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Electromagnetic Force

®

Forming atom olecules Generating light
T ectramagne ree P arged electrons inta bound orbits around When a negative electron mteracts

Gravity
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Generating light Binding protons in atomic nuclei
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Gravity ‘ Weak Nuclear Force
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Adding motion to the Universe Creating energy
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Converting protons into neutrons

Releasing radiation
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Message from Cosmology

< Modern cosmology =» Cosmic pie

26.8%

Dark Matter 68.3%

Dark Energy

Supernova CMB

+ The Standard Model explains only ~5% of the total E of the Universe.




Question in the 20th Century!
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Question in the 21th Century!
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t= =& Dark Matter (DM)

2N

< Postulated by Fritz Zwicky in early 1930’s

< Rediscovered by Vera Rubin in 1970

<+ Compelling paradigm:

v/ massive, non-luminous, non-relativistic (2 v << c¢), stable particles

v ~1/4 of the Universe

W Dark Energy
l\ B Dark Matter ]

B Free Hydrogen & Helium
0 Stars
O Neutrinos

@ Heavy Elements
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v Galaxy rotation curve

v Coma cluster

v Gravitational lensing

v Bullet cluster

v Structure formation

v Cosmic microwave background radiation (CMBR)
v Sky surveys

v Type Ia supervovae

v Baryonic acoustic oscillation (BAO)

v



Galaxy Rotation Curve

v = ~vOM/r

Solar System EKotation Curve

Vera Rubin
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The grawity of the visible matter in the Galaxy is not enough to explain the high orbital

speeds of stars in the Gelaxy, For example, the Sun is moving sbout 80 km/sectoo fast,
The part of the rotaion curve contributed by the wisible marter only is the bottomn curve.
The discrepancy between the two curves is evidence for a dark matter halo.
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Galaxy Rotation Curve
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<+ Much more galaxies
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Figure 1. Three-parmeter dark-halo fits {salid curves) 1o the rotation curves of sample galaxies, The rotation curves of the individeal
companents are siso shown; the dashed curves are for the visible components, the dotted curves for the gas, and the dash-dot curves for the
dark halo. The fitting parsmeters are the mass-to-Bght mtio of the disc | M/L ), the balo core radius (7], and the halo asympeotic circular velocity
(V). The galasses from the sample of Begeman are shown in (a} and the lower luminosity galaxies in (b}, Best-fit values far the froe parameters
are given in columns 2, 3 and 4 of Table 2,
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Coma Cluster

% The gravity of the cluster: too weak to contain the hot gas.

- It would evaporate!: T oc v2 & v2 o< GM/r

Coma Cluster
0.5-2.0 keV




Gravitational Lensing

» General relativity: M distorts space-time

= When light passes around a massive

object, it is bent!

Telescope

gettymages Korea

Interstellar: Gargantua




Gravitational Lensing

» Stars and hot gas:

too small to bend the light from the background galaxies so much

- Great concentration of invisible matter: Dark Matter !!
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v Galaxy rotation curve
v Coma cluster

v Gravitational lensing

v Bullet cluster

v Structure formation
v Cosmic microwave background radiation (CMBR)
v Sky surveys

v Type Ia supervovae

v Baryonic acoustic oscillation (BAO)

v
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Diverging Efforts for DM Searches

Fermi-LAD

- »
- SIS
Planck ‘:‘J\ \ N
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£|F ©: DM Direct Detection

Quorks




0.4 GeV/cm?

x 60 cm x 170 ecm

< When mpy ~ m, ~ 0.94 GeV: 300 km/s x 091 oV

~ 1011/3
% ~10"/s DM’s penetrate our body for mpy ~ m,!
v" Solar v: ~10" /cm?/s



DM Direct Detection

‘DM-nucleus
scattering

o

% DM: all around us! = recoil of DM-nucleus scattering

based on E & p conservation!

