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The thermal history of electroweak symmetry breaking

If strong first-order cosmic phase transition at EW scale T, ~ 100 GeV:

> Nucleation, growth, and collision of bubbles

> Generation of Baryon asymmetry of the universe

figures by D. Cutting, M. Hindmarsh, and D. J. Weir, Vorticity, kinetic energy, and suppressed gravitational wave
production in strong first order phase transitions, Phys. Rev. Lett. 125 (2020) 021302 [1906.00480]


http://dx.doi.org/10.1103/PhysRevLett.125.021302
http://arxiv.org/abs/1906.00480

can be

sourced by early-universe caused by new physics.

> time

Cosmic Microwave Background (CMB)

Laser Interferometer Space Antenna (LISA)



Extended thermal history of EW symmetry breaking

In Standard Model, EWSB occurs via a smooth crossover but possible
that it is first-order in Beyond the Standard Model (BSM) extensions.

Study BSM physics near EW scale in context of phase transitions:

/GeV

> Light fields strongly coupled to Hi

> Collider targets. BSM testing pipeline: Collider phenomenology
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figure by M. Laine, Electroweak phase transition beyond the standard model, in 4th International Conference on Strong
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Uncertainties of the gravitational wave pipeline
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Uncertainties of the gravitational wave pipeline
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: The effective potential Vs in perturbation theory!

encodes equilibrium thermodynamics as function of BSM parameters.
Origin of uncertainty.
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L R. Jackiw, Functional evaluation of the effective potential, Phys. Rev. D 9 (1974) 1686


http://dx.doi.org/10.1103/PhysRevD.9.1686

: The effective potential V. in perturbation theory

encodes equilibrium thermodynamics as function of BSM parameters.
Origin of uncertainty.

T, reference temperature of the transition (7, = Ty, T}),

«a phase transition strength,

B/H inverse duration of the transition,
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: The effective potential V. in perturbation theory

encodes equilibrium thermodynamics as function of BSM parameters.
Origin of uncertainty.
T, reference temperature of the transition (7, = Ty, Tp)
a phase transition strength,
B/H inverse duration of the transition,
vy Iteratively solve coupled fluid, scalar field,

equations?
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Nucleation rate and transition reference scale
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O. Gould and T. V. |. Tenkanen, On the perturbative expansion at high temperature and implications for cosmological
phase transitions, JHEP 06 (2021) 069 [2104.04399]
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O. Gould and T. V. |. Tenkanen, On the perturbative expansion at high temperature and implications for cosmological
phase transitions, JHEP 06 (2021) 069 [2104.04399]
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Nucleation rate
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and transition reference scale
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Theoretical predictions are

O(10%) uncertainty even for purely perturbative regimes? as Q¢ de-
pends strongly on the transition temperature, T, in simulation fits:

(AV,)?
QGW X TE .

106

1078 $
_ . . P>
Vary RG scale 1 in SM extensions: Y

., 10710
. L %i:‘i 112 , V
> SMEFT: SM + 75 (¢"¢)° & \
101 >

<

s
&

10-16 L%
10—° 104 103 1072 101
f(Hz)
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The effective potential in a broad temperature range

Inspect limiting cases from total potential®

soff f aive,soft £
erfgs — erf?S o Vvel;?S,bo t + Vres ,soft ( . ;;fllV( SO! t) + Vl(s ,soft )
——
IR safe IR safe
At , approach vacuum Coleman-Weinberg (CW) limit
res naive CW
eff T—0 eff
At high-T', can relate potential to EFT for zero-mode
res — high-T' EFT
f lyyres — Teff
This talk: construct, test limits, of high-T" EFT.

5 P. Navarrete, R. Paatelainen, K. Seppinen, and T. V. |. Tenkanen, Cosmological phase transitions without
high-temperature expansions, [25607.07014]
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Perturbative phase transitions need scale hierarchies

for quantum effects AV, to influence the tree-level potential

‘/eff - ‘/;,ree + A‘/ﬂuct .

Assume particle x couples to the SM via ¢°®T &y y. If > Mg,
integrating out x introduces Higgs-mass corrections of the form:

N Am?) . 2
@mdote= (i ~parate, Cnel_glnl
= mq) me
Relevant operators (o > 0) in the IR get large and
AVier 9 7 strong coupling ¢ > 1
Sl g L1 = ,
Viree Asree scale hierarchy p



Multi-scale hierarchy in hot gauge theories

Evaluated Matsubara sums yield Bose(Fermi) distribution. Asymp-
totically high T" and weak g < 1: effective expansion parameter
2 2
2 _ g 9 T
e =gnm(E) = Tmr 7~ g

Differs from weak coupling ¢g2. Fermions are IR-safe ¢?np(E) ~ ¢g2/2.

