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DM Landscape: A Very Wide Mass Range

1022 eV
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thermal

WIMP

well-motivated,

extensively
studied,
thermal
No firm

signal yet!
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—

Superheavy Astrophysical
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Light DM Direct Search

1022 eV keV MeV GeV TeV PeV 100Mg~10%8 eV

* E ~mv?, ®, =n,v & n, =p,/m, > lighter DM: smaller E, but lager flux (lighter target particle)

= low E,, preferred but even OK with small target mass (e-recoil)

Heavy mediator: Fpy, = 1 Light mediator: Fp,, < 1/q>
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Light DM Direct Search

100Mg~10%8 eV
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10722 eV keV
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= low E,, preferred but even OK with small target mass (e-recoil)
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Heavy mediator: Fp,, = 1

= py/m, => lighter DM: smaller E, but lager flux (lighter target particle)

How about

light DM (
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DM Boosting Mechanisms: Dark Sector

Boosted DM (BDM) coming from the Universe

[Belanger & JCP, JCAP (2012); Xo Y1 X X

Agashe et al., JCAP (2014); [D’Eramo & Thaler, JHEP (2010);
Kong, Mohlabeng, JCP, PLB (2015); Berger et al., JCAP (2015)]

Berger et al., JCAP (2015); Xo X1 X X

Kim, JCP, Shin, PRL (2017);

more] v' Multi-component model v" Semi-annihilation model
my > my m, > my
Large EP™ (monochromatic) due to mass gap

- . . ) e tial X

» Relic component DM: non-relativistic! ’ [Bhattacharya et al., JCAP (2015):

< BDM signal: detectable at large Vol. Kopp et al., JHEP (2015);

) X Cline et al., PRD (2019);
DM & neutrino detectors Heurtier, Kim, JCP, Shin, PRD (2019);

v" Decaying multi-component DM
G. Mohlabeng’s talk tomorrow! b gm > m P more]
¢ X



DM Boosting Mechanisms: Dark Sector

Boosted DM (BDM) coming from the Universe

[Belanger & JCP, JCAP (2012); f Xo Xl\ X X
Agashe et al., JCAP (2014); [D’Eramo & Thaler, JHEP (2010);
Kong, Mohlabeng, JCP, PLB (2qQ15); Berger et al., JCAP (2015)]
Berger et al., JCAP (2015); Xo X1 X X
Kim, JCP, Shin, PRL (2017); . . .
more] v" Multi-component model v" Semi-annihilation model
\_ my > my -/ m, > my

Large EP™ (monochromatic) due to mass gap

- . . ) e tial X
» Relic component DM: non-relativistic! o [Bhattacharya et al., JCAP (2015);
< BDM signal: detectable at large Vol. Kopp et al., JHEP (2015);
. X Cline et al., PRD (2019);
DM & neutrino detectors Heurtier, Kim, JCP, Shin, PRD (2019);
v' Decaying multi-component DM ,or¢]
G. Mohlabeng’s talk tomorrow! me. > m
¢ X

+ Heating via sizable self-scattering (natural for LDM) = affect the thermal evolution of DM

[Kamada, Kim, Kim & Sekiguchi, PRL (2018); Kamada, Kim, JCP & Shin, 2111.06808] S. Shil’l,S talk later today!
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Road to DM Nature

Observations
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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

Cosmic-Ray-Induced BDM

v, ..

% Energetic cosmic-ray-induced BDM:

energetic cosmic-rays kick DM

At .

(large E = large £,)

et pty,..

=> Efficient for Light DM

Large E7 due to EL® transfer

11



DM Boosting Mechanisms: Cosmic-Ray

Cosmic-Ray-Induced BDM

% Energetic cosmic-ray-induced BDM:

energetic cosmic-rays kick DM

(large E = large £,)

et ptwv,..

=> Efficient for Light DM

Large E7 due to EL® transfer

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

Cosmic-ray v (vBDM): [Jho, JCP, Park & Tseng,

2101.11262; Das & Sen, 2104.00027; Chao, Li, Liao,
2108.05608; more]

Calculation of BDM E-spectrum: quite
similar even with different types of cosmic

rays except the neutrino-induced case!

X/

% Astrophysical processes: [Kouvaris, PRD (2015);
Hu +, PLB (2017); An +, PRL (2018); Emken +,
PRD (2018); Calabrese & Chianese +, PRD (2022);

Wang +, PRL (2022); Cappiello’s talk; more]
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Cosmic-ray-induced BDM: e+, p4, ...

«» Charged-cosmic-ray-induced BDM: charged cosmic-rays kick DM (large E .+ ,+ )

.
L=e-,p-, .. et pt, ...

