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The WIMP miracle

102 I I
If DM can annihilate into SM 10
particles with a cross o 1078
section <0V> |2|X 10-8 Increasing (ov)
DM N
% 10141 . L . \.... . L
10° 101 102 103
// x=my/T
D H .. the DM abundance can freeze out to

the observed relic abundance for weak
interactions and mpyp; =~ O(TeV).

Carlo Tasillo — The (first) LISA miracle, 06.11.2024




)
)
. A
4

Rage, rage against the dying of the WIMP

Direct detection
experiments put

this scenario under
pressure, excluding
,vanilla” WIMPs.

[Lindner+ 2403.15860]
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The nightmare scenario
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https://www.youtube.com/watch?v=_P6WIRnweRo
https://arxiv.org/pdf/0711.4866
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First-order phase transitions produce GW backgrounds

Bubbles of the new phase nucleate,
collide and perturb the plasma...

LISA DECIGO ET

NANOGrav

10—14 __| SKA
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10-15 4 GW signal
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.. giving rise to an observable stochastic
gravitational wave background.
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Our model setup

Dark sector

Higgs mixing
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Before the phase transition
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Our model setup GWs

Dark sector

Higgs mixing
M

;thqb

; PT triggers chemical
t decoupling of the DM}
¢ fermion, i.e. freeze-out §

my, = \/zv my = gv

After the phase transition

Carlo Tasillo — The (first) LISA miracle, 06.11.2024




ournal of €osmology and Astroparticle Physics

An IOP and SISSA journal

RECEIVED: December 15, 2023
REVISED: February 27, 202}
ACCEPTED: April 6, 202/
PUBLISHED: May 13, 202}

Hunting WIMPs with LISA: correlating dark matter and
gravitational wave signals

Torsten Bringmann©,* Tomas E. Gonzalo,” Felix Kahlhoefer,” Jonas Matuszak ©¢

and Carlo Tasillo ¢
@ Department of Physics, University of Oslo, Box 1048, N-0316 Oslo, Norway
YInstitute for Theoretical Particle Physics (TTP), Karlsruhe Institute of Technology (KIT),
76128 Karlsruhe, Germany
“Institute for Theoretical Particle Physics and Cosmology (TTK), RWTH Aachen University,

D-52056 Aachen, Germany
dDeutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

E-mail: torsten.bringmann@fys.uio.no, tomas.gonzalo@kit.edu,
kahlhoefer@kit.edu, jonas.matuszak@kit.edu, carlo.tasillo@desy.de

ABSTRACT: The thermal freeze-out mechanism in its classical form is tightly connected to
physics beyond the Standard Model around the electroweak scale, which has been the target of
enormous experimental efforts. In this work we study a dark matter model in which freeze-out
is triggered by a strong first-order phase transition in a dark sector, and show that this phase
transition must also happen close to the electroweak scale, i.e. in the temperature range
relevant for gravitational wave searches with the LISA mission. Specifically, we consider the
spontaneous breaking of a U(1)’ gauge symmetry through the vacuum expectation value of a
scalar field, which generates the mass of a fermionic dark matter candidate that subsequently
annihilates into dark Higgs and gauge bosons. In this set-up the peak frequency of the
gravitational wave background is tightly correlated with the dark matter relic abundance, and
imposing the observed value for the latter implies that the former must lie in the milli-Hertz
range. A peculiar feature of our set-up is that the dark sector is not necessarily in thermal
equilibrium with the Standard Model during the phase transition, and hence the temperatures
of the two sectors evolve independently. Nevertheless, the requirement that the universe does
not enter an extended period of matter domination after the phase transition, which would
strongly dilute any gravitational wave signal, places a lower bound on the portal coupling
that governs the entropy transfer between the two sectors. As a result, the predictions for
the peak frequency of gravitational waves in the LISA band are robust, while the amplitude
can change depending on the initial dark sector temperature.
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A first glance at our punchline

Theorem:

There is a correlation between the G\W peak
frequency and the .

Proof:

fireak v and for a transition with

vacuum expectation value v.

Lemma:
— fpeak ~ O(mHz). If DM

freeze-out is triggered by a strong phase
transition, it is observable using LISA.
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The miracle at work
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: Peak frequency: fpeak ~ 10mHz | £ ) ~ 10 mHz ( T V) ~

Assuming that dominant annihilation
_ ) - .
10 8 GeV 9 channelis yy — ¢a¢:

DM abundance: QDMh2 ~ (.1 X — A )

<GV> y2 (av)Ny—Ny—

2 2
m)( Vv

Since Yukawa coupling y is a-priori arbitrary: no correlation expected...
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Intermediate Yukawa couplings

Strong-GW condition:
Sizable couplings and mg,
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Intermediate Yukawa couplings

Strong-GW condition:
Sizable couplings and m, S my; -
Freeze-out condition:
DM cannot be lightest dark sector :f
unstable potential
state: my, < m, ormy < m,
1001‘ ! ! ""'.'I T ! ! ""'.'I ! L L L L
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Intermediate Yukawa couplings

Strong-GW condition:
Sizable couplings and m, S my;

N/

Freeze-out condition:
DM cannot be lightest dark sector

state: my, < m, ormy < m,

Gauge coupling g

unstable potential
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You shouldn’t be convinced

So far we skipped over several potential issues:

Sizable Yukawa couplings vs. vacuum stability

What about the yy - A’A’and yy — ¢A’ annihilations?
Influence of temperature ratio & = T q/Tqp 0N Qaw(f) and Qpp?

