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Electroweak Phase Transitions: 
Motivation 

[Laine et al., 0010275]

• Electroweak Phase Transition (EWPT) 
marks the breaking of  

<latexit sha1_base64="JjHXZb0R2pysVGpreJSAYVaOspE=">AAAB/nicbVA9SwNBEJ2LXzF+nYqVzWIQkibcBYmWQRsLi4heEkmOY2+zSZbsfbC7J4Qj4F+xsVDE1t9h579xk1yhiQ8GHu/NMDPPjzmTyrK+jdzK6tr6Rn6zsLW9s7tn7h80ZZQIQh0S8Ui0fSwpZyF1FFOctmNBceBz2vJHV1O/9UiFZFF4r8YxdQM8CFmfEay05JlHd06pWvZuUFexgErklOyy9+CZRatizYCWiZ2RImRoeOZXtxeRJKChIhxL2bGtWLkpFooRTieFbiJpjMkID2hH0xDrXW46O3+CTrXSQ/1I6AoVmqm/J1IcSDkOfN0ZYDWUi95U/M/rJKp/4aYsjBNFQzJf1E84UhGaZoF6TFCi+FgTTATTtyIyxAITpRMr6BDsxZeXSbNasWuV2u1ZsX6ZxZGHYziBEthwDnW4hgY4QCCFZ3iFN+PJeDHejY95a87IZg7hD4zPHxogk6s=</latexit>

SU(2)L → U(1)Y

• Within the Standard Model (SM), EWPT 
is a smooth cross-over at 

<latexit sha1_base64="rhHHSy/e/wTY5VnvPZkVXH02Piw=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQyCBwkzItFj0IMeI5gFMkPo6dQkTXoWumvEMAT8FS8eFPHqd3jzb+wsB018UPB4r4qqen4ihUbb/rZyS8srq2v59cLG5tb2TnF3r6HjVHGo81jGquUzDVJEUEeBElqJAhb6Epr+4HrsNx9AaRFH9zhMwAtZLxKB4AyN1CkeuFqE1KnY7il1ER4xu4HGqFMs2WV7ArpInBkpkRlqneKX2415GkKEXDKt246doJcxhYJLGBXcVEPC+ID1oG1oxELQXjY5f0SPjdKlQaxMRUgn6u+JjIVaD0PfdIYM+3reG4v/ee0Ug0svE1GSIkR8uihIJcWYjrOgXaGAoxwawrgS5lbK+0wxjiaxggnBmX95kTTOyk6lXLk7L1WvZnHkySE5IifEIRekSm5JjdQJJxl5Jq/kzXqyXqx362PamrNmM/vkD6zPH54XlKc=</latexit>

→ 160GeV
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Electroweak Phase Transitions: 
Motivation 

• Electroweak Phase Transition (EWPT) 
marks the breaking of  

<latexit sha1_base64="JjHXZb0R2pysVGpreJSAYVaOspE=">AAAB/nicbVA9SwNBEJ2LXzF+nYqVzWIQkibcBYmWQRsLi4heEkmOY2+zSZbsfbC7J4Qj4F+xsVDE1t9h579xk1yhiQ8GHu/NMDPPjzmTyrK+jdzK6tr6Rn6zsLW9s7tn7h80ZZQIQh0S8Ui0fSwpZyF1FFOctmNBceBz2vJHV1O/9UiFZFF4r8YxdQM8CFmfEay05JlHd06pWvZuUFexgErklOyy9+CZRatizYCWiZ2RImRoeOZXtxeRJKChIhxL2bGtWLkpFooRTieFbiJpjMkID2hH0xDrXW46O3+CTrXSQ/1I6AoVmqm/J1IcSDkOfN0ZYDWUi95U/M/rJKp/4aYsjBNFQzJf1E84UhGaZoF6TFCi+FgTTATTtyIyxAITpRMr6BDsxZeXSbNasWuV2u1ZsX6ZxZGHYziBEthwDnW4hgY4QCCFZ3iFN+PJeDHejY95a87IZg7hD4zPHxogk6s=</latexit>

