T UNIVERSITE

Swiss National

l Science Foundation DE GENEVE

Finite-temperature higher-dimensional

operators affect GW predictions®

Philipp Schicho
philipp.schicho@unige.ch
pschicho.github.io

Département de Physique Théorique, Université de Genéve

Swiss cosmology days 2025
ETH Ziirich, 06/2025

@Based on collaboration of F. Bernardo, P. Klose, P. Schicho, and T. V. |. Tenkanen, Higher-dimensional operators at
finite-temperature affect gravitational-wave predictions, [2503. 18904], 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]. Supported by the SNSF under grant PZ00P2-215997.


mailto:philipp.schicho@unige.ch
https://pschicho.github.io
http://arxiv.org/abs/2503.18904
http://dx.doi.org/10.1103/PhysRevD.110.096006
http://arxiv.org/abs/2405.18349

The thermal history of electroweak symmetry breaking

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

> Baryogenesis Baryon asymmetry of the universe

Al

> Colliding bubbles Gravitational wave (GW) production

In Standard Model, EWSB occurs via a smooth crossover but possible
that it is first-order in Beyond the Standard Model (BSM) extensions.
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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]
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Strong first-order cosmic phase transition at EW scale T, ~ 100 GeV:

> Baryogenesis Baryon asymmetry of the universe
> Colliding bubbles Gravitational wave (GW) production

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

encodes equilibrium thermodynamics as function of BSM parameters.
Origin of uncertainty.
T, reference temperature of the transition (T, = Ty, T}),
a phase transition strength,
B/H inverse duration of the transition,
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Perturbative phase transitions need scale hierarchies

for quantum effects AVjuet to influence the tree-level potential

Veff = Wree + AVﬂuct .

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
AViuet 5 { }" RN strong coupling ¢ > 1
—— ~9 ~
Viree Atree scale hierarchy 2



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 =gnme(E) = Tmr 7~ g

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

T ‘ quantum theory ‘

gT soft scale

g3/ 2T supersoft scale ‘symmetry breaking‘

¢*T/m  ultrasoft scale

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

2 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
[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+ T
my 5 Ly, d-dim
soft t gT'

!
Mywa

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

-

3 K. 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]

4 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)

Integrate out hard modes perturbatively — EFT for static modes.

Precision thermodynamics of non-Abelian gauge theories as QCD and
(EW) phase transition® using e.g. DRalgo.* Two step procedure:

4d QFT ., 3d EFT
l. Dimensional reduction
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Effective Field Theory (EFT): Dimensional Reduction (DR)

Integrate out hard modes perturbatively — EFT for static modes.

Precision thermodynamics of non-Abelian gauge theories as QCD and
(EW) phase transition® using e.g. DRalgo.* Two step procedure:

3d EFT

Dimensional reduction
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The (U(1)+Higgs)

describes the thermodynamics® of several parent 4d theories:
1
4
V(®) = m3®T® + m2 ByBy + \3(®T®)2 + hy(®T®)B By + ... .

Lyt = FiFy; + (D;®)"(D;®) + (9,B,)* + V(@) ,

If , integrating out vector boson introduces LO barrier

Vio(®) = e + G
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The (U(1)+Higgs)

describes the thermodynamics® of several parent 4d theories:

1
cpfter = ZFijEj +(D;®)(D;®) + V(@)
V(D) = midTd + N\ (2T d)?.
If , integrating out vector boson introduces LO barrier
3, pTdy3/2
Vio(®) = mj@!® + Ag(@1®)? — 75 (T )
7
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The (U(1)+Higgs)

describes the thermodynamics® of several parent 4d theories:

1
Lt = ZFijEj +(D;®)(D;®) + V(@)

V(D) = midTd + N\ (2T d)?.

If , integrating out vector boson introduces LO barrier
1 (DTdy3/2
Vio(®) = y@'@ + 2(810)” — — (T) :
T

2
Since x ~ T:L—f’ < 1, and at the phase transition y ~ 1/z, we strictly®
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of GW predictions

from cosmological phase transitions




Dimension-six operators in U(1) + Higgs’

WHAT [F JETRIED
MORE LOOPS 2

/

So far at high T at dimension 4:

f 1 . @)
Soft = T/x{ igft+z(ﬂ?)n}a
n>5
sa 1 / . Z
softer T softer mD

n>5

7For QCD see M. Laine, P. Schicho, and Y. Schroder, Soft thermal contributions to 3-loop gauge coupling, JHEP 2018
(2018) 37 [1803.08689] 10
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Dimension-six operators in U(1) + Higgs’
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Vertex structures

Lsoft 18 non-super-renormalizable.

