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1. https://arxiv.org/abs/1605.04909  History

2. https://arxiv.org/abs/1703.07364  General w/ Models

3. https://arxiv.org/abs/1705.01987  General

4. https://arxiv.org/abs/1910.05610  General

5. https://arxiv.org/abs/1903.03026  Direct Detection

6. https://arxiv.org/abs/1904.07915  Direct Detection

7. https://arxiv.org/abs/1710.05137  Indirect Detection

8. https://arxiv.org/abs/1812.02029  Indirect Detection

9. https://arxiv.org/abs/2109.02696  Indirect Detection (Extension of 7)

10. https://arxiv.org/abs/1912.04727  Cosmology

11. …
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1. WimPyDD (https://wimpydd.hepforge.org/)

2. PPPC 4 DM ID (http://www.marcocirelli.net/PPPC4DMID.html)

3. MicrOMEGAs (https://lapth.cnrs.fr/micromegas/)

4. MadDM (https://launchpad.net/maddm)

5. …
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 Classical Mechanics, Thermal Physics

 Quantum Mechanics, Special Relativity

 General Relativity ???

 Quantum Field Theory… ????



0.    Very Short Summary of the Standard Model

1. Observational Evidence of Dark Matter

2. Relic Abundance of Dark Matter

3. Direct Detection of DM – Target particle recoil

4. Indirect Detection of DM – Cosmic rays 

5. Direct production of DM – Collider

6. New Approaches



0. Very Short Summary of 

the Standard Model



What is the 
Universe 
made of ?



What is the 
Universe 
made of ?

 Ancient Greek: 

4 basic elements

Aether



Dmitri Mendeleev

(1869)



GeV ~ mp

Lectures by Prof. Eung Jin Chun



Higgs (1964)!

Tevatron

LHC

Chicago (USA) Geneva (Europe)



Higgs (2012)!

Higgs is discovered!

LHC

2013



Lectures by Prof. Eung Jin Chun



Probably NOT by Prof. Eung Jin Chun





 Modern cosmology   Cosmic pie

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

Stars, Galaxies, H, …

CMBSupernova



What’s 
the matter?

What’s 
Dark Matter?



 Postulated by Fritz Zwicky in early 1930’s

 Rediscovered by Vera Rubin in 1970

 Compelling  paradigm:

 massive, 

 non-relativistic ( 𝑣 ≪ 𝑐),

 non-luminous 

(no/tiny EM interaction),

 stable particles

 ~1/4 of  the Universe

Matter: 15 %

Dark Matter:
85 %



Existence of 

Dark Matter?



1. Observational Evidence

of Dark Matter



 Galaxy rotation curve

 Coma cluster

 Gravitational lensing 

 Bullet cluster

 Structure formation

 Cosmic microwave background radiation (CMBR)

 Sky surveys

 Type Ia supervovae

 Baryonic acoustic oscillation (BAO)

 …



Vera Rubin





Vera Rubin



Dark Halo

Invisible component exist!

 Much more galaxies



 The gravity of the cluster:  too weak to contain the hot gas.   
 It would evaporate!: T∝ v2   

 v2  ∝ GM/r

x-ray image from the ROSAT satellite



 General relativity: M distorts space-time 

When light passes around a massive 

object, it is bent! 

Interstellar: Gargantua



 Stars and hot gas:  

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

 Great concentration of invisible matter: Dark Matter !! 



 Two colliding galaxy clusters

 significant displacement between their center of visible matter &

gravitational potential

Gravitational potential
(lensing)

Ordinary matter
(X-ray)

Chandra X-Ray Observatory: 1E 0657-56



 Simulation of two colliding galaxy clusters

http://chandra.harvard.edu/photo/2006/1e0657/1e0657_bullett_anim_lg.mpg



Planck







 Galaxy rotation curve

 Coma cluster

 Gravitational lensing 

 Bullet cluster

 Structure formation

 Cosmic microwave background radiation (CMBR)

 Sky surveys

 Type Ia supervovae

 Baryonic acoustic oscillation (BAO)

 …



1. DM vs Modified gravity/MOND (MOdified Newtonian Dynamics):

(a) What are Modified gravity and MOND?

(b) Compare DM & Modified gravity/MOND: pros and cons

2. DM candidates among SM particles:

(a) Which ones? 

(b) Why not? (If possible, Relic density of neutrino)



2. Relic Abundance of

Dark Matter



DM SM

SMDM

Interaction

annihilation



 Boltzmann equation: the statistical behavior of a thermodynamic 

system not in a state of equilibrium  time evolution of # density:

 Decoupled when Γint = 𝜎𝑣 𝑛𝜒 < 𝐻

 Comoving number density  Scale out the expansion effect:

 Relic density in units of the critical density:

For more details, please see e.g., Ch. 
5.1 & 5.2 of “The Early Universe”


