


Composi'on	  of	  the	  Universe	  

•  Dark	  ma4er	  and	  dark	  energy	  are	  pillars	  of	  modern	  cosmology	  

Large-scale  
structure: 

cold  & dark  

Baryons~ 4% 

Dark Matter  
~ 23% 

Dark Energy 
~ 73% 





DARK	  MATTER	  DETECTION	  
•  Direct	  detec3on	  
DAMA/Libra,	  CDMS,	  XENON,	  CoGeNT,	  Edelweiss…	  

•  Produc3on	  at	  colliders	  
LHC	  

•  Indirect	  detec3on	  	  	  
γ	  	  	  	  	  from	  annihila'ons	  in	  galac'c	  halo,	  galac'c	  centre,	  dwarfs	  +	  secondary	  	  	  	  	  

inverse	  Compton,	  radio	  synchrotron	  using	  Fermi,	  HESS,	  radio	  telescopes…	  	  

e+	  	  	  	  from	  annihila'ons	  in	  galac'c	  halo,	  galac'c	  centre,	  using	  PAMELA,	  Fermi,	  	  	  
HESS,	  AMS…	  

p	  bar	  	  	  	  	  	  from	  annihila'ons	  in	  galac'c	  halo,	  ,	  using	  PAMELA,	  Fermi,	  HESS,	  AMS…	  

ν,	  ν	  bar	  	  from	  annihila'ons	  in	  the	  sun,	  earth,	  using	  ICECUBE,	  SuperK….	




Gondolo 2012 

INDIRECT versus DIRECT DETECTION 



SUSY models 







NGC	  2055	  
optical 

mass 

Rotation curves 



Gravitational lensing 



DARK MATTER IS RELATIVELY SIMPLE! 



Baryon acoustic oscillations 
controlled by baryon/DM ratio 

Redshift space 





THE	  MISSING	  DWARF	  &	  GIANT	  PROBLEMS	  	  
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Model matches data 



Boylan-Kirchin et al. 2011 

predicted hosts, 
not observed 

  THE TOO  BIG TO FAIL PROBLEM             



COBE	  1990	  

deuterium 

lithium 

Dark matter is not baryons 
baryon density 

ab
un

da
nc
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Dark	  ma4er	  is	  not	  neutrinos	  
cold warm 

helium 



Favoured	  SUSY	  candidate	  is	  a	  	  WIMP	  in	  mass	  range	  	  0.01-‐10	  TeV	  

The	  WIMP	  miracle:	  	  relic	  abundance	  	  if	  <σv>~3x10-‐26	  cm3/s	  ~1/Ωx	  

	  	  	  Astrophysical	  probes	  	  complement	  	  collider	  experiments	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Dark	  ma4er	  “most	  likely”	  is	  	  	  
a	  weakly	  interac'ng	  (massive?)	  par'cle	  
Eg	  	  	  WIMP	  	  (or	  	  LSP)	  mo'vated	  by	  theory	  of	  supersymmetry	   



DIRECT	  DETECTION	  	  
many	  WIMPs	  pass	  through	  per	  second	  

13 yrs, 8.9 σ 

CJPL 



Fermilab	  Astrophysics	  Seminar	  

WIMP Production 

 Indirect Detection  Direct Detection 
3/14/2012	   19	  



Direct	  Detec'on	  of	  
Dark	  Ma4er	  by	  	  elas'c	  

sca4ering	  

– Low	  background	  	  
– Materials	  selec'on	  
– Shielding	  
– Discrimina'on	  

Fermilab	  Astrophysics	  Seminar	  3/14/2012	   20	  

1GeV – 10 TeV 
σSI < 10-44 cm2 

σSD < 10-36 cm2 



XENON10/100 

CoGeNT 

Elina Aprile 

Juan Collar 

CoGeNT 

CDMS 

fit to 7GeV WIMP …but it 
could be many other things 



CoGeNT reports  
a 2.8σ annual modulation 
consistent in phase, amplitude?, 
and period  (2011) 



CRESST-II 



Frandsen	  et	  al.	  2011	  

and models can be found for a ~7 GeV WIMP…possibly non-annihilating 

Fox	  et	  al.	  2011	  

isospin asymmetry   

inelasticity 



low mass (mx ~5-10 GeV) WIMPS are trapped, fill the 
solar core….  and  modify T(r) if non-annihilating "

	  old	  opaci'es	  were	  fine	  
	  but	  new	  opaci'es	  don’t	  fit	  data	  !	


	  	  helioseismology	  rules	  out	  5	  GeV	  
in	  some	  cases…	


	  	  spin-‐dependent	  on	  protons	


Cumberbatch	  et	  al	  	  	  2010 



	  	  INDIRECT	  DETECTION	  	  

halo	  WIMPS	  	  	  occasionally	  
annihilate	  today	  

into	  energe'c	  par'cles 

γ,ν	


γ,ν	




UNCERTAINTIES 

Dark matter profiles 

Dark matter distribution 
profiles, streams, clumps, velocity distribution 

Cosmic ray propagation 
diffusion, solar modulation, energy losses 

Particle physics issues 
fragmentation codes,  
higher order corrections at TeVscales 

Astrophysical backgrounds 



ENERGETIC	  NEUTRINOS	  FROM	  WIMPs	  TRAPPED	  IN	  THE	  SUN	  

ANTARES in the  
Mediterranean Sea 

ICECUBE at the South Pole 
Hooper	  &	  	  Halzen	  2009	  





COSMIC	  RAYS	  
search	  for	  	  	  an'protons	  	


No surprises so far! 

