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We only understand 5%.

[PBS spacetime]
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We need 

of cold dark matter in order 
to explain the CMB, galaxy 
clustering, the bullet cluster, 
galactic rotation curves, … 

<latexit sha1_base64="y4qz/l5QwWJHYXmHqIMNcUPuLTY="></latexit>

!DMh2 = 0.12

Cirelli+ [2406.01705]

https://www.pbs.org/video/do-we-need-a-new-dark-matter-model-5rahk9/
https://arxiv.org/pdf/2406.01705
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The WIMP miracle.
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If DM can annihilate into SM 
particles with a cross 

section  …⟨σv⟩

… the DM abundance can freeze out to 
the observed relic abundance for weak 

interactions and .mDM ≃ 𝒪(TeV)
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Rage, rage against the dying of the WIMP.
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Direct detection 
experiments put 

this scenario under 
pressure, excluding 

„vanilla“ WIMPs.
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[Lindner+ 2403.15860]

https://arxiv.org/abs/2403.15860
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The nightmare scenario.
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What if WIMPs evade our 
detection because they never 

were in contact with the SM and 
froze out of a secluded dark 

sector?
Pospelov+ [0711.4866]

😱

https://www.youtube.com/watch?v=_P6WIRnweRo
https://arxiv.org/pdf/0711.4866




Luckily, we live in the age of 

gravitational wave cosmology.
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First-order phase transitions produce GW backgrounds.
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Bubbles of the new phase nucleate, 
collide and perturb the plasma...

… giving rise to an observable stochastic 
gravitational wave background.
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Our model setup.
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SM

Dark sector

λhϕ

mϕ = 0

mχ = 0

mA′￼
= 0 Higgs mixing

Before the phase transition

Dark sector is in 
equilibrium
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Our model setup.
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SM

Dark sector

λhϕ

mϕ = λv

mχ = yv

mA′￼
= gv Higgs mixing

PT triggers chemical 
decoupling of the DM 

fermion, i.e. freeze-out 

GWs

After the phase transition
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A first glance at our punchline.
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Theorem: 
There is a correlation between the GW peak 
frequency and the DM abundance. 

Proof: 
 and  for a transition with 

vacuum expectation value . 

Lemma: 
      . If DM 

freeze-out is triggered by a strong phase 
transition, it is observable using LISA.

fpeak ∝ v ΩDM ∝ v2

v

ΩDMh2 = 0.12 ⟹ fpeak ≃ 𝒪(mHz)



DESY. Carlo Tasillo — The (first) LISA miracle, DESY theory workshop 2024

The miracle at work.
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Assuming that dominant annihilation 
channel is : χχ → ϕϕ

⟨σv⟩ ∼
y4

m2
χ

∼
y2

v2

Since Yukawa coupling  is a-priori arbitrary: no correlation expected…y

Peak frequency:    fpeak ≃ 10 mHz ( β/H
100 ) ( T

1 TeV ) ≃ 10 mHz ( 1 TeV )vv

v2
DM abundance:    ΩDMh2 ≃ 0.1

10−8 GeV−2

⟨σv⟩
∝

y2
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Intermediate Yukawa couplings.
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Intermediate Yukawa couplings.
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Freeze-out condition: 
DM cannot be lightest dark sector 
state:  or mϕ < mχ mA′￼

< mχ
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Intermediate Yukawa couplings.
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Freeze-out condition: 
DM cannot be lightest dark sector 
state:  or mϕ < mχ mA′￼
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Conclusion: 

≲ ≲

Yukawa couplings are bounded and 
. Miracles can happen! 🤩𝒪(0.1)
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You shouldn’t be convinced.

13

So far we skipped over several potential issues: 

• Sizable Yukawa couplings vs. vacuum stability 

• What about the  and  annihilations? 

• Influence of temperature ratio  on  and ? 

• : Collider bounds? Early matter domination?

χχ → A′￼A′￼ χχ → ϕA′￼

ξ = TDS/TSM ΩGW( f ) ΩDM

λhϕ
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You shouldn’t be convinced.
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So far we skipped over several potential issues: 

• Sizable Yukawa couplings vs. vacuum stability 

• What about the  and  annihilations? 

• Influence of temperature ratio  on  and ? 

• : Collider bounds? Early matter domination?

χχ → A′￼A′￼ χχ → ϕA′￼

ξ = TDS/TSM ΩGW( f ) ΩDM

λhϕ

We performed full model scans* over 
 and 

confirmed the LISA miracle!
λ, g, y, v, ξ, λhϕ

* TransitionListener & DarkSUSY [Ertas+ 
2109.06208, Bringmann+ 1802.03399]

https://arxiv.org/abs/2109.06208
https://arxiv.org/abs/2109.06208
https://arxiv.org/abs/1802.03399


DESY. Carlo Tasillo — The (first) LISA miracle, DESY theory workshop 2024

Results of our scans.
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Results of our scans.
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Selection: observed DM abundance is explained.
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Only show points which explain 50-100% of DM

35% of points with 
strong supercooling 

and correct DM 
abundance are 

observable 
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Ongoing work.
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Nano-Hertz gravitational waves and sub-GeV dark matter
from a nearly conformal phase transition

Jonas Matuszak
Based on work in preparation with: Sowmiya Balan, Torsten Bringmann, Felix Kahlhöfer, Carlo Tasillo

26. September 2024

KIT – The Research University in the Helmholtz Association

Is there a LISA miracle also for other 
model classes? What about 

conformal models? Can we explain 
PTA data? 

See Jonas’ talk!
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Summary.
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The first LISA miracle: 

• In our  model there is a robust 

correlation between  and  

•  corresponds to mHz 
frequencies, i.e. the LISA band 

• A future LISA detection of a GW 
background would hint towards 
secluded DS freeze-out 

• Ongoing work on other model setups

U(1)′￼

fpeak ΩDM

ΩDMh2 = 0.12



Thank you very much 
for your attention!
Do you have any questions?
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Backup: Current bounds on cosmic GW backgrounds.
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Backup: Model details.
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Backup: GWB details.
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Backup: Effect of Yukawa coupling on effective potential.
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Backup: Grid scans over couplings.
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Backup: Comparison with hot dark sector phase transition.
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Backup: Evolution of energy densities.

25

Ωtot

ΩSM

Ωsym
rad

Ωbr
radΩsym

vac

Ωbr
vac

ΩDS

T
pT
n

828486889092949698100

T [GeV]

108

109
Ω

[G
eV

4
]



DESY. Carlo Tasillo — The (first) LISA miracle, DESY theory workshop 2024

Backup: out-of-equilibrium fraction of the dark sector.
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Backup: Dilution effect.
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Backup: Effect of  and .λhϕ ξ
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Backup: temperature evolution in the dark sector.
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Backup: „Detection probabilities“.
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Backup: Bödeker-Moore criterion.
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