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 Direct searches 

 Indirect searches - cosmic-ray

 DM & Collider



 The Early Universe (by Edward Kolb & Michael Turner)

 Supersymmetric DM (ph/9506380 by G. Jungman, M. Kamionkowski, K. 

Griest)

 Particle DM: Evidence, Candidates and Constraints (ph/0404175 by G. 

Bertone, D. Hooper, J. Silk)

 Yet Another Introduction to DM (1705.01987 by Tilman Plehn)

 Review of mathematics, numerical factors, and corrections for DM 

experiments based on elastic nuclear recoil (Astroparticle Physics Vol.6, 

Issue 1 (1996) 87-112 by J.D. Lewin & P.F. Smith)



1. Introduction
history & evidence
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Higgs (1964)!

Tevatron LHC

Chicago (USA) Geneva (Europe)



 Pauli exclusion 

principle II

Higgs in 
Europe ?



Higgs (2012)!

Higgs is discovered!

LHC

2013







 Modern cosmology   Cosmic pie

 The standard model explains only ~5% of the M-E of the Universe.

Stars, Galaxies, H, …

Planck  CMB
Supernova



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-luminous, non-relativistic 

( cold), stable particles

 ~ 1/4 of  the Universe



Observational Evidence
of Dark Matter









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 DM ! 



 Gravitational attraction of DM acts a template, pulling normal matter. 
 Large-scale structures!



 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



T0 ~ 2.725 K
δT/T ~ 10-5

자세한내용: 최기영교수님의
강연참고~!!



 Structure formation

 Cosmic microwave background radiation (CMBR)

 Sky surveys

 Type Ia supervovae

 Baryonic acoustic oscillation (BAO)

 …



2. DM candidates



잠시만요~~~
DM Candidates in SM ? 





 The only EM neutral & stable particles.

 Decoupled when still relativistic (T~ a few MeV):

 Observational constraints: ∑mν < 1 eV too small.

 Too hot  too short free streaming length.

(아마도) 최기영교수님의
강연에서관련내용이…



 The free streaming of DM from dense regions to under-dense regions 

smoothes out inhomogeneities inside the scale, smaller than the free 

steaming length scale, λf.

 Neutrinos (hot DM) with m~eV: λf ~ 600 Mpc.

 Galaxies (10~100 kpc) cannot form.

 For structure formation, λf  << 1 Mpc.

Warm DM: λf  ~ 1 Mpc.



 Supersymmetry: neutralino, gravitino, sneutrino, axino

 Extra dimension: Kaluza-Klein particle 

 Strong CP problem: axion

 Extended ν sector: sterile (RH) neutrino

WIMPZILLA

…



WIMPZILLA



Dark 
Matter?
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3. DM Direct Searches
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Human vs Dark Matter

 When mDM ~ mp ~ 0.94 GeV:

 ~1011 DM’s penetrate our body per second! 

DMv ~ 300 km/s



 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 mDM=1-100 GeV

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

DM-nucleus 
scattering





DM Local Density

 Two main approaches to measuring ρDM

 Local measures: the vertical kinematics of stars in the local Milky Way  ‘tracers’ 

 Global measures: extrapolating ρDM from the rotation curve

 Recently, there have been attempts to bridge two scales.





Eth



DM-Ice

Very Active

Lots of exps are 

in operation 

or planned. 



 Center for Underground Physics (CUP) of IBS (Daejeon): 

Yangyang & Taebaek(?)

Daejeon
Taebaek



G. Deuter, Eurograd Workshop, Sept. 2010

CRESST



XENON/LUX



XENON1T,
arXiv:1705.06655



DAMA, EPJC73:2648 (2013)
 As the Earth orbits the Sun, v of the detector relative to the DM halo varies.

 DAMA has detected an annual modulation in the event rate (9.3 σ significance). 

 14 annual cycles, modulation amplitude: 0.0112 ± 0.0012 in the (2-6) keV

 Phase: 144 ± 7 days  (cf. June 2nd), Period: 0.998 ± 0.002 yr





Signals?



