
Multi-step Electroweak Phase Transitions and 
Gravitational Waves in the Inverted Type-I 2HDM

Soojin Lee (National Tsing Hua University) 

Phys. Rev. D 112, 055035 (2025) 
w/ Jeonghyeon Song, Dongjoo KIm, Jin-Hwan Cho, and Jinheung Kim 

International Joint Workshop on the Standard Model and Beyond 2025  
Dec 11, 2025



1. Introduction 

2. Multi-Step EWPTs in 2HDM 

3. Gravitational Waves from SFOPT  

4. Conclusion

Contents



1. Introduction



PAGE | 4

CMS Collaboration / Physics Letters B 716 (2012) 30–61 35

The Standard Model: Success and Open Questions

 Soojin Lee | NTHU

Baryon Asymmetry

Standard Model

Dark Matter

Vacuum Stability

Hierarchy Problem

Neutrino Mass

🤔 



Baryon-to-Photon Ratio ( ):  


 
SM Prediction:  


Sakharov Conditions (1967) for Baryogenesis: 
1. Baryon Number (B) Violation

2. C and CP Violation

3. Departure from Thermal Equilibrium 

ηB ηB ≡
nB − nB̄

nγ
≈ 6 × 10−10

ηSM
B ∼ 10−20
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Baryon Asymmetry of the Universe
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Sakharov Condition #3. Departure from Thermal Equilibrium  
 First-Order Phase Transition (FOPT)


: Discontinuous transition  non-equilibrium process


Bubble Dynamics 
Broken phase bubbles nucleate and expand within Symmetric phase


Requirement for "Strong" Transition 
Suppression of Sphaleron washout in the broken phase


: 

⇒
→

Γsph < H(T) ⇒
vc

Tc
≳ 1
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Why “Strong First-Order”?
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Fuyuto, Kaori, ”Electroweak Baryogenesis”



Standard Model:  GeV Higgs results in a Crossover EWPT. 
 Consequence: Sphaleron Washout of Baryon Asymmetry


Enhancing the Cubic Term

a large negative Cubic term ( ) in the thermal effective potential. 

 Deep potential barrier for a SFOPT requires


The BSM Solution 
An Extended Higgs Sector  new scalar bosons


 can significantly enhance the crucial coefficient ‘E’. 
 One of the simplest: Two-Higgs-Doublet Model (2HDM)

mH = 125
→

−ETϕ3

→

→
⇒
⇒
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Why an “extended Higgs sector”?
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V(ϕh, T ) ≈ (DT2 − μ2)ϕ2
h − ETϕ3

h +
λ
4

ϕ4
h

−ETϕ3



PAGE | 8

Two-Higgs-Doublet Model

 Soojin Lee | NTHU

V(Φ1, Φ2) = m2
11 (Φ†

1Φ1) + m2
22 (Φ†

2Φ2) − m2
12 [ (Φ†

1Φ2) + h.c. ]
+

λ1

2
(Φ†

1Φ1)2 +
λ2

2
(Φ†

2Φ2)2 + λ3 (Φ†
1Φ1)(Φ†

2Φ2)

+λ4 (Φ†
1Φ2)(Φ†

2Φ1) +
λ5

2 [(Φ†
1Φ2)2 + h.c.]

•  symmetry:    

•  

•

Z2 Φ1 → + Φ1, Φ2 → − Φ2

tan β ≡ v2/v1

v2
1 + v2

2 = v2 ≃ (246 GeV)2

Branco et al. arXiv:1106.0034

Φ1 =
ϕ+

1
v1 + ρ1 + iη1

2
, Φ2 =

ϕ+
2

v2 + ρ2 + iη2

2

CP-Conserving 2HDM with a softly broken  symmetryZ2
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Normal vs. Inverted Scenario
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Normal Scenario: 

 

→  SM-like Higgs

h ≃ 125 GeV

h :

Branco et al. arXiv:1106.0034

Five physical Higgs bosons:

       lighter CP-even Higgs

      heavier CP-even Higgs

       CP-odd Higgs


    Charged Higgs bosons

h
H
A
H±

CP-Conserving 2HDM with a softly broken  symmetryZ2
CP-even mixing:





CP-odd mixing:





Charged mixing:





(H
h) = ( cos α sin α

−sin α cos α) (ρ1
ρ2)

