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« Never underestimate the joy people

derive from hearing something they 

already know »
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Gravitational evidences for Dark Matter

Galaxy rotation Galaxy clusters Structures formation



  



  

1. Rotation Curve of Spiral Galaxies

R
optical 

~ 20 kpc



  

Radius

V
orbital

Newton  says  
V2 ~ GM(R)/R

R
optical



  
V ~ const M(R) ~ R

Invisible  
(Dark) Halo



  

2. Clusters of galaxies



  

Fritz Zwicky

Invisible Matter 
in Coma Cluster 
(1933)

M/L~100 M
ʘ
/L

ʘ

(mass-to-light ratio) 



  

The Bullet Cluster (1E 0657-558)



  

(aka Bullet Cluster) in X-rays



  



  



  



  

MOND



  

3. Large scale structure



  



  



  

PRESSURE > GRAVITY



  

PRESSURE > GRAVITY GRAVITY > PRESSURE



  

∆ ~ e±ωt

Jeans Instability



  

EXPANSION

EXPANSION



  

∆ ~ t2/3 ~ a(t) 

Jeans Instability
(matter dominated universe)



  
Scale factorScale factor a(t)



  



  
Scale factor



  

In Summary, good gravitational evidences for 
the existence of Dark Matter in the 
Universe

This Dark Matter cannot be made of baryons 
(ie protons)

Alternative scenarios (like a modification of 
the laws of gravity) seem to be contrived
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1. Cosmic neutrinos, a missed opportunity? 

There are about 300 Neutrinos/cm3  in 
our Universe and neutrinos are Massive

Neutrino oscillations  Δm2
23

 ~ 10-3 eV2

Tritium β-decay   m
ν 
 < 2 eV

0.1 % < Ω
ν
 < 12 %      (<< 25%)

nb: Dark matter exists! 



  

   Hot Dark Matter       or   Cold Dark Matter? 
  (like light neutrinos) (typically more massive

particles)         
 



  

Cold Dark Matter! 
(perhaps a bit warm, but definitively not hot)

OK



  

2. If there is a problem, invent a new particle!

e.g. Neutron 
(Rutherford, 1920 -> Chadwick 1932)

Neutrino 
(Pauli, 1930 -> Reines et al, 1956) 

Z  (Weinberg, 1967 -> 1983)

H (Symmetry breaking, 60's -> 2012?)

  



  

A Good Dark Matter Candidate is:

Neutral (little interaction with 
light)

Stable (or very long lived 
Τ

1/2
 > ~ 1026 sec)

Possibly Massive (M > ~ 100 eV = COLD) 
particle



  

Topology

e.g. Monopoles



  



  



  



  

2. The WIMP* Miracle  

* Weakly Interacting Massive Particle



  

Another view of the (so-called) WIMP 
Miracle



  

1. Let X be stable, neutral, massive  
and X + X <-> SM + SM (annihilation)
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Expansion Rate vs    Annihilation Rate



  

4. Freeze-Out of annihilations

n
FO

 ~ H/<σv> 

If annihilation then n
FO

    



  

Y
fo
 ~ 1/<σ v>

Weaker

Stronger

Y ~ n
X
/n

γ
 

M
X
/T 



  

Need σ v ~ 1 pb (WMAP)

For σ v ~ α
w
²/M

dm

2

Then M
dm
 ~ 10² GeV

The WIMP Miracle ?



  Courtesy of Keith Olive

Neutralino Mass & Relic Density

See also arXiv:0907.5568

WMAP Prior

M
χ
 ~ 100 GeV



  

Cowsik & McLelland

Lee & Weinberg  

Griest & Kamionkowski 

e.g. Dirac Neutrino + EW Interactions

Figure © K. Kainulainen

~TeV

~GeV

M~eV
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Why I ♥ Light (~ GeV) Dark Matter

 Ω
dm
/Ω

b 
≈ 5
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b

 x Density
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= O(1)

QCD Dynamics Baryogenesis (?)

