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2023 — 2026 The future

Meerkat PTA and IPTA DR3?!
INPTA. IPTA DR3? : :
Global fits with

First global fits control over modeling

Conformal models in uncertainties and
dimensional reduction astrophysical

: nuisance
Errata: no evidence

for SMBHBs, broken The absence of PTA

PTA analysis pipeline discreteness as an
argument for phase

Still no consensus on transitions?

SMBHBSs vs. new
physics Preparation for

analogous LISA case
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The working principle of a pulsar timing array

Galactic millisecond pulsars
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The working principle of a pulsar timing array

Galactic millisecond pulsars

Pulses expected
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The working principle of a pulsar timing array
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Galactic millisecond pulsars
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Galactic millisecond pulsars

The working principle of a pulsar timing array
Timing residuals 5t l \
( / \ f \\ fL/\ A\
— ., Pulses expected
om timing model
N A S

Pulsar 1

"

,5

Pulsar 2 A gravitational wave

backgrounds imprints
itself in the common
evolution of the timing
residuals over time
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Learning to play the violin

PTA data

Each ,violin” in the Bayesian
spectrogram can be understood as a
data point with non-Gaussian error bar,
describing the Fourier amplitude of a
given frequency.

log f

F
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Learning to play the violin

The inferred spectral shape
of the GWB is to first
approximation a power law

PTA data

” ’

log Qv

Each ,violin” in the Bayesian
spectrogram can be understood as a
data point with non-Gaussian error bar,
describing the Fourier amplitude of a
given frequency.

log f
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Searching for the Hellings-Downs correlation

| | | | PTAs found an underlying ,common red
_ SN e process” among O(70) pulsars
~ 05 : Signal could have many sources:
S
T > Pulsars themselves,
5 ol ] Ephemeris errors:
= All ruled out with >5¢ significance
O = HD correlation, -
g v G backgronnd - Gravitational wave background: ¥ =
S —0.5¢ - | -
® 3 — 40 evidence [NANOGrav, 2023] ‘
i Dipolar correlations, )
L e.g. ephemeris errors
- . . . Next IPTA data release should
0 us z 3m T

4 2 4
Pulsar separation angle 6,

reach S50 GW detection!

p pum
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What is the source of the PTA signal?

N AAAL P




Merging supermassive black holes

NANOGrav 15-year

IOLODECK Sims

[INANOGrav, 2306.16213]

YGWB

Observed signal roughly follows a
power-law spectrum with amplitude A

and slope y

Astrophysical simulations based on
realistic BH populations predict much

weaker* signals with higher y (more
power in low frequencies)

* The shown astro contours are basically an overly optimistic upper bound on
the GW amplitude, assuming 1) negligible binary hardening times (whereas
naively they should be around the age of the universe) and 2) an artificially
widened prior on the observed black hole masses. We'll come back to this...
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Possible cosmological sources of the PTA signal

Y N _
Inflation Phase transitions
SNk, e N RO TREI e e © e LA | o= y > W Ny

- ! . ——
I8 4 o A y hEmACL

-
.
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Possible cosmological sources of the PTA signal

Carlo Tasillo — Robust phase transition predictions for PTAs and LISA




Parametrization of the GW signal of a phase transition

106 ———rrr———m

Very roughly (we'll get more precise):

2 1,2
2 SW,DW N —6 87 E ’ f
e =100 (05) (5) ()

NANOGrav 15yr

3 . p_ T

= 10—10 With  foeak =~ 0.1 NHZ X — X

% ‘ H MeV

S MBI . -

= 10-12 Z To fit the new pulsar timing data:

/$‘Z>°
755 Strong transitions, a 2> 1
10~ g
T Slow transitions, f/H ~ 10
f/HZ I ~
Percolation around 7'~ 10 MeV
SMBHB: A = 107152 y = 13/3

(i
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Parametrization of the GW signal of a phase transition

10~°

Very roughly (we'll get more precise):

)2 (5) Cs (i)

NANOGrav 15yr
(87

10— 19 10~ 0
f/ Hz

SMBHB: A = 10717,y = 13/3

Percolation around 7'~ 10 MeV
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Big Bang Nucleosynthesis and the CMB

Nuclear abundances

10! g
100
101

102

Observation of primordial
light element abundances in

good agreement with
standard BBN

NE]E]EN — 2.898 + 0.141

—10 oy
10 101

[Paul Frederik Depta]

1ddl'l |

1d:£l.ll | 10_5. T 10~7
T [MeV]
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Big Bang Nucleosynthesis and the CMB

Observation of primordial
light element abundances in
good agreement with
standard BBN

NEECN — 2.898 + 0.141

Ng]'}]ﬁ'B — 299+ (.17
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Consistent with 3 SM neutrinos
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Big Bang Nucleosynthesis and the CMB

rdial
ces in

Consistent with 3 SM neutrinos
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Which phase transitions can fit the PTA data?

Many small _ . — 103
bubbles o | PTA data requires very
| strong transitions with
extremely large bubbles!
Few big
bubbles

Weak transitions Strong transitions

p pum
( I’l - Carlo Tasillo — Robust phase transition predictions for PTAs and LISA
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Which phase transitions can fit the PTA data?

Many small
bubbles

Few big
bubbles

—— FOPT
- —— FOPT + SMBHBs

Weak transitions Strong transitions

PTA data requires very
strong transitions with
extremely large bubbles!

BSM models typically
predict weak transitions
with small bubbles...

Robust predictions of the
GW signal in that regime
are difficult...

Carlo Tasillo — Robust phase transition predictions for PTAs and LISA
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Which phase transitions can fit the PTA data?

Many small
bubbles

Few big
bubbles

—— FOPT
- —— FOPT + SMBHBs

PTA data requires very
strong transitions with
extremely large bubbles!

Let's start with this problem

BSM models typically

predict weak transitions
with small bubbles...

Robust predictions of the

Weak transitions

GW signal in that regime
are difficult...

Strong transitions
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Why is it so difficult to get big bubbles?

Bubble
nucleation rate
GW amplitude

Time

F
I'l - Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

Frequency
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Why is it so difficult to get big bubbles?

Larger
bubbles

Bubble
nucleation rate

GW amplitude

Time

Frequency

I o eft—1rt°

The bubble nucleation rate has to

become a Gaussian, i.e. //H has to
become small or negative!