SU(2)L → U(1)Y

• Within the Standard Model (SM), EWPT 
is a smooth cross-over at 

<latexit sha1_base64="rhHHSy/e/wTY5VnvPZkVXH02Piw=">AAAB/nicbVDJSgNBEO2JW4xbVDx5aQyCBwkzItFj0IMeI5gFMkPo6dQkTXoWumvEMAT8FS8eFPHqd3jzb+wsB018UPB4r4qqen4ihUbb/rZyS8srq2v59cLG5tb2TnF3r6HjVHGo81jGquUzDVJEUEeBElqJAhb6Epr+4HrsNx9AaRFH9zhMwAtZLxKB4AyN1CkeuFqE1KnY7il1ER4xu4HGqFMs2WV7ArpInBkpkRlqneKX2415GkKEXDKt246doJcxhYJLGBXcVEPC+ID1oG1oxELQXjY5f0SPjdKlQaxMRUgn6u+JjIVaD0PfdIYM+3reG4v/ee0Ug0svE1GSIkR8uihIJcWYjrOgXaGAoxwawrgS5lbK+0wxjiaxggnBmX95kTTOyk6lXLk7L1WvZnHkySE5IifEIRekSm5JjdQJJxl5Jq/kzXqyXqx362PamrNmM/vkD6zPH54XlKc=</latexit>

→ 160GeV

[Adopted from K. Radchenko]

• 1st order EWPT is natural in many 
extensions of the SM:  
extra scalars, SMEFT, SUSY, 
composite Higgs

• May result in detectable GWs and be 
responsible for baryon asymmetry of 
the Universe
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Electroweak Phase Transitions: 
General Pipeline 

Physical inputs
<latexit sha1_base64="PGF3/JkGnaA6w1zAQM6VF9grqnI=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tFaKGERKR6LArqsYKphTaEzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekDAqlW1/G4Wl5ZXVteJ6aWNza3vH3N1ryTgVmLg4ZrFoB0gSRiPiKqoYaSeCIB4wch8MLyf+/QMRksbRnRolxOOoH9GQYqS05JsHFe4PapD7sgav/asadCtO1bKsqm+WbcueAi4SJydlkKPpm1/dXoxTTiKFGZKy49iJ8jIkFMWMjEvdVJIE4SHqk46mEeJEetn0gzE81koPhrHQFSk4VX9PZIhLOeKB7uRIDeS8NxH/8zqpCs+9jEZJqkiEZ4vClEEVw0kcsEcFwYqNNEFYUH0rxAMkEFY6tJIOwZl/eZG0TiynbtVvT8uNizyOIjgER6ACHHAGGuAGNIELMHgEz+AVvBlPxovxbnzMWgtGPrMP/sD4/AFUPJOb</latexit>

(mh,ms, GF , U(1)...)

Our goal: do it with high 
precision and accuracy

GW signal/Baryogenesis
<latexit sha1_base64="O3w6RT4prhOIXiCZ6MOmylRpCiM=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInmoiUj0WPejNCvYDmhA222m7dDcJuxuhxB78K148KOLVv+HNf+O2zUFbHww83pthZl6YcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSop1GnMY9kKiQLOIqhrpjm0EglEhBya4eBq7DcfQCoWR/d6mIAvSC9iXUaJNlJg73u3AnokyDwp8HVzhE+wB5oEdskpOxPgeeLmpIRy1AL7y+vENBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH42uX+Ej4zSwd1Ymoo0nqi/JzIilBqK0HQKovtq1huL/3ntVHcv/IxFSaohotNF3ZRjHeNxGLjDJFDNh4YQKpm5FdM+kYRqE1nRhODOvjxPGqdlt1Ku3J2Vqpd5HAV0gA7RMXLROaqiG1RDdUTRI3pGr+jNerJerHfrY9q6YOUze+gPrM8fjkeVLA==</latexit>

!GW/ω



Electroweak Phase Transitions: 
Microscopic physics description  
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<latexit sha1_base64="Yc/GiiOIOaigFJPc9nAYFdLZz7g=">AAACAXicbVA9SwNBEN2LXzF+RW0Em8UgWIU7CdEyqIWFRQTzAclx7G02yZK9vWN3TgzH2fhXbCwUsfVf2Plv3CRXaOKDgcd7M8zM8yPBNdj2t5VbWl5ZXcuvFzY2t7Z3irt7TR3GirIGDUWo2j7RTHDJGsBBsHakGAl8wVr+6HLit+6Z0jyUdzCOmBuQgeR9TgkYySsedAMCQ0pEcpN6SRfYAySVqzTFXrFkl+0p8CJxMlJCGepe8avbC2kcMAlUEK07jh2BmxAFnAqWFrqxZhGhIzJgHUMlCZh2k+kHKT42Sg/3Q2VKAp6qvycSEmg9DnzTOblXz3sT8T+vE0P/3E24jGJgks4W9WOBIcSTOHCPK0ZBjA0hVHFzK6ZDoggFE1rBhODMv7xImqdlp1qu3lZKtYssjjw6REfoBDnoDNXQNaqjBqLoET2jV/RmPVkv1rv1MWvNWdnMPvoD6/MH2YqXKA==</latexit>

