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Message from Cosmology: Dark Matter (DM)

% Modern cosmology:

The Standard Model
4.9%
26.8%

Dark Matter

Dark Matter?

68.3%
Dark Energy

% Compelling paradigm:
v' Massive,
v Non-relativistic (v < ¢),
Many more other observations! v Non-luminous (no/tiny EM interaction),

v Stable particles



Dark Sector: Dark Particles & Portals
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s J ot ‘ ¢ particles, Various interactions
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Multiple stable & unstable

+ Portals: mediators <+ Dark sector particles particles, Various interactions?

sin e

o By X" v DM spin: fermion, scalar, vector

v Vector portal (kinetic mixing):

- : 21 412 . _
v Scalar (Higgs) portal: Ay¢|H|%|$] v DM species: single-/two-/multi-component
v Fermion (neutrino) portal: A, HLy

v DM mass: light, heavy, light & heavy

1

v Pseudo-scalar (axion) portal: aF,, F*

ay/ag

v DM interaction: flavor-conserving (elastic),
1 T U5
Tor dua(hyty>y)

flavor-changing (inelastic)

<

Dilaton portal: Z (M2ZV,VH + -+ V,, VKV + ...
p f ( Viu uv ) s 299

Gauged SM global #: B-L, L,-L, ...

Dark axion portal: G, aF,, X"

Double portal: combination of portals [Belanger, Goudelis, JCP (2013)]
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Various Ideas for DM

Strongly Interacting Massive Particle (SIMP) [1402.5143; 1702.07860 ] . 3 o 2, .

% Various mechanisms for DM relic determination: Self-interaction
v Assisted freeze-out |[Belanger & JCP, 1112.4401] ﬁ:ygz Sl;cfl(;?agble (S::Lfglelts;i(z;on
v Asymmetric dark matter [0901.4117] can be strong
v Cannibal dark matter [1602.04219; 1607.03108] eeeo
v Co-annihilation [PRD43 (1991) 3191]
v Co-decaying dark matter [Bandyopadhyay, Chun, JCP, 1105.1652; 1607.03110]
v Continuum dark matter [2105.07035]
v Co-scattering mechanism [1705.08450] very weak
v Dynamical dark matter [1106.4546]
v ELastically DEcoupling Relic (ELDER) [1512.04545]
v Freeze-in [0011.1120] x/w/
v Forbidden channels [PRD43 (1991) 3191; 1505.07107] X/
v Inverse decay dark matter [2111.14857]
v Pandemic dark matter [2103.16572] )/
v Semi-annihilation [0811.0172; 1003.5912] )}({ ;I(;
v
v



Cosmic Probes of Dark Sector

v" What is a hidden dynamics
of a dark sector?

v" Use the gravitational |
interaction as a main source §
to probe the dark sector.

it's not a ghost...

Time Since the Big Bang
(Billions of Years)



Current Status of DM Searches

1072t eV keV 100Mg~10%8 eV
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Superheavy Astrophysical

SIMP, composite DM, object
ELDER WIMPzilla MACHO, PBH
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v No concrete evidence of DM yet.
v" Tight bounds are imposed on WIMP.
v Next decade: A paradigm shift?

m, [GeV]



Simple Extension of ACDM

~ Dark Energy .

Warm Dark Matter (WDM) (~68 %)

@ m ~ OkeV) > Mixed Cold & Warm

- ~27 % |
+ -1 ( ) \’ .‘_- !
Boyarsky et al. [0812.0010], &
Cold Dark Matter (CDM) Anderhalden et al. [1212.2967], *
@ i Maccio et al. [1202.2858], ---
My

o

v' WDM can free-stream longer than CDM and / 1 .
A

dampen density perturbations at small scales. < SM> |

v To have a significant impact on astrophysical data,

(o ————

Ordinary Matter o ——— —S—

m ~ 0(keV). (~5 %)



Simplified Two-Component DM

m~ 0(MeV)

Heavy Light Dark Energy
(~68 %) ; _.'1 e

| U’ |
(Xz >4 &) » <X1 > Dark Matter
| N V" | ’\*\/\A (~27 %)
I e
" \’

Kinetic mixing

. . F
v How to achieve a similar outcome for DM

v ‘
with m > 0(keV)? U1y L
v" Introduce the mass gap Am to kick out light ,l/l/"‘( SM > / \

species through annihilations.

Ordinary Matter —
Belanger & JCP, JCAP [2012], (~5y%) — —

Agashe, Cui, Necib & Thaler JCAP [2014]



Two-Component DM: Assisted Freeze-out

Heavy
DM

— Zz/U(l)’ v le/U(l)” \

X2

X2

Freeze-out first

1077 Frrp

Freeze-out later

Thermal relic: Y; = n;/s

1077 ¢

ll]

™ = 0.1 1
my —1()()\[(\

”’\1 = 60 MeV

10!

