
Probing Features of a Strong First-Order Electroweak 
Phase Transition in correlation to the Alignment Limit in the 

Two-Higgs-Doublet Model of Type-I

Debankana Nath

DESY, Hamburg and Universität Hamburg

In Collaboration with:

Francisco Arco, Georg Weiglein, Kateryna Radchenko, 

Maria Olalla Olea Romacho, Sven Heinemeyer

Herbstschule HEP 2026 



Probing Features of a Strong First-Order Electroweak 
Phase Transition in correlation to the Alignment Limit in the 

Two-Higgs-Doublet Model of Type-I

Debankana Nath

DESY, Hamburg and Universität Hamburg

In Collaboration with:

Francisco Arco, Georg Weiglein, Kateryna Radchenko, 

Maria Olalla Olea Romacho, Sven Heinemeyer

Herbstschule HEP 2026 



Herbstschule HEP 2026 
3

Outline

1. The Two-higgs-doublet model (2HDM)

2. Finite-temperature effective potential

3. Results and discussion: 
studying the 2hdm parameter space of type-I

4. Conclusions

5. Future prospects

6. references



2012

4
Herbstschule HEP 2026 



5

Baryon asymmetry (BAU)

Observed value of BAU  ≃ 6 ⋅ 10−10

The Premise of interest

The STANDARD MODEL ?

Smooth-crossover phase transition

Veff Φ

Φ

↓  𝑇 decreases

Figure 1.1: SM prediction of electroweak symmetry 

breaking as a smooth-crossover phase transition

insufficient !

EW BAryogenesis

✓ A strong first-order phase transition 

Beyond the SM !
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The Two-higgs-doublet model 
(2HDM) 
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Figure 2.1: 

Illustration* of the minima structure of the Higgs potential in the 

field space of the 2HDM.

Scalar sector

2HDM 
SM extension with a scalar doublet Φ1 and Φ2

Richer potential structure!

Z2 symmetry

5 physical scalar fields (h, H, A, 𝐻±) 

*Art credit: Kateryna Radchenko

Figure 2.2: 

Illustration* of the physical scalars in the 2HDM.
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Φ1 → Φ1

Φ2 → −Φ2
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free parameters

tan β,  cos (β - α), 𝑣,  𝑚ℎ , 𝑚𝐻,  𝑚𝐻
±, 𝑚𝐴, 𝑚12

2

Theoretical constraints: experimental constraints:

• Vacuum stability and 
boundedness-from-below

• Perturbative unitarity

• Electroweak precision observables
• limits from BSM Higgs bosons searches
• Measurements of the properties of h125

• Flavour Constraints

Physical scalar spectrumVev and vacuum direction Soft Z2 breaking scale
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The alignment limit

Do heavier scalars decouple?

Enter loop 
corrections

In which direction ews breaking occurs?

EW vacuum aligns with the lighter state,h 

ℎ𝑆𝑀 = ℎ sin 𝛼 − 𝛽 − 𝐻 cos 𝛼 − 𝛽  

if cos (β - α) → 0

h → h125
Sm-like couplings 
at tree-level 
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Thermal Evolution of 
vacuum

high temperatures today: T=0

the effective 
potential 
from effective action 
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Veff (𝜙, 𝑇) = Vtree  + VCW  + VCT  + VT  + Vdaisy

Zero temperature 
scalar potential

Finite temperature 
effects



Figure 3.1: 

Thermal evolution of the 2HDM potential leading to a strong first-order 

phase transition from the false vacuum to the true vacuum.

First-order Phase Transition

Ew symmetry 

Degenerate vacua

Ews breaking

Figure 3.2: 

Nucleation of broken bubbles as a result of SFOEWPT in 

the background space of unbroken phase.

𝜉𝑛 ≡
𝑣𝑛

𝑇𝑛
≥ 1

is the foewpt strong?
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Figure 3.1: 

Thermal evolution of the 2HDM potential leading to a strong first-order 

phase transition from the false vacuum to the true vacuum.

First-order Phase Transition

Ew symmetry 

Degenerate vacua

Ews breaking

Figure 3.2: 

Nucleation of broken bubbles as a result of SFOEWPT in 

the background space of unbroken phase.

𝜉𝑛 ≡
𝑣𝑛

𝑇𝑛
≥ 1

is the foewpt strong?
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Source of GWs!



results4
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How do the scalar masses influence sfoewpt?
In relation to the alignment limit



SFOEWPT in (mH , cos(β-α) ) plane

Figure 4.1: 

Parameter points featuring an SFOEWPT in the plane of (mH, cos(β − α))

that are allowed by the recent constraints within 2HDM of Type-I.

For high masses: mH ≳ 400 GeV :

• SFOEWPT occurs very close to the alignment limit

• EW symmetry breaking is preferred in the 
direction of the lighter state h, identified with the 
SM-like Higgs boson. 

