
 

Core-collapse supernovae stymie secret neutrino interactions
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Beyond-the-Standard-Model interactions of neutrinos among themselves—secret interactions—in the
supernova core may prevent the shock revival, halting the supernova explosion. Besides, if supernova
neutrinos en route to Earth undergo secret interactions with relic neutrinos, the neutrino burst reaching
Earth may be down-scattered in energy, falling below the detection threshold. We probe secret neutrino
interactions through supernova neutrinos and apply our findings to the supernova SN 1987A. We place the
most stringent bounds on flavor-universal secret interactions occurring through a new mediator with mass
between 10 MeV and 1 GeV.
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I. INTRODUCTION

Neutrinos provide a fascinating window into physics
beyond the Standard Model. In particular, well-motivated
extensions of the Standard Model posit the existence of
new secret neutrino interactions (νSI). Secret interactions
may lead to significant enhancements to the otherwise
feeble neutrino-neutrino interactions, and have a rich
phenomenology.
Secret neutrino interactions occur via a new mediator

that couples to neutrinos. Its massM and coupling strength
g are not known a priori. Presently, there is no evidence for
νSI, but there is a wide variety of νSI models, motivated as
solutions to open issues, including the origin of neutrino
mass [1–6], tensions in cosmology [7–9], the muon
anomalous moment [10,11], and the LSND anomaly
[12]. Constraints on νSI come from particle physics,
cosmology, and astrophysics, as shown in Fig. 1.
In particle physics, the decay width of particles whose

final state contains neutrinos can be affected by νSI. The
weak decays of theW boson and the neutral K meson have
been used to exclude M < Oð10Þ MeV and g≳ 10−9 [16].
In cosmology, if the νSI mediator thermalizes in the early

Universe, it introduces additional degrees of freedom that
contribute to the total entropy. This scenario is constrained
by the big bang nucleosynthesis (BBN) yields and excludes
M < Oð1Þ MeV and g≳ 10−10 [14,19,20]. Separately, νSI
are constrained by observations of the cosmic microwave
background (CMB). Cosmic microwave background
anisotropies depend on the anisotropy of the neutrino field
strongly. Secret neutrino interactions would isotropize the

neutrino field, affecting the CMB. This argument excludes
M < Oð1Þ MeV and g≳ 10−7 [18].
In astrophysics, neutrinos provide independent means to

test for νSI. Secret interactions may affect neutrino self-
interactions within the astrophysical source itself, if the
neutrino density is high enough, like in core-collapse
supernovae (SNe), or induce an elastic scattering of
astrophysical neutrinos off the cosmic neutrino background
(CνB) as they propagate to Earth. Astrophysical neutrinos
have the potential to probe νSI with mediator mass up to
M ≳Oð1Þ GeV, i.e., they can probe mediator masses
significantly higher than other existing probes.
Pioneering work from Ref. [13] invoked the observation

of MeV neutrinos from SN 1987A to constrain the effect of
νSI between SN neutrinos propagating to Earth and the
CνB. References [6,21–27] showed that the occurrence of
νSI between high-energy astrophysical neutrinos and the
CνB would distort the energy spectrum of the astrophysical
neutrinos by introducing a deficit at high energies and a
pile-up at low energies. Recently, Ref. [27] studied the
potential delay in the arrival times at Earth of TeV–PeV
neutrinos as a result of their scattering off the CνB via νSI;
if a source emits a burst of high-energy neutrinos and
gamma rays simultaneously, neutrinos that undergo νSI on
their way to Earth would take a longer path and arrive later
than gamma rays.
In this work, we use MeV neutrinos from Galactic core-

collapse SNe to place constraints on νSI. Throughout, we
take the prevalent view that the SN explosion is powered by
the neutrino-driven mechanism, and that the SN neutrino
emission is significant [28,29]. Severe νSI would invalidate
both statements. We investigate two scenarios: νSI in
the SN core and during the propagation of neutrinos to
Earth. We frame these two scenarios in the context of the
neutrinos detected from SN 1987A.
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In the SN core, the neutrino density is high enough
for neutrinos to be trapped, a situation that favors
the potential occurrence of νSI at an important rate. To
place our constraints, we consider the next-to-leading
order νþ ν̄ → 2νþ 2ν̄, νþ ν → 3νþ ν̄ and ν̄þ ν̄ →
νþ 3ν̄ (collectively denoted by 2ν → 4ν henceforth).
Conservatively, if each neutrino in the SN core undergoes
this process once, the neutrino number density is doubled
while the neutrino average energy is halved. As a result,
neutrinos may be unable to transfer enough energy to the
stalled SN shock wave to revive it, halting the explosion.
During their propagation to Earth, SN neutrinos may

scatter off the CνB, predominantly via the leading-order
νSI process νþ ν̄ → νþ ν̄. Supernova neutrinos would
suffer a severe shift toward low energies, potentially falling
below the energy threshold for detection, of around 5 MeV.