Tl ‘ quantum theory ‘

gT soft scale

g3/ 2T supersoft scale ‘symmetry breaking‘

¢*T/m  ultrasoft scale

Limit: Confinement-like behavior in ultrasoft sector g?ny(g*T) ~ O(1).
Ultrasoft bosons are non-perturbative at finite 7: Linde IR problem.b

6 A. Linde, Infrared problem in the thermodynamics of the Yang-Mills gas, Phys. Lett. B 96 (1980) 289, O. Gould and
T. V. |. Tenkanen, Perturbative effective field theory expansions for cosmological phase transitions, JHEP 01 (2024) 048 13
[2309.01672]
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Effective Field Theory (EFT): Dimensional Reduction (DR)

— EFT for static modes.
Precision thermodynamics of non-Abelian gauge theories as QCD and
(EW) phase transition” using e.g. DRalgo.® Two step procedure:
L, (d+ 1)-dim
hard + T
my 5 Ly, d-dim
soft t gT'

!
Myua

supersoft 1 ¢3/°T | L4, d-dim, HEFT-like

-

7K. Kajantie, M. Laine, K. Rummukainen, and M. E. Shaposhnikov, Generic rules for high temperature dimensional
reduction and their application to the standard model, Nucl. Phys. B 458 (1996) 90 [hep-ph/9508379]

8 A. Ekstedt, P. Schicho, and T. V. I. Tenkanen, DRalgo: A package for effective field theory approach for thermal phase
transitions, Comput. Phys. Commun. 288 (2023) 108725 [2205.08815]
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Effective Field Theory (EFT): Dimensional Reduction (DR)

— EFT for static modes.
Precision thermodynamics of non-Abelian gauge theories as QCD and
(EW) phase transition” using e.g. DRalgo.® Two step procedure:
cpun, (d + 1)—d1m
hard + T

mp e ﬁd, d-dim

soft 1 91"
softer t J
supersoft + ¢3/2T | L4, d-dim, HEFT-like

-
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The Dimensional Reduction algorithm (DRalgo

State-of-the-art dim-4 operator Mathematica package DRalgo.’
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The Dimensional Reduction algorithm (DRalgo

State-of-the-art dim-4 operator Mathematica package DRalgo.’
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Completing the perturbative program for phase transitions

O Vi (soft-to-supersoft matching)

® Thermodynamics



Constructing the supersoft EFT

Two approaches to a final (nucleation) EFT

£4d N Esoft N L:softer N Vsupersoft 7

In the broken phase, utilize different hierarchies among Lorentz scalars,
temporal scalars, and vectors:

step2.1 step2.2
mio[w (97)?] 58 mQAi[N (939)°] £S m3 [~ A3¢?] |



Constructing the supersoft EFT

Two approaches to a final (nucleation) EFT
£4d N Esoft N L:softer N Vsupersoft

soft supersoft
£4d — ﬁ V; I .

In the broken phase, utilize different hierarchies among Lorentz scalars
temporal scalars, and vectors:

m2 [~ (7)1 "E T 2 [~ (950)7] T md [~ Mse?]

m2 [~ @) = md [~ (39)2] S m2[~ Ase?].



Constructing the supersoft EFT

Two approaches to a final (nucleation) EFT

£4d N Esoft L:softer N Vsupersoft

Y

soft supersoft
£4d — ﬁ V; T .

In the broken phase, utilize different hierarchies among Lorentz scalars
temporal scalars, and vectors:

w2 [~ (9] T [~ (g09)2] TS m3 [ At
mio [N (gT)Q] = mii [N (gg¢)2] Ste>22 mg [N quﬁz] .

In the , the hierarchy is flipped

step2
m?% [~ (7)Y > mi[~ (TS md [~ (6PT)?).



of GW predictions

form cosmological phase transitions




The (SU(2)+Higgs)
describes the thermodynamics!? of several parent 4d theories:
S 1 a a a
Lt = ZFisz‘j + (D;®)1(D;®) + (9,A45)> + V(@) ,
V(®) = mi®T® + m2 ALAL + Ny (BT®)2 + hy(BTD) AZAG + ...

