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Freeze-out vs freeze-in

=~ < J 53

Thermal Freeze-out

arXiv:0911.1120 )
Freeze-in

* Freeze-out is typically associated with strongly coupled models to establish equilibrium

® Freeze-in with feebly coupled ones to avoid it
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Reheating

Reheating is the period of the universe after inflation and before RD, where inflatons and
radiation coexist.
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Reheating is the period of the universe after inflation and before RD, where inflatons and
radiation coexist.
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Common cosmological assumption for DM production:
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The temperature increases to reach
T, ,.due to entropy injection

e The universe (instantaneously) reheated to a very high temperature (higher than all scales in
the micro model)

e Dark matter production happened after reheating, during RD
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Freeze-in at stronger coupling

Consider the case of freeze-in through scattering processes, the solution of the Boltzmann
equation is

Y =

X

Trh dT
[ < ov > Y)‘;‘]Y;‘]

. TH(T)s(T)
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Freeze-in at stronger coupling

Consider the case of freeze-in through scattering processes, the solution of the Boltzmann

equation is
Trh dT .“ | B LN ..‘ "‘ | B L | ."
Y, = [ — i< ov >1YIYY:
T TH(T)S(T) % R 04

Conventional approach
requires this to be small
(feeble couplings)

But what if this is small? ie. Boltzmann suppression « e~ 7 at
the beginning of RD
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Freeze-in does not require feeble couplings. But sub-Hubble
reaction rates

Freeze-in at stronger coupling is possible and has interesting phenomenological implications for
colliders (arXiv:2606.19564,2306.13061,2405.03760).

It is also possible that due to very low T, a non-feebly-interacting mediator freezes-in instead of

freezing-out
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Freeze-in at stronger coupling

Consider the case of freeze-in through scattering processes, the solution of the Boltzmann
equation is

_ eqyeq
Y = <0v>Y%YX

X

[Trh AT
T, TH(T)s(T)

Freeze-in does not require feeble couplings. But sub-Hubble
reaction rates

Freeze-in at stronger coupling is possible and has interesting phenomenological implications for
colliders (arXiv:2606.19564,2306.13061,2405.03760).

It is also possible that due to very low T, a non-feebly-interacting mediator freezes-in instead of

freezing-out

Natural questions: What if WIMPs themselves freeze-in due

to low T, ? What is the impact of a finite reheating time?
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The Inert Doublet Model

An extension of the Standard Model by a complex, SU(2), doublet, scalar field ®, odd under a
Z, symmetry. Then only the scalar potential of the SM Lagrangian is modified and reads

/15
V, = ﬂ12|H|2+;422|c1>|2+zl|H|4+zz|c1>|4+/13|H|2|c1>|2+z4|HTc1>|2+? (H'®)?+H.c.
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The Inert Doublet Model

An extension of the Standard Model by a complex, SU(2), doublet, scalar field ®, odd under a
Z, symmetry. Then only the scalar potential of the SM Lagrangian is modified and reads

/15
V, = ﬂ12|H|2+M22|c1>|2+zl|H|4+zz|c1>|4+/13|H|2|c1>|2+z4|HTq>|2+?[(HTq>)2+H.c.

After EWSB, the SM Higgs doublet H and the inert doublet can be expanded as

G H*
H = . : d = :
ﬁ(v—{—h—}—l(}'o) %(HOJ—lAO)
The IDM introduces 3 new particles and five new free parameters

{Mza Ay Azs Ay, /15}

That can be traded for more physically intuitive ones

{mHo, Mypo, My, j’L’ 12}

Dark matter candidates: H® or A®. Identical phenomenology, stick to HY for simplicity.
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Constraints on the IDM

The IDM is subject to multiple constraints :
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The IDM is subject to multiple constraints :
* Theoretical: vacuum stability, perturbativity, unitarity (arXiv: 1503.07078)

e Direct detection constrains the value of 4; (We will stick to 4, = 0)
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The IDM is subject to multiple constraints :

* Theoretical: vacuum stability, perturbativity, unitarity (arXiv: 1503.07078)
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Constraints on the IDM

The IDM is subject to multiple constraints :
* Theoretical: vacuum stability, perturbativity, unitarity (arXiv: 1503.07078)
e Direct detection constrains the value of 4; (We will stick to 4; = 0)
e Indirect detection constrains the maximum mass splitting between H” and A°/H*

e | L P searches in colliders constrain the minimum mass splitting
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Relic density with thermal freeze-out
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Relic density with thermal freeze-out
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Relic density with thermal freeze-out

meyo = 400 GeV

At small myo no
solution to satisfy the
relic density

e | DM — Planck Qh2=0.120
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Relic decreases as Am increases
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Relic density with thermal freeze-out
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Relic density with thermal freeze-out

myo = 600 GeV

— |DM — Planck Qh2=0.120
10—1.
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< 10
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Am[GeV]

With higher HY mass, the relic can be
satisfied
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Relic density with thermal freeze-out
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Relic density with thermal freeze-out

mgyo = 800 GeV

= |DM —— Planck Qh2=0.120

10° 101 102

Am[GeV]

As H' mass keeps increasing, the
required Am to satisfy the relic is higher
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Relic density with low instantaneous reheating
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Relic density with low instantaneous reheating
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Relic density with low instantaneous reheating
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Relic density with low instantaneous reheating
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Relic density with non-instantaneous reheating(1)
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Relic density with non-instantaneous reheating(1)
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Normal freeze-out behavior (starts after

reheating). T, is large enough to allow H’
to be in thermal equilibrium after
reheating
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Abundance evolution : FO after reheating
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Y=n/s

Abundance evolution : FO after reheating
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Y=n/s
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Abundance evolution : FO after reheating
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Freeze-out happens after
reheating during RD

At T, the dark matter
density is in
equilibrium



Relic density with non-instantaneous reheating(2)
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Relic density with non-instantaneous reheating

(2)
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Abundance evolution : FO during reheating
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Abundance evolution : FO during reheating
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Abundance evolution : FO during reheating
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Relic density with non-instantaneous reheating
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Relic density with non-instantaneous reheating(3)
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Abundance evolution : FI during reheating
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Abundance evolution : FI during reheating
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Relic density with non-instantaneous reheating(4)
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Relic density with non-instantaneous reheating(4)
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Conclusion

® The usual cosmological assumption in cosmic dark matter production is that the universe
reheats instantaneously at a very high temperature

e Modifying this assumption can lead to significant changes in both cosmic dark matter
production and phenomenology

* |In the case of a typical WIMP model, the IDM, a low instantaneous reheating temperature can
lead to dark matter production via freeze-in

e In the case of non-instantaneous reheating, depending on the value of T, , ., WIMP dark

matter can be produced by :

ax !

- Standard freeze-out after reheating
- Freeze-out during reheating
- Freeze-in
* |n such modified cosmological scenarios, the viable parameter space is drastically modified

® In progress:

Precise constraints on Am,, ;.

- Ay #0case

Other alternative cosmology scenarios
- LZ7

Thomas Reggio



Thank vou for yvour attention !!

Thomas Reggio



Backup slides

Thomas Reggio