102

z=(my,/T)

10

SM

SM

[Belanger, JCP, JCAP (2012)]
[Kamada, Kim, JCP, Shin, JCAP (2022)]

“Assisted Freeze-out” Mechanism

v" Their relic abundances depend on the relative size of

Iinteractions.

v Heavier relic y,: hard to directly detect it due to tiny
coupling to SM.

v' x, from y, annihilation today: boosted DM (BDM)
Agashe, Cui, Necib & Thaler JCAP [2014]
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Two-Component DM: Particle Physics - Signatures

elastic scattering (eBDM)

[Agashe, Cui, Necib, Thaler, JCAP (2014);

(cf. xx = vy, vv)

(Laboratory)
becomes b T~ —,
(y,=m,/m,) B -
(P I: 3 , dN (r(s. @)
,IL": "1, 'm,/.m_ ’Iﬁ(‘m'}‘)(ﬂ?z_”{lfldlj: (, ) J)
=R80x%x 1077 em 257! x (: <m‘*>lzr,i~2 =00 ) ((;(‘\' )2 (*l\“l
5 x 10720 ¢35~ o df

inelastic scattering (iBDM)
[D. Kim, JCP, S. Shin, PRL (2017);

. Kong, Mohlabeng, JCP, PLB (2015)] . G. Giudice, D. Kim, JCP, S. Shin, PLB (2018)] _
\\\~f \\\~:Z,1
911 912
*, A1 1~3 tracks gl
depending X4
on Ey, & 1, )
Detector Detector
< BDM signal: detectable at large volume detectors p- or e-scattering (primary) Decay (secondary)
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BDM Searches @ Neutrino Experiments

Boosted DM (BDM) scenarios:

Receiving rising attention as an alternative scenario

PHYSICAL REVIEW LETTERS 120, 221301 (2018)

Editors' Suggestion

Cherenkov radiation rings by electrons

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

T T URRRY|

105l Annihilation _

Eur. Phys. J, C (2021) §1:322

vpm~C =@ even v detector
hips:/doi.org/ 10,1 140/epjc/s 1005202 1-09007-w h o h E . O K'
Regular Aricle - Experimental Physics w/ high Ey, is OK!

W 10‘3__
104 |=
10-* L vl eyl 4....3
10° M, [GeV] 10
My =2 GeV, M, =50 MeV, 6M = 10 MeV
10
-~ 107

Ionization tracks by electrons and/or protons
Prospects for beyond the Standard Model physics searches at the
Deep Underground Neutrino Experiment

DUNE Collaboration

PHYSICAL REVIEW LETTERS 130, 031802 (2023)
Cherenkov radiation rings by protons

Search for Cosmic-Ray Boosted Sub-GeV Dark Matter Usi
at Super-Kamiokande

— pescut DUNE <40 kuyr, 0 BGs
‘ —  p-scat: DUNE-40 ktyr, 0 BGs

.05 0l 0.2 0.s
My [GeV]
I8

m, [MeV/c’] 11




107

BDM Searches @ DM Experiments |~

PHYSICAL REVIEW LETTERS 122, 131802 (2019)

V107

Editors' Suggestion

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

PHYSICAL REVIEW LETTERS 131, 201802 (2023)

Search for Boosted Dark Matter in COSINE-100
PHYSICAL REVIEW LETTERS 128, 171801 (2022)

Editors' Suggestion

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

10“15-
107
v 10‘“;-
104 3
E_ ————  COSINE-100 {01 7 Agyrpee = 20MMV.m = 2 MaV
,0»& - SV (161,900 kg ) m'amuw m = 20 MeV 2015
i sl 4 3 ssannal PEETT! ;3 4 sl PR
10 10" 1 10 10° 10°
m, (GeV) 5

---------

m=200eV, m,=40MeV, y =100
m#=10MeV, m =15MeV, y =50

mmEMeV, m_=7.5MeaV, y =20

T

PHYSICAL REVIEW D 106, 052008 (2022)

Constraints on sub-GeV dark matter boosted by cosmic rays from the

CDEX-10 experiment at the China Jinping Underground Laboratory

v" Not restricted to primary physics goals

v" Opened to other (unplanned) physics opportunities
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Any Effects of Energetic DM

on Cosmology?



BDM=Hot DM?

v x,: heavy DM, y;: light DM

% BDM=hot DM =» Strong constraints from

cosmological evolution, structure formation, etc?

» Xa2X2 = X1X1 VS xx = vv

(V) 3o xo-x1x1 « ot
e ~5 with (ov),,,

2

> n

~1072% cm3/s

X1 —X1X1

14



Self-Heating Effects?

: : : 1. The heavy y,

Large self-scattering is

quite natural for light »
dark sector! ' 1 = B which becomes

annihilates to light y,

For g,, ~ 0(1) - _ | P Ay _ ; boosted.

