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It has been recently proposed that the boosted dark matter (BDM) by supernova neutrinos (SNv) from
SN1987a or from the next Galactic supernova (SN) can serve as a novel component to probe nonvanishing
interaction between dark matter (DM) and the standard model leptons [Y.-H. Lin et al., Phys. Rev. Lett.
130, 111002 (2023) and Y.-H. Lin et al., Phys. Rev. D 108, 083013 (2023)]. In this Letter, we extend this
concept and evaluate the present-day diffuse flux of SNv BDM originated from all galaxies at higher
redshifts. We show that by considering this diffuse BDM (DBDM) component, the best sensitivity on the
product of the energy-independent DM-v and DM-electron cross sections, Cpe = O(107%7) cm? for
sub-MeV DM, can be obtained with large-size neutrino experiments such as Super-Kamiokande or Hyper-
Kamiokande, surpassing the estimated SNz BDM bound from SN1987a. We also examine the impact due
to the presence of DM spikes around the supermassive black holes in galaxies on SNv BDM and DBDM.
Our results suggest that both the DBDM and the SNz BDM probes are robust to the uncertain properties of
DM spikes, unless the next Galactic SN happens to occur at a location extremely close to or right behind the

Galactic Center along the SN line of sight.
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Introduction—Despite the abundance of compelling
evidence for dark matter (DM) in the Universe, its nature
remains a puzzling question in fundamental physics. The
weakly interacting massive particle was widely perceived
as a possible scenario for DM, but its parameter space
has been tightly constrained by modern DM direct and
indirect detections [1-11]. Therefore, light DM with mass
m, < O(MeV) has gained much attention recently, with a
plethora of theoretical models being proposed and exam-
ined [12], including those allowing for DM interacting with
leptons [12-26].

Boosted DM (BDM), when upscattered by known high-
energy cosmic particles, offers a viable method to probe
light DM in large underground detectors [27—-63], such as
Super-Kamiokande [64], Hyper-Kamiokande [65], DUNE
[66], and JUNO [67]. In [68], the authors proposed that
BDM from supernova neutrinos (SNv) can provide com-
petitive tests for light DM interacting with known leptons,
and carries time-of-flight information that potentially
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enables a direct measurement of m,. The follow-up study
[69] further explored the dependency of this probe on the
location of the SN in the Galactic disk, and applied it to
gauged U(1) L-L, model.

In this Letter, we further extend this concept by con-
sidering the contribution of the SNv BDM from galaxies
that hosted all past SN explosions at different redshifts to
the present-day diffuse flux. Such a diffuse BDM (DBDM)
component parallels the well known diffuse SNv back-
ground (DSNB) [70,71] and thus represents a persistent and
isotropic BDM flux. We will demonstrate that by analyzing
the DBDM signals at large-size neutrino experiments such
as Super-Kamiokande (SK) or Hyper-Kamiokande (HK), it
can readily offer improved model-independent sensitivities
on the product of the DM-r and DM-electron cross
sections, surpassing the existing constraint from the SNv
BDM associated with SN1987a.

In addition to the evaluation of DBDM flux and
sensitivity, we also consider the consequence on SNv
BDM and DBDM due to the potential presence of the
DM spike [72,73] in the inner halo of a galaxy, resulting
from the accretion of DM by the central supermassive black
hole (SMBH). We will show that for both the SNv BDM
and DBDM, the associated sensitivities or constraints are
not sensitive to the uncertain properties of the DM spike.
Only when the next Galactic SN happens to occur
extremely close to or right behind the Galactic Center
along the SN line of sight, the large DM spike density may
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substantially enhance the projected sensitivity for the case
without DM self-annihilation.

Averaged SNv BDM spectrum—Considering the same
approach used in Ref. [68] to describe the DM-v inter-
action, the energy spectrum of the fotal amount of SNv
BDM (number per unit energy) for a single SN that
explodes at a distance R away from the center of a galaxy
is given by

dN,(R
dgf ):(Zn)zr/dcosedcosecdffzjl(f,ﬁ,HC,TX), (1)

x
where T, is the BDM Kkinetic energy, 7 =10 s is the

characteristic SNv emission time, and j, is the local BDM
emissivity, which encodes the information of the DM halo
profile in that galaxy and the DM-v cross section o,
assumed to be energy-independent and isotropic in center-
of-mass frame. See [87] for parameter definitions and
details.

