PHYSICAL REVIEW D 107, 073005 (2023)

Neutrino magnetic moment portal and supernovae:
New constraints and multimessenger opportunities

Vedran Brdar,l’* André de Gouvéa ,2’* Ying-Ying Li ,3’” and Pedro A.N. Machado™*

"Theoretical Physics Department, CERN, Esplande des Particules, 1211 Geneva 23, Switzerland
*Northwestern University, Department of Physics and Astronomy,
2145 Sheridan Road, Evanston, Illinois 60208, USA
3Peng Huanwu Center for Fundamental Theory, Hefei, Anhui 230026, China
4Interdisciplinary Center for Theoretical Study, University of Science and Technology of China,
Hefei, Anhui 230026, China
SParticle Theory Department, Fermilab, P.O. Box 500, Batavia, Illinois 60510, USA

® (Received 2 March 2023; accepted 4 April 2023; published 21 April 2023)

We scrutinize the hypothesis that gauge singlet fermions—sterile neutrinos—interact with Standard
Model particles through the transition magnetic moment portal. These interactions lead to the production of
sterile neutrinos in supernovae followed by their decay into photons and active neutrinos which can be
detected at y-ray telescopes and neutrino detectors, respectively. We find that the nonobservation of active
neutrinos and photons from sterile-neutrino decay associated to SN1987A yields the strongest constraints
to date on magnetic-moment-coupled sterile neutrinos if their masses are inside a 0.1-100 MeV window.
Assuming a near-future galactic supernova explosion, we estimate the sensitivity of several present and
near-future experiments, including Fermi-LAT, e-ASTROGAM, DUNE, and Hyper-Kamiokande, to
magnetic-moment-coupled sterile neutrinos. We also study the diffuse photon and neutrino fluxes produced
in the decay of magnetic-moment coupled sterile neutrinos produced in all past supernova explosions and
find that the absence of these decay daughters yields the strongest constraints to date for sterile neutrino

masses inside a 1-100 keV window.
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I. INTRODUCTION

While the Standard Model (SM) shows remarkable
consistency with numerous experiments, it fails to account
for nonzero neutrino masses, dark matter, and the baryon
asymmetry of the Universe. The addition of gauge-singlet
fermions—sterile neutrinos—to the SM allows one to
address these shortcomings. Sterile neutrinos allow for
tiny active neutrino masses via the type-1 seesaw scenario
[1-4], a model that can also dynamically generate the
baryon asymmetry via leptogenesis [5,6]. Further, light
sterile neutrinos have been widely discussed as viable dark
matter candidates [7]. In the absence of more degrees of
freedom, at the renormalizable level, a sterile neutrino N
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can only interact with SM particles through Yukawa
interactions. These are constrained at different levels by
a variety of experimental probes across a plurality of mass
scales [8,9].

At the nonrenormalizable level, sterile neutrinos can also
interact with neutrinos and photons through a magnetic-
moment-type interaction. In the SM, neutrino magnetic
moments are expected to be very small [10—17] but they
can be enhanced in beyond the Standard Model (BSM)
scenarios, particularly those associated with the origin of
neutrino masses [18-25]. Likewise, in the presence of
sterile neutrinos, large active-to-sterile neutrino transition
magnetic moments can be generated as a consequence of
more BSM physics [26-31]. Some are related to the
existence of new TeV-scale new physics motivated by
other anomalies in particle physics (see, e.g., [26]).

Active-to-sterile neutrino transition magnetic moments
are described by a Lagrangian that includes, after electro-
weak symmetry breaking,

_ My -
£ d,No, v Fr — TNN”N + H.c.. (1)

Here, v* (@ = e, u, 7) are the active neutrino fields while
F* is the field strength tensor of the electromagnetic field.
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d, are the interaction strengths, with units of inverse
energy; for simplicity, we assume flavor universal inter-
actions and define d, =d, Ya. My is the mass of the
sterile neutrino. Throughout, we assume that N and the
active neutrinos are Majorana fermions.