B B e XWX
A2 L N
% m WEL _\.L J:J LV .;;.;;-

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

> Evaluate (2-6)-point vertices at one-loop ()1‘(1(“1‘
; y
»2} 4’;» «? {k bt Rt d Ewg '{f:}»' A
4, N A
>y
> Field 1(,(1( fllllfl()nh

Coefficients o;(d) are gauge-parameter (€) independent order-by-order.®

8InitiaIIy raised in D. Croon, O. Gould, P. Schicho, T. V. |. Tenkanen, and G. White, Theoretical uncertainties for
cosmological first-order phase transitions, JHEP 04 (2021) 055 [2009.10080] 1
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Determine Wilson coefficients «;(d) in d-dimensions:

> Evaluate (2-6)-point vertices at one-loop order

IONOR OO F= N0 =3

> Field redefinitions

Coefficients o;(d) are gauge-parameter (€) independent order-by-order.®

8InitiaIIy raised in D. Croon, O. Gould, P. Schicho, T. V. |. Tenkanen, and G. White, Theoretical uncertainties for
cosmological first-order phase transitions, JHEP 04 (2021) 055 [2009.10080] 1


http://dx.doi.org/10.1007/JHEP04(2021)055
http://arxiv.org/abs/2009.10080

Marginal operators at dimension six

Now focus on effect.

The -scale marginal operator is suppressed at O(g°)

e 6 3l 4 2v2 , 203 8
c6—32ﬂ4(g Sog)\+5g)\+3/\)+(’)(g).

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

- \/§g3 mLon 3
Ce = Cg + . (m]l> (1—:cLo)+(’)(g4).



Validity of EFT

Leading-order effective potential given by

@ =« +{3+0.

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

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

Leading-order effective potential given by assuming m2 < hgv3
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Gravitational wave prospects

a/(B/H) thombus of SM-like EFT with no prospect for large SNR.!?

Soft scale enhances phase-transition strength, a(T).
High-T expansion is compromised for regime relevant for LISA:
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° fl~ g=05 T
9 O'j & 108 ,//\\ Xx=0: BSM degrees of tong =HT!
- g=0.7 1-and 2o0p freedom become dynamical
- g=09 cancellations or dim-6 operators important i
= Viofter 102
10% ¢ with ég
1073 1072 107! 100 100 } i Usa sNR=10
1073 1072 101
ap a
Limitation: conventional lattice results of (dim-4) super-renormalizable
3d EFT do driven transitions.'!
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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,




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,

44 full theory lattice simulations to test reliable description.
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The Dimensional Reduction algorithm (DRalgo

State-of-the-art dim-4 operator Mathematica package DRalgo.!?

Laa 0 — Feynman rules 6 — GroupMath'?
T T
(2] (6]
\ \
QGRAF ———» n-point diagrams Tensor contractions

T

Py {
| o

Canonization

FORM ———| IBP, [/ 8,,f,(p) =0

Algebra: Lorentz, Dirac

T
(4]
|

<<DRalgo*

Master integrals
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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
mQBO[N (97)?] 58 m?g[w (930)°] £S m3 [~ A3¢?] |



Constructing the supersoft EFT

Two approaches to a final (nucleation) EFT

£4d N Esoft N L:softer N Vsupersoft 7

soft supersoft
£4d — ﬁ V; T .

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

9 9 step2.1 9 9 step2.2 9 9
mi, [~ (9T)°] > mi, [~ (959)°] > m3[~ Ase?]

step2

m3 [~ (9T)*] = m3 [~ (g30)] > mi[~ As¢?].