 DM can couple differently to p’s and n’s:  fp≠fn

If  fpfn<0,  cancellation between two contributions

 Effective nuclear mass number:

tan θ=fn/fp, ri: relative abundance

 Isospin-violating DM (IVDM):                                      Giuliani, PRL (2005)

Kopp et al., JCAP (2012)

-0.7



 A hidden DM with a double portal interaction:

JCP, Belanger, Goudelis, Pukhov
JCAP (2014)

DM DMDMDM

hi

 Isospin-violating DM (IVDM):                              







Hyun Su Lee @ DSU 2017
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Hyun Su Lee @ DSU 2017



4. DM Indirect 
Searches
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 Search for the products of DM annihilation and/or decay: γ, ν, e±, p, … 

Not conclusive evidence: backgrounds from other sources

DM



DM

DM

SM

SM

GC: 
high-density DM

γ, ν

p, e±



γ, ν

p, e±

DM

DM

SM

SM

 γ, ν: (almost) straight line 
from where it is created

 𝑝/𝑒±: diffusive trajectory due to interaction with interstellar 
medium, galactic magnetic field

 They (especially 𝑒±) may not reach the Earth if too diffused 
(i.e., too distant).

GC: 
high-density DM



 NFW:  (α, β, γ)=(1, 3, 1) 

 Einasto

ρe: the density at the radius re

re defines a vol. containing ½  of masstot



 NFW:  (α, β, γ)=(1, 3, 1) 

 Einasto

ρe: the density at the radius re

re defines a vol. containing ½  of masstot

 “Cusp vs Cored” problem:

 CDM N-body simulations  cusp profile

 Dwarf galaxies indicate cored profile.



 Great sensitivity to cosmic-ray signals

 Better chance to have the information for 

extracting DM properties

 Balloon-based:

ATIC, PPB-BETS, …

 Satellite-based: 

AMS, Chandra, Fermi-LAT, PAMELA, 

XMM-Newton, Hitomi, ASTROGAM, …

IceCube ATIC

Fermi-LAT

 Ground-based

MAGIC, HESS, CTA, IceCube,  

Super-K, Hyper-K, …

CTA



 SPI/INTEGRAL (γ e+): 511 keV line

 PAMELA (e±, p±, …): e+ excess

 ATIC (e-e+): e-e+ excess

 Fermi-LAT (e-e+, γ): e-e+ excess, 130 GeV line, GeV excess

 AMS-02 (e±, p±, …): e+ excess

 XMM-Newton (X-ray): 3.5 keV line

 IceCube (ν): PeV events

 …

 DM signatures in cosmic-ray observations?
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[PAMELA] 
Nature (2009)

[Fermi] PRD (2010)

 PAMELA, Fermi-LAT, AMS-02:

 Excess in e+/e- fraction and e++e- flux

 Require new sources of e+ & e-

[AMS 02] PRL (2013)

[AMS 02] PRL (2014)



[PAMELA] PRL
(2010)

 Excess in e+/e- fraction and e++e- flux, but (maybe) not in anti-proton flux





 Leptophilic DM ideas:

Lepton-flavored DM, sub-GeV mediator,  two DM components, 

Dirac gaugino DM, split-UED, …  

 DM annihilating into sub-GeV mediator

 Decay to p & p is kinematically forbidden, Sommerfeld enhancement

Chun & JCP, JCAP (2009)

Arkani-Hamed et al., PRD (2009)

1st: Used for 
neutralino DM
by Hisano et al.

A series of works

on general EWDM

in collaboration with EJ Chun



 Preserve spatial information about their sources 

& travel long distance (vs. e±, p±, …)

 Spectrum at the detector similar to the injection spectrum

 Photons can be measured very easily & precisely (vs. ν’s)

 Relatively efficient S/B discrimination in searches for γ-ray signatures

 Signatures in Eγ play a major role in DM searches. 

(monochromatic peak and/or continuous bump signals)



 γ-ray signal from DM annihilation is described by

1) Distinctive peak or bump-like spectrum

2) Normalization of the signal 

3) Signal concentrated around the GC, 

Spherical symmetry,

Morphology determined by the DM distribution 



Fermi-LAT All Sky Map



Weniger, JCAP
(2012) Hooper et al.,

arXiv:1402.6703

 γ-ray line (Gaussian peak) 

at Eγ≈130 GeV

 Gamma-ray excess around Eγ≈O(GeV)

 Signal: extended to > 100 from the GC

 Consistent with the dynamical center of 
the Milky Way 



GeV γ-rays from Galactic Center

arXiv:1402.6703



 The spectrum of the excess peaks at 1-3 GeV.

arXiv:1402.6703

 Signal: extended to > 100 from the GC   disfavor point sources

 Consistent with the dynamical center of the Milky Way (< 0.05o)



 The spectrum is in good agreement with the predictions from 20-40 GeV 

DM mostly annihilating to quarks (fragmentation, IC, bremsstrahlung, …).

 Required cross section is ~ 0.7-2.1 ∙ 10-26 cm3/s

arXiv:1402.6703



arXiv:1211.4008

1403.1987

1402.6703

JCP & Kong, NPB (2014)

 DM couplings to 1st (2nd) generation of SM fermions: disfavored! 

