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DM Landscape: A Very Wide Mass Range
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Light DM Direct Search
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DM Boosting Mechanisms: Dark Sector

Boosted ' DM/ (BDM)' ' comingfrom the Universe

[Belanger & JCP, JCAP (2012);

Agasheet al., JCAP Tt Q; T [D6 Er &Miwmler, JHEP (2010);
Kong, Mohlabeng, JCP, PLB (2015), Berger et al., JCAP (2015)]
Berger et al., JCAP (2015); @

Kim, JCP, Shin, PRL (2017%);

more] V' Multi -component model V Semi-annihilation model
a | a a | a
Large 'E (monochromatic) due to mass gap

x Relic component DM: non-relativistic ! ’ [Bhattacharya et al., JCAP (2015):
(0]
x BDM signal: detectable atlarge Vol. Kopp etal., JHEP (2015);
Cline et al., PRD (2019);

DM & neutrino detectors Heurtier , Kim, JCP, Shin, PRD (2019);

V Decaying multi-component DM ore]

G.Mo h | a b &lk tgndosrow! a | a



DM Boosting Mechanisms: Dark Sector

Boosted ' DM/ (BDM)' ' comingfrom the Universe
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Kong, Mohlabeng, JCP, PLB (2415);
Berger et al., JCAP (2015);

Kim, JCP, Shin, PRL (2017;

[D6 Er &mwler, JHEP (2010);

Berger et al., JCAP (2015)]
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more] V' Multi -component model V Semi-annihilation model
\_ a | a -/ a | «a
Large 'E (monochromatic) due to mass gap

x Relic component DM: non-relativistic !
%

[Bhattacharya et al., JCAP (2015);

x BDM signal: detectable atlarge Vol. Kopp et al., JHEP (2015);

DM & neutrino detectors

V Decaying multi-component DM ore]

G.Mo h | a b &lk tgndosrow! a | 6

x Heating via sizable selfscattering (natural for LDM) C affect the thermal evolution of DM

[Kamada, Kim, Kim & Sekiguchi, PRL (2018); Kamada, Kim, JCP & Shin, 2111.06808]

Cline et al., PRD (2019);
Heurtier , Kim, JCP, Shin, PRD (2019);

S.Shi tal& later today!
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Road to DM Nature

X Currently evidence & observation . only gravity x Particle nature
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Road to DM Nature: Reversing

The other way around!




Road to DM Nature: Reversing

The other way around!
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DM Boosting Mechanisms: Cosmic-Ray

Cosmicc-Ray)-InducedBDM

QM HmB

X Energetic cosmic-ray-induced BDM:

energetic cosmic-rays kick DM

At .

(large O ; g C large O)
C Efficient for Light DM

|_

ez due to Ttransfer

Large
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DM Boosting Mechanisms: Cosmic-Ray

Cosmicc-Ray)-InducedBDM

V Charged cosmic-ray (Q ) ): [Bringmann &
Pospeloy, PRL (2019); Ema +, PRL (2019); Cappiello &
Beacom, PRD (2019); Dent +, PRD (2020); Jho, JCP,
Park & Tseng, PLB (2020); Cho +, PRD (2020); more]

V  Cosmic-ray h (hBDM ): [Jho, JCP, Park & Tseng,
2101.11262Das & Sen,2104.00027; Chao, Li, Liao,
2108.05608; more]

Calculation of BDM E-spectrum: quite

x Energetic cosmic-ray-induced BDM: similar even with different types of cosmic

energetic cosmic-rays kick DM rays except the neutrino __ -induced case !

