy-loss rate - see App C.

The temperature Te,th, where such thermalization oc-
curs can be estimated as

N−1
e,th · σµe · ne(Te,th) = Γµ

dec (13)

here, Ne,th - number of reactions needed to thermaliza
muon, σeµ - electron-muon scattering cross-section, ne -
electron number density. Such an estimate will lead to
the thermalization temperature

Te,th ∼ 10−5 MeV

corresponding to radius R ≳ 105 − 106 km. As will be
seen from the results, such a large radius would mean
that the major part of the parameter space of the dark
photons’ parameters that are potentially interesting for
us, would correspond to the thermalized muons.

B. Muon-photon scattering

In a limit, where the energy of the photon is small
ω ∼ T ≪ mµ, the Thomson cross-section is applicable
with the rate:

Γµγ(T ) = σµ
T · nγ(T ), σµ

T =

(
me

mµ

)2

0.665 b, (14)

nγ(T ) = 2
ζ(3)

π2
T 3

here σµ
T - Thomson scattering cross-section for muons.

The energy carried by photons after scattering is

ω′ ≈ γ2ω(1 + β cos θ′)(1− β cos θ) (15)

where γ, β - are Lorentz factors for incoming muon, θ, θ′ -
angular directions before and after scattering, ω, ω′ - en-
ergy of the photon before and after scattering. In our sce-
nario, the energy of the muon will not be ultra-relativistic
and γ ∼ O(1). To thermalize the muon Nγ,th ∼ Eµ

γ2·⟨ω⟩
reactions are needed. So, using the similar estimate as
for the case of the electron scattering:

N−1
γ,thσ

µ
T · nγ(Tγ,th) = Γµ

dec (16)

will give a typical value of thermalization temperature

Tγ,th ≈ 0.03MeV

which corresponds to R ∼ 103 km. Since this radius is
much smaller than in the case of electrons,
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C. Scattering on protons

The calculations for this process in the approximation
of the point-like proton can be done with the replacement
of the electron mass with the proton mass in the e − µ
scattering. As a result, it can be seen (see C), that due
to the large proton mass, the rate of the energy loss due
to muon-proton scattering is significantly lower, than in
the case of electron-muon scenario.

Therefore, the e + µ → e + µ process will be domi-
nant in the thermalization of muons. If the decay of the
dark photon occurs at a higher temperature, the result-
ing muon spectra will become non-relativistic, and for
further calculations, they are considered to be at rest at
the moment of decay. On the other hand, if the tem-
perature, where the decay of the DP occurs is lower, µ’s
spectra will still be given by Eqn.(11).

The above-written can be similarly applied for pions
with a replacement of muon mass with the pion mass and
corresponding lifetimes. Besides, they can participate in
strong interactions in elastic pion-proton or pion-neutron
scatterings. But pions, as it will be seen, will give a
subdominant contribution to the final result.

As was mentioned previously, to calculate the produc-
tion of the dark photon the toy model of the uniform
tsphere is used. It doesn’t have any information about
the temperature profile of the media outside the core.
But to take into account the thermalization and its po-
tential effect no simple model can be used. Therefore,
a model of Electron-Capture Supernovae - the 8.8 M⊙
spherical symmetry simulation SN [38, 39] has been used
to obtain the radial temperature profiles. The examples
of such hydrodynamical profiles are given in App D.

V. NEUTRINOS FROM DARK PHOTON
DECAYS

In this Section we will analyze the spectra and flavor
composition of the neutrinos, produced from dark pho-
ton decays. The neutrinos are produced in the decay
of secondary particles (Section VA), change their flavor
composition while propagating (Section VB) and, finally,
get detected at terrestial detectors (Section V C).

