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The neutrinos in the diffuse supernova neutrino background (DSNB) travel over cosmological distances
and this provides them with an excellent opportunity to interact with dark relics. We show that a
cosmologically significant relic population of keV-mass sterile neutrinos with strong self-interactions could
imprint their presence in the DSNB. The signatures of the self-interactions would be “dips” in the otherwise
smooth DSNB spectrum. Upcoming large-scale neutrino detectors, for example Hyper-Kamiokande, have
a good chance of detecting the DSNB and these dips. If no dips are detected, this method serves as an
independent constraint on the sterile neutrino self-interaction strength and mixing with active neutrinos.
We show that relic sterile neutrino parameters that evade x-ray and structure bounds may nevertheless be
testable by future detectors like TRISTAN, but may also produce dips in the DSNB which could be
detectable. Such a detection would suggest the existence of a cosmologically significant, strongly self-
interacting sterile neutrino background, likely embedded in a richer dark sector.
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I. INTRODUCTION

Neutrino rest mass and associated physics demonstrates
the existence of physics beyond the Standard Model (SM)
[1-3]. The nature and origin of the neutrino masses remains
an unsolved problem. Several proposed explanations rely
on invoking extra neutrinos, which are singlets with respect
to the SM gauge group and therefore deemed sterile. In the
simplest predictions, for example seesaw type-I [4—7], the
masses of sterile neutrinos can be substantially larger than
other observed particles, up to 10'® GeV [8,9]. These large
masses suppress sterile neutrino mixing with the active
neutrinos (see, e.g., Refs. [9-14] for recent reviews on
neutrino mass models).

The mixing parameters of sterile neutrinos, which dictate
their observational implications, are often motivated by
solving a particular problem or anomaly. The eV-mass range
has gained interest in the past due to the LSND [15,16],
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MiniBooNE [17,18], MicroBooNE [19,20] the reactor and
short baseline neutrino experiments [21,22] anomalies/
tensions, their potential impact on nucleosynthesis in core-
collapse supernovae [23-30], and alleviating tensions
[31,32] in the measurements of some of the cosmological
parameters [33-36]. The keV-mass range is interesting
because of its potential to explain dark matter [37—42] and
plausible significant impact on the core-collapse supernova
evolution [43-56].

A signal from the radiative decay of a keV-mass sterile
neutrino is discernible in a variety of existing and upcoming
x-ray telescopes [57-65]. X-ray astronomy and large-scale
structure considerations comprise our best probe of this
putative sector of particle physics. However, the nuclear
decay searches for keV-mass sterile neutrinos with terres-
trial detectors such as TRISTAN [66,67] and HUNTER
[68,69] can serve as complementary probes with additional
discovery potential [70].

Several of the aforementioned sterile neutrino scenarios,
while solving some of the anomalies or problems, are in
tension with cosmological and astrophysical bounds. This
is the case for the O(1) eV-mass sterile neutrinos. It is also
the case for the simplest active neutrino scattering-induced
decoherence production channel [37] for dark matter keV-
mass sterile neutrinos [42,71]. However, both of these
scenarios may still be viable if sterile or active neutrinos
interact with themselves by an exchange of a new dark
sector mediator [33-36,72-83].

Published by the American Physical Society
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As a consequence of their weak interactions, neutrinos
can be excellent probes of physics in distant and extreme
environments. Its their ability to preserve information about
their production site that distinguishes them from other
messengers. So far, neutrinos have revealed insights for
only a couple of distant astrophysical point sources: the
Sun [84-88] and SN1987A [89—91].1 These observations
significantly deepen the understanding of these sources. In
addition, they also enable limits on new physics connected
with neutrinos such as the active neutrino lifetimes [94-97],
magnetic moments [98], and absolute masses [99]. Other
guaranteed sources of neutrinos, even of cosmological
origin, exist. These are especially appealing for probing
new neutrino interactions with themselves or other dark
relics. One of the guaranteed neutrino fluxes is the diffuse
supernova neutrino background, which is an isotropic and
stationary flux of neutrinos coming from the integrated
contribution of all the past core-collapse events in the
Universe (see, e.g. Refs. [100-107] for recent reviews).