Freeze-out,... ?EW, SUSY,... ?

Why I ♥ Light (~ GeV) Dark Matter
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≈ 5



  
Nussinov; Barr; Kaplan;Gudnasson et al;Dodelson et al;Kitano et al;Farrar et al; Lopez Honorez, 
Cosme & M.T.; Zurek et al; … and some new scenarios recently

 Ω
dm
/Ω

b 
≈ 5

Mass
dm

 x Density
dm

Mass
b

 x Density
b

= O(1)

QCD Dynamics Baryogenesis (?)

Freeze-out,... ?EW, SUSY,... ?

Is this a Coincidence ? 

Why I ♥ Light (~ GeV) Dark Matter



  

CERTIFIED
MIRACLE

A 100 GeV 
Wimp Freezing

Baryons avoiding a 
catastrophe



  

Mass
dm

 x Density
dm

Mass
b
 x Density

b

= O(1)

Asymmetric Dark & Baryonic Matters ?

« Vanilla » scenarios imply Light ~ GeV DM

Nussinov; Barr; Kaplan; Dodelson et al; Gudnasson et al; Dodelson et al; Kitano et al; Farrar et 
al; Lopez Honorez, Cosme & M.T.; Zurek et al; … 

And quite some variations on this idea more recently (Aidogenesis, Cogenesis, Xogenesis, 
Baryomorphosis, Darkogenesis,...)



  
Just an example, taken from Lopez Honorez, Cosme & M.T. (2005)



  

Nice, if one likes complications....



  

We don't know what Dark Matter if made of, 
but we know it is not made of (light) 
neutrinos. 

Particle physics propose simple scenario, the 
WIMP paradigm, that points to new physics 
@ the Electroweak energy scale.

Of course, there are many other scenarios...
But this opens the hope to probe DM with 
other interactions than gravity. 
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How to search for Dark Matter? Part 1



  

X 

X 

SM 

SM 

Time 

X 

Dark Matter Abundance (Early Universe)



  

X 

X 

 Nucleus 

Nucleus 

Time 

X 

1. Dark Matter Direct Detection



  

WIMP Direct Detection Searches In Brief

E
recoil

 ~ M2
dm

/M
N
 v2 (for M

dm
 <  M

N
)  

E
recoil

~ typically few keV

Goodman & Witten (1985)



  

BACKGROUND!

 Go deep underground!
(and work hard on your 
background) 



  
Drukier, Freese & Spergel (1986)

Seasonal modulation: a possible background 
free (?) signature of WIMPs?



  

First indices: DAMA/NaI & DAMA/Libra
Ra

te

Time

Dark Matter

Background

June

December

Rem: not to scale!
 
1. Modulation ~ few % level

2. Large Bckgrd

---> Single-hit events



  

Combined DAMA/NaI & DAMA/Libra arXiv:0804.2741

Modulation significant @ low E
r

Max consistent with 
early June

Significance C.L.= 8.2σ

Goes back to 1996!



  

Elastic, spin-independent scattering, essentially with Na 

M = 12 GeV
σ

n 
 = 1.5 10-40 cm2



  

σ
N

M
X

How Direct Search results are presented



  

σ
N

M
X

Excluded

How Direct Search results are presented



  

σ
N

M
X

Excluded

Detector 
threshold

n
X            

as M
X 

(ρ
X
 ≈ 0.3 

GeV/cm3)

How Direct Search results are presented



  

σ
N

M
X

Excluded

How Direct Search results are presented

10-38 cm2

10-45 cm2

1 GeV 1 TeV



  

σ
N

M
X

How Direct Search results are presented

10-38 cm2

10-45 cm2

1 GeV 1 TeV

Region Of Interest (eg DAMA)



  

σ
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M
X

How Direct Search results are presented

10-38 cm2

10-45 cm2

1 GeV 1 TeV

Your Favorite Theoretical 
Model



  

σ
N

M
X

How Direct Search results are presented

10-38 cm2

10-45 cm2

1 GeV 1 TeV

Your Favorite Theoretical 
Model is dead



  

σ
N

M
X

How Direct Search results are presented

10-38 cm2

10-45 cm2

1 GeV 1 TeV

?