Bubble
nucleation rate

Time
p pu=
( I'l - Carlo Tasillo — Robust phase transition predictions for PTAs and LISA 13



Model classes for the PTA signal

Abelian dark Higgs Conformal dark Higgs

=2

V(@) = — u*p* + A* V(g) = Ap*

Thermally induced barrier Loop-induced barrier

F
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So... which model explains the PTA data best?

Transition speed B/H

10° 3

Random
scan
Flip-Flop

Two-step transition

Abelian dark Higgs
Thermally induced barrier:

Conformal U(1)
Loop-induced barrier

PTA data

Ll ol 4y vl

10° 103 10°
Transition strength «a

10%

10 -

PTA fit

103

Transition strength «

Required tuning:
one significant digitin g

Two significant
digits in A

Four significant digits in
four couplings...

The goodness of fit is identical (and better than SMBHBs), but the amount of required

Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

tuning depends strongly on the mechanism with which the barrier is generated!
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Large bubbles in the Abelian dark Higgs model

V(g, T)/ GeV*

1e9

AL T=0.050GeV | = T =0.030GeV
— T =0.045 GeV e T =10.025 GeV
,| —— T=0.040Gev ﬁ T=0.020GeV
0
-+
—4 A=0.05 - A=0.019
0.00 0.05 0.10 0.00 0.05 0.10
¢ /GeV ¢/ GeV
Benchmark point: g = 1, v = 100 MeV
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T=0.025GeV
T=0.015GeV
T=0.005GeV

0.00

0.05
¢/GeV

0.10
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Large bubbles in the Abelian dark Higgs model

AL T=0.050GeV | | = T =0.030GeV i i T=0.025GeV
—— [ =0.045 GeV [ =0.025 GeV T=0.015GeV
,| —— T=0.040Gev ﬁ i T=0.020GeV i T =0.005 GeV
>
)
2
= 0 o -
s
> _2 |
-4 A=0.05 § - A=0.019
0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10
¢ /GeV ¢ /GeV ¢/GeV
; Inefficient bubble
' nucleation
102 &
>
)
O 10
»
100 E 4%
Efficient bubble
nucleation
10_1 1 1 L I II I !
0.01 0.02 0.03 0.04 0.05

1e9

T/GeV

pm  Benchmark point: g = 1, v = 100 MeV
- Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

The transition rate
is exponentially

dependent on the
bounce action
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Large bubbles in the Abelian dark Higgs model

1e9

AL T=0.050GeV | e [ =(0.030 GeV T=0.025GeV
— | = (0.045 GeV | = 0.025 GeV T=0.015GeV
T=0.040GeV T=0.020GeV T=0.005GeV
S
Q
2
= —_— A
S
S
-4 2=0.05 - A=0.019
0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10
¢ /GeV ¢ /GeV ¢/GeV
103 ¢ 104 ¢ . . . . —
E ¥ . i *.———"—x_
- Inefficient bubble Y
( nucleation ' -—"
102 ¢ 103 o /,a-)('
S -
NS
2 LS A=0.01803
I < ]
O 10! S 107 2 A=0.019
W S I A=0.02
YR\ A=0.03
100 & /. 1otk S A=0.04
: Efficient bubble : X A=0.05
nucleation ] _ | A=0.06
10—1 ! ! ! I II I | 100 I ! ! ) ! !
0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05 0.06
T/GeV A

Benchmark point: g = 1, v = 100 MeV
Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

The transition rate
is exponentially

dependent on the
bounce action

Only for fine-tuned
quartic couplings A,
large bubbles can be
achieved! Generically,

BIH > 10°.
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A comment on //H and RH

e
-
N

100 5
The common relation

\
\
\
\
\

p—
S

p—
-
oy
'l

pIH = (87)'°/RH

(used in LISA pipeline, Athron review, ...)

|
ek
I

m—(B/H)s; = T%(%)

)1/3
= (B/H)gpy = (8R)H

_ _ (87/fpere)'/?

| (/B/H)RH =I RH _100

0.02 0.04 0.06
A

perc —

ek
-
\V)
|
ek
-

Transition speed 8/H
N\
Transition speed 8/H

-

is off by 51% and only
holds where signals are

0.0181 0.0182 0.0183 unobservablel
A

e
-
[

]iaerc = (.29 is the true-

Benchmark point: g = 1, v = 100 MeV vacuum fraction at d S3

- T can become very negative! This
percolation dT T

[Derivation: See appendix
of 2605.15259]

iIs where the strongest GW signals are.

F
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https://inspirehep.net/literature/2765842
https://inspirehep.net/literature/2656620

The tuning needed for strong GW signals

104 ———~ T
- - Barrier from two-step transition

| —— Thermally induced barrier
| = Loop-induced barrier

" S3/T =200

T/MeV

10-1 10° 101 10°

1023F ° 7 N\ k L.
Efficient bubble ansiion
1015 1 nucleation Sibalil
107 }
[=H*
107\ (PP dddryVYeo?dIyrodddTyddyYyys
1079 - g
10-17 |- Inefficient bubble p
nucleation
10—25 R S R R A A TR W LBy R
101 109 10! 102

T/MeV

The required amount of tuning comes directly from the typical
transition temperature: The higher it is, the larger the bubbles have to
be, and the more the bubble nucleation rate has to be tuned.

p pum
( I’l - Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

[BP: best-fit points for NANOGrav 15yr data set]
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Which phase transitions can fit the PTA data?

Many small

bubbles —— FOPT

- —— FOPT + SMBHBs

PTA data requires very
strong transitions with
extremely large bubbles!

BSM models typically
predict weak transitions
with small bubbles...

Robust predictions of the

Few big
bubbles

Weak transitions

GW signal in that regime

are difficult...

Strong transitions

WHAT ABOUT THIS PROBLEM?

p pu=
( I'l - Carlo Tasillo — Robust phase transition predictions for PTAs and LISA 19



What is required for robust phase transition predictions for PTAs?

Consistent cosmological
evolution

Numerical stability

GW templates valid for
strong supercooling and
Hubble-sized bubbles

Perturbative control over
bubble nucleation rate

Carlo Tasillo — Robust phase transition predictions for PTAs and LISA



What is required for robust phase transition predictions for PTAs?

Con5|stent cosmological
— evolution

Numerical stability

GW templates valid for
strong supercooling and
Hubble-sized bubbles

Perturbative control over
bubble nucleation rate
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What is required for robust phase transition predictions for PTAs?