Given the large flux of neutrinos associated to core-
collapse supernova explosions (SN) [32], sterile neutrinos
can be efficiently produced via magnetic-moment inter-
actions; the process ve~™ — Ne~ is the dominant produc-
tion channel for My <100 MeV [27]. The observed
properties of the SN1987A neutrinos, including their total
energy [33-35] and the estimated cooling time [36-38]—
around 10 s—imply that hypothetical sterile neutrinos
produced in SN1987A did not carry away O(1) of the
available energy. This energy loss argument has been
widely employed in the literature in order to constrain
various BSM scenarios, including keV-scale sterile neu-
trinos interacting through active—sterile mixing [39-41],
axionlike particles [42,43] (see also complementary
study [44]), and dark photons [45,46]. For the model
in Eq. (1), a detailed analysis based on the energy
loss argument was carried out in [27] and allows
one to exclude 1073 MeV~! <d <107'°MeV~! for
My <100 MeV [27] (see also [47]). The lower bound
on d was set assuming the new interaction is such that
sterile neutrinos carry at most 10% of the energy released in
the explosion, as is typically done in the literature.

Equation (1) also mediates the decay of the sterile
neutrinos, N — vy, which potentially lead to observable
signatures at neutrino detectors and y-ray telescopes. We
explore such multimessenger signatures and derive new
limits and sensitivity projections. These turn out to be
stronger than the standard energy-loss bounds discussed
above when M is in the 0.01-100 MeV range.

II. STERILE NEUTRINO PRODUCTION

The differential number of sterile neutrinos Ny produced
via the magnetic moment portal per unit time ¢ at position r
is [40]

2
1 o <a’NS> o 4 2

4722 orot \dEy e dE”

Here, on, is related to the interaction rate for the process
ve~ — Ne~ which dominates, for My < 100 MeV, due to
large neutrino and electron number densities inside the star.
The cross section, ¢, is proportional to d? and includes
finite temperature effects as well as those of Pauli blocking
on the final state electron; the latter means that a time
and radius-dependent chemical potential has also been
employed. Further, n, and n, are, respectively, the number
densities of electrons and neutrinos. (1/n,)dn,/dE =
f(E)/E where E is the mean neutrino energy and f(E)
is the neutrino distribution function [48]. The approximate
relation between the sterile-neutrino and active-neutrino
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FIG. 1. 20 constraints and future sensitivity for the transition
magnetic moment d as a function of sterile neutrino mass M.

energy is E =1 (Ey + py), where py is the sterile-neu-
trino momentum. We solve Eq. (A1) using data associated
to the simulation performed by the Garching group of
an 8.8M progenitor star [35]. For more details, see
Appendix A. In addition to ve~ scattering, we also include
contributions from the inverse decay process, yv — N,
which is known to be relevant when My = 100 MeV [27].
Requiring the total energy carried away by N to be less
than 10% of the total available neutrino energy leads to
the “cooling” bound depicted in Fig. 1 (gray region). Our
estimate is in agreement with the one obtained in [27].

While active neutrinos exit the SN with energies of a
few tens of MeV, they are copiously produced at higher
temperatures in the dense SN core. Sterile neutrinos,
instead, in the parameter space of interest, promptly exit
the SN after production. This implies that the typical
sterile-neutrino energies are (100 MeV) (see Fig. 5 in
Appendix A). Sterile neutrinos will decay en route to the
Earth via N — vy, producing O(100 MeV) active neutri-
nos and photons.

ITI. STERILE NEUTRINO DECAY

The decay width for N — vy is Ty = 6d>M3,/4x [49].
For d values of interest, sterile neutrinos produced in the
SN core do not interact before decaying. The daughter
particles are emitted at an angle « relative to the direction of
N, given by

2ENE,;, — M,
2E,,\Ey — M%

where E, and E, denote the energies of the daughter photon
and neutrino, respectively. For a small range of «, the
daughter particle can reach the Earth, as sketched in Fig. 2.

(3)

cosa =
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Earth

FIG. 2. Sterile neutrino decay geometry.

The angle @ at which the daughter particle arrives at the
Earth is given by Dgysin€ = L;sina, where Dgy is
the distance between the SN and the Earth, and L; is
the distance propagated by N before decaying, see Fig. 2.

In the frame of an observer at the Earth, summing over
all final-state photon and neutrino polarizations, the differ-
ential decay rate of a Majorana N is given by the box
distribution [49-51]

R e

dE,, "\ Ey E*—E- ’

where E* = Ey(1 £ )/2 and = \/E% — M%/Ey, the
speed of N. The time delay Az, the arrival time of the
daughter y/v relative to that of the neutrinos produced in
the explosion via SM processes, is [52]

At =L;/f+ L, — Dy, (5)

with L, = Dgycos@ — Licosa. For a given Atf, L; <
PAt/(1 —p). One finds that 6 is bounded: sind < L,/
dsn < pAt/[(1 = B)dsx.