Large E7 due to

E:R transfer
X X

v' DM-i interaction =» Non-relativistic halo DM can be boosted by high E charged cosmic-rays.

v' BDM flux: by convolution of charged cosmic-ray fluxes & DM-i differential cross section

(charged cosmic-ray fluxes: AMS-02, DAMPE, Fermi-LAT, Voyager, ...) LD -X 1 (ge J 5 + Jx J ;Lé ) T e
. DMhalo ¥ = X7"x
LIS
d(bx _ 1 f dq f ds (pX(T(S, 0))) j dK. do—i)(—n')((Ki) dq)i : Q‘CR = e
dky 4m My Ky aK; BDK
l.o.s. Kin Galactic Disk
Earth
GC
p,: the relic density of y in the galaxy /DMK‘;L}BD“
e~ CR F_CR‘X

d®}'S/dK;: the local interstellar differential flux of the cosmic-ray particle i

K™ the minimum kinetic energy of the cosmic-ray particle i



Cosmic-ray-induced BDM: vBDM

v" DM-v interaction = Non-relativistic halo DM can be boosted

by ¥’s from stars in the galaxy.
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[Jho, JCP, Park & Tseng, 2101.11262]
% Cosmic-ray v-induced BDM (vBDM ): cosmic-ray neutrinos kick DM (large E,)
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Cosmic-ray-induced BDM: vBDM

v' DM-v interaction = Non-relativistic halo DM can be boosted

by ¥’s from stars in the galaxy.
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[Jho, JCP, Park & Tseng, 2101.11262]
% Cosmic-ray v-induced BDM (vBDM ): cosmic-ray neutrinos kick DM (large E,)

15



Cosmic-ray-induced BDM: vBDM

[Jho, JCP, Park & Tseng, 2101.11262]
< BDM production by v from a star

DM halo

HDM)’*Q’/'
Py
Galactic Disk y” D ‘”‘(500)
: (SPRE

GC Z  Earth

% BDM flux by v’s from a single Sun-like star

Neutrino emission rate for a Sun-like star

7| B \ Variances of stellar properties from Sun
: L 1 (_ @) scattering angle=direction to the earth via kinematic relations

\Attenuation of the v flux due to propagation
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Cosmic-ray-induced BDM: vBDM

[Jho, JCP, Park & Tseng, 2101.11262]
< BDM production by v from a Sun-like star

dKDM ~ 8m2 dKu mpm ‘?_?P

> dKI/ dOVDM
9 |5-5,) \ dKpm |55,

v (5

XSiIlgO |7—7|2 RGER du

a®pu (V) F <f1dN§““>/d37pDM<|7l> 1

v BDM flux by v’s from Sun by taking |¥ — y| = D:
Sun provides the largest v flux to Earth,

but only small volume of nearby low density DM halo comprises the BDM flux.

. . . . dd dq)(l)
v' Entire stellar contributions in the galaxy: dK[];hl\i — / d37nstar(7) d[l)?;(j)

17



Cosmic-ray-induced BDM: vBDM

+ Extra-galactic(EG) contribution to the vBDM flux

Dominant contribution:
regions

= e.g., Galactic Center

N\

[Jho, JCP, Park & Tseng
2101.11262 & In preparation]
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Cosmic-ray-induced BDM: vyBDM

+ Extra-galactic(EG) contribution to the vBDM flux

S

oo A
N - = { »Y

60,000ly| *

EG-far

vBDM

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

vBDM

EG-near
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Cosmic-ray-induced BDM: vyBDM

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

+ Extra-galactic(EG) contribution to the vBDM flux




Cosmic-ray-induced BDM: Fluxes

[Jho, JCP, Park & Tseng

< BDM fluxes by Galactic/EG star neutrinos, DSNB & cosmic electrons 2101.11262 & In preparation]

(mpm, my) |

= (1,1) [keV] LD =g PrvX, — geey"eX, — gomx v x X,

Ge = Gv = 10_6
gom =1
EG-vBDM (far) ———  EG-vBDM (near)
- DSNB-BDM e CRe-BDM

——  Galactic-vBDM

v" EG-vBDM (far): most dominant

1 * Km:?few - “ 1 N KDIJI%(()GV] - " for mpw~1keV ¥ Kpy = 10 MeV
for mpy~100 MeV = Kpy < 1 MeV

v" CRe-vBDM: dominant for high

I(mDM'mx)l
= (105, 105)

| (mpm, ij_
= (1, 105)

s O S B Ko

o T 1072 1

3 £ v" DSNBG: dominant in-between
i || Bump structures

| from original
star v spectrum

1072°

1 10 100 1000 10% 1 10 100 1000 104
Kpwm [keV] Ko [keV]

DM 2 1




Cosmic-ray-induced BDM: Limits - Coupling

[Jho, JCP, Park & Tseng
% Experimental status 2101.11262 & In preparation]

