PHYSICAL REVIEW D 108, 083013 (2023)

Signatures of afterglows from light dark matter boosted by supernova
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Supernova neutrino boosted dark matter (SNv BDM) and its afterglow effect have been shown to be a
promising signature for beyond Standard Model (bSM) physics. The time-evolution feature of SNv BDM
allows for possibly direct inference of DM mass m,,, and results in significant background suppression with
improving sensitivity. This paper extends the earlier study [Y.-H. Lin et al., Phys. Rev. Lett. 130, 111002
(2023)] and provides a general framework for computing the SNv BDM fluxes for a supernova that occurs
at any location in our galaxy. A bSM U(1) L-L. model with its gauge boson coupling to both DM and the

second and third generation of leptons is considered, which allows for both DM-v and DM-e interactions.
Detailed analysis of the temporal profile, angular distribution, and energy spectrum of the SNv BDM are
performed. Unique signatures in SNy BDM allowing extraction of m, and detail features that contain
information of the underlying interaction type are discussed. Expected sensitivities on the above new

physics model from Super-Kamiokande, Hyper-Kamiokande, and DUNE detections of BDM events

1,52,

induced by the next galactic SN are derived and compared with the existing bounds.

DOI: 10.1103/PhysRevD.108.083013

I. INTRODUCTION

The nature of more than 80% of the matter composition
of the Universe—the dark matter (DM)—remains mysteri-
ous. While its presence can be inferred from the movements
of stars in galaxies and the lensing of galaxy clusters due to
gravitational influence, the property of DM as particles
beyond the Standard Model remain to be discovered [1,2].
A plethora of theoretical models have been proposed to
explain the origin and naturalness of DM [3-10] but none
has been proven correct as the smoking gun signatures from
both DM direct detection (DD) and indirect detection (ID)
have yet to be observed [11-20]. Although the DM-nucleon
interaction cross section for the mass m, above GeV is
tightly constrained by the DM DD [14,17] and approaches
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the neutrino floor [2], bounds for sub-GeV DM diminishes
quickly. On the other hand, considering the DM-electron
interaction allows us to probe much lighter DM mass down
to m, 2 O(10) MeV [15,20]. The investigation for sub-
GeV DM has gained much attention recently.

Besides the virialized DM component in the Milky Way,
the halo DM can also be upscattered by high energy cosmic
particles, including nuclei, electrons and neutrinos in our
Galaxy and beyond [21-57]. The upscattering can possibly
boost DM to a velocity v, close to the speed of light, much
higher than that of the typical halo DM v, ~ O(107?). As
such, the boosted DM (BDM) can have large enough kinetic
energy T, and result in detectable recoil signatures not only
in current and upcoming DD experiments, but also the
neutrino experiments, e.g., Super-Kamionkande (Super-K)
[58], Hyper-Kamionkande (Hyper-K) [59], DUNE [60] and
JUNO [61], through the BDM interaction with targets,
thereby allowing to probe much lighter DMs.

Ref. [70] recently proposed a novel BDM scenario,
which considers DM upscattered by supernova neutrinos
(SNv). For a SN explosion that happens at the center of
the Milky Way or in nearby galaxies, e.g., the Large
Magellanic Cloud which hosted SN1987a, the SNv BDM
flux features a unique temporal profile and can produce
afterglow events following the prompt SNv burst. It was
shown that the temporal features of SNz BDM are

Published by the American Physical Society
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determined mainly by m,, which thus potentially allows
the inference of DM mass if SNy BDM are detected. The
underlying concept is similar to the time of flight (TOF)
measurement for particle masses often used in laborato-
ries, but now in astronomical scale. Moreover, the dura-
tion of the afterglow events are shorter for smaller m,,
which is useful in minimizing the background for deriving
limits set by SN1987a event as well as for the projected
sensitivities with future galactic SN explosion. The
derived constraints and expected sensitivities on the
DM-v cross section could be complementary to other
probes proposed recently [39,40,62—-69].

In this work, we relax two major assumptions made in
Ref. [70] and perform a more thorough study for SNv BDM
from galactic SNe. First, we examine in detail the depend-
ence of the temporal profile of the SNy BDM flux on the
SN location that may be far away from the galactic center
(GC). Second, in addition to the model-agnostic case used
in Ref. [70] that treats the DM—v and DM-e¢ cross section
independently, we also take specifically the U(1) L-L,

model with DM extension [6-9], which naturally contains
DM-v and DM-e¢ interactions. As will be shown later, even
for a SN located far away from the GC, the resulting SNv
BDM flux still contain distinct features that can be used as
TOF measurement to infer the m,. Moreover, we will show
that the detailed temporal shape of the SNy BDM also
depends on the assumed underlying model. This means that
a precise measurement of the SNv BDM may be used to
probe different interaction types, e.g., scalar, vector, axial-
vector, etc.

We begin our paper by introducing the extended
U(l) 1,-L, model and derive the scattering amplitude of

DM-v and DM-¢ and the interaction cross sections in
Sec. II. In Sec. III, we present the generalized formalism to
compute the time-dependent flux of SNv BDM for a SN at
any location in the Milky Way. Sec. IV discusses features in
derived SNv BDM fluxes for different SN locations and
compare results obtained with the extended U(1),

model to those obtained with a model-agnostic approach
[70]. Projected sensitivities for the considered models are
given in Sec. V, before we summarize in Sec. VI. To
maintain the structure of the paper, we leave all derivations
to the Appendixes.

II. PHENOMENOLOGICAL SETUP

There are various ways to introduce DM interaction with
Standard Model (SM) particles based on an effective
Lagrangian or a phenomenological model construction.
For having both DM-v and DM-e interactions, existing
phenomenological models such as the Z-mass mixing
[5,10] and U(1) L-L, [6-9] (either with a nonzero Kinetic
mixing [3] term that couples DM and e directly or not)
models provide the portals. In U(1) L,-, model, DM

couples to neutrinos through a gauge boson V, which
connects the second- and third-generation leptons and
neutrinos to the dark sector. The relevant part of the
Lagrangian can be written as

L 1V s F, Ve ! ARNL
2T cosoy T T2

—mgy + g, Vir'x

+ gVVMQa/}(?ayﬂfﬁ + DayMPLDﬁ)’ (1)

where V,, = d,V, —9,V, and F,, are the U(I)L#—L, and
SM U(1), field strength tensors, respectively, y the
fermionic DM field with mass m, and the U(1) L-L.
charge g,, my the V boson mass, and ¢ the kinetic mixing
parameter. The SM charged lepton and neutrino fields are
specified by 7, and v, where @ = e, p, v and the matrix
Q. = diag(0, 1, 1) gives the U(1), _; charges of lep-
tons and neutrinos. In this model, the strengths of DM-v
and DM-e interaction vertices in the tree level are deter-
mined by gy and ee, respectively. The corresponding
Feynman diagrams are displayed in Fig. 1. Obviously, this
model also leads to DM self-interaction mediated by V with
coupling strength g, .

Interestingly, nonvanishing DM-e interaction can also be
generated through a loop-induced effective mixing even
though e = 0. As seen in Fig. 2, any SM particle carrying
EM charge can couple to V,, via a u/z-loop. For & # 0, this
effect is generally suppressed and therefore negligible.
However, it becomes the leading order contribution to

igx " icey?

(a) x — v scattering (b) x — e scattering

FIG. 1.
by Cx'.