Con5|stent cosmological

Numerical stability — evolution

Today

GW templates valid for
strong supercooling and
Hubble-sized bubbles

Perturbative control over
bubble nucleation rate

I
I
I
I
I
I
I
I
I
[
|}
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1
2 = E(Gﬂqﬁ)T(@”éb) - V(¢)

Mapping to GW templates from /~ —~—17—
hydrodynamic simulations via f 0
 SEGW
C(,,B/H, Treh,vw,... \

! |
Phase tracing and

// Evaluation of _\ fln:’:gr?slﬁti)jr?;ble

( observability

t \ Bubble nucleation \
\ \
.\ Vs. Hubble rate

---

Evolution of the | “
false vacuum *'L
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ype SinglePoint
Model models/TL_conformal_dark_ul.py f ced Wl
Output scans/example_point/ |nter a
Format txt
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Transition

Listener

CONTENTS
Getting started
Installation Guide
Usage

Features

Method
Changelog
Contributing
Documentation
Plots

Example Output

Frequently Asked Questions

API REFERENCE

TransitionListener API

Welcome to TransitionListener's
documentation!

TransitionListener is a tool for simulating and analyzing cosmological first-order phase transitions
and gravitational wave signals.

license GPLv3 ]| sampler [UltraNest | PTA likelihood PTArcade | arXiv 2109.06208 | arXiv 2502.19478

About

TransitionListener is an open-source Python package designed to facilitate the analysis of Standard
Model extensions that feature first-order phase transitions in the early universe. It provides tools to

ON THIS PAGE

About

Usage

License and Citation

Contributors

Just try:
pip install
transitionlistener

Carlo Tasillo — Robust phase transition predictions for PTAs and LISA
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The return of ,the binaries do not really follow a power law..."

GSMF normalisation GSMF turnover mass M . —Mpuge amplitude
log10 (wo/Mpc™3) log10 (My, /M o) log10 (U/M o)

10~2/

10-28 ... the implied GWB
yo 107 amplitude necessitates
either a large number of
parameters to be at the
edges of expected values,

-_|3'30 to —?..80 | | _1P.6O to 12|'20 —7i80 to 8.9(I)

its scatter binary lifetime inner hardening index

_ fuinlogw™.Mo) - wmGyr Ve | or a small number of
parameters to be notably

different from standard

expectations.”

10-32 0,050 0.85 | ] |02t010.0 | | -1.40t0 -0.10 o
2 5 10 20 2 5 10 20 2 5 10 20 NANOGrav collaboration, 2306.16220
frequency / nHz frequency / nHz frequency / nHz

F
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The return of ,the binaries do not really follow a power law..."

GSMF normalisation GSMF turnover mass M . —Mpuge amplitude
log10 (wo/Mpc™3) log10 (My, /M o) log10 (U/M o)

10777
10-28 ... the implied GWB
yo 107 amplitude necessitates
o either a large number of
12_32 -330t0 -1.80 | 10.60t01220 | 7800890 | parameters to be at the
| its scatter binary lifetime inner hardening index Edges Of exPECtEd Valuesl
e e B or a small number of

parameters to be notably
different from standard
expectations.”

10-32 0,050 0.85 | ] |02t010.0 | | -1.40t0 -0.10 o
2 5 10 20 2 5 10 20 2 5 10 20 NANOGrav collaboration, 2306.16220
frequency / nHz frequency / nHz frequency / nHz

Each binary foreground computation takes about 2 min using holodeck. Profiling over the 6D
astro nuisance hence takes roughly 1 year per cosmological background. :(

p pu=
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The return of ,the k ‘ ly follow a power law...”

GSMF norma lisation
log10 (Wo/Mpc~3)
N LR

10—27 ' '

10-28 ][ . i s the implied GWB
o 1072 1k - . amplitude necessitates
il ' ] L ber of
ol _ t the
values,

10-27 F
10—28
10—29
10—30_

1031 F
10_32 —OiOS tIO OI.85I o
2 5 1

frequency

NANOGrav collaboration, 2306.16220

Each binary fore gtation takes about 2 min using holodeck. Profiling over the 6D
astro nuisance hence takes roughly 1 year per cosmological background. :(
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A binary foreground opens up the FOPT parameter space
o

T -IIIZU-aIIIOV\I/e;:l Iplallizlalmetelr b - /'Q/.
q\l 102 space using binaryfog /07/.
O 5 ,”::———— . === transition alone ”6
Q /”— i / o
Q /;/ 1 == = + (A, Yy) power law, Afzal et al. b
O
2 1 /7/ ‘ gl o T A R «=== + binaryfog
o 10° F il /’ ................... =
i g 5
- I, OJ 0” - -
C R -
+ / I . AN > 0.22

100 Ll l L1 g vl o a vl 1 ' B R

101 109 101 102

transition strength «a

With a population-based binary contribution, the preference for a transition

drops from 30 to below 2o and the 20 contours become unbounded
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Two more PTA data analysis issues

There were errors in the PTA

likelihood...

THE ASTROPHYSICAL JOURNAL LETTERS, 1006:L67 (8pp), 2026 August 1 https: //doi.org/10.3847/2041-8213 /ae8764
© 2026. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS
CrossMark

Erratum: ‘“The NANOGrav 15 yr Data Set: Constraints on Supermassive Black Hole
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Effect of the PTA data analysis choices on the preferred phase transition speeds

mm (A, y) power law, Afzal et al.

2024, DM offsets |
common red noise

2024, DM offsets
Hellings-Downs

2026, DM offsets
common red noise

2026, DM offsets
Hellings-Downs

2026, DM offsets
all four components

2023, DM Gaussian process
Hellings-Downs

10° 101
band in B/H

102

binaryfog

0.8

1.6

preference for
a transition / o

Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

2.4

3.2

used here

31



How do all these modeling choices
impact parameter inference?