Here we show how future detection of the diffuse
supernova neutrino background (DSNB) could facilitate
probes of the physics of a relic background of O(1) keV-
mass self-interacting sterile neutrinos. The DSNB neutrinos
travel cosmological distances, allowing them ample oppor-
tunity to interact with the sterile relics if there exists a
nonzero vacuum mixing between the active and sterile
sector neutrinos. Even in the case of negligibly small
mixing with the active sector, the long baselines, high
number density of sterile states, and strong self-coupling
enable sterile neutrinos to encode the information about
their existence in the active neutrino DSNB signal.

An exciting development would be that a future terres-
trial sterile neutrino experiment, such as TRISTAN [66],
finds evidence for a O(1) keV-mass sterile state that mixed
with active species and a correlated dip signal is seen in the
DSNB spectrum. This would be a clear signature of a
strongly self-interacting sterile neutrino dark matter com-
ponent. Such a development could also be construed as
hinting at the existence of a rich dark sector. Likewise, if the
laboratory experiments find evidence of these sterile states,
but no corresponding dip signature in the DSNB is
detected, then we can constrain self-interaction and vacuum
mixing parameters of the sterile neutrinos. That, in turn,
could narrow the range of possibilities for dark matter
sterile neutrino production mechanisms.

The following discussion is organized as follows: In
Sec. I we briefly review the theory of sterile neutrino self-
interactions. In Sec. III we outline models for the standard
DSNB, discuss astrophysical uncertainties affecting it, and
we describe the implementation of the modifications to the
DSNB from sterile neutrino self-interactions. In Sec. IV we
calculate the event rates in the Hyper-Kamiokande detector

'Also potentially Blazar TXS 0506 4 056 [92] and Starbust
Galaxy NGC 1068 [93].

and derive the sensitivity limits on the sterile neutrino
mixing and self-coupling parameters. Finally, we summa-
rize and conclude in Sec. V.

II. STERILE NEUTRINO SELF-INTERACTIONS

In this section, we discuss the class of sterile neutrino
self-interaction models considered in this study.

The keV-mass sterile neutrinos with self-interactions are
viable dark matter candidates, see Refs. [34,73,75,79,81-83].
In those studies, self-interacting sterile neutrinos also mix
with active neutrinos, enabling the sterile neutrino self-
interactions to affect the active neutrino fluxes. Here, we
focus on the plausible interactions between the DSNB
neutrinos with the self-interacting sterile neutrino dark
matter, which might imprint a detectable dip signal in the
observable DSNB spectrum. Similar considerations were
introduced for the DSNB active neutrino self-interactions
with the cosmic active neutrino background [108,109] and
MeV mass dark matter [110]. The dips may originate from
the resonant interaction of the following form:

U+ v = = v+, (1)

We specifically consider cosmologically relevant inter-
actions between sterile neutrinos (v,;) with the interaction
Lagrangian of the form

L= gs¢ysys’ (2)

where we assume that the scalar-particle ¢ mediates the
interaction and g, denotes the self-coupling between sterile
neutrinos.

The cross section for a DSNB neutrino with energy E, in
the MeV-energy range resonantly scattering off the keV-
mass sterile background neutrinos, with momenta much
smaller than the sterile neutrino rest mass mg, can be
calculated with the following Breit-Wigner formula:

A s
4z (s = my)* +myly’

o(E,) (3)

where the momentum transfer is s = 2E,my, my is the
mediator mass with a decay width Iy, = g%md, /4n. If the
resolution at which the impact of this interaction can be
registered in the detected flux is weaker than the decay
width of the mediator, the formula in Eq. (3) reduces to
delta function of the form

2
_TG;
~

mj

o(E,)

EL/5(ER — E,,) = GRELS(ER — ED), (4)

where the resonance energy is Ep = mé /2m. In our work,

we focus on the DSNB detection in future water Cherenkov
detectors such as Hyper-Kamiokande [111]. This limits the
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range of Ep to Hyper-Kamiokande’s DSNB detection
window which is expected to be approximately 12-25 MeV.

