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The Dark Matter Problem 

Understanding of the 
Universe at galactic and 
cosmological scales 
requires:  

 DARK MATTER  
 + 

 DARK ENERGY 



Evidences come from very different 
observational techniques  at different 
scales and times of the Universe history 

The Dark Matter Problem 



The Universe Recipe… after PLANCK 

Ω  ~ 1 
68% Dark Energy 

27% Non-baryonic dark 
matter 

 
5% Baryonic dark 

matter 



68% Dark Energy 

27% Non-Baryonic    
Dark Matter  

5% Baryonic 
Dark Matter 

 

The Universe Recipe… after PLANCK 

 Interpreted in the 
cosmological standard 

model ΛCDM 
  



 Experimental 
evidences 

converge in the 
frame of the 

standard 
cosmological 

model 

A very successful Universe model ΛCDM 



A very successful Universe model ΛCDM 



Not so succesful in the small scales 
: 

 

Missing satellites problem 
Size of small scale structures 

A very successful Universe model ΛCDM 



The Dark Matter Nature 

27% of the  Universe consists of 
UNKNOWN MATTER 

•  massive 
•  non-baryonic 
•  neutral 
•  stable or very long lived 
•  non relativistic when 
structures formed (cold/warm) 

 
Beyond the Standard Model of 
Particle Physics 
 
 



Dark Matter Candidates 

 
 
•  Axions 
•  Sterile neutrinos 
•  WIMPs 

•  SUSY 
•  Kaluza-Klein 
•  Little Higgs 
•  ……    

Some well motivated 
candidates: 

DM-T 
D. Cerdeño lessons 



Dark Matter Candidates: WIMPs 

If DM particle was in thermal 
equilibrium in the primordial soup, 

at freeze-out the annihilation 
cross-section determined the 

relic abundance 

WIMP MIRACLE ->  electroweak scale cross-sections for a 
GeV particle produce the correct Ωc 

 
 

WIMPs are convenient DM 
candidates 



WIMP Candidates 

Minimal Supersymmetric Standard Model 
(MSSM): 

Conservation of R-
parity implies that 
the Lightest 
Supersymmetric 
Particle (LSP) is 
stable -> DM !! 

The most likely LSP is the lightest neutralino 

Supersymmetry Kaluza-KleinTheories 

Extra dimensions are assumed to be 
compactified 

-> new symmetry with a momentum 
number conservation 

The lightest KK particle (LKP) is stable 
and cannot decay into standard model 
particles -> Convenient DM candidate!! 

…and more… 



Other Candidates 

Axion would solve the strong CP problem 
 
Is the boson associated to a global U(1) 
symmetry spontaneously broken 
 

 Pseudoscalar  
 Very light  
 Neutral  

 
ALPS Axion Like Particles are the Nambu-
Goldstone bosons associated to the breaking 
of any U(1) symmetry  
 
Although are nonthermally produced they 
behave as CDM 

Axions or ALPs Sterile Neutrinos  

Sterile neutrinos (Ni) are a natural 
ingredient of the most popular 
mechanism to generate neutrino 
masses: the seesaw mechanism 

Sterile neutrinos are  neutral leptons 
with no ordinary weak interactions 
except those induced by mixing with 
active neutrinos 
 
But could have interactions involving 
new physics 



The Dark Matter challenge 

Astrophysics 
Cosmology 
Particle Physics 
Nuclear Physics 
Detector Physics 
… 

DM detection is a difficult task 
 
Challenge for: 



The Multimessenger Approach 

 
To decouple unknown and 
uncertainties in such a challenge 
for experimental detection 
 

•  Multimessenger approach 
(direct vs indirect) 

•  Multitarget and multi-  
technique strategy  



AXION Searches 
•  Astrophysical hints for axions/ALPs 

•  Observation of gamma rays from from distant sources  
(VHE transparency) 

•  Anomalous cooling of white dwarfs 

•  Relic Axions: part of galactic DM halo: 
•   Axion Haloscopes ADMX  

•  Solar Axions: Look for axions produced in the Sun by 
Primakoff conversion of photons  

•  Crystal detectors 
•  Axion Helioscopes CAST (IAXO) 

•  Axions in the lab 
•   Laser experiments (“Light shinning through wall”) 
•  Vacuum birrefringence experiments 

 ALPS-II , OSQAR 
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WIMPs detection 

Very few assumptions needed: unknown mass and weak 
cross-section 



OUTLINE 

•   Direct Detection of DM 
• Expected signal 
• Detection Mechanisms 
• Review of experimental 
status 

 
•     Indirect Detection of DM 

• Search Strategy 
• Review of experimental 
status 



WIMP Direct Detection 

We place in a convenient laboratory one of our 
detectors and we wait till WIMPs interact with it … 

χ

χ



WIMP Direct Detection 
How do WIMPs 

interact? 
 

