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Summary of Lecture 1
• SM is in good shape 

• Evidences for BSM

DM

DE 

neutrino masses

inflation

Baryon asymmetry in nature

Bayron (4.9%)
Dark matter (26.6%)
Dark energy (68.5%)

Planck 2014 (prelim)



How does a BSM 
sector  appear?



SM

SM is embedded in a bigger structure

A particle in the other part may play the role of DM.



SM Hidden sector

BSM is completely separate from SM 
The hidden sector is only seen by G (DM?)

G

A hidden sector exists



SM Hidden sector

Hidden sector with a ‘portal’

The hidden sector has (weak, non-G) interaction 
with the SM sector through a portal

portal

(e.g.)



BSM

• It seems that many (probably not all) BSM 
extension include dark matter 

• Thus, by studying dark matter, you may learn 
about how the BSM sector appears in a bigger 
perspectives (e.g. string theory)



Lecture 2

• Basics of standard cosmology 

• Dark matter
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Modern view of Galaxy

`baryon’DM

DM

DM

DM

DM
DM

DM







Properties of DM particle
• Stable (or very long lived >>age of Univ.)

• Non-luminous (not seen by light)

• Cold (warm) to explain Galaxy formation

• the right density

• If WIMP M<80 TeV typically GeV-TeV (can 
be heavier if non-thermal)



Neutrino
(Heavy) Neutrino is the only candidate in the SM  

but way too small..

Planck 2013



DARK MATTER CANDIDATES

• There are many 
• Masses and interaction 

strengths span many, 
many orders of 
magnitude,  

• WIMP is the most 
popular candidate due 
to WIMP-miracle.
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WIMP model building
• Stable : symmetry (Z2, new gauge symmetry …), 

kinematically stable)

• Non-luminous : electrically neutral or milli-charged, 
weakly interacting

• Massive ~ GeV-TeV by certain mechanisms other 
than the Higgs mechanism (??)

• WIMP miracle almost always guarantees the right 
relic abundance



 ex) SUSY Dark Matter
• Mass =SUSY breaking scale, 

TeV scale is preferred for 
hierarchy problem

• Stability = R-parity, necessary 
for proton longevity

• Neutralino = (wino, bino, 
higgsinoX2), obtained by RG 
running from a unification 
scale where all susy particles 
are assumed to have the 
same masses



(ex) KK Dark Matter
• Mass = Quantized 

momentum to compact 
extra dimension, 
preferably TeV scale for 
hierarchy problem 

• Stable due to Kaluza-Klein 
parity, built in by geometry 
construction 

• KK-photon~TeV fits the 
right relic density Planck brane TeV brane

e
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y=0 y=pR

W
Dark matter



A standard history of DM in 
BB theory

• DM was produced with 
other particles (quarks, 
leptons, gauge bosons) 

• stayed in thermal 
equilibrium (i.e. production 
rate = annihilation rate) 

• Universe cools down 
T<Mdm, no more 
production only annihilation 

high-T

T~Mdm

BB

T>Mdm



T~Mdm

BB
T>Mdm

T<M
only annihilation

production &  
thermal equilibrium

T=Tf
no more annihilation 

due to expansion

now
Freeze-out



Lee-Weinberg (1977)

T>M

T<M

T~Tf



Typical weak interaction!

WIMP miracle
Lee-Weinberg (1977)



WIMP<100 TeV
unitarity

so, typically GeV - 10 TeV is the most interesting range
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WIMP micracle: some details

Q.	 What	 if	 2->3	 dominate?	 
see	 Hochberg	 etal	 

Phys.Rev.Lett.	 113	 (2014)	 171301	 
‘SIMPlest	 miracle’
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Numerical 
Solution

larger
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Even I can do it!



Theory space

But…don’t forget the huge theory space



There are many candidates in the market

This is mine!



Search strategies for WIMP

• Direct detection of DM+SM scattering 
(~underground experiments)

• Indirect detection of WIMP signals from pair 
annihilation in Galaxy or in the Sun

• Collider search for `missing energy’ 



dm+dm -> q +q

dm+ q -> dm+q

q+q -> dm +dm

“WIMP”
 we know how 
to find them

“indirect”

“Direct”

“Collider”



Direct detection
• WIMP are all around us! (rotation curve, 

density~0.3-0.4 GeV/cm3)

• velocity~240 km/sec (depending on season, 
why?)