If , integrating out vector boson introduces LO barrier

Vio(®) = e + G
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reduction and their application to the standard model, Nucl. Phys. B 458 (1996) 90 [hep-ph/9508379]
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01 (2024) 048 [2309.01672],


http://dx.doi.org/10.1016/0550-3213(95)00549-8
http://arxiv.org/abs/hep-ph/9508379
http://dx.doi.org/10.1007/JHEP01(2024)048
http://arxiv.org/abs/2309.01672

The (SU(2)+Higgs)

describes the thermodynamics!? of several parent 4d theories:

1
Lt = A (D;®)'(D;@) + V(2)
V(D) = midTd + N\ (2T D)2
If , integrating out vector boson introduces LO barrier
3, PpTd3/2
Vio(®) = m20td + Ay (013)2 — 3—3 (T) .
7
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The (SU(2)+Higgs)

describes the thermodynamics!? of several parent 4d theories:

1

4
V(<I>) = mi0Td 4+ )\ (0TD)?
If , integrating out vector boson introduces LO barrier

dTd\3/2
Vio(®) = y@'d + 2(d )2 — 2W( 2) .

2
Since x ~ —- < 1, and at the phase transition y ~ 1/z, we strictly!
mAi
xz-pand the perturbative series using 3d EFT
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O Vi (soft-to-supersoft matching)

Integrating out vector bosons in two steps up to 2-loops with DRalgo

step2.1 step2.2
mio [~ (¢7)%] 58 m3. [~ (930)?] 58 m3[~ A3¢?] .

Focus on step2.2 and add last perturbative orders N3LO and N*LO.14

U HAT |F \JE TRIED
MORE LOOPS 2

/

14 A. Ekstedt, O. Gould, and J. Lofgren, Radiative first-order phase transitions to next-to-next-to-leading order, Phys.
Rev. D 106 (2022) 036012 [2205.07241], A. Ekstedt, P. Schicho, and T. V. I. Tenkanen, Cosmological phase transitions
at three loops: The final verdict on perturbation theory, Phys. Rev. D 110 (2024) 096006 [2405.18349]
20
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O V3 (soft-to-supersoft matching)

Integrating out vector bosons in two steps up to 2-loops with DRalgo

m2 [~ 0T "% m2 [~ (030)%] T > md[~ Ase?]

Focus on step2.2 and add last perturbative orders N3LO and N*LO.14

P RS < T~ - .
sym ‘ \ 4 v 'E> LN !
Ve ~ L F e L A A
> \ > >

N2LO N3LO N4LO
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O V3 (soft-to-supersoft matching)

Integrating out vector bosons in two steps up to 2-loops with DRalgo

mio [N (gT)Q} ste>g2 1 mA [ (gg¢) ] ste>g2 2 mg[ )\3(;52]

Focus on step2. 2 and add last perturbative orders N3LO and N*LO.!*
In this organization can also be understood as:

St = [ 50205 OO0
- OROVB O

N3LO
l-loop 7% SO T
supersoft — '\__," + . l :
~—— ——
N2LO N4LO

14 A, Ekstedt, O. Gould, and J. Lofgren, Radiative first-order phase transitions to next-to-next-to-leading order, Phys.
Rev. D 106 (2022) 036012 [2205.07241], A. Ekstedt, P. Schicho, and T. V. |. Tenkanen, Cosmological phase transitions
at three loops: The final verdict on perturbation theory, Phys. Rev. D 110 (2024) 096006 [2405.18349]
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® Thermodynamics (for SU(2) + Higgs)

By using F' ~ Vig(¢min), determine the critical mass y. (or T¢)
AF(yC(l'),.I‘) - [Fbro - Fsymec(x))x) = 07

and the scalar condensates'®

0 9
A(@TD) = —AF, A(@'e)?) = ZAF.
Iy ox
0.10 i
2 LO
0.08 NLO
N?LO
0.06 N3LO |
g m N'LO
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0.04 ) o
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T

15 attice data: K. Kajantie, M. Laine, K. Rummukainen, and M. E. Shaposhnikov, The Electroweak phase transition: A
Nonperturbative analysis, Nucl. Phys. B 466 (1996) 189 [hep-1at/9510020], O. Gould, S. Giiyer, and K. Rummukainen,
First-order electroweak phase transitions: a nonperturbative update, [2205.07238] 21
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® Thermodynamics (for U(1) 4+ Higgs)