The flux of daughter y/v is obtained by integrating over
all N decays that occur at Rg{f{ <Ly < LP*. L™ corre-
sponds to the distance L; associated to the largest time
delay considered or the largest angle 6, allowed by

observations. Rg{\’f is the smallest decay distance for which
the decay daughter can escape the explosion unperturbed.
For daughter photons, N should decay beyond the photo-
sphere, otherwise the associated photon flux is severely
attenuated. Conservatively, we take the photosphere radius
to match the radius of the star; we adopt R = 3 x 1010 m,
the estimated radius of the SN1987A progenitor [53].
For neutrinos, Rgy is chosen to be the radius of the
neutrinosphere, assumed to be R§y = 30 km. In what
follows, we will consider different observation time
windows and take 6., to be the angular resolution of
the y-ray telescope. With the sterile neutrino decay length
Ly = (Ex/My)Ty'B, the differential flux of daughter
particles per unit energy and area A at the Earth is

e [ e,

dE,,dA | 4zDi(E* —E") dEy

dEy. (6)

IV. GAMMA-RAY DETECTION

We calculate the photon flux at the Earth using Eq. (6).
Our results are depicted in Fig. 3 for a time window Af <
223 s (solid), and a nominal longer exposure At < 3600 s
(dashed), assuming Dgy = 51.4 kpc. We choose 6,,,, = 5°
which, for Ar <3600 s, always exceeds the angles at
which the photons arrive. The “plateau” for E, < My is
a reflection of the aforementioned box energy distribu-
tion while suppression at larger E, occurs because the
production of sterile neutrinos with energies above the
SN core temperature is inefficient. The total number of
observed photons N5M, including detection inefficiencies,
is obtained by integrating Eq. (6) over the photon energy
range and the detection area of the y-ray telescope of
interest.

Keeping in mind the small number of decay-daughter
gamma rays and neutrinos from the SN explosion, we
define the log likelihood

—2InL= 2(]vexp = Nops + ]\IobsLOg[]Vobs/Nvexp])7 (7)

and consider constraints at the 2o level, associated with
—2In L = 3.841. Here, Ny, is the number of expected
events for a particular point in the (d x My) parameter
space and N, is the number of observed events.

At the time of SN1987A, the gamma-ray spectrometer
(GRS), mounted on the satellite-borne solar maximum
mission (SMM) [54], was operating and observed N, =
1393 events from the direction of SN1987A in the time
window up to 223 s after the neutrino burst and in the
energy band 25-100 MeV, with a full field view of the
detector [55,56]. This event number is consistent with
expectations from the galactic diffuse photon flux and
several other sources, including scintillation light induced

Dgn = 51.4kpe
My=30 MeV, d=3x10""MeV~!
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FIG. 3. Photons flux (at the Earth) from sterile neutrino decay,
for At < 223 s (solid) and Ar < 3600 s (dashed).
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by primary cosmic rays [54]. We use 6,,,x = 5° to calculate
the number of BSM events, N}‘?SM, in the time window
At < 223 s. In the parameter space of interest, the angular
distribution is very narrow (0 < 5°). Using Eq. (7),
we require NBSM <76, a 26 fluctuation of Ny, = 1393.
The corresponding constraint is depicted in Fig. 1 as
a blue shaded region' labeled “SN1987A(y)”. For
My ~ 100 MeV, we can exclude d~ 107" MeV~!, a
constraint that significantly exceeds those of other probes,
including the energy loss argument discussed earlier
(gray region in Fig. 1). For small My, the constraints
are much weaker because the Ar < 223 s condition
becomes increasingly more difficult to satisfy.

In the event of a future core-collapse SN, current and
near future experiments will be able to probe a much
larger region of the parameter space. Assuming the SN
event happens in the galaxy at a distance Dgy = 10 kpc,
which is not unlikely [58,59], we consider the currently-
operating Fermi-LAT, which has a total detection area
of 9500 cm? and angular resolution around 5° in all
directions [60], together with near-future experiments
such as e-ASTROGAM [61] (detection area 9025 cm?
and angular resolution of 1.25°), ComPair [62], and
PANGU [63], which will provide better sensitivity for
E, £ 100 MeV. e-ASTROGRAM, ComPair, and PANGU
may be relevant for the small M region, where a poten-
tially significant portion of the flux has £, < 100 MeV; see
Fig. 3, where fluxes for low and high M, benchmarks are
compared. To estimate the sensitivity of these experiments
to transition magnetic moments, we consider the same time
windows as before, 223 s and 3600 s. With these choices,
for Eyy and My values of interest, the arrival angle 0 is,
roughly, less than 5°.