(large O ; g C large O)
x  Astrophysical processes:[Kouvaris, PRD (2015);
Hu +, PLB (2017); An +, PRL (2018); Emken +,

PRD (2018); Calabrese &Chianese+, PRD (2022);
Ttransfer Wang +, PRL (2022); Ca p p i _talkImoré]s

C Efficient for Light DM

|_

Large due to
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Cosmic-ray-induced BDM: e+, p4, ...

x Charged-cosmic-ray-induced BDM: charged cosmicrays kick DM (large O & )

~
~

Q QB QM

Large [ dueto

V DM-i interaction C Non-relativistic halo DM can be boosted by high E charged cosmicrays.
V BDM flux: by convolution of charged cosmic-ray fluxes & DM-i differential cross section

(charged cosmicray fluxes: AMS-02, DAMPE, Fermi-L AT, Voyager, &) L£D—X,(geJt 4+ g JE)+ ...
DM halo Iy = X7"x

, ' " ‘l i F]_ ' ’Q’ o l') ’ ‘ — i

,§13- F?‘ QT] Qi ; Q ey (]3 : \(EM ¢

QU T a QO QO =

888 Galactic Disk
Earth
GC
" ! the relic density of ..in the galaxy /Dl'\@}sml
e CR

QB /'Q0 : the local interstellar differential flux of the cosmic -ray particle i ol

L :the minimum kinetic energy of the cosmic -ray particle i

13



Cosmic-ray-induced BDM: vBDM

[Jho, JCP, Park & Tseng,2101.11262]
x Cosmic -ray h-induced BDM (hBDM ): cosmic-ray neutrinos kick DM (large 'Q,)
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Cosmic-ray-induced BDM: vBDM

[Jho, JCP, Park & Tseng,2101.11262]
x Cosmic -ray h-induced BDM (hBDM ): cosmic-ray neutrinos kick DM (large 'Q,)
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Cosmic-ray-induced BDM: vyBDM

[Jho, JCP, Park & Tseng,2101.11262]
x BDM production by ’ from a star

DM halo

DM 19-/'
)90

Galactic Disk y” AN ;I;—z*

(dea» 03 0)

GC T Earth

x BDMfluxby ' 6s from a-lkestangl e Sun

a0 (V) F
dKpy — 8m2 mpm ’? - ?P\‘

Neutrino emission rate for a Sun-like star

Variances of stellar properties from Sun

: 1 1 (7%‘ scattering angle=direction to the earth via kinematic relations

\’Attenuation of the 3 flux due to propagation
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Cosmic-ray-induced BDM: vBDM
[Jho, JCP, Park & Tseng,2101.11262]
x BDM production by * from a Sun-like star

dop(Y) _ F 5 dNSe pom(|Z) 1
d[;?fm ~ gz | 1 dK, /dB? mpm | @ — 7|2

> dKI/ dOVDM
dé 0=0, dKDM 0=0,
1 1 Ea
XSiIlgO |7—7|2 * xp (_ dV )

V BDMfluxby "6 s f r doyrtakibgi|® & Q:
Sun provides the largest’ flux to Earth,
but only small volume of nearby low density DM halo comprises the BDM flux.

V Entire stellar contributions in the galaxy dK[];hl\i — /d37nstar(7) dll)é\;(j)
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Cosmic-ray-induced BDM: vBDM

[Jho, JCP, Park & Tseng
2101.11262& In preparation]

x Extra -galactic(EG) contribution  to the 1BDM flux

Dominant contribution
regions
C e.g., Galactic Center

N\
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Cosmic-ray-induced BDM: vyBDM

[Jho, JCP, Park & Tseng
2101.11262& In preparation]

x Extra -galactic(EG) contribution  to the 1BDM flux

‘ X LJ.,‘..".|‘." s
ST g

60,000ly| *

EG-far

vBDM

vBDM

EG-near
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Cosmic-ray-induced BDM: vyBDM

[Jho, JCP, Park & Tseng
2101.11262& In preparation]

x Extra -galactic(EG) contribution  to the 1BDM flux




Flux [em™2s'keV™]

Cosmic-ray-induced BDM: Fluxes

x BDM fluxes by Galactic/EG star neutrinos, DSNB & cosmic electrons

1 10 100 1000 10t ] 10 100 1000 100
Kpm [keV] Kpwm [keV]
(@ ho)
p Tip T
| Bump structures
\ from original
star | spectrum
10_24 1 1 L 1 L ! 1 1 1
1 10 100 1000 10* 1 10 100 1000 104
Kowm [keV] Kpwm [keV]