…waiting for AMS-02 







High	  energy	  positrons	  	


The rise 

PAMELA 

Need	  boost	  ~100…..	  flux	  ~	  ρ2/mx
2	  

Sommerfeld	  effect:	  	  S=S0[	  1+(vesc/v)2]	  
due	  to	  DM	  light	  mediator	  

Arkani-Hamed et al 2009,Lattanzi and JS 2009, March-
Russell and West 2009



Di Bernardo et al 2010 

e+	  +	  e-‐	  

PULSAR	  WIND	  

e+	  /(e+	  +	  e-‐)	  

 astrophysical origin? 

Predicted anisotropy 
close to FERMI upper limit! 



Excluded	  	  	  	  	  	  	  by	  
HESS	  

FERMI	  reach	  

Finkbeiner 2007 

Excluded	  by	  
EGRET	  

Hooper	  and	  Zaharias	  2007	  



Diffuse	  gamma	  rays	  	

“smoking	  guns”:	  	  e.g.	  	  	  spectral	  features	  …morphology	  of	  haze	  

FERMI:	  0.02	  -‐	  300	  GeV,	  5o	  -‐	  5’,	  	  ΔE/E	  ~	  0.1 	  	  



Papucci & Strumia  2009 

Gustafsson et al. 2007 	


Ibarra + 2012  



Bringmann 2012 3σ detection  

130 GeV line?  



Fermi haze is inverse  Compton of e+e- on interstellar radiation 

Su	  et	  al.	  	  2010	  

Giant gamma ray bubbles 
…not dark matter 

1-5 GeV 408 MHz 

23 GHz 1-3 keV 



Slatyer	  et	  al.	  	  2009	  

Predictions for PLANCK: CMB	  temperature	  fluctua3ons	  
Hooper	  &	  Linden	  	  2010	  

33 GHz 

Delahaye, Boehm, JS 2011 



Hooper	  &	  Goodenough	  	  2010	  

angle from GC 

spectral fit: 8 GeV WIMP 



The case for low mass WIMPS: 7-12 GeV 

Fermi diffuse GC: 0.3-10 GeV 

Radio arcs in GC 

WMAP haze 

Clusters 
Han et al 2012 

CMB limits       Galli et al 2011 

Fermi dwarf limits 
Geringer-Sameth &Koushiapas 2011 



But there is room eg if DM is (partly) asymmetric…. 

Imminiyaz et al 2011 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  massive	  neutralino	  requires	  decay	  'me	  ~	  1026	  sec	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  DECAYING	  DARK	  MATTER	  

Cirelli	  +	  2012	  Energy	  (GeV)	  

e+/(e+	  +	  e-‐)	   e++	  e-‐	  



DENSITY2 DENSITY 

Delahaye et al 2010 

DECAYING	  DARK	  MATTER:	  GALAXY	  CLUSTERS	  ARE	  BEST	  	  PROBE	  

Dugger et al 2010 

DM lifetime 

FERMI constraints 



HOW	  LOW	  CAN	  
YOU	  GO?	  
Gamma	  rays	  and	  direct	  detec'on	  

Air Cerenkov telescopes 
telescopes Ton scale underground experiments 



Cirelli 2009 



a local boost is natural in gravitationally bound 
spike around Sag A* black hole 4x106 Msun 

Dynamical heating reduces peak density 

DM predicts exponential cut-off  + no variability 

Did we prematurely abandon  a dark matter  
contribution  in the Galactic Centre? 



Dark matter halo 

1 pc 104 pc 

Black hole enhancement 



Belikov et al  2012 



THE	  ULTIMATE	  PARTICLE	  ACCELERATOR:	  
dark	  ma4er	  cusp	  around	  	  black	  hole	  

par'cle	  horizon	  

Schwarzschild 



Kerr	  black	  hole	  

par'cle	  horizon	  

GM/c2	  

Banados,	  West,JS	  2009	  
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Banados,	  Hossainen,	  West,JS	  2010	  



WIMP	  ANNIHILATIONS	  MAY	  CONVERT	  A	  NEUTRON	  
STAR	  TO	  A	  QUARK	  STAR	  if	  neutron	  ma4er	  is	  metastable	


Perez-Garcia, Silk  and Stone 2010 
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WIMP mass (GeV)

XENON−10 excluded CDMS−II excluded

Lux−Zeplin reach

95% region from current data

Constrained MSSM
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Models within LHC reach (18.3 %)
Models favoured by Planck (5.7 %)
Models within IceCube reach (6.5 %)

WMAP mean with 5-σ Planck uncertainty  

5-σ for 1 yr of 80 strings data 

1 1/fb at 14 TeV energy 

Cumberbatch, Trotta et al.  2011 

LHC reach 




