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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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History of Dark Matter in 2 mins. 

1. Dark Matter exists 
 Kapteyn 1922, Oort 1927, Zwicky 1933, 1937;  
 Schmidt 1936,; Hulst et al 1957;  Freeman  1970;  
 Shostak and Rogstad 1972; Roberts and Rots   
 1973, Rubin et al. 1978, Bosma 1978 

2. Dark Matter is ubiquitous 
 [Finzi 1959!], Ostriker, Peebles, Yahil 1974, Einasto et 
 al. 1974, Faber & Gallagher 1979 

3. Dark Matter is a new particle 
 Peebles 1982 + Pagels, Primack, Bond, Szalay, White, .. 



Videos of all lectures 
available online! 



May 26, 2013

XMM data 
μeV axion

AMS-02 data 
1 TeV WIMP

Dec 19, 2009

CDMS data 
10 GeV WIMP

Mar 4, 2014 Oct 16, 2014

Fermi data 
40 GeV WIMP 

and (!) 
Chandra/XMM 
7 eV Sterile ν

Have we found it yet?



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? 
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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?



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

The quest for Dark Matter



Indirect Detection

Early Universe

X

Today

X

SM

SM

relic density (NR freeze-out) 

Electroweak-scale cross sections can reproduce 
correct relic density. 

X

X

SM

SM

Annihilation Flux 

Particle physics input from extensions of the 
Standard Model. Need to specify distribution of 
DM along the line of sight.
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Why “annihilations”?

X   = DARK MATTER SM        = STANDARD MODEL PARTICLE 



Rotation curve of the Milky Way

Iocco, Pato, GB, Nature Physics, arXiv:1502.03821
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Rotation curve of the Milky Way

Iocco, Pato, GB, Nature Physics, arXiv:1502.03821



Constraints on MW DM profile

Pato, Iocco, GB, arXiv: 1504.06324



Mock Milky Ways



Simulating Galaxy Formation



The Eagle simulation

- One of the largest cosmological hydrodynamical simulations (7 billion particles) 
- 1.5 months on 4000 cores DiRAC-2 supercomputer in Durham

- Runs a modified version of the GADGET-2 simulation code



Identifying MW-like galaxies

Calore, Bozorgnia, GB+ arXiv:1509.xxxxx
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Identifying MW-analogues

Calore, Bozorgnia, GB+ arXiv:1509.xxxxx



“Predicted” DM profile

Calore, Bozorgnia, GB+ arXiv:1509.xxxxx



Better constraints on DM (and MoND) soon..

New astronomical surveys coming soon. ESA’s Gaia satellite is currently 
charting a three-dimensional map of the Milky Way!



Predicted Annihilation Flux
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Full sky map of Number of photons above 3 GeV



5-year full-sky map. http://fermi.gsfc.nasa.gov

The FERMI sky

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


“Sensitivity” Map
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The “GeV Excess”

“Within these maps, we find the GeV 
excess to be robust and highly statistically 
significant, with a spectrum, angular 
distribution, and overall normalization that 
is in good agreement with that predicted by 
simple annihilating dark matter models”

More in Jenny’s talk this afternoon 
Daylan et al. arXiv:1402.6703 



The GeV excess

Calore, Bozorgnia, GB+ arXiv:1509.xxxxx

High resolution simulated haloes that satisfy observational 
constraints exhibit, in the inner few kiloparsecs, dark matter 
profiles shallower than those required to explain the GeV 
excess via dark matter annihilation.



Recently on the arXiv: 
‘Standard’ Astro interpretation

- 1506.05104 Strong support for the 
millisecond pulsar origin of the Galactic 
center GeV excess

- 1506.05119 The Galactic Center GeV 
Excess from a Series of Leptonic Cosmic-
Ray Outbursts

- 1506.05124 Evidence for Unresolved 
Gamma-Ray Point Sources in the Inner 
Galaxy

1506.05104



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



Xenon detectors 
(e.g. LUX and Xenon100) 



SUSY: squarks and Higgs 
exchange

UED: 1st level quarks and 
Higgs exchange

Direct Detection
Differential Event Rate  

dR
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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 



f(v) from Hydro Simulations

Bozorgnia, Calore, GB+ arXiv:1509.xxxxx

reduced χ2= 11.1
reduced χ2= 19.8
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Status of Direct Detection

LUX

SuperCDMS

CDMS-Si

DAMA
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Bozorgnia, Calore, GB+ arXiv:1509.xxxxx

preliminary



Status and prospects of DD 

arXiv:1310.8214



Complementarity of DD targets

Pato, Baudis, GB, Ruiz, Strigari, Trotta, arXiv:1012.3458



Complementarity of DD targets

Pato, Baudis, GB, Ruiz, Strigari, Trotta, arXiv:1012.3458



Dark Matter Searches at the LHC



Colliding protons 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 



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 new particles from LHC data 

The dream scenario:

a 

B 

Ad. from Baltz et al (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
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“Scaling” Ansatz



May 2015: First images of 13 TeV collisions!!

http://home.web.cern.ch/about/updates/2015/05/first-images-collisions-13-tev



•Huge Theoretical and experimental effort towards the identification 
of DM. It is OK to be skeptical about claims of detection.. 

•Indirect Detection more and more constrained, though there are 
some tantalizing hints 

•DM Direct Detection looks promising. Info from other experiments 
is needed to determine DM particle properties  

•Run II of the LHC will soon provide crucial information! Even in 
case of detection, (in)direct searches likely necessary to identify DM 

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

Conclusions