L4D

Macroscopic observablesLagrangian 
<latexit sha1_base64="Vpc2018vDrf0ovUFCqr0WuCFMt4=">AAACA3icbVDLSsNAFJ34rPUVdaebwSJUCCERqS6LblxW6AvaECbTSTt0Mgkzk0oJBTf+ihsXirj1J9z5N07bLLT1wIXDOfdy7z1BwqhUjvNtrKyurW9sFraK2zu7e/vmwWFTxqnApIFjFot2gCRhlJOGooqRdiIIigJGWsHwduq3RkRIGvO6GifEi1Cf05BipLTkm8fluo8tWPcTC3YRSwbIGvkPlm3b575ZcmxnBrhM3JyUQI6ab351ezFOI8IVZkjKjuskysuQUBQzMil2U0kShIeoTzqachQR6WWzHybwTCs9GMZCF1dwpv6eyFAk5TgKdGeE1EAuelPxP6+TqvDayyhPUkU4ni8KUwZVDKeBwB4VBCs21gRhQfWtEA+QQFjp2Io6BHfx5WXSvLDdil25vyxVb/I4CuAEnIIycMEVqII7UAMNgMEjeAav4M14Ml6Md+Nj3rpi5DNH4A+Mzx9Wa5Vs</latexit>

(Tc, Tp,ω, vw, ...)

Model building,  
relating physical inputs 

 to Lagrange parameters

Thermal field theory,  
equilibrium thermodynamics, 

perturbative methods, 
lattice simulations

Relativistic hydrodynamics, 
percolation simulations, 

bubble collisions, 
turbulence

Physical inputs
<latexit sha1_base64="PGF3/JkGnaA6w1zAQM6VF9grqnI=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tFaKGERKR6LArqsYKphTaEzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekDAqlW1/G4Wl5ZXVteJ6aWNza3vH3N1ryTgVmLg4ZrFoB0gSRiPiKqoYaSeCIB4wch8MLyf+/QMRksbRnRolxOOoH9GQYqS05JsHFe4PapD7sgav/asadCtO1bKsqm+WbcueAi4SJydlkKPpm1/dXoxTTiKFGZKy49iJ8jIkFMWMjEvdVJIE4SHqk46mEeJEetn0gzE81koPhrHQFSk4VX9PZIhLOeKB7uRIDeS8NxH/8zqpCs+9jEZJqkiEZ4vClEEVw0kcsEcFwYqNNEFYUH0rxAMkEFY6tJIOwZl/eZG0TiynbtVvT8uNizyOIjgER6ACHHAGGuAGNIELMHgEz+AVvBlPxovxbnzMWgtGPrMP/sD4/AFUPJOb</latexit>

(mh,ms, GF , U(1)...)
GW signal/Baryogenesis

<latexit sha1_base64="O3w6RT4prhOIXiCZ6MOmylRpCiM=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInmoiUj0WPejNCvYDmhA222m7dDcJuxuhxB78K148KOLVv+HNf+O2zUFbHww83pthZl6YcKa043xbC4tLyyurhbXi+sbm1ra9s9tQcSop1GnMY9kKiQLOIqhrpjm0EglEhBya4eBq7DcfQCoWR/d6mIAvSC9iXUaJNlJg73u3AnokyDwp8HVzhE+wB5oEdskpOxPgeeLmpIRy1AL7y+vENBUQacqJUm3XSbSfEakZ5TAqeqmChNAB6UHb0IgIUH42uX+Ej4zSwd1Ymoo0nqi/JzIilBqK0HQKovtq1huL/3ntVHcv/IxFSaohotNF3ZRjHeNxGLjDJFDNh4YQKpm5FdM+kYRqE1nRhODOvjxPGqdlt1Ku3J2Vqpd5HAV0gA7RMXLROaqiG1RDdUTRI3pGr+jNerJerHfrY9q6YOUze+gPrM8fjkeVLA==</latexit>

