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Les Houches Summer School on Dark Matter

• 3 weeks of lectures 

• DM approached from several sides 
• Theory & phenomenology: 

• Particle DM 
• Primordial Black Holes 
• Modified gravity 

• Experimental techniques and present constraints 
• Cosmology and astrophysics 
• Direct Detection 
• Indirect Detection 
• Production at Colliders 
• New future research strategies  

• I will focus on particle DM 
• Start from Ruderman lectures => overview of production mechanisms for wide range of DM candidates 
• Some example of present constraints mainly from DD and ID
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The Dark Matter problem
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According to the latest CMB measurements by Planck experiment, DM accounts for about 27% 
of the Universe mass-energy. 
• Several astrophysical and cosmological evidences, all related to it’s gravitational interactions 

with ordinary matter 
• No evidence of non-gravitational interactions observed so far: 
‣ it’s nature is still largely unknown 
‣ Several possible candidates in a wide mass range 
‣ Need complementary approaches to DM detection
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Knowns and unknowns

What we know about (particle) Dark Matter 
• not a SM particle 
• massive (gravitational interactions) 
• “weakly” interacting with SM particles and long-lived 
• cold (according to standard cosmological model) 
• It’s abundance today is: Ω"# ∼ % . &#
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And what we don’t know 
• What kind of particle? Onle one or more particles? 
• Which mass? 
• How does interact with the SM particles 
• How much “cold” is it? 
• How was it produced?

DM abundance 
 (from Plank)
Ωχ"# ∼ % . &#

'χ =
(χ

) =
ρχ

*χ)
➡    => Ωχ"# = ( )%

ρ+"−# )*χ'χ *χ'χ = % . -- ./

 with  the critical density, i.e. 
the total energy density for k=0

Ω0 = ρ0/ρ+ ρ+

ρ+ = 12#
%

3π45
∼ & . %6 × &%−6"# 4.//+*1
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SM decay into DM   

                              

·( + 12( = − (ψ < Γψ > + (χ(ϕ < Γψ >
((.9

ψ ) < Γψ > = ((χ(ϕ).9 < Γψ >

• Building a model satisfying DM abundance today 
• DM density at the end of (FO) or before (FI) equilibrium can be described  

by Boltzman equation with  the collision operator 

• Examples:  
      Annihilating DM                                                            

• Detailed balance at eq: 

:[;]

·( + 12( = − (#
χ < σ< >χχ + (#

ϕ < σ< >ϕϕ

((.9
χ )# < σ< >χχ = ((.9

ϕ )# < σ< >ϕϕ

Building a DM model satisfying abundance today

• Different models depending on: 
• Nonzero DM abundance in early Universe and subsequent depletion (freeze out) or 

smal/zero abundance in early universe and production from thermal bath (freeze-in) 
• Interactions dominating DM depletion/production 
• Initial conditions) and interactions enforcing equilbrium 
• Symmetric or asymmetric DM 
• One single new state or hidden sector?  
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        Inert particles


      interacting particles

·( + 12( = &
=1

>((=1)
>? = %

·( + 12( = @
(#π)1 ∫ >1A

B :[;]{
χχ → ϕϕ ϕϕ → χχ ψ → χϕ χϕ → ψ

➡ Solving Boltzman equation and comparing with observed relic density, can derive sclaes of  and < σ< > DE < Γψ > *χ

J. Ruderman lectures
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Thermal relic: single state

2  2 annihilations:                                              

•  (WIMP)                                                                                           

•  with      (hidden sector).                                                               

 (forbidden sector)                              

                                                    From detailed balance, starting from inverse process 

3  2 annihilations:  (SIMP)                                  

• Possible only for bosonic DM                                                                                                          
• Forbidden if DM is charged under Z2  

 but consistent with Z3 symmetry 

Semi-annihilation:                                                  

 e.g. Z3 symmetry                                                                                        

→ χχ → ϕϕ ·( + 12( = − (#
χ < σ< >χχ + (#

ϕ < σ< >ϕϕ

ϕ ∈ GH < σ< > ∼ &
I.9HAJ

∼ α#
K

*#χ
∼ &I./ *χ ∼ αK I.9HAJ ∼ I./

ϕ ∈ LGH *ϕ < *χ < σ< > ∼ &
I.9HAJ

∼ α#
>

*#χ
*χ ∼ α> I.9HAJ ∼ α>/αK × I./

*ϕ > *χ < σ< >χχ = ((.9
γ>

(.9
χ )