Percolation and Gravitational Binaries and
reheating wave source pulsar data

Nucleation rate




Percolation and Gravitational Binaries and
reheating wave source pulsar data
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Percolation and Gravitational Binaries and
reheating wave source pulsar data
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O
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during the transition

Uas, U3 halved, doubled ] =1 False-vacuum expansion Hubble expansion =8 Binaries: (A, y) power law

Pre-erratum likelihood

Estimate of the next order ] =i | Dark sector with its own T Binaries: binaryfog
- Dissipative vs free shells

. Dynamical =i Percolation at Pr=1/e B
prefactor x10, /10 ‘ Other simulated sources

3
Ellis-Lewicki-No criterion Hellings-Downs correlation
5

B
LO instead of NLO - LISA sound-wave templates
- Noise: DMX vs DMGP
N5

51 Relevant bubble sizes
Vip + Daisy / Lifetime sound-wave source

Treh = Tp(1 + )t/ E Number of frequency bins
Valid templates for B/H > 4

Let's go through the modeling choices one after the other



Preliminary  oewu

Nucleation rate

N1 Matching scale us/2 or 2,
N1 EFT scale us/2 or 2us
N2 Next order, £x3|6Stot]

N3 Dynamical prefactor x10 or /10

N4 LO instead of NLO
N5 V4p + Daisy

1 —" """ Use dimensional reduction!
- o= LO or NLO or even incl. dim-6
. e don’'t impact the results much.
m — ° [See also talks by J. Hirvonen, O. Gould, P. Schicho; 2610.12284
T A ! . o .....?1..0 - O...z..,.4.,,,6.,,.8. by Bernardo+, 2609.12098 by Puchades-lbafiez+]

g | | | v [GeV] D
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Preliminary  oeru

Nucleation rate

Percolation, reheating

N1 Matching scale us/2 or 2ug,

N1 EFT scale us/2 or 2us

N2 Next order, £x3|6Stot]

N3 Dynamical prefactor x10 or /10
N4 LO instead of NLO

N5 V4p + Daisy

Pl False-vacuum expansion rate
P2 Dark sector with its own T

P3 Percolation at Pf=1/e

P4 Ellis-Lewicki-No criterion

P5 (B/H)s, instead of (B/H)grH

P5 Expansion factors at (8/H)gH

P5 Expansion factors at (H/Hy)(B/H)r
P6 Tren=Tp(l+a)/

1 B == [ Use dimensional reduction!

= = o= LO or NLO or even incl. dim-6
= e L don't impact the results much.
- — ° [See also talks by J. Hirvonen, O. Gould, P. Schicho; 2610.12284
—— — N by Bernardo+, 2609.12098 by Puchades-Ibafiez+]
- _— Be sure that your transitions
- — | actually complete and that you
: = = x i use the right // H definition

<
[
o)
=
>
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Preliminary

Nucleation rate

Percolation, reheating

GW source

Default

N1 Matching scale us/2 or 2ug,

N1 EFT scale us/2 or 2us

N2 Next order, £x3|6Stot]

N3 Dynamical prefactor x10 or /10
N4 LO instead of NLO

N5 V4p + Daisy

Pl False-vacuum expansion rate
P2 Dark sector with its own T

P3 Percolation at Pf=1/e

P4 Ellis-Lewicki-No criterion

P5 (B/H)s, instead of (B/H)grH

P5 Expansion factors at (8/H)gH

P5 Expansion factors at (H/Hy)(B/H)r
P6 Tren=Tp(l+a)/

Gl No expansion during transition

G2 Free-streaming shells

G3 Largest of six other fits

G4 LISA pipeline sound waves

G4 LISA 2019 sound waves

G5 Source lifetime of Guo et al.

G6 Template valid for (H/Hy)(B/H)r > 4

1 B === [ Use dimensional reduction!

= = - = LO or NLO or even incl. dim-6
— - [ don't impact the results much.
- —_— ° [See also talks by J. Hirvonen, O. Gould, P. Schicho; 2610.12284
. — N by Bernardo+, 2609.12098 by Puchades-Ibafiez+]

- - |+ Use valid GW templates. Clearly
. I— o

_—— — ~— more work needed here.
0.4 0.5 g0.6 0.7 0.1 Vl[Ge\/] 10 0 2 14; 6 8
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Preliminary

GW source Percolation, reheating Nucleation rate

PTA data, binaries

Default

N1 Matching scale us/2 or 2ug,

N1 EFT scale us/2 or 2us

N2 Next order, £x3|6Stot]

N3 Dynamical prefactor x10 or /10
N4 LO instead of NLO

N5 V4p + Daisy

Pl False-vacuum expansion rate
P2 Dark sector with its own T

P3 Percolation at Pf=1/e

P4 Ellis-Lewicki-No criterion

P5 (B/H)s, instead of (B/H)grH

P5 Expansion factors at (8/H)gH

P5 Expansion factors at (H/Hy)(B/H)r
P6 Tren=Tp(l+a)/

Gl No expansion during transition

G2 Free-streaming shells

G3 Largest of six other fits

G4 LISA pipeline sound waves

G4 LISA 2019 sound waves

G5 Source lifetime of Guo et al.

G6 Template valid for (H/Hy)(B/H)r > 4

Bl (A, y) power-law binaries
B2 binaryfog binaries

B3 Pre-erratum likelihood
B4 Hellings-Downs spectrum
B5 DMGP noise model

B6 5 frequency bins

B6 30 frequency bins

Olower bound

-  —
N B -
- o —
- . -
- . —
- -
- =
- . —
- c—
— | —
— e —
- m—
e E—
- -
- -
5 B .
— o —
T . .
ILFI .I | | | .iuul*n'.l
04 05 06 07 0.1 1 10

v [GeV]

|®
|
®
(@
[»
(@
®
@
®
®
o
®
0
0
®
4
o
121 @
P
o
®
o
. |:..|...|...|...|
0O 2 4 6 8
D

Use dimensional reduction!
LO or NLO or even incl. dim-6
don’'t impact the results much.

[See also talks by J. Hirvonen, O. Gould, P. Schicho; 2610.12284
by Bernardo+, 2609.12098 by Puchades-lbafiez+]

Use valid GW templates. Clearly
more work needed here.

Include binaries (!), use the
latest likelihoods and state
which dispersion measure
hoise modeling you chose.
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The next step: Put all of this in a global fit

CMSSM, NUHM1&2
1705.07935

vector, fermion HP

DM 1808.10465

MSSM7

1705.07917

EWMSSM

1809.02097

flavor EFT
2006.03489

 ALPs@XENONI1T
2006.03489

scalar Higgs portal

DM 1705.07931

axion-like particles

1810.07192

neutrino masses &
cosmo 2009.03287

Slide by C. Balazs @ SUSY 2021

scalar HP DM + vac. |
stab. 1806.11281

ight-haned neut.s

1908.02302

and CMB, but also dark “

dark matter EFTs

2106.02056

| Relevant constraints: BBN

l

matter (in)direct |

|

detection, beam dumps, :

|
i
‘\ scalar power spectrum, ...