(Maybe even not b-quark)



Cirelli et al., arXiv:1504.04276

 Based on the recent AMS-02 anti-p/p data

 q-final states are disfavored! (regardless of mediator)

qq: GC GeV γ-rays qq: GC GeV γ-rays



Weniger, JCAP
(2012)

 3.5 keV line, 511 keV line, 130 GeV line, …

 Typical DM interpretation

Boyarsky et al., PRL
(2014)

 DM: directly annihilates/decays into 

2 (stable) SM particles, γ+X

 The location of the line is identified as 

the (double) mass of DM

 Width of the line is instrumental 

DM

DM

𝛾, 𝑒±, …

𝛾, 𝑒±, …

Fermi-LAT

XMM-Newton



 Indications at 3.2σ (Andromeda) and 2.3σ

(Perseus) from XMM-Newton

 γ line (Gaussian peak) at Eγ≈3.5 keV

 DM: directly annihilate/decay into photon + X

 Decay models: sterile ν, axion-like particles,

axino, …

Boyarsky et al., PRL
(2014)

Alternative mechanism for cosmic-

ray peaks based on extended DM:

Doojin Kim & JCP, PLB (2015) 



[SPI/INTEGRAL] A&A 
(2003)

me = 510.99892 keV

[SPI/INTEGRAL] 
A&A  (2003)

Galactic Center



 Particle physics:  

- Light DM annihilation or decay

 Axino, Sterile neutrino,

Milli-charged DM, …

- Others  Exciting heavy DM, …

Huh, Kim, JCP & Park, PRD (2008)



 DM direct searches & γ-ray observations similarly favor light DM: ~ 10 GeV.

 They can be explained in a common framework.

 ~10 GeV Fermion/scalar DM with a O(TeV) complex scalar mediator

Kyae & JCP, PLB (2014)

[CDMS] PRL 
(2013)

Hooper et al.,
arXiv:1402.6703

[CDMS] PRL 
(2013)



5. DM & Collider
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 Production of heavy new particle (e.g. super-partner, Z’, t’, …) may be seen 

at the LHC

 LHC Run I (7-8 TeV): no conclusive evidence of DM yet

 LHC Run II (13-14 TeV): upgrade of the LHC has been completed, now running!

LHC



 ν: to explain Missing E & p in the beta decay

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

 DM cannot be directly detected 

 regarded as Missing E

νe

Pauli(1930)   Fermi(1932)                

Missing E: DM? 



 LEP(ILC): mono-γ+ET &  LHC: mono-j+ET

 limits on σχN & <σv>χχll, qq, …

 b, t-quarks flavored DM: mono-b+ET more effective

Constraints on

DM models

JCP & Kong, NPB (2014)





 Motivations for light DM & hidden γ/Z’:

 e+ excess (PAMELA, AMS-02), 511 keV γ line (SPI/INTEGRAL), (g-2)μ, …

 Limitations of DM direct searches (Eth) 

SM sector:
quarks & leptons

g, W±, Z, γ

Hidden sector:
DM, γ’, Z’

Z, γ X

 U(1)Y & U(1)X can mix  kinetic mixing

 Hidden light sector (new force & particles): e.g. U(1)X

Huh, Kim, JCP & Park, PRD (2008)



 Low-E & EW constraints:(g-2)μ, ρ parameter, atomic parity violation, EWPT, …

 Collider limits: LEP, LHC, …  

 Hidden U(1)X & DM 
E.J. Chun, JCP & S. Scopel, JHEP (2011)



 p/e beam dump  Z’, DM production

 Original purpose: ν production

 Upcoming Exps.: SHiP (CERN), 

NOVA/MicroBooNE/DUNE (Fermilab), 

APEX/HPS/DarkLight/BDX (J-Lab), …  



SHiP @ CERN

LBNF/DUNE @ Fermilab



arXiv:1504.00607



From Y. Kwon’ talk



D. Kim, JCP & S. Shin (2016)

Follow-ups in collaborations with 
experimentalists (DUNE, SHiP, …)

 Target recoil (like in typical DM direct 

detection exp.) + secondary visible 

signatures more handles, 

(relatively) background-free

 Complementary to standard DM 

direct searches

 Boosted DM sources needed: BDM 

scenarios, fixed target experiments, etc. 

p

SM



Higgs 
@ LHC !

Dark 
Matter ?



 Particle physics: to find fundamental interactions and elements

 DM: clear sign of new physics (particle) beyond the Standard Model

 Nature of DM: one of the most important problems in 21C

DM

Direct

Detection

Collider
Indirect

Detection


