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My main focus: Phase transitions and PTAs
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Parametrization of the GW signal of a phase transition

3 \/ery roughly:

NANOGrav 15yr 2 H 1,2 f
hzgsw,bw ~ 10—6 ( = ) (_) S ( )
GW (f) a—+1 G Joeak

e_. . 15, T
% with  freak =~ 0.1 nHZ X 7 Mev

To fit the new pulsar timing data:

Strong transitions, a = 1

Slow transitions, f/H ~ 10

f/ Hz Reheating around T ~ 10 MeV

SMBHB: A = 10717,y = 13/3

p pum
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Parametrization of the GW signal of a phase transition

Very roughly:

NANOGrav 15yr

Slow transitions, f/H ~ 10

- Reheating around 7'~ 10 MeV

SMBHB: A = 10717,y = 13/3
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Which phase transitions can fit the PTA data?

Many small
bubbles

(872')1/3
RH,

pIH ~

Few big
bubbles

CT+[2602.09092]
pp=pp=

T ™=

—— FOPT
- —— FOPT + SMBHBs

Weak transitions

Strong transitions

PTA data requires very
strong transitions with
extremely large bubbles!
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Which phase transitions can fit the PTA data?

Many small
bubbles

—— FOPT
- —— FOPT + SMBHBs

Few big
bubbles

CT+ [2602.09092]

py=pp=

iIfit.

Weak transitions Strong transitions

PTA data requires very
strong transitions with
extremely large bubbles!

That relationship is
wrong, by the way...

(you can ask me over
coffee about it)

CT+ [2605.15259]
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Which phase transitions can fit the PTA data?

Many small
bubbles

(872')1/3
RH,

pIH ~

Few big
bubbles

CT+ [2602.09092]
pp=pp=

T ™=

—— 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...
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Which phase transitions can fit the PTA data?

Many small

bubbl | — |1 i
ubbles . || PTA data requires very
| strong transitions with
extremely large bubbles!
(872')1/3
prH = RH,

BSM models typically
predict weak transitions

with small bubbles...
Few big Robu§t pre.dictions of.the
bubbles ' GW signal in that regime

[

are difficult...

CT+[2602.09092] Weak transitions Strong transitions

py=pp=
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Why is it so difficult to get big bubbles?

Bubble
nucleation rate

GW amplitude

Time

F
I'l - Carlo Tasillo — When the HL-LHC is blind, LISA is deaf (but not vice versa)

Frequency




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 pum
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Why is it so difficult to get big bubbles?

Larger
bubbles

Bubble
nucleation rate

The bubble nucleation rate has to

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

Bubble
nucleation rate

Time
F
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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...
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What is required for robust phase transition predictions?

Consistent 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?

Con5|stent cosmological
— evolution

Numerical stability

[2605.15259]

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?

Con5|stent cosmological

Numerical stability — evolution

[2605.15259]

Today

GW templates valid for
strong supercooling and
Hubble-sized bubbles

Perturbative control over
bubble nucleation rate
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Mapping to GW templates from /~ —~—17—
hydrodynamic simulations via f 0
 SEGW
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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
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Back to the main topic today:



Back to the main topic today:




The LISA spectrum
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10~/ [~ Noise spectrum ,f, =
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= N \z\ /7
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: TransitionListener BSMPT
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10°° 10> 10~ 103 102 101

f [Hz]

LISA can detect GWs in
the mHz band, directly
related to cosmological

sources at ©O(100 GeV)

temperatures.

There's hope to find a
background stronger than
an astrophysical
background, potentially
from the electroweak
phase transition.
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Some motivation for 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

L A

[Image credit: Kateryna Radchenko]

cr\vl nlnn-‘-“r\vvvt\n]— l\n“'v
E—

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
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Which parts of the 2HDM are still allowed?

A A Complicated
Viree(®) = m3|®1|% + m3y|P2|* — [m?ﬂ)‘i% + h.c.] | 21 @] + f@zl“ potenti:I structure
_A 2 °
+ A3|@1[2[@2]? + Aa(D] Do) (RLD7) + ?5 (q)J{CI)z) with many

parameters and

+ 2 (0]@1) (@]@2) + A7 (@]@2) (@]@2) + h-C': ’ constraints...

Constraints iggs state Matching
the observations

Electroweak Precision
constraints (S, T U)

We use a combination of ScannersS,
BSMPT, HiggsSignals and HiggsBounds
for these constraints

p pu=
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Which parts of the 2HDM are still allowed?

