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
Gravitational Wave

Sources

1st stars

dark ages
CMB

DE expansion

SGWB

CBC

Main Sources Frequency (Hz)

Inflation & preheating ??

Cosmic defects 10−12 − 10−10 (strings)

Supermassive BH binaries 10−10 − 10−7

Phase transitions ~10−5 − 10−3 (EW)

Primordial BHs ~101 − 102

log 𝑓 (Hz)-16 -14 -12 -10 -2 0-8 -6 -4 2

wave period
age of the 

universe
years hours sec

Main Sources Frequency (Hz)

Inflation & preheating ??

Cosmic defects 10−12 − 10−10 (strings)

Supermassive BH binaries 10−10 − 10−7

Phase transitions ~10−5 − 10−2 (EW)

Primordial BHs ~101 − 102
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Is colour-restoration

observable ?

𝑚𝐻75 GeV

𝑇

2nd order

cross-over

1st order𝜙 = 0

𝜙 ≠ 0
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
Cosmological Phase Transitions

& Single-Field Models

3

I order phase transitions (FOPTs)

→

BSM physics

• EW baryogenesis

• Allowing multiple vacuum directions

(multi-field models)

➢ Focus on 3-field model

# vacuum configurations:

22 #vevs = 64

We identify 𝒪 10  of interest
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
Leptoquarks

A minimal 2-LQ model

4

• LQ model

• Higgs-like doublet 𝐻

• coloured-doublet 𝑅

• coloured-singlet 𝑆

• Scalar content

V𝐿𝑄
0 = 𝜇𝐻

2  𝐻†𝐻 + 𝜇𝑆
2 𝑆†𝑆 + 𝜇𝑅

2  𝑅†𝑅

+ 𝜆𝐻 𝐻†𝐻
2

+ 𝜆𝑆 𝑆†𝑆
2

+ 𝜆𝑅 𝑅†𝑅
2

+ 𝑔𝐻𝑆 𝐻†𝐻 𝑆†𝑆 + 𝑔𝐻𝑅 𝐻†𝐻 𝑅†𝑅 + 𝑔𝐻𝑅
′ 𝐻†𝑅 𝑅†𝐻 + 𝑔𝑅𝑆 𝑅†𝑅 𝑆†𝑆

+ 𝑎1 𝑅𝑆𝐻† + ℎ. 𝑐.

• Features

• flavour-consistent: 𝑂 100  observables

• radiative generation of 𝜈 masses and mixing

• generate strong FOPTs

Model based on F. Freitas, J. Gonçalves, A. P. Morais, R. Pasechnik, W. Porod (2023, PRD 108.115002)

𝑺𝑼(𝟑) 𝑺𝑼(𝟐) 𝑼 𝟏 𝒀

𝐻 1 2 1/2

𝑅 3 2 1/6

𝑆 ത3 1 1/3
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
Leptoquarks

A minimal 2-LQ model

5

• LQ model

• Higgs-like doublet 𝐻

• coloured-singlet 𝑆

• coloured-doublet 𝑅

• Scalar content

V𝐿𝑄
0 = 𝜇𝐻

2  𝐻†𝐻 + 𝜇𝑆
2 𝑆†𝑆 + 𝜇𝑅

2  𝑅†𝑅

+ 𝜆𝐻 𝐻†𝐻
2

+ 𝜆𝑆 𝑆†𝑆
2

+ 𝜆𝑅 𝑅†𝑅
2

+ 𝑔𝐻𝑆 𝐻†𝐻 𝑆†𝑆 + 𝑔𝐻𝑅 𝐻†𝐻 𝑅†𝑅 + 𝑔𝐻𝑅
′ 𝐻†𝑅 𝑅†𝐻 + 𝑔𝑅𝑆 𝑅†𝑅 𝑆†𝑆

+ 𝑎1 𝑅𝑆𝐻† + ℎ. 𝑐.

• Features

• flavour-consistent: 𝑂 100  observables

• radiative generation of 𝜈 masses and mixing

• generate strong FOPTs

Model based on F. Freitas, J. Gonçalves, A. P. Morais, R. Pasechnik, W. Porod (2023, PRD 108.115002)

𝐻

𝑎1

𝜈𝐿 𝜈𝐿𝑑𝐿 𝑑𝑅
∗

𝑆1
1/3

𝑆2
1/3𝑎1

𝐻

𝑅 𝑆

B
ack

g
ro

u
n
d
 | M

o
d
el | G

W
 P

ro
d
u
ctio

n
 | O

u
tco

m
e

𝐿

𝐿𝑄

𝑄

𝑺𝑼(𝟑) 𝑺𝑼(𝟐) 𝑼 𝟏 𝒀

𝐻 1 2 1/2

𝑅 3 2 1/6

𝑆 ത3 1 1/3





• Leading-order perturbation theory (à la Coleman-Weinberg)

