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Fig. 5.9 Interaction of a high energy particle of charge Ze with an electron at rest. : Y. Big Bang Cosmology
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distance at which the influence of the traveling particle on the electron is negligible. P P 575 Matter is constantly created as the Universe expands
It corresponds roughly to the time when the orbital period is lower than the typical - A “?

interaction time. In other words, if the electron takes more time to move around the : e ® oo Fig. 2.9 Difference between the Steady State and the Big Bang cosmology

nucleus than to interact with the moving particle, the electromagnetic influence of -
the later becomes weak. If one write 7 the interacting time and vy the frequency of

the rotating electron in the atom (wl = wo/2m). it cvorresponds 0 A Stu d e nt’s G u i d e to Pa rti cl e PhySi CS P | < ‘, . with

HE=Pm (2.123)
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The lower limit b,,;, can be obtained if we suppose, by a quantum treatment and a n OS m 0 ogy

the application of the uncertainty principle, that the maximum energy transfer is
Apmax = 2mev (because as we discussed earlier, the maximum velocity transferred
to the electron is 2v) from ApAx 2 7i (Heisenberg principle) we have Ax 2 71/2m,v.
‘We can then write

T a3m

and z the redshift being defined by Eq. (2.23). Evolution is therefore similar in every
way to a de Sitter type Universe, but with a constant density of matter. It is therefore
not possible to distinguish these two models by the flow of a source Ly at r = Ryx,
which will be redshifted in the same way in both cases
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On the other hand, the number of sources is completely different, since in the case
of the steady state, the density remaining constant, the number of sources decreases
in the past (for a smaller volume, fewer sources) whereas for Big Bang type models,

420 B Particle Physics

The two parts of the Lagrangian one needs to compute the scalar annihilation of
Dark Matter SS — h — f f are (see B.235)°

Mw
Luss = ’IIHST;(]'ISS — CHss

and Lyps=- hff —Cuff i (B.145)

which gives
2 (s/2 - 21;13',) s > -

_ (B.146)

(s =Mp)*+Ty My

T'y being the width of the Higgs boson (including its own decay into SS, see next

650+ pages, from inflation to dark matter detection.

2nd edition (+ PBH + unification + history of cosmological models...

P41 A o o Dt o s All what 1s needed to compute cross-sections, relic abundance,
and retrace the history of a Dark Universe.

IMP?
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that a neutral vectorial dark matter of spin 1 corr

R e ™ Preface and forewords by K. Olive, J. Peebles and J. Silk
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DM : State of the art
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Based (mainly) on

S. E. Henrich, Y. Mambrini and K. A. Olive,
““Ultra-relativistic freeze-out: a bridge from WIMPs to FIMPs,"
[arX1v:2511.02117 [hep-ph]].

S. E. Henrich, M. Gross, Y. Mambrini and K. A. Olive,
“Ultra-Relativistic Freeze-Out During Reheating,"
[arX1v:2505.04703 [hep-ph]].

S. E. Henrich, Y. Mambrini and K. A. Olive,
‘portal dark matter from post-inflationary reheating: WIMPs, FIMPs, and UFOs"
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1 DM particle for ~3 billions photons
O O O = high annihilation rate required = possible detection
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Direct detection of DM
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w— DAMIC-M, this work
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which dilutes dark matter in a thermal equilibrium, erasing the pre-thermal history.
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Neglecting the 1nitial production of dark matter 1s very risky (and surely wrong)*

One need 0 jgstify why the p CEsSE ] gravity produces a large amount of DM
of reheating 1s « dark-matter blind » |

(why the inflaton does not couple to DM?)

There exist modes which exited the horizon during inflation, and are caught back later
4.3 x 10 GeV
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*This problem is circumvented in the case of WIMP,
which dilutes dark matter in a thermal equilibrium, erasing the pre-thermal history.
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The relic abundance 1s given by

n(Tro) m,
Ies 1 GeV
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The relic abundance 1s given by

n(Tro) m,
Ies 1 GeV

2=6x10°

with T the freeze out temperature 7, (1) ~ ;0
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In the case of FIMP, we have
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Reheating :  /rii'hiitin/ noun
Process of transfer of energy from a de Sitter space to
radiation through the oscillations of a classical
homogeneous field (the inflaton)

- inflaton

MV : radiation
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Reheating 1n a nutshell

¢ +3Hp = — V()
|45
Py = ECb + V(¢)
dp,
? “ 3Hp¢ == F¢p¢

Feynman
approach
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Ultra-Relativistic Freeze Out




Ultra-Relativistic Freeze Out
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Freeze In at Stronger Coupling
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Freeze In at Stronger Coupling

In the « classical » FIMP case, we
comp
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FIMP at stronger coupling (2025)
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FIMP at stronger coupling (2025)
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