&m ~ 0(10 MeV),

4 2

self . 9x1 ™x1
O % 4

T Mpeq

> oy/my, ~ 0(1 cm?/g)




Self-Heating Effects!

Large self-scattering is

quite natural for light

dark sector!
For g,, = 0(1)

&m ~ 0(10 MeV),

4 2

self _ 9x1 ™Mx1
Oy, %= 4

T Mpeq

> 5% /m,, = 0(1 cm?/g)

Even MeV-scale DM can
behave warm DM-like!

1. The heavy y,

annihilates to light y,

M which becomes

boosted.

2. Sharing energies

through self-

interaction a;flf

which increases the

X1 temperature.

16



Thermal Evolution

X2 1 X Y A 4 V4
A2 A 4! X1 SM SM
I. heat II. self IIT. elastic
heating up (I & IT) cooling down
Thigh < I > Tlow
T P o B P
’ rd > H kd ‘:L.ll heat el ¢l r,e“' <H
i A l self > H
!
T > min{Tyy. T,y ) L T<min{Ty. T | .
H : ’ P 7]_

T,=T

T,#T

[Kamada, H. Kim, JCP & Shin, JCAP (2022)]
[J. Kim, Lim, JCP & Kong, 2312.07660]

2”352(0”)22—41
3n,, T

Yheat = (m)(z — m)(1)

T +RHT) ~ QheatT —@Ysysm (T, — T)

Vyism = (5E/T)nsm<0'v>xlsm

Kinetic scattering of
x,1with a thermal bath

17



Thermal Evolution

[J. Kim, Lim, JCP & Kong, 2312.07660 & In preparation ]

2] Ref. : 7, =0.5, o,q/m, =1 cm’/g i Ref. : 7, =0.5, oq/m; =1 cm’/g
m, = 30 MeV, m; =5 MeV m, =30 MeV, m; =5 MeV
10" 10"
M~ N B~ N
-1 -1| —— Ref. m,=10MeV
10 1 —— Ref. r=0.7 10 i A
r =0.1 ry=0.9 — Ogn/m;=0.1cm’/g m, =100 MeV
-2 ' ’ e i 5 n, =10 MeV
10 "1:0'3 10 Sem/m|=10 Cm“/g "
10’ 10’ 10* 10° 10° 10’ 10* 10° 10° 10° 10° 10° 10’ 10"
x(=m,/T) x(=m,/T)

n= ‘QX1/(‘QX1 + Q)(z)



Perturbation Evolution

. . . [J. Kim, Lim, JCP & Kong, 2312.07660 & In preparation]
% Coupled equations for the density perturbation

10 7} [P ov €
(_2_*__2_3( _ < >2?_—+11 _\D(ﬁg pZqu—f) p2(52+p2 q-2(252(q 2(51 (q‘*‘QOI) ’
dt a dt ma P2 )1 eq P1,eq

d a '777’2:02 p] eq
ds; 0 AP ov), . e e 03 -
it Jrip B = S >-’2_"“ — \If(ﬁ% i ""‘ﬁa") — pR(20p— &) + 22225 (2oz,eq iy — 251.6(,)
dt a dt mam 1 eq pl.eq

av P . ‘ 9~ = 5 <
+ < ,1>11__)‘\‘X ( — \Il(/_)% o p%,cq) o [3%01 + P1l.eq (Qél.eq - 01)) ,

mipa

dt a 177, Mo p1

(191 + HO, + V2 o 9 \vE 01 B <0'l>22_>“ _2(0 _01) |

Pa = Pa(l + da)
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Perturbation Evolution

. ) [J. Kim, Lim, JCP & Kong, 2312.07660 & In preparation ]
% The growth of density contrasts

5] |
1071 ... ACDM  —— Ref.! 13 [— ACDM  —— Ref.
]04 ’|=O.l '|=(:).7 l041 '|=Ol ’|=07
r=0.3 r=0.9 r =03 r=0.9
x 2 |

107 1 107 1 S

k=5 Mpc-I

E ””’ WM“E‘-":’E‘E‘&E:-“‘ x : 5
; : ol P N A :,.\.\ \,-‘-\V’),( o~ j
= 102 SOl]d X (52 : ,4" = IOO 1»“-*»“’”""‘!“ \\\\ I,”\‘\:\'-“‘I’f‘ll; A :‘ A"
Dashed : 9,  _ee==="" e ; | ; ¥ Ref.:r =05
: 2 _l | : I -
10" ¢ : p = 2, 1071 k=50 Mpc | E§ Al oqpn/m =1cm/g
g Ret. : 11503, gsen/m, =1 em /g 0| Solid:d, | [ E my =30 Mev
107 m, =30 MeV, m, =5 MeV Dashed : 4, P my=5MeV
] 6 ]
™ = I v — — 0 - 10 v ™ 26 r= e ™ S o
w10 100 1wt 1 10 1w 10 0 10’ 10 107 10t 10’ 1w 1w 10
a a
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Linear Matter Power Spectrum