Further, the scattering would deflect neutrinos from their
original propagation direction, significantly delaying their
arrival time at Earth. We treat both effects jointly during the
propagation, refining and extending the treatment from
Ref. [13]. In view of the complexity of the neutrino-driven
SN mechanism, our goal is to find limits on νSI that hinge
only on the general features of the SN neutrino emission
properties.
Figure 1 shows our results. Constraints from νSI in the

SN core disfavor g≳ 10−1.8 and M ≲ 15 GeV. Constraints
from νSI during propagation are weaker and apply only to
M ≲ 25 keV. Between 10 MeV and 15 GeV, our con-
straints are the strongest to date. Since 2ν → 4ν is a next-to-
leading-order process, one may be inclined to believe that
νSI in the core would lead to negligible effects compared to
νSI during propagation. Surprisingly, this is not the case;
below we explain why.
This paper is organized as follows. Section II introduces

νSI. Section III discusses the effect of νSI in the SN core.
Section IV discusses the effect of νSI during propagation.
Section V summarizes and concludes.

II. SECRET NEUTRINO INTERACTIONS

In order to constrain a large class of νSI models, we
adopt an effective-field-theory approach rather than focus
on specific models. As a result, our limits on νSI are of
wide applicability, but must be interpreted carefully: at
neutrino energies well above the scale of the mediator
mass, computing the neutrino-neutrino scattering ampli-
tude precisely would require abandoning our effective-
field-theory approach and adopting a specific νSI model.
The mediator of νSI can be massless [2–6], such as the

Majoron; heavy [13,30–32], and treated via an effective
field theory; or of intermediate mass [33–37], and introduce
resonances. We focus on intermediate-mass mediators
because they may introduce detectable imprints on astro-
physical neutrinos.
The νSI mediator can be a scalar (or pseudo-scalar) or

vector (or axial-vector) boson [26]. In what follows, we
adopt a scalar, ϕ, yet the limits on νSI that we place are
valid for a scalar and a vector mediator, as we explain
below. The νSI interaction is described by

L ¼ gαβν̄ανβϕ; ð1Þ

where α, β ¼ e, μ, τ. For simplicity, we assume that the
interaction is diagonal and universal, i.e., that the only non-
zero entries are gαα ≡ g, so that all flavors of neutrinos and
antineutrinos are affected equally. Since the electron-type
neutrinos play a dominant role in the neutrino-driven
explosion mechanism, our results are valid as long as
the electron-type neutrinos participate in the νSI. However,
in general, it possible to have νSIs which predominantly
affect non-electron type neutrinos, in which case our
approach is not applicable. Because the mediator is a

FIG. 1. Constraints on secret neutrino interactions (νSI), in
terms of the coupling g and massM of the new νSI mediator. Our
new constraints come from considering νSI between SN neu-
trinos en route to Earth and CνB neutrinos (“SN 1987A
propagation”) and νSI between neutrinos in the SN core
(“SN 1987A core”). We consider νSIs that are flavor-universal
(gee ¼ gμμ ¼ gττ). Because of this, for the SN1987A core bound,
although electron-type neutrinos interact the most in the SN core,
our bound applies to all neutrino flavors equally. An earlier
SN constraint (“SN 1987A Kolb & Turner”) [13] comes from
the strength of the νSI interaction rate of neutrinos from the
SN 1987A en route to Earth, but our refined treatment supersedes
it. Other constraints come from Big Bang nucleosynthesis (BBN
for gee ¼ gμμ ¼ gττ) [14], particle decays (we distinguish between
flavors, “Lab gee”, “Lab gμμ”, “Lab gττ” [15]) [16], double beta
decay (ϕββ, for gee) [17], and the cosmic microwave background
(CMB for g11 ¼ g22 ¼ g33, in the neutrino mass eigenstate basis)
[18]. For cosmological bounds, see also Ref. [19].
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scalar, its decay ϕ → νþ ν̄ is helicity-suppressed. Hence,
the limit that we obtain should be interpreted as limit on an
effective coupling that includes the helicity-suppression
factor. The helicity-suppression argument only applies in
the case of a lepton-number-conserving coupling, which is
not possible in the case of Dirac neutrinos. In the case of
Majorana neutrinos, the νSI coupling may or may not be
the source of lepton number violation. For simplicity, we
assume that the νSI coupling is lepton-number-conserving
for the case of a scalar mediator. When interpreting our
limits for a vector mediator, there is no such helicity-
suppression factor; hence, the limits apply directly on the
coupling to the vector mediator.
In the SN core, we test νSI through the next-to-leading-