Hyper-Kamiokande’s energy resolution should be at least
comparable to Super-Kamiokande’s, which we conserva-
tively assume to be of the order of AE, =2 MeV for
electron energies in the range ~10-20 MeV [112].
Comparing the AE, to the width of the resonance
2ERI';/my, we arrive at a condition on the sterile neutrino
self-coupling g, < 0.5 AE,/ER [113], where we take the
uncertainty in the neutrino energy to be comparable to the
electron or positron energy uncertainty in the detector. For
resonance energies in the range 15-25 MeV this leads to
g5 < 0.7-0.9. Self-coupled dark matter bounds [114,115],
when applied to keV-mass sterile neutrinos with mediator
masses O(40 —200) times larger than the my, limit the
sterile neutrino self-coupling to g, < 0.1-0.2. As the latter
limits are stronger (see Secs. IV C and V for more details),
we will assume that it is safe to use the delta function
approximation for the cross section.

III. DIFFUSE SUPERNOVA
NEUTRINO BACKGROUND

In this section, we review how to calculate the standard
DSNB and briefly discuss the astrophysical uncertainties
affecting this flux in Sec. I A. In Sec. III B, we discuss
how to implement the modifications to the DSNB that
steam from sterile neutrino self-interactions.

A. Calculation of the standard DSNB signal

In the most basic and minimal calculation the ingredients
entering the DSNB calculation are (i) the cosmological
core-collapse supernova (CCSNe) rate Rgy, (ii) the neu-
trino flux Fgy with redshifted energies E, (1 + z) emitted
from an average CCSN, and (iii) the Hubble parameter
H(z), where z is the cosmological redshift. The final
expression then yields the flux arriving at Earth per a
single neutrino flavor

bulE,) = / dszZ)RSN@)FSN(Ey(l +2). ()

where the neutrino energy detected at Earth is E,,
the Hubble parameter in the standard ACDM model of
cosmology is H(z) = Hy\/(1 +2)°Q,, + (1 - Q,,), and
where the Hubble constant H, and the fraction of the matter
density of the Universe €,, have been assumed to be their
accepted standard values [116].

We calculate the supernova rate Rgy assuming that it
follows the redshift evolution of the star-formation rate
density p,(z), which has been found to be well para-
metrized with [117]

oo (- (2

where the best fit values for all the parameters are a = 3.4,
b=-03, c=-35, n=-10, B=(1+2z)""%", and
C = (1+4z,)b=9/¢(1 4 z,)!=P/¢ with the breaks in the
function at redshifts of z; =1 and z, =4. The star-
formation rate density has units of [MgMpc™3yr~'].
This leads to the supernova rate

 Jsua'e dM(dN/dM)p,(2)
Joame dMM(aN /dM)

Rsn(z)

(7)

where the dN/dM is the initial mass function which
we take to be a Salpeter form, dN/dM o M~>35 [118].
We assume a local supernova rate Rgn(z =0)=
1.25x 107* Mpc2yr~!. A conservative evaluation of
values obtained from various electromagnetic observations
limits this to Rgy(z = 0) = 0.75-1.75 x 10~ Mpc =3 yr~!
[119-125]. As new observatories with larger fields of view,
for example the Vera Rubin Observatory’s LSST survey
[126,127] (expected to be fully operational in 2024), start to
monitor large portions of the sky, the estimates of the
supernova rate and its local value should become signifi-
cantly more precise.

We model the single flavor emission-time-integrated
neutrino spectrum coming from an average core-collapse
supernova with a Fermi-Dirac distribution

E 120 E2 1
Fox(B) =7 T4exp(E,/T,) + 1’ (8)
where T, is the neutrino temperature at the location (the
neutrino sphere) of decoupling from the matter in the
supernova core. This is connected to the mean energy by
roughly E, =3.157,. Most of the recent 1D and 3D
supernova simulations suggest 7, between 4 and 8 MeV
depending on the type of the progenitor and neutrino flavor
[128-132]. In addition, the DSNB flux of a particular
neutrino flavor will depend on all of the initial neutrino
flavors’ fluxes as a consequence of neutrino flavor mixing
[133—-137]. In our work, we neglect this and assume that the
final DSNB flux can be described just by a single T,.
However, in projecting the future experimental sensitivity
to new physics, we include a generous uncertainty on the
DSNB normalization and shape (see Sec. IV C for more
details). For more detailed and sophisticated DSNB pre-
dictions that incorporate the emission spectrum from a
collection of several to tens of numerical SN models see,
e.g., Refs. [104,105].