Assuming supernovae (SNe) occur near the disk mid-
plane, we can compute the averaged SNz BDM spectrum
by averaging over its baryonic mass distribution X,
projected onto the plane by

dN dN (
— = A 2 AZ,( 2
i = [ AT mwy [asm. o

where the integrations are performed over the galaxy’s
differential area dA in the midplane.

As galaxies of different sizes have different DM halo
profiles and baryonic distributions, which affect the exact
amount of SNv BDM, certain assumptions are needed to
model their contribution to DBDM. First, we assume that for
a galaxy with a known stellar mass M ;, its halo mass follows
Mpy =M g with n = 50 [94,95]. Second, for the halo mass
distribution without DM spike, we use the Navarro-Frenk-
White (NFW) profile [88,89], pN*V, Eq. (S13) in [87], with
p, = 184 MeV cm™ and r, = 24.2 kpc for a Milky Way
(MW) size galaxy and Mg = My = 5.29 x 10'°M ;. For
other galaxies, we take a simple scaling relation 3 o M to

compute the corresponding pX*™. The DM profile with spike

is calculated following [90]. For the DM spike density pi*°

that depends on the central SMBH mass and age, we apply
the relation Mgy ~7 x 10'Mg x [Mpy/(102M)]*3
[90,96-98] for the mass. We assume that tgy can be
approximated by the age of the Universe at redshift z,
computed with [99] for the DBDM calculation. For the SNv
BDM from MW and SNI1987a, we take tgy =~ 10 Gyr.
Third, for the surface baryonic density X,, we consider
the bulge and the disk components given in [91] for a
MW-size galaxy to compute the projected Z]g’lw. For other
galaxies, we assume that their bulge-to-disk mass ratios are
the same as the MW value, and apply the scaling relations
that the scale bulge radius and the scale disk length

parameters, 1., and R, in Egs. (1) and (3) of [91], are
proportional to the cubic root of the bulge mass and the
square root of the disk mass, respectively, to estimate the
corresponding ;. Given these assumptions, one can then
use Egs. (1) and (2) to compute dN/ dT, for any given M
of a galaxy. See [87] for discussions on DM halo and MW
baryonic density profiles.

DBDM flux—Knowing the averaged SNv BDM energy
spectrum from a galaxy, the DBDM flux at redshift z = 0
consisting of the SNz BDM contributions from all galaxies
at different redshifts can be written as

d@ max dN M
“Fy /Z dZ/ MGdFSN (/G)’ (3)
dT, — H, Mg dT,

where Hy = ¢/(4280 Mpc) is the Hubble constant,

v, = c\/T,2m, +T,)/(m, +T,) is the BDM velocity,
e(z) = [Q,(1 +2)% + Q,]'/% with (,,,Q,) ~ (0.3,0.7),
and T, = (14 z)T, is the BDM Kkinetic energy at the
source. In Eq. (3), the term dI'sn/dM,; is the SN rate per
comoving volume per galaxy mass at z. We assume that this
rate is approximately proportional to M as well as to the
known star formation rate per volume p,(z), and can be

formulated as

dl'sn(z)
M

dng(z) p.(z) Mg
= Reno. 4
dMg p.(0) My ° “)

where Rgy o~ 0.01 yr~! is the SN rate of the MW [100]
and p,(z) is the star formation rate per comoving volume
[87]. The term dng(z)/dM g represents the number density
of galaxies per comoving volume per galaxy mass at z and
can be parametrized as [92]

dno(z) _ o In 10 x 100n=Mo)(147) =107 = (5)
dm
where M, is the characteristic mass in log-10 base,

m =1logo(Mg/My), ¢o the normalization constant, and
y the slope for fainter and lower mass galaxies. They are
fitted to observational data at different z [87].