order process 2ν → 4ν, where both interacting neutrinos
are SN neutrinos with energies of up to approximately
100 MeV. We estimate the cross section σ2ν→4ν using
dimensional analysis, which is a sufficient approximation
for our purposes. Each final-state particle introduces a
factor of ð2πÞ−3 ∼ 10−2 [38], arising from the phase-space
factor associated to each particle. For center-mass-energies
below the mediator mass,

σ2ν→4νðECMÞ ¼ ð10−2Þ4 g
8E6

CM

M8
for ECM < M; ð2Þ

where ECM is the total center-of-mass energy. For center-of-
mass energies above the mediator mass, the cross section is
independent of the mediator mass,

σ2ν→4νðECMÞ ¼ ð10−2Þ4g8E2
CM for ECM > M: ð3Þ

We have verified that the energy dependence of σ2ν→4ν

above is consistent with what we obtain by numerically
computing the cross section from one of the contributing
Feynman diagrams using CalcHEP [39] (see the Appendix).
There is a broad, small resonance betweenM and 2M, but it
does not affect the overall results. Because the cross section
depends strongly on g (i.e., σ2ν→4ν ∝ g8), our results are
fairly independent of small correction factors omitted in our
approximations. Moreover, we have been conservative in
our estimation: due to the large number of contributing
diagrams, the cross section, when computed in full, may be
larger. Hence, the constraints that we derive from νSI in the
SN core are conservative.
During the propagation of SN neutrinos to Earth, we test

νSI through the leading-order process νþ ν̄ → νþ ν̄,
where one of the interacting neutrinos is a SN neutrino
with an energy of Oð10Þ MeV and the other is a CνB
neutrino with Oð0.1Þ meV energy. Compared to SN
neutrinos, neutrinos in the CνB are essentially at rest.
Thus, when an incoming SN neutrino scatters off the CνB,
the deflection angle of the outgoing relativistic neutrino is
completely determined by the energies of the incoming
and outgoing neutrinos. The distribution of the outgoing

directions is given by the differential cross section for the
s-channel process, which we take to have a Breit-Wigner
form (see, e.g., Refs. [6,21,22,24–26]), i.e.,

dσ2ν→2νðEi; θ̃Þ
dcos θ̃

¼ 1

8π

g4s2

ðs−M2Þ2þM2Γ2

�
EfðEi; θ̃Þ
mνEi

�2

; ð4Þ

in the lab frame. Here, Ei is the initial energy of the
SN neutrino, EfðEi; θ̃Þ≡ ðs=2Þ½Eið1 − cos θ̃Þ þmν�−1 is
the final energy of the SN neutrino, θ̃≡ θf − θi is the angle
between the initial (θi) and final (θf) directions of the SN
neutrino,

ffiffiffi
s

p ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Eimν

p
is the center-of-mass energy,mν is

the neutrino mass, and Γ≡ g2M=ð4πÞ is the decay width of
the mediator. It should be noted that for a given initial
energy, the final energy is uniquely determined by θ̃ and,
consequently, it is possible to write the same differential
cross section in terms of the final energy,

dσ2ν→2νðEi; θ̃Þ
d cos θ̃

¼ E2
f

mν

dσ2ν→2νðEi; θ̃Þ
dEf

: ð5Þ

The differential cross section can thus be either inter-
preted as giving us the probability of deflection by a certain
angle, or equivalently, the probability that the energy will
change from Ei to Ef.
The SN neutrino is highly relativistic, the scattering is