(G0

A ) = ( cos β sin β
−sin β cos β) (η1

η2)

(G±

H±) = ( cos β sin β
−sin β cos β) (ϕ±

1

ϕ±
2 )

Inverted Scenario: 

 

→  SM-like Higgs

H ≃ 125 GeV

H :

Vs.
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Why Inverted 2HDM?
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where : a linear combination of the  (I=1~5) 

and 





V(ϕh, T ) ≈ (DT2 − μ2)ϕ2
h − ETϕ3

h +
λ̃
4

ϕ4
h

E =
1

12π [ 6m3
W

v3
+

3m3
Z

v3
+

m3
h

v3 ] + E(H/A/H±)

m2
α(ϕh) = M2 + λαϕ2

h

λa λi

M2 =
m2

12

sin β cos β

E(α) ≈
1

12π λ3/2
α = 1

12π
m3

α

v3 , M2 ≪ λαϕ2
h ,

0, M2 ≫ λαϕ2
h

 → No SFOPT


In the normal scenario,  

 are heavier and  is also large.


 → Weak EWPT


In the inverted scenario, 

 are lighter and  is also small.


→ Enhance the cubic term and enable SFOEWPT


M2 ≫ λαϕ2
h ⇒ E ≃ 0

mh = 125 GeV
H, A, H± M2

mH = 125 GeV
h, A, H± M2

Too heavy  (thermal decoupling)mα

Why the “Inverted” Scenario?
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Why Type-I 2HDM?
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Type-II / Type-Y 
 

Strong B-physics 
constraints:


→  GeV
mH± ≳ 600

 
Type-I 

Much weaker 
bounds 


→ the largest viable 
parameter space 

for EWPT studies


Type-X 
lepton-specific 

leading to stronger 
constraints from 

leptonic 
observables.


Haller et al. arXiv:1803.01853
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Our Model: Inverted Type-I 2HDM

 GeV (inverted), 

 

mH = 125
mh , mA , mH±,

m2
12 , sin(β − α) , tan β

Type-I

Model parameters Yukawa Type

 Soojin Lee | NTHU

Let’s Focus on “Type-I Inverted 2HDM”!
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One-loop effective potential at finite temperature
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classical background field configurations: 







One-loop effective potential at finite temperature: 

Φc
1 =

1

2 ( 0
w1), Φc

2 =
1

2 ( 0
w2 + iw3),

⃗w ≡ (w1, w2, w3) ∼ (w1, w2) .

Veff( ⃗w , T) = Vtree( ⃗w ) + VCW( ⃗w ) + VCT( ⃗w ) + VT( ⃗w , T) .

One-loopTree-level Counterterm Thermal correction
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One-loop effective potential at finite temperature
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 The one-loop Coleman-Weinberg (CW) potential:


        


 The counter-term potential: 

        

 

 The thermal correction:


       


 The thermal functions  for bosons and  for fermions:


       


where  is the temperature-dependent thermal (Debye) masses appearing in the daisy resummation term 

⋅

VCW( ⃗w ) =
1

64π2 ∑
i

nim4
i ( ⃗w )[ln ( m2

i ( ⃗w )
μ2 ) − ci], (i = h, H, A, H±, G0, G±, W±, Z, f )

⋅

VCT( ⃗w ) = δm2
11

w2
1

2
+ δm2

22
w2

2 + w2
3

2
− δm2

12w1w2 +
δλ1

8
w4

1 +
δλ2

8
(w2

2 + w2
3)2 +

δλ3 + δλ4

4
w2

1(w2
2 + w2

3) +
δλ5

4
w2

1(w2
2 − w2

3),

⋅

VT( ⃗w , T ) =
T4

2π2 ∑
iB

niBJB(
m2

iB( ⃗w )
T2 ) +

T4

2π2 ∑
jF

njFJF(
m2

jF( ⃗w )
T2 ) −

T4

12π ∑
kL

nkL (
m̃2

kL
( ⃗w , T )
T2 )

3/2

− (
m2

kL
( ⃗w )

T2 )
3/2

,

⋅ JB(x) JF(x)

JB(x) = ∫
∞

0
dk k2 ln[1 − e− k2 + x], JF(x) = ∫

∞

0
dk k2 ln[1 + e− k2 + x] .

m̃2
k( ⃗ω , T )
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Characteristic Temperature
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Ptrue(Tp) = 0.29 Ptrue(Tf ) = 0.99

: ture vacuum fractionPtrue

Γ(Tn)
H4(Tn)

= 1

Nucleation temperature Percolation temperature Completion temperature

BSMPTv3 (https://arxiv.org/pdf/2404.19037) calculates

one-loop daisy-resummed finite-temperature effective potential and tracks its minima.

