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650+ pages, from inflation to dark matter detection. 
2nd edition (+ PBH + unification + history of cosmological models…) 

 All what is needed to compute cross-sections, relic abundance,  
and retrace the history of a Dark Universe. 

Preface and forewords by K. Olive, J. Peebles and J. Silk 

420 B Particle Physics

The two parts of the Lagrangian one needs to compute the scalar annihilation of
Dark Matter (( ! ⌘ ! 5̄ 5 are (see B.235)9
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�� being the width of the Higgs boson (including its own decay into ((, see next
section). When ones implement this value of |M|

2 into Eq.(B.111) one obtains after
simplification
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B.4.4.11 Annihilation in the case of vectorial Dark Matter to pairs of fermions

+`

+`
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⌘

One can compute this annihilation cross section by the normal procedure or noticing
that a neutral vectorial dark matter of spin 1 corresponds to 3 degrees of freedom.
After averaging on the spin one can then write hfEi

+ = 3
3⇥3 hfEi

( = 1
3 hfEi

( . The
academical computation for +` (?1)+` (?2) ! 5 5 gives

9 Notice the factor 2 between L�(( and C�(( coming from the fact that ( is real: ( = (
⇤ (it

corresponds to the 2 possible contractions)
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Fig. 5.9 Interaction of a high energy particle of charge /4 with an electron at rest.
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Fig. 5.10 Moving particle in an interstellar medium of density #4.

distance at which the influence of the traveling particle on the electron is negligible.
It corresponds roughly to the time when the orbital period is lower than the typical
interaction time. In other words, if the electron takes more time to move around the
nucleus than to interact with the moving particle, the electromagnetic influence of
the later becomes weak. If one write g the interacting time and a0 the frequency of
the rotating electron in the atom (a0 = l0/2c), it corresponds to

g '
21
E

<

1
a0

) 1 <

E

2a0
= 1<0G (5.37)

The lower limit 1<8= can be obtained if we suppose, by a quantum treatment and
the application of the uncertainty principle, that the maximum energy transfer is
�?<0G = 2<4E (because as we discussed earlier, the maximum velocity transferred
to the electron is 2E) from �?�G & \ (Heisenberg principle) we have �G & \/2<4E.
We can then write
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ℒ = gχH2χ2 ⇒ gχ ≃ gEW
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 (why the inflaton does not couple to DM?)

χ

χ

graviton

Even in the absence of couplings,  
gravity produces a large amount of DM  
by inflaton scattering after inflation… 

after inflation

There exist modes which  exited the horizon during inflation, and are caught back later 

:   ρχ ∼ H2 ⇒ Ωχh2 ≃ 0.1 ( 4.3 × 1020 GeV
mχ )

Hend
Hnow
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g ∼ 10−11

FIMP
(freeze-in)

n0
χ

abundance Too feeble coupling + over density!!
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The relic abundance is given by  

with  the freeze out temperature      TFO nγ(TFO) ∼ T3
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Need to understand better the  
pré-radiative era :  

the Reheating
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dt
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Feynman 
 approach
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Large (!) injection of entropy  
which can dilute the DM,  

reducing considerably  
nχ

T3
FO

∼
nχ

nγ
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