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Dark matter is ubiquitous in the Universe!
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What is the essence of DM?

» Dark matter == mass m,

» To measure wmp DM-SM interaction == cross sections oynpe..., (OV)

my eV MeV GeV > TeV

not-to-scale



The DM probes: m, & o

my eV MeV GeV > TeV
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CDEX Collab. Hochberg+ (2016)
LUX Collab. Geilhufe+ (2019)

SENSEI Collab. Kim+ (2020)

The DM probes: my, & o
Essig+ (2015) Knapen+ (2020)...
Hochberg+ (2015)
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The DM probes: m, & o
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The DM probes: m, & o
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The kinematics

duration: ~10s
N, ~ 10°8

E,, ~ 10 — 15 MeV
dnl/ e Ll/l 2 .2, 3
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Duan+ 2006
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The kinematics

» Halo DM was scattered (o,») by SNv and gets boosted (BDM)

Px = (mxv O)

QO

Pv = (EIM pu)

duration: ~10s
N, ~ 10°8
E, ~ 10 — 15 MeV_ o s ™ssan s .

dnl/ Ll/z .
dE, 2 A (E,,).
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Duan+ 2006



The kinematics

» Halo DM was scattered (O'Xv) by SNv and gets boosted (BDM)
e (E/ Y pl/)

— (M. 0
P = (1, 0) 0/' » After the boost
0_) ‘ """"""""""" 1 1 —cosa\ *
o/ B, = ( + )

174 EV
Pv = (EIM pu) / Mx
P, = (E,,p.) E! =my+E, — E,

duration: ~10s Boosted » The BDM kinetic energy T,
N, ~ 10 ' :
_ T, =FE, — FE,(cosa)
E, ~ 10 — 15 MeV i 5 ]
dn, 5 _ Dy 1+ cost,
dE, Z Ef,, E,+m,/2 ( 2 )
Duan+ 2006
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with the scattering angles

Lab: a € [0, ]
CM: 0. € [0, 7]



The scattering angle a

Boosted R




The scattering angle a

» Only a points toward Earth that is relevant

Boosted o*




The scattering angle a

» Only a points toward Earth that is relevant

» BDM emissivity j, at «

Boosted o*




The scattering angle a

: . my=1keV my =107 eV
» Only a points toward Earth that is relevant (relativistic) —

— m, =10° MeV

» BDM emissivity j, at «

. . . . ’ - mX= 1 GeV
» Distribution function f, for « on-relativistic)

[ faEan =1
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Timing the SNvBDM

» The arrival time of BDM at Earth ', relative to the SN explosion

r L e=~R
t=- 4+ —f>{—
C+?}XDC

Boosted
point

Vx




Timing the SNvBDM

» The arrival time of BDM at Earth t’, relative to the SN explosion

r L e=~R
t=- 4+ —f>{—
c_l_vXDc

» SNv burst will be followed by time-evolving BDM afterglow

Boosted
point




The BDM flux on Earth

» Halo DM is boosted: T, > m,,

» BDM emissivity at a: distribution function

2 Sng (87
Felow By) = (1 —Z 72 tan? a)?
» 'The BDM time-of-flight:
— f 4 £ > E
C %% C

» The flux on Earth

Ao (T. .t !
(T, t') QW/ dcos 0T j, (r, T, @)
dT 0 =5+
dn dE, v
T — v - -
Jx (1, Ty, @) = coy nx( ) (de C ) &
AW

DM profile SNv spectrum
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Direct my measurement

» DM profile

() Ds 1 ( ) (2,184 MeV cm ™7, 24.4kpc), NFW for M\/Y
N \T) = ) n,pPs,rs) =
x T(14 L)n P (3,68 MeV em—3,31.9kpe),  LMC (SN1987a)

» Defined a time-shifted coordinate t = " — Ri/c: a delayed time relative to the
arrival of SNv

T
n
B
=
3,
T
=
o)
2
=
=
~
=
A
'ﬁ




Bertone+ (2005)
Erkal+ (2019)
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» DM profile
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Direct my measurement

» DM profile

() Ds 1 ( ) (2,184 MeV cm ™7, 24.4kpc), NFW for M\/Y
N \T) = ) n,pPs,rs) =
x T(14 L)n P (3,68 MeV em—3,31.9kpe),  LMC (SN1987a)
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Bertone+ (2005)
Erkal+ (2019)