Critical temperature

Veff(0,TC) = Veff(vC, TC)



False
v = 0



True

v ≠ 0

https://arxiv.org/pdf/2404.19037
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Gravitational Wave from SFOPT

 Soojin Lee | NTHU

Three Main Sources 

of GW from SFOPT:

 
1. Bubble Collisions 
2. Sound Waves 
3. Turbulence

LISA 
(Laser Interferometer Space Antenna)




2. Multi-Step EWPTs in 2HDM
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Minima Tracer - FOPT

 Soojin Lee | NTHU

No FOPT 1-step 
FOPT
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What is Multi-Step FOPT?
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3-step 
FOPT

2-step 
FOPT
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What is Multi-Step FOPT?

 Soojin Lee | NTHU

ξc = 0.562

ξc = 1.731

ξc = 0.483

ξc = 0.321

ξc = 1.930

ξc =
(vTc

1(i+) − vTc
1(i−))

2
+ (vTc

2(i+) − vTc
2(i−))

2

Tc

Veff(vTc
1(i−), vTc

2(i−), Tc) = Veff(vTc
1(i+), vTc

2(i+), Tc)
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Scan Model Parameters

 GeV, 

 

mH = 125
mh ∈ [30,120] GeV, mA ∈ [30,700] GeV, mH± ∈ [80,700] GeV,
sβ−α ∈ [−0.5,0.5], tβ ∈ [1,50], m2

12 ∈ [0,2 × 104] GeV2 .

Scan Range of Model Parameters

 Soojin Lee | NTHU

Experimental Constraints 

1. B-physics / FCNC 
2. Electroweak Precision Data (EWPD) 
3. Direct searches (LEP, Tevatron, LHC) 

4. Higgs precision data

Theoretical Constraints 

1. Bounded-from-below 
2. Unitarity at tree-level 

3. Perturbativity 
4. Vacuum stability
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Multi-step PTs in 2HDM?

 Soojin Lee | NTHU

 
Parameter points that satisfy all the theoretical 

requirements and current experimental constraints.


Physical parameter points that additionally satisfy the 
SFOEWPT condition, .
ξc > 1.3

:

the -th transition in an -step SFOPT.

PT(n-step)
i

i n

5343 points

Out of 2M Physical parameter points, 

200 points

4486 points 6(+23) points

Physical parameter points:

 SFOEWPT parameter points: 



PAGE | 23

PT₁(1-step) vs. PT₁(2-step)
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Overlap
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PT₁(1-step) vs. PT₂(2-step)
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OverlapSmall Overlap
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PT₁(1-step) vs. PT₃(3-step)
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OverlapNo Overlap
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Mass Degeneracy
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The region with  is excluded in 1-step
mh ∼ mA,H± The region with  is allowed in 2-step
mh ∼ mA,H±
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 and tan β sin(β − α)
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In the 2-step,  is dominant 
sin(β − α) > 0

Larger   Weaker Yukawa Couplings
tan β ⇒In the 1-step,  is allowed 
sin(β − α) < 0

s β
−

α
=

0

s β
−

α
=

0



3. Gravitational Waves from SFOPT 



• SFOPT: A Violent Process in the Early Universe 

• True Vacuum Bubbles nucleate, expand, and collide.


• Three Main Sources of Gravitational Waves 
1. Bubble Collisions 
2. Sound Waves  
3. Turbulence 

 Stochastic Gravitational Wave Background (SGWB). 

• This GW signal is a key target for future detectors, e.g., LISA.

⇒
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Gravitational Wave from SFOPT
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Detectable by LISA?