A. Spectra of secondary neutrinos at production

Muons decay primarily via

µ− → e− + ν̄e + νµ (17)

(plus a CP-conjugated process). This decay produces
neutrinos of both muon and electron flavors. In the
muon’s rest frame, the distribution of these neutrinos in
energies and direction is given by:

d2N

dEνd cos θ
≡ fI(Eν) =

256

54

E2
ν

m3
µ

(
3− 4

Eν

mµ

)
(18)

(for ν̄µ and νe in the case of CP-conjugated process)

fII(Eν) = 48
E2

ν

m3
µ

(
1− 2

Eν

mµ

)
(19)

(for ν̄e and νµ in the case of CP-conjugated process).
This leads to the following expression for the neutrino
spectra in the lab frame, c.f. [31]:

f3-body(E) =

∫
dEN d cos θ

dNµ

dEµ
fa

(
E

γ(1 + β cos θ)

)
(20)

here β = pµ/Eµ, γ = Eµ/mµ are the Lorenz factors for
muons, fa - spectra of secondary neutrinos/antineutrinos
Eqs. (18)–(19), the subscript "a" stays for I, II.

Next, consider the pion decay. The dominant decay
channel for pions is [40]:

π− → µ− + ν̄µ (21)

and other channels can be ignored due to the large helic-
ity suppression. For this 2-body decay, the expression for
the spectra of finalneutrinos is almost the same as in (11).
The only difference is the negligible masses of neutrinos,
for which there is no upper limit in the integration:

fν(E) =
mπ

2Ēν

∫
Emin,ν

dEπ

pπ

dNπ

dEπ
(22)

where Ēν =
m2

π−m2
µ

2mπ
, and lower bound Emin,ν is a solution

for

mπ
E

Ēν
= Emin,ν +

√
E2

min,ν −m2
π (23)

1. Thermalization of muons and pions.

In the case of µ and π losing their energy during ther-
malization and becoming non-relativistic, the results for
the neutrino spectra can be significantly simplified. In
such a scenario the spectra of neutrinos for each chan-
nel are proportional to the total number density of dark
photons produced and the corresponding decay channel
and are given by:

• Decay into a pair of pions leads to a sharp peak in
νµ spectrum

dNνµ

dE
= BrA→π+π−NA′δ(E − Ēν), Ēν ≈ 29.8 MeV

(24)

• Decay into a pair of muons leads to a spectrum of
electron and muon flavor neutrinos, proportional to
previously mentioned fI,II

dNνµ

dE
= 2BrA→µ+µ−NA′fI (25)

dNν̄e

dE
= 2BrA→µ+µ−NA′fII (26)
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Where the NA′ - is the number of produced dark pho-
tons, factor 2 appears from integration over dcosθ in the
isotropic case. The examples of the spectra of neutri-
nos appearing in non-thermalized scenarios are shown in
Fig.4. For smaller masses, the dominant channel is de-
cay into a pair of muons while for the higher mass, decay
into pion contributes more to the lower-energy part of
neutrino spectra.

B. Propagation of neutrinos

Neutrinos, produced in decays will propagate freely
outside of the SN media towards Earth. Due to os-
cillations, their flavor composition will change. Those
could be regular vacuum oscillations [41] or matter-
induced resonant conversions like the MSW effect [42, 43].
The latter process occurs inside the SN media at radii
RMSW ≲ 105 km [44]). Neutrinos, that travel through
the less dense environment, experience only vacuum os-
cillations.

The case of vacuum oscillations is independent of the
neutrino mass hierarchy. The flux of resulting neutrinos
of electron flavor after oscillation is given by

Fν̄e,osc = P vac
ee F 0

ν̄e
+ P vac

eµ F 0
ν̄µ

(27)

where P vac
ee - survival probability for electron neutrino,

P vac
eµ - oscillation probability from a muon flavor, F 0

ν̄α
for

α = {e, µ, } - spectra of the secondary neutrinos. Tau

flavor is omitted as in DP decays it will not be produced.
The standard expression for vacuum oscillating, time-
averaged probabilities, for the case of vanishing complex
phases in the PMNS matrix (see Ref.[44]), is:

