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Dark matter is ubiquitous in the Universe!

1 pc ⇡ 2.06⇥ 105 AU ⇡ 3.08⇥ 1016 m
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What is the essence of DM?
~ ~

eV MeV GeV > TeVmχ

not-to-scale

▸ Dark matter


▸ To measure
mass mχ

DM-SM interaction cross sections σχn,p,e…, ⟨σv⟩
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SN@GC

The kinematics

duration: ~10s
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▸ Halo DM was scattered (σχν) by SNν and gets boosted (BDM)

The kinematics
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▸ Halo DM was scattered (σχν) by SNν and gets boosted (BDM)

The kinematics
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▸ The BDM kinetic energy Tχ


with the scattering angles

<latexit sha1_base64="96K/DI/RjdbWqh5Pw740TIVdlyg="></latexit>

E0
⌫ =

✓
1

E⌫
+

1� cos↵

m�

◆�1

<latexit sha1_base64="BIr61jiGYpJghh+EaFuPCxBVrzE=">AAACEnicdVDLSgMxFM3UV62vqks3wSIoYpnR2sdCKIjgsoJ9QGcsmTRtQ5PMkGSEUvoNbvwVNy4UcevKnX9jOh1BRQ8knJxzLzf3+CGjStv2h5Wam19YXEovZ1ZW19Y3sptbDRVEEpM6DlggWz5ShFFB6ppqRlqhJIj7jDT94fnUb94SqWggrvUoJB5HfUF7FCNtpE724KLj4gG9cUNJOTnj8QseQiOL6Ci+E6+Tzdn5iu1UTktwRsqFhBQr0MnbMXIgQa2TfXe7AY44ERozpFTbsUPtjZHUFDMyybiRIiHCQ9QnbUMF4kR543ilCdwzShf2AmmO0DBWv3eMEVdqxH1TyZEeqN/eVPzLa0e6V/bGVISRJgLPBvUiBnUAp/nALpUEazYyBGFJzV8hHiCJsDYpZkwIX5vC/0njOO8U8ydXhVy1mMSRBjtgF+wDB5RAFVyCGqgDDO7AA3gCz9a99Wi9WK+z0pSV9GyDH7DePgGoAp16</latexit>

E0
� = m� + E⌫ � E0

⌫

<latexit sha1_base64="hGzsyLZSh4POVR37Ztpo2xlplgM=">AAACEXicdVDLSsNAFJ3UV62vqEs3g0WoC0OiUu1CKIjgskJf0NQwmU7aoZNJmJkIJfQX3Pgrblwo4tadO//GaVrB54F7OZxzLzP3+DGjUtn2u5Gbm19YXMovF1ZW19Y3zM2tpowSgUkDRywSbR9JwignDUUVI+1YEBT6jLT84fnEb90QIWnE62oUk26I+pwGFCOlJc8sFeqeiwcUnsELz+XJQdav3VjQkJRcHEkXsXiA9j2zaFsV26mUHfibOJadoQhmqHnmm9uLcBISrjBDUnYcO1bdFAlFMSPjgptIEiM8RH3S0ZSjkMhuml00hnta6cEgErq4gpn6dSNFoZSj0NeTIVID+dObiH95nUQFp92U8jhRhOPpQ0HCoIrgJB7Yo4JgxUaaICyo/ivEAyQQVjrEgg7h81L4P2keWk7ZOro6LlbLszjyYAfsghJwwAmogktQAw2AwS24B4/gybgzHoxn42U6mjNmO9vgG4zXD9V+nG0=</latexit>

T� = E⌫ � E0
⌫(cos↵)

<latexit sha1_base64="NlD+FF4ZdjamRagkGOe8LTZUPRs="></latexit>

=
E2

⌫

E⌫ +m�/2

✓
1 + cos ✓c

2

◆

<latexit sha1_base64="RaH1E0MDIeoV5O2ygzQSw8pP0dU="></latexit>

✓c 2 [0,⇡] uniformly

Lab:
CM:

<latexit sha1_base64="A4tugkUy1iRgr5u2DHyLMyvKvV0="></latexit>

↵ 2 [0, ⇡
2 ] non-uniformly

<latexit sha1_base64="7Spr1Dl+nI+HdOfEG1JX9lZPjvU="></latexit>

dn⌫

dE⌫
=

X

i

L⌫i

4⇡r2hE⌫ii
E2

⌫f⌫i(E⌫)