Feynman diagrams for DM-SM interactions described

FIG. 2. SM particle carries EM charge e can couple to V,
through the loop effect with 7 = y, 7.
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DM-e interaction for € = 0 and its strength is given by the
induced kinetic mixing parameter [6,8]

m? — x(1 —x)qz}’ 2)

2

2 0 B z

¢ = 1 dxx(1 —x)In [—

my, — x(1 — x)q
where ¢* is the 4-momentum transfer. This effective mixing
can be approximated as & /gy~—1/70 for -cases
with mﬁ > —q°.

Given this Lagrangian, we can compute the correspond-
ing y —e and y — v cross sections through the following
scattering amplitudes associated with the Feynman dia-
grams shown in Fig. 1,

Q 2
2 2
Sy tu
¢ %/ [M M

+ 4ty (mi +m3) —2(mi +m3)*],  (3)

|M|2=2(

where m; , are the masses of two particles in the initial state
and (syy, ty7, uy;) the Mandelstam variables. For processes
depicted in Figs. 1(a) and 1(b), Q = gyg, and g,ee,
respectively. We give all the derivation details, the resulting
cross sections, and relevant discussions in Appendix A.
As can be seen from Appendix A, the y —e and y — v
cross sections, 6, and o,,, are energy dependent, which is
originated from the assumed interaction type in L,, in
contrast to the model-agnostic case assumed in [70] where
these cross sections are assumed to be energy-independent.
For all results computed with the extended U(1), _;,

model, specific model parameters g,, gy, € and my will
be given. On the other hand, those results derived with the
model-agnostic approach would only depend on the values
of cross sections o, and o,,.

We note that Eq. (1) also gives rise to neutrino non-
standard self-interaction (vNSI), via the exchange of gauge
boson V, which may affect the SN emission at the source
[71,72] or alter the SNv spectra during their propagation by
interacting with the cosmic neutrino background [73]. For
the latter, it requires a much larger gy, than what we explore
in this paper to significantly distort the SNv spectra during
their propagation and can be safely ignored. For the former,
it may lead to a different decoupling behavior of SNv but
the effect on SNv emission remain debated [71,72]. Thus,
we ignore this effect in the rest of this paper.

III. FRAMEWORK FOR COMPUTING
THE SNv BDM FLUX

A. The geometry

In this section, we follow Ref. [70] and consider DM
boosted by neutrinos emitted from a single SN explosion.
As a generalization of [70], the SN can be located anywhere
in the galaxy, instead of being restricted to the position of
the GC. Given that the three locations, GC, SN, and Earth,

Earth

FIG. 3. The top-view of GC-SN-Earth system where the three
locations automatically form a plane.

lie on the same plane shown in Fig. 3, we define R, the
distance between Earth and GC, R, the distance from Earth
to SN, and f the angle between the directions of the GC and
the SN viewed from Earth, which characterizes how far the
SN is away from the direction of GC.

To depict DM boosted by neutrinos emitted from the SN,
we rely on the three dimensional (3D) geometry shown in
Fig. 4. In this figure, we denote GC, SN and Earth as G, S,
and E. We approximate that SN neutrinos are emitted from
the SN location S within a duration 7, = 10 s and form a
spherical thin shell with a fixed width ¢z, < {R,R,},
which expands radially with an increasing radius D. For
DM being scattered off at the location B and travel a
distance d to the Earth E, it requires a scattering angle y
relative to the normal direction of the SNv shell, with €
labeling the angle between the line connecting S and E, and
that connecting B and E. The local DM density at B is
determined by the DM halo profile n,(r), taken to be
spherically symmetric with respect to the GC G, where r
denotes the distance from B to G. Notice that we have
neglected the motion of the Earth relative to GC and taken
R, = 8.5 kpc as a constant. This is well justified since the
rotation velocity of the Solar system relative to GC is
Vg ~ 255 kms~!, which is much smaller than the velocities
of SNv and the boosted DM of our interest, both of which

SNy shell

FIG. 4. The 3D schematic diagram of SNv BDM. The SNv
shell indicates the outward propagation of SNv from the SN
explosion at S.
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are close to the speed of light.] Also noted is that in the
following we take R, and f as known values for demon-
strating the dependence of the results on the SN location.”

B. The BDM emissivity and the flux on the Earth

To calculate the SNy BDM flux at Earth, we first
evaluate the BDM emissivity j, at B depicted in Fig. 4.
The emissivity can be written down as (see also [70])

) 1 do, dn,\ (dE,v
Jy(rD-Tpy) = eny(r) <cho);l//> (a’E > <dT f)
v x
(4)

where we take the NFW profile [74-76] for n,(r).
The factor dE,/dT, and the differential DM-v cross
section do,,/dcosy are given by Egs. (All) and
(A13), respectively, for the U(1), _; model. For the
model-agnostic case, we take do,,/d cosy = 6, X f,(w)
where f,(y) = y?sec’y/(x(1 + y*tan’y)?) with y =

(E, +m,)/\/m,(2E, + m,) [70].

For the SNv number density, we take the same expres-
sion as in Ref. [70],

dn L,
=Y B, (E,). 5
dED - 47Z'D2<ED’_> l/fl/,-( l/) ( )

where L, = L, /6 is the luminosity of each flavor (v, v,
v, and their antineutrinos). The average energy (E, ), (E;, ),
and <E,,> v, € {uﬂ, Vs Uys U.}) are taken to be 11, 16,
25 MeV, respectively [77]. We assume a Fermi-Dirac
distribution f, with a pinch parameter n, = pu, /T, =3,
such that T, = (E, )/3.99.

Given the emissivity, one can then integrate it over the
solid angle spanned by € and ¢ (viewed from E in spherical
coordinate) to obtain the SNv BDM flux on Earth at time ¢/
after the SN explosion as

o, (T, 1)
dT dt

2 /2
= ‘L's/ d¢/ sin0d07 j,(r(¢).D,T,.w) ,
0 0

7 :Q+i
c l‘/y

(6)

'For example, within a typical timescale defined by the
traveling time of SNv arriving the Earth, from GC, t. =R, /c,
the Earth only moves a distance [~ vyt ~6.2 x 1073 kpc,
which is obviously much smaller than R,.

In fact, we expect that when the next Galactic SN occurs, the
detection of its electromagnetic emission, neutrinos, as well as
gravitational waves will help pin down these parameters to a good
precision.

where the Jacobian reads

d—R,cos6 1\!
J- <+) . (7)
cD v,

Note that different from Ref. [70], the integration over the
azimuthal angle ¢ needs to be carried out explicitly. This is
because when SN is not located at the GC, the DM number
density is not spherically symmetric with respect to S (see
Fig. 4). Also noted is that the relation

D d
=4+ =

C 1)1

t,

(8)

represents the total propagation time of SNv reaching B
plus the time that the BDM takes from B to E (see Fig. 4).
That is, to evaluate the BDM flux on the Earth at ¢, the
lengths D and d must satisfies Eq. (8). The BDM velocity is

T,2m,+T,)

=Y+ £ “lc, 9
Y m,+T, ¢ ©)

We can also shift 7 by subtracting out the constant factor
t, = R,/c, which is the propagation time of SNv from S to
E. This shifted time coordinate t = ¢’ — ¢z, is the delayed
arrival time for BDM relative to SNv burst observed on
Earth. We give the detailed expressions that one can use to
practically evaluate Eq. (6) through the constraint Eq. (8) in
Appendix B.

