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[Laine, Vuorinen - 1701.01554] 

● Fields decompose in tower of 3D Matsubara modes ( ~ Kaluza-Klein ) with thermal masses:

Bosons:

Fermions:

● Thermal field theory in equilibrium = Euclidean QFT with periodic time:

Sum-integrals
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[Laine, Vuorinen - 1701.01554] 

Bosonic zero modes lead to 
IR divergences
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[Laine, Vuorinen - 1701.01554] 

Bosonic zero modes lead to 
IR divergences

Even for weak coupling (g² << π²) bosonic zero modes require resummation. Then:

- Perturbative expansion organized in couplings, not in loops

- Temporal gauge bosons get a perturbative Debye mass: mD ~ gT

- Spatial gauge bosons get a nonperturbative thermal mass: mNP ~ g² T   (Linde problem)
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[Laine, Vuorinen - 1701.01554] 

Bosonic zero modes lead to 
IR divergences

Even for weak coupling (g² << π²) bosonic zero modes require resummation. Then:

- Perturbative expansion organized in couplings, not in loops

- Temporal gauge bosons get a perturbative Debye mass: mD ~ gT

- Spatial gauge bosons get a nonperturbative thermal mass: mNP ~ g² T   (Linde problem)

Hierarchy of scales w.r.t. mhard ~ πT handled with (3D) EFT for bosonic zero modes
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Also, during a phase transition the thermal mass of the Higgs is very small:
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[Laine, Vuorinen - 1701.01554] 

(*) Kindly stolen from P. Schicho’s talk at GWPT’26

Dimensional 
reduction3D matching
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GOAL 
Use high-T framework to study the phase 

diagram of the SM(EFT)
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[Kajantie et al. - hep-ph/9605288] 
[Gürtler et al. - hep-lat/9704013] 
[Csikor et al. - hep-ph/9809291]
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No electroweak first-order phase transition (FOPT) 
in SM :(

[Kajantie et al. - hep-ph/9605288] 
[Gürtler et al. - hep-lat/9704013] 
[Csikor et al. - hep-ph/9809291]

Many unknowns:

● What then caused baryogenesis?

● What BSM physics can trigger a FOPT?

● Can we expect to tell them apart through GWs?

Phase diagram of the SMEFT
Higgs phase diagram
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No electroweak first-order phase transition (FOPT) 
in SM :(

[Kajantie et al. - hep-ph/9605288] 
[Gürtler et al. - hep-lat/9704013] 
[Csikor et al. - hep-ph/9809291]

Many unknowns:

● What then caused baryogenesis?

● What BSM physics can trigger a FOPT?

● Can we expect to tell them apart through GWs?

Let’s take a look at the SMEFT!

Phase diagram of the SMEFT
Higgs phase diagram
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● SMEFT captures all heavier-than-𝛬EW physics as tower of effective operators

[Buchmuller, Wyler -  NPB 268 (1986) 621-653]Phase diagram of the SMEFT
What is the SMEFT?
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● SMEFT captures all heavier-than-𝛬EW physics as tower of effective operators

[Buchmuller, Wyler -  NPB 268 (1986) 621-653]

PROS

- Whole classes of BSM models at once without new fields
- Universal framework to compare with experiments

CONS

- No lighter-than-𝛬EW new physics
- Only Higgs phase transition

Phase diagram of the SMEFT
What is the SMEFT?
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● SMEFT captures all heavier-than-𝛬EW physics as tower of effective operators

Modify how potential 
evolves with T

FOPT line

[Buchmuller, Wyler -  NPB 268 (1986) 621-653]Phase diagram of the SMEFT
What is the SMEFT?
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DIMENSIONAL REDUCTION

At T ~ 100 GeV, a hierarchy of thermal 
scales allows us to construct a bosonic 
3D EFT for thermal equilibrium.

SM-like theories reduce to:

where now all couplings are functions of 
T.

Phase diagram of the SMEFT
Scanning its parameter space
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DIMENSIONAL REDUCTION

At T ~ 100 GeV, a hierarchy of thermal 
scales allows us to construct a bosonic 
3D EFT for thermal equilibrium.

SM-like theories reduce to:

where now all couplings are functions of 
T.

Phase diagram of the SMEFT
Scanning its parameter space

Dimensional reduction of arbitrary theories (SMEFT too)
at arbitrary EFT order

[Fuente-Martín et al. - 2604.21972] 

(*) Stay tuned for two-loops!
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● Huge parameter space: SMEFT @ dim-6 contains 59 independent operators (non B or L 
violating)

● Which get us closer to the FOPT line?

- Must make x smaller

- Must be relatively unconstrained from collider data 

Phase diagram of the SMEFT
Scanning its parameter space
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● Huge parameter space: SMEFT @ dim-6 contains 59 independent operators (non B or L 
violating)

● Which get us closer to the FOPT line?

- Must make x smaller

- Must be relatively unconstrained from collider data 

[Camargo-Molina et al. - 2103.14022] (Hot) new!

Phase diagram of the SMEFT
Scanning its parameter space
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Phase diagram of the SMEFT
Scanning its parameter space

$$$ 
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[Chala, Fiore, LG - 2507.16905]
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Figures: Regions of the parameter space (in TeV-2) within collider bounds with a FOPT. In both 
panels, the non-appearing coefficient is set to zero.

Phase diagram of the SMEFT
Scanning its parameter space



Change slide layout in the menu via:
home // slides // layout

Change text level
in the menu via:

home // paragraph // list level

Increase list 
level

Lower
list level

6

Figures: Regions of the parameter space (in TeV-2) within collider bounds with a FOPT. In both 
panels, the non-appearing coefficient is set to zero.

Weak 
FOPT

Strong 
FOPT

[Chala, Fiore, LG - 2507.16905]Phase diagram of the SMEFT
Scanning its parameter space
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● FOPTs possible without direct modification of the Higgs potential (with c𝜙= 0).

● Strong FOPTs with joint contributions of the three dim-6 operators, with all of them 
carrying at most O(1) TeV⁻² coefficients.

[Chala, Fiore, LG - 2507.16905]

Figures: Regions of the parameter space (in TeV-2) within collider bounds with a FOPT. In both 
panels, the non-appearing WC is set to zero.

Weak 
FOPT

Strong 
FOPT

Phase diagram of the SMEFT
Scanning its parameter space
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Conclusions

● Computed, for the first time, the full O(g⁴) high-temperature limit of the SMEFT.

● Explored new directions in its vast parameter space, constrained by collider bounds.

● Found that FOPTs are possible even without the sextic operator, but it is needed for strong FOPTs

BSM models that generate                                   at low energies worth checking too! 

● Few works have addressed FOPTs in the SMEFT so far:

[Camargo-Molina et al ‘22] [Camargo-Molina et al ‘24] [Chala, Guedes ‘25] [Chala, Fiore, LG ‘25]

What’s left to do? 🔍

SMEFT @ O(g⁶) Full nucleation study? HEFT? …
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