#
< σ< >γ>γ>

∼ .−#δ*/I α#
>

*#γ>

*χ ∼ .−#δ*/IMN α> I.9HAJ ≪ I./

→ χχχ → χχ ·( + 12( = − (1
χ < σ<# >1χ + (#

χ < σ< >#χ

< σ<# > ∼ α#
>

*6χ
*χ ∼ α>(I#

.9HAJ)&/1 ∼ α> × 4./

χχ → χϕ ·(χ + 12(χ = − (#
χ < σ< >χχ + (χ(.9

ϕ < σ< >χ̄ϕ

< σ< > ∼ &
I.9HAJ

∼ α#
K

*#χ
∼ &I./ *χ ∼ αK I.9HAJ ∼ I./
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DM starts in kinetical and chemical equilibrium

(  and  singlet under SM gauge group, but 
charged under new dark gauge group)
ϕ χ

J. Ruderman lectures
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Multiple new states, all charged under a given symmetry that forbid their decay into other particles, but not among the  states 

• Co-annihilation: , with                                                            

• If the inverse process and scatterings with thermal bath particle are rapid =>  => N Boltzman equations simplified to same as WIMP 
case, with   and  

• Several possible scenarios depending on dominant annihilation channels. If annihilations dominated by heavier states, fimilar to forbidden sector => light DM 

• Co-scattering:  with  and          

• Co-annihilation and co-scattering complementary: the one that decouples first is dominant process for DM production, the other one enforces chemical 
equilibrium 

Asymmetric DM 
• Asymmetry between DM particle and anti-particle, potentially same origin as baryonic asymmetry 
• Asymmetry might arise for same processes independently, or be propagated from baryonic to dark matter 

• If baryon and DM masses are same order, baryon and DM abundances are similar as well =>  
• But most asymmetric DM models do not relate baryonic and dark matter asymmetries

χ0

χ0 → χ0−&ϕ *χ0
> *χ0−&

·( + 12( = − < σ< >.;; ((# − ((.9)#) < σ< >.;; = &
I.9HAJ(0

(P
= .μ0−μP

(.9
0

(.9
P

=
(.9

0
(.9

P( = ∑
0

(0 < σ< >.;; = ∑
0,P

((.9
0 (.9

P /(#
.9) < σ0P< >

χϕ → ψϕ *χ < *ψ ϕ ∈ GH | |LGH ·( + 12( = − (χ(.9
ϕ < σ< >χϕ + (.9

ψ (ϕ < σ< >ψϕ < σ< >.;; = .−(*χ−*ϕ)/IMN

I.9HAJ

Ωχ

ΩQ
∼ 6

9

Thermal relic: multiple states

 ΩQ"# ∼ = ( )%
ρ+"−# )( (L − (L̄

) )*A ∼ % . %##

Ωχ"# ∼ = ( )%
ρ+"−# )( (χ − (χ̄

) )*A ∼ % . &#

J. Ruderman lectures
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Thermal relic: dark temperature

• If DM in kinetic equilibrium with SM plasma, Dark temperature Td is equal to . What if  (dm-SM coupling small enough)?  

• The two temperatures can evolve independently and the total entropy of each sector is separately conserved at equilibrium 

•  =>  

• Impact on relic density:  => DM in a cooler dark sector requires smaller annihilation rate to reproduce relic 
density, in a hotter dark sector it requires larger annihilation rate 