Direct my measurement

» DM profile

D (2,184 MeV cm ™7, 24.4kpc), NFW for M\/Y
nx(r) — (nv Ps TS) —

(3,68 MeV em3,31.9kpe), LMC (SN1987a)

» Defined a time-shifted coordinate t = " — Ri/c: a delayed time relative to the
arrival of SNv
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Bertone+ (2005)
Erkal+ (2019)

Direct my measurement

» DM profile

D (2,184 MeV cm ™7, 24.4kpc), NFW for M\/Y
ny(r) = r r (7, pss75) =

(3,68 MeV em3,31.9kpe), LMC (SN1987a)

» Defined a time-shifted coordinate t = " — Ri/c: a delayed time relative to the
arrival of SNv

T, =10 MeV and o,, = 1073 ¢cm ° 4
peak time t, » The BDM velocity
(GC to Earth)
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Bertone+ (2005)
Erkal+ (2019)

Direct my measurement

» DM profile

D (2,184 MeV cm ™7, 24.4kpc), NFW for M\/Y
ny(r) = r r (7, pss75) =

(3,68 MeV em3,31.9kpe), LMC (SN1987a)

» Defined a time-shifted coordinate t = " — Ri/c: a delayed time relative to the
arrival of SNv

T, =10 MeV and o,, = 10735 cm 4
T peak time t, » The BDM velocity
~ (GC to Earth)
F 1 keV Ux = \/Tx(zmx + 1) /(T + my)
L » Given T, and t,, the DM mass m,
= is measured directly
=
} » For direct search, the diff. recoil
= rate dR/dERr
dR Oyn

—m—

dER ey
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Determining the time of vanishing

» 'The total propagation time
r /

th=— 4+ —
C UX

» The distribution function for «
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Determining the time of vanishing

» 'The total propagation time

— i £
N C UX
» The distribution function for «
2 3
v* sec” a
E,) =
fX(Oé7 ) 7_(_(1 —|_/72 tan2 &)2

T, =10 MeV and o,, =107 cm * » The vanishing time tvan: the
duration of the afterglow
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Determining the time of vanishing

» 'The total propagation time
r /

th=— 4+ —
C UX

» The distribution function for «

72 sec?

(1 4+ 42 tan? a)?

fx(a7El/) — -

T, =10 MeV and o,, =107 cm * » The vanishing time tvan: the
duration of the afterglow

» Can be derived by
max. f and fy(am) =0

which leads to the condition

cos(ay, —0) vy (my)
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BDM flux in MW & LMC
NFWforMVY
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BDM flux in MW & LMC

» DM profile

(2,184 MeV cm ™7, 24.4kpc), NFW for M\/Y
(3,68 MeV em—3,31.9kpe), LMC (SN1987a)
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BDM flux in MW & LMC

» DM profile
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BDM flux in MW & LMC

» DM profile

(2,184 MeV cm ™2, 24.4kpc), NFW for M
(3,68 MeV em—3,31.9kpe), LMC (SN1987a)/
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BDM flux in MW & LMC

» DM profile

Os 1 ) (2,184 MeV cm ™2, 24.4kpc), NFW for M
" (3,68 MeVem—3,31.9kpe), LMC (SN1987a)/
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BDM flux in MW & LMC

» DM profile

Os 1 ) (2,184 MeV cm ™2, 24.4kpc), NFW for M
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BDM flux in MW & LMC

» DM profile

Os 1 ) (2,184 MeV cm ™2, 24.4kpc), NFW for M
" (3,68 MeVem—3,31.9kpe), LMC (SN1987a)/

» t, for LMC is delayed accordingly
due to Rimc = 50 kpc > Rge = 8.5
kpc

» The LMC flux is smaller due to
dilution from longer distance

» Lighter m, could have ¢, smaller
than ¢y due to vy > ¢
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SN is off the GC
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SN is off the GC

SN@GC

top-view

side-view

SN@GC Rec =

SN located in the off-GC place




s=8.5kpcvs. [



my=0.TMeV
TIy=10 MeV

d®,/dT,dt [cm™ MeV~! s7!]

preliminary

Rs =8.5 kpcvs. 8



my=0.TMeV
TIy=10 MeV

d®,/dT,dt [cm™ MeV~! s7!]

preliminary

Rs =8.5 kpcvs. 8



my=0.TMeV
TIy=10 MeV

d®,/dT,dt [cm™ MeV~! s7!]