[Jho, JCP, Park & Tseng
2101.11262& In preparation]

LD —g oy PrvX, — geev'eX, — gpmxv" xX,

e =¢g, =107°
gom = 1

EG-vBDM (near)
CRe-BDM

EG-vBDM (far)
- DSNB-BDM
Galactic-vBDM

: most dominant
Mp ™MeV
Mp MeV

EG-hBDM (far)
x pkeVC 0

fora xpmkevVC 0
CRe-hBDM : dominant for high

for @

U

DSNBG : dominant in-between
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Cosmic-ray-induced BDM: Limits - Coupling

[Jho, JCP, Park & Tseng
X Experimental status 2101.112628 In preparation]

LD =g,y PrvX, —geer"eX, —gpmXx 7' XXy with 'Q "Qk "Q

myxy = 100 MeV

myxy = 100 MeV

|| ||
B v =10 MceV B v =10 MceV
| ] myx =1 MeV | ] myx =1 MeV
] myx = 100 keV ] myx = 100 keV
, | ] my = 10 keV ] my = 10 keV
XENON (0.63 ton-yr exposure, 90% C.L.) o "™ _ "~ JUNO (20 kton-yr exposure, 90% C.L.) N
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Log,g(mpm/keV) Log,o(mpm/keV)

V XENONIT[O x O (pE A)& 1t& 3,600 m.w.e.] vs. JUNO[O*x § p mEA & 20 kt & 2,000 m.w.e.]

V More squeezed lower constraint linesfor lighter & ¢ Less flux change for light &
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Cosmic-ray-induced BDM: Limits - Coupling

[Jho, JCP, Park & Tseng

X Experimental status 2101.112628 In preparation]

LD =g,y PrvX, —geer"eX, —gpmXx 7' XXy with 'Q "Qk "Q

> .“afg
Yte\ﬁ“ (90% C.L.)
-2

|
I

Logo(gxgpm)

- JUNO (20 kton-yr), mx =1 keV
L - JUNO (20 kton-yr), mx = 1 MeV

2 3 4 5 6
Log,o(mpu/keV)

V XENONIT: mostly better limits (lower O )
V JUNO: competitive upper limits (less attenuation) & better limits for heavier a with lighter &

(high fluxevenfor 0 x O p MEA § A



Cosmic-ray-induced BDM: Limits - Cross Section

[Jho, JCP, Park & Tseng
X Experimental status 2101.112628 In preparation]

LD =g,y PrvX, —geer"eX, —gpmXx 7' XXy with 'Q "Qk "Q

. Light mediator: "O | & M

Direct detections ] Direct detections

[em?]

=
e
.................................. Ilbr
------------- 5 1.x10™3 _
[+
o |
1.x107% —- JUNO (20 kton-yr exposure, 90% C.L.) —
J . : . o .
- XENON (0.63 ton-yr exposure, 90% C.L. Fr(‘(‘ymbhl —
1.x107%8 _
10 100 1000 10 105 1 10 100 1600 o ]
mMpy [keV] Mpy [keV]

V ' BDM+CRe-BDM contributions to XENON1T/JUNO e-recoils
V Expected sensitivities for sub-GeV DM from various current & future detectors:

the ' BDM provides stringent constraints on unexplored parameter space for light DM (IM MeV)
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Summary

i To understand the particle nature of DM, we neednon-gravitational
DM-SM interactions.
i Reversing DM direct detection process

C Energetic Cosmic -Rays -induced BDM: Q h) M8

i Light DM MO(10 MeV) : we can getenough BDM flux even for ton -scaleDM detectors.

06 L& p(c )butepl & o C Flux:[BDM> CRe-BDM foro MO p p mMeV.

i The EG contribution is the dominant component of the ' BDM flux: EG 0 (p )t Galactic.