• Cannibalism: 3  2 annihilations:  
• If there are no non-relativistic states  

• Assuming DS dominates by lightest state and  

•  =>  =>

Iγ I> ≠ Iγ

ξ = )GH
)>

=
@GH

*G I1
γ

@>
*GI1

>
= +D()? E = Iγ /I> = ξ&/1( @>

*G
@SH

*G )
&/1

Ωχ"# = (Ωχ"#)E=&E−&
MN

→ χχχ → χχ

μ& = %

ξ = )GH
)>

∼
@GH

*G I1
γ

@&(*&/I>)6/#I1
>.−*&/I>

E = Iγ /I> = ξ&/1( @&
@SH

*G )
&/1

(*&/I>)6/T.−*&/(1I>)
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Iγ ∝ =−&

I> ∝ &/(JD@ =)

“As the Universe expand, DM cannibalizes itself to 
keep warm”

J. Ruderman lectures
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Freeze-in:  with  in thermal eq. (IR)                 

• All particles in initial state in thermal equilibrium 

• Thermally averaged decay rate:  

• Boltzman equation =>  with ,  if  constant, 

  

Pandemic: transmission ,  not at eq,  (UV)      
thermal bath 

• Solving the Boltzman equation =>  => exponential growth with  rate

ψ → χϕ ψ ·( + 12( = < Γψ > ((.9
ψ −

(χ

(.9
χ

(.9
ψ ) ∼ (.9

ψ < Γψ >

< Γψ > ∼

>'χ

> JD@ V ∼ '.9
ψ

< Γψ >
2̃

'χ = (ψ /), V = *ψ /I 2̃ = 2 @*)

'.9
ψ

2 < Γψ > ∝

χψ → χχ χ ·( + 12( = < σ< >?E ((χ(.9
ψ −

(#
χ

(.9
χ

(.9
ψ ) ∼ (χ(.9

ψ < σ< >?E
ψ ∈

'χ ∼ '%
χ.VA[∫

∞

%

>V
V

(.9
ψ < σ< >?E

2̃ ] neq
ψ < σv >tr /H̃
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for  (true for small 
initial abundance and DM far 
from eq)

nχ < < neq
χ

       
(*/#I)Γψ (I ≫ *)
Γψ (I ≪ *){

       
ΓψI−1 (I ≫ *)
.−*/I (I ≪ *){ Dominant production for I ∼ *ψ

for  (true for 
small initial abundance 
and DM far from eq)

nχ < < neq
χ

Fleebly Interacting Massive Particles (FIMP) UV dominated if  maximized at high 
temperatures, IR dominated otherwise

Γχ /2
J. Ruderman lectures
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SuperWIMP:  with DM production mainly after  thermal decoupling (IR) 

Rapid , froze out after  becomes non-relativistic =>  

•  initially in thermal equilibrium, decay rate far slower than H =>  

• Considering  =>  

• This contribution should be sum to FI one: some DM produced by FI when , some after  annihilation decoupling and  
decays to DM 

Sterile neutrinos 

• Neutrino state  which couples to active neutrinos  through Yukawa coupling with Higgs 

• Mixing between sterile and active neutrinos => . If mixing angle small enough  
• good DM candidate (long lived) 
• Kinetically and chemically decoupled from SM => FIMP 

• Assuming 0 initial abundance => production by oscillations from thermal neutrinos (Dodelson-Widrow) 

     => relic density if 

ψ → χY ψ
ψψ̄ → ϕϕ ψ (ψ < σ< > ∼ 2

ψ Γψ ∼ 2
'χ = 'MN

ψ Ωχ"# = ( )%
ρ+"−# )*χ'χ = ( )%

ρ+"−# )*χ'ψ =
*χ

*ψ
(Ωχ"#)MN

I ∼ *ψ ψ ψ

ν) να

ν) → ναγ

Γν)
∼ 4#

MI6)0(#(#θ) )0(#(#θ) ∼ *#

(H/# + +4#MI6)# *) ∼ 1 . - Z./ × ().(##θ
&%−3 )

−%.T
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Relic density can be resonantly 
enhanced in presence of large 

lepton asymmetry in early 
Universe

Fleebly Interacting Massive Particles (FIMP)
J. Ruderman lectures



Titolo Testo 
Prova

Federica Piazza

Misalignement (axions)

• Scalar DM field produced with large occupation number => classical field in FRW metric 
• Klein-Gordon equation of motion :  

  

 

• Misalignement: production of scalar field, with nonzero initial field value ( ) seeded by inflation 