Complicated
potential structure
with many
parameters and

A A
Vireo(®) = miy |01 + my| 0o — |miy0] @3 + hic.| + FH@]* + Z2[s]*

Electroweak Precision
constraints (S, T U)

We use a combination of ScannersS,
BSMPT, HiggsSignals and HiggsBounds
for these constraints

p pu=
' I'l L Carlo Tasillo — When the HL-LHC is blind, LISA is deaf (but not vice versa) 17



A random scan of the viable 2HDM parameter space shows 2 hotspots

400 [ _ 1 F 411 F10~>
twisted
custodial 10-10
> 200 1T } <
G standard _15 N
— custodial ) 107 3
x  0f . 1T ‘ ©
E 10—20 or
| =
< W
E —200 B : 1 - 10_25
No first-order phase transition 10-30
—400F . &.<1: Weak transition 1T )
¢ = 1: Strong transition

—-500 =250 O 250 500 —-500 =250 O 250 500
My — my=+ [GeV] My — mpy=+ [GeV]
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A random scan of the viable 2HDM parameter space shows 2 hotspots

400 t A | 1t 1| 107
_ 10710
> 200 <
O — p
T 10 15 =
T Or ©
E 10—20 2
| =z
< wn
& —200F 10-25
No first-order phase tral 10-30
—400F .« &.<1:Weak transition
» &= 1: Strong transition

—-500 =250 O 250 500 —-500 =250 O 250 500
My — my=+ [GeV] My — mpy=+ [GeV]
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Custodial symmetry is conserved in these two spots

‘c) I i ld I I I ’ . . .
6. custodial The strong transitions sit on
ab : the diagonals 4, = * A,
2t : where my . = ny, or My = My

< 0
L _ 1
—4F 7 - 32 122
, standard
—6 ;’l,,, lCUStOIdiaI 1 \ i ,- mz + m2 m)%mz m2
6 -4 -2 0 2 4 6 with F, , = — — ———log —
As 2 my — my my
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Custodial symmetry is conserved in these two spots

I_ I | I I I | | | | | | | I | | | I
0.4 — 68% and 95% CL fit contours for U= O(SM - My=125 GeV, m= 1725GeV) _f .. .
ERE S ** The strong transitions sit on
symme ries & sin off
| Zwidths T s —
02 mnary = the diagonals 4, = £ /s,
- where miy: = my or my= = my
0 _
0.2 52 , SM Prediction ] In the 2HDM: Ap — ) Z(FHi,A T FHi,H o FA,H)
- 3274y
- : . 2 2 2.2
04 fltter SM . mx + my mx my m)?’
S S S ——— with F, | = log —
0.4 0.2 0 0.2 0.4 Y 2 m2 — myz my2
Gfitter group, Fischer et al. [2607.09861] S

Ap=a,T=< 1073 since | T| < 0.1, i.e. mass splittings of up to O(10 GeV)
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A random scan of the viable 2HDM parameter space shows 2 hotspots
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A random scan of the viable 2HDM parameter space shows 2 hotspots

0(10 GeV ) >
400 i 11 F 108
twiste_d ,

= 200 custodial 10-10
& standard !
— custodial ) 107 3
EI OF i , 1F - s ©
. 6(10 GeV) 107
N

S —200F e 1t 1 W o2

~400 : | 1o

—-500 =250 O —-500 =250 O 250 500
My — my=+ [GeV] My — mpy=+ [GeV]
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A random scan of the viable 2HDM parameter space shows 2 hotspots

6(10 GeV) >
400
> 200F
& standard
— custodial
-
| O(10 GeV)
S —200F}
—400 |
—500 —250
(i

twisted
custodial

0

My —Mpy+ [|GeV]
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A random scan of the viable 2HDM parameter space shows 2 hotspots

¢'.“

I@(lOéeV) | | | | | | | | " “
400 | A _ 1r 1| F103 ¢
A |
_ | 10—10 1
> 200 < 1
% 10°1> 2 ‘.
I O B -Ir—UJ 0
- 5 10720 o« &
| <
S —200 ¢+ 10725 I
|
_30 I
4
. Y 4
—500 =250 O ’

My — My =+ [GeV] T — My + [GEV]
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H — 77 remains a great channel to find Higgses!

Collider testability of the points in the standard custodial cloud (ma = my=+)
® SNR<1 ® 1=SNR<10 ® SNR=10

i
~—

=
9
I

o(gg = H)BR(H = ZZ) [pb]
o

107} Can be tested by HL-LHC: - 95% of all SNR > 10 cases can
T T Y TR be tested by the HL-LHC!
Mgy [GeV]

p pum
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H — 77 remains a great channel to find Higgses!

Collider testability of the points in the standard custodial cloud (ma = my=+)
® SNR<l1 ® 1=<SNR<10 ® SNR=10

lllllllllllllllllllllll

g™ = ~:
10'5; Can be tested by HL-LHC: |3 3 Can be testdll by HL-LHC: “.
897% / 71.8% / 948% 521% / 52.‘00 / 738% '
TT300 300 400 500 600 200 300 _ 400 _ 500 = *500

my [GeV] my [GeV]

* | strongly assume that the non-EWSR is a feature of the way we resum daisies (AE prescription). It would be great to look into this again in some
formalism which is less awkward at large gauge couplings, allows for large-scale parameter scans, does not rely on high-7"and is validated on lattice...

F
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We did not manage to find LISA-visible points in the twisted cloud...

