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Dark matter exists 

Evidence from many different sources at different scales 

Dispersion velocity of 

galaxies in clusters (30’s) 
Galaxy rotation curves (70’s) Gravitational lensing 



Gelmini WIN 2013 
Dunkle = dark 

Kalte = cold!! 
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“Inside” the galaxy: 
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Vera Rubin  

1928- 

 1970’s and 1980’s 



Evidence from many different sources at different scales 

Cosmic microwave background (90’s) 
Dark matter distribution in the universe 

Cosmic Evolution Survey – COSMOS-  

HST - Nature 2007 



Big bang nucleosynthesis 

Structure formation in the universe 

SDSS 

Baryon acoustic oscillation 

Evidence from many different sources at different scales 

Millenium simulation 

Eisenstein 

s02_full2.mpg


• Preferred scale emerges in galaxy distribution: 

  sound horizon at decoupling. 

 

• Before recombination, baryons and photons were  

strongly coupled, forming a single fluid with pressure and  

speed. Dark matter, neutrinos and other forms were  

decoupled.  

Cosmological parameters 

Baryon Acoustic Oscillation 



Evolution of one spherical perturbation  

Eisenstein 



Things are more complicated: superposition of shells 

with different locations and different amplitudes 

Eisenstein 





Results from WiggleZ(1108.2635):  

(N = 158,741 galaxies in the redshift range 0.2 < z < 1.0)  

                              4.9s significance  



SDSS-II and SDSS-III (BOSS):  6.7s detection  



BAO Hubble diagram 



Bullet cluster 



Observational evidences for DM 

I. Dynamics of clusters of galaxies 

II. Rotational curves of galaxies 

III. Gravitational lensing 

IV. Cosmic microwave background 

V. Big bang nucleosynthesis 

VI. Structure formation in the universe 

VII. Baryon acoustic oscillations 

VIII. Bullet cluster 

 



arXiv:1105.3470 

Best fit Universe 



4% 

What’s the universe made of? 

What is dark matter?? 

Of all the matter in the universe, only 

17% is made of particles we know!! 



All we know is that dark matter should be 

made of stable (or very long lived), neutral 

particles whose abundance today is ~23% 



The “miracle” 

If dark matter particles were in thermal equilibrium 

Hv  sn

Interaction rate 

Density of particles 

Expansion rate 

Scattering cross section 

(thermal average) 

velocity 

,...,VVff



If number of dark matter particles does not change 

(reactions that can change it are inneficient) 

                   DM DM       SM  

 

Number is frozen (out of chemical equilibrium)  



H



Equilibrium abundance: Boltzmann factor 

for non-relativistic particles  



em /kT

The longer the particle stays in thermal equilibrium,  

the smaller is its final abundance 

survival of the weakest 

Typical cross section for weak interactions 

Weakly interacting massive particles (WIMPS)  

are natural DM candidates 



Dark matter candidates 

No dark matter candidate in the Standard Model: 

New physics!! 

• Lightest supersymmetric particle (LSP): neutralino 

• Axion 

• Lightest KK particle 

• Inelastic dark matter 

• New scalars (phion, inert Higgs) 

• Multicomponent 

                ⋮ 
Given a model with a DM candidate: many codes that compute  

the abundance of DM today (MicroOmegas, DarkSUSY, …)  



Dark matter candidates 
arXiv:0711.4996 



Dark Matter   

Direct detection  Indirect detection  

Production in lab.  



SMSM DMDM



DMDM SMSM



SMDM SMDM



Dark matter is all around us 

We are immersed in a dark matter halo 

Direct detection 



Dark matter particles move in our halo with a typical  

speed of 240 km/s. 

Dark matter density around our solar system is of the 

order of 0.4 GeV/cm3. 

Can we feel the halo? 

Approximately 1 billion DM particles crosses a person  

every second! 

Answer to Beyoncé 



A large number of detectors 
Lang 2011 



In more detail: 

Detector resolution and 

efficiencies 

: local dark matter 

density 

m: dark matter mass  

target properties 

Velocity distribution of 

DM in halo 

Standard halo model 

Earth’s velocity in the 

galatic frame 

1311.4247 



Nuclear form factor 

Plots for DM mass (m) against DM-proton 

cross section (sp).   