IV. SNv BDM FLUX ON EARTH

In this section, we show the SNv BDM fluxes computed
based on Eq. (6) on Earth. In Sec. IVA, we examine the
dependence of the flux on the SN location. In Sec. IV B, we
compare the temporal profile of the fluxes derived with
U(l) 1,-L, and model-agnostic cross sections. We then
discuss the m, dependent general feature contained in
the flux that can in principle be used to infer the value of m,
in Sec. IV C. In Secs. IV D and IV E, we further investigate

the detailed angular distribution and the energy spectrum of
the BDM.

A. Dependence on SN location

For the U(1), _; model, we show in Fig. 5 the SNv
BDM flux obtained with (m,,T,) = (0.1,10) MeV,
my =m,/3, and gy =g, =107 as a function of the
shifted time 7 (relative to the arrival time of the SNv) for
cases where the SN occur at different locations with
different values of SN distance R, and off-center angle S
(see Fig. 3). The top-left, top-right, bottom-left, and
bottom-right panels correspond to results with g =0,
r/4, ©/2, and &, respectively. Each panel contains fluxes
calculated with three different values of R, = 3 kpc (blue),
8.5 kpc (orange), and 14 kpc (green). Clearly, the SNv
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(my, Ty) =(0.1,10) MeV, my =m,/3 and g, =gy =10"°

—— Rs=3kpc —— Rs=8.5kpc —— Rs=14kpc
B=0 B=n/4
10713 4 ]
10—14 4 .
10715 4 , J
n 10716 4 E
T
% 17
s 10 E E
o T T T t T T T t
g B=m/2 B=n
5
10—13 d .
|:<
o
~
e>< 1014 4 ]
ks
10715 4/_/\
10—16 J .
E I
10—17 B .
1071 100 10! 10? 1071 10° 10t 107

Shifted time t [yrs]

FIG. 5.

The SNv BDM flux on Earth with different  (each subplots) and R, (colors). Dark sector parameters for computing these plots

are labeled on top of the figure. The temporal axis (horizontal) is adjusted to shifted coordinate ¢ and displayed in yrs with # = 0 indicates

the arrival time of SNv on Earth.

BDM flux contain interesting time-dependent features,
which can be summarized as follows.

First, for all cases, the fluxes initially stay nearly constant
at smaller ¢, and experience a step-wise or sharp increase at
a specific moment, dubbed as ¢,, which is independent of
the angle . For R, = 3, 8.5 and 14 kpc, 7, ~ 0.41, 1.4, and
2.3 yrs, respectively. These values of ¢, correspond
precisely to the traveling time of BDM from the SN
location to Earth relative to that of neutrino, i.e.,

R
1, =——1,.

Uy

(10)

The sharp increase of the BDM flux at 7, even for SN that
is away from the GC (f > 0), can be primarily attributed to
the increase of dn,/dE, as D — 0 [see Eq (5)].> Note that
for the case where the SN is located at the GC
(R, = 8.5 kpc and f = 0), the cuspy profile of DM near
GC results in a much greater rise of the BDM flux as

*We checked numerically that this feature no longer exists if
we artificially remove the D-dependence in dn,/dE,.

discussed in Ref. [70] than other cases where the SN are
off-GC. In order to prevent divergence of both dn, (D) /dE,
and n,(r) as D and r approach zero, we impose a cutoff of
1073 kpc on both parameters. Any contributions below this
distance are ignored. We note that even if the cutoff is
smaller than 1072 kpc, the numerical results will remain
largely unaffected.

Second, for all cases, the BDM fluxes for a given T,
vanish at times t,,, ~ 24, 60, and 101 yrs for R, = 3, 8.5,
and 14 kpc. Similar to 7, the value of ¢,, does not depend
on f either. The reason is related to the geometry shown in
Fig. 4 and that there exists a maximal scattering angle .«
for BDM due to the kinematic constraint (see Appendix A).
Since t,, represents the maximally possible traveling time
for the BDM, it happens when y = y ., and when ¢ =
D(0)/c+d(0)/v, takes its maximal value. By taking
(dt'/dO)|y—_y- = 0, it is straightforward to show that this
happens when 0 = 6%, which satisfies

COS(Wmax - 9*) v){
T 11
cos 0* c (11)
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my=my/3 and g, =gy =10"5

10—12 .
— B=0
— B=n/4
T: 10713 4 — B=n
7
% 10714 p
=
)
€
L 10-15 4
:Sx
5 -16
e>< 10 p
T
10—17 4
107! 10° 10t 102

Shifted time t [yrs]

Opw=10"%0cm?

10—8.
— B=0
— B=n/4
1079 4 — B=n

10-10

10711 4

10712 4

10713

107t 10° 10! 102
Shifted time t [yrs]

FIG. 6. Comparison of the SNv BDM flux obtained with the U(1), _; (left) and with the model-agnostic cross sections (right) for

R = 8.5 kpc and different . The DM Kkinetic energy 7, = 10 Me

such that

(12)

Clearly, both 7, and t,,, scales linearly with R, which can
also be seen from Fig. 5. In fact, when taking the
approximation of m,/T, < 1, one can further show that

2

m; R, m, R,
to~ LS foan o —5 2 13
P 2T§ c van 4Tx c ( )

Thus, for a given m, (T,), 1, and 7,,, are larger (smaller) for
a smaller T, (m,). The presence of ¢, and 7,,, in the BDM
flux plays an important role for potentially inferring m,
from future detection as well as for reducing the back-
ground, as will be further discussed later.

For cases with nonzero 3, the BDM flux are generally
larger for smaller R, which is mainly related to the higher
SNv number density that enters the BDM emissivity
[cf. Egs. (4) and (5)]. The local DM density along the
path from SN to Earth only has a subdominant impact, with
smaller f giving rise to a bit larger BDM flux after 7,,. In
between 7, and 1,,,, the BDM flux increase monotonically,
which is related to the assumed underlying particle physics
model and will be discussed in the next subsection.

The cases with =0 and with R, Z R, = 8.5 kpc
(upper left panel) are special since the SNv can upscatter
DM around GC where the NFW profile peaks. When
R; = R,, the BDM flux has a large peak at 7, and decreases
afterwards. For R; > R, the increase of the BDM flux in
between ¢, and t,,, is more pronounced than the R, < R,

and mass m, = 0.1 MeV.

case, due to both the larger SNv fluxes as well as the higher
DM density approaching the GC.

B. Dependence on particle physics model

We show in Fig. 6 the comparison of the BDM fluxes
obtained with (m,,T,) = (0.1,10) MeV, R, = 8.5 kpc
and =0, z/4, and &, respectively, for U(1) L-L. model
(left panel) and the model-agnostic scenario (right panel).
For U(1) L-L. model, we use the same model parameters

adopted earlier, while for the model-agnostic scenario, we
assume a total cross section o, = 107 cm?. The choice
of this value manifests the current limit on the DM-e cross
section as we generally assume o, =0, for model-
agnostic case. Figure 6 suggests that for most SN locations,
the general presence of 7, and 1,,, persists, insensitive to
the choice of the model. In fact, we find that only when the
SN takes place at R, 2 11 kpc with < 0.02z, the steeply
rising feature of the flux happens earlier than 7, for the
model-agnostic scenario. Detail discussions and figures are
given in Appendix E.