Ae- Collider bounds? Early matter domination?

Carlo Tasillo — The (first) LISA miracle, 06.11.2024 13



You shouldn’'t be convinced

So far we skipped over several potential issues:
» Sizable Yukawa couplings vs. vacuum stability

 What about the yy - A’A’and yy — ¢A’ annihilations?
» Influence of temperature ratio ¢ = Thq/Tqp 0N Qaw(f) and Qpyp?

* Apy: Collider bounds? Early matter domination?

We performed full model scans™ over A, 2,9,V & Ang and
confirmed the LISA miracle!

* TransitionListener & DarkSUSY [Ertas+
2109.06208, Bringmann+ 1802.03399]
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Results of our scans

Uqb_ [GGV]

Kk
Qb 12

0.1 <g<1,
1074 <1<1072
0.01 <y<0.7,
MeV <v <TeV

10— 102
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Results of our scans

Uqb_ [GGV]
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Selection: observed DM abundance is explained

' Strong ! .
{ supercooling j

35% of points with
strong supercooling
and correct DM
abundance are

observable

) R 4

10-26 10—2' 1016 10-1' 10-F
ky92
Qlée\?vh
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Summary

The first LISA miracle:

In our U(1)’ model there is a robust
correlation between fpeak and Qpn

Qpnih” = 0.12 corresponds to mHz
frequencies, i.e. the LISA band

A future LISA detection of a GW
background would hint towards

secluded DS freeze-out (and not just
a first-order EWPT)

Ongoing work on other model setups

Carlo Tasillo — The (first) LISA miracle, 06.11.2024
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GWB details

W2 Qaw(f) = Rh2Q (”SW“Y (é) h YS(f)

a—+ 1 H
4/3 4/3
RhQ _ Q7h2 (hSM,O) (gtot,p) — 1653 - 10_5 ( 100 ) (gtot,p)
Rtot,p 9,0 htot,p 100
338 /14+a

Y = min [1, 74 H| ~ min

1 2%
" B/H \ Ksw

o) = (fpiak)g (4 3(f7/fpeak)2)7/2

T B/HY [Giotp\1/2 { 100 \ /3
eak — ©O. H = 3
Jpeax = 8.9 mHz (100 GeV) (1000) ( 100 ) (htot,p>
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Effect of Yukawa coupling on effective potential
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Gauge coupling ¢

Gauge coupling ¢

Grid scans over couplings
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Comparison with hot dark sector phase transition

1072 10=2° 101 1010

k
Qb h°
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Evolution of energy densities

p [GeV']

100 98 96 94 92 90 388 36 84 82
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Out-of-equilibrium fraction of the dark sector
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F'(t) ~ exp (—0-34eﬂ (t‘tp"’)) — exp (—0.3465“—%))
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- 107%
[unstable potential] 1010

10~4 103 10—

A

(4.6)
~ IBTelB(t_tP) exp (—0.346’B(t_tp)) S 037IBT .

Here, the last term follows by inserting the time at which F'(¢) peaks, which is found to be
t ~ t,—1.08/8. Alternatively, one can interpret F' as the volume fraction of a shell around the
bubbles with the width of the mean free path of the particles that just entered the bubbles.
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Dilution effect

Dilution Factor D

1.3

1.2

1.1

rwpT = 1.0

EWPT = 1.D

rwpT = 2.0 -

107
Portal coupling Axe
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Effect of 4;,,and ¢
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Temperature evolution in the dark sector

T [GeV]

T [GeV]

10t
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10t
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Detection probabilities

Fraction of parameter points observable by LISA
SEWPT =1, Anp= 107° EEWPT =2, App= 10~

Full sample

First-order PT
First-order PT + relic density

Strong supercooling
Strong supercooling + relic density

0.1% 0.5%
0.8% 3%
3% 8%
10% 21%
35% 69%

Table 2. Fraction of parameter points that predict an observable GW signal for LISA after imposing
various selection requirements on the sample of points drawn from the parameter ranges discussed in

section 2.9.
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Bodeker-Moore criterion
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AV.g > Pro Relativistic bubble walls

Bodeker-Moore criterion:
AVe.g < Pro Non-relativistic bubble walls
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