B. Modifications of the DSNB due to sterile
neutrino self-interactions

Sterile neutrino self-interactions (v,SI) can impact the
DSNB if there exists a nonzero mixing between the sterile
and active neutrinos and the sterile neutrinos have a
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nonzero self-coupling. In this case, the DNSB flux for a
particular active neutrino flavor v, is modified to

3 @ Pi(E,,2)
“— 12 _ N A
hulE) 231U A a: s

X Rsn(2)Fin (EL(1 4+ 2)). ©)

where the probability of the ith light mass state neutrino
interacting with the fourth (mostly sterile) mass state
depends on the optical depth 7;(E,,z) and is given by
P.(E,,z) = e~"E:3)_ This approach neglects the reemer-
gence of the down-scattered DSNB neutrinos which should
be a good approximation for small |U 4.

The expression for the optical depth using the small
resonance width approximation, i.e., cross section for the s-
channel interaction of the form in Eq. (4), takes a compact
form [74,113]

7(E,.2) 2130(z —z5) = r(zr)

G 2w (10

where zz = E/E, — 1 and the scattering rate reduces to
[r(zg)= |Usi|2”u,\ (zr)og withn, (zg) = n, (1 + zg)’. The
number density of sterile neutrinos is taken to be the
cosmological average dark matter (DM) density n, ~ 1.26
(1 keV/m) cm™ [116]. We note that this is a conservative
approach, as any DM overdensities, especially at low
redshifts z~ 1, could lead to an increased rate of the
self-interactions and stronger limits.

We calculate the v, DSNB fluxes, for the standard
and v,SI cases, at Earth assuming that all of the emis-
sion-time-integrated (mostly active) neutrino mass state
fluxes emitted from an average supernova are similar. In
that case, approximate unitarity allows us to obtain the sum
in Eq. (9) simply. We use two different neutrino temper-
atures T, = {4,8} MeV to calculate the standard DSNB
and v SI affected DSNB. As mentioned in the Sec. III A,
however, we include a marginalization over the shape and
normalization of the DSNB flux to obtain future sensitivity
limits (see Sec. IV C for more details).

IV. PROJECTED SENSITIVITY

In Sec. IVA below we summarize the status of the
experimental limits and the detection prospects for the
DSNB. Following this discussion, in Sec. IV B we show
the expected DSNB calculated event rates in the Hyper-
Kamiokande detector with and without inclusion of v(SI. In
Sec. IV C, we present our sensitivity limits on the sterile
neutrino parameters.

A. Current limits and detection perspectives
for the DSNB

The DSNB has not been detected yet. The most stringent
current limits on the 7, component come from Super-
Kamiokande (SK) [138,139], v, from SNO [140], and the
heavy lepton flavors also from SK [141] but can be
significantly improved with the dark matter direct detection
experiments [142]. In the last few years significant efforts
have been made by the SK Collaboration to mitigate
backgrounds. This can allow that detector to operate with
lower thresholds for a DSNB detection scheme utilizing
gadolinium in the water [139,143]. In addition, the cur-
rently being constructed and planned detectors such as
Jiangmen Underground Neutrino Observatory (JUNO)
[144], Hyper-Kamiokande (HK) [111], and the Deep
Underground Neutrino Experiment (DUNE) [145] have
the potential to not only detect 7, and v, components of the
DSNB but also measure this flux with relatively good
precision [146]. In the future, with 10 kton yr exposures the
DM direct detection experiments potentially may be able to
detect the DSNB at the ~3—4¢ level [142,147].

B. Detection in the Hyper-Kamiokande

As an example, here we focus on the predictions for
3740 kton yr exposures in the HK experiment [111] enriched
with 0.1% Gadolinium. HK is a water Cherenkov neutrino
detector currently under construction in Japan. It is expected
to start taking data in 2027. The nominal fiducial volume for
DSNB detection of a single tank is 187 kton [111]. The main
detection channel for DSNB is the inverse beta decay (IBD)
U, +p — e +n. This is because both reaction products
can be identified with high confidence either by the
produced Cherenkov ring or the y-rays from the nucleus
excited by the thermal capture of a neutron.

The positron energy differential event IBD rate can be
calculated with the following formula:

dN
dE,

—eN,T / dE,oup(E,. ENds (E). (1)

where ¢ = 67% is the efficiency of the detection, N, =
1.25 x 10’ is the number of hydrogen targets in the
fiducial volume of the detector, 7 = 20 yr is the time of
data taking,” and o;(E, E,) is the IBD differential cross
section [148,149].