Constructing the supersoft EFT

Two approaches to a final (nucleation) EFT

£4d N Esoft L:softer N Vsupersoft 7
soft supersoft
£4d — ﬁ V;ﬁ .
In the broken phase, utilize different hierarchies among Lorentz scalars,
temporal scalars, and vectors:

step2.1 step2.2

mg, [~ (7)) > mi [~ (930)°] > mi[~ Ase?]
step2

md [~ @72 = md [~ (90)2] > mi[~ Ase?].
In the , the hierarchy is flipped

step2
m? [~ (gT)?2] > mi[~(@*PT)?] S md [~ (¢°7)?].



O L, (hard-to-soft matching)

Monitor Higgs (v) and real singlet (z) VEV after shift s — x + s.
2-loop corrections move “Bananas”: significant effect on GW signal.!®

Parameters ms; Ay As=1 a>1 SNRyga > 10 |
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Does the banana move?

Monitor Higgs (v) and real singlet (z) VEV after shift s — x + s.
2-loop corrections move “Bananas”: significant effect on GW signal.!®

Parameters ms; Ay As=1 a>1 SNRyga > 10 |
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Renormalization scale (in)dependence at finite T’

At zero temperature

d .
Veff<¢z ﬂ) = etfrfee + Vcw,u ) M@( etflfee + VCVV,M) =0.
O(g?) O(g%)

At finite temperature!®

é&s‘(¢aT7ﬂ): etfrfee + ‘/;eswsoft + ‘/hard ?
0(g?) O(g3) O(g27?)+0(g%)

running of 1-loop thermal masses is of the same order as 2-loop thermal-
mass logarithms.
Automatically included in dimensionally reduced 3d EFT:

P e Y T Lo

16 0. Gould and T. V. I. 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 Vi (soft-to-supersoft matching)

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

step2.1 step2.2
m2 [~ (1)) TS m2 [~ (g3)?] T > mi[~ Asg?] .

Focus on step2.2 and add last perturbative orders N3LO and N*LO.!7

U HAT |F \JE TRIED
MORE LOOPS 2

/

17 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]
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O V3 (soft-to-supersoft matching)

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

w2, [~ 0T " w2 [~ (030)] TS m[~ Ase?]

Focus on step2.2 and add last perturbative orders N3LO and N*LO.!7

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

N2LO N3LO N4LO
e 1O C00E:
N2Lo
PR N PR PRaaiN
+@®®@®M e L L)
cer’ Nem-
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

m%o [N (gT)Q} ste>g2 1 mB [ (gg(ﬁ) ] ste>g2 .2 m3[ )\3¢2]

Focus on step2. 2 and add last perturbative orders N3LO and N*LO.'7
In this organization can also be understood as:

St = [ 507205 OO0
- OROVE O

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

9 0
A(@TD) = —AF, Al(@'e)?) = ZAF.
dy Ox
0.10 i
s LO
0.08 NLO <
N2LO
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‘:L 0.04 s - ro1 lattice | |
& e
I 002 \
sj \v
0.00 \\ »
—0.02 - =2
0.04 ) o
000 002 004 006 008 010 0.12

T

18 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] 22
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® Thermodynamics (for SU(2) + Higgs)

By using F' ~ Vig(¢min), determine the critical mass y. (or T¢)
AF(yC(ﬂf),.I‘) - [Fbro - Fsym](yc(x)7$) = 07

and the scalar condensates'®
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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
0.25 —
= LO
NLO
2 ,
020 4 N’LO
2 NSLO
g 0I5 = N'LO |1
Sy o+ Jattice
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]
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T
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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] 22
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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)?),
5 dnl
H  dlnT’
= x [IR] factorization.!?
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.
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Impact on gravitational waves

a/(B/H) thombus of SM-like EFT with no prospect for large SNR.2°
Better access interesting LISA SNR by increasing loop order:

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

Large couplings
or many BSM fields

x> 0.11: crossover
105 4 . \
~ @ —

/ 10*
,/ -
10* // .
* > = = DECIGO
S )( > = 5 || @3 LIsA
Q 10° 4 " x=0: BSM degrees of fopa = H31 10° H Lo |
l-and2doop  © freedom become dynamical
cancellations or dim-6 operators important -- NLO
— N2LO
] L || = BMa
10° H — BM-B
- LISA SNR=10 3 Y =
° 10 10-2 101 10 10 10

ap
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