• WIMP can interact with the SM particles (weakly 
though)

• WIMP-Nucleon recoil energy~1-100keV



n

DM DM

n
Signal



Center for Underground Research in KOREA





Indirect signals 

we are here



Indeed,  the beginning of 21st century is full of 
surprises in cosmic-ray physics



O. Adriarini et. al. [PAMELA] Nature (458) 607, (2009)  

Pamela e+/(e-+E+)



M. Ackermann [Fermi-LAT] PRL 108, 011103 (2012)

AMS-II coming soon!

confirmed by Fermi-LAT



A. A. Abdo et. al [Fermi-LAT collaboration] PRL (2009) 
M. Ackermann et. al. [Fermi-LAT collaboration] PRD (2010)

Fermi-LAT 
‘electron’

[SCP & Shu 2009]  
[Kong, Rizzo, SCP 2010,2011]



Bringmann et. al. 2012  
Weniger 2012 

Park & SCP 2012

Fermi-LAT 
130 GeV gamma-ray line



Fermi-LAT 
gamma-ray excess 

“GeV”

Hooper, Linden 2014



3.5 keV ‘line’ from galactic cluster 
Boyarsky etal. 1402.4119 

from keV DM? 
axino~ Park, Kong, SCP Phys.Lett. B (2014) 

axion ~ Lee, SCP, Park Eur.Phys.J. C74 (2014) 9, 3062

Hot t
opic 

of 

the s
easo

n



If non-thermal?
DM can be heavier! >100 TeV



Two PeV neutrinos 
observed by IceCube 

in 615.9 days

“Bert” “Ernie”
[Aartsen et. al. (IceCube) Phys.Rev.Lett. 111 (2013) 021103] 

NEW
!

~consistent with fully contained simulated particle showers induced 
by neutral-current νe,μ,τ or charged-current νe interactions within the 
IceCube detector.
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-Too low in energy for GZK
-Too high in energy for 

atmospheric nu.

**Expected:

~E-2 ??

The observational result looks odd ..

upshot:
These events cannot be understood 

by known sources!
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In addition, 
26 more neutrinos observed in 1TeV-250TeV window, 

(cf) background is 10.6+-4.5

Bert & Ernie

-talk by N. Whitehorn at IPA2013

‘southern 
sky(downgoing)’

‘northern sky 
(upgoing)’
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~not from a local source
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Closer look at the DATA

Properties of observed 
neutrinos

- “Continuous” in 1-250 TeV
- “Peak” at ~1 PeV 
- Consistent with isotropic 
distribution
-1:1:1 neutrino flavor

understandable since after a 
long enough propagation, 
neutrino flavor info. would 

disappear
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The “continuum+peak” may 
imply particle DM!

continuum

signal

50

**Tracks (nu_mu) 
**Cascades (nu_e+nu_tau)



Annihilating

Decaying

Ann vs Decay

-less than one event/100 years with PeV DMs
-centered (50% within 25o)

would fit the “peak”

-broadly distributed (50% within 65o)

[Kohri, SCP, Rott (2013)]

(preferred)

51



IceCube PeV neutrinos

Rott, Kohri, SCP;1408.4864  
to appear in PRL

IceCube 3yr arXiv:1405.5303 

News
 from

 

Sout
h pol

e 

3rd y
ear



Collider search for DM

• Production of heavy new particle may be seen at 
the LHC

• DM can be the final state of heavy particle 
decay: q’-> q+ dm 

• DM cannot be directly detected so that they are 
regarded as Missing Energy



Collider physics for DM

Kong, Park 2007

DM particles ``seen” as missing energy signals!



ECM > 1/R

What will we 
see?4
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Summary of Lecture 2
• FWR metric is obtained from cosmological 

principle (isotropy and homogeneity). Friedman 
eq. governs actual expansion rates.

• WIMP searches based on direct, indirect and 
collider techniques are going on. (many hints but 
not definite yet)

• Heavier regime is started to get covered by new 
experiments, e.g., IceCube.
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arXiv:1006.1901 