Pνα→νβ
= δαβ − 2

∑
i>j

UαiUαjUβiUβj (28)

here Uαβ - components of PMNS matrix (see Ref.[41])
with mixing angles taken as best-fit values from Ref.[45]:

sin2 θ12 = 0.308

sin2 θ13 = 0.023

sin2 θ23 = 0.437

In the case of MSW effect, the resulting ν̄e spectrum is
given by (c.f. [44]):

Fν̄e
= P̄MSW

ee F 0
ν̄e

+ [1− P̄MSW
ee ]F 0

ν̄x
(29)

where F 0
ν̄e

– flux of the secondary ν̄e, F 0
ν̄x

– flux of muon
or tau-flavor secondary neutrinos. Survival probabil-
ity P̄MSW

ee depends on the hierarchy of neutrino masses:
P̄MSW
ee = cos2 θ12 ≈ 0.692 for NH and P̄MSW

ee = 0
for IH. The example of the flux of secondary electron
anti-neutrino arriving at Earth from the SN at distance
RSN = 10 kpc after oscillations taken into account is
shown in Fig.5.

Our resulting (anti)neutrino spectra should be com-
pared to the SN neutrino spectra. The latter can be
described by the following fitting formula, [46]:

dNν

dE
= Lν

(1 + α)1+α

Γ(1 + α) ⟨Eν⟩2

(
E

⟨Eν⟩

)α

Exp
[
−(1 + α)

E

⟨Eν⟩

]
(30)

Here Lν = 0.5 · 1053 erg is the total emission energy in
one neutrino flavor, it is assumed to be the same for all
flavors of neutrinos/anti-neutrinos; ⟨Eν⟩ are ⟨E2

ν⟩ is the
average energy (energy squared) of the neutrinos; α is the
“pinching” parameter, that indicates how do the spectra
differ from the Fermi-Dirac distribution. It is related to
the average energy and average squared energy as:

⟨E2
ν⟩

⟨Eν⟩2
=

2 + α

1 + α
(31)

The numeric values used to describe the SN neutrino
spectrum are given in Table I. Finally, Γ(α) is the Euler’s
Gamma function.

C. Detection of secondary neutrinos

Neutrinos from supernova explosions and from dark
photon decays will be detected by terrestrial experi-

α ⟨Eν⟩, [MeV]
ν̄e 2.78 12.69
νe 2.9 10.14

νx/ν̄x 2.39 12.89

TABLE I. Fitting parameters for the SN neutrinos spectra,
Eqs. (30–31).

ments. The Hyper-Kamiokande, an underground water
Cherenkov detector with around 220 kton of ultra-pure
water as its detection volume, is the most promising in
terms of expected event numbers. It is anticipated to de-
tect approximately 105 events from the next supernova
in the galactic center. We will base most of our esti-
mates on this detector. Two other neutrino detectors of
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FIG. 4. Spectra of secondary neutrinos of different flavors from the dark photon decays for two masses: mA′ = 300 MeV (left
plot) and mA′ = 600 MeV (right plot) in a scenario, where muons and pions do not lose their energy e.g. non-thermalized.
Neutrinos from the pion channel have more narrow spectra due to their definite energy in the 2-particle decay process.
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FIG. 5. Flux of ν̄e, that can be observed on Earth originating
from muons and pions decay channels, compared to a typical
spectrum of SN anti-neutrinos, approximated by Eqn. (30).
Parameters of the dark photons are mA′ = 340MeV, U2 =
10−18. The blue line corresponds to anti-neutrinos, produced
in muon decays, while the red line corresponds to the anti-
neutrinos from the pion decays. The contribution to the
total spectra from the secondary neutrinos becomes domi-
nant at energy Eν̄e ≳ 50MeV. The contribution from non-
thermalized muons (c.f.Section VA1) is ignored. The dashed
line corresponds to the total neutrino spectra.

interest are DUNE and JUNO.4 The former is the liquid
argon time-projection chamber (LArTPC). It is designed
to have a superior energy resolution compared to wa-
ter or organic-based scintillators. The latter is a liquid
scintillator detector. Both experiments are expected to
detect around NSN ≃ (5−10)×103 events which include
not only electron flavor neutrinos but also neutral cur-
rent events from elastic scattering of neutrinos of other
flavors. The dominant process for each experiment is in-
verse beta decay (IBD).

