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Motivation

• LISA detector will start 
collecting data in late 2030’s  

• LISA will be sensitive to the 
frequencies coming from the 
electroweak transition 

• Detection of such signal is a 
“smoking gun” for new 
physics! 

• There could be associated 
phenomena e.g. dark matter 
production, baryogenesis
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Classically conformal 
extension of SM

Phase Transition 
parameters
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spectrum



Why classical conformal symmetry?

Dynamical 
generation of all 

mass scales

Predictivity - 
few free 

parameters

Generically strong 
GW signal testable 

with LISA



See also: C. D. Carone et al, 1307.8428, T. Hambye et al, 1306.2329, D. Marfatia et al, 2006.07313, I. Baldes et al, 1809.01198 



See also: C. D. Carone et al, 1307.8428, T. Hambye et al, 1306.2329, D. Marfatia et al, 2006.07313, I. Baldes et al, 1809.01198 

ℤ2 × ℤ′￼2

DM candidates are 
the stable X bosons



Radiative symmetry breaking
Example: 

Massless Scalar Electrodynamics.

S. R. Coleman, E. J. Weinberg, Phys.Rev. D7 (1973) 1888 



Radiative symmetry breaking
Example: 

Massless Scalar Electrodynamics.
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boson correction S. R. Coleman, E. J. Weinberg, Phys.Rev. D7 (1973) 1888 



Conformal

Polynomial

Features:


• Phase transition happens at 
temperatures significantly below 
EW scale


• Thermally produced barrier lasts 
till T= 0 

• Induces a strong Gravitational 
Wave signal.

Introducing: supercooling



Problem: many scales present

See also: D. Croon et al, 2009.10080, P. Athron et al, 2208.01319. 
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Around the barrier, where the tunnelling takes place (left panel), and around the minimum (right panel).

,  GeVgX = 0.9 MX = 104



Renormalisation Group improvement

g ⟶ g(t)
φ ⟶ Z(t)φ

, where  t = ln ( μ
μ0 )

See also: L. Chataignier et al, 1805.09292 



Renormalisation Group improvement

g ⟶ g(t)
φ ⟶ Z(t)φ

, where  t = ln ( μ
μ0 )

μ = max (MX(φ), 0.1GeV), μ0 = MZ

See also: L. Chataignier et al, 1805.09292 



Parameter space
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•The SU(2)cSM lagrangian 
contains 4 parameters apart 
from the SM ones: 

 

•Using the measured values of 
the Higgs VEV and Higgs 
mass we can eliminate two of 
them and be left with two 
free parameters.

λ1, λ2, λ3,  and gX

• (1) No EW minimum is 
reproduced 

• (2) Perturbativity condition: 
 gX@μ = MZ ≤ 1.15

(1) 

(2) 



See also: C. D. Carone et al, 1307.8428, T. Hambye et al, 1306.2329, D. Marfatia et al, 2006.07313, I. Baldes et al, 1809.01198 

RG Improved 
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Tunneling scenario in SU(2)cSM

Doesn’t happen!

Tunnelling

Roll-down

Effective potential



Thermal tunnelling

• Decay rate is given by: 
 

, 
 

• Euclidean action along the bounce 
solution: 

Γ ≃ e− S3
T

S3 = 4π∫ dr r2 [( 1
2

dϕ
dr )

2

+ Veff(ϕ, T)]
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RG improved  
SU(2)cSM

• Temperatures

• Strength, scale etc

• Energy budget

Gravitational Waves 
spectrum



Thermal evolution
Critical temperature:


two degenerate 
minimaV (')

<latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit><latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit><latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit><latexit sha1_base64="66npJSHHjgNlvhk5rYo0glxvNw8=">AAAB8XicdVDLSsNAFL2pr1pfUZduBotQNyHRYrtwUXDjsoJ9YBvKZDpph04mYWZSKKF/4caFIm79G3f+jdOH4PPAhcM593LvPUHCmdKu+27lVlbX1jfym4Wt7Z3dPXv/oKniVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHQ181tjKhWLxa2eJNSP8ECwkBGsjXTXLHXHWCZDdtqzi65zfuFWqmX0m3iOO0cRlqj37LduPyZpRIUmHCvV8dxE+xmWmhFOp4VuqmiCyQgPaMdQgSOq/Gx+8RSdGKWPwliaEhrN1a8TGY6UmkSB6YywHqqf3kz8y+ukOqz6GRNJqqkgi0VhypGO0ex91GeSEs0nhmAimbkVkSGWmGgTUsGE8Pkp+p80zxzPdbybcrF2uYwjD0dwDCXwoAI1uIY6NICAgHt4hCdLWQ/Ws/WyaM1Zy5lD+Abr9QNmL5C5</latexit>

'
<latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit><latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit><latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit><latexit sha1_base64="CBfUxI9WUlUI3I5tJ+O6UoODrMs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JDl4CHjxGMEskAyhp9OTNOnpabp7AmHIR3jxoIhXv8ebf2NnEVwfFDzeq6KqXig508bz3p3c2vrG5lZ+u7Czu7d/UDw8aukkVYQ2ScIT1QmxppwJ2jTMcNqRiuI45LQdjq/nfntClWaJuDNTSYMYDwWLGMHGSu3eBCs5Yv1iyXMvK161Vka/ie96C5RghUa/+NYbJCSNqTCEY627vidNkGFlGOF0VuilmkpMxnhIu5YKHFMdZItzZ+jMKgMUJcqWMGihfp3IcKz1NA5tZ4zNSP/05uJfXjc1US3ImJCpoYIsF0UpRyZB89/RgClKDJ9agoli9lZERlhhYmxCBRvC56fof9K6cH3P9W/LpfrVKo48nMApnIMPVajDDTSgCQTGcA+P8ORI58F5dl6WrTlnNXMM3+C8fgDy84/0</latexit>