Interestingly, the temporal profiles of the fluxes in
between 7, and 1,,, differ for these two models, especially
for case with nonzero /8. For both # = z/4 and z, the BDM
fluxes keep increasing after 7, before reaching their
maximal shortly before f,, for the U(1), _; model. On

the other hand, the fluxes decrease monotonically in the
corresponding cases for the energy-independent model.
This is understood that for any BDM arriving in between z,
and t,,,, the latter the BDM arrives the larger the scattering
angle y is. Kinematically, a larger y with fixed T, requires
alarger incoming E, as shown by Eq. (A10). Consequently,
the differential cross section do,, /d cosy under U(1) L-L.
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my=my/3 and gy=gy=10"°

—— my=0.01 MeV
107° 4 —— my=0.1MeV
T —— my=1MeV
D 1011
|
£
o
T 10—13 4
>
[}
=
:‘ 10715 4
nx
E -17
& 107+ A
T
10—19 4

107! 10° 10! 107 103
t [yrs]

1073 1072

0y =107%0 cm?

—— m,=0.01 MeV
——— my=0.1 MeV
—— my=1 MeV

1076 A

108 A

1010

1012 4

10-14 4

107! 10° 10t 107 103
t [yrs]

1073 1072

FIG.7. SNy BDM flux with different m,, for U(1) L-L (left) and model-agnostic cross section (right) with R, = 8.5 kpc and f = 0.
The filled circles and crosses are t,, and t,,,, respectively, obtained from Eq. (13). These approximated values apply to both plots, which
demonstrate BDM time-dependent features do not depend on the chosen model.

model is also larger due to the energy-dependent nature of
the cross section [cf. Egs. (3) and (A13) and the discussion
in Appendix A]. As seen on the left panel of Fig. 6, such a
cross section enhancement leads to a mild increases of
BDM flux with time for 7> 7, until the point that the
required neutrino energy becomes too high so that the
exponential suppression in the SN distribution [cf. Eq. (5)]
sets in.

For the model-agnostic case, the differential cross
section remains constant even for a scattering angle y that
requires a larger E,. As a result, the BDM fluxes decrease
shortly after 7, for nonzero f3, as shown on the right panel of
Fig. 6. The dependency of the exact temporal profile of
BDM flux on the chosen interaction model suggests the
possibility of determining the energy dependency of DM-
neutrino interaction cross section, provided the above
temporal profile can be precisely measured.

C. Inferring m, from SNv BDM measurement

Based on the results shown in the previous subsections, it
is clear that the temporal profile of SNv BDM flux contain
two unique features—the rapidly increase of the flux
around 7, for most SN locations (except R, 11 kpc
and f <0.027), and the termination of flux at #,,,. Since
both 7, and t,,, only depend on m,, T,, and R, [see
Eq. (13)], if the number of detected SNv BDM events is
sufficient for identifying 7, and t,,, for any given T, one
can directly infer m,, provided R, (the SN location) can be
determined from other SN multimessenger signals.

To further demonstrate the dependence of the BDM flux
on m,,, we show in Fig. 7 the fluxes obtained with different
m,, values for Ry = 8.5 kpc and f# = 0. The left panel is for
the U(1),,_,, and the right panel for the model-agnostic

scenario. The values of 7, and 7,,, computed using Eq. (13)
are indicated by filled circles and crosses on both panels.

For m, = 0.01, 0.1, and 1 MeV, Eq. (13) gives 7, = 0.013,
1.38, and 138 yrs and t,,, = 6.93, 69.3, and 693 yrs,
respectively. Clearly, the BDM fluxes between 7, and f,,,
arrive later for larger m, in the same way. and the above
values are good approximations to what obtained numeri-
cally in both scenarios. We note here that the underlying
concept of such possible inference of m, is the same as the
TOF measurement used in laboratory to infer particle’s
mass, which can be clearly seen in Eqgs. (10) and (12), but
now carried over to the astronomical scale for BDM. In
fact, similar concepts are often used to constrain neutrino
and graviton masses [78-80].

Although the above proposal of using 7, and t,,, to infer
m, is independent of the particle physics model and
the cross section for most SN locations, the intensity of
the BDM flux is obviously proportional to the strength
of the interaction. Moreover, it is also clear from the
discussion in Sec. IV B that the detailed temporal profile of
the BDM fluxes can potentially be used to infer the energy
dependence of the cross section. Thus, the detection of the
SNv BDM events has the potential to probe various
properties of the unknown dark sector, owing to the rich
information encoded in the temporal profile of the BDM
fluxes.*

D. BDM angular distribution

Since the SNv BDM generally have finite scattering
angle y > 0, it is also of interest to examine their angular
distribution on Earth. For this purpose, we compute the
BDM flux integrated over T, ¢, and the azimuthal angle ¢

“In contrast, other important and complementary BDM sce-
narios often involve stationary sources to upscatter the DM, such
that the resulting fluxes lack the time-dependent features dis-
cussed here, which make it more difficult to unfold the degen-
eracy between m, and the cross sections.
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FIG. 8. The angular distribution of the SNuBDM versus 6 [see Eq. (14)] for U(1) L-L (left) and model-agnostic (right) 6,,.. Different
colors represent different choice of 1,. Dashed lines are the maximum open angle 0,,,x = 0.187,0.06z and 0.027z for m, = 1, 0.1 and

0.01 MeV, respectively.

o,
do

with (T, min» Tymax) = (5,100) MeV, £, =10s, and
fexp = MIN(fyan, fey), Where t, = 35 yrs. The results are
shown in Fig. 8 for the U(1),, _, model (left panel) and for
the model-agnostic case (right panel) with model param-
eters given explicitly on each panel. For both cases, we
assume that the SN is at GC and take three different values
of m, indicated by different colors.

Figure 8 demonstrates that the arrival BDM are generally
concentrated within a small opening angle up to 6,
indicated by the vertical dashed lines. The value of 6,,,, is
once again independent of the underlying particle physics
model as it is purely determined by the kinematics. Since
here we integrate over a range of T, O, corresponds to
the largest 0" for T, ., [see the discussion above Eq. (12)].
Obviously, larger m, give rise to larger 6y, since for a
fixed T, the corresponding maximal scattering angle /.«
is larger [see Eq. (A12) in Appendix A], reaching 0,,,, =
0.18z for m, = 1 MeV.

Comparing the angular distributions obtained with the
U(1) L,-L, model to the model-agnostic scenario, one sees
that d®,/d0 decreases monotonically in the model-
agnostic case, but arises at larger 6 with the U(1),
model for larger m,. The reason is as follows. For the
model-agnostic scenario, the differential cross section
do,,/dcosy is smaller for larger scattering angle y in
the lab frame (see, e.g., the angular distribution f,, as shown
in Ref. [70]), which leads to monotonically decreasing
d®, /df. However, for the U(1),, _; model, the increase of

d®, /df at larger 0 is related to the enhanced cross section

(9) Texp T;(.max 2n . .
:/ dt/ dTX/ dep sin0z J j,(r(6, ¢),D(9),Tx,y/)|fzg+i,
to Ty min 0 ¢y

(14)

do,,/dcosy at larger y as the needed E, is larger. Thus, if
the detailed angular distribution of SNv BDM flux can be
reconstructed from the detected events, one would be able
to determine the nature of DM-neutrino interaction, in
addition to the method using the temporal shape of BDM
flux as discussed in Sec. IV B.’

