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Evidence for Dark Matter
Evidence for the existence of an unseen, “dark”, component in the energy density of 
the Universe comes from several independent observations at different length scales

• Rotation Curves

• Clusters of galaxies

•Type Ia Supernovae

•CMB
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What do we know?
An extraordinarily rich zoo of non-baryonic Dark Matter candidates! In order to be considered 

a viable DM candidate,  a new particle has to pass the following 10-point test

Taoso, GB & Masiero 2007

1) Ωh2 OK? 2) Is it cold? 3) Is it neutral? 4) Is BBN ok? 5) Stars OK? 

6) Collisionless? 7) Couplings OK? 8) γ-rays OK? 9) Astro bounds? 10) Can probe it?



•Neutralino?
•Kaluza-Klein DM inUED
•Kaluza-Klein DM in RS
•Axion
•Axino

Dark Matter candidates
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The DM candidates Zoo

WIMPs 
Natural Candidates 

Arising from theories addressing the 
stability of the electroweak scale etc.

• SUSY Neutralino
• Also: LKP, LZP, LTP, etc.

Ad-Hoc Candidates
Postulated to solve the DM Problem

• Minimal DM
• Maverick DM
•etc.

Other
•Axions
Postulated to solve the strong CP 
problem

•Sterile Neutrinos

•SuperWIMPs
Inherit the appropriate relic density 
from the decay of the NTL particle of 
the new theory

•WIMPless
Appropriate relic density achieved by 
a suitable combination of masses and 
couplings
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Indirect DetectionDirect Detection

Colliders

Dark Matter searches



Dark Matter-related  
Experiments circa 2012 

Download: http://www2.iap.fr/users/bertone/

http://www2.iap.fr/users/bertone/
http://www2.iap.fr/users/bertone/


Indirect Detection

Early Universe

X

X

SM

SM

relic density (NR freeze-out)

Electroweak-scale cross sections can reproduce 
correct relic density. 
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Why “annihilations”?

X   = DARK MATTER SM        = STANDARD MODEL PARTICLE 
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relic density (NR freeze-out)

Electroweak-scale cross sections can reproduce 
correct relic density. 
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Annihilation Flux

Particle physics input from extensions of the 
Standard Model. Need to specify distribution of 
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1-year full-sky map. http://fermi.gsfc.nasa.gov

The FERMI sky

http://fermi.gsfc.nasa.gov/ssc/first_light_allsky.jpg
http://fermi.gsfc.nasa.gov/ssc/first_light_allsky.jpg


The 130 GeV Line
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The 130 GeV Line
Not	  really	  what	  one	  would	  expect	  from	  Supersymmetry..

•Direct Annihilation to photons 
is loop-suppressed in SUSY 

•hard to produce the line 
without overproducing low-
energy photons

e.g.	  Cohen	  et	  al.	  
arXiv:1207.0800

http://arxiv.org/pdf/1207.0800v4.pdf
http://arxiv.org/pdf/1207.0800v4.pdf


The 130 GeV Line
assuming	  more	  general	  models:

Bergstrom,	  GB	  et	  al.	  http://arxiv.org/pdf/1207.6773.pdf

Final states containing mono-chromatic photons:

http://arxiv.org/pdf/1207.6773.pdf
http://arxiv.org/pdf/1207.6773.pdf
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assuming	  more	  general	  models:

Bergstrom,	  GB	  et	  al.	  http://arxiv.org/pdf/1207.6773.pdf

Final states containing mono-chromatic photons:

Internal Bremsstrahlung
‘Internal Bremsstrahlung’

http://arxiv.org/pdf/1207.6773.pdf
http://arxiv.org/pdf/1207.6773.pdf
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Direct Detection
Principle and Detection Techniques

χ
n

Detector

DM Scatters off nuclei in 
the detector

Detection of recoil energy via 
ionization (charges), scintillation 
(light) and heat (phonons)

Adapted from Baudis 2007



SUSY: squarks and Higgs 
exchange

UED: 1st level quarks and 
Higgs exchange

Direct Detection
Differential Event Rate 

dR

dER
(ER) =

�0

m�mN

�

v>vmin

vf(⇤v + ⇤ve)
d⇥�N

dER
(v,ER)d3⇤v

Theoretical Uncertainties

Uncertainties on f(v)

Ellis, Olive & Savage 2008; Bottino 
et al. 2000; etc.

