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Dark matter 
has been 

indirectly detected





Coma cluster





  

1- Apply the virial theorem to determine the total mass of the Coma Cluster
For an isolated self-gravitating system,

2- Count the number of galaxies (∼1000) and calculate the average mass



  

1- Apply the virial theorem to determine the total mass of the Coma Cluster
For an isolated self-gravitating system,

2- Count the number of galaxies (∼1000) and calculate the average mass













Inescapable?





Sanders, McGaugh
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  Bullet Cluster (1E 0657-56)Optical ImageOptical Image

““A direct empirical proof of the existence of dark matter”A direct empirical proof of the existence of dark matter”
Clowe, Clowe, et al.et al.,  Astrophys.J.648:L109-L113,2006,  Astrophys.J.648:L109-L113,2006.. 
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  Weak lensing ImageWeak lensing Image
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Abell 520MACS J0025.4-1222: 



  

Bahcall, Ostriker, Perlmutter, Steinhardt

The cosmic triangleThe cosmic triangle



  

Fields, Sarkar

Compare to the density of baryonic matte,
inferred from primordial nucleosynthesis



  

The cosmic pie



  

distancepc kpc Mpc Gpc

Solar
system Galaxies

Clusters 
of galaxies

Observable 
Universe

There is evidence for dark matter 
in a wide range of distance scales



  

What do we know 
about dark matter?



  

1) It is dark. No electric charge.

• If it has positive charge, it can form a bound state X+e-, an 
    “anomalously heavy hydrogen atom”.
• If it has negative charge, it can bind to nuclei, forming 
   “anomalously heavy isotopes”.



  

2) It is not made of baryons.
Primordial 

nucleosynthesis Cosmic Microwave 
Background radiation

MACHOs (planets, brown dwarfs, etc) are excluded
as the dominant component of dark matter.



  
Bode, Ostriker, Turok

3) It was “slow” at the time of the formation of the
first structures.



  

4) It exists today.



  

To summarize, observations indicate that the dark matter is 
constituted by particles which have:
• No electric charge, no color.
• No baryon number.
• Low velocity at the time of structure formation.
• Lifetime longer than the age of the Universe.
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Evidence for physics 

Evidence for physics 

beyond th
e Standard Model

beyond th
e Standard Model

of Partic
le Physics

of Partic
le Physics



  

What do we know 
about dark matter,

from the particle physics
point of view??

(without prejudice)



  

DARK MATTER

?
?

?

? ? ? ?



  

Collider 
searches

DM nucleus → DM nucleus 

DM DM → γ X, e+e-... (annihilation) pp → DM X 

Indirect 
detection

Direct detection

DM → γ X, e+X... (decay) 
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Roszkowski



  

Direct DM searches
with prejudice:
focus on WIMPs
 (possibility to  
observe a signal) 

q
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DM
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Present status:
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Collider 
searches
pp → DM X 



  

Collider DM searches
with prejudice:
focus on EW mass
(present energy frontier)
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Annihilating DM searches
with prejudice:
focus on WIMPs
 (possibility to 
observe a signal)
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DM

DM

Annihilating DM searches
with prejudice:
focus on WIMPs
 (possibility to 
observe a signal)

“canonical” annihilation
cross section
<σ v> ~ 3  10−26 cm3/s



  τ

Decaying DM searches:
- A signal could be observed
regardless of the cross section
with matter, and (almost) 
regardless of the mass.
- Prejudice in most of this talk: 
Assume a DM mass in the range
10 GeV-10 TeV



  

Decaying dark matter?
No matter particle is guaranteed to be stable

Accidental 
symmetry

Local 
symmetry

particle Lifetime Decay channel Theoretical justification

proton t>8.21033 years pe+ p0 Baryon number conservation

electron t>4.61026 years e  g n Electric charge conservation

neutrino t1012 years n  g g Lorentz symmetry conservation

neutron t=885.70.8 s n  p ne e- Isospin symmetry mildly broken.