very forward-peaked, so θ̃ is small; this becomes relevant
later, when propagating SN neutrinos to Earth. The cross
section is resonant when the neutrino energy is Eres ¼
M2=ð2mνÞ. In comparison, the cross section for the
t-channel process is small [22,26], and we neglect it here.
To produce our results, we fixmν ¼ 0.05 eV, in agreement
with the most recent bounds on the sum of neutrino masses,
from cosmology [40,41].
The distribution of neutrino scattering angles is different

for scalar and vector νSI mediators. As a consequence, the
differential cross section in Eq. (4) should be modified by a
constant factor of Oð1Þ for vector νSI mediators. However,
we neglect this small correction since our bounds, as we
show later, purely rely on the reduction in the neutrino
energy induced by the νSI, which is common to both types
of mediator. As such, our bounds on νSI are independent of
whether the mediator is a scalar or a vector. Added to that,
inside the SN core, because the interacting neutrinos are
thermalized and uniformly distributed, the directions of the
final-state neutrinos that emerge from a νSI scattering are
also uniformly distributed. Further, during propagation to
Earth, the final-state relativistic neutrino that emerges from
a νSI interaction is highly boosted in the forward direction,
so any differences in the angular distribution between a
scalar and a vector mediator are subdominant.
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III. SECRET NEUTRINO INTERACTIONS
IN THE SUPERNOVA CORE

Because SNe are extremely dense in neutrinos, with
typical neutrino densities of nν ∼Oð1038Þ cm−3 deep in the
core of the proto-neutron star [28,42], νSI can be significant
and affect both the neutrino emission and the SN explosion
mechanism itself. Below, we present simple yet powerful
arguments to identify the regions in the ðg;MÞ parameter
space where νSI would significantly affect the SN explo-
sion by relying on the νSI process νþ ν̄ → 2νþ 2ν̄. The
robustness of our argument stems from the relative inde-
pendence on the precise values of the SN input parameters
that we choose.
Inside the dense proto-neutron star, neutrinos are trapped

due to their frequent interactions with nucleons. Matter
falling onto the core bounces off of it, creating a shock
wave that expands outwards, but that is soon stalled. Within
roughly 500 ms after the bounce, neutrinos that escape
from the SN core are thought to play a vital role in reviving
the stalled shock wave and triggering the explosion [28].
Neutrinos do so by depositing energy though scatterings
with the medium. This is the so-called “neutrino-delayed
explosion mechanism” [43].
The amount of energy deposited by neutrinos to revive

the shock is approximately

Edep ∝ nνσνN ∝ nνhEi2; ð6Þ

where nν is the neutrino number density summed over all
six flavors, hEi is the average neutrino energy, and σνN ∝
hEi2 is the neutrino-nucleon cross section. The amount of
energy deposited by neutrinos depends on the flavor
composition, since electron-type neutrinos have a larger
cross section than non-electron ones, but, for the sake of
simplicity, we ignore this effect. Further, we assume zero
chemical potential for all flavors in the core, since we focus
on SN regions where the degeneracy parameter is smaller
than unity.
Because the leading-order νSI process νþ ν̄ → νþ ν̄

preserves the number of neutrinos and the average neutrino
energy, it does not affect Edep. In contrast, the next-order
processes 2ν → 4ν increases the number of neutrinos and
decreases the average neutrino energy, i.e., it changes nν →
n0ν ≃ αnν and hEi → hE0i ≃ hEi=α, where α > 1 is a con-
stant factor that depends on the νSI interaction rate in the
core. As a result, the deposited energy [Eq. (6)] decreases
by a factor α: Edep → E0

dep ¼ n0νσ0νN ≃ Edep=α [44]. Large
values of α mean that νSI in the core would render E0

dep too
small to revive the SN shock, halting the explosion.
Below, we estimate the values of M and g for which this
would occur.
We make the reasonable assumption that the dominant

Standard-Model interaction rate in the SN core is due to
neutrino-nucleon scattering. This process determines the