N\
RS e T = = — ———

— — - — S — = ==

[See also new BBN isocurvature
constraints by Elahi et al, 2609.25950]
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Previous global fits: PTA interpretation can be probed in labs!

—6
--- SMBH
FOPT
—7 7 Sum
decrease g
. \smaller B/H)

—
—
p—
p—
—
——
i
———
p—
o=
—
i w—
—
—_

Increase v
(larger Tren)
e ———

-
. —
p— — -
==
—

—12 A
_134 g=0.677 a =4.69 x 10°
y = 0.224 B/H = 33.7
v=173 MeV Tren = 16.8 MeV
—14 . - . l . .
—9.9 —9.0 —8.5 —8.0 —7.5 —7.0 —0.5

log f [Hz]

—6.0

Global fit* found parameter space with

100% of observed DM relic density

Loud phase transition on top of ,standard”
SMBH background

Negligible impact on BBN and CMB

No relevant direct + indirect detection +
bullet cluster constraints

Testable LDMX/Belle-lI/NA64 prediction:
m, = 100 — 200 MeV, k ~ 10~

*This fit still used a pre-release version of TransitionListener, binaries
following a power law, pre-erratum PTA likelihoods and a 4D+Daisy
bubble nucleation rate

p pum
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LISA is blind!
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LISA is blind!




Revisiting the 2HDM

When HL-LHC is blind, LISA is deaf (but not vice
versa): collider-cosmology synergies in the 2HDM

Stefano Moretti,>? André Pousette,® and Carlo Tasillo®¢

¢ Department of Physics and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden
bSchool of Physics and Astronomy, University of Southampton, Highfield, Southampton SO17 1BJ,

United Kingdom
¢Instituto de Fisica orpuscular (IFIC), Universitat de Valéncia-CSIC, Parc Cientific UV,

C/ Catedrdtico José Beltrin 2, E-46980 Paterna, Spain
E-mail: stefano.moretti@cern.ch, andre.pousette.0193@student.uu.se,

carlo.tasillo@ific.uv.es

ABSTRACT: Extensions of the Standard Model scalar sector can render the electroweak
phase transition first-order and thereby provide the necessary departure from equilibrium

I\Nl\“l\ﬂ.ﬂ “'L:lr\ r\" “'LI\ Falat oWl #:ml\ ﬂl\‘!“n:“m —~ ﬂ"l‘\ﬂl\ﬂﬂ":f\ m“n":“n‘:r\“nl

e s

[Image credit: Kateryna Radchenko]

‘cl\“ I\ll\f\““l‘\“'l\n]' l\r\“'v

 —

Vert(@1, 92) — Verr(0, 0) [107 GeV4]

In the SM the EWPT is a
crossover. To get a GW signal

and baryogengesis* we need
to extend it. One example:
2HDM.

* We only care about the GWs in this work. We
therefore assume the CP-conserving 2HDM

p pu=
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Why study the 2HDM?
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Why study the 2HDM?

a7" m' TranSiﬁon
0 & man w A Lis‘-ener

WMM loots bike a nail

- ok va

+ the possibility to study large parts of the parameter space at colliders; SUSY and QCD
axions also require a second Higgs doublet; the 2HDM features DM candidates itself; ...

F
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Comparison
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Observational constraints leave two options for strong LISA signals

400

10>
twisted

custodial 10-10
% 200 <
0 standard 1t N
T custodial 1074 —
T Or I
E 10—20 o
| 7

ét —200 3 10—25

No first-order phase transition 10-30

—400 . &.<1:Weak transition
» &c.=1: Strong transition

—-500 =250 O 250 500 —-500 =250 O 250 500
my — my= [GeV] my — mpy= [GeV]

We find that only two regions can give strong LISA signals
and perform MC parameter scans in those.
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Decays of the Heavy CP-even Higgs to ZZ

o(gg » H)BR(H = ZZ) [pb]

* And given that that's a big claim we reran all BSMPT points with TransitionListener, also allow for

® SNR«<1 ® 1=SNR<10 ® SNR=10

vvvvvvvvvvvvvvvvvvvvvv

Twisted-custodial

-~
-~
-
--

”'llc. ....-.-'-.... . ......."'..I‘
.
LY

Can be tested by HL-LHC: |- 3 ' Can be tested by HL-LHC: |3
89.7% / 71.8% /94.8% |{ | 75.5% / 99.8% / n/a :
~ 200 300 400 500 600 200 __ 300 400 __ 500 600
my [GeV] mpy [GeV]

Essentially all
LISA-observable
type-l 2HDM

points can already
be excluded by
HL-LHC! *

electroweak symmetry non-restoration at high-T, and cross-check wall velocities with WallGo.
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We need not only a controlled perturbative
expansion in the bubble nucleation rate, but (G j)
also spectral templates valid where signals g
are interesting, consistent cosmological é’l
histories, and should treat astrophysical
foregrounds as nuisance.

The violins are tuned (at least a bit)! Without tuning,
& barriers don't produce

strong GW signals. Radiative symmetry breaking: ¢&
Transitions can fit the data better than SMBHBs.

| consider all of the PTA searches for phase
transitions also a big playground for LISA, since the
lessons can be directly transferred there.

TransitionListener v2.0 remains
numerically stable and physically
accurate under strong supercooling
and large bubbles. Soon: NLO rates.

LISA is (> 95%) blind: If the HL-LHC

does not find any H — ZZ events,

we should be safe to expect no
observable type-I 2HDM GWs.