We compute the DBDM flux given by Eq. (3) and
show in Fig. I the corresponding fluence by multiplying the
flux with an assumed exposure time 7., =5 yr taking
m, = 1keV and 6, = 107 cm? for cases considering
the DM spikes with different thermally averaged DM self-
annihilation cross section (ov), as well as the case without
DM spikes. It shows that the DBDM flux is nearly
unaffected by the presence of DM spikes. This is mainly
because the presence of DM spikes only affects a small
fraction of SNe that occur very close to the center of
galaxies within their spike radii.

For comparison, we also compute the SNv BDM flux
using the same set of m,, and o,, for a SN that explodes in
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FIG. 1. The five-year DBDM fluence (red) and the total fluence

of SNv BDM from SN1987a (green) as well as from the next SN
in the MW center (orange) for m, = 1 keV and 5,, = 107 cm?.
The dotted, solid, and dashed lines denote different DM profile
scenarios.

the MW center following [68] and for SN1987a in the
Large Magellanic Cloud (LMC), considering cases with
and without spikes. Note that here we have taken into
account the potentially slight displacement, ~1.75 kpc, of
SN1987a from the LMC center [87].

The resulting SNv BDM fluences integrated over the
entire duration before the BDM flux vanishes are also
shown in Fig. 1 for SN1987a and for the MW center case.
Without spikes, the 5-yr DBDM fluence can be comparable
to the total SNv BDM fluence from SN1987a, but several
orders of magnitude smaller than that from the next galactic
SN at the MW center. The energy spectrum of DBDM is
somewhat steeper than those from SNv BDM, because the
DBDM flux is dominated by the contribution at z ~ 1-2,
which gets redshifted when arriving at the Earth. It is also
evident that although the presence of the DM spike without
self-annihilation can drastically enhance the SNv BDM
flux if the SN explodes at the center of a galaxy, a small
displacement from the center like SN1987a will substan-
tially reduce its effect. Moreover, a sizable DM annihilation
rate {(ov) = 3 x 1072° cm?s™! can also largely undermine
the impact of spike due to the suppressed spike densities.

Sensitivity—Within an exposure time f,, the DBDM
events Npgpym in a neutrino or DM detector with N,
electron targets for a nonvanishing interaction cross section
o,. between DM and the electrons can be calculated by

Tnax do,

Npepm = texp X / dT)( dTNeG)(e' (6)
min X

Taking HK for instance, we set N, ~ 7.3 x 103, o, =
5 yrand (T, Trmax) = (5, 100) MeV to estimate Npgpy-
To achieve a 20 detection significance, it requires
Npepm > N, with N, satisfying 2 = N,/\/N, + N,, and
N, ~5.8 x 10°, which is the estimated background events
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FIG. 2. Reevaluated constraint from SN1987a SNv BDM
(green), the projected sensitivities from DBDM (red), the next
galactic SN at MW center (orange), and the averaged projected
sensitivity from the next galactic SN (violet) for difference
scenarios.

in HK in 5 yr also used in [69]. The background events are
mainly composed of solar and atmospheric neutrinos, while
other radioactive sources are subdominant [101-103]. For
the reevaluated SN1987 bounds, we derive the correspond-
ing 90% confidence level constraint by utilizing the data
from Kamiokande and SK as in Ref. [68].

We show in Fig. 2 the projected DBDM sensitivities and
the reevaluated SN1987a limits on /5,6, as functions of
m,, for scenarios without DM spikes (red dotted), with DM
spikes and (ov) =0 (red solid), and with DM spikes
and (ov) =3 x 10726 cm®s~! (red dashed), respectively.
Similar to the fluence shown in Fig. 1 for m, = 1 keV, the
DBDM sensitivity and the SN1987a constraint here
are nearly unaffected by the property of DM spikes for
m,, 2 0.03 keV. For m, < 0.03 keV, self-annihilating DM
slightly weakens both limits due to the reduced inner halo
densities. For all scenarios, the projected 5-yr DBDM
sensitivity from HK can clearly result in better constraint
on ,/6,,6, than the SN1987a bound for most of the
relevant m,, range. This is mainly because for SN1987a,
nearly all or a significant amount of BDM arrives at the
Earth within a few years after the explosion when only
Kamiokande was operating. As a result, the much larger
volume of HK can easily provide improved limits on