LD =gy PrvXy, — gty eXy — gomX v x X, with g, = g, = gx

B =100 MeV B =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.) AT
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Log,g(mpm/keV) Log,o(mpm/keV)

v XENON1T [Ej,~0(1 keV) & 1t & 3,600 m.w.e.] vs. JUNO [Ey3,~0(100 keV) & 20 kt & 2,000 m.w.e.]

v' More squeezed lower constraint lines for lighter m, € Less flux change for light my

22



Cosmic-ray-induced BDM: Limits - Coupling

[Jho, JCP, Park & Tseng

% Experimental status 2101.11262 & In preparation]

LD =g,y PrvXy — geey"eXy — gpmXy"xXu with g, = g, = gx

> .“afg
(90% C.L.)
2

|
I

Logo(gxgpm)

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

2 3 4 5 6
Logo(mpu/keV)

v' XENON1T: mostly better limits (lower E,)
v' JUNO: competitive upper limits (less attenuation) & better limits for heavier my with lighter mpy

(high flux even for Kppy~0(100 keV))
23



Cosmic-ray-induced BDM: Limits - Cross Section

% Experimental status

LD =g,y PrvXy — geey"eXy — gpmX v XXy with g, = g, = gx

Direct detections

[em?]

E E‘I.><1

DI g

Ilbr -------------------------------- Iﬁ

"" -34

g - §1.x10

| b

o Ib
1,x10—36
1.x10‘35

7000
Mpm [kEV]

10 100

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

. Light mediator: Fpy, = (a,m./q)?

- JUNO (20 kton-yr exposure, 90% C.L.)
- XENON (0.63 ton-yr exposure, 90% C.L.

Direct detections

TFreeze-in geenario

Mpm [kEV]

1000 104 105

v vBDM+CRe-BDM contributions to XENON1T/JUNO e-recoils

v Expected sensitivities for sub-GeV DM from various current & future detectors:

the vBDM provides stringent constraints on unexplored parameter space for light DM (=< MeV)

24



Summary

» To understand the particle nature of DM, we need non-gravitational / o
DM-SM interactions.

> Reversing DM direct detection process

=> Energetic Cosmic-Rays-induced BDM: e, pt, v, ...

» Light DM < O(10 MeV): we can get enough BDM flux even for ton-scale DM detectors.

> m, K mg,(mpy) but @, > @, , » Flux: vBDM > CRe-BDM for Kpy < 0(1 — 10) MeV.

> The EG contribution is the dominant component of the vBDM flux: EG > 0(100) x 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]

“ BDM fluxes by solar/star neutrinos & cosmic electrons <+ BDM fluxes for different mediator & DM masses

1 T ] 1
1 T 1 T
10_4 _III_\' =700 keV,mpy =5 NIEV.'I/,\'_I}[)}\[ =10"6 cosmic e-induced BDM ﬂux i 00'1 L —_— my =700 keV, mpm = 9 MeV -
solar v-induced BDM flux mx =700 keV, mpy = 500 keV
106 Total star v-induced BDM flux ",‘_' 1074F mx =700 keV, mpy = 50 keV
e —— 1 > — iy =700 keV, mpy =5 keV
T/ | R, Astrophysical uncertainty in ¥BDM [0) my = 700 keV, mpy = 5 ke
|> ~~~~~ - . ——— mx = 100 keV, mpy = 5 MeV
g 10—8 R \\‘ | ' 10‘6 L nghter mX — my = 10 keV, mpy = 5 MeV .
________ o~
[y 5
& -10 T 108
g 10 \ - i -
O - R k=]
L % =% =
3 3 Y A
" g 2 -10
S|x 107120 < 1 S_[x 10
olo . 52| ©
R =
N, T
10_14 i b 12[
Bump structures
10-1 : : . from original 7 .
1 10 100 1000 1 1 10 100 1000 10*
{ star v spectrum
Kowm [keV] . Kowm [keV]

v YBDM ~ 10° xBDM by solar v v' vBDM (solid) vs. CeBDM (dashed)
v  vBDM ~ 10%~* xCeBDM for Kp,, < 50 keV

Solar/star neutrinos can very efficiently boost light DM (< 10 MeV)!
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Cosmic-ray-induced BDM: vBDM

[Jho, JCP, Park & Tseng, 2101.11262

. . . e & In preparation]
»» Arrival direction distribution of the vBDM flux

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.]

v Kpm < mpy: large-angle scattering is allowed. = Contributions: relatively far from the GC = large effective Vol.

v Kpm > mpum: forward scattering is preferred. = GC contribution: dominant =» small effective Vol.
29



Cosmic-ray-induced BDM: vBDM

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

«* Some issues in more realistic estimation of the vBDM flux

v’ Extra-galactic contribution? Life Cycle of a Star

v' All of the stars are not Sun-like:

enhanced neutrino luminosity

Red Giant Planetary Nebula

=

-
Neutron Star
Stellar Nebula ‘ ’ ’ \
P~
Massive Star \‘.6

for red-giants

v' DM halo profile & Star

m

Red Supernova
Supergiant P Black Hole

distribution (Spiral vs Elliptic)?