Ling et al. 2009; Widrow et al. 2000; 
Helmi et al 2002 



Direct Detection
Status

Adapted from Baudis (Darwin Collab.) [arXiv:1201.2402]

2012



Direct Detection
Local Density

Ullio & Catena 2009

See also Strigari and Trotta 2009; Weber and 
De Boer 2009; Salucci et al. 2010; Garbari, 

Lake & Read 2010; Iocco, GB et al. 20111

Constraints on M(<R) -> constraints on ρx

Dynamical Constraints

• Terminal Velocity of Gas Clouds

•Blue Horizontal-Branch (BHB) halo 
stars from the SDSS

•Estimates of Oort’s constants

•Motion of stars perpendicular to 
the Galactic plane

•Velocity distribution of MW 
satellites



Modulation of DM density 
at fixed gc-distance (Pato, Agertz, GB, Moore, Teyssier, Moore 2010)
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Complementarity of DD targets

Pato, Baudis, GB, Ruiz, Strigari, Trotta, arXiv:1012.3458
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Dark Matter Searches at the LHC
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Beyond the Standard Model
The Standard Model provides an accurate description of all known particles and interactions, however there are good 

reasons to believe that the Standard model is a low-energy limit of a more fundamental theory

To explain the origin of the weak 
scale, extensions of the standard 

model often postulate the existence of 
new physics at ~100 GeV

On the left, schematic view of the 
structure of possible extensions of the 

standard model
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Search at LHC for processes like e.g.
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Beyond the Standard Model
The Standard Model provides an accurate description of all known particles and interactions, however there are good 

reasons to believe that the Standard model is a low-energy limit of a more fundamental theory

νe



Example of Inverse problem at LHC
Inferring the relic density (thus the DM nature) of newly discovered particles from 

LHC data... What we would like:

a

B

Ad. from Baltz, Battaglia, Peskin, Wizansky (2005)



Example of Inverse problem at LHC
(example in the stau coannihilation region, 24 parms pMSSM)

•Benchmark in the co-annihilation 
region (similar to LCC3 in Baltz et al.). 

•Errors correspond to 300 fb-1. 

•Error on mass difference with the stau 
~10% for this model can be achieved with 
10 fb-1

MCMC as 
implemented in the 
SuperBayes code



Example of Inverse problem at LHC
what we will most probably get

(example in the stau coannihilation region, 24 parms MSSM)

GB, Cerdeno, Fornasa, Ruiz de Austri & Trotta, 2010
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DD+LHC

“Scaling” Ansatz



What happens if we add these constraints to the LHC posterior?

LHC + ID
IF we identify 

neutralino ≡ Dark Matter 
(in Draco for Fermi, or in the 
Universe in the case of CMB)

THEN 
we can exclude the 

spurious solution at low 
relic density

GB, Fornasa, Pieri, Ruiz, Trotta 2011



Conclusions
•Huge Theoretical and experimental effort towards the 
identification of DM. 

•DM Indirect Detection more and more constrained, but 
detection still possible

•DM Direct Detection looks promising, but info from other exps. 
is needed to determine DM parameters

•LHC is running! Direct and indirect searches likely necessary to 
identify DM

•Next 5-10 years are crucial: this is the moment of truth for 
WIMP Dark Matter!



Prospects for observing 
DM annihilation with CTA

arxiv:1210.3503arxiv:1208.5356

http://arxiv.org/pdf/1210.3503v1.pdf
http://arxiv.org/pdf/1210.3503v1.pdf
http://arxiv.org/pdf/1208.5356v1.pdf
http://arxiv.org/pdf/1208.5356v1.pdf


The 130 GeV Line
Parameters	  adopted	  in	  Bergstrom,	  GB	  et	  al.	  http://arxiv.org/pdf/1207.6773.pdf

http://arxiv.org/abs/1111.2183http://arxiv.org/abs/1008.3703

http://arxiv.org/pdf/1207.6773.pdf
http://arxiv.org/pdf/1207.6773.pdf
http://arxiv.org/pdf/1111.2183v1.pdf
http://arxiv.org/pdf/1111.2183v1.pdf
http://arxiv.org/abs/1008.3703
http://arxiv.org/abs/1008.3703


Bringmann,	  Bergstom	  and	  Edsjo	  
http://arxiv.org/pdf/0710.3169v3.pdf

The 130 GeV Line
Internal	  Bremsstrahlung

http://arxiv.org/pdf/0710.3169v3.pdf
http://arxiv.org/pdf/0710.3169v3.pdf


LHC+DD
Combining accelerator and direct searches
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1st possibility: 

“Consistency check”



What happens if we add these constraints to the LHC posterior?

LHC + ID



...since we are 
basically ruling out the 
region corresponding 
to large annihilation 
cross sections 

What happens if we add these constraints to the LHC posterior?

LHC + ID

GB, Fornasa, Pieri, Ruiz, Trotta 2011


