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Relevantparameters:

Masses: ά Ǫά Coupling:  ‗



Examplemodel (top-philicDM): [See: Garny, Heisig,LülfΣ IǳŦƴŀƎŜƭΩмуϐ 

ColoredScalar= Mediator

MajoranaFermion= DM 

2

Freeze-in and {ǳǇŜǊ²LatΩǎ
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Freeze-in:
No initial abundance

Productionfrom rare interactionsof ǿὸ
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Freeze-in:
No initial abundance

Productionfrom rare interactionsof ǿὸ

No equilibrium SM DM
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Yields from Freeze-in

Freeze-out ǿὸ
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Freeze-in:
No initial abundance

Productionfrom rare interactionsof ǿὸ

No equilibrium SM DM

SuperWIMP:
ǿὸ SM + SM ǿὸcanbe long-lived
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Freeze-in and {ǳǇŜǊ²LatΩǎ
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Yields from Freeze-in and SW

Decayǿὸ

SW…
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Decrease lifetime ǿὸ

Decayǿὸ

Freeze-out ǿὸ
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Decrease lifetime ǿὸ

Decayǿὸ

Freeze-out ǿὸ

Freeze-in + SW…
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FI and SW asNon-Cold Dark Matter
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Non-Cold Dark Matter (NCDM)

ώ.ŜŎƘǘƻƭҌΩнн
(Snowmass2021)] 



Non-Cold Dark Matter (NCDM)
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Warm Dark Matter (WDM) 
= DM is produced with 
non-negligible velocity

ώ.ŜŎƘǘƻƭҌΩнн
(Snowmass2021)] 



Non-Cold Dark Matter (NCDM)
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Free-streaming erases
structureon small scales

ώ.ŜŎƘǘƻƭҌΩнн
(Snowmass2021)] 

Warm Dark Matter (WDM) 
= DM is produced with 
non-negligible velocity



Non-Cold Dark Matter (NCDM)
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Warm Dark Matter (WDM) 
= DM with non-negligible velocity

Suppressiondueto free-streaming

Usefulrepresentation:
Transfer function= NCDM/CDM

Transfer function= NCDM/CDM
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Non-Cold Dark Matter (NCDM)
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Warm Dark Matter (WDM) 
= DM with non-negligible velocity

Suppressiondueto free-streaming

Usefulrepresentation:
Transfer function= NCDM/CDM

DM constraintedbecause
too muchsuppresionis 
not allowed

Transfer function= NCDM/CDM
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Free-streaming
[See: Heisigŀǘ 9t{Ωнмϐ
For plots 

Boltzmann code
CLASS
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Free-streaming
[See: Heisigŀǘ 9t{Ωнмϐ
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SuperWIMP contribution

Increasing lifetime of ǿὸ ‗
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Free-streaming
[See: Heisigŀǘ 9t{Ωнмϐ
For plots 

Increasing lifetime of ǿὸ ‗
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SW contribution goes 
to higher momentum

Shape changes due to 
mixture of FI and SW



ά increases
from 22keV     
77 MeVto fix 
the suppression
scale

Free-streaming
[See: Heisigŀǘ 9t{Ωнмϐ
For plots 
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Tests and constraints of FI and SW
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Method 1: Collider

Displaced Vertices ( + MET)

Creditsto Sam Junius
for the figures.

[See for example
/ŀƭƛōōƛΩнм for details 
on searches]
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ǿὸcan be a long-lived particle
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Method 1: Collider

Creditsto Sam Junius
for the figures.

Increasing lifetime of ǿὸ

Displaced Vertices ( + MET) R-Hadron
[See for example
/ŀƭƛōōƛΩнм for details 
on searches]
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Method 2: Lyman- thransition in neutral hydrogen
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Lyman- fhlux power spectrum
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Quasars (ᾀṂφ) shinethroughH-cloud
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Lyman- fhlux power spectrum
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Quasars (ᾀṂφ) shinethroughH-cloud

Absorption at differentᾀΩǎ resultsin 
shownprofile

Profile dependson distributionneutral 
H whichfollows the DM one

Expensivehydrodynamicalsimulations 
neededto extractconstrains
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Thermal WDM bound from Lyman-ʰ

Thermal WDM bound: ά ρȢω υȢσkeV

ώDŀǊȊƛƭƭƛҌΩмфΤ tŀƭŀƴǉǳŜ-5ŜƭŀōǊƻǳƛƭƭŜҌΩмфϐ



1 dominant process 

Equate: ὺ ὺ
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Recastingof thermal WDM bounds
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