• For Super-K, Hyper-K and JUNO – the capture of
electron anti-neutrino via

ν̄e + p → e+ + n .

• For DUNE – the capture of electron neutrino via

νe +
40 Ar → e− +40 K∗ .

The estimated number of events per electron (positron)
recoil energy, Te, is given by:

dNe

dTe
=

ϵNc

4πR2
SN

∞∫
Ebreak

dE
dNν̄(E)

dE

dσibd(E, Te)

dTe
. (32)

Here ϵ is the detector efficiency; Nc is the number of

4 Their characteristics, relevant for our analysis, are summarized
in Table II.

targets in the detector5 are parameters of the experi-

5 Protons in the case of Hyper-K and JUNO and Argon in the case
of DUNE
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FIG. 6. Constraints (95% CL) on dark photon parameters based on the non-detection of high-energy neutrinos
in the event of a supernova explosion. Left panel: The green-shaded region marks the parameter space where at least
three high-energy neutrino events are expected, assuming the dark photon’s existence and normal hiererchy of neutrino masses.
The difference between the solid and thin dashed green lines shows the muon thermalization effect, with the latter assuming
no thermalization (see text for details). Thick green dashed line corresponds for inverted hierarchy. The red shaded area
indicates constraints from SLAC’s E137 experiment [47]. Gray areas show dark photon limits from SN1987A: darker gray is
based on the energy loss arguments [18], while the lighter gray comes from the absence of electromagnetic signal fluctuations
[17]. The reach of the future SHiP experiment is also shown for comparison [48]. All SN results assume the Hyper-Kamiokande
detector, a 10 kpc supernova distance, and best-fit neutrino oscillation parameters for the normal ordering scenario. Right
panel: dependence of the sensitivity region on different assumptions (distance, mass ordering, detector type), as indicated in
the legend, normal mass ordering is assumed here.

Parameters Hyper-K Super-K JUNO DUNE

Fiducial volume 187 kton 22.5 kton 20 kton 40 kton
Efficiency, ϵ 0.67 0.67 0.8 0.86
Number of targets, Nc 2.5 ·1034 1.5 ·1033 1.2 ·1033 6 ·1032

Refs. [32] [49] [33] [34]

TABLE II. Characteristics of the neutrino detectors, needed
to estimate the number of detected events (see Eq. (32–33)):
the detector efficiency ϵ and the number of targets, Nc.

ment, see Table II. The differential cross-section for in-
verse beta-decay dσibd/dTe depends both on both (anti)-
neutrino energy and on the recoil energy Te. The inte-
gration over (anti)neutrino energies starts from Ebreak –
the energy above which the contribution of the secondary
neutrinos becomes dominant over the SN neutrinos and
the observed spectrum exhibits a break (c.f. Fig. 5 where
the Ebreak ≈ 52MeV). The RSN is the distance to the
SN. Finally, dNν(Eν)

dEν
is the spectrum of (anti)neutrinos,

as computed in Section V above. The total number of
events will be given by

Ntotal =

∞∫
Ebreak

dTe
dNe

dTe
. (33)

VI. RESULTS

We express our results as the region in the dark photon
parameter space that can be explored should a supernova
explosion be registered by terrestrial neutrino detectors.
Figure 6 (left panel) shows the sensitivity of the Hyper-
Kamiokande experiment. The green shaded area is the
region of the parameters space, where one expects detec-
tion of Ntotal ≥ 3 high-energy neutrinos. As the relevant
range of neutrino energies (50MeV to 100MeV) is essen-
tially background free,6 such an estimate corresponds to
the 95% confidence level. The upper boundary of the
region is set by the trapping effect. For higher coupling
constants, dark photons decay inside the supernova core,
and their decay products thermalize without influencing
the signal. The vertical boundary on the left indicates
the mass threshold mA′ ≥ 2mµ, below which DPs decay
to e−e+ pairs, which could impact the supernova electro-
magnetic signal (c.f. [17]).