radius Rν of the “neutrino-sphere,” the roughly spherical
region within which neutrinos are trapped. In the early
stages of the SN, Rν is of a few tens of km, and decreases
with time. Inside the neutrino-sphere, neutrinos are ther-
malized with the nucleons of the medium and their number
density nν follows a Fermi-Dirac distribution, with temper-
ature T ≃ hEi=3.15. Notably, deep inside within the
neutrino-sphere neutrinos are degenerate (i.e., Pauli block-
ing is high), so that there is no room for their number to
grow via the νSI process 2ν → 4ν. Thus, we focus instead
on the “neutrino decoupling region,” i.e., a region in the
proximity of the neutrino-sphere where the number density
of nucleons starts falling and neutrinos gradually decouple
from nucleons. There, the neutrino density is still high, but
the neutrino degeneracy is negligible. These two conditions
allow for the process 2ν → 4ν to potentially occur at a high
rate. We assume that the neutrino number density still
follows a Fermi-Dirac distribution in the decoupling region,
and we fix the average energy to hEi ¼ 30 MeV, a value
representative of expectations; see, e.g., Ref. [45].
In the decoupling region, neutrinos move along

a random walk as they scatter off residual nucleons.
Their energy-averaged mean free path is λνN ¼
½R dEðdnνðEÞ=dEÞσνNðEÞ�−1. Hence, the total number of
neutrino-nucleon scatterings that a neutrino undergoes is,
on average, NνN ¼ R Rmax

Rmin
drr=λ2νN , according to the central

limit theorem [46]. Here, Rmin ¼ 15 km is the approximate,
time-averaged minimum radius where the neutrino degen-
eracy starts to be negligible and decoupling begins, while
Rmax is the maximum radius of the decoupling region.
Because the neutrino and nucleon densities fall steeply with
radius, NνN is dominated by the interactions that occur
closest to the neutrino-sphere. As a result, the exact
choice for Rmax does not matter; we set it to 45 km.
After NνN scatterings, a neutrino has traveled a path of
length d≡ λνNNνN , on average.
If νSI occur during the neutrino random walk, the

average number of 2ν → 4ν scatterings that a neutrino
undergoes is

N2ν→4ν ≃ σ2ν→4νnνd ≃ σ2ν→4νnνλνNNνN: ð7Þ

We assume that, in the decoupling region, neutrinos have a
fairly isotropic distribution, and hence the typical νSI
center-of-mass energy is 2hEi. Neutrinos are produced at
different locations in the SN core and propagate along
different paths while depositing energy to revive the shock.
Conservatively, if N2ν→4ν ¼ 1, a neutrino undergoes a

single νSI scattering, on average. In this case, α ¼ 2 and
this implies n0ν ¼ 2nν and hE0i ¼ hEi=2. According to
Eq. (6), this is sufficient to reduce the energy deposited
by neutrinos to revive the shock by 50% with respect to the
case without νSI and, therefore, halt the SN explosion.
The dependence of N2ν→4ν on g and M is very strong

and, consequently, the limits on g and M are very robust to
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some of the assumptions that we have made. We illustrate
this by comparing the limits obtained using our default case
with Rmin ¼ 15 km and hEi ¼ 30 MeV against an alter-
native, more conservative, case with Rmin ¼ 30 km and
hEi ¼ 15 MeV. As long as we maintain the criterion of
N2ν→4ν ¼ 1 for placing limits, the latter are practically
unchanged; this is clearly visible in Fig. 2, where the limit
obtained in the default case is close to the limit obtained in
the alternative case, which is slightly more conservative.
If N2ν→4ν ≫ 1, the average neutrino energy decreases

progressively with each νSI scattering. Therefore, the
probability of neutrinos interacting with each other may
change over time. We do not consider this feedback effect,
since our constraints on νSI are already strong even
considering that neutrinos interact only once.
Figure 2 shows the region of the ðM; gÞ parameter space

excluded by requiringN2ν→4ν ≥ 1 in the SN core. The cross
section for 2ν → 4ν explains the shape of the constrained
region. For masses M ≲ 100 MeV, the cross section
[Eq. (3)] is independent of M, and so is our constraint.
For masses M ≳ 100 MeV, the cross section [Eq. (2)]
depends on M, and our constraint weakens with rising
values of M. Later, we find a similar behavior for the
constraints based on the propagation of SN neutrinos
to Earth.
Our results are based solely on the fact that νSI reduce

the average neutrino energy. As a consequence, our
constraint is only weakly dependent on the exact SN
inputs, such as the temperature of the medium, and,
therefore, applies to the observation of neutrinos from

SN 1987A, under the assumption that its explosion
occurred via the neutrino-delayed mechanism. Figure 1
shows our constraint from inside the SN core (“SN 1987A
core”). For masses from M ≈ 10 MeV to 15 GeV, our
bound is the strongest and, forM ≳ 100 MeV, it is the first.
There is one subtle point in our approach. It concerns the

occurrence of the reverse reaction, 4ν → 2ν. At high
densities, deep in the SN core, the dynamics of the forward
and reverse reactions is complex: either the forward
reaction is blocked due to the high neutrino degeneracy
or the forward and reverse reactions are in equilibrium. We
have bypassed this issue by focusing instead on the
decoupling region and beyond. There, we assume that
the forward and reverse reactions are not in equilibrium
anymore, since the 4ν → 2ν process is disfavored by the
decreasing neutrino number density and average energy.