Linde problem: non-perturbative massless vector bosons

• Dimensional reduction (DR)

• time → temperature ⇒ high-T approach

• include systematically higher-order resummations

• Narrower theoretical uncertainties

⇒ narrower GWB uncertainties

• Weakly-coupled EFTs → thermal scale hierarchy

Dimensional Reduction
An improved recipe for thermal EFTs

6

Boltzmann 
suppression

> 𝜋𝑇

hard

∼ 𝜋𝑇

semisoft

∼
𝑔

4𝜋

1
2

𝜋𝑇

soft

∼
𝑔

4𝜋
𝜋𝑇

supersoft

∼
𝑔

4𝜋

3
2

𝜋𝑇

ultrasoft

∼
𝑔

4𝜋

2

𝜋𝑇

𝑉 1 = 𝑉0 + 𝑉𝐶𝑊
1

𝑇=0

+ 𝑉𝑇 + 𝑉daisy

𝑇≠0
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Figure inspired by eq. (2.1) of O. Gould and T.V.I. Tenkanen (JHEP01(2024)048)

𝜏𝑡

𝑇−1
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it: P. Sch
ich

o




Outcome

From Particle Physics to Cosmology
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Particle physics model

thermal EFT
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
Outcome

From Particle Physics to Cosmology

8

PT parameters

𝑇𝑝, strength 𝛼,

duration 𝛽−1,…

Particle physics model

thermal EFT
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
Outcome

From Particle Physics to Cosmology

9

PT parameters

𝑇𝑝, strength 𝛼,

duration 𝛽−1,…

Particle physics model

thermal EFT

Nucleation criterion: ׬𝑇𝑛

𝑇𝑐 𝑑𝑇
Γ 𝑇

𝑇 𝐻4 𝑇
≈ 1

Γ 𝑇 = 𝑇4 𝑆3

2𝜋𝑇

3/2
𝑒−𝑆3/𝑇 

percolation criterion: 𝐼 𝑇𝑝 ≈ 0.34

𝐼 𝑇 =
4𝜋

3
𝑣𝑤

3 න
𝑇

𝑇𝑝 𝑑𝑇′

𝑇′4

Γ 𝑇′

𝐻4 𝑇′
න

𝑇

𝑇′
𝑑 ෨𝑇

𝐻 ෨𝑇

3

percolation condition: 𝒱𝐹𝑉
′ 𝑡𝑝 < 0

𝐻 𝑇 𝑇𝐼′ 𝑇 + 3 ቚ
𝑇𝑝

< 0

• strength  𝛼 =
1

𝜌
Δ 𝑉 −

𝑇

4
𝜕𝑇𝑉

• duration−1 𝛽

𝐻
= 𝑇

𝑑

𝑑𝑇

𝑆3

𝑇

energy density: 𝜌 𝑇 =
𝜋2

30
𝑔∗𝑇4

radiation

+ ดΔ𝑉

vacuum

→ 𝐻2 =
𝜌

3𝑀𝑃
2

B
ack

g
ro

u
n
d
 | M

o
d
el | G

W
 P

ro
d
u
ctio

n
 | O

u
tco

m
e




Outcome

From Particle Physics to Cosmology
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PT parameters

𝑇𝑝, strength 𝛼,

duration 𝛽−1,…

GW spectrum

ℎ2Ω𝐺𝑊 𝑓peak

Particle physics model

thermal EFT

― collisions

― soundwaves

― turbulence

― combined

M. Hindmarsh, S. Huber, K, Rummukainen, D.J. Weir  (2015, PRD 92.123009)
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
Outcome

From Particle Physics to Cosmology
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PT parameters

𝑇𝑝, strength 𝛼,

duration 𝛽−1,…

GW spectrum

ℎ2Ω𝐺𝑊 𝑓peak

Model parameters scan

masses

couplings

Particle physics model

thermal EFT
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≲ 1

― collisions

― soundwaves

― turbulence

― combined




Outcome

From Particle Physics to Cosmology
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PT parameters

𝑇𝑝, strength 𝛼,

duration 𝛽−1,…

GW spectrum

ℎ2Ω𝐺𝑊 𝑓peak

Model parameters scan

masses

couplings,…

Particle physics model

thermal EFT
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Colour breaking

and restoration!
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From Particle Physics to Cosmology
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PT parameters

𝑇𝑝, strength 𝛼,

duration 𝛽−1,…

GW spectrum

ℎ2Ω𝐺𝑊 𝑓peak

Model parameters scan

masses

couplings

Particle physics model

thermal EFT




Outcome

From Particle Physics to Cosmology
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PT parameters