The neutrino signal of interest primarily arises from
the decay of “thermalized” muons, which have dissipated
their energy through electromagnetic interactions with

6 At these energies, the influence of supernova neutrinos becomes
negligible. Consequently, atmospheric neutrinos are the sole
source of background, with an occurrence rate of a few dozen
events annually [24]. In contrast, we anticipate a sizeable number
of events occurring within a timeframe of approximately 10 sec.
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the plasma, as elaborated in Section IV. The thermaliza-
tion makes our findings independent of the temperature
and density profiles outside the SN core. Such profiles
have never been measured and bear large theoretical un-
certainties (see e.g. discussion in [50]). The fact that
most of the muons have thermalized, makes our predic-
tion dependent only on the total number of produced
dark photons inside the SN core, but not on the details of
the supernovae’ interior. Only a small “bump” at masses
mA′ ∼ 250MeV and U2 ∼ 10−22 − 10−21 comes from
the remaining “non-thermalized” muons (notice that this
“bump” grows into a noticeable region for a nearby su-
pernova at distance of 1 kpc, Figure 6, right panel). Ad-
ditionally, we examine the scenario where muons do not
undergo thermalization (represented by the green dashed
line). This contour is largely model-dependent, serving to
highlight the uncertainty involved in defining the bound-
ary of the green region. All the results on the left assume
the 10 kpc distance to the SN and best-fit neutrino pa-
rameters for the normal mass ordering.

In the right panel of Figure 6, we demonstrate the sen-
sitivity of our results to these assumptions, by varying
the distance, and the type of the experiment and chang-
ing from normal to inverted mass ordering. All limits are
95% CL.

The left panel also includes a comparison of our results
to both past and anticipated experiments. The results
we have obtained occupy a region of the dark photon
parameter space that has not been previously explored,
nor is it expected to be covered in the near future. The
gray shaded areas in the left panel represent other super-
nova constraints: those based on arguments regarding
supernova energy loss [17, 18, 20], as well as constraints
from the electromagnetic decays of DPs, which lead to
fluctuations in the photon signal [17]. Additionally, we
show the coverage by relevant particle physics experi-
ments: the SLAC Beam Dump Experiment E137 [47],
and the expected sensitivities from the forthcoming SHiP
experiment [48].

VII. CONCLUSION AND DISCUSSION

Supernova interiors are considered potential birth-
places for hypothetical feebly interacting particles (ax-
ions, dark photons, sterile neutrinos, etc), which can
have masses up to several hundred MeVs, see e.g. [6].

In the past, SN constraints have been mostly driven by
the energy-loss arguments that aim to restrict the energy
emission rate from the SN via the FIP channel to limit
the potential shortening of active neutrino emission (see
e.g. [7]). However, the neutrino signal from a supernova
contains more information (a form of the spectrum, du-
ration of the burst, etc) that can also be used to provide
constraints on FIP parameters.

In this study, we investigated the generation of dark
photons in supernovae and followed their subsequent es-
cape from the supernova core and decay into secondary
particles (muons and pions). The latter subsequently de-
cay into neutrinos. This sequence of decays, with neutri-
nos as tertiary particles, is a novel area of exploration in
the literature. We show that these neutrinos manifest as
a high-energy “tail” in the neutrino distribution, making
them distinctly identifiable. Furthermore, such neutrino
events occur in a part of the spectrum that is largely free
from any background neutrino events, thereby facilitat-
ing their detection.