Collider testability of the points in the twisted custodial cloud (my = mgy=)
® SNR<l1 ® 1=<SNR<10 ® SNR=10

No EWSR

—
e~
----
e

.....
‘e
‘e
e
e
"
.,
.
. ¢ "
»
--------
.
e,
.,
.....
.....
.....

107> 3 Can be tested by HL-LHC: |- 3 Can be tested by HL-LHC: |
3 75.5% [/ 99.8% [/ n/a : ; 84.9% [/ 97.4% [/ n/a :
.................... 1 L, = e — 1
200 300 400 500 600 200 300 400 500 600
my [GeV] my [GeV]

The twisted cloud in general is more silent. Our LISA is deaf statement is trivially true.
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Collider testability of the points in the standard custodial cloud (m4 = my=) Collider testability of the points in the twisted custodial cloud (my=my=)

® SNR<1 ® 1=SNR<10 ® SNR=10 ® SNR<1 ® 1=SNR<10 ® SNR=10
( BSMPT | [ TransitionlListener ) ( BSMPT 1 ( TransitionListener
| ] ™) | .
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E’ 104 ' {1t B ?:‘ 10~ Eo 1 1074 1 iF
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x 107%} 89.7%/71.8%/94.8% |Y [ 52.1% / /73.8% |1 1073} 71.8% /73.2%/95.9% [{ | | 44.6% / 53.1% [ 66.1% | x 107° 1 84.9% / 97.4% / n/a 1073} ]so 1% /100.0% /nfa|{ 91.3% / 97.4% / 100.0% |1
10t T r v T 10! - - T T T 10! — . x - 10? — T T T — T T T
oy EWSR No EWSR EWSR| | = No EWSR S | xS~ 2 EWSR| | 4 = . NoEWSR| | | | T= EWSR| | — = _ No EWSR
= e e e R B S & T I B S S — e
In case you are =50 5o ME NPT a— 1N
” T g " T g -~ e ST !
1 21 !
> >
® ® © %5 10-3 10-3 © %5 -3 -3
o z o z 103} 103}
I I T X [0.0% 7 0.0% 1 0.0%| T X 0.0% / ( / nja 0.3% / ( /0.0%
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E _ 21073 103} = 2 S
I s | SE RN g | LEe
1 91 105t 10-° 4RET (7 21
® L. v = o ST
&) S g 10—9 10—9 o S] % 10—5 L J 10—5 L
7 0.0% / 0.( /0.0% | 0.0% /0 / 0.0% X 0.2% [/ 0.( /nfa
° 5 = EWSR | = -.No EWSR
B M PT u u I t 2107 1072} R R— S10-2; i — 1072¢
:'T: < 104 1074} :f e \ \
o 1 1074} 104}
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S o ® o 10-6 '’ 1 ] 10-6 | )
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Holy grail of phase transition searches:
solving the inverse problem requires precise
nucleation rate predictions, robust numerics,

fast samplers, understanding of
astrophysics, valid GW templates, ...

W)

Strong gravitational waves from phase
transitions almost always require strong
parameter tuning, corresponding to narrow
strips in model parameter space

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

TransitionListener v2.0 remains
numerically stable and physically
accurate under strong supercooling
and large bubbles.

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

does not find any H — ZZ events,

we should be safe to expect no
observable type-I 2HDM GWs. The
opposite doesn't hold.

More work is needed on many ends: Collider

searches around m;; ~ 200 GeV, LISA data

analysis pipeline, pheno-ready 3D EFT for
the 2HDM, understanding of large quartics, ==

varying prior choices (e.g. tan ), .. ‘==
e
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Large loop corrections are required...

Not clear yet how to treat those properly, would also persist in 3D EFT

(a)
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0> [Ge\/\

0 250
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EWSR and non-EWSR
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Prior choices

mpy, = 125.20 GeV,

my, € (60, 1500] GeV,
ma € [60, 1500] GeV,
mp+ € |60, 1500] GeV,
vy € [—0.3, 0.3],
tan 8 € [0.8, 25|,

m?, € [1072, 10°] (GeV)?
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Cornerplots [ Coupling basis,
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Corner plots
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Corner plots
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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
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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 \
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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
‘-| L Carlo Tasillo — When the HL-LHC is blind, LISA is deaf (but not vice versa)

36



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

p pu=
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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!
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Merging supermassive black holes

NANOGrav 15-year

IOLODECK Sims

[INANOGrav, 2306.16213]

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)

YGWB

* 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...

Carlo Tasillo — When the HL-LHC is blind, LISA is deaf (but not vice versa)
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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

Carlo Tasillo — Robust phase transition predictions for PTAs and LISA

T=0.025GeV
T=0.015GeV
T=0.005GeV

0.00

0.05
¢/GeV

0.10

39



Large bubbles in the Abelian dark Higgs model
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The transition rate
is exponentially

dependent on the
bounce action
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Large bubbles in the Abelian dark Higgs model
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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
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(used in LISA pipeline, Athron review, ...)
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Transition speed 8/H
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Transition speed 8/H
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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.
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