Global fits are needed to find good
transition models which respect
additional constrains and don't
underestimate the flexibility of

astrophysics. / P

F
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Backup slides
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transition speed B/H

= transition alone

- = + (A, Yy) power law, Afzal et al. 90% of realisations

« + binaryfog

- pinaries alone, best fit

mam NANOGrav 15 yr, 2026

1 ' L | ' L ' L 10_7 I ' ' I L |
- 20-allowed parameter
102 space using binaryfog
é L ‘——._--l————_ 10—8
i ‘;/’ - %
' il el EEEEEEEEL g 1070
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E / 7 : 10 [
- I : 10710 |
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transition strength «a f/ nHz
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20,000 realisations === |og-normal, same width warp, c=0.23 == map-Airy, same width

bin 1, f=2.0 nHz bin 7, f=13.8 nHz bin 14, f=27.7 nHz

width 0.03 in logig h2 width 0.20 in logig h? width 0.32 in logig h?
SLA DL B B S B RN B LR LE FT T T1 11717 117 1171174 — T T T T T T T T T T T T
2 20F 3 : 1 20F -
n ! 3F - i -
qC) ) I i i
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E 10 | it 7 - ) ~‘\ 1.0F :II N -
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© - d X, E 1 : Y - - 7 t, b
e ] % - ' 1 ‘ 1 05] ; \ -

O N : ' 7 b : : 7
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O-__A;_‘.:/ LI - O--—"—"- A0 IRTRIRN IR AT AT l"ﬂ.- OO l.-'f-“' B LG0TV TR ol TTYY o

—0.1 0.0 0.1 —0.5 0.0 0.5 —1 0 1
log10 hZ minus its median log10 hZ minus its median l0og10 h? minus its median
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- flat priors
- gstro-informed priors
— Dinaryfog
—— NANOGrav, erratum
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m NANOGrav 15 yr, 2026 = total == Dbinaries ---- new physics

inflationary dark sector
cosmic superstrings gravitational waves domain walls

T
/‘_---I | |

P
-

2 5 10 20 2 5 10 20
f/ nHz f/ nHz
== = (A, y) power law, Afzal et al. binaryfog V¥V the three values drawn above
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1078
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No Hubble expansion during
the transition (G1)

NANOGrav 15yr

IPTA DR2

’\;f ; l .
!' [

_—
|

' \

LISA pipeline sound
waves (G4)

Default

2 Free-streaming
shells (G2)
P 4
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= | expansion (G3) -
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A conformal dark sector incl. dark matter candidate

Dark sector Kinetic mixing

@ A’

Thermalization becomes easy!

CT+ [JCAP 08 (2025) 062]
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How does our scenario evade all available constraints?
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How does our scenario evade all available constraints?
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Coupled DS scenario: incl dim-6 operator for ¢ — ec

Dark sector

Standard Model

A_.__,\__
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Early Elements
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e e
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Chemical Electron Decay & Time
decoupling annihilation DM freeze-out
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Coupled DS scenario: incl dim-6 operator for ¢ — ec
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A dark sector without portal couplings

Averynaivefit = /7
e s } The liberated vacuum §
~ | energy remains in the dark |
1 sector. A good fit would }
A 1 require enormous

AN > 0.22

T

} Giant ,Hubble" bubble sizes would be needed, violating }
causality & questioning validity of GW predictions ’

[CT et al, JCAP 11 (2023) 053]
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https://inspirehep.net/literature/2669369

The dark sector must die for the GWs to live...

— NGI12.5, sound waves, decaying dark sector

Zr B/H < 3: Super-Hubble bubbles
B/H < 10: GWB is overestimated

_6 é‘ % % % ; sovnd ol vy ved vl 1 sl v
10 10731072107t 10 10*10° 101 10% 10%107*107310721071 10°073107210~1 10° 101075107%1072 10" 102

o) B/H T,/GeV ép To | 8
[CT et al, JCAP 11 (2023) 053]
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https://inspirehep.net/literature/2669369

Robust and self-consistent predictions for 7,

”» ' ' 10— me_ T S
&
= 0.5 .
a¥
e Tl i Qelfconsistent N g
TP = = Assuming p = ps
11E | ' 0.0 E : T S
0.55 0.60 0.65 0.70 10*
g 1% [MGV]

Figure 4: Left: Reheating temperature and its approximation Tpere =~ = Tperc (1 + o)/t as a
function of the gauge coupling g in the conformal U(1)" model (y = 0.01, v = 140 MeV). Right:
Comparison of the self-consistent and approximate (p = pr) solution of the percolation integral
P(T) =1—exp{—I|H|P]|(T)} for an ultraslow transition with (8/H)py = 3.5 featured in the
dark Abelian Higgs model (A = 0.018, g =1, v = 100 MeV).
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User input

Visualization & Plots

External tools

Config YAML Color schemes Ultranest sampler
examples/example point.yaml colors.py ultranest
v P «
- — PTArcade likelihoods
Model file Plot orchestrator ptarcade
models/model. py plots.py K
7 V|
bl { Vi / MPI backend
Z N / .
Plot settings y 122y
plot settings.py P 4 b, //
Integface y &/ N g
/ \ Vs P
CLiont s Grid plots \ y /
entry poin Y gridplots.py . -
interface/cli.py / . - \)\/ - Nu,ﬂherlcal phySICS
/7 /
v / /' } \ _/ P \ /
- 4 Line plots ’ \_\* Shared numerics
Config loader | = lineplots.py - \‘> helper functions.py
interface/config loader.py — \ 7
~ / /;15x/ I /X/ \ . . |
\ 2 // s |~ \\ Physics constants
/
Single-point helpers 0 7 7 P /: \ /,/) constants.py
interface/single point.py A 4 7 \ R Y Vv 4
v\ // R | \ 7 144 Thermal integrals
\ / 7 // / | \ e finiteT.py
Shared state ” / // | \ = _ ] » /
. /7 | H ~ / // - -
interface/state.py // s PhYSICS mOdl/ll/é;/S/ k//7 Degrees of freedom
////< y | Ay = / _ —» thermodynamics.py
s L Effective potential - :/f S -
can manager d generic_potential.py —t : . :
interface/scans.py - — l / 7‘ Particle bookkeeping
i \ /v ! . | / y, particles.py
V74 \ - / /7
\ Phase tracing / A :
Samplers phases. py / / Nucleation temperature
interface/samplers.py \ I . — /7 “ nucleation.py
v \\//\/' | N %Z/:><’ o 4
— \ Transition finder 2 —ii />’ Bubble dynamics
Pipeline orchestrator —_— transitions.py | // bubbledynamics.py
interface/pipeline.py \ - - >~<;_\/
v \ N\ ——— lb bl\ v A Path deformation
- ransition observables |- , N pathDeformation. p
Logging & export transitionObservables.py |/ R\\\ - d
interface/logging utils.py - < - N A
./ / /"Q ~ e Bounce solver
GW spectrum _ tunnelinglD.py
gwfopt.py TS AR
N [/ Error taxonomy
Scan utput \\‘Ax Wik errors.py
Observability
Plots and data observability.py

scans/*.pdf, *.txt, *.csv

Structure of TransitionListener v2.0

P;(T) converged?