 Soojin Lee | NTHU

   SNR = 𝒯∫
fmax

fmin
df [ h2ΩGW( f )

h2ΩSens( f ) ]
2

h2ΩGW( f ) ≃ h2ΩSW,peak
GW ( 4

7 )
− 7

2 f

f SW,peak
GW

3

× 1 +
3
4

f

f SW,peak
GW

2
− 7

2

 Color: SFOPT points 

SNR > 10: 
8 points 

SNR > 10: 
128 points 

** SNR > 10 for : 2 points PT(3-step)
3

signal-to-noise ratios:
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Order Parameters and SNR
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 Color: SFOPT points 
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GW parameter points
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 beige: SFOEWPT parameter points 

 Color: GW parameter points  
a LISA GW signal with an SNR > 10.

SFOEWPT and GW parameter regions are not clearly separated 
The GW detection points are broadly distributed.



5. Conclusion
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Conclusion

1. Inverted Type-I 2HDM provides a comprehensive framework where Multi-step 
SFOEWPT scenarios.


2. Multi-Step SFOEWPT: Successfully supports SFOEWPT via 1-step, 2-step, and 
3-step phase transition. Multi-step transitions often have the potential to produce 
stronger phase transitions.


3. GW Signatures: Multi-step transitions are the predominant source of detectable 
Gravitational Waves. A few points in the Inverted Type-I 2HDM have SNR > 10.

 Soojin Lee | NTHU



Thank you
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Vacuum uplifting in One-Step PT
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Ref: Jeonghyeon Song’s talk in HPNP2025

Vacuum Energy Density Difference at T=0 (Depth of the Potential):




The Uplifting Measure (Ref: Dorsch:2017nza):




 indicates strong BSM field transformation of the Higgs potential.


SFOPT Connection: 

This strong transformation creates the necessary high energy barrier at , 


making the SFOPT condition ( ) easier to satisfy.


ℱ0 = V(T = 0)(v) − V(T = 0)(0) < 0

Δℱ0 = ℱ2HDM
0 − ℱSM

0

Δℱ0 > 0

Tc

ξc = vc/Tc
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Vacuum uplifting in One-Step PT
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Ref: Wei Su, Su:2020pjw

 GeVmH ∼ 500

There is a study show a strong positive correlation between the vacuum uplifting ratio 
( ) and the SFOPT strength ( ) (up to ).


Question:  
Does the strong  correlation remain valid for Multi-step Phase Transitions? 

Δℱ0/ |ℱSM
0 | ξc mH ∼ 500 GeV

Δℱ0 − ξc
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Vacuum uplifting in Multi-Step PT

 Soojin Lee | NTHU

Answer: No! 

There is no correlation between  and  in Multi-step PTs.  Δℱ0/ |ℱSM
0 | ξc



+) Collider Signatures
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Decay modes of h

 Soojin Lee | NTHU

Dominant decay modes of  
 

1. Most case: 

(1) , (2)   

 
 

2. Part of region with :  
(1) , (2)  




cancellation  smaller  

 larger Br 


h

h → bb h → ττ

sin(β − α) < 0
h → γγ h → bb

ξh
f = sin(β − α) +

cos(β − α)
tan β

sin(β − α) < 0 ⇒ ⇒ ξh
f

⇒ (h → γγ)

sin(β − α) < 0
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Production Processes
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(1)  mode: bbττ e+e− → H+H− → W+W−hh → W+W−bb̄τ+τ− → jjbb̄τ+τ−

(2)  mode: bbγγ e+e− → H+H− → W+W−hh → W+W−bb̄γγ → jjbb̄γγ



PAGE | 42

Benchmark points
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Event selections
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For the  mode: 
 

Lepton Multiplicity: 

Jet Multiplicity: 


Invariant Mass Cuts: 


bbττ
e+e− → ℓνjjbb̄τ+τ−

Nℓ± = 1
Nj = 2, Nb = 2, Nτ = 2

mbb̄ < mh, mτhτh
< mh

For the  mode: 



Lepton Multiplicity: 

Jet Multiplicity: 


Photon Multiplicity: 

Invariant Mass Cuts: 


bbγγ
e+e− → ℓνjjbb̄γγ

Nℓ± = 1
Nj = 2, Nb = 2

Nγ = 1
mbb̄ < mh, mγγ < mh

The Background is negligible
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Number of Signal Events
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The SFOEWPT region offers high discovery potential at the 1.5 TeV CLIC via Charged Higgs pair production.