We limit the defined energy window to 12-30 MeV. The
irreducible backgrounds present in this window are v,
atmospheric charged-current events, invisible muon
decays, °Li spallation, and 7, from nuclear reactors. The
chosen lower energy window bound cuts the reactor
neutrino background and significantly reduces the events

*Note that if the two tank configuration is built, 10 yr of data
taking should suffice to give the same results.
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from °Li spallation, while the rising invisible muon decay
background dictates the upper bound. In addition, we bin
the calculated event rates in 2 MeV bins based on the
energy resolution of SK AE, =2 MeV, for electron
energies in the range ~10-20 MeV [112].

Figure 1 shows the standard (solid blue line) and v/ SI
(dashed-orange line) DSNB event rates in a 3740 kton yr
exposure for HK, together with the detector backgrounds
(gray region). Positrons with energies corresponding to
neutrino energies below Er = 25 MeV in the v,SI DSNB
event rate are depleted due to v SI. This feature makes it
feasible to break the degeneracy between the astrophysical
uncertainties in the standard DSNB prediction, which are
expected to induce only smooth changes, and the presence
of self-interactions between the sterile neutrino component
of the light mass eigenstates in the DSNB neutrinos and the
dark relic background (a sterile component of the heavy
mass eigenstate). The DSNB detection should be the most
sensitive to configurations of sterile neutrino and mediator
masses that lead to dips in the middle of the DSNB
detection window. In such cases, while half of the events
will look as expected with the standard DSNB prediction,
the dip in the middle suppresses the lower energy part of the
window where most of the standard DSNB events would
have been observed.

100 ——7—————T————
I T,, =8 MeV, my = 224 keV,
. L me=1keV, g,|Uq| =4 x 107 |
T80 1
- DSNB
=
5 60}
Q [
= 40
o I
+~ |
c
3 i
Background
O [ L L 1 L L L L 1 L L L L 1 L L L L ]
15 20 25 30
Positron energy [MeV]
FIG. 1. The differential DSNB event rate predictions as a

function of the positron energy with 7, =8 MeV for the
standard DSNB model (solid blue line) and v,SI DSNB with
my =224keV, m;=1keV, and gi|Ug| =4 x 107> (dashed
orange line), and the irreducible backgrounds (gray region) for
HK with a 3740 kton yr exposure, 67% detection efficiency, and
binned into 2 MeV bins. The v,SI DSNB event rate differs
significantly from the standard DSNB prediction only for
positrons with energies smaller or equal to the resonance energy
Ey dictated by the sterile neutrino and v,SI mediator masses.

C. Limits on the sterile neutrino parameters

We calculate the 95% confidence level (CL) limits on the
sterile neutrino vacuum mixing angle with active species
using a simple Ay? test,

NSM NI«ST) x 2
Ay~ = — . 12
om S () o

Here the ith index represents the bin number, N?M =
NSM(T,) is the number of DSNB events in the ith bin
without self-interactions, where we assume a particular
supernova neutrino temperature 7,, and where B; is the

and N = (14 x) x

N“S(g,|Uyi|.m;, T, = y) is the number of DSNB events
in the ith bin with self-interactions. In this last expression,
taking a range x = [—1,1] allows for changes in the
normalization of the DSNB spectrum with a one sigma
uncertainty o, at a level of 50%, and similarly for its
spectral shape alteration for y = [4,8 MeV].

To find the minimal g¢,|U,,| satisfying the condition
Ax* > y3sc. we use the Ay? minimized over x and y to
account for the astrophysical uncertainties affecting the
DSNB.

Figure 2 shows the calculated 95% CL limits on the self-
interacting sterile neutrinos’ mixing angle and mass for
Er =15 MeV and T, =4 MeV (dark pink regions) and
Er =20 MeV and T, = 8 MeV (light pink regions). The
sterile neutrino self-coupling in the left panel is g, = 1. In
the right panel, the g, value corresponds to the limit on the
dark matter self-coupling cross section, which is approx-
imately 1 cm? g~!, from several of the late time astrophysi-
cal observations [115] (right panel). Assuming that the
self-scattering cross section outside of the s-channel
resonance can be approximated with or ~ gjm;/4zm;,

number of background events,

[150] we find that the limit on the self-coupling is g, <
0.2(55/1em*g™") 4 (m,/10keV)"/*(Eg/25 MeV)'/2. For
the values of sterile neutrino and mediator masses consid-
ered here, the resonance energy Ey is 15 and 20 MeV,
which translates to a limit on the self-coupling of the order
of g, <0.1-0.2.

