e "

: The (fi.rst) LISA miracle *

DESY theory workshop 2024
~Whispers from the dark universe”
September 26th, 2024

Carlo Tasillo,
Deutsches Elektronen-Synchrotron (DESY)

Based on work with Torsten Bringmann, Paul Frederik Depta,
Tomas Gonzalo, Felix Kahlhofer, Thomas Konstandin, Jonas
Matuszak and Kai Schmidt-Hoberg

JCAP 05 (2024) 065, arXiv: [2311.06346]


https://www.dlr.de/de/aktuelles/nachrichten/2024/meilensteine-zur-erforschung-des-weltraums
https://inspirehep.net/literature/2721943

We only understand 5%

We need

DARK MATTER
. 26%

ol m ) N =L oy ; e VI ! ; 7
s & o - . y L 17F — 3 Lahn i
o & Y «

MR SR R o —— _ = of cold dark matter in order
N e > Ak to explain the CMB, galaxy
e G Y o - - clustering, the bullet cluster,

galactic rotation curves, ...

Cirelli+ [2406.01705]

[PBS spacetime]

DESY Carlo Tasillo — The (first) LISA miracle, DESY theory workshop 2024 2


https://www.pbs.org/video/do-we-need-a-new-dark-matter-model-5rahk9/
https://arxiv.org/pdf/2406.01705

The WIMP miracle
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interactions and mpp =~ O(TeV).
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Rage, rage against the dying of the WIMP.
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https://arxiv.org/abs/2403.15860

The nightmare scenario
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What if WIMPs evade our
detection because they never
were in contact with the SM and
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The Nightmare Scenario for Dark Matter is Inching Closer
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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.

10~ °

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

m, = VAV Higgs mixing
M

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

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 G\W peak
frequency and the .

Proof:
fpeak o vV and for a transition with

vacuum expectation value v.

Lemma:
— fpeak ~ @(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

: Peak frequency: fpeak ~ 10mHz [ = ~ 10 mHz

Assuming that dominant annihilation
, 1078 GeV—2 2 channel is yy — ¢
DM abundance: Qnnmh° ~ 0.] ———m8 ——— x —
DM 5 v 2

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:

N/

Sizable couplings and m, S my;

DESY
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Intermediate Yukawa couplings

Strong-GW condition:

unstable potential

Sizable couplings and m, S my; -
Freeze-out condition:
DM cannot be lightest dark sector :f
state: my, < m, ormy < m,
100 v couping v = 0,2 ] )
O

.|_

Quartic coupling A
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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 & = Tphg/Tgp on QLgw(/f) and Qpp?

Ang: Collider bounds? Early matter domination?
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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 £ = Tpg/Tgp on QLew(f) and Lpp?

- Apy: Collider bounds? Early matter domination?

nd
del scans™ over A, 2, ¥,V E, Apgp @
d the LISA miracle!

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

il mo
e performed fu
NEE confirme
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https://arxiv.org/abs/2109.06208
https://arxiv.org/abs/2109.06208
https://arxiv.org/abs/1802.03399

Results of our scans
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Results of our scans
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Selection: observed DM abundance is explained

, Strong !
{ supercooling |

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

observable
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k
Qo 12

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



Ongoing work
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Nano-Hertz gravitational waves and sub-GeV dark matter

from a nearly conformal phase transition
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Summary

The first LISA miracle:

In our U(1)" model there is a robust
correlation betweenfpea|< and Qpm

Qnmh? = 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

Ongoing work on other model setups

DESY Carlo Tasillo — The (first) LISA miracle, DESY theory workshop 2024 17
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Backup: Current bounds on cosmic GW backgrounds
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Backup: Model details

DESY

1 :
L =|D,®|* — ZA;WA WY L 20 — \(*P)?
t t

+xVilxr + xHilxr — y®xt xr — y®* x XL

The tree-level scalar potential of our model has a minimum at vg = +4/p%/A. One can
hence expand the complex field as ® = (vg + ¢ + ip)/v/2, where ¢ and ¢ are real scalar
fields. In addition, the chiral fermions x; and xyr can be written as a Dirac fermion x. The
Lagragian in eq. (2.1) can thus be re-written as

¢ Lo+ Louooro - L aw e L
— gAL[pd"p — $0"p — vy0p] + %&AE + 92—29024? + 905 0A,]
VS PV LV
+ixdx — myxx + gXA'v5x - %@Zx + i%w‘ﬁx :
2
m?b = —u® + 3)«02 = 2)\’0(2]5, mi = 0, m124, = g%é, mi = %vg
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Backup: GWB details

P*Qaw(f) = Rh*Q (nswa)z (é) _lyS(f)

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

Y =min [1, 7gh H| ~ min |1, L3\ ke

o) = (fp];ak)B (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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Backup: Effect of Yukawa coupling on effective potential

DESY
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Gauge coupling ¢

Gauge coupling ¢

Backup: Grid scans over couplings
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Backup: Comparison with hot dark sector phase transition

DESY
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Backup: Evolution of energy densities
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Backup: out-of-equilibrium fraction of the dark sector

10Y
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F(t) ~ exp (—0.346:B(t—tp_7')) — exp (_0.34eﬂ(t—tp)>
(4.6)
~ BrePtte) exp (—0.34e/3(t—tp)) < 0.3787.

Here, the last term follows by inserting the time at which F'(¢) peaks, which is found to be
~ 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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Backup: Dilution effect
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Backup: Effect of 4, , and ¢
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Backup: temperature evolution in the dark sector

— fpwpT = 1.0 |
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Backup: ,,Detection probabilities”

Fraction of parameter points observable by LISA
SEwpT = 1, )‘hfb =10""° EEWPT =2, >\h¢ =107

Full sample 0.1% 0.5%
First-order PT 0.8% 3%
First-order PT + relic density 3% 8%
Strong supercooling 10% 21%
Strong supercooling + relic density 35% 697%

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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Backup: Bodeker-Moore criterion.
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Bodeker-Moore criterion:
AV.g < PrLo Non-relativistic bubble walls
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