IV. SECRET INTERACTIONS OF SUPERNOVA
NEUTRINOS EN ROUTE TO EARTH

Supernova neutrinos en route to Earth may scatter on the
CνB via νSI, predominantly through 2ν → 2ν. As a result,
their energies, directions, and arrival times at Earth would
be affected. Below, we show that if these effects are severe,
SN neutrinos would become undetectable, and we find the
values of M and g for which this happens.
Supernova neutrinos are affected by νSI in two ways.

First, given the lower energy of CνB neutrinos versus SN
neutrinos, SN neutrinos are down-scattered in energy while
CνB neutrinos are up-scattered. (Hence, the νSI process
does not conserve the number of relativistic, detectable
neutrinos, but does conserve the total energy.) Our con-
straints on νSI come from the resulting net dampening of
the energies of the SN neutrinos. Second, upon scattering
on the CνB, SN neutrinos are deflected from their original
propagation direction and this delays their arrival at Earth.
Although our constraints on νSI do not come from
detecting this time delay, our treatment of neutrino propa-
gation accounts for the delay implicitly.
We track the propagation of relativistic neutrinos along

the radial direction r from the SN to Earth including the
interaction of SN neutrinos on the CνB and its effect on the
neutrino energy and angular distribution. To obtain our
results, we fix the SN distance to D ¼ 50 kpc, inspired by
the distance to SN 1987A. In the absence of νSI, neutrinos
from a core-collapse SN at this distance would be detect-
able. In the presence of νSI, we show that they might not.
(To be conservative, we ignore the νSI process 2ν → 4ν
during propagation; it is subdominant because the center-
of-mass energies are significantly lower than in the SN
core. Including it would only intensify the energy damp-
ening of SN neutrinos).
We write the transport equation in terms of the number

density of relativistic neutrinos within the energy interval
ΔE and traveling along directions within the interval
Δ cos θ, fðE; cos θÞ≡ ΔEΔ cos θðdnν=dEd cos θÞ:

FIG. 2. Constraints on the mass and coupling of the νSI
mediator based on νSI occurring in the SN core. The color
coding represents the average number N2ν→4ν of νSI νþ ν̄ →
2νþ 2ν̄ interactions that occur in the SN, see Eq. (7). The region
above the black line is excluded for the default case with Rmin ¼
15 km and hEi ¼ 30 MeV. The region above the dashed
line is the exclusion region for the conservative case with
Rmin ¼ 30 kmhEi ¼ 15 MeV. There, N2ν→4ν ≥ 1 and the neu-
trino energy deposition is insufficient to revive the stalled shock
wave, thus halting the SN explosion.
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dfðE;cosθÞ
dr

¼ nCνB
cosθ

�
2

Z
∞

E
dEi

dσ2ν→2νðEi;θ−θiÞ
dEf

fðEi;cosθÞ
����
Ef¼E

−
Z

E

0

dEf
dσ2ν→2νðEi;θf−θÞ

dEf
fðEi;cosθÞ

����
Ei¼E

�
; ð8Þ

where r is the radial distance traveled by neutrinos from the
SN and the νSI cross section dσ2ν→2ν=dEf is defined in
Eq. (5). The number density of CνB neutrinos is
nCνB ≈ 330 cm−3. In the case of Dirac neutrinos, half of
the neutrinos and antineutrinos will be in sterile states
resulting in a reduction by a factor of two of the number of
targets. The straight-line direction from the SN to Earth is
cos θ ¼ 1; angular deflections due to scattering are mea-
sured relative to that. The pre-factor 1= cos θ changes the
propagation distance to radial distance; it is approximately
equal to unity because the final-state SN neutrino in the
interaction is forward-boosted. This reflects the fact that,
though νSI may introduce angular deflections in the
trajectory of relativistic neutrinos, these are small, so only
neutrinos emitted along the direct line-of-sight direction
from the SN to Earth, or very close to it, will reach us.
The first term on the right-hand side of Eq. (8) is a gain

