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CMB et Détection Directionnelle de Matière Sombre 



« Thermal History » of our Universe… 

t = 380 000 ans 
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•  densité de matière ΩM = ΩB + ΩNB 

•   déterminée par   CMB 
   SNIa 
               « clusters » de galaxies 
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 Ωtot = Ωr + ΩΛ + ΩM  

D. Santos (LPSC Grenoble) 



The Planck mission 
1m50 ø telescope  
→ up to 5’ resolution 

2 instruments : 

Low Frequency Instrument 
30 to 70 GHz @ 18 K 

High Frequency  Instrument 
100 to 857 GHz @ 0.1 K 

ESA mission : first European satellite dedicated to CMB study 
 launched: May 14th 2009 

HFI PI : J.-L. Puget (France)  
LFI PI : R. Mandolesi (Italy) 
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The cryogenic system 

0.1 K plate (HFI)

Main mirror 
50 K 

Instruments 
18 & 0.1 K 

shields 
50-60 K 
(passive cooling) 

Service module 
300 K 
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High Frequency Instrument 
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Credits : ESA- AOES medialab 

The focal plane 

The HFI plate (100 to 857 GHz) is 
surrounded by  
LFI horns (30 to 70 GHz) 

20 K 

Estimated Instrument Performance Goals 

In 10-6 

In 10-6 
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The scanning strategy 
From the L2 Lagrange point 
30 to 50 times the same circle,  
then shift of a third of the smallest beam 
→ full sky survey in 7 months 

Credits: ESA Scanning 
direction 
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143 GHz 

353 GHz 

545 GHz 

857 GHz 
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Effet SZ thermique avec Planck 

189 détections robustes des amas, dont 30 nouvelles… 

Coma: Planck (couleurs)  
 XMM (contours) 



Polarisation linéaire : (Q,U) Stokes par.   

Ф 

Mesurer le potentiel gravitationnel intégré :  

Q 

U 

T 
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(Ωbh2  , Ωmh2   , ΩΛ   , As  , ns ,  τ ,    YHe   , Σmν , w,  α,  Neff ) =
(0.022 , 0.134 , 0.73  , 0.8 ,  0.98 , 0.12 , 0.24 , 0.1  , -1  , 0 , 3.04) 

Modèle minimal   paramètre  
potentiellement  

détectable 

paramètres  
supplémentaires 

test des  
dégénérescences 

Prédiction des contraintes sur les paramètres cosmologiques 

Choix du modèle cosmologique sous-jacent : 

Exploration de l’espace des paramètres par MCMC 

Estimation de L (paramètres)  

Méthodologie: 

4 
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Lever les dégénérescences sur les 
paramètres cosmologiques  

sans 
lentilles 

L.Perotto , J. Lesgourgues, S. Hannestad, H. Tu, Y. Wong  
[JCAP 0610 (2006) 013]  



Lever les dégénérescences sur les 
paramètres cosmologiques  

L.Perotto , J. Lesgourgues, S. Hannestad, H. Tu, Y. Wong  
[JCAP 0610 (2006) 013]  

avec 
lentilles 



Ων /Ωdm 

sans 
lentilles 

Contraindre la masse des neutrinos avec PLANCK 

(ΛCDM + Σmν + w + α + Neff)  

68% et 95% C. L.  
 dans un modèle Λ(H+C)DM  

à 11 paramètres  1 eV 

0  
0.05 eV 

0.3 eV 

Σmν en eV 
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Non-baryonic Dark Matter 

•  DM hot (relativistic) :  neutrinos    Ωνh2 < 0.0067 (95% CL) (WMAP+2dFGRS) 

•  DM cold (not relativistic) :  WIMPs, Mχ ~ O(GeV)  

        Most favorable candidate :  
•  heavy : from 1 GeV to 1 TeV 
•  stable 
•  neutral  

  For       WIMPs : 

 avec Mχ = O(100 GeV) 

 ⇒ Ωχh2 = O(0.1)  

LPNHE – Paris- 10 Nov. 2011 D. Santos (LPSC Grenoble) 



À l’échelle des amas   

     La matière non-baryonique est 6 fois plus importante que la baryonique 

(1E0657-558) Z= 0.296 
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MIMAC 
MIcro-tpc MAtrix of Chambers  

A  Large TPC for directional non baryonic Dark Matter detection 

3rd International Workshop on 
Directional Detection of  
Dark Matter  
June 7th-10th, 2011 
 Aussois (FRANCE) 
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MIMAC 

LPSC (Grenoble) :  F. Mayet , J. Lamblin (starting 10/2011), D. Santos 
   J. Billard (Ph.D ), C. Grignon (post-doc:10/08-10/10) 