When estimating the sensitivity of Fermi-LAT, we
restrict E, > 100 MeV [64]. For e-ASTROGAM, we
instead consider photons with £, > 1 MeV. The sensitivity
projections are depicted in Fig. 1 as dashed lines for
both Fermi-LAT, with At < 223 s (3600 s) and NPM <
2.5(4.9) (blue); and e-ASTROGAM with Az < 3600 s and
NPSM < 4.4 (black). These correspond to 26 sensitivity,
assuming all backgrounds can be eliminated. Future sensi-
tivity is expected to improve on SN1987A constraints by
roughly two orders of magnitude throughout the parameter
space. PANGU will likely be able to measure the polari-
zation of the gamma rays, allowing one to, for example,
distinguish photons from different origins [52,65,66]. We
leave this to a future study.

To appreciate the fundamental physics impact of pos-
sible future Fermi-LAT and e-ASTROGAM measurements,

'We have neglected the possibility of fireball formation [46,57]
in which case, a small part of the parameter space inside the blue
shaded region would be constrained by Pioneer Venus Orbiter
mission [57] instead of SMM.

we compute the transition magnetic moment predicted by a
specific UV-complete model of neutrino masses involving
leptoquarks [26]. There, active neutrino masses m, are
obtained via the type-I seesaw mechanism. The expected
values of the transition magnetic moment d are related
to the mechanism that generates the Dirac masses, con-
necting the active and sterile neutrinos. One obtains d =~
10~13 MeV~2\/m,My for leptoquark masses at the TeV
scale. For m, = 0.1 eV, the expected value of d as a
function of M, is depicted in Fig. 1 as a green line, well
within the reach of the projected sensitivity for the next
galactic SN event.

V. NEUTRINO DETECTION

Besides the photon signal, the production of N can also
lead to a new, higher energy SN neutrino flux. For active
neutrinos produced in radiative N decay, we investigate
two water-Cherenkov detectors, Kamiokande-II and IMB,
that recorded, respectively, 11 and 8 neutrino events from
SN1987A. In these experiments, antineutrinos were detec-
ted through inverse beta decay, the most relevant interaction
channel for 7, detection in the E, ~ 10-50 MeV window.
Since we assume the magnetic moments are flavor uni-
versal, radiative N decays lead to identical numbers of
all three neutrino flavors—electron, muon, and tau—and
polarizations—referred to as “neutrinos” (left-handed) and
“antineutrinos” (right-handed). At low neutrino energies,
IMB and Kamiokande-II are only sensitive to the daughter
electron antineutrinos and in this case only 1/6 of the flux
in Eq. (6) is accessible.

We perform two complementary analyses, dubbed “low
energy” and “high energy”. For the former, we investigate
if decaying sterile neutrinos can significantly enhance
the number of reported events in the energy interval
E, € [10,50] MeV. We set the time windows to be
At < 13(6) s for Kamiokande-II (IMB) since these are
the time windows inside which SN1987A neutrinos were
detected. The event rates are given by

dN

NBSM — N v
g dE,dA

dEv (EU)GIBD(ED)e(Ev)’ (8)

tat

where N, is the number of hydrogen atoms in the detector—
Kamiokande-II (IMB) contains 2.14 (6.8) kton of water [67],
oep(E,) is the cross section for inverse beta decay and e(E,))
is the detection efficiencies [67]. We use Eq. (7) and take the
number of SN events from our simulation as a proxy for N
to keep the estimates of N, and N, on equal footing.
In Eq. (7), we sum the contributions of the two experiments
under consideration. In this low-energy analysis, we find
that the exclusion limits are at most comparable with the
cooling limit.

Regarding the high-energy analysis, restricted to
E, > 70 MeV, we make use of the fact that no signi-
ficant excess of neutrino events was reported by either
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Kamiokande-II [36] or IMB [37] in a detailed search for
neutrino events inside a two-day interval surrounding the
observation of the burst. Atmospheric neutrinos are the
main source of background in this analysis. We estimate
the number of atmospheric neutrino events inside At < 1
day. Further, taking into account that, for £, = 70 MeV,
the cross sections for both v, and 7, scattering on oxygen
dominate over that for inverse beta decay [67], we again
perform an analysis following Eqgs. (7) and (8). For N,
we use the reported atmospheric neutrino background
from IMB (2 events/day), and for Kamiokande-II we
rescale the IMB number by the ratio of the fiducial
masses of the detectors, a factor of 0.32. The excluded
region, combining both IMB and Kamiokande-II data, is
depicted in Fig. 1 (cyan). We observe that this neutrino
limit is stronger than the cooling bound by, roughly, a
factor of two. Unlike the photon bound (blue shaded), the
neutrino limit extends to higher M values since daughter
neutrinos can come from sterile neutrinos decaying deep
inside the photosphere (still outside of the neutrino-
sphere). The neutrino limit on d is mostly independent
from My for My ~[0.1,100] MeV. The limit weakens
for lower values of My, when At fails to fulfill our
selection criteria.