Phase tracing & Pre-processing:
Find phase overlap, remove crossovers
& very weak FOPTs with
AV (T)/T* < weak_threshold

Step 1: Saddlepoint approximation.
Linearise log I'(T), constant H(T), ¢z = 3.
Root-finding on Cpere = 0 = T3EPRTOX

perc

Step 2: Solve percolation integral.
Solve P,(T) =1 — exp{—I[H[P]|(T)}
with P, =0 in H(T)

Step 3: Solve full percolation integral.
Solve broken phase temperature evolution
and P,(T) = 1 — exp{—I[H[F]|(T)}

Yes

Jitter in

Correct the
flawed bounce
actions

I(T)?

Targeted
refinements

Return Tyerc, 1%, Tren, RH, P(T), I(T), H(T)
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An elegant trick to compute the percolation integral

The second method (adaptive _step_size) reformulates the percolation integral into a sys-
tem of coupled ordinary differential equations and integrates them with a variable temperature
step, depending on the size of the integrand. Eq. (2.19) can be expressed as I(T) = “Tv3 J3(T),

h 3
Jo(T) = /T e dT' v(T"R(T, T'")", with (3.9)
_ a3(T)F(T) N T e e _ 1
") = 35 ETT R(T’T):/T dTv(T), and v(T) = 3 oo HTYTa(T)

(3.10)

Using the Leibniz integral rule and observing that OrR(T,T'") = —v(T), the derivative of J,
reads

0J,(T) _ {—'y(T) ifn=0, (3.11)

oT —nv(T) Jn—1(T) ifn>1.

The function J3(7T") and hence I(7T') can then be obtained numerically by integrating the above
system of ODEs with the initial conditions J,(Tmax) = 0, corresponding to a vanishing bubble
nucleation rate at Ti,.x, using an adaptive step size solver. This method is faster on average,
but more prone to numerical instabilities if the bounce action is noisy.
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An example config file for TransitionListener

# Scan Settings 0 30 X 5 3 33 3 3 30 3F X 3 3 30 30 3 3 3 30 3t X &
Modelfile:
models/TL_dark_flipflop.py

N N

Potential:
DarkFlipFlop

Scan:
SinglePoint

© 00 3 O O

10
11 Parameters:

12 lambdaO: 0.005098

13 lambdal: 0.002144

14 lambdal2: 0.003078

15 v_GeV: 3.728330741601088
16 y: 0.972319

17 gamma: 0.7532

18

19 # ==================================================

20 # output configuration

2] # ==================================================

22 timeout: 300 # Timeout in seconds for the individual TL run, -1 for no timeout

23 format: txt # either "txt" or "hdfbd"

24 output_path: scans/exampleScan

25 description: Example

26 plot_description: Flipflop benchmark point
27

28 additional_plots:

29 # Create additional plots

F
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Automated action plotin TransitionListener

[
I
I
|
107 | l _
< :
% :
105 _ i _
|
1052 : I I T I I
<t
E 10—94 - i _
— I
10-167F —
I Transition
, -
1.0 1.2 1.4
T | GeV

Figure 9: Output of the action plot option for the dark flipflop benchmark point 2 from table 1.
Upper panel: Bounce action S3/7T in dependence of temperature. Lower panel: Corresponding
bubble nucleation rate I' in units of H%.
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Automated profile plotin TransitionListener

do

Al - — ¢1 -
>
D)
@)
T2t -
-

Listener
0 . . . L . 1 \ L
109 101 102

Bubble radius / GeV ™!

Figure 10: Bubble profile at nucleation for the dark flipflop benchmark point 2 from table 1,
generated using the profile plot option. Inside the bubble, at » = 0, the fields approach their
release point. At r — oo (outside the bubble), the field values approach their false-vacuum
values.
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Automated percolation plotin TransitionListener

= P(T)
T Tperc

0.90

0.25

Transition

True-vacuum fraction

Listener

0.00

2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.0
T /| MeV

Figure 11: True-vacuum fraction evolution of the conformal dark U (1)’ benchmark point 1 from
table 1 (g = 0.7, v = 0.14 GeV and y = 0.01), generated using the percolation plot option.

p pum
( I’l - Carlo Tasillo — Robust phase transition predictions for PTAs and LISA



Automated overview plot for line scans in TransitionListener

Figure 12: Overview plot of the example line scan based on the conformal model near the
benchmark point from table 1, scanning g at fixed y = 0.01 and v = 140 MeV. The fourth panel
shows the expected SNR after 5 years of data taking at SKA. The red dashed line indicates the
detection threshold.
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Automated overview plot for grid scans in TransitionListener

(B/H)RrH

v/ GeV
v/ GeV

v/ GeV
v/ GeV
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Comparison of TransitionListener with other packages

Features Observables
Software Lang MF TTR Meth Reh Scans Self-cons.| Ty Tien Tt vw o (B/H)s, RH
TransitionListener v2 Py V gen P4+S V v v Toere v ¢ LTE 3w0;f(;f:rc) v v
CosmoTransitions Py v - P+S - = = = — — -
BSMPT v3 C++ < bag P+S (V) V Tpee v ¢ LTE op—~ v/
PhaseTracer?2 C v/ —  P4S (V) Thuc input - 0;(_72 - v
PT2GWFinder Ma, bag poly (V') Toerc input 4Pra,9<§(_j%erc) v
ELENA Py gen tun (V) (V) Toere v ¢ 1 b O / /

3wf (Tperc)

Table 2: Comparison of software tools for phase transitions. Abbreviations: Lang = language
(Py = Python, Ma = Mathematica); MF = multi-field; TTR = time-temperature relation (gen
= general, bag = bag model); Meth = method (P+S = path deformation + shooting, poly
= polygonal bounces, tun = tunnelling potential); Reh = reheating; Scans = parameter-scan
support; Self-cons. = self-consistent treatment of the Hubble rate and P,. Bracketed checkmarks
indicate support under additional assumptions or in a restricted sense; for Reh, this means an
instantaneous reheating approximation. We further point out that BSMPT does not require