104 é\~ Moore
3 - \W
— 107 e NF _
g o
R T S— Einasto™=%
> ., -
[5) L
© 10k
= i [so
R
P Burkert
oL
= p
1072 E\\ 1l L L Ll Ll Ll L Ll - HII<;) L1 I'E
10~ 1072 10~ 1 10 102

r [kpe]
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Cosmic-ray-induced BDM: vBDM

:O)

1 dngg (Mga, 2

\/
0’0

dMGaI

NGal

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

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

10719, S S S S ————rrrry —————ry —— S — ———rrrry —————rrrr
; : Astron. Astrophys. 634 (2020) A135
107
S
10_12; \%
: =
-
107131
10_147 e e ey T T e T T T e -3.0 . —— E—, E——, E—
10 10 10 10 10 10 1010 10" 102 10'3 10 1015
Mga[Msun] Momhaio[Msun]
Mass composition of Galaxies Stellar-to-Halo Mass ratio
(based on Hubble deep field survey) (based on N-body simulation)
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Cosmic-ray-induced BDM: vBDM

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

% Extra-galactic(EG) contribution to the vBDM flux: Properties of extra-galaxies
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The Astrophysical J. 830 (2016) 83

Evolution of galaxy number density at z < 8
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Cosmic-ray-induced BDM: Fluxes
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Boosted (Light) DM
& Its Searches




BDM: Production & Its Signatures

(Laboratory)
T o b~ —,
(ry=mofm,) Ej —
X1
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BDM Searches @ Neutrino Experiments

Boosted DM (BDM) models:

Receiving rising attention as an alternative scenari

1071: T T T T T 17171 T T T T 117171 T T T 1T 1T T1T1TH

PHYSICAL REVIEW LETTERS 120, 221301 (2018) ook Annihilation

\W 10-3 -

Search for Boosted Dark Matter Interacting with Electrons in Super-Kamiokande

1074 =

Eur. Phys. J. C (2021) 81:322 vNc 9 even v deteCtor L L Ly \H.._
https://doi.org/10.1140/epjc/s10052-021-09007-w W / hl gh Eth 1 S OK' 10° M, [GeV] 103

) ) ) My =2 GeV, M, = 50 MeV, 6M = 10 MeV
Regular Article - Experimental Physics

1073}

Prospects for beyond the Standard Model physics searches at the
Deep Underground Neutrino Experiment

Y04
DUNE Collaboration

v" Not restricted to primary physics goals

—— e-scat: DUNE-40 kt-yr, 0 BGs
——— p-scat: DUNE-40 kt-yr, 0 BGs

1075,

v" Opened to other (unplanned) physics opportunities
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BDM Searches @ DM Experiments

Boosted DM (BDM) models:

Receiving rising attention as an alternative scenario

1072

PHYSICAL REVIEW LETTERS 122, 131802 (2019)

Editors' Suggestion -

\»UHOJ —

First Direct Search for Inelastic Boosted Dark Matter with COSINE-100

.
.
.

......... m=20MeV, m,=40MeV, y =100
v =10MeV, m,=15MeV, ¥ =50
m=6MeV, m_=7.5MeV, y =20

A Search for the Cosmic Ray Boosted Sub-GeV Dark Matter at the PandaX-II

L . T
m, (MeV)

Experiment 102

[PandaX-II, 2112.08957] 107

€ PandaX-II
Constraints on sub-GeV Dark Matter Boosted by Cosmic Rays }112,31
from CDEX-10 Experiment at the China Jinping Underground Laboratory 107 %
107% e
[CDEX, 2201.01704] 107* 7;/;;‘

v" Not restricted to primary physics goals 107 “f’%,\

10736 » Ll JII\I|_3 I ||ou_2 L .unul_1 sl L
v" Opened to other (unplanned) physics opportunities " " 131;( [Gev,l,?] 1



e-Recoil @ DM Detectors by BDM

[G. Giudice, D. Kim, JCP, S. Shin, PLB (2018)]
% We, for the first time, pointed out that DM direct detection experiments including XENON1T would be

sensitive enough to energetic e-recoils induced by BDM by pumping up the BDM flux:
e.g. [TXl o (0'17))(0)(0—))(1)(1].

2
m

¢ COSINE-100: First official direct search for iBDM [COSINE-100, PRL (2019)]

The First Direct Search for Inelastic Boosted Dark Matter with COSINE-100
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