Consequently, a supernova explosion within our
Galaxy could enable the probing of dark photon parame-
ters using detectors such as Hyper-Kamiokande, DUNE,
and to a lesser extent, Super-Kamiokande and JUNO. For
supernovae occurring near the Galactic Center, the de-
rived constraints would mainly pertain to neutrinos from
the decays of thermalized muons, providing constraints
that are largely independent of the supernova’s tempera-
ture and density profiles and thus are robust. The contri-
bution of neutrinos from non-thermalized muons (or from
pion decay products) is minor at distances equivalent to
the Galactic Center but becomes significant for super-
nova explosions much closer than the Galactic Center, of-
fering the potential to explore an even broader portion of
the parameter space. We demonstrate that such an anal-
ysis would allow us to explore the region of dark photon’s
masses up to mA′ = 500 MeV and values of mixing pa-
rameter U2 ∼ 10−21−10−16 which makes our result com-
plementary for the future SHiP experiment and the ex-
cessive gamma-emission constraints, covering previously
unexplored region. The developed novel approach will al-
low for the study of other short-living FIP species, that
can be produced in the supernova environment and sub-
sequently decay into neutrinos. In the case of a galactic
center supernova, it can provide higher sensitivity to the
parameters of the FIP and less model dependence than
the scenario of energy-loss/energy-transfer constraint.

Appendix A: Distribution function of the decay products

Sections III and V of this paper use the formula for the transformation between the phase-space distribution function
of the parent particles in laboratory frame and the corresponding distribution function of one of the decay products.
Such a relation is given by the following integral (see e.g. [24, 31]):

dNx

dE
=

∫
d(cos θ)

∫
dEp

1

γ(1 + β cos θ)

dNp

dEp
f⋆ (E⋆, cos θ) (A1)
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Here dNp/dEp is the distribution function of the parent particle in the laboratory frame, γ is the Lorentz gamma
factor for transforming between the rest and laboratory frames, with

γ =
1√

1− β2
, (A2)

and E⋆ is the energy of the decay product in the rest frame of the parent particle, corresponding to the energy E in
the laboratory frame, such that

E = γ(1 + β cos θ)E⋆ (A3)

. In the case of the two-body decays, the distribution function of the decay product x does not depend on the angle
θ and is given by the δ-function:

f⋆ (E⋆, cos θ) =
1

2
δ(E⋆ − Ē) (A4)

where Ē is the energy of the decay product x in the rest frame of the parent particle. Using E⋆ as a variable instead
of cos θ

d cos θ = − 1

βγ

E

E2
⋆

dE⋆ (A5)

we can remove the delta function and one integration resulting in Eqn 11. Since the delta function does not always
have a solution, there appears a minimum value of the energy of the parent particle that can produce a decay product
with given energy E. It corresponds to the case cos θ = 1 and appears as a solution of

E =
Ep +

√
E2

p −m2
p

mp
Ē (A6)

with respect to Ep, where mp - is the mass of the parent particle. In the case of 3-body decay, we can not simplify
the integration and have to take both integrals.

Appendix B: Integrands for NP and PP processes

Following the [20], introduce variables:

x =
EA

T
; y =

m2
π

mNT
; q =

mA′

T
; z = cos(θij) (B1)

where EA - the energy of the dark photon and θij - scattering angle between nuclei in the center of the mass frame.
In those terms, the energy emission integral can be simplified (using the approximation EA, T ≪ mN ). PN-process
integrand can be given as:

Ipn =
∑
j

CjIj (B2)
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where the components I| and Cj are:

I1 =
(u+ v − 2z

√
uv)3

(u+ v − 2z
√
uv + y)2

(B3)

I2 =
(u+ v − 2z

√
uv)(u+ v + 2z

√
uv)2

(u+ v + 2z
√
uv + y)2

(B4)

I3 =
(u+ v − 2z

√
uv)(−u2 − v2 + (6− z2)uv)

(u+ v + y)2 − 4z2uv
(B5)

I4 = x
−u2 − v2 + (6− 4z2)uv)

(u+ v + y)2 − 4z2uv

u− v

u+ v + y + 2z
√
uv − T

mN
q2

(B6)