We find that our sensitivity limits can probe sterile
neutrino masses m, < 2 keV, which are not ruled out by the
x-ray radiative decay constraints [59,62,64], but can be
probed by TRISTAN [66] (statistical reach) in the future. If
TRISTAN identifies a signal in that region of the sterile
neutrino parameter space, and the detected DSNB event
rate suggests the presence of spectral dips, that would point
to compelling evidence for strongly self-interacting sterile
neutrino dark matter. However, structure based constraints
may well limit production schemes for a dark matter relic
density comprised of sterile neutrinos with these relatively
low masses (see Sec. V for more details).
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FIG. 2. The 95% CL sensitivity limits on the mass m,, and the effective vacuum mixing angle with active species 6 of the self-
interacting sterile neutrino dark matter. The mediator mass dictates the resonance energy Ex in the DSNB observation window. We
consider two cases where the indicated parameters give detectable dips: 7, = 4 MeV and Er = 15 MeV (darker pink regions), and
T, =8 MeV and Ep = 20 MeV (lighter pink regions). Left: sterile neutrino self-coupling is set to g, = 1; right: g, =~ 0.1-0.2. We also
show the x-ray limits from radiative decay of DM (gray regions) [59,62,64], future sensitivities of TRISTAN [66] (densely hatched
regions), and HUNTER 3 [68,69] (sparsely hatched regions), and the 3.5 keV line sterile neutrino hint (blue octagons) [151,152].
The calculated sensitivities are stronger for smaller masses of the sterile neutrinos because they have a higher number density.

TRISTAN project [66] is a currently under development
[67] extension of the Karlsruhe Tritium Neutrino
(KATRIN) experiment [153]. KATRIN is a high resolution
spectrometer looking at the end point of the electron
spectrum from tritium decay from an extremely powerful
tritium source. The aim of that experiment is to measure the
deviation from the maximum possible electron end point
energy of £, = 18.6 keV to measure the electron antineu-
trino mass. KATRIN has already set the best terrestrial
limits on that parameter m; = 0.8 eV [154-156].

Nominally, the KATRIN energy window extends to
40-100 eV below the E; [67]. TRISTAN would be a
novel detector system with an extended energy window to
look for heavy sterile neutrinos up to m, = E,. The
massive sterile neutrino can leave a feature in the spectrum
of the electrons up to an energy E, — m, [66]. KATRIN
already runs in a low luminosity mode allowing it to extend
the energy window down to 0.01-1.6 keV below the end
point energy for the tritium beta decay spectrum [67]. For
those sterile neutrino masses it lead to best terrestrial
experimental limits on the active-sterile mixing for the
tested heavy neutrino masses.

The Heavy Unseen Neutrinos from Total Energy-
momentum Reconstruction (HUNTER) [68,69] experiment
relies on the complete kinematical reconstruction of the
electron-capture decay (K-capture) of the '3!Cs isotope.
The observable products of the decay are the recoil of the
nucleus followed by an atomic x-ray photon and a single
Auger electron (or sometimes two electrons); the invisible

measure is the neutrino energy. Precision measurement of
the momenta of all of the visible particles from each decay
will allow the experimentalist to reconstruct the momentum
and mass of the neutrino. The advantage of the complete
kinematical reconstruction over the searches focusing on
measuring the f decay electron spectrum is that events
involving a massive neutrino would appear as a distinct
group rather than a kink in the spectrum. HUNTER will go
after higher sterile neutrino masses than TRISTAN in a
range from approximately from a few keV to a few
hundreds of keV [68,69].

In the parameter region where the x-ray limits are more
constraining, the sensitivity limits estimated here can serve
as complementary probes. In addition, note that the
sensitivity limits presented here are only mildly affected
by the astrophysical uncertainties. Better knowledge of the
normalization and the DSNB spectral shape would improve
the projected sensitivities but not by a significant factor.