By using F' ~ Vig(¢min), determine the critical mass y. (or T¢)
AF(yC($),$) - [Fbro - Fsymec(x))m) = 07

and the scalar condensates'®

0 0
A(DTD) = —AF, A((®TD)?) = —AF.
oy ox
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effective theory for finite temperature phase transitions, Nucl. Phys. B 520 (1998) 345 [hep-1at/9711048], S. Mo, J. Hove,
and A. Sudbo, The Order of the metal to superconductor transition, Phys. Rev. B 65 (2002) 104501 [cond-mat/0109260]
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Predicting gravitational waves

Thermodynamics enters the GW spectrum through the strength and
inverse duration of the transition, h2Qqw (f; Hy, @, 3, v):

dAF(ye, ) .
~ S8 T) AP A((@T®)?
o (@12) + (@1D)?),
S dinl
H  dlnT’
= x [IR] factorization.'6
Completed perturbative predictions for: a at N4LO,
B/H at N2LO.

Limit: last perturbative order is N4LO.
Todo: final perturbative correction for thermal bubble nucleation rate.

16 0. Gould, J. Kozaczuk, L. Niemi, M. J. Ramsey-Musolf, T. V. |. Tenkanen, and D. J. Weir, Nonperturbative analysis of
the gravitational waves from a first-order electroweak phase transition, Phys. Rev. D 100 (2019) 115024 [1903.11604]
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Impact on gravitational waves

a/(B/H) rhombus of SM-like EFT with no prospect for large SNR.!”
Better access interesting LISA SNR by increasing loop order:

BM-A xSM with weakly portal-coupled singlet (decoupled)

BM-B xSM with

Large couplings
or many BSM fields
x> 0.11: crossover

7/ .

10 -
//

* < ////

z >

& 1054 )’( 7 x=0: BSM degrees of

& freedom become dynamical

1- and 2oop or dim-6 operators important

cancellations

10?4

10t 4 , — LISA SNR=10
103 1072 10!

10*

10%

strongly portal-coupled singlet

= DECIGO

@ LISA

e LO

-- NLO

— N’LO

— BM-A
BM-B

1072

1072 107!
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17 0. Gould, J. Kozaczuk, L. Niemi, M. J. Ramsey-Musolf, T. V. |. Tenkanen, and D. J. Weir, Nonperturbative analysis of
the gravitational waves from a first-order electroweak phase transition, Phys. Rev. D 100 (2019) 115024 [1903.11604]
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of GW predictions

form cosmological phase transitions
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Dimension-six operators in U(1) + Higgs

WHAT [F JETRIED
MORE LOOPS 2

/

So far at high T at dimension 4:

1 O,
:(;lft T /x { S(Oift + Z (7TT)"} )

n>>5

1
SOdfter = T / { softer + Z } ’
n>5

25



Dimension-six operators in U(1) + Higgs

WHAT IF \JE TRIED
MORE LOOPRS AT ADEQUATE
ORDER OF

/ HIGHER DIFENSIONAL OPERATORS K4

So far at high T at dimension 4:

W1 O
Soft = T/x{ soft T Z (7TT)7L}’

n>>5

1 . (@)
SOdfter - T/x { ggfter + Z (m]:)n} :

n>5
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Vertex structures

Lsoft 18 non-super-renormalizable.

B; Bo, R
o i O G 4
% wivfw WEL _\./_ Miv LV .*;.3-

Determine Wilson coefficients a;(d) in d-dimensions:

> Evaluate (2-6)-point vertices at one-loop order
)?>€> 4?)4{%4 M W b m’ -<y ¥ -7"?7‘\}'
Lol | W _V > - <- A v S : ’K
P75 X AN Y PN e .
> Field redefinitions

Wilson coefficients are gauge-parameter (£) independent order-by-order.

Now focus on effect.
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Vertex structures

Lsotter 1S non-super-renormalizable.

. , e
LI Lo W b N

Determine Wilson coefficients a;(d) in d-dimensions:

> Evaluate (2-6)-point vertices at one-loop 01(1(‘1

Y [ ¥ Q e 4 Ej
$ L AN TFTX AN T
- - “X
> Field redefinitions

Wilson coefficients are gauge-parameter (£) independent order-by-order.

Now focus on effect.
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Marginal operators at dimension six

The -scale marginal operator is suppressed at (’)(96)

3 (6 31 4 2y2 , 20,3 8
- ~ g A —A) .
6= 35 \9 ~ 39 ATOIA + AT +0(g)

The softer-scale marginal operator is enhanced at O(g?)

V3g® (mLDO

= )3(1 ~210) + O(gY).