• Hubble friction =>  as long as  

• When  => start of  oscillation 

• Assuming  and using time-averages:  => acts as DM (fluid of NR particle) 

• Evolution in time:  =>  =>   => particle DM 

• Relic density:  if the initial amplitude is 

··ϕ + 3H ·ϕ = − V′ (ϕ)
/′ (ϕ, I) ∼ &/# *#

ϕ(I)ϕ

ϕ*
ϕ = ϕ* 2(I) ≫ *ϕ(I)

2(I*) = *ϕ(I*) = ** ϕ

2 ≪ *ϕ K = < \ϕ > / < ρϕ > =
·]#

#*#
ϕ]# ∼ %

< ·ρϕ >
< ρϕ > = − 1

·=
= +

·*ϕ

*ϕ

< ρϕ >
*ϕ

=1 = +D()? (ϕ/) = +D()?

Ωϕ"# = ( )%
ρ+"−# ) *%

ϕ(ϕ

) ∼ 1 . ^( )%
ρ+"−# ) @1/-

*
@*G

θ#
%

*%
ϕ;#

(*ϕ)&/#H1/#
AJ

]* = θ%;
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=>.        At high temperatures ( )  =>  constant (Hubble friction)··ϕ + 3H ·ϕ ∼ 0 2(I) ≫ *ϕ(I) ϕ

Homogeneity =>  
Inflation.         => 

ϕ = ϕ(?)
ϕ(%) = ϕ*

J. Ruderman lectures
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Direct Detection

• Especially targeting WIMP(like) DM 
• Interaction of WIMP “wind” with detectors. Mainly two signatures:  

• WIMP-nucleon (/electron) scattering 
• Modulation

14

J. Cooley lectures
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J. Cooley lectures
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Indirect detection
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T. Slatyer lectures

• Mainly detecting DM annihilation signals 
• “Nightmare” scenario: asymmetric DM and co-annihilation 
• Different strategies: 

• Radio & Microwave: synchrotron radiation from weak-scale DM 
annihilation products 

• X-ray: sterile neutrino  
• Gamma-rays: high energy lines or continuum, WIMP annihilation, 

heavy DM (>> TeV) decay and annihilation 
• Cosmic ray: WIMP annihilation. In particular positron and antiproton 

channels 
• Neutrino telescopes: heavy DM annihilation and decay 

• CMB & Lyman- : light (sub GeV) DMα
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Sensitivities

T. Slatyer lectures
Indirect detection

•  WIMP annihilation limits from y ray 
• From dwarf galaxies: main contraints from Fermi telescope 

VERITAS, MAGIC, HAWC and H.E.S.S dominate limits from Fermi 
for DM masses well above 1 TeV  

• gamma rays from galactic centre 
• gamma ray line enhanced if there are charged particles of about 

same mass as DM, especially if long-range force couples 2-particle 
DM to 2-charged particle states (WINO) 

• WIMP annihilation limits from cosmic rays 
• Positrons => leptonic annihilation 
• Antiprotons => hadronic annihilation 
• Radio measurements can be sensitive up to 500 GeV DM mass 

• Heavy DM from gamma-ray and neutrino: annihilation or decay 

• Light DM : dominated by cosmological constraints 
• Fermi angular resolution degrade below GeV and 100 MeV scale 

cannot decay into hadronic channels => suppress photon signals 
• low-E e- deflected by solar wind => limit lepton channel constraint
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•  WIMP annihilation limits from y ray 
• From dwarf galaxies: main contraints from Fermi telescope 

VERITAS, MAGIC, HAWC and H.E.S.S dominate limits from Fermi 
for DM masses well above 1 TeV  

• gamma rays from galactic centre 
• gamma ray line enhanced if there are charged particles of about 

same mass as DM, especially if long-range force couples 2-particle 
DM to 2-charged particle states (WINO) 

• WIMP annihilation limits from cosmic rays 
• Positrons => leptonic annihilation 
• Antiprotons => hadronic annihilation 
• Radio measurements can be sensitive up to 500 GeV DM mass 