E. Time-integrated BDM spectrum

Finally, it is also of interest to look at the expected
energy spectrum of the SNv BDM. For this purpose, we
show in Fig. 9 d®,(T,)/dT, by integrating Eq. (6) over
different time duration for cases m, =1 MeV. The upper
time-integration limits are chosen to be f,,, = 1354 yrs
(blue-dashed, denoted as W/o f.y), foy = fyan/d (Orange-
dash-dotted), and 7., = 35 yrs (green-solid), respectively.
Left and right panels indicate the U(1) L,-z, and model-

agnostic cross sections, respectively.

Without imposing any t.,, all BDM fluxes arriving at
different times at ¢ < t,,, can contribute to the time-
integrated spectrum. For both models, d®,(T,)/dT,
decreases with T, with slightly different shapes. When
imposing different values of 7, the lower T, part of the
spectrum are suppressed, because a majority part of them
only arrive at later times after 7.,,. The detailed shape of the

>For a single BDM-e scattering in water Cherenkov detector
such as Super-K, the angular resolution may be as good as ~20°
[58]. However, if large number of events can be accumulated,
then better angular resolution due to accumulated statistics may
be achieved [81].
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FIG. 9. Comparison of the time-integrated SN BDM spectrum between U(1) L,-L, (left) and model-agnostic cross sections (right)
with m, = 1 MeV. Blue-dashed line indicates the flux is integrated over time up to f,,,. The truncation times 7., = fy,,/5 and 35 yrs are
imposed when ft,,, > f., for orange-dot-dashed and green-solid lines, respectively.

BDM spectrum at smaller 7, once again depends on the
specific underlying interaction model, as well as the SN
location, as both affect the temporal evolution of the BDM
(see Secs. IVA and IV B).

V. SENSITIVITY ANALYSIS

To analyze sensitivity on model parameters, we evaluate
the required event number for signal, N, via

Ny

VN, +N,’

where 2.0 implies the 20 detection significance and N, is
the background event number. We can match N, with
Eq. (14) by integrating it over 6,

N —/”/Zdedq)l
) do”’

where the ranges for T, is (5, 100) MeV and # is (#y, feyp) as
discussed in the last section. A table of N for different model
parameters is listed in Appendix D. We adopt Ny, ~ BM 1y,
where M7 is the detector fiducial mass and 7, the exposure
time. We have M; = 22.2 kton for Super-K, 222 kton for
Hyper-K and 17 kton for DUNE. The associated N, are
7.34 x 10°3,7.34 x 10**, and 4.58 x 10, respectively. The
factor B3 has the unit per kton per year and varies with the T,
range of interest. As shown in Ref. [58], B = 526 for
T, min =5 MeV in water Cherenkov detector. For DUNE
detector, B = 427 by arescaling via the ratio of total electron
number per kton between water and liquid argon. The major
contribution to the estimated background above is originated
from solar neutrinos between 5 and 25 MeV. In addition,
muon spallation is also known to be an important background
for solar neutrino measurement in the energy range between

20 = (15)

(16)

6 and 18 MeV [58]. However, multiple cuts can be applied in
Super-K to remove the spallation background [58,82]. Thus,
we assume that such cuts can be similarly applied in Hyper-K
[59] and DUNE [83] as well and therefore neglect the
spallation background in our analysis. For background
events from the radon radioactivity, they only contribute
to the energy range below 5 MeV [84], which is not relevant
in this study. For energies higher than 25 MeV, atmospheric
neutrinos [85,86] are the primary backgrounds. We discuss
another choice for T, ., =25 MeV in Appendix F.
Although this choice avoids solar neutrinos in 5, the
BDM events are also significantly suppressed.6

As shown by Ly, Eq. (1), the free parameters to be
constrained are gy, g,, €, m,, and my. To proceed, we first
apply the thermal relic constraint which states that the DM
annihilation cross section (cv) is fixed by the canonical
value 6 x 1072 cm®s~! for Dirac-fermion DM. This
restricts my ~ m,, assuming that yy — 2V is the dominant
annihilation channel. Given the similarity between the dark
charge g, and the electric charge e, we take g, = 0.01
and 1, which guarantees the validity of perturbation
expansions in our study. With g, fixed, the self-interacting
DM (SIDM) constraint from astrophysical observations
[87-93], sets a lower bound for my. See Appendix C for
relevant discussions. We study cases with and without the
presence of the kinetic mixing. Without losing the general-
ity, we take € = —gy when kinetic mixing is nonvanishing.
This naturally enables DM scattering with electrons in the
detector. However, in the absence of ¢, the DM-¢ inter-
action is only possible through y /7 loop shown in Fig. 2.

®Note that here we do not consider other possible background
contributions that are generally considered in the solar and
atmospheric neutrino experiments. Including those might slightly
affect our derived sensitivities but the overall effect are estimated
to be small.
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FIG. 10. Projected sensitivities on gy as functions of my for Super-K, Hyper-K, and DUNE with the parameter choice of ¢ = —gy and
R, = 8.5 kpc. Upper and lower panels correspond to results with g, = 1 and 0.01, respectively. Left and right panels show results
obtained by taking # = 0 and z, respectively. To obtain these plots, thermal relic constraint is imposed, which results in m,, ~ my (see

24

Appendix C). Together with the constraint from DM self-interaction [87-93], which depends on g,, the detection sensitivities exclude
certain regions of my. Color shaded regions are the existing bounds [8,9,94-97].

It induces a nonzero coupling ¢’ between V and SM photon
as given by Eq. (2).

A. Case study for e= —gy

Figure 10 shows the sensitivities on gy as functions of
my in Super-K, Hyper-K, and DUNE. The results are
presented together with the existing bounds from Borexino
[94], muon g —2 [8,95], CCFR’ [96,97], stellar cooling
[98,99], and SN1987A [9]. One could also present the
sensitivities/constraints with gy — m,, parameter regions by
taking m, ~ my as implied by the thermal relic constraint.
Note that the two astrophysical constraints are plotted with
dashed lines in Fig. 10 as they were derived by considering
the excess cooling due to the presence of light dark

"This name stands for Columbia-Chicago-Fermilab-Rochester
experiment that we borrowed from Ref. [9]. It measures p~u™
pair production due to v scattering with nucleus in the Coulomb
field. This is a rare process and known as the neutrino trident.

mediator V only. When the entire light dark sector is
taking into consideration, their self-trapping may help
evade these bounds [100]. Upper and lower panels are
results obtained by taking g, = 1 and 0.01, respectively.
Left and right panels correspond to the choice of f = 0 and
7, respectively. The SIDM constraint disfavors my to the
left of the purple dot-dashed line shown in Fig. 10. When g,
is smaller, the SIDM constraint permits a lighter my as
6,, < gymy* for m, ~ my, Eq. (C5).

Since N is proportional to gygye*N, with ¢ = —gy, the
sensitivity on gy for a fixed my, scales as g;l. Furthermore,
a larger number of target electrons naturally leads to a better
sensitivity. This explains why Hyper-K is more sensitive
than the other two experiments. The sensitivity for f = 7 is
weaker than that for § = 0, since SNv’s in the former case
propagate through those galactic halo regions with much
smaller DM densities. With nonzero kinetic mixing, the
sensitivity region for SNv BDM is tightly constrained by
the existing bounds. For g, = 1, a small viable window
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FIG. 11. Projected sensitivities on gy as functions of my, for Super-

K, Hyper-K, and DUNE with zero kinetic mixing ¢ = 0. All other

parameters are the same as those used for Fig. 10. Note that the bounds from Borexino and stellar cooling are not applicable in this case.