1104.2549 

Typical plot 



Results are shown in a plot of DM particle-nucleon cross section against its mass 



Recent results in direct detection 

Science 327, 1619 (2010): 2 events found with an expected background ~1 

Cryogenic Dark Matter Search – CDMS II – germanium and silicon detector 

0912.3592 

Annual modulation of DM signal due to Earth motion around the Sun. 

DAMA/LIBRA – NaI crystals 

 8.9 s CL detection of annual modulation over 13 cycles!! 

1002.1028 

Lang 2011 



CoGeNT - Contact Germanium Dark Matter Detector: 2.8 s signal of annual  

Modulation (preprint June 3 2011)   

1106.0650 

XENON 100 – 161 kg liquid xenon - 100.9 live days of data 

No evidence for dark matter 
1104.2549 



Low-Energy Analysis of the CDMS II Germanium Data (april 2011) 

1011.2482v3 

Some controversy about low mass WIMPS 

4 6 8 10 12 GeV 

DAMA 

CoGeNT 

XENON 100 

CDMS-II 

XENON100 and CDMS II Germanium exclude DAMA and CoGeNT regions 

(even with iDM hypothesis - 1104.3121) 





LUX first results 1310.8214 



1311.4247 





It is important to have a DM detector in the southern  

hemisphere to study the effects of sazonality in the  

modulation of DM signal 



The future 

There is a limit! 

Neutrinos!! 



Indirect detection of dark matter 

Sky & Telescope / Gregg Dinderman 

Dark matter annihilation 



Indirect detection of dark matter: photons 
Launched in  11/06/2008 

Large Area Telescope (LAT)- 20 MeV to 300 GeV photons 



,Z

 lines: tell-tale of DM annihilation 

A lot of noise about a possible signal from the galactic 

center – where there is the largest concentration of 

DM (annihilation is proportional to the square of the 

density) 



Peak at 135 GeV 

I wouldn’t get too excited... 

arXiv:1310.2953 



Photons  from“dwarf” Milky Way sattelite 

galaxies using Fermi LAT – 1310.0829 

The dwarf spheroidal satellite galaxies of the Milky Way are especially promising targets 

for the indirect detection of dark matter annihilation due to their large dark matter 

content, proximity, low diffuse Galactic γ-ray foregrounds, and lack of conventional 

astrophysical γ-ray production mechanisms.  

 



ee,,  ,u u,b b,W W 

These decay products also generate photons with 

“continuum” energy. Photon flux depend on the particle 

physics model (annihilation cross section, BR’s, DM 

mass) and astrophysical model (halo density profile) 





One example  

Cross section for WIMP miracle  

Masses less than ~10 GeV are excluded 

But be careful with assumptions  



Advanced Thin Ionization Calorimeter (ATIC) 

Small excess in the 700 GeV region.  

Indirect detection of dark matter: anti-matter 



AMS 

But what is the expected 

background?? 



Astrophysical explanation is more plausible:  

                             local pulsars? 



Indirect detection of dark matter: neutrinos 

IceCube: neutrino detector with 1 km3 in South Pole. It has  

5,160 digital optical modules suspended along 86 strings.  



Indirect detection of dark matter: neutrinos 

Article in Science – November 22 2013 

First detection of neutrinos of cosmic origin (?)  

arXiv:1311.5238  

Excess of 28 neutrinos observed with energies above 60 TeV.  



1311.6350 



Making dark matter at the LHC 

Heidi Sandeker – WIN2013 



Signal for WIMPS: missing energy 

Making dark matter at the LHC 



Many SUSY searches. Example: dark matter from gluino pair 

production 

Making dark matter at the LHC 



Signal for WIMPS: monojets, monophotons 

Making dark matter at the LHC 

qqDMDM effective interaction is probed –  

“model-independent” 



Not yet competitive with direct searches 

Monojet searches 
WIN2013 



WIN2013 



Conclusions 
• Dark matter exists – New Physics BSM! 

 

• We do not know what it is… 

 

• There are good and sometimes well motivated  

  candidates 

 

• Huge activity in direct, indirect  and  

  LHC searches – beware of nightmare scenarios 

 

• Discovering the identity of dark matter will bring 

a major advance in Particle Physics & Cosmology!  

 