I5 = x
(u+ v + 2z

√
uv)2

(u+ v + 2z
√
uv + y)2

u− v

u+ v + y + 2z
√
uv − T

mN
q2

(B7)

I6 = x2 (u+ v + 2z
√
uv)3

(u+ v + 2z
√
uv + y)2

1

(u+ v + y + 2z
√
uv − T

mN
q2)2

(B8)

C1 = 1 (B9)

C2 = 4

[
1 +

6x2 − 4x(u− v) + 2q2

(u+ v)2 − 4z2uv

]
(B10)

C3 = −2

[
1 +

2x(u− v)

−u2 − v2 + (6− 4z2)uv

]
(B11)

C4 = −4 (B12)
C5 = −16 (B13)
C6 = 16 (B14)

In similar terms, the PP-integrand after the approximation and reduction will be:

Ipp =
(u+ v − 2z

√
uv)3

2(u+ v − 2z
√
uv + y)2

(B15)

Appendix C: Thermalization in eµ and ep scatterings

The squared element for the electron muon scattering [51] is given by

1

4

∑
spins

|M|2 =
2e4

t2
[
u2 + s2 + 4t(m2

e +m2
µ)− 2(m2

e +m2
µ)

2
]

(C1)

where s,t, and u are Mandelstamm variables. The differential cross-section in the lab frame:

dσ

dΩ
=

1

64π2

1

|p⃗µ|me

1

4

∑
spins

|M|2
|p⃗′µ|

Eµ +me −
|p⃗µ|E′

µ

|p⃗′
µ|

cos θ
(C2)

where p⃗µ, p⃗′µ - 3-momenta of muon before and after the scattering, Eµ, E
′
µ - energies of muon. Value of |p⃗′µ| is found

from energy-momentum conservation:

Eµ +me = E′
µ +

√
|p⃗µ|2 − 2|p⃗µ||p⃗′µ| cos θ + |p⃗′µ|2 +me2 (C3)

the total cross-section requires regularization as it diverges at θ → 0. For simplicity of the estimates we use a relation
between the impact parameter and the scattering angle in a classical case

b =
α

2Eµ

√
1 + cos θ

1− cos θ
(C4)
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FIG. 7. Left panel: Relative energy loss ∆Eµ

Eµ
of muon in electron-muon scatterings averaged with differential cross-section.

Typical muons from dark photons decays will lose ≈ 2− 3% of their energy in each scattering, which is higher, than in the case
of Thomson scattering where their energy loss at relevant SN radius with T ∼ 0.1 MeV is an order of magnitude less.
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FIG. 8. The ratio of muon energy loss rates in reactions with protons to the same process, but with electrons. The difference
is at the level of several orders of magnitude, therefore we do not need to improve the calculations, considering the proton as
a non-point-like particle as it will not change the outcome significantly and we can conclude that muon-electron interaction is
the dominant process for the muon thermalization.

and use the maximum value of the impact parameter as bmax = n
−1/3
e where ne - is the number density of electrons.

Since we are interested in the energy-loss rate, the actual cutoff will not change the result significantly. The value of
the averaged energy loss per reaction is given in Fig.7 In the case of point-like protons, the mass of the electron in
the above expression has to be replaced with the mass of a proton. The energy-loss rate on protons is significantly
lower. the comparison between energy-loss on protons and electrons is presented in 8, where we plot a ratio:

Rtherm =
σpµ∆Epµ

µ

σeµ∆Eeµ
µ

where indices eµ, pµ correspond to the process with a given cross-section σ and energy loss ∆E, averaged over
angles. Since the number densities of protons and electrons are equal or very close in a major part of the SN due to
electroneutrality, this ratio will also show the ratio between energy-loss rates in those two processes.

Appendix D: Supernova simulation profiles

To estimate the thermalization effects we used SN simulation data for a specific scenario of 8.8 M⊙ simulation.
The non-thermalized part of the final result remains model-dependent. Examples of the temperature, density, and
electron fraction profiles are given in Fig.9
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ization effects - [38, 39].
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