preliminary

Rs =8.5 kpcvs. 8



my = 0.1MeV
I, =10 MeV
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» The BDM event number estimation
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BDM event in the detector

» The BDM event number estimation

texp Tmax 7'('/2 d@
Ny = N.o e/ dt/ dr’ / 27 sin 0d6 X
X X t T * /s a1, df2
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BDM event in the detector

» The BDM event number estimation

texp Tax /2 d(I)X
N, = N.o e/ dt/ d1’ / 27 sin 6d6
X X t T * /s a1, df2
exposure sky of
time interest

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



BDM event in the detector

» The BDM event number estimation

texp Tmax 7'('/2 d@
Ny = Neoye / dt/ dr’ / 27 sin 0d6 X
X X . T * /s a1, df2

|- 7

Ve

exposure sky of
time interest

T, =10 MeV and o,, = 1073 cm 2

» 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: 6-dependency

» 'The BDM event number

texp Tmax d@
N, = N.o e/ dt/ dT’ / 27 sin 6d6 X
X X to Tin X A cos 6 dTX ds?

(- 7

~

AcosB = 0.05




Directionality: 6-dependency

» The BDM event number

N, =N /  at / T / 27 sin df—x
— 60- e 7T S11
X X to Tin X A cos 6 dTX ds?

|- 7

-~ ~

AcosB = 0.05

» N, depends on the open angle 6 Oy = Ope = 10733 cm?

AcosO = cosOmin — c0SOmax = 0.05

» Smaller m, has narrower window for 0

emax — 32250

N, in SK-like detector

preliminary
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Total event and background

» The BDM event (taking o,y = 0ye)

1] t
max exp d@
N, = N.o,. / dT’ / dt —=

* * Ttn * to dTX

» LMC (SN1987a):
o Kamiokande: 1987-1996
‘ e Super-K: 1996 - present
C eCsuperk M AT NCe . » my < 1.1keV has tyan <9 years,

o LMC/Kamioka 1/ which is unobservable to Super-K
LMC/Super-K

» GC case is similar

T, =10 MeV and 0, =10"% cm 2

» 'The rapid decreasing of Ny vs. m, indicates the
tail part cannot be fully incorporated

» The background Ny ~ 526 Mrtexp increases as
tvan < tcur = 35 yrs but saturates when tyan > feut
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Constraint and projected sensitivity

» Constraint and sensitivity are estimated by

Nx _ )20 next GOSN with background N, ~ 526 x My X texp

VN, + N,  |90%CL, SN1987a

» The constraint and sensitivity are placed on s = ,/0,,0,. and assuming oy = 0ye

texp — min<tva117 tcut)

Cosmic rays
(Super-K)

\-h
2w~ "Solar
reflection

—-:= LMC (SK+Kamioka)
—— GC (SK projected)
——==- GC (HK projected)
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SUMMARY

Summary

» SNv BDM possesses time-of-flight and directionality
e Direct m, measurement
e Determining vanishing time
e Determining sky of interest
e 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
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BDM event and pheno realization

» 'The BDM event number

T t
max exp d@
N, = N.o e/ dT’ / dt —=
* * Tin * to dTX

» Non-zero 0y, and o0y, can be realized with dark photon V with portal(s) to the Standard
Model sector

1 , 1 c
L:eff = _ZVMVVM — imVVMV“ -+ 5

where V,,, = 0,V, — 9,V

Fio,V* + g, Vi Jy

» The kinetic mixing eF,, V# provides a portal to SM photon and e 'V, Jv provides extra
portal(s) to other SM currents J+ (eg. L,—L. or Z-mass mixing)

» Effectively, we have the following diagram for y-f scattering where f = e,v
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my=m,/3 and g, =gy =10"°

d®,/dT,dt [cm~2 MeV~1 s71]

s

10° 10! 10° 10!
Time-shifted t [yrs] Time-shifted t [yrs]

my=m,/3and gy=gp=€=10"3 Oy = Oye = 10733 cm?

—— my=1MeV (Rs, B) = (8.5 kpc, n/4)
m, = 0.1 MeV
m, =0.01 MeV

SK events per bin
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(my, Ty) = (1073, 15) MeV (my, T,) =(0.01, 10) MeV
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Stellar cooling
SN1987a
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SIDM exclt my < 0.01

(Rs, B) = (8.5kpc, 0)
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107° 107> 1074