Thank you
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Cosmic Neutrino Sources & Fluxes
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Cosmic-ray-induced BDM: vyBDM

[Jho, JCP, Park & Tseng,2101.11262]

x BDM fluxes by solar/ star neutrinos & cosmic electrons x BDM fluxes for different mediator & DM masses

10_4 _Hl,\' =700 keV,mpy =5 NIEV.'I/,\'_(}[)}\[ =10"6 cosmic e-induced BDM ﬂux i 00'1 L my = 700 keV, mpm = 9 MeV
solar v-induced BDM flux — mx = T00 keV, mpy = 500 keV
106 Total star v-induced BDM flux ",‘_' 1074F ——— mx =700 keV, mpy = 50 keV
P -1 — = 'V, L = ]
o/ e Astrophysical uncertainty in ¥BDM E mx =700 keV, mpy =5 keV
.> S i . , —— my = 100 keV, mpy =5 MeV
g 10—8 [T | 'n 'IO'6 - nghter a —— myx = 10 keV, mpy = 5 MeV
W b T c}'E N
@ ol S = -8
e 10 - 1077k s
S, o
K S s |2
-12 s 2 v -10
% % 10 (‘ng < 10
=]
ko]
10—14 | 12
Bump structures
10-16 : . . from original 1 : ,
1 10 100 1000 1 T 4
Kom [keV] , Kom [keV]
V hBDM x p m BDM by solar”’ V hBDM lid CeBDM (dashed
P y h (solid ) vs. Ce (dashed )

V hBDM x pm  CeBDMforv Mu 1keV

Solar/star neutrinos can very efficiently boost light DM (M p ™MeV)!
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Cosmic-ray-induced BDM: vBDM

x Arrival direction distribution of the TBDM flux

V U
V U

0.6

mx = 700 keV
0.5 mpwvm = 500 keV
0.4
0.3 KDM =1 MeV
0.2
0.1

_|_I_|—-KDM = 10 keV
0.0 - —1
0 20 40 60 80
0 [deg.]
L &

- large-angle scattering is allowed. C Contributions:

[Jho, JCP, Park & Tseng,2101.11262
& In preparation]

relatively far from the GCC large effective Vol.

& :forward scattering is preferred. C GCcontribution: dominant C small effective Vol.
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Cosmic-ray-induced BDM: vBDM

x Some issues inmore realistic estimation of the | BDM flux

V Extra-galactic contribution?

V All of the stars are not Sun-like:
enhanced neutrino luminosity
for red-giants

V DM halo profile& Star

m

distribution (Spiral vs Elliptic)?

oom 1GeV/em?]

Stellar Nebula

Massive

Star

[Jho, JCP, Park & Tseng
2101.11262& In preparation]

Life Cycle of a Star

Red Giant Planetary Nebula

=

-
Neutron Star
‘ —p — N

@-.

Red Supernova
Supergiant P Black Hole

10~

102

Burkert

107! 1 10 10°
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Cosmic-ray-induced BDM: vBDM

x Extra -galactic(EG) contribution  to the TBDM flux: Properties of extra

[Jho, JCP, Park & Tseng
2101.11262& In preparation]

-galaxies

10719, S S S S — ————rrrry —————ry — S — S —— ————
i : Astron. Astrophys. 634 (2020) A135
10_11:'
) : 3
U 2
N z
| = =
s %510-12.— E
10713
T T T, T BT (T T 10 1% 10
Maal[Msun] Mowhato[Msun]
Mass composition of Galaxies Stellar-to-Halo Mass ratio
(basedon Hubble deep field survey) (based on N-body simulation)
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Cosmic-ray-induced BDM: vyBDM

[Jho, JCP, Park & Tseng
2101.11262& In preparation]

x Extra -galactic(EG) contribution  to the TBDM flux: Properties of extra  -galaxies

T T T T T T T T T T T T T = 0-01 H T

log M, > 7 0.001 L

: O %
0.0001 & { =
- ® -
107> & \ % E

10-6 == —
0.01 = - E E 3

log ¢, (Mpc™?)
log ¢, (Mpc~?)