term; it accounts for neutrinos of final energy E, coming
from the scattering of neutrinos that had an initially higher
energy. In the gain term, Ei and θi are the initial energy and
direction of the neutrinos that, after undergoing νSI,
contribute neutrinos with final energy E and direction θ.
Thus, for given values of E and θ, within the integral,
θi is determined by requiring that the final energy is
EfðEi; θ − θiÞ ¼ E; see Eq. (4). The prefactor of 2 in

the gain term ensures energy conservation; for each
incoming relativistic neutrino, there are two outgoing
relativistic neutrinos: the SN neutrino down-scattered in
energy and the CνB neutrino up-scattered in energy.
The second term on the right-hand side of Eq. (8) is a

loss term; it accounts for neutrinos of initial energy E that,
after interacting, have final energies Ef < E. In the loss
term, Ei ¼ E and θ are the initial energy and direction of
the neutrinos that, after undergoing νSI, contribute to
neutrinos with final energy Ef < E and direction θf.
Thus, for given values of E and θ, within the integral,
θf is determined by requiring that the final energy is Ef.
We evolve f from r ¼ 0, using the SN neutrino emission

as initial condition, to Earth, for a SN at distance r ¼ D.
Because we have assumed that the νSI coupling is flavor-
universal, we neglect flavor conversions in the source and
on the way to Earth.
To constrain the νSI parameter space, we solve Eq. (8)

for a wide range of values of M and g. For the initial
neutrino energy distribution, we use a representative
pinched energy distribution [47,48] with hEi ¼ 15 MeV
and hE2i ¼ 290 MeV2 (see the “No νSI” curve in the left
panel of Fig. 3). However, the νSI limits that we obtain are
not strongly sensitive to the choice of hEi and hE2i. We
then identify the ðM; gÞ combinations for which the energy
down-scattering of SN neutrinos is so intense that the
neutrino energy would fall below a typical energy threshold
of detection of 5 MeV [49].
Figure 3 illustrates the energy down-scattering of SN

neutrinos en route to Earth for the particular choice of
log10ðM=MeVÞ ¼ −3.50 and log10ðgÞ ¼ −1.75, and under
the assumption that neutrinos are emitted by the SN in
a single instantaneous burst. Supernova neutrinos are

FIG. 3. Illustration of the energy down-scattering of SN neutrinos reaching Earth due to νSI scattering off the CνB. Left: neutrino
energy distribution in arbitrary units before and after νSI as a function of the neutrino energy for log10ðgÞ ¼ −1.75 and
log10ðM=MeVÞ ¼ −3.50. Supernova neutrinos are down-scattered as a result of νSI. Right: the color scale represents the percentage
of neutrinos that reach Earth for a SN located 50 kpc away. The x-axis is the arrival direction of the neutrinos at Earth, where cos θ ¼ 1
means straight-line propagation from the SN to Earth, while the y-axis is the SN neutrino energy after νSI on CνB neutrinos. The initial
energy spectrum is same one as in the left panel. The dashed horizontal line marks the detection energy threshold of 5 MeV.
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scattered below the detection threshold, and the deviation
from the radial direction is larger for a larger reduction of
neutrino energy.
To produce our constraints, we repeat this procedure

varying the values of M and g. Figure 1 shows our
constraints on M and g obtained in this way (“SN
1987A propagation”). Motivated by the detection of
neutrinos with 5–40 MeV from SN 1987A, we rule out
values ofM and g for which at least 99% of all neutrinos are
down-scattered below 5 MeV by the time they reach Earth.
Incidentally, our constraints rule out the region of the
parameter space recently used to explain the LSND data
in Ref. [12].
The cross section for νþ ν̄ → νþ ν̄ (Eq. (4) explains the

shape of the constrained region in Fig. 1. The resonance
energy is Eres ∼ 1 keV. For masses M ≲ 1 keV, M is
negligible compared to the center-of-mass energy

ffiffiffi
s

p
;

hence, the constraint in the νSI parameter space is inde-
pendent of M. For masses M ≳ 1 keV, M becomes
comparable to or larger than

ffiffiffi
s

p
; hence, the νSI bounds

weaken with higher masses. At M ≈ 1 keV, M ∼ s and the
cross section is resonant. Because of multiple scatterings,
the resonance is diluted and appears as a shallow dip
at M ≈ 1 keV.
Figure 1 shows that our bounds from propagation cover a

smaller region of the parameter space than the bounds from
Ref. [13] (“SN 1987A Kolb & Turner”), which were also
derived from propagation. This is because Ref. [13]
assumed a much larger neutrino mass than us, which
was allowed at the time. As a result, the resonance energy
Eres was much smaller than ours, and bounds for the regime
where constraints are independent of M are absent from
that work.
Because the typical center-of-mass energy of νSI inside

the SN core is higher than the one of νSI during propa-
gation, the νSI constraints from inside the SN apply to
higher values of M and across a wider range.