Technical Coordination :    O. Guillaudin 
    - Electronics :   G. Bosson, J-L. Bouly, O.Bourrion, J-P. Richer, J-P. Scordilis 
    - Gas detector :     O. Guillaudin, A. Pellisier, M. Marton   
    - Data Acquisition:   O. Bourrion 
    - Mechanical Structure:  Ch. Fourel, S. Roudier, J-C. Malacour,  

       D. Fombaron, S. Roni 
    - Ion source :     P. Sortais, T. Lamy, J. Angot 

CEA-Saclay (IRFU):  I. Giomataris, E. Ferrer, F.J. Iguaz, J-P. Mols 

IRSN (Cadarache): L. Lebreton, C. Golabek (leaving 10/2011) 
( CCPM (Marseille):  J. Busto , Ch. Tao (Tsinghua Univ.) ) (starting 06/2011) 

Fundings: ANR-Blanc (10/2007 – 10/2010)  (IRSN contract (11/2010 – 11/2015) 



    Direct detection 

Elastic collision of a Wimp with a gas target 
nucleus : 

Differential rate as a function of the recoil energy 

Galactic halo 

Particle Physics 

Nuclear Physics 

r : reduced mass 
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l 
b XG 

YG 

ZG 

Solar System 

Galactic Center VWIMP 

VSS 

Solar System’s orbit 

Dark matter Halo 
 = 

 gaz of WIMPs 

Galactic coordinates 

Flux de WIMP entrant dans un détecteur 
terrestre 

Cygnus Constellation (l = 90°,b = 0°) 

 Signal WIMP 

Distribution angulaire des événements 
de recul 

Après collision 

Signal WIMP attendu 



Direct detection : scalar vs axial 

Scalar Interaction : 

Axial Interaction : (spin coupling) 

Very weakly correlated… Complementary searches… 

Heavy nuclei : Ge, Xe, … 

Odd nuclei : 1H, 3He, 19F, 

Or… (73Ge, 129Xe) 

 WIMP-quark interaction : 
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Axial cross section   
and event rate in MIMAC-3He (10kg) 

•  0.02< Ωχh2< 0.15 
•  Accelerator constrains    

Exclusion curve for  
background 10-3 kg-1jour-1  

Neutralino mass (GeV/c2)  
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Complementarity with scalar detection  

σSD and σSI   
not correlated 

E. Moulin et al, PLB 614 (2005)143 
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Directionalité et SUSY 

arXiV:1109.6572 (ATLAS col.)  Squarks légers exclus au LHC (>1 TeV/c2) 

SUPPRIME 

 de nombreux modèles accessibles 
(MSSM, NMSSM) 

Collaboration : D. Albornoz Vasquez & G. Bélanger (LAPTH) (publication en cours) 



WIMP 

WIMP 

3He 

e- 

cathode 

micromesh 

anode 

E = 200 V/cm 

E = 30 kV/cm 

Gaz: 3He + 5% isobutane 

pixels 

strip readout 

Charge sensitive 
preamplifier 

 MIMAC 
Strategy :  
  Matrix of micro-TPC 
  Directional detection (energy and 3D track) 
  Multi-targets (1H,3He, 19F)          σ(A)  
  Axial interaction 
  3He, CH4, C4H10, CF4  

  TPC low pressure (~50 mbar) 
  Micromegas (CEA Saclay) 
 Tracks of a few mm  and  keV 

Rejection based on : 
  Energy and 3D-track  : e-/nuclei  
  Correlation of µTPCs  (neutrons) 

n 

19F 
CF4 

Tested ! 
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3D Detection principle 
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c)  Distribution spatiales des reculs 

ZW 

XG 

YG 

ZG 

lW 

bW 

YW 

XW 

ϕR 

θR Recoil 

•  Collision isotrope dans le CDM: 
108  Events with ER = [5,50] keV 

Directional Detection 

Map of recoils in galactic coordinates (HealPix) 

D. Santos (LPSC Grenoble) LPNHE – Paris- 10 Nov. 2011 



LPNHE – Paris- 10 Nov. 2011 D. Santos (LPSC Grenoble) 

Quenching factor measurement 
ECR source • Low energy ion source 

1 to 50 keV 

• Developped @LPSC 
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Detection of  4He (recoils) of 1.5 keV !! 
( 95%  4He + 5% iso) at 700mbars 



LPNHE – Paris- 10 Nov. 2011 D. Santos (LPSC Grenoble) 

IQF Measurement of 4He in 95% 4He + 5% C4 H10  
as a function of the pressure 
D. Santos et al. arXiv:astro-ph0810.1137 