𝑇𝑝, strength 𝛼,

duration 𝛽−1,…

GW spectrum

ℎ2Ω𝐺𝑊 𝑓peak

Model parameters scan

masses

couplings

Particle physics model

thermal EFT
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𝜅𝜆 ≡
𝜆ℎℎℎ

𝐵𝑆𝑀

𝜆ℎℎℎ
𝑆𝑀 = 1 +

𝜆ℎℎℎ
𝐿𝑄

𝜆ℎℎℎ
0 + 𝜆ℎℎℎ

𝑡

𝐻
𝐻

𝐻




Outcome

& Future Endeavours
▪ Model

✓ flavour-consistent LQ model generating 𝜈 masses

✓ featuring colour-breaking at high-𝑇

✓ and colour-restoration at lower 𝑇

▪ Detectability

✓ at future detectors (DECIGO, BBO, ..)

✓ correlation GW collider observables

▪ Further developments

→ DRalgo: EFT at NNLO

→ bubble wall velocity 𝑣𝑤 in LTE

→ Decay rate prefactor Γ = 𝐴 𝑒−𝑆3/𝑇
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𝜙 FALSE

𝜙 TRUE

𝑣𝑤?




Thanks for listening!
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Paclet
FindBounce + action fit

• Pipeline requires to determine temperatures of

• nucleation ׬𝑇𝑛

𝑇𝑐 𝑑𝑇
Γ 𝑇

𝑇 𝐻4 𝑇
∼ 1

• percolation 𝐼 Γ, 𝑇𝑝 ≈ 0.34

•
𝑆3

𝑇
𝑇  numerical estimation: FindBounce

• implements polygonal bounces 

• 4𝑑 𝑆4  or 3𝑑 𝑆3

✓ thin-wall regime

• efficient: 𝑡 ∼ 𝑂 # fields , 𝑂(# segments)

• Method

1. ෠𝑇𝑛 estimate via Γ/𝐻4 ∼ 1

2.  𝑆3/𝑇 fit/interpolation about ∼ ෠𝑇𝑛, 𝑇𝑐

3. 𝑇𝑛, 𝑇𝑝 via above integrals

ቑ Γ 𝑇 = 𝐴
𝑆3

𝑇
, 𝑇 𝑒−

𝑆3
𝑇  

Guada, Nemevšek, Pintar (CPC 256 (2020) 10748)
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https://www.sciencedirect.com/science/article/pii/S0010465520302253?via%3Dihub
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Exampl
Dark photon model

B
ack

g
ro

u
n
d
 | P

aclet | D
im

en
sio

n
al red

u
ctio

n
 | O

u
tlo

o
k

• Dark 𝑈 1  gauge sector

• Scalar content:

𝑉 𝜙, 𝑇 = 𝜇2𝜙2 + 𝜆𝜙4 

+ fermions

• 𝑉eff @ NLO

→ Paclet
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Example II
Dark photon model

B
ack

g
ro

u
n
d
 | P

aclet | D
im

en
sio

n
al red

u
ctio

n
 | O

u
tlo

o
k

• Dark 𝑈 1  gauge sector

• Scalar content:

𝑉 𝜙, 𝑇 = 𝜇2𝜙2 + 𝜆𝜙4 

+ fermions

• 𝑉eff @ NLO

→ Paclet
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Example II
Dark photon model
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• Dark 𝑈 1  gauge sector

• Scalar content:

𝑉 𝜙, 𝑇 = 𝜇2𝜙2 + 𝜆𝜙4 

+ fermions

• 𝑉eff @ NLO

→ Paclet
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Example II
Dark photon model
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• Dark 𝑈 1  gauge sector

• Scalar content:

𝑉 𝜙, 𝑇 = 𝜇2𝜙2 + 𝜆𝜙4 

+ fermions

• 𝑉eff @ NLO

→ Paclet




EW Baryogenesis

The matter-antimatter problem
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• Fundamental problem: baryon asymmetry 

•  Sakharov conditions (1967) SM LQ Model

1. B-number violation ✓ → non-perturbatively ✓ → LQs acquire vev

2. C & P violation ✓ → weakly ✓ → potential

3. Departure from

𝑇-equilibrium
✗ → cross-over ✓ → strong FOPTs

BSM physics

required!

𝜙 = 0

𝜙 ≠ 0

𝜒𝐿 + 𝜒𝑅

𝜒𝐿

CP

B+L

𝐵

𝑣𝑤

𝑚𝐻75 GeV

𝑇

2nd order

cross-over

1st order
𝜙 = 0

𝜙 ≠ 0
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