V. DISCUSSION AND CONCLUSIONS

The keV-mass sterile neutrinos have been deemed
“natural” dark matter candidates for a long time [42].
The minimal Dodelson-Widrow collisional decoherence
production mechanism [37], however, is struggling to retain
any viable parameter space for producing a relic density of
dark matter that is compatible with the x-ray constraints
from sterile neutrino radiative decay [58-63,65]. Some
additional feature has to be added to this simplest
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mechanism to make it compatible with the data. One
attempt at this is the Shi-Fuller mechanism [45], which
reduces the required value of the mixing angle to produce
the v, dark matter. This mechanism, however, requires a
(significant) nonzero lepton number, and is nevertheless in
tension with large-scale structure considerations. Another
viable alternative may be provided by sterile and active
neutrino self-interactions [73,76,79,81,83].

In our work, we have shown that sterile keV-mass
neutrino self-interactions can imprint distinct features in
the diffuse supernova neutrino background. We find that to
circumvent the x-ray radiative decay bounds, the self-
coupling needs to be substantial, i.e., above approximately

. > 1072, Such values are still consistent with the con-
straints from the bullet clusters [114] and other late-times
astrophysical observations [115]. These self coupling limits
are of the order of g, < 0.1-0.2 for the values of m, and m,
considered here.

The self-interacting sterile neutrinos with strong self-
coupling overproduce the dark matter density in models
with a single sterile neutrino and a single mediator
[73,75,79,81]. Ways to ameliorate this issue could be
a dilution of the sterile neutrino density by out-of-
equilibrium heavy particle decays [157,158] or late-time
vacuum phase transitions which suppress the mixing with
the active sector at early times [159,160].

Sterile neutrino dark matter, like all dark matter, is also
subject to various phase space constraints, for example the
Tremaine-Gunn bound for collisionless dark matter.
Another phase space limit that applies to fermionic dark
matter particles is the Pauli exclusion principle. Comparing
the Fermi velocity with the escape velocity of a given
galaxy [161], this method yields a limit of approximately
25 eV for the Milky Way [42] and around 250 eV for dwarf
galaxies [42,162—-164]. More restrictive limits stem from
the Liouville theorem for collisionless particles, i.e., the
Tremaine-Gunn bound. This states that the phase-space
density of dark matter does not change in the course of its
disipationless and collisionless evolution [161]. For ther-
mally produced sterile neutrinos this bound restricts their
masses to be below approximately 6 keV [42]. However,
changes in the initially produced velocity distribution of the
dark matter, for example through dissipation in the dark
sector, could in principle relax that limit. The physics in this
case could be complex and difficult to analyze [165]. Here
we remain agnostic as to how one could produce the relic
density of the self-interacting sterile neutrinos. Our con-
siderations here might give an important bound on such
speculative model building.

The keV-mass sterile neutrinos can also impact the shape
of the linear matter power spectrum. This would lead to

observable changes in the Lyman-a forest of distant quasars
[42,166,167]. The sterile neutrinos imprint their signatures
on small-scale structures through their free streaming
length. This means that structure formation is only sensitive
to the velocity distribution of dark matter particles. For a
trivial thermal velocity distribution, this restricts the sterile
neutrino masses to be below few keV. However, a more
complex evolution of the velocity distribution function, i.e.,
a nonthermal velocity profile, could result in altered
limits [168].

We note that the strongly self-coupling sterile neutrinos
we suggest could be probed and constrained by future
DSNB observations and also could be consistent with the
required self-coupling for dark matter self-interactions
invoked to explain an assortment of small-scale issues.
These issues include, for example, the cusp-core problem
for dwarf galaxies [115,150].

We also note that the existence of strongly interacting
sterile neutrinos may have nontrivial consequences for the
core-collapse supernovae evolution. To fully understand the
impact and feedback effects on supernovae evolution,
further investigation is needed and beyond the scope of
this paper.

An exciting prospect could develop along the following
lines: Terrestrial detectors, such as TRISTAN, see a signal
of a sterile neutrino with mass O(1) keV, and active
neutrino detectors see the dips in the DSNB that we
discuss here. That outcome would hint at the existence
of self-interacting sterile neutrino dark matter most likely
emerging from a nontrivial dark sector.
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