5keV 19F Recoil in 60 mbar 
40mbar CF4+16.8mbar CHF3+1.2 mbar Isobutane	  

Recoil : 19F 5 keV 

Ei = 1.19 keV 

Q=0.238 

88 % FWHM 

Threshold : 400 eV 

400	  eV	  

Gas	  

E	  Dri-	  

1.19 keV 

Ion	  beam	  
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Ioniza?on	  Quenching	  Factor	  for	  Fluorine	  	  
in	  pure	  CF4	  at	  50	  mbar	  
(preliminary	  results)	  

Fluorine	  in	  CF4	  at	  
50	  mbar	  

He	  in	  He	  +	  5%	  
C4H10	  at	  350	  mbar	  



New Ion Source for calibration (quenching)
purposes (COMIMAC) 
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Drift volume – charge collection 
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The MIMAC-micromegas 100x100 (bulk) 
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MIMAC 100x100 (v2) 
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 MIMAC electronics (v2.0) (512 channels) 
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MIMAC prototype (v2.0) – 10x10x18 cm3 
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3D Track  : 5.9 keV electron (55Fe) 

He + 5% iC4H10 

350 mbar,  

150 V/cm 

Typical 
background in 
DM detection 
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3D track measurement of an electron of 1.5 keV (X(Al)) 



3D Tracks:  Drift velocity 

•  New mixed gas MIMAC target : CF4 + x% CHF3  (x=30) 

 Magboltz Simulation 

Too fast 
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MIMAC : recoil track measurements 
April 2009  

@ IRSN Cadarache 

and  May 16th, 2011 !!  

Amande facility : 

• Neutron field with energies down to a few keV  
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MIMAC prototype at Cadarache 
(detecting neutrons by nuclear recoil) 



 X-Y, X-Z and Y-Z projections, of a 1H  (60 keVee) 3D-recoil track 
produced by a neutron (565keV)(Amande-Cadarache).  Flash-ADC  
 ( sampled every 20ns) giving its stoping power dE/dx 

X-Y 

X-Z                            Y-Z 

FADC 

dE/dx 

MIMAC – (512 channels) 10x 10 x18  cm3 

LPNHE – Paris- 10 Nov. 2011 
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Calibration from  X rays:  3.05 keV (109Cd) et 5.96 keV (55Fe) 

Each event has its 
associated track… 

Trace en 3D :   1H  en 50mbar : 35mbar CF4 + 14 of  CHF3   + 
1mbar of  C4H10 !!! 

~57 keV (ionization), ~3 cm 
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Energy (ADC) 

Recoils from 144 keV neutrons 
Pure isobutane  

100 mbar  

150 V/cm 

Amande facility @ IRSN Cadarache 
-> Neutron field with energies down to a few keV  

Le
ng

th
 (c

m
) 

electrons 

Background discrimination from recoils 

NIS (Normalized Integrated Straggling) degree of freedom 

(144 keV) 



Normalized Integrated Straggling (NIS)  
(a new degree of freedom for e-recoil discrimination) 

( The adition of partial deflections along the measured track,  
normalized by its total energy) 
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NIS= Σ (Δθi) / E 

Summed over all the 
time samples of a track 

recoils 

electrons 
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X-Y, X-Z and Y-Z projections, of a 19F  (~40 keVee) 3D-recoil track in CF4+CHF3 
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X-Y, X-Z and Y-Z projections, of a 19F  (~50 keVee) 3D-recoil track in CF4+CHF3 
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Recoil of 19F 
(Eion~40 keV) 
in 50 mbar of 
CF4 + CHF3 (30%)  



3D track :   Alpha 5,5 MeV (222Rn) 

He + 5% iC4H10 

350 mbar,  

150 V/cm 
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Bi-chamber module (Modane ) 
2x (10x10x25 cm3) 

(March 2012 !) 
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MIMAC – 1m3 
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MIMAC : Dark Matter discovery/exclusion 

•  discovery (5σ)  
Up to 10-4 pb 

 0 WIMP, 300 bkg 

•  exclusion  
Up to 10-6 pb 

 100 WIMP, 100 bkg 

Simulated data 
•  30 kg.year CF4 
•  Recoil energy [5, 50] keV 
•  Angular resolution : 15° 
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Découverte à 3σ	

avec BDF 

sans BDF 

 La découverte reste possible même 
en présence de bruit de fond résiduel 

  Blindage léger ?  

  Limiter le BDF permet de gagner un 
ordre de grandeur. 

faible nombre de WIMPs nécessaires 

Détection directionnelle : 
découverte 

 Une découverte (>3σ @90%CL) avec BDF est possible jusqu’à 10-3-10-4 pb 



Masse – Section efficace Halo Matière sombre Signature Matière Sombre 

Contrainte simultanée des 8 paramètres avec une seule expérience 

Masse 

Section eff. 

σx 

σy 

σz 

Longitude 

Latitude 

Détection directionnelle : identification 
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