. despite that the DM fluences are comparable
(see Fig. 1). We also note here that although we do not
perform the DBDM analysis using the SK data, we fully
expect that such an analysis can yield similar DBDM
constraint as our projected 5-yr HK curve due to the much
longer exposure time compensating for the smaller volume.
At m, ~1 eV, the SN1987a bound is slightly better than
the projected DBDM sensitivity. This is because for
DBDM, the sensitivity curve exhibits a perfect scaling
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of \/6,,6,. x /m, for m, <10 MeV due to Npppy «
n, o« l/mx. For the SN1987a curve, it is steeper than N
for lower m,. The underlying reason is that for the SNy
BDM, the duration for nonvanishing flux is proportional to
m,,, given that the SN distance is known [69]. For lighter
m,,, it results in lower total background number within the
considered exposure time. As a result, taking a smaller m,
gives rise to a better limit than the value inferred from a
simple , /m,, scaling, and therefore leads to steeper depend-

ence of | /5,,6,, on m,.

For the projected sensitivities from the next Galactic
supernova in MW, we perform two sets of calculations as
follows. This first set is to assume that the SN is right at the
MW center and consider up to 35 yr [104] of exposure time
with HK. Consistent with what shown in Fig. 1, Fig. 2
shows that it can provide an improved sensitivity over the
SN1987a and DBDM limits by ~O(10-100) for the case
without DM spike or the scenario of self-annihilating DM
with spike. Without self-annihilation, the presence of DM
spike can hugely boost the projected sensitivity by another
factor of ~O(100).

However, as inferred from the reevaluated SN1987a
cases, the large enhancement from DM spike is not
expected for a SN occurring away from the MW center.
To quantify this, we compute the expected total numbers of
SNv BDM events for SNe at different locations on the MW
disk midplane for the scenario with DM spike and (6v) = 0
as well as that without DM spike. Figure 3 shows the map
of the SNv BDM events taking m, =1keV and
V070, =107 cm? for the case with DM spike. Also
shown are the contours delineating constant event ratio of
1.5 and 2 between the two scenarios. This plot shows
clearly that the DM spike only plays a significant role if the
next Galactic SN occurs very close to the MW center or
right behind the center along the line of sight.

Given the expected event distribution, we can compute
the expected average SNv BDM events, by integrating over
the occurrence probability distribution of Galactic SNe
(proportional to MW’s baryonic mass surface distribution
IMW) for R < 8 kpe. For the background estimation, we
conservatively take the largest exposure time among all
locations for each m,,, which is defined by the SN location
with R = 8 kpc behind the MW center. These allow us to
compute the averaged projected sensitivities from the next
Galactic SN. The resulting limits are also shown in Fig. 2,
which confirm that most likely the very uncertain properties
of DM spikes will not affect the expected SNv BDM
sensitivity from the next Galactic SN.

Figure 4 compares the SN1987a limit, the projected
sensitivity from 5-yr of DBDM search in HK, and the
sensitivity from the next Galactic SN at the MW at center
as well as the averaged one derived in earlier sections
(with DM spikes and (ov) = 0), to the existing bounds on
NS from the DSNB BDM [105] and from the stellar-v

107
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FIG. 3. Map of the projected SNv BDM events N, at HK for
SNe at different locations in the MW disk, taking m, = 1 keV
and /6,6, = 107 cm? for the scenarios considering DM
spikes without self-annihilation. MW center is at the origin of the
coordinates. The concentric circles indicate the distances to the
MW center in the unit of kpc. Earth is located along the 0° line
outside the map. The cyan solid and dotted contours denote
the event number ratio NP*¢/N}/° between scenarios with and

without DM spikes for Ni?*/N}/° =2 and 1.5, respectively.

