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First order transitions: from micro-physics to detection

Phase transition parameters
EFTs
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[credit to Rummukainen «Gravitational waves and phase transitions in the early Universe» ‘25]
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Hierarchy in first order phase transitions (FOPT)
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There is a parametric separation between the temperature
and the zero temperature mass
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The 3d EFT approach

Through the imaginary time formalism, temperature can be seen as a
compactified dimension:

DIMENSIONAL

| REDUCTION (DR)
/T ~ R x S R°

Effective 3d couplings

A > m depend on [’

The wrapped dimension is g(T)
very small

[Ginsparg '80]
[Kajantie, Laine, Rummukainen, Shaposhnikov "95]
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The 3d EFT approach is more precise

The uncertainties of PT parameters computed with 3d EFT's
are smaller than the 4d approach
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The EFT is not always valid !

The EFT is valid as long as we have convergence in the operator
expansion
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Lag ~ L
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What is the size of Higher Dimensional Operators (HDO) 7
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EFTs fail for sufficiently strong transitions ...

... which are the ones that we may detect with future experiments
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Q: Can 3d EFTs be used for detectable phase transitions?
Abelian Higgs Model
1

‘CAH — 4F,u1/F,u,1/ + (D,u¢) (DM¢T) - M2(¢¢T) T )‘(¢¢T)2

temporal scalar
— (JE;()a jE}i:) &

3d gauge vector

1

Lir = Lau + 5 (3 By)? + §m%302 + k3 (dLes) Bo® + hs By

-+ ngher Dimensional operators
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We compare two EFT approaches: SOFT and SOFTER

Masses (at T,.) mp =mp ~g>T? mp, ~ g3v; mi ~ A3v3
SOFT (DR) SOFTER. (DR Bo)
hard scale 471’ b, 20
A7 (I)n;éO "7
I soft scale g7 By
QT Bo, by, h softer scale g3vs B;, h

/ we can integrate out By

it 13 K T1/2
mp,, My < Mp,
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Pros and Cons of SOFTER approach
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(if softer EFT is valid)...

soft / softer
Vs

Dimensional
SOFT i reduction 2
L e ——————
SOFTER ~AH Lsot
iIntegrate out
By

£3

softer
... but llowers the cut-off Jof the EFT



Dimension 6 operator basis

dimension-six operator basis 3

F, F;; B2 (0:F;;)? C6 (QN ?)
FjF ¢t (0°By)*
(Di¢"D;i¢)(¢T¢) | B30 By l
(Di¢' D) B (D?¢")(D?¢)
B (¢T)(dTD?¢ + h.c.) Generated by DR and by
Bs(9'¢)” (¢7¢) Byd” By
(¢79)? (T D?¢)Bg + h.c.

C6 = C¢ + 0cg > o Integrating By produces larger
~— ~— ~—~— ~~~"| | couplings, therefore SOFTER
softer from DR from Bj soft EFT breaks down earlier
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Phase transition through EFTs with(out) HDO

SOFT APPROACH SOFTER APPROACH
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Dim-6 operators beat 3-loop corrections

Corrections to a due to ¢°

~ Corrections to o due to 3 loop
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HDO matching is now available in Dralgo v1.5 & v1.6

Higher dimensional operators matching and field redefinitions
can be extremely tedious, but automated tools are now available

In[56]:=
128
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sol=Dimension6Matching[TensorList,NList,WC,d] [1];
sol//Factor//TableForm

[F2 ¢2] - é gl?T (7gl>-421) Zb[3, 0]

[BO? F2] - -é (-5+d) gl*Zb[3, 0]

[ sl —>-§T (-15g1* +2d gl* - 80 g12 A + 8 A%) Zb[3, 0]

D2 ¢*, 2] —>—éT (5g1*+2dgl*-20g1>x-12gl?xi A+ 16 2%) Zb[3, 0]
B2 D? ¢2, 2] - % gl?T (-18g12+3dgl?+6gl®’xi+161-4d21) Zb[3, 0]
|BO? D? ¢2, 3] —>§ (-4+d) g1 T (7g12-4 1) Zb[3, 0]

BO2 D? ¢?, 1] ->-§ gl?T (-2g12+dgl?-241+4d2A) Zb[3, 0]
BO* D? ] ->--;- (-5+d) (-4+d) gl*TZb[3, 0]
[(¢%] - ;1 T2 (d g1° -3 g1 xi A% +2823) Zb[3, 0]

[FB, Reinle, Schicho '26- 2605.15176]



Supercooled phase transitions

Classically scale-invariant Abelian Higgs Model

Lo = iFuuFW + (D,¢)(D,o") @ + A(pop")?

In this scenario, the universe remains trapped in the false vacuum
longer, nucleation occurs at very low temperature

mf/ff/”””///’///////’ --------------------------

Ve ()

[Kierkla, Lewicki,
. Schicho et al. '26]

__________________________
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The supercooled ‘hybrid’ approach

Effective potential at nucleation in the presence of supercooling

Verr ()
Verr ()
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/ T = 0 QFT for the real vacuum DR for the barrier
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With vs without supercooling

Without supercooling

we had to use DR for the
two vacua

With supercooling

we can use DR only
close the barrier

Verr ()

ow-1"

17/20



Q: Is DR really valid close to the barrier?

Loa~ £(20 0 9
3 AT 47T’ (47)2
GOOD FOR EFT BAD FOR EFT

Close to the barrier, the

value of the field is Nucleation temperature

is very low, hence also the

small, we may expect that
operators with many qb can
be negligible

cut-oft of the EFT is very
small
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A: Dimensional reduction is valid !
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=== dim-4 [NLO det] 4
250 | — == dim-6 [NLO det]

====== nucleation (I'y = H)

Higher dimensional operators

give corrections of the order S
of a few percent, we can % :
'—l‘  Ciicmemmassssssssssssssss=as=s

therefore rely on DR
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Conclusions
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3d EFTs break down for sufficiently strong transitions
manifesting in non-negligible higher dimensional operators

Higher dimensional operators are more important
than higher loop matching for strong transitions

Higher dimensional operators matching is now available
in DRalgo v1.5 & v1.6

Dimensional reduction is robust in the hybrid approach
of supercooled phase transitions