% What is measure: E of recoiling nucleus ~ 1-100 keV for mp,; ~ 1-100 GeV

(E, ~ mv? with v/c~1073)

% Challenges: very small E, small event rate, large backgrounds



Detection Techniques

X. X
WIMP Phonons | l ‘\!x: WIMP
Al2Og: CRESST-|
Gé -
= Very Active
Lots of Exps. are
G, F, |, Br: in operation l: DAMA/LIBRA
PICASSO, CO 1 d : ANAIS DM+
—_ Ge: Texono, .\ or pianned. I: KIMS Ice
CS2,CF4,3He: D R XMASS
2 DMTPC, MIMAC LXe: LUX e
i) Ar+CaHs: Newage LXe: ZEPLIN LAY, LINS;
' \_ LAr: WARP DEAP/CLEAN
valence band .\\LAI’I ArDM duction bar
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Electron gemiconductor Charge \\\\ LI g ht T:;

energy




Direct Detection in Korea

_' o' -Taebaek
DaeJe()n X =
. o
‘ st o
> : 9COSINE-100
(lower

T - | KIMS (darkmater expr.) -
AMORE (double beta decay expr.)

Access tunnel (=2km)

< Center for Underground Physics (CUP) of IBS (Daejeon):
Yangyang & Taebaek
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Cosmic Rays from DM

% Search for the products of DM annihilation and/or decay: v, v, e*, p, ...

Low-energy photons

Quarks Positrons

17
VN,

.’]ﬂu,}ﬁ\
Medium-energy “ v
gamma rays

Antiprotons

e

R
4 A\




Cosmic Rays from DM: Showering

% Final states from DM annihilation and/or decay: vy, e*, p*, v, ...




Indirect Detection: Cosmic Rays




Indirect Detection: Cosmic Rays

%,N; (almost)

“from yvhere it is created

*
% VLg%

is required!

/et " due to interaction with ISM, galactic

magnetic field
< They (especially e*) if too diffused
(i.e., too distant).

XS pi




Cosmic Ray Experiments

< Ground-based
MAGIC, HESS, CTA, IceCube,f
Super-K, Hyper-K, DUNE, ... &

< Balloon-based:
ATIC, PPB-BETS, ...

< Satellite-based:
AMS, Chandra, Fermi-LAT, PAMELA,
XMM-Newton, DAMPE, ASTROGAM, ...

v Great sensitivity to cosmic-ray signals

v Better chance to have the information for

extracting DM properties



Hints from Cosmic-Rays?

“ DM signatures in cosmic-ray observations?

» XMM-Newton (X-ray): 3.5 keV line

> SPI/INTEGRAL (y = e*): 511 keV line

> Fermi-LAT (y, e+e*): GeV excess, 130 GeV line, ee* excess
> PAMELA (e%, p?, ...): et excess

> ATIC (e +e*): ee* excess

> AMS-02 (e%, p?, ...): e* (p) excess

» IceCube (v): PeV events

> ANITA (v): EeV events



X1 Md: DM Production @ Colliders

Quorks




Collider Physics

Mt. Tsukuba

KEK Tsukuba

Campus

» Production of heavy particles (e.g. super-partner, Z’, t, B, ...) € E=mc?
» LHC Run I & II, Belle I: no conclusive evidence of DM yet
» Belle II (high luminosity): have been upgraded & is running!

» LHC Run III: in the upgrade phase (2021)



DM at Colliders

e /

e =)

y Missing E & p?

+ v: to explain Missing E, p, S in the beta decay

< Nature(1934): “Too remote from reality!”

Pauli(1930) Fermi(1932)



DM at Colliders

e /

e =)

y Missing E & p?

< v: to explain Missing E, p, S in the beta decay
< Nature(1934): “Too remote from reality!”

< DM cannot be directly detected

Pauli(1930) Fermi(1932) - regarded as Missing E






DM @ Fixed Target Experiments

DM

\
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< p/e beam dump = Z’, DM production

x ) | * Original purpose: v production (not all)

+ Upcoming Exps.: T2HK(J-PARC),

X (eh) NOVA/MicroBooNE/DUNE(Fermilab),
fu~apor(c?e)  PEX/HPS/DarkLight/BDX (J-Lab),
SHiP(CERN),
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MeV GeV TeV PeV 100M5~10%8 eV

Light WIMP Superheavy =~ MACHO /
/ Composite Primordial

particle well- '
DM motivated WIMPzilla BHs ‘
can be  extensively Q-ball non-particle
thermal studied Dark-quark
thermal nugget

non-thermal
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