The near-future neutrino experiments DUNE [68] and
Hyper-Kamiokande [69] are expected to identify several
thousands of neutrino events from a future galactic SN.
For a hypothetical future galactic SN at Dgy = 10 kpc,
we estimate the sensitivity of the equivalent of the high-
energy analysis for these next-generation experiments.
For Hyper-Kamiokande, the strategy is very similar to
that of Kamiokande-II; we simply rescale both the new
physics and atmospheric background events according
to the ratio of fiducial masses. In the case of DUNE, for
E, <100 MeV, we use the antineutrino cross sections
on argon presented in [70]. For higher energies (up to
400 MeV), we use GENIE [71] to estimate the relevant
cross sections. The results are depicted in Fig. 1 as dashed
yellow lines. One is sensitive to d = 10~!* MeV~!, roughly
an order of magnitude improvement with respect to current
limits from SNI1987A. Notice that the upturn in the
sensitivity occurs at larger masses relative to the constraints
from Kamiokande-II and IMB. This is because for rela-
tively smaller values of d relatively larger values of M are
required to ensure the decay length is shorter than the
SN distance.

VI. DIFFUSE y-RAY AND NEUTRINO
BACKGROUND

We also investigate the cumulative effect from all past
SN explosions and explore the prospects of detecting the
related diffuse y-rays and neutrinos from radiative sterile
neutrino decays. The number density of sterile neutrinos
from all past SN is [56,72]

— 10—1,
i My=10 MeV, d=3x10""*Mev-' COMPTEL
7 My=10 MeV,d=10"*MeV"!  EGRET
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(\Il% 1072,
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% 10—3,
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FIG. 4. Diffuse photon flux from sterile neutrino decays
compared to the extragalactic photon background measured by
COMPTEL [74] (green) and EGRET [75] (purple); for more data
in this energy regime see [56].

dny ¢ [
TN _ = a0 4
dE " dn ), Z(1 + 2)nee(2)

where z is the redshift, n}. is the derivative with respect
to z of the number of SN per comoving volume, from [73],
and dN/dE is the sterile neutrino spectrum evaluated
at E,=E(1+z). To estimate the number density of
photons or neutrinos from N decays, we also need the
fraction fp(z) of sterile neutrinos that have decayed
by the present time [56]. In a nutshell, (dn,,/dE,,)
is obtained by replacing dN,/dE in Eq. (9) with
I&e £, E:fp E-'(dNy/dE)(E.). Diffuse photon spectra

for two benchmarks are shown in Fig. 4.

We rule out the region of the d x My parameter space
where the expected photon energy distribution overshoots
the extragalactic differential photon background measured
by COMPTEL and EGRET [56], depicted in Fig. 4. These
constraints are shown in Fig. 1 (magenta). The shape of the
constrained region is different from the constraints asso-
ciated to a single SN explosion, including the SN1987A
constraint, mostly due to effects associated to the cosmo-
logical redshift.

For the diffuse neutrino flux from the radiative decay
of sterile neutrinos produced in all past SN, we find it to
be unobservable given existing constraints on the model.
More details are presented in Appendix B.

VII. SUMMARY AND CONCLUSIONS

We considered the neutrino magnetic moment portal
between light neutrinos and hypothetical sterile neutrinos
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with masses My < 100 MeV. The new interaction allows
for the production of these sterile neutrinos inside SN and
mediates their subsequent decays into active neutrinos and
photons. If the decay is neither too fast nor too slow, these
daughter neutrinos and photons should find their way to the
Earth and into our detectors and telescopes. We estimated
new constraints on the magnetic moment portal from the
absence of such neutrinos and photons associated to
SN1987A and found that these are more powerful probes
than the more standard cooling bounds. We also considered
the flux of neutrinos and photons from the radiative decays
of sterile neutrinos produced in all previous SN events and
showed that constraints from the observed diffuse y-ray
flux are competitive with those from SNI987A for
My <1 MeV. With an eye toward the future, we estimated
the sensitivity of next SN explosion, given the capabilities
of current and next-generation neutrino detectors and y-ray
telescopes.
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APPENDIX A: STERILE
NEUTRINO SPECTRUM