0.3 MeV < my < 10 MeV appears, which is however
disfavored once SIDM constraint is imposed.

B. Case study for =0

In Fig. 11, we present the sensitivities with zero kinetic
mixing. Without &, the DM-e interaction can only occur
through the y/z-loop (see Fig. 2), with the induced kinetic
mixing parameter ¢€'. In general, ¢ varies with the momen-
tum transfer g as shown by Eq. (2). For our interested T,
range, the approximation & ~ —gy,/70 holds. With a much
suppressed DM-e interaction strength, a much larger gy is
needed to attain the required N, for the detection sensi-
tivity. This explains why the results shown in Fig. 11 are
weaker than those in Fig. 10 by a factor of v/4900 ~ 8.37
since Ny  ghe? = g1,/4900.

In the absence of kinetic mixing, bounds like Borexino and
stellar cooling are not applicable. This leaves more window
for SNv BDM to be probed. For g, = 1 (upper panel of
Fig. 11), SNv BDM can probe the mass range my = 5 MeV
which is not constrained by SIDM. For g, = 0.01, SIDM
constraint only disfavors my < 0.01 MeV. The sensitive

region by SNv BDM is then expanded to 10 keV < my <
O(1) MeV and O(107%) < gy < O(1073).

VI. SUMMARY

The BDM accelerated by energetic cosmic particles have
been demonstrated in recent years as an important compo-
nent that help extend the sensitivity of existing and future
DM and/or neutrino experiments to search for light DM
with m, < O(100) MeV. SNv BDM not only shares this
advantage but also acquires additional TOF information,
which may allow direct inference of m, with the method
proposed in Ref. [70]. In this paper, we built upon Ref. [70]
and considered generalized scenarios that a SN explosion
can happen at an arbitrary location in the galaxy. We found
that the time profile of the SNv BDM can depend on the SN
location. For a SN off the GC, although the SNv BDM flux
for a given T, does not contain a dominant peak, it still
possesses a distinct sharp rise at a specific time and
vanishes at a later time, both of which only depend on
the distance to SN and the DM mass. As a result, if the SN
occurring time and location can be independently measured
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with its multimessenger signals, a detailed measurement of
the temporal T, dependent flux of SNv BDM can be used
as a TOF experiment to infer the DM mass.

Moreover, we have also gone beyond the simplified
model-independent assumption made in Ref. [70] and
considered SNy BDM based on the well-studied
U(1)L,-, model where the gauge boson Z' gives rise to
nonvanishing cross sections, o, and o,,,. We found that not
only the exact temporal but also the expected angular
distribution as well the energy spectrum of the SNv BDM
flux contain features related to the underlying particle
physics model assumption. This indicates that a precisely
measurement of the SN BDM fluxes can in principle be
used to discern the type of interaction connecting the SM
and the dark sector.

By considering the existing and upcoming large scale
neutrino experiments including Super-K, Hyper-K, and
DUNE, we derived their projected SNv BDM sensitivities
on gy versus my for the U(1), _; model, and compare

them to other existing bounds, assuming that the DM are
produced as thermal relic. With nonzero kinetic mixing, the
parameter space that can be probed by SNv BDM is mostly
constrained by terrestrial experiments together with the
limit derived for SIDM. However, for cases with zero
kinetic mixing, SNv BDM can probe a significant part of
the yet-constrained parameter space for my from O(keV)
to O(MeV).

While we have only considered exclusively the DM
leptonic interaction throughout this work, we note that the
detection of SNv BDM through other channels are possible
and should be explored. Taking DUNE for instance, argon
deexcitation provides a much cleaner detection channel for
low energy event, T, ~ O(MeV). This signal is possible in
phenomenological models like B — L [9] or models that
directly involve DM-quark couplings. In addition, for
certain DM mass range, the SNv BDM energy spectra
may peak at low kinetic energy, which may result in better
sensitivities when considering current or upcoming DM
experiments with very low energy threshold such as
XENONnT. A more comprehensive study of DM-SM
couplings through the effective Lagrangian and the inves-
tigations of signatures in different detectors will be carried
out in future work.

The SNv BDM afterglow is an intriguing astrophysical
phenomenon that ties to physics beyond SM. The features
from the time-evolving BDM flux open a new avenue for
probing light DM. We also anticipate the general frame-
work surveyed in this paper can facilitate further develop-
ments in new detection methods.
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APPENDIX A: THE SCATTERING
CROSS SECTIONS

1. Lorentz invariant differential cross section

The scattering process for two particles f and y in c.m.
frame is shown in the right panel of Fig. 12, and the
differential cross section is given by

dUXf _ 1 M
dQ*  64n’sy |p|

M2, (A1)

where | M|? is the scattering amplitude, dQ* = d cos ddg*
and ¢* the azimuthal angle in c.m. frame. Assuming elastic
scattering, we can apply |p| = |p’| and take

uy = (p1 = pa)* = m} + my = 2(E{EG + [p|[p’| cos 9)
(A2)

hence

duy = =2|p||p’|d cos
duy,d
S A = deos 9dgpt — — TmdP”

. A3
e A

We thus recast Eq. (A1) into frame-independent differential
cross section

_MP
~ 6dasy|p*

doyy

e (A4)

The c.m. frame azimuthal angle ¢* has been integrated out
and the momentum-squared is

PF? = 33— lsw = (o + s = g =, ) (AS)
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Pa = (Exvpx)

c.m. frame

ps = (E5,p")

FIG. 12. Halo DM y scattered off by fermion f in the lab (left) and c.m. (right) frames.

sy =mi+m2+2Em A6
f X S

and m, p are the associated masses. Therefore, we can boost
Eq. (A4) into any frame of interest.

2. The differential vy scattering
cross section in lab frame

We now boost Eq. (A1) into lab-frame-dependent differ-
ential cross section and replace f by v,

do,, do, duy i duy do,,
dQ  duy dQ  2mdcosy duy’

(A7)

where the azimuthal angle is already integrated out.
Assuming v is massless and letting |p,| = p,, the four
momenta p; ;4 are (left panel of Fig. 12)

p1=(E,.0.0.E,), (A8a)
p2 = (m,.0,0,0), (A8b)
p3 = (E,, E, sing,0, E, cos @), (A8c)
ps = (E,,—p,siny,0, p, cosy). (A8d)

We then have
uy = (py = pa)* = my = 2(E,E, — E,p,cosy), (A9a)
=(p2—p3) = 2m,(E, —E,) — m;Z( (A9D)

Let E, =E,—E,+m, in the last line and having
E, = m, + T,. By equating Eqgs. (A9a) and (A9b) we get
E — my(my, — Ey) ___ mT

" E,—m,—p,cosy T,— p,cosy

(A10)

and

dE,  mjT,cosy
dT, p,(T,—p,cosy)*’

(Al1)

Equation (A10) can be used to determine the required E,
with specified 7, and y. Note that Eq. (A10) becomes
negative as T, < p, cosy and is unphysical. The range of
y is constrained by

T
0 <y < W = cos™! <J) (A12)
Py

See Fig. 13 for numerical computation. With Eq. (A9a), we
can rewrite Eq. (Al) in terms of y by

ds,, 1 |1 (1 2
o (—+—>|M

dcosy/_ﬂ m_f{ m, T,

2. (A13)

where the amplitude |M|? is given by Eq. (3) with m,,
replaced by m, ,. Combining Eq. (A10), we display the
numerical results for Eq. (Al13) in Fig. 14. When y

—— Ty=5 MeV
—_ —— Ty=50 MeV
> 103 4
g —— Ty=100 MeV
uw
o
£
€
2
S 10° 4 /
£
©
g
=l
o
&
101 4
- my, =1 MeV

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Scattering angle y [n]

FIG. 13. The required E, versus scattering angle y for different
T, with m, =1 MeV.