V. CONCLUSIONS

Secret neutrino interactions (νSI) are proposed neutrino-
neutrino interactions beyond, and potentially stronger, than
the ones foreseen within the Standard Model. Finding
evidence of νSI or constraining them would provide pre-
cious guidance to extend the Standard Model. We have
explored the effect of νSI on neutrinos from core-collapse
supernovae (SNe). From the observation of neutrinos
from SN 1987A, we have constrained the mass M and
coupling strength g of the new mediator through which
νSI occur.
We have placed two bounds on νSI: from considering

νSI of SN neutrinos among themselves inside the SN core
and from considering νSI of SN neutrinos that interact with
neutrinos from the cosmic neutrino background (CνB) on
their way to Earth. In deriving these bounds, we have made
conservative choices. Because our methods are largely

insensitive to the specific values of the SN parameters
adopted as input, our bounds are robust against variations
in the neutrino emission across different SNe.
In the SN core, νSI have the effect of decreasing the

overall amount of energy deposited by neutrinos for the
shock revival. As a result, the SN explosion may be halted.
Because the SN 1987A neutrino data support a SN
explosion mechanism that is powered by neutrinos, we
disfavor the region of the ðM; gÞ parameter space where
neutrinos would be unable to achieve this.
During propagation of SN neutrinos to Earth, νSI on the

CνB down-scatter the energy of the detectable SN neu-
trinos. Because we observed neutrinos with tens of MeV
from SN 1987A, we require that 99% of emitted SN
neutrinos reach Earth with energies above a typical
detection threshold of 5 MeV, and we disfavor the
region of the ðM; gÞ parameter space where this does
not occur.
Our bounds from inside the SN core rely on the next-to-

leading-order νSI process 2ν → 4ν, whose cross section
scales as g8. The small probability of interaction is out-
weighed by the extremely large density of neutrinos in
the core. On the other hand, the constraints from the
propagation of SN neutrinos to Earth rely on the lead-
ing-order νSI process νþ ν̄ → νþ ν̄, whose cross section
scales as g4. In this case, the probability of interaction is
enhanced by the long distance traveled by neutrinos
to Earth.
Figure 1 shows that our bounds from the SN core are more

stringent than our bounds from propagation and apply to a
wider mediator mass range. Our bounds are the strongest
from M ≈ 10 MeV to 1 GeV. For M ≲ 100 MeV, we
exclude g≳ 10−1.8. For M ≳ 100 MeV, our bounds are
the first.
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APPENDIX: APPROXIMATE 2ν → 4ν νSI
CROSS SECTION

For a νSI process that converts 2 neutrinos to 4 neutrinos,
2ν → 4ν, there are more than a hundred Feynman diagrams
that contribute to the calculation of the cross section.
Figure 4 shows illustrative topologies of the diagrams;
similar diagrams can be obtained by changing the flavors
of the neutrinos in the initial and final states. Because
of the large number of contributing diagrams and the
interference between them, the precise phase-space
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integration required to compute the cross section is com-
putationally demanding, and firmly beyond the scope of
this work.
We have circumvented such a taxing calculation by using

instead the approximate cross section σ2ν→4ν in Eqs. (2) and
(3) as an estimate derived solely from dimensional analysis;
see the main text for details. To test the validity of our
estimate, we have compared its energy dependence with
that of the cross section calculated numerically and
precisely, via CalcHEP [39], using a single representative
contributing Feynman diagram. We have used the first
diagram from the left in Fig. 4 for this purpose. Figure 5
shows that their energy dependencies are reasonably
similar, confirming the validity of our adopted approximate
cross section in our analysis. Because the purpose of this
figure is to illustrate the energy dependence of σ2ν→4ν

regardless of the value of the coupling constant, we use
arbitrary units for the cross section.
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