Duan+ 2006



α

vχ
ν

ν
ν ν

ν
ν

r
χ

χ
χ

χ

χ

The scattering angle α

Boosted 
point

SN@GC



ℓ

α

vχ
ν

ν
ν ν

ν
ν

r
χ

χ
χ

χ

χ

▸ Only α points toward Earth that is relevant

The scattering angle α

Boosted 
point

Super-K

SN@GC



ℓ

α

vχ
ν

ν
ν ν

ν
ν

r
χ

χ
χ

χ

χ

▸ Only α points toward Earth that is relevant

▸ BDM emissivity jχ at α

The scattering angle α

Boosted 
point

Super-K

SN@GC



ℓ

α

vχ
ν

ν
ν ν

ν
ν

r
χ

χ
χ

χ

χ

▸ Only α points toward Earth that is relevant

▸ BDM emissivity jχ at α
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The BDM flux on Earth

▸ Halo DM is boosted:  


▸ BDM emissivity at α: distribution function


▸ The BDM time-of-flight:


▸ The flux on Earth
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Time-evolving BDM flux: Time-of-flight
▸ DM profile
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Time-evolving BDM flux: Time-of-flight
▸ DM profile
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Time-evolving BDM flux: Time-of-flight
▸ DM profile

▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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Time-evolving BDM flux: Time-of-flight

1 keV

▸ DM profile

▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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Time-evolving BDM flux: Time-of-flight

1 keV

▸ DM profile

▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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Time-evolving BDM flux: Time-of-flight

1 keV

▸ DM profile

▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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Time-evolving BDM flux: Time-of-flight

1 keV

▸ DM profile

▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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Direct mχ measurement

1 keV

▸ DM profile


▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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Direct mχ measurement

1 keV

▸ DM profile


▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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Direct mχ measurement

1 keV

▸ DM profile


▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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Direct mχ measurement

1 keV

▸ DM profile


▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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▸ The BDM velocitypeak time tp

(GC to Earth)

Bertone+ (2005)

Erkal+ (2019)
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Direct mχ measurement

1 keV

▸ DM profile


▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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▸ The BDM velocity

▸ Given Tχ and tp, the DM mass mχ 
is measured directly
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(GC to Earth)
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Direct mχ measurement

1 keV

▸ DM profile


▸ Defined a time-shifted coordinate t = t′ − Rs/c: a delayed time relative to the 
arrival of SNν
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▸ The BDM velocity

▸ Given Tχ and tp, the DM mass mχ 
is measured directly

▸ For direct search, the diff. recoil 
rate dR/dER
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(GC to Earth)
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Erkal+ (2019)
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Determining the time of vanishing

1 keV

▸ The total propagation time


▸ The distribution function for α
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Determining the time of vanishing

1 keV

▸ The total propagation time


▸ The distribution function for α
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Determining the time of vanishing

1 keV

▸ The total propagation time


▸ The distribution function for α

▸ The vanishing time tvan: the 
duration of the afterglow
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Determining the time of vanishing

1 keV

▸ The total propagation time


▸ The distribution function for α

▸ The vanishing time tvan: the 
duration of the afterglow

▸ Can be derived by 
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Determining the time of vanishing

1 keV

▸ The total propagation time


▸ The distribution function for α

▸ The vanishing time tvan: the 
duration of the afterglow

▸ Can be derived by 

which leads to the condition 
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BDM flux in MW & LMC
▸ DM profile
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BDM flux in MW & LMC
▸ DM profile

<latexit sha1_base64="aXTW68CAucnJ8ke0ns0+7F3WtDk="></latexit>

n�(r) =
⇢s
m�

1
r
rs
(1 + r

rs
)n

, (n, ⇢s, rs) =

(
(2, 184MeV cm�3, 24.4 kpc), MW

(3, 68MeV cm�3, 31.9 kpc), LMC (SN1987a)

GC

LMC

1 keV

2  

10 s

NFW for MW



BDM flux in MW & LMC
▸ DM profile
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BDM flux in MW & LMC
▸ DM profile
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BDM flux in MW & LMC
▸ DM profile

▸ BDM flux vs. mχ
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BDM flux in MW & LMC
▸ DM profile

▸ BDM flux vs. mχ
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SN is off the GC
SN@GC
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SN is off the GC
SN@GC SN located in the off-GC place
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Rs = 8.5 kpc vs. β