_l 1 1 1 | 1 1 | | 1 1 1 | | 1 1 | ] 10—7 1 1 | | 1 1 1 | 1 1 1 | 1 1 1 |
0 2 4 6 8 0 2 4 6 8

Redshift (z) Redshift (z)
The Astrophysical J. 830 (2016) 83

Evolution of galaxy number density at a
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Cosmic-ray-induced BDM: Fluxes

EG-vBDM (far)
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10 keV

100 keV

1MeV

10 MeV

Flux [cm‘zs" keV"] Flux [cm'2 s Tkev! ] Flux [cm'2 s Tkev! ] Flux [cm'2 s Tkev! 1

Flux [cm‘2 s keV“]

0.01

1074}

1078
1078
10-10
10712

1078

108}

10-10
10-12
10-14
10-16

10710

10712}

10714
10718

10-18
10720

100
Kom [keV]

Kpm [keV]

10*

Flux [cm‘zs“ kev“] Flux [cm"" s Tkev! 1 Flux [cm'2 s Tkev! ] Flux [cm‘2 s Tkev! ]

Flux [em™2s™ keV™']

(=]
'

o
-

1076

107"

10-10

10712}

10714

10-16
1018

10720

ge =g, =107°
gpm = 1

10 keV

Kpm [keV]

Kom [keV]

100
Kom [keV]

1000 o4

Flux [em™2s™ keV~] Flux [em=2s™kev~1] Flux [em=2s™kev~1] Flux em™2s™kev~']

Flux [cm'2 s keV“]

DSNB-BDM

100 keV

100.000
0.001
1078

10-13

Kom [keV]

100
Kpm [keV]

0.001}
1076
107°

10-12

1015

1076
10-8}
10710
10-12
10°14
10-16

Kom [keV]

10-10
10—12 !
10714
10-16

10-15
10720

Kom [keV]

Flux fem™2s™Tkev™"] Flux [em™2s™Tkev™1] Flux fem™2s™kev~1] Flux [em™2s™Tkev™"]

Flux [em™2s™ keV~1]

o
=

1076
10~

10-16

0.1
1076
107"

1016

0.1
1076
107"

10716

1078}

10-12

10-16

10710

10712}

10714
1016

1078
10720

EG-vBDM (near)
CRe-BDM

1MeV

Kom [keV]

Kom [keV]

Kpm [keV]

10

Flux [cm‘zs“ keV"] Flux [cm‘zs'1 keV"] Flux [cm‘zs" keV"] Flux [<:m‘zs'1 keV"]

Flux fem™2s™Tkev™1]

10-12}

‘0»16

10720

Galacticsnny 1IN0, JCP, Park & Tseng

2101.11262& In preparation]

10MeV 100 MeV

1 10 100

Kom [keV]

1000 4ot

Flux [em™2s™Tkev~1] Flux [em™2s~Tkev~"] Flux [em™2s™Tkev~1] Flux em~2s™Tkev~1]

Flux fem™2s™Tkev™1]

1075
10-10

10-15
10720

10728

1070
10714

1019

10724

1070
10=14

10-19

10724

33



Boosted (LLight):DM
& Its=Searches




BDM: Production & Its Signatures

elastic scattering ( eBDM )

[Agashe Cui, Necib, Thaler, JCAP [ Tt ;T
N Kong, Mohlabeng, JCP, PLB (2015)]

Detector

(Laboratory)
becomesboosted \ /
(A=my/my) tj —

@ 1 — dﬂ/ ds{ov)yvox v o p(r(s,(?))
dFE 4 Am, Lo.s. hoxo—nax dE my

= 80x10° em st X[(r e 1) (G6V> ]d]\l

5x 10726 em3 s~ mo JdEl

inelastic scattering (  iBDM )
[D. Kim, JCP, S. Shin, PRL € 1 ;X

\\ G. Giudice, D. Kim, JCP, S. Shin, PLB (2018)] -
\\\~\\4}
1~3 tracks R
depending W
on0O &0 )
Detector
N- or ‘Qscattering (primary) Decay (secondary)
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BDM Searches @ Neutrino Experiments

Boosted DM (BDM) models:
Receiving rising attention as an alternative scenario

o« 4tC even’ detector
w/ high O is OK!

V Not restricted to primary physics goals

V Opened to other (unplanned) physics opportunities

1, [Gev]
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