083013-13



LIN, TSAI, LIN, WONG, and WU

PHYS. REV. D 108, 083013 (2023)

10-30 4 —— Ty=5 MeV
—— Ty=50 MeV
—— T, =100 MeV
31 X
§ 10
e
g 10-32 4
E3
%)
8 10733-
hs}
=
=
% 1034 -
my~my=1MeV
10735 5 gv=gp=10"3

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Scattering angle y [n]

FIG. 14. The differential DM-v cross section versus scattering
angle y. Model parameters are shown on the plot.

approaches y,,,«, the required E, increases rapidly, thus the
differential cross section is enhanced accordingly.

As discussed in the main text, although do,,/dcosy
increases for large v, typically corresponding to large open
angle 0, see Fig. 4, the BDM flux regarding on large 0 will
be suppressed eventually due to the exponential suppres-
sion in f, in Eq. (5).

3. The total ye scattering cross section

To obtain the total ye cross section, we apply Eq. (A4)
and convert uy, to 1), via duy, = —dty,

do,,

IM[?
dty  64zsy|p|*

(A14)

The total cross section can be obtained by integrating over ¢,

y do
6){3 :/M L dtM
n, dtu

(A15)

FIG. 15.

with
ti 2 2 2(ECEC/ | || /|) (A16)
M ”l)( n, =y P|IP

and

Ec — Ec/ — 1

X L) /Sar

(sy+mi—m2), (AlTa)

sy =mi+m2+2(m, +T,)m,,

Ip| = |p’| = [pl|p’| = Eq.(AS). (A17b)

APPENDIX B: GEOMETRICAL RELATIONS

In this Appendix, we show in detail how one obtains the
geometrical relations for calculating SNv BDM on Earth,
see Figs. 3 and 4. The derivations and results presented here
are coordinate independent. One can apply these results to,
for instance, Eq. (6) and employ a particular coordinate
system for numerical calculations.

In principle, once ASBE is determined, the related
geometries are similar for both SN at-GC and off-GC
cases. The only difference is the DM number density 7, at
the boosted point B. To determine n, at B, one needs to

know the distance from it to G. In terms of at-GC, BG is
independent of the azimuthal angle ¢ relative to the SN-
Earth-axis (SE). This does not hold for off-GC case. Let B
corresponds to ¢ =0 and B’ to ¢ #0, Fig. 15. The
distances from B and B’ to GC are r and ' where
r # v in general. The goal is to determine 7' in order to
compute n, at B'.

In Fig. 15, ASBE (blue) and ASB'E (red) are

congruent. But the red one is placed at nonzero ¢ along
SE-axis. Let 0 be the open angle and y the BDM scattering
angle at boosted point. The identity

The 3D diagram that depicts the geometical relations between G, S, E, and B.
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D? = d® + R2 — 2dR cos 0 (B1)
holds. Given ¢ = ¢ — 1, and having SNv moving with the
light speed ¢, we have

D d d
—+—=¢{->D+—=R;+ct=¢,
c v

X ﬂ)(

where f, = v,/c. Plugging Eq. (B1) into Eq. (B2), we
obtain

(B2)

Py
[y

+ R,f, cos — C].

0= =2 [ =)= )+ Rpcos0 -0

(B3)

To compute d®,/dT,, it takes two inputs: 7, and ¢
(equivalent to t by a constant shift ¢,). With the aid of
Eq. (B3), the relevant geometrical relations can be
obtained. Therefore,

r'? = a® + h*cos’¢

= £2cos’1 + (¢sin1 — hsin§)? + h*cos’¢p  (B4)

and
£? = R% + d*cos’ — 2R, d cos 6 cos j. (BS)

The parameters R,, d, 8, and f should be specified already.
Through the law of cosine, we have

R2 — ? — d’cos’0

cost= 2¢d cos 0

(B6)

Putting Egs. (B5) and (B6) back into Eq. (B4), r’ can be
evaluated. Therefore, n, at B’ is also determined. One can
do a cross check that ¥ = rat ¢y = 0 and ' = D for at-GC
case.

APPENDIX C: THERMAL RELIC
AND SIDM CONSTRAINTS

The DM annihilation cross section (ov) for the vector
type interaction was derived in Ref. [10]. Depending on
my, DM could annihilate into two SM fermions if m, >
m,, and into 2V if my < m,. For the former case, my is
simply a free parameter used to control the strength of (o).
The relation between m, and my is obscured. However, for
the later case, we can approximate

4 2
Iy my,
= a4 C1
{ov) 167zm> mf( (1)

in terms of nonrelativistic (NR) DM. Thus,

(€2)

my _ | <167[<461j> m%)z
my I

To produce the correct relic density, we carry (ov) =
6 x 1072 cm®s~! and find

v

ny,

(C3)

holds in the interested range of g, and m, in this paper.8
On the other hand, the SIDM constraints [8§7-93] restrict

6, Ina band

0.1em?’g! <o, /m, $10 cm* g !, (C4)

In the NR limit, we have

4 2
o, =2 T (C5)

6% mh

The lower bound of Eq. (C4) is much lose as it implies the
DM self-interaction is too weak to be distinguished from
collisionless DM. Combining Egs. (C3)—-(C5) and let

n =10 cm?g~!, we arrive

9 \*? /3
> (2 )
" (M’r) !

Thus, the SIDM constraint sets a lower limit for my,.

(Co)

APPENDIX D: BDM EVENT NUMBERS

Here we show the BDM event number N, generated from
U(l) 1,1, model for different m, with # = 0 and z in Super-
K (My = 22.2 kton) in Table I. We choose ¢, = 35 yrs,
(T)(.minv T;{,min) = (5’ 100) MeV and (ng g){) = (10_5 ’ 10_2)'
We take R, = 8.5 kpc and two different values of f = 0 and
7. The values of the kinetic mixing ¢ are labeled on top of the
table. For zero-kinetic mixing, the DM-e interaction is
induced by the naturally arose parameter & = —gy,/70.

APPENDIX E: IDENTIFYING ¢,
FOR MODEL-AGNOSTIC CASE

In Fig. 16 we display different BDM fluxes with
$ =0,0.027,0.04z, and 0.5z with R; = 8.5 kpc, 11 kpc,
and 15 kpc for the model-agnostic case. The DM-v cross
section is taken to be ¢, = 107" cm?.