3 TeV

Plots courtesy of B. Swiezewska (talk at Workshop on Multi-Higgs Models, 31.08.2022)

φ

V(φ)

Tc

TV

Tn

Tp

T

MX = 9 TeV, gX = 0.9



Thermal evolution
Vacuum domination 

begins

Hubble parameter is given as:

H2 =
1

3M2
pl

(ρR + ρV) =
1

3M2
pl ( T4

ξ2
g

+ ΔV)
We enter into the vacuum domination at the temperature

See also: T. Hambye et al, 1805.01473, J. Ellis et al, 1809.08242 
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Thermal evolution
Nucleation:


one bubble nucleates 
per Hubble volumeV (')
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T

MX = 9 TeV, gX = 0.9



Thermal evolution
Percolation:


Phase transition 
completes!

Amount of true vacuum volume 

per unit comoving volume ≃ 0.34

See also: A. H. Guth et al, Phys. Rev. D 23 (1981), V. K. Shante et al, doi.org/10.1080/00018737100101261 
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MX = 9 TeV, gX = 0.9



Thermal evolution

Reheating

See also: A. H. Guth et al, Phys. Rev. D 23 (1981), V. K. Shante et al, doi.org/10.1080/00018737100101261 
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T

ρvac ⟶ ρrad

Treh = TV

MX = 9 TeV, gX = 0.9



Temperatures: critical vs vacuum domination 



Tp < TQCD Tp < TQCD

False vacuum 

doesn’t shrink

Temperatures: nucleation vs percolation



Scale dependence of Tp

@MX @MZ



Strength, duration, wall velocity 

ΔV
vw

R*• Transition strength  

• Inverse time duration  

• … or average bubble radius  

• Bubble wall velocity 

α =
ΔV
ρrad

β ≃
d
dt

ln Γ(T)

R*

vw ≃ 1

T = T* = Tp



Transition strength



“Length scale” of the transition



Sources of gravitational waves
lots of energy in the 

bubble

Figures courtesy of B. Swiezewska (talk at Workshop on Multi-Higgs Models, 31.08.2022)



Sources of gravitational waves

bubble-wall 
collisions sound waves in 

the plasma

turbulence in 
the plasma

Figures courtesy of B. Swiezewska (talk at Workshop on Multi-Higgs Models, 31.08.2022)



PT parameters - energy budget 

Sound waves

Bubble collisions

κsw ∼ 1 − κcol

If bubble reaches terminal velocity… 

If bubble still accelerates… 



RG improved 
effective potential in 

SU(2)cSM

• 


• 

•

TV, Tn, Tp

α*, R*H*
κsw, κcol

Gravitational Waves 
spectrum



GW spectra today

ΩGWh2 ∼ 1.67 ⋅ 10−5 × (R*H*)c( κα
1 + α )

2

Sfit ( f
fpeak )

See also: M. Lewicki and V. Vaskonen, 2012.0782, 2208.11697, C. Caprini et al, 1512.06239 

gX = 0.76 MX = 100 TeV

[sensitivity curves courtesy M. Lewicki]



GW Signal-to-noise ratio



RG improved 
effective potential in 

SU(2)cSM






TV, Tn, Tp

α*, R*H*
κsw, κcol

 + SNRΩGWh2



RG improved 
effective potential in 

SU(2)cSM






TV, Tn, Tp

α*, R*H*
κsw, κcol

 + SNRΩGWh2

Dark Matter

Extra chapter



(Supercool) Dark matter

Our DM candidates are the three vector bosons   (where )  
of the hidden sector gauge group .

Xa
μ a = 1,2,3

SU(2)

See also: T.Hambye, A.Strumia, PRD88 (2013) 055022, C.Carone, R.Ramos, PRD88 (2013) 055020, V.V.Khoze, C.McCabe, G.Ro, JHEP 08 (2014) 026, T. Hambye, A.Strumia, D.Teresi, JHEP 1808 (2018) 188, I.Baldes, C. 
Garcia-Cely, JHEP 05 (2019) 190, T.Prokopec, J.Rezacek, BS, JCAP02(2019)009, D. Marfaria, P. Tseng, JHEP 02 (2021) 022

X

X

X
X

X

X
X

X

X



Now if…

Tdec > Treh Tdec < Treh

Supercooled Dark Matter Standard freezeout



Now if…

Tdec > Treh Tdec < Treh

Supercooled Dark Matter Standard freezeout

For whole of our 
parameter space
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DM abundance and direct detection



GW Signal-to-noise ratio and DM



Summary

Conformal models 

=


Generically strong GW 
signal

(DM) parameter space is 
highly constrained from 

percolation criterion

Scale dependence is a 
serious issue



Thank you!





PT parameters - energy budget 
ΔP = ΔV − PLO − PNLO