• Heavy DM from gamma-ray and neutrino: annihilation or decay 

• Light DM : dominated by cosmological constraints 
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cannot decay into hadronic channels => suppress photon signals 
• low-E e- deflected by solar wind => limit lepton channel constraint



Titolo Testo 
Prova

Federica Piazza 19

•  WIMP annihilation limits from y ray 
• From dwarf galaxies: main contraints from Fermi telescope 

VERITAS, MAGIC, HAWC and H.E.S.S dominate limits from Fermi 
for DM masses well above 1 TeV  

• gamma rays from galactic centre 
• gamma ray line enhanced if there are charged particles of about 

same mass as DM, especially if long-range force couples 2-particle 
DM to 2-charged particle states (WINO) 

• WIMP annihilation limits from cosmic rays 
• Positrons => leptonic annihilation 
• Antiprotons => hadronic annihilation 
• Radio measurements can be sensitive up to 500 GeV DM mass 

• Heavy DM from gamma-ray and neutrino: annihilation or decay 

• Light DM : dominated by cosmological constraints 
• Fermi angular resolution degrade below GeV and 100 MeV scale 

cannot decay into hadronic channels => suppress photon signals 
• low-E e- deflected by solar wind => limit lepton channel constraint

Sufficiently high-energy photons 
can pair produce via interactions 
with the interstellar radiation field, 
producing an electron-photon 
cascade that results in a spectrum 
of gamma rays at lower energies

Indirect detection
T. Slatyer lectures
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•  WIMP annihilation limits from y ray 
• From dwarf galaxies: main contraints from Fermi telescope 
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same mass as DM, especially if long-range force couples 2-particle 
DM to 2-charged particle states (WINO) 

• WIMP annihilation limits from cosmic rays 
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Indirect detection
T. Slatyer lectures
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Sterile neutrinos detection
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• Constraints from searches for x-ray emission in regions of 
high DM density (Galactic Center, galaxy clusters, etc.)  

• In 2014, XMM-Newton X-Ray telescope data =>  unidentified 
X-ray line near 3.55 keV. Might be hint radiative decay of a 7 
keV sterile neutrino => hypothesis not completely ruled out 
yet  

J. Copp lectures
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 models parameter space1 → #
SIMP & cannibalization & ELDER

Y. Hochberg lectures
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• Sub GeV range gives access to hidden sector: important focus on 
dark photon searches (either as DM itself or as interaction mediator) 

Sub GeV DM & hidden sector prospects
T. Lin lectures
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• Sub GeV range gives access to hidden sector: important focus on 
dark photon searches (either as DM itself or as interaction mediator) 

• Light DM searches mainly based on DM-electron scattering, and 
phonon excitations 

• Some sensitivity also from DM-nucleon scattering 

Sub GeV DM & hidden sector prospects
T. Lin lectures
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Freeze-out models: detection

• Sub GeV range gives access to hidden sector: important focus on 
dark photon searches (either as DM itself or as interaction mediator) 

• Light DM searches mainly based on DM-electron scattering, and 
phonon excitations 

• Some sensitivity also from DM-nucleon scattering 

T. Lin lectures
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Axions: detection
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• Detection techniques:  
• LSW (ALPS-II): magnetic field to convert photons in axions and 

back into photons 
• Polarization experiments (PVLAS): photon-axion oscillation in 

the presence of the external B-field => depletion + phase-delay 
(birefringence) of polarization component of laser that is parallel 
to the B-field (dichroism) 

• Haloscopes (ADMX; RADED; ORPHEUS): high quality factor Q 
microwave cavity inside magnetic field, where Q can be of 
order 105. Primakow conversion of the axion to photon 
enhanced by factor Q if the resonant frequency of the cavity 
matches that of the axion field => resulting photons appear as 
an excited mode of the cavity  

• Solar axions helioscopes (CAST, IAXO, BabyIAXO): conversion 
of the solar axions back to photons in a strong laboratory 
magnet. The resulting photons keep the same energy as the 
incoming axions 

• DM radios: measurement of  tiny oscillating B-field associated 
with the axion dark matter field in an external constant 
magnetic field

I. Irastorza lectures
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