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gravitational particle production background
freeze-in with low temperatures
simplest models  (Higgs portal, Z’, ...)

direct DM detection, invisible Higgs decay
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General remarks

— psychologically thermal particles are natural:

we observe ONLY thermal particles in reality (e, gamma, ...)

because we only see particles with gauge interactions

— freeze-out is real (neutrinos)

— non-thermal particles ~ paradigm shift, challenging:

- initial conditions are as important as the production mechanism

(or prove otherwise)

- gravity is always there - must prove it’s irrelevant

(otherwise there’s nothing to talk about)



Gravitational particle production

s/}<\/\§\

Inflation:

a~th

After inflation:

__-I _____ Jt-__- ¢ ~ cosmt




Dolgov, Kirilova ‘90
Traschen, Brandenberger ‘90

Example: perturbative calculation (no collective effects)
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Same applies to Planck-suppressed op-s, e.g.

Note:

Need

L4
VA
MG,

gravity Is not classical at high energies

h
one-graviton exchange inadequate >m\§<

E.g. n-point fuction in strings ¢ <:>
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Planck-suppressed operators are very efficient in particle production:
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coefficients unknown! (quantum gravity)

Koutroulis, OL, Pokorski ‘24

Fermions :
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VS VS
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P w produces viable COLD keV sterile neutrino DM (C ~ 0.1)

Freeze-in models suffer from the gravitational background =+ not predictive



https://arxiv.org/abs/2210.02293
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- Gravitationally produced relics may be the end of the story

- If not, can get rid of it:

inflaton energy density ~ a3

rel. relic energy density ~ a*

low I'r
What if T_<m_, ?
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Logic:

All we know

High T, = strong assumption !

T >4 MeV

Relax it and reanalyze

— Higgs portal

— Z’ extension

(Hannestad 2004)

— v, + scalar extension

—) direct DM detection + invisble Higgs decay
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Simplest model = Higgs portal DM
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Scalar Higgs portal DM : V(s)
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New input: treat unknown T_ as a free parameter == direct detection + invisible Higgs decay
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Very low T :
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Detour: Reheating vs Maximal temperature

Not much is known if any ... Textbook (¢ - SM) :
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Closer look at “freeze-in" paradigm:

Logical extension:
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2 tiny couplings: DM-SM and DM-inflaton !
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) T ___ changes completely!
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SM p produced via “spectator” ¥ decay:
p+4Hp =T,p,
H = H[}/anl )
py = py/a"
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Z’ extension
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Example: universal coupling A , Mz =5 TeV
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Koivunen, OL, Raidal ‘24

v extension
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Example: scalar mixing = 0.2, heavy scalar mass = 300 GeV
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CONCLUSION

— dark relics are (over)produced during/after inflation
— non-thermal DM is sensitive to (quantum) gravity

— motivates freeze-in at stronger coupling (LHC,DD)
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