[J. Kim, Lim, JCP & Kong, 2312.07660 & In preparation ]

% Linear power spectrum by CLASS

P(k) [Mpc/h]’

3

10

Ref. : r,=0.5, 65/m,; =1 cmz/g
m, =30 MeV, m; =5 MeV

1 2
10 10

k [h/Mpc]

P(k) [Mpc/h]’

10
| Ref. : r;=0.5, ayn/m; =1 cmz/g
1S m,=30 MeV, m,; =5 MeV
10"
107 —
o Oeipy/m; =0.1 cmzlg
L Oceisy/m; =10 cmz/g
— m,=10MeV
-7
10 m, =100 MeV
— m; =10 MeV
-9
IO X 2%
10" 10’ 10°
k [h/Mpc]
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N-Body Simulation

% N-body simulations: two-
component DM simulation

built on GADGET-3 to

investigate the non-linear

effects

% Visualization of DM density
in the periodic 3 h~*Mpc

box at z = 0 = fewer sub-

halos

v

o.gelf

= 1cm?/g

My

v m,, = 30 MeV

v m,, = 5 MeV

y [Mpc/h]

y [Mpc/h]

(%]

ACDM

(S

(S

[J. Kim, Lim, JCP & Kong, 2312.07660 & In preparation ]

r=0.1 =03

v 3.0

1.5

10

0.5

o 0.0
0

w

0

s

-

-+

10

log,op [ 10 A/Io/Mpc'/h]

Y

10

logiop [10 MO!Mpth]
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N-Body Simulation: Observational Constraints

“ Maximum circular velocity distribution of sub-halos

Ref.

r;=0.1

r;=0.3

ry=0.7

r,=0.9

Klypin et al. 2015
Simon & Geha 2007

N> Vinax)

Ref. : ] |
r,=0.5, ogypy/m;=1cm’/g ‘—H
m, =30 MeV, m, =5 MeV ‘
10° = : : . : ﬁ
10 30 50 100

Vmax [km/S]

N( o Vmax)

[J. Kim, Lim, JCP & Kong, 2312.07660 & In preparation ]

10’

10°-

10

10

— Ref.
— Ogqn/m;=0.1 cmz/g
— Ogyp/m; =10 cmZ/g
— my=10 MeV

m, =100 MeV
— m; =10 MeV
Klypin et al. 2015
Simon & Geha 2007

Ref. : .
r1=0.5, 64 n/m=1cm/g
m, =30 MeV, m, =5 MeV

10 30 50 100
V.. [km/s]

v' The number of sub-halos is more reduced with smaller m, & m,_, larger alself/mx -
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N-Body Simulation: Observational Constraints

my, = 30 MeV, my, = 5 MeV

1.0

0.81

0.6

0.4+

0.21

0

10 10

o/m [cmz/g]

[J. Kim, Lim, JCP & Kong, 2312.07660 & In preparation]

v' We perform a chi-square test using the
maximum circular velocity distribution.

v’ Single-component limits (r; ~ 1 orr; ~ 0)
are disfavored.

v' Larger 011.,11/m,, is favored.
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X2 X1 Ah:>hmmv<:ll Xt::E:::m
Summary > N
I. heat ITI. self IIT. elastic

heating up (I & IT) cooling down

T, Vi ore o B R
[—vd S H kd heat heat el self r_\en' <H
LN Fir>H
T

T>min{T 4. Tl T <min{T4, T}yl

T,=T T,#T

“*Rising interest in the dark-sector (multi-particles) scenarios & BDM (Energetic DM)
“+BDM searches are promising & provide a new direction to explore the dark sector physics.
¢ Multi-comp. CDM: changes in the thermal evolution =» cosmic probes of the dark sector

*The even MeV-scale DM can behave like WDM.

% Systematic cosmological studies including N-body simulations = interesting features!
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Summary

% Comparison of dimensionless linear matter power spectra

Temperature of universe [eV]

|”1 1(')(- 1?.‘ 191 191,

’i:l — BDM, 1y = 0.1

= — BDM, r; = 0.5

:_ 102 \——_BDM, r; = 0.9

2 —— CDM

~ — WIMP

2 | — Fuzzy DM \

;':- 107 F Interacting DM \, I
—— Warm DM \

12

T

Linear matter power spectrum A

-

10#

:{:
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= z £
= = g
2 et = \ 1
2 g O \
Z = A \
= < Yoae |
- - R \
&) o 75 \
4 s 1 |
104 10" 0%
Wavenumber & [h/Mpc]
L 1 L L
10'¢ 10" 108 10*
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Thank you.