  

Decaying dark matter?
No matter particle is guaranteed to be stable

particle Lifetime Decay channel Theoretical justification

proton t>8.21033 years pe+ p0 Baryon number conservation

electron t>4.61026 years e  g n Electric charge conservation

neutrino t1012 years n  g g Lorentz symmetry conservation

neutron t=885.70.8 s n  p ne e- Isospin symmetry mildly broken.
dark matter t109 years ??? ???

It is conceivable that the dark matter particle is long lived due to an 
accidental symmetry of the renormalizable Lagrangian (as for the proton).
Higher dimensional operators may induce the dark matter decay (as for the proton).
For a dimension six operator suppressed by a large scale M,

Accidental 
symmetry

Local 
symmetry



  

Indirect dark matter searches
Antimatter

Gamma-rays

Neutrinos

Production

Propagation

Detection

of



AntimatterAntimatter



hard e+antileptons

quarks
soft e+ 
p, D

Hard & soft e+ 
p, DZ0, W

ProductionProduction

Annihilation
rate  ρ2

hard e+antileptons

quarks
soft e+ 
p, D

Hard & soft e+ 
p, DZ0, W

Decay
rate  ρ

DM

DM

DM



Density distribution of dark matter particles. Unknown

• Assume spherical symmetry.

• Radial distribution:

NFW

Isothermal

Moore

Einasto

• Normalized such that the local DM density is 
               ρ(r=8.5 kpc) = 0.38 GeV/cm3

NFW, Isothermal,Moore

Einasto



The production is described by the source function

annihilation

decay



PropagationPropagation



Propagation

h=100 pc



Propagation



Propagation
R = 20 kpc

L=1-15 kpc



Propagation

x
y

z
R = 20 kpc

L=1-15 kpc

f : number density of antiparticles per unit kinetic energy

interstellar antimatter flux:



Propagation

x
y

z
R = 20 kpc

L=1-15 kpc

Source term

spallation

dark matter annihilation

dark matter decay
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Negligible for positrons. 
For antiprotons,

Propagation

x
y

z

Annihilation term

Tan, Ng



Propagation

x
y

z

Convection term ● Due to the Milky Way galactic wind. 
● It drifts particles away from the Galactic disk. 
● Difficult to model. Assume:



● Due to inverse Compton scattering on the interstellar 
radiation field (starlight, thermal radiation of dust, CMB), 
synchrotron radiation and ionization.
● Negligible for antiprotons and antideuterons
● Can be modelled

Propagation

x
y

z

Energy loss term



● Energy loss due to Inverse Compton scattering:  e+g → e+g

Porter et al.

γe= Ee/me  Lorentz factor.
Γe=4 γe ε/me 
q=Eγ/Γ(Ee−Eγ)  
σT=0.67 barn  Compton scattering cross section 
                              in the Thomson limit.

Number density 
of photons in ISRF

● Energy loss due to synchrotron radiation:

Approximately



Lavalle et al.
positron

antiproton



x
y

z

Diffusion term ● Due to the tangled magnetic field of the Galaxy.
● Difficult to model. Assume



Maurin, Donato, Taillet, Salati
2001

K0, , Vc (as well as L) must be determined with measurements
of other cosmic ray species (mainly B/C ratio).  Degeneracies





Propagation inside the Solar System

solar modulation parameter
F=500 MV − 1.3 GV

In the “force field approximation”,the flux 
at the top of the atmosphere (TOA)
is related to the interstellar flux (IS) by



Gast, Schael '09

Cosmic ray proton spectrum as measured 
by BESS, AMS-01 and PAMELA



PAMELA collaboration
arXiv:1007.0821

Experimental results: antiprotons

Fairly good agreement between the measurements and 
the theoretical predictions from spallation.



Annihilating dark matter: Lightest SUSY particle



Annihilating dark matter: Lightest KK particle



Annihilating dark matter: Sensitivity to the halo profile



Decaying dark matter: → W e 

mDM=300 GeVmDM=150 GeV

mDM=1000 GeVmDM=600 GeV

τDM=1026 s

Ibarra, Tran



MIN

MED

MAX

Tran et al.

→ W e, Z e, h e 



Decaying dark matter: Sensitivity to the halo profile

Ibarra, Tran
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