How do we see the 
interaction? 

 
What interferences 

can be expected in 
this detection? 

 
We place in a convenient laboratory one of our 
detectors and we wait till WIMPs interact with it … 



WIMP Direct Detection 
How do WIMPs 

interact? 
They are suppossed 
to produce NUCLEAR 

RECOILS by elastic 
scattering off nuclei 

χ	

 γ  e- n 

Similar to neutrons interactions 

We place in a convenient laboratory one of our 
detectors and we wait till WIMPs interact with it … 



Kinematics of elastic scattering 
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Kinematics of elastic scattering 
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Kinematics of elastic scattering 
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Kinematics of elastic scattering 
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TASK 1 



Dark Matter Interaction Rate 
beam target 

Nbeam 

Sbeam 

L

Assuming 
targets do not 

help or screen 
each other 

 
  

Ln σ NN σ jN blancobeamblancobeamint ==

But targets screen each other 

t )0(beamN )(tNbeam



Dark Matter Interaction Rate 
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Interaction probability for Dark Matter particles 
is unknown -> σ	





Dark Matter Interaction Rate 

Interaction probability for Dark Matter particles 
is unknown -> σ(WIMP-proton)	



Assuming a neutralino SUSY candidate	



TASK 2 

λ of about a light-year!!!  
  

Screening is negligible at detector scales 
 

Matter is transparent 



NWIMPNWIMPsNWIMPNWIMPs
int σN v nσNΦ

dt
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Differential rate 
recoil energy 

dependence 
  

Dark Matter Interaction Rate 

Dark Matter Halo model 

Target  
Nuclear and Particle models 



Dark Matter Galactic Haloes 

Rotation Velocity Curves 
hint at the presence of Dark 

Haloes around galaxies 
  

What about Dark Matter in 
our galaxy? 

  

TASK 3 



Evidence for Dark Matter in the inner Milky Way 

Milky Way Rotation 
Velocity Curve  

  



Evidence for Dark Matter in the inner Milky Way 



Milky Way Dark Halo 

W

0
W m

ρ
n =

 Unknown particle mass 
     If mw≈100 GeV  
     nW ≈ 3 WIMPs/dm3 

~ 300 protons/dm3 

ρ0≈0.2-0.4 GeV/cm3 
~ 5 10-22 g/dm3  

Milky Way Rotation Velocity 
Curve determines halo mass 

density but not particle number 
density  

  



Milky Way Dark Halo 

 
  

The most simple model 
isotropic and spherical 
thermal distribution of non 
relativistic WIMPs 
 
 
) 
vrms≈ 270km/s–300km/s 
v0 = (2/3)1/2 vrms 
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The WIMP Flux at the Earth Position 

ρ0≈0.2-0.4 GeV/cm3 

If mw≈1 GeV – 10 TeV 
ΦWIMPs ≈ 104-108 s-1 cm-2  

     

   The Earth moves in the 
DM halo accompanying 
the Sun around the 
galaxy  

 

    WIMP WIND 
       --Directionality  
        -Annual modulation in 

the rate 



Haloes can be non-spherical: triaxial, ellipsoidal, … 
 
Haloes can have sub-structure: 

 - Sub-haloes 
 - Caustic Rings 
 - Satellites producing directional fluxes 

Sub-haloes Satellite galaxies Caustic Rings: 

Milky Way Dark Halo 



Haloes can be non-spherical: triaxial, ellipsoidal, … 
 

Milky Way Dark Halo 

Ellipsoidal Halo Model: 



Haloes can be non-spherical: triaxial, ellipsoidal, … 
 
Haloes can have sub-structure: 

 - Sub-haloes 
 - Caustic Rings 
 - Satellites producing directional fluxes 

Milky Way Dark Halo 

Sagittarius Dwarf satellite galaxy could produce a Dark Matter 
directional flux near the Solar System 

Dynamics from 
Sagittarius Dwarf 
satellite galaxy  
points to triaxial 
Milky Way Halo 



GAIA Mission  
19 December 2013 launch  
by ESA 
 
mission to chart a three-dimensional map of the Milky Way.  
 