For low masses: mH ≲ 400 GeV :

• SFOEWPT occurs for larger deviations from the 
alignment limit

• EWPT driven by both H and h, broken vacuum 
preferred in non-SM-like Higgs direction. 
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mass splittings

Figure 4.4: 

Parameter points featuring an SFOEWPT in the (𝑚𝐴 − 𝑚𝐻±, 𝑚𝐻 − 𝑚𝐻±) 

plane allowed by the recent constraints within 2HDM of Type-I.

Mass splittings (driven by λφ) are correlated to 
an SFOEWPT occurence

Larger mass splittings → stronger FOPTs
→ constrained by perturbative unitarity

An average mass splitting of 200 - 400 GeV 
observed for the two regions, 𝑚𝐴 = 𝑚𝐻±   and 

𝑚𝐻 = 𝑚𝐻± . Cross-shaped region is mainly 
constraints from electroweak precision 
observables. 

Note: No SFOEWPTs occur in the region with 
degenerate masses 𝑚𝐴 = 𝑚𝐻± = 𝑚𝐻
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𝐸𝜑 ∝ 𝑚𝜑
3

Cubic contribution
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Figure 4.5: 

Parameter points featuring an SFOEWPT in the (𝑚𝐴 − 𝑚𝐻±, 𝑚𝐻 − 𝑚𝐻±) plane allowed 

by the recent constraints within 2HDM of Type-I for (a) high 𝑚𝐻 and (b) low 𝑚𝐻.

Δ𝑚 ≲ 300 GeV 𝑚𝐴 = 𝑚𝐻±: Δ𝑚 ≲ 400 GeV 𝑚𝐻 =  𝑚𝐻±:

mass splittings planes for mH 
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thermal evolution of vacuum
High mH

Low mH

Figure 4.3: Thermal evolution of the vacuum from high T to low T, indicating a discontinuous phase transition 

from the false vacuum to the true vacuum for (a) high CP-even Higgs mass and (b) for low CP-even Higgs mass.
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conclusions
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• Extended Higgs sectors can feature a SFOEWPT, necessary for EW baryogenesis, can potentially lead to 

detectable GW signals.

• Heavier scalars enter loop corrections and enhance the barrier for a strongly first-order EWPT.

• Thermal effects play a crucial role in generating the barrier, featuring SFOEWPTs within the model.

• Higher the mass splitting between scalars, stronger the transitions induced.

• For higher mH, SFOEWPTs occur close to the alignment limit. But, for lower mH, it occurs away from 

this limit and in non-SM-like direction.
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future prospects
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• To analyse these correlations in other 2HDM types, especially more constrained 

parameter space in Type II.

• To check for 𝜅𝜆 variation for the above parameter regions showing SFOEWPT in 

correlation to the alignment limit

• To investigate the prospects for possible GW signals from an SFOEWPT
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Backup slides



2HDM
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Higgs basis
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Gauge sector

Yukawa sector
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Thermal field formalism



1-loop coleman-weineberg potential
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UV-finite counter terms to the zero-temperature one-loop scalar potential:

 os-renormlisation conditions:



Daisy ring resummations
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• Infrared (IR) breakdown of the 
perturbation theory by soft 
bosonic modes 

Image from Ref. Delaunay, Cedric, Christophe Grojean, and James D. 

Wells. "Dynamics of non-renormalizable electroweak symmetry 

breaking." Journal of High Energy Physics 2008, no. 04 (2008): 029-029.
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1-loop thermal potential

Thermal loop integrals:
High T expansion



higgs vacuum upliftment
How uplifted is the Higgs 
vacuum relative to the SM?

30

shallower scalar potential easier barrier formation stronger fopts

[ ]

ℱ𝑇 = ℱ0 + Δ𝑉𝑇
𝓕𝑻, 𝓕𝟎 : free energy density and vacuum energy 

difference between symmetric and broken phases 
at finite T and T = 0, respectively,

𝚫𝑽𝑻:  thermal contributions shaping the zero-
temperature potential.

where,
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Figure 4.6: 

The strength of the transition in the 2HDM of Type I in relation to 

the vacuum uplifting variable ∆F0/FSM. The colour coding indicates 

the value of the mass mH .Ref: [11] arXiv:2011.04540v1

• SFOEWPT occurs for Δℱ0 /ℱ0
𝑆𝑀  ≤ −0.14

• ξn  directly correlated to the amount of Higgs vacuum 
upliftment relative to SM i.e. a more negative value of 

Δℱ0 /ℱ0
𝑆𝑀  favours a stronger FOPT, however this 

correlation declines for higher masses mH.

correlating  ξn  with Δℱ0 /ℱ0
𝑆𝑀 

Figure: The zero-temperature Higgs potential with different 𝑚𝐻 .
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Λcdm and ew baryogenesis gw density and snr

CERN Courier, Vol. 62, No. 4, July/August 2022
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Direct searches
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