Vw = vVI;TE and Ty = Terc, but also allows other choices.
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Derivation of the relationship between RH and /H

C Analytical relation between transition speed and bubble size

Here we derive an analytical relation between R¢, and [ at percolation, as first presented in
ref. [102]. Approximating the nucleation rate as an exponential around the percolation time
tperc and neglecting the cosmic expansion, we obtain

8 3
I‘(t) ~ I‘perce_ﬁ(t—tperc:) : and Pf(t) X exp ( ZZW I‘\perce_ﬂ(t—tperc)> . (C]_)

Neglecting cosmic expansion in the bubble density as well, we obtain

t 3 t 3
B perc. 8mve e
n(t) o / dt’ F(t/) Pf(t/) — / dt & exp ﬁ4 Fperce B(t—tperc)

oo 83 J_ oo
5 g 5
= 303 1 —exp L I'perc = 303 (1 — Pr(tperc)) (C.2)
The mean bubble separation at percolation is hence related to the transition speed through
1 s\ /3 Vw
Reer (tpere) = ~ - C.3
ealtn) = 5= (1) 5 ©9)

with the factor fpere =1 — P(tperc) =~ 0.29 taking into account the true-vacuum fraction.
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Error classes in TLv2 :

Code Exception Typical meaning
TachyonError Tachyonic mass at the T' = Tp vacuum; usually cured by adjusting
the model parameters or the renormalisation conditions.

2 NucleationError The nucleation criterion Cpyc(Thuc) = 0 could not be satisfied; sur-
faces only in the fixed _step_size workflow.

3 WrongTOMinimumError The last traced phase does not match the expected T' = Ty mini-
mum.

4  NoPhases Phase tracing failed altogether.

5! OnlyOnePhase Only the high-temperature phase was found; no transitions can be
constructed.

6 NoTransitionFound Multiple phases exist but no viable transitions exist.

7 PercolationApproximationiError The saddlepoint approximation for percolation failed to converge,
usually signaling a very flat S3/T curve.

8  TooMuchSupercoolingError P (Tmin) < fperc at the coldest explored temperature: the transition
did not reach percolation in the evaluated window.

9  OnlySecondOrderTransitionsError All traced transitions are continuous, no GWs are emitted.

10 PercolationError The percolation integral could not be evaluated reliably: the step-
2/3 Brent solve for Tperc did not bracket a root, the ODE step col-
lapsed below floating-point spacing, or the action evaluation budget
was exhausted.

11  TunnelingError The path-deformation or overshoot /undershoot solver failed to con-
verge at the requested temperature.

12 InitPotentialError The model parameters produce an ill-defined potential (e.g. un-
bounded from below or violating input bounds).

13 SplineError Construction of the deformation spline failed, often because the ini-
tial path collapses in multi-field space.

14  WrongHighTPhaseError The first transition did not originate from the high-temperature
phase, indicating an inconsistent phase tree.

15 EternallnflationError foere < Py(Tmin) < fanal at the coldest explored temperature: per-
colation occurred but residual false-vacuum regions persist and con-
tinue to inflate.

16 Timeout The per-point timeout (specified in the .yaml file) elapsed before
the computation finished.

17 ActionRateJitterError Jitter in I'/H* across the active percolation band detected, which
could not be fixed automatically.

999 UnexpectedError Catch-all code for uncategorised failures; consult errormsg for the

Python traceback.

Carlo Tasillo — Robust phase transition predictions for PTAs and LISA
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Selection of the implemented sensitivity curves in TLv2
VWV V IV IV I

[

SKA 5yr

SKA 10yr

SKA 20yr
NANOGrav 15yr
LISA

BBO

ET

tAres
LIGO-VIRGO O2
NG15 (violins)
Netr

nHz nHz mHz Hz kHz
f/ Hz

p p-
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How to be supercool ©

x107°
_ 4
0.0015 - 1- Vtree(gb) — /1¢
Quantum and
0.0010 .
0 4= thermal corrections
3 0.0005 4 o
N _1 : : .
= 0.0000 = — 0.0 0.1 0.2 0.3 Veff(¢, T) D /1¢ 10g
> V
&
Y

—— T =10.0 MeV
—000107 7 _gaMmev
0.0015 4 —— ;iz'mev Loop-induced barrier down until very low
| . . . . , , temperatures, i.e. strong supercooling
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Different models for the GW spectrum from a FOPT

Contribution from bubble wall collisions

T T T TTTTT T T T TTTT] T T T TTTT I I T 5 L
v l | || | | |

B | | | —— Envelope £ Huber+ 2008 (LISA 2015)

- | attice — Cutting+ 2020 - Thin wall _l. ’
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IR | UV | Reterences S Ldttice - Cutting+ 2020 - Thick wall s Envel onstandin T :

i ~ + Envelope - Konstandin 2 i

Envelope | 3 | -1 | [16, 27] Lattice - Cutting+ 2018 i

- Bulk Flow - Konstandin 2017

1 0—1 0
Bulk flow 1 | -3 (17, 28]

T TTTT]
| IHIIII

Scalar lattice | 3 | —1.5 38] (E ET
- ';“ DECIGO =
N 20 Vv -
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Sound shell 9 1 -3 22, 23] G § $ %
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Yann Gouttenoire: Beyond the
Standard Model Cocktail
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Quo vadis pulsar timing?

We are here

Anisotropies?

v

Continuous
wave signals?

X
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Detecting GW anisotropies from SMBHBs :

T I'I PTA : NANOGrav

Map Rec. © Numerical
Det. Stat. : SNR

Frequency : 3.95nHz

7

(“

We find that a PTA with the noise characteristics of the NANOGrav 15-year data set had only a "
2% — 11% probability of detecting SMBHB-generated anisotropies, depending on the properties of
the SMBHB population. However, we estimate that for the IPTA DR3 data set these probabilities
will increase to 4% — 28%, putting more pressure on the SMBHB interpretation in case of a null
detection. We also identify SMBHB populations that are more likely to produce detectable levels
of anisotropies. This information could be used together with the spectral properties of the GWB
to characterize the SMBHB population.

I/HHH r

2407.08705, Lemke, Mitridate, Gersbach R EEREEEREEEEREEETEEE
\II“ my o M € Tf Vinner

0.00 0.05 0.10 015 020 0.25 0.30
Detection probability
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