Milky Way Dark Halo 

Unprecedented positional and 
radial velocity measurements 
with the accuracies needed 
to produce a stereoscopic 
and kinematic census of 
about one billion stars in our 
Galaxy and throughout the 
Local Group.  
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Dark Matter Interaction Rate 
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Dark Matter Interaction Rate 

Target  
Nuclear and Particle models 
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Dark Matter Interaction Rate 
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WIMP-nucleus interaction 

WIMP MODEL 
NUCLEAR MODEL 

But … WIMPs interacts at more 
fundamental level: with quarks 

 
NUCLEAR FORM FACTORS are required 
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Dark Matter Interaction Rate 

WIMP MODEL 
NUCLEAR MODEL 

SPIN-DEPENDENT INTERACTION 

COHERENT INTERACTION 
WIMP-nucleus interaction 

To compare experiments!!! 
-Work on point-like cross-sections 
-Normalize to nucleon cross-sections 
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Dark Matter Interaction Rate 

SPIN-DEPENDENT INTERACTION 

COHERENT INTERACTION 

NUCLEAR FORM FACTORS  
To take into account the 
finite size of the nucleus and 
its internal structure 
 
Loss of coherence at high 
momentum transfer for SI 
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Dark Matter Interaction Rate 

Moving into the lab frame 
WIMP velocity distribution is 
not isotropic anymore 
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Dark Matter Interaction Rate 
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Dark Matter Interaction Rate 
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on the detection 

technique if signal 
produced by nuclear 

recoils is very different 
to that corresponding 
to electrons used for 

calibration 
 

QUENCHING FACTOR 

Iodine recoils of 50 
keV in NaI scintillation 
detector produce  
~ 5 keVee  

χ γ/e- /n 

+ - 
- - - + + 
+ - 
+ 

Heat Charge 

Light 



Dark Matter Interaction Rate 
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Q  quenching factor 



Dark Matter Interaction Rate 

( )2SI0
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σSI = 7.2x10-6 pb 

o  Low energy events (<20 keVee) 

o  Very low event rates 
VERY LOW ENERGY THRESHOLD 

VERY LOW RADIOACTIVE BACKGROUND 



Strategy to face the Direct Detection of 
WIMPs inthe lab 

We need very 
sensitive and 
radiopure Particle 
Detectors 

Experiments have 
to be shielded 
against all possible 
backgrounds and 
profit from active 
background 
rejection 
techniques 

Signatures of a 
Dark Matter 
interaction are 
required for a 
positive result 

vorbital = 30 km/s 

vsun = 230 km/s 



Particle Detection Techniques 

M.L. SARSA – 20 de julio de 2010 

Detectors are those devices able to convert energy 
depositions of a particle passing through into a 
measurable signal 

What Detectors are best suited for  
DARK MATTER DIRECT DETECTION? 

High Radiopurity Material Wide Absorber Choice: Light
+heavy isotopes, spin content 

High  Mass Availability Modularity 

Low Energy Threshold Particle Discrimination capability 

High Response to Nuclear Recoils Low Price 

Stability State of the art 

Det 
C. Lacasta lessons 



Particle Detection Techniques 
Detectors are those devices able to convert energy 
depositions of a particle passing through into a 
measurable signal 

+ - -
 - - + + 

+ - 
+ 

Charge 
IONIZATION Detectors collect the 
charge carriers produced by a 
particle interaction 

Ge detectors showed good threshold and resolution, 
low  intrinsic radioactivity: first DM direct searches 
back in the eighties 



Light 

SCINTILLATION Detectors collect 
the light produced by a particle 
interaction 

Solid State Scintillators  have 
applied in this field:NaI, CsI… 
Noble liquids based experiments: 
Xe, Ar, Ne… 
 
Both allow high mass experiments 
But scintillation less effective in 
energy conversion (Quenching!!!) 

Particle Detection Techniques 
Detectors are those devices able to convert energy 
depositions of a particle passing through into a 
measurable signal 



Bubble chambers consist of 
superheated liquids where heat 
released by a particle interaction 
is able to produce the nucleation 
of a vapor phase 

Particle Detection Techniques 
Detectors are those devices able to convert energy 
depositions of a particle passing through into a 
measurable signal 

Heat 

Very sensitive to high stopping 
power particles 
 
Threshold detector (does not 
measure released energy) 
 



Particle Detection Techniques 
Detectors are those devices able to convert energy 
depositions of a particle passing through into a 
measurable signal 

Heat 
THERMAL Detectors are directly 
sensitive to the heat (phonons, 
lattice vibrations) produced by a 
particle interaction) 

Wide absorber choice: Ge, Al203, BGO, CaWO4, … 
Very sensitive to nuclear recoils (Q≈ 1) 
Low threshold energy 
Good particle discrimination capability 