  

CoGeNT  Excess March 2010

Xenon100 (first results)   May 2010

CDMS-II  2 events... November 2009

CDMS-II  (low recoil analysis)  December 2010

Xenon100 (100 days exp.)   May 2011

Xenon10  Low recoil analysis    July 2010

CoGeNT   Modulation  May 2011

CRESST  Excess    September 2011

CDMS-II  Modulation?  Winter 2012

CoGeNT   Contamination?  September 2011



  

State of the Art

Fig. From CRESST (2011)



  



  



  



  

Direct search is an heroic effort to actually 
see dark matter. 

The signal is expected to be very tiny, so 
background is the enemy. 

There are some positive signals, but there 
are excluded by other DM experiments. 

Most likely the problem is background. Or 
perhaps it is DM, but of a kind we have not 
anticipated. 



  

Near future?



  

How to search for Dark Matter? Part 2



  

X 

X 

SM 

SM 

Time 

X 

Dark Matter Abudance (Early Universe)



  

X 

X 

p 

p  

Time 

X 

Dark Matter Production @ Colliders



  

Eg LHC

P + P ---> jets + Missing Energy

Possibly Dark Matter



  
Slide from Steve Worm (Moriond, 2012)



  

Slide from Steve Worm (Moriond, 2012)



  

How to search for Dark Matter? Part 3



  

X 

X 

SM 

SM 

Time 

X 

Dark Matter Abundance (Early Universe)



  

X 

X 

 

Time 

X 

Indirect Searches

γ, ν, e±,q,... 

γ, ν, e±,q,... 



  

Dark Matter (ie WIMPs) may annihilate in

1. Antimatter (e+, anti-protons,...)

2. Neutrinos

3. Gamma rays



  



  



  



  

Figure from Cirelli, Strumia & Raidal
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GeV ν flux !!!



  

ICECUBE, the Biggest Dark Matter Detector In The World



  

No signal seen, so ICECUBE sets exclusion limits... 



  

Gamma rays (the sky as seen by Fermi-LAT)



  



  



  



  

Observation by Fermi-LAT of 

Dwarf Spheroidal Galaxies = Satellites of the 
Milky Way

+ Large Mass/Luminosity ratio (lot of DM there?)

+ Low astrophysical activity (low gamma-ray 
background)

- Only few dSphs  (low statistics)



  

No signal seen, so Fermi-LAT sets Exclusion 
Limits... 

WMAP

M
dm
 < 25 GeV



  

X 

X 

 

X γ

γ

A gamma-ray line? 



  

Continuous spectrum
(essentially γ-ray from π0 decay)



  

Continuous spectrum
(essentially γ-ray from π0 decay)

A Gamma-ray Line
(E

γ
 = M

X
 ?)



  

Continuous spectrum
(essentially γ-ray from π0 decay)

A Gamma-ray Line
(E

γ
 = M

X
 ?)



  

Figure from C. Weniger (1204.2797)



  

General Summary



  

* Convincing Gravitational 
evidences for DM
(both astro and cosmo)

* We, particle physicists, believe
that it is made of (a) new particle(s)

* Which one(s), we don't know (yet) 



  

* If we are lucky, DM has Weak 
Interactions (the WIMP paradigm)

* Opens the possibility for DIRECT 
DETECTION (some clues, but 
contradicting and altogether not 
very convincing, yet)
 



  

* Beautiful complementarity with 
 PRODUCTION @ COLLIDERS
and INDIRECT DETECTION 

*  There are positive Smoking Guns 
signal  



  

* Beautiful complementarity with 
 PRODUCTION @ COLLIDERS
and INDIRECT DETECTION 

*  There are positive Smoking Guns 
signals 

* Likely « Pétards Mouillés » but 
this is sometime how discoveries 
happens    
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