β = 0

Rs = 8.5 kpc vs. β

β = 0

preliminary

mχ = 0.1MeV

Tχ = 10 MeV



β = 0.1π

β = 0

Rs = 8.5 kpc vs. β

β = 0

β = 0.1π

preliminary

mχ = 0.1MeV

Tχ = 10 MeV



β = 0.1π

β = πβ = 0

Rs = 8.5 kpc vs. β

β = 0

β = 0.1π

β = π

preliminary

mχ = 0.1MeV

Tχ = 10 MeV



β = 0.1π

β = πβ = 0

Rs = 8.5 kpc vs. β β = 0 vs. Rs

β = 0

β = 0.1π

β = π

preliminary

mχ = 0.1MeV

Tχ = 10 MeV



β = 0.1π

β = πβ = 0

Rs = 8.5 kpc vs. β

Rs = 8.5 kpc

β = 0 vs. Rs

β = 0

β = 0.1π

β = π

Rs = 8.5 kpc

preliminary preliminary

mχ = 0.1MeV

Tχ = 10 MeV

mχ = 0.1MeV

Tχ = 10 MeV



β = 0.1π

β = πβ = 0

Rs = 8.5 kpc vs. β

Rs = 5 kpc

Rs = 8.5 kpc

β = 0 vs. Rs

β = 0

β = 0.1π

β = π

Rs = 8.5 kpc

Rs = 5 kpc

preliminary preliminary

mχ = 0.1MeV

Tχ = 10 MeV

mχ = 0.1MeV

Tχ = 10 MeV



β = 0.1π

β = πβ = 0

Rs = 8.5 kpc vs. β

Rs = 5 kpc

Rs = 8.5 kpc

Rs = 12 kpc

β = 0 vs. Rs

β = 0

β = 0.1π

β = π

Rs = 8.5 kpc

Rs = 12 kpc

Rs = 5 kpc

preliminary preliminary

mχ = 0.1MeV

Tχ = 10 MeV

mχ = 0.1MeV

Tχ = 10 MeV



Constraint and 
projected 
sensitivity



BDM event in the detector



BDM event in the detector

▸ The BDM event number estimation
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BDM event in the detector

▸ The BDM event number estimation
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BDM event in the detector

▸ The BDM event number estimation
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BDM event in the detector

▸ The BDM event number estimation
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BDM event in the detector

▸ The BDM event number estimation
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BDM event in the detector

▸ The BDM event number estimation

▸ Super-K and Hyper-K -like detectors: 22.5 and 225 ktons
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BDM event in the detector

▸ The BDM event number estimation

▸ Super-K and Hyper-K -like detectors: 22.5 and 225 ktons

▸ Exposure time: 10 s to tvan (duration of BDM flux, truncated 
at 35 yrs) 
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Directionality: θ-dependency

▸ The BDM event number

Δcosθ = 0.05
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Directionality: θ-dependency

▸ The BDM event number

Δcosθ = 0.05

N
χ i

n 
SK

-li
ke

 d
et

ec
to

r

▸ Nχ depends on the open angle θ


▸ Smaller mχ has narrower window for θ
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▸ The BDM event (taking σχν = σχe)


▸ LMC (SN1987a):

Kamiokande: 1987-1996

Super-K: 1996 - present


▸ mχ < 1.1 keV has tvan < 9 years, 
which is unobservable to Super-K


▸ GC case is similar 

Total event and background
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▸ The rapid decreasing of Nχ vs. mχ indicates the 
tail part cannot be fully incorporated


▸ The background Nb ~ 526MTtexp increases as 
tvan < tcut = 35 yrs but saturates when tvan > tcut
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Constraint and projected sensitivity

▸ Constraint and sensitivity are estimated by


▸ The constraint and sensitivity are placed on                         and assuming σχν = σχe 
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SUMMARY

Summary

▸ SNν BDM possesses time-of-flight and directionality


• Direct mχ measurement


• Determining vanishing time


• Determining sky of interest


• Event selection


▸ Complementary probe to DM direct search


▸ Provides better constraint and sensitivity for light DM


▸ Results for BDM due to SN not limited to the GC are presented



backups



BDM event and pheno realization
▸ The BDM event number


▸ Non-zero σχν and σχe can be realized with dark photon V with portal(s) to the Standard 
Model sector


where Vμν = ∂μVν − ∂νVμ


▸ The kinetic mixing εFμνVμν provides a portal to SM photon and e′VμJμ provides extra 
portal(s) to other SM currents Jμ (eg. Lμ−Lτ or Z-mass mixing)


▸ Effectively, we have the following diagram for χ-f scattering where f = e,ν
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