+ - - 
- - + + 

+ - + 

Heat Charge 

Light 

Particle Detection Techniques 
Detectors are those devices able to convert energy 
depositions of a particle passing through into a 
measurable signal 

HYBRID Detectors profit from 
the simultaneous measure of 
two energy conversion channels 

HEAT 

LIGHT CHARGE 

Energy conversion into VISIBLE signal is strongly 
dependent on the interaction mechanism, incident particle 
and target allowing for PARTICLE DISCRIMINATION 
THE MOST SENSITIVE TECHNIQUES AT PRESENT 
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Particle Detection Techniques 
Detectors are those devices able to convert energy 
depositions of a particle passing through into a 
measurable signal 

Energy conversion into VISIBLE signal is strongly 
dependent on the interaction mechanism, incident particle 
and target allowing for PARTICLE DISCRIMINATION 
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Particle Detection Techniques 
Detectors are those devices able to convert energy 
depositions of a particle passing through into a 
measurable signal 

NEW DETECTORS  
DNA based dark matter detectors  
 
 
REVISITED OLD DETECTORS 
Nuclear emulsions 



Strategy to face the Direct Detection of 
WIMPs inthe lab 

We need very 
sensitive and 
radiopure Particle 
Detectors 

Experiments have 
to be shielded 
against all possible 
backgrounds and 
profit from active 
background 
rejection 
techniques 

Signatures of a 
Dark Matter 
interaction are 
required for a 
positive result 

vorbital = 30 km/s 

vsun = 230 km/s 



Shielding Strategies 
Background signals interferring with WIMP detection come from 
 
-COSMIC Rays 
-Environmental Radioactivity 



Underground Laboratories 

63 
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The Canfranc Underground Laboratory 

Since 1985 an underground laboratory 
under the Pyrenees 
 
2450 m.w.e. rock overburden 
 
Somport  railway tunnel  
 



The Canfranc Underground Laboratory 



Shielding Strategies 
Background signals interferring with WIMP detection come from 
 
-COSMIC Rays 
-Environmental Radioactivity 

Convenient shieldings against: 
Gammas, Neutrons, Muons, Radon 



Environmental Radioactivity 
More than 60 radioactive isotopes in the environment 

Núclido Símbolo Vida media Actividad natural

Uranio 235 235U 7.04 x 108 yr 0.72% del Uranio natural

Uranio 238 238U 4.47 x 109 yr
99.2745% del Uranio natural (0.5 a 4.7 ppm
total uranio en rocas comunes)

Torio 232 232Th 1.41 x 1010 yr 1.6 a 20 ppm en rocas comunes
Radio 226 226Ra 1.60 x 103 yr 16 Bq/kg en arcillas y 48 Bq/kg en roca ígnea
Radon 222 222Rn 3.82 days Gas noble; promedio anual en aire 0.6 Bq/m3 a

28 Bq/m3

Potasio 40 40K 1.28 x 109 yr 0.037-1.1 Bq/g
Tritio 3H 12.3 yr Tests armas nucleares y reactores de fisión

Yodo 131 131I 8.04 days Producto de fisión y utilizado en el tratamiento
de problemas de tiroides

Yodo 129 129I 1.57 x 107 yr Producto de fisión
Cesio 137 137Cs 30.17 yr Producto de fisión

Estroncio 90 90Sr 28.78 yr Producto de fisión
Tecnecio 99 99Tc 2.11 x 105 yr Producto de desintegración del 99Mo, utilizado

en diagnosis médica
Plutonio 239 239Pu 2.41 x 104 yr 238U + n--> 239U--> 239Np +ß--> 239Pu+ß

60 decays/s/kg 

WIMP   < < 1/interaction / kg/day 



Shielding Strategies 
Background signals interferring with WIMP detection come from 
 
-COSMIC Rays 
-Environmental Radioactivity 

Convenient shieldings against: 
Gammas, Neutrons, Muons, Radon 

Active Background Rejection: 
 

-Nuclear vs. Electron Recoils 
 

-Multiple Scattering/ Combination 
of different targets  
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Neutron event  

0 500 1000 1500 2000 2500 3000 3500 4000 4500 -1000 0 
1000 2000 3000 4000 5000 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 -400 -200 0 200 400 600 800 1000 1200 1400 
e/γ event Nuclear recoil 

event  



Shielding Strategies 
Background signals interferring with WIMP detection come from 
 
-COSMIC Rays 
-Environmental Radioactivity 

Convenient shieldings against: 
Gammas, Neutrons, Muons, Radon 

Active Background Rejection: 
 

-Nuclear vs. Electron Recoils 
 

-Multiple Scattering/ Combination 
of different targets  

WIMP         neutron 