Given the differential number of sterile neutrinos N

1 0> [dN, dn,
R O
4nroror \dEy ) ~ °"¢ dE

(A1)

the energy distribution of the sterile neutrinos is

(14 a(¢, R)) (e R)
I(1+a(/.R)E(.R)

d. R t
Ny [* axrear / dr
dEy o 0

L R 1+alf,R
X m xp |—=(1 +a(t,R"))

x (¢ R")o(d. My, T(?.R"), E)n (. R').

E(7.R)
(A2)

The expression on the right-hand side is to be summed
over all flavor species of antineutrinos and neutrinos.
Here, a, E, and the temperature T characterize the energy
distribution of the active neutrinos as a function of radius

active neutrinos (flux x 1073 )
6F My=1MeV, d=3.56x10"3MeV~' 1
My=100 MeV, d=1.55x10"MeV~! 1
T sl ]
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g 4 ]
2
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= 3 ]
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2 ]
1 . . . ]
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E[MeV]
FIG. 5. Thermal active neutrino spectrum (blue) relative to that

of sterile neutrinos (red, green) produced through the magnetic
moment portal. See text for details.

and time. In particular, @ [76] parametrizes the deviation
of the SN neutrino energy distribution from a Maxwell-
Boltzmann one; all a-dependent terms in Eq. (A2) are
building blocks of f(E), see [48]. All parameters are
evaluated at “snapshots” in time and space (provided by
SN simulation data) between which we interpolate. The
radial integral runs from the center of the star (close to
R’ = 0) to its outer layers; in our calculations we stop at
40 km since the production of sterile neutrinos is
concentrated inside the neutrinosphere (~30 km) due to
the larger number densities of neutrinos and electrons.
The time integration encompasses the neutronization,
accretion, and cooling phases of the SN explosion and,
for the simulation at hand, data are available until 8.85 s
after core bounce.

We used data associated to the simulation of a 8.8M
progenitor star performed by the Garching group [35] and
do not explore potential uncertainties associated to SN
modeling [77,78]. We expect these not to impact our results
in a meaningful way. Figure 5 depicts sterile neutrino
spectra calculated using Eq. (A2) for two benchmark points
with My = 1 MeV (red) and My = 100 MeV (green) and
comparable values of d. For comparison, the figure also
contains the active neutrino spectrum (summed over all
flavors, in blue). The typical sterile neutrino energies (as
well as the energies of its decay products) are roughly an
order of magnitude larger than the energies of the thermal
active neutrinos.
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APPENDIX B: DIFFUSE NEUTRINO
BACKGROUND FROM STERILE
NEUTRINO DECAYS

For the detection of active neutrinos from the decay of
sterile neutrinos hypothetically produced inside all past SN
explosions, we concentrate on the detection of electron
antineutrinos via inverse beta decay in water Cherenkov
detectors which is the most sensitive channel. We consider
results from [79] and utilize their 90% C.L. upper limit on the
diffuse v, flux (see Fig. 25 in [79], where previous results
from Super-Kamiokande [80] and KamLAND [81] are also
summarized). In Fig. 6, we compare the fluxes expected from
two benchmark points with the existing upper limits. As can
be inferred from the figure, for values of d ~ 10~!3 MeV~!,
the BSM-induced neutrino diffuse flux is significantly
smaller than the existing upper limits. These values of d
roughly correspond to the neutrino limits from the SN1987A
energy loss argument so current bounds from the diffuse
neutrino background are not competitive. For E, =~ 40 MeV,
there are no upper limits on the diffuse flux in the literature;
for these and higher energies, the atmospheric neutrino
background is relatively large.

10%
— b KamLAND
I‘G °- Super-K
2100 Sell My=10 MeV, d=10""MeV"!
e - My=1MeV, d=10""*MeV~!
SO =~
T
o 1074
E i
= 10°%
S £
S
10—8"“‘1““1‘H‘xuuxuuxuuxuu
5 10 15 20 25 30 35 40
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FIG. 6. Diffuse neutrino flux from sterile neutrino decays
compared to the flux sensitivity of KamLAND and Super-
Kamiokande.
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