Ceg = Cg +
mD

27



Validity of EFT

Leading-order effective potential given by

@ =« +{3+0.

shows broad window of high-T" validity for soft EFT:!8

Effect of
1.0 >

1.0 .........
,[: 0 9 L /ll ///’ ,
&% 1 /
3| e 1 /
° 08t , -V ,
I 1 /’ softer
[ ] / % Viofter + Co Ve
07 i ® Vo tes |1 OTfpif i/ | at Te
1 / - Vn + co at Tp
] F.
0'6 1 Itd 1
0.1 0.2 0.3 0.4 . 0.4
ZLo

0.0
ZLO
28

18 F. Bernardo, P. Klose, P. Schicho, and T. V. |. Tenkanen, Higher-dimensional operators at finite-temperature affect

gravitational-wave predictions, [2503.18904]


http://arxiv.org/abs/2503.18904

Validity of EFT

Leading-order effective potential given by

1 1 1 1 ( (
Sg(f)t(q)) = im?«:v?% + 1)‘30:31 + 3 Ug — m(%l‘; + 7@;0) )

Effect of ¢; shows broad window of high-T validity for soft EFT:!8

L0 prmmpnpriesssss
£ 09} :
IS
3| e
<]
I 0.8 T — Viofter |
~ Vsofter + C6 i / Vit
07 ¢ B Viote + ¢ |] Tri L at T
- Vf)ft +¢6 . ] at T
0.6 L .
0.0 0.1 0.2 0.3 0.4 0.4
TLO TLOo

18 F. Bernardo, P. Klose, P. Schicho, and T. V. |. Tenkanen, Higher-dimensional operators at finite-temperature affect
gravitational-wave predictions, [2503.18904]
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Validity of EFT

Leading-order effective potential given by

1 1
(@) = 2m3v3—|— )\303 3 v — Tom (2(];1/ + (m?2 + hyv3 )§5>

Effect of ¢; shows broad window of high-T" validity for soft EFT:!8

L0 prmmpnpriesssss
£ 09} ]
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3| %
<]
I 08 r - Vsoft(r ]
~ Vsofter + C6 i / Vit
07 ¢ B Viote + ¢ |] Tri L at T
- Vsoft +¢6 . ] at T
0.6 L .
0.0 0.1 0.2 0.3 0.4 0.4
TLo zLo

18 F. Bernardo, P. Klose, P. Schicho, and T. V. |. Tenkanen, Higher-dimensional operators at finite-temperature affect
gravitational-wave predictions, [2503.18904]
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1 1- 1 1
(@) = 57770?),“:% + 1)\31):% + g%”g - 6793“?

Validity of EFT
Leading-order effective potential given by assuming m2 > hgv3

LO
supersoft

shows broad window of high-T" validity for soft EFT:!8
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Validity of EFT
Leading-order effective potential given by assuming m2 < hgv3
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Validity of EFT
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Gravitational wave prospects

Soft scale enhances phase-transition strength, «(7T).
High-T expansion is compromised for regime relevant for LISA:

10*
B O DECIGO
5 | | @ LISA
~ 3 |
10 - g=05
- g=07
- 9g=09
5 - ‘/suflcr
10° with ég
1073 1072 107t 10°

ap

Limitation: conventional lattice results of (dim-4) super-renormalizable
3d EFT do driven transitions.!?

Need simulations for a reliable description?

19 M. Laine, Comparison of 4-D and 3-D lattice results for the electroweak phase transition, Phys. Lett. B 385 (1996)
249 [hep-lat/9604011]
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Gravitational wave prospects

Soft scale enhances phase-transition strength, «(7T).
High-T expansion is compromised for regime relevant for LISA:
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Limitation: conventional lattice results of (dim-4) super-renormalizable
3d EFT do driven transitions.
Need simulations for a reliable description?

19 M. Laine, Comparison of 4-D and 3-D lattice results for the electroweak phase transition, Phys. Lett. B 385 (1996)

249 [hep-lat/9604011]
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variant models

Classical scale-i

exhibit strong supercooling and phase transition. Barrier until low-T’

mi(T) =[] +m7.