BDM [44], those on o,, from the cosmic-ray BDM [29],
solar reflection [106], and from direct searches [5,8—10], as
well as constraints on 6, from blazar [90] and MW satellite
and subhalo populations [107] (see also [108-113]). We
note that the latter two categories do not directly constrain
/OOy S0 the naive comparison with our results only

With spike and (ov) =0

DSNB BDM - A
10732 4 Stellar-v BDM
v 10-34 4
& 10
C .
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FIG. 4. Comparison of the derived constraint and sensitivities
on/c,,06,, from this work for the scenario considering DM spike
without self-annihilation to other existing bounds on ,/5,,6,.
[44,105], 6, [90,107], and o,, [5,8-10,29,106].
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makes sense when assuming o,, ~ 6,,. We would also like
to caution that all these constraints involve different energy
scales in interactions, so the conclusion shown in this plot
cannot be directly carried over to scenarios where the cross
sections are energy-dependent.

With the above cautions in mind, we see that both the
SNv BDM or the DBDM clearly probe , /5,6, better than

the DSNB BDM and the stellar-v BDM [114] by several
orders of magnitudes. Assuming o,, ~ 6,,, DBDM and the
SNv BDM can also provide competitive or even dominat-
ing bounds when compared to those that directly probe o,
for m, < O(0.1) MeV. As for the comparison with the
existing o,, bounds, taking the surface values, the SN1987a
and the DBDM limit can readily give rise to complemen-
tary constraints to the blazar one, and further improvement
are likely to be obtained from the next Galactic SN
indicated by the MW averaged curve. In the most extreme
case, if the next Galactic SN occurs very close to the MW
center and if the DM spike density can be largely enhanced
in a way similar to the profile from taking (cv) = 0, then
the SNv BDM may independently provide similar con-
straints on o, as that from [90,107-113], given 6,, ~ 6,,.

Summary—In this Letter, we have further explored the
framework of utilizing SNv BDM to probe nonvanishing
interaction between DM and leptons. For the first time, we
evaluate the present-day flux of DBDM, which represents
the diffuse component of SNv BDM from galaxies at all
redshifts. We have shown that the presence of this in-
triguing component, conceptually similar to the DSNB, can
readily be used to derive the strongest bound on ,/5,,6,..

Specifically, we have estimated that with the consideration
of 5-yr exposure time in a neutrino experiment similar to
HK, the resulting sensitivity will be better than the SNv
BDM constraint based on SN1987a from [68], probing

.0, to the level of O(107%¢) cm? for m, < O(1) MeV.
This result implies that a reanalysis of SK data accumulated
over the past three decades could allow to place a similarly
leading limit on /6,6 ..

We have also considered the impact due to the presence
of DM spikes around the SMBHs in galaxies on DBDM
and SNv BDM from SN1987a and from the next Galactic
SN. For the SN1987a SNv BDM, we reevaluated the
constraint by taking into account the potentially small
displacement of SN1987a from the LMC center. Taking
three specific scenarios of the spike profiles corresponding
to cases with and without DM self-annihilation, we have
shown that both the DBDM sensitivity and the reevaluated
SN1987a bound are insensitive to the uncertain profile of
DM spikes. For the next Galactic SN, we have observed
that the presence of spike can significantly enhance the SNv
BDM flux and the associated sensitivity only if the SN
occurs very close to the MW center or right behind the
center along the line of sight. For most regions on the MW
disk where the SNs can occur, the resulting SNv BDM

sensitivity is also insensitive to the presence of spike.
Given these, the next Galactic SN will likely offer further
improved sensitivity on G,, by another factor of
10-100 over the SN1987a or the DBDM limits.

Our results highlight the rich phenomena and the
significant discovery potential associated with SNv
BDM. We expect that further improved limits and bounds
on specific particle physics models can be deduced,
similarly to what demonstrated in [69]. It will also be
worthy to incorporate DM nucleon interaction into this
framework. We leave such explorations to future work.
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