For f =0 and R, = 8.5 kpc (SN located at GC) shown
in the upper left panel, one sees that 7, and the step wise
increase of the BDM flux coincides. However, for the same

*In Ref. [10], contributions from 7 and u channels to xx — 2V
are considered. A correction factor would be attached to Eq. (C1).
This does not change the conclusion, Eq. (C3), but an analytical
expression like Eq. (C2) for my /m, is nonexistent.
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TABLE 1.  Expected SNv BDM event number N vs. m,, for the
different choices of R, =8kpc, (gy =107,g,=107%¢,p) for
Super-K.

e=—gy e=0
m, [MeV] =0 p=n p=0 Pp=mn
107 25110 128x102 2.17x 10" 1.56x 10"
1073 6.89x 10" 4.46x10' 879%x10° 4.30x108
1074 231x10° 137x10° 232x10%  1.36x107
1073 8.50x 108 4.42x107 899x10° 4.80x10°
1072 341x107 1.33x10° 3.01x10° 1.47x10*
107! 1.63x10° 3.11x10° 8.97x10? 33.20
1 0.42 5.16x107* 2.60x 107 5.63x 10~
10 1.26x 1078 1.26x 1078 1.36x 1071 1.36x 10710

p =0, the increase of the BDM fluxes for R; > 8.5 kpc
occurs twice—a sharper first one around (=
(8.5 kpe)(1/v, —1/c) and a milder second one at 7= 1¢,.
Clearly, the first sharply rising feature is associated with the
increase of n,, close to the GC, while the second rise around 7,

is related to the increase of the SNv density dn,/dE,. Thus,
with larger R, and § = 0, the sharply rising feature of the flux
can occur earlier than 7, for the model-agnostic scenario.
Consequently, it may be difficult to use ¢, to infer m, for
these special SN locations.

This issue, however, is alleviated when considering non-
zero but small  values as shown in the other three panels. For
these cases, since the line connecting the Earth and the SN
location does not pass through GC, the BDM flux that arrived
before ¢, with small scattering angle are less enhanced by the
large n, around GC. As a result, the sharply rising feature
associated with the halo profile at GC diminishes. Instead,
the main contribution to the smooth rising on the flux and
turns at 7, is due to D — 0 in L, in Eq. (5).

For the U(1) L,-1, model, we verify that for the same
values of R, and f shown in Fig. 16, the sharp increase of
the BDM flux is always associated with 7,,, similar to what
was discussed in Sec. IV A. The difference in two different
scenarios are related to the scattering angle dependence of
the differential cross section do,,/dcosy and can be
understood as follows.

(my, Ty) =(0.1,10) MeV and gy, = 1074%cm?

B=0 B=0.02mn
10-13 i Rs=8.5 kpc ] — R.=8.5kpc
] — Rs=11lkpc | —— Rs=11 kpc

10-14 1 Rs =15 kpc —— Rs =15 kpc

10—15 _; 4
'_|'|_| -16 :
' 10 E E
7 7
% 10—17 E J N
= E
“I‘ T T T T T T T T T
g B=0.05mn B=0.1n
B 10-13 —— Rs=8.5kpc ] — Rs=8.5kpc
|§ i — Rs=11kpc —— Rs=11 kpc
g< 10_14_: — Rs=15kpc 1 — Rs=15kpc
S E

10—15 _; 4

10—16_; 4

10717 i

1072 107!  10° 10! 102 1072 107!  10° 10! 102

FIG. 16. The BDM flux for various # and R, in terms of model-agnostic. The dots indicate the corresponding ¢,,.

Shifted time t [yrs]
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(gy, B) =(0.01,0) (gy, B)=(0.01,m)
| —:= HyperK. y L —:= HyperK. — 7
10-4] —-- DUNE ! / 10-4] —-- DUNE T~ L9 7
10-6 4 Borexino 10-6 4 Borexino
> ="
> -
1078 4 108 A
__3l SN1987a 5
________________ 5 e
—10 | -10 |
10 = 10
w. .
T T T lI T T T T T lI T T
107 107> 104 103 1072 107! 10° 10* 10® 10°°> 10°* 1073 1072 107! 10° 10!
my [MeV] my [MeV]
(gy.B)=1(0.01,0) (9y.B)=1(0.01,n)
—— Super-K —— Super-K
7 A
—-= Hyper-K === HyperK
~ -2 ~ -2
10744 —.= DUNE =~ 9 7 1074 { —.= DUNE  “~. 9 4
i
[}
> = .
° =] RN
il i
1078 4 e 1078 4 Ve
gl £l
S| SN1987a 5| SN1987a
__________________ e e fm e e e e e e e e e e e e e e ————————
(] ()
10710 s 10710 s
2] 2]
0. 0.
T T T lI T T T T T lI T T
10-¢ 10=> 107¢ 1073 1072 107! 10° 10! 10 10> 10°* 10~ 1072 107! 10° 10!
my [MeV] my [MeV]

FIG. 17. The notations follow those of Figs. 10 (upper row) and 11 (lower row): The U(1) 1,1, charge g, = 0.01 for both rows and the

threshold energy is lifted to T, i, = 25 MeV.

For f < 1, the BDM flux at 7 < 7, is dominated by those
within a open angle 6 < 1°, which obviously corresponds to
small scattering angle w < 1° (see the blue triangle in
Fig. 15). Numerically we found that do,,/dcosy o« r*
when y < 1° where r is the distance from the boosting
location to GC (see also Fig. 15).° Thus, the > dependence
cancels the =2 divergence in the NFW profile when r — 0
and does not result in a sharp increase of BDM flux due to the
increase of n, at GC. On the other hand, the model-agnostic
scenario has do,,/dcosy = o, x f,(y) approaching a
constant when w — 0 without an r dependence.
Consequently, there is no cancellation of the r~2 divergence
from NFW profile as r — O that results in the first steep
increase of BDM flux discussed above for f =0 and
R, > 8.5 kpc.

Based on these results here, we conclude that only when
a SN occurs at a location with £ < 0.027 and R, ~ 11 kpc,

°This proportionality holds due to the constraint ¢ = D/c +
d/v, imposed in Eq. (6). This constraint conveys the r-depend-
ence to do,, /d cosy when determining the scattering angle y at
any boosted point.

the sharply rising feature of the BDM flux can depend on
the underlying particle physics model and may not be
associated with 7,,. For other locations, the identification of
1, based on the feature discussed in the main text and the
use of it to along with f,,,, to infer m, in a model-
independent way should still be possible.

APPENDIX F: SENSITIVITY RESULT
FOR T, i, =25 MeV

When taking T, i, to be 25 MeV while retaining
T, max = 100 MeV, it removes the solar v background.
The only known background in this energy range is primarily
the atmospheric v. Thus, we can estimate 5~ 0.0059 for
water Cherenkov detector and 0.0047 for liquid argon
detector. In principle, this may help identify more clean
signatures from the SNv BDM. For instance, to a good
approximation, N, is negligible and results in N = 4 in most
of the parameter space we are interested. However, as one can
see from Fig. 9, to get the total BDM events, we also have to
integrate over T, of interest. If we set T, i, = 25 MeV, then

a significant part of lower energy BDM flux will not
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contribute to the event number. Thus, although the back-
ground is largely reduced, so are the signals.
We show the results for g, = 0.01 in Fig. 17. Except

for T, min = 25 MeV, other setups are identical to Figs. 10

and 11. Compare this result to that obtained with

Ty min =5 MeV shown in Fig. 17, one sees that the

sensitivities are in fact weakened by a factor of few, due
to the loss of the BDM events from 7, < 25 MeV.
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