Trapped field ¢ in false vacuum ¢ until 7}, < T¢. Split computation:°

High-7: Small field regime M (yp) < T use 3D EFT
Large field regime M () > T use vacuum potential

—~ 005 o Low-T
s T
< ~0.05 -
— =01 = -4
= 015 =
= S
= -02 N
~0.25
0 20 40 60 80 0 5 10 15 20 2
p [GeV] o [TeV]

20 M. Kierkla, P. Schicho, B. Swiezewska, T. V. |. Tenkanen, and J. van de Vis, Finite-temperature bubble nucleation
with shifting scale hierarchies, JHEP 07 (2025) 153 [2503.13597], M. Kierkla, B. Swiezewska, T. V. |. Tenkanen, and
J. van de Vis, Gravitational waves from supercooled phase transitions: dimensional transmutation meets dimensional
reduction, JHEP 02 (2024) 234 [2312.12413], cf. talk by Marek Lewicki on Mon 9:30 30
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Phase transitions beyond high-T
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The formalism (3DEFT) to extend Vg

requires the full effective potential®!

res __ ysres res,soft res,soft naive naive,soft res,soft
eff — eﬁ'_‘/eﬁ +V _<eff _‘/eff >+V :

Use 22 to evaluate IR safe

hard naive naive soft
AVhard _ ymaive _ yn

€

21 p, Navarrete, R. Paatelainen, K. Seppéanen, and T. V. |. Tenkanen, Cosmological phase transitions without
high-temperature expansions, [2507 .07014]
22(i) Subtract UV divergences, (ii) Matsubara sums — 3D integrand, (iii) Monte Carlo spatial integration.
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The formalism (3DEFT) to extend Vg

requires the full effective potential®!

res __ ysres res,soft res,soft naive naive,soft res,soft
eff — eff_‘/eﬁ +V _<eff _V-eff >+V :

Use 22 to evaluate IR safe

Avhard <2¢ ln(P2 + M¢) Vnalve soft) )
P

naive,soft .

Evaluate soft part V g in 3D EFT with coupling and IR expan-
sion of masses, using unresummed propagators with X3 = X 4+ §X3:

(Dnaivesoft ™ _ T S M
VH naive,so D = 2/1;111(]7 +M¢) )

e -
V(Z)naive,soft '_'"; N QQS M 52 SM2
off T 3q(My) +0g5[. .. ]+ 0M3[...]+....

21 p, Navarrete, R. Paatelainen, K. Seppéanen, and T. V. |. Tenkanen, Cosmological phase transitions without
high-temperature expansions, [2507 .07014]
22(i) Subtract UV divergences, (ii) Matsubara sums — 3D integrand, (iii) Monte Carlo spatial integration.
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The formalism (3DEFT) to extend Vg

requires the full effective potential®!

res __ ysres res,soft res,soft naive naive,soft res,soft
eff — eff_‘/eﬁ +V _<eff _V-eff >+V :

Use 22 to evaluate IR safe

Avhard <2¢ ln(P2 + M¢) Vnalve soft) )
P

res,soft

Evaluate soft part V_ g in 3D EFT without coupling nor IR expan-
sion of masses, using resummed propagators with X3 = X + §X3:

V:g(é)re&soft 5 " /ln p +M3) ’
(2)res,soft o 93
Veir > = 1o osd(Ms).

21 p, Navarrete, R. Paatelainen, K. Seppéanen, and T. V. |. Tenkanen, Cosmological phase transitions without
high-temperature expansions, [2507 .07014]
22(i) Subtract UV divergences, (ii) Matsubara sums — 3D integrand, (iii) Monte Carlo spatial integration.
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Proof of principle example: Higgs-Yukawa model

L= 30,00+ 06+ G368+ g8+ TS+ D(D +my)y +ysve.

For small T'/mg high-T breaks down but the full result remains robust.

10 1.0
81 0.8
. 61 06
= ~
= s
& 4 LO high-T 304
B NLO high-T
21 HEE full 1-loop 0.2
I full 2-loop
04— — — : : 0.0+— ; ; : :
0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0
y v

full thermal integrals,?® tadpole resummation,?® . ..

23\, Laine, M. Meyer, and G. Nardini, Thermal phase transition with full 2-loop effective potential, Nucl. Phys. B 920
(2017) 565 [1702.07479]
24 p, Curtin, J. Roy, and G. White, Gravitational waves and tadpole resummation: Efficient and easy convergence of finite

temperature QFT, Phys. Rev. D 109 (2024) 116001 [2211.08218]
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Conclusions

Precision thermodynamics of BSM theories:

> reliably describe cosmological FOPT and GW production,

> practical approach: Effective Theories + universality.

Reaching perturbative limits and overcoming limitations:
,,,,, higher dimensional operators at O(g%) in the 3d EFT,
@® purely perturbative O(g%) contributions from hard scale 7T,

oo final perturbative corrections for bubble nucleation rate,

Going beyond high-T :
3perTt New frameworks with large range of validity,

+ 4d full theory lattice simulations to test reliable description.
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