!GW/ω
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Thermal scales at play
Separation of scales in weakly coupled 
thermal plasma

• Dimensional reduction: construction an 
effective field theory (EFT) for nucleating 
bosonic zero modes — 3D EFT 

• Additional fields can be integrated out 
if heavy, e.g., extra scalars 

• Higher-order operators appear, formally 
suppressed by 

<latexit sha1_base64="MH6MUyoQAtGCjE9zwcwYrbBCjDk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyUpUt0IRTcuK/QFTQiT6bQdOo8wMxFKKPgrblwo4tbvcOffOG2z0NYDFw7n3Mu998QJo9p43rdTWFvf2Nwqbpd2dvf2D9zDo7aWqcKkhSWTqhsjTRgVpGWoYaSbKIJ4zEgnHt/N/M4jUZpK0TSThIQcDQUdUIyMlSL3JJCcDFEk4A2swiChUMAmjNyyV/HmgKvEz0kZ5GhE7lfQlzjlRBjMkNY930tMmCFlKGZkWgpSTRKEx2hIepYKxIkOs/n5U3hulT4cSGVLGDhXf09kiGs94bHt5MiM9LI3E//zeqkZXIcZFUlqiMCLRYOUQSPhLAvYp4pgwyaWIKyovRXiEVIIG5tYyYbgL7+8StrVil+r1B4uy/XbPI4iOAVn4AL44ArUwT1ogBbAIAPP4BW8OU/Oi/PufCxaC04+cwz+wPn8AXQsk+A=</latexit>

ωn = 2εnT
<latexit sha1_base64="7UeMYtM3M4OI39K6DAzUec/ISuQ="></latexit>

00000ω→
n = 2ε (n+ 1/2)T

<latexit sha1_base64="G7hQWZpOsjsg0T08z3MUWNef2QA=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy4r9AWdoWTSTBuaZEKSEUrpb7hxoYhbf8adf2PazkJbD9zL4Zx7yc2JFWfG+v63V9jY3NreKe6W9vYPDo/Kxydtk2aa0BZJeaq7MTaUM0lblllOu0pTLGJOO/H4fu53nqg2LJVNO1E0EngoWcIItk4KBQoNc00x1OyXK37VXwCtkyAnFcjR6Je/wkFKMkGlJRwb0wt8ZaMp1pYRTmelMDNUYTLGQ9pzVGJBTTRd3DxDF04ZoCTVrqRFC/X3xhQLYyYidpMC25FZ9ebif14vs8ltNGVSZZZKsnwoyTiyKZoHgAZMU2L5xBFMNHO3IjLCGhPrYiq5EILVL6+T9lU1qFVrj9eV+l0eRxHO4BwuIYAbqMMDNKAFBBQ8wyu8eZn34r17H8vRgpfvnMIfeJ8/6XyQ+A==</latexit>

m → ωT

<latexit sha1_base64="XY6CA9QAuPIIolLKdxOR3cEZ57c=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V+gVJKJvtpl26uwm7E6GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU34LrfTmljc2t7p7xb2ds/ODyqHp90TZJpyjo0EYnuR8QwwRXrAAfB+qlmREaC9aLJ/dzvPTFteKLaME1ZKMlI8ZhTAlbyJQ6EwEHKcXtQrbl1dwG8TryC1FCB1qD6FQwTmkmmgApijO+5KYQ50cCpYLNKkBmWEjohI+ZbqohkJswXJ8/whVWGOE60LQV4of6eyIk0Zioj2ykJjM2qNxf/8/wM4tsw5yrNgCm6XBRnAkOC5//jIdeMgphaQqjm9lZMx0QTCjalig3BW315nXSv6l6j3ni8rjXvijjK6Aydo0vkoRvURA+ohTqIogQ9o1f05oDz4rw7H8vWklPMnKI/cD5/ABTOkH0=</latexit>

m → ωT

Bosons:

Fermions:

 bosonic mode

 other modes

<latexit sha1_base64="gOQk39IOpfOJL1uNJthAcDEf0H8=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9iUNrYHoejFYwXTFtpQNttNu3SzCbsboYT+Bi8eFPHqD/Lmv3HTVlDRBwOP92aYmRcknCmN0IdVWFvf2Nwqbpd2dvf2D8qHRx0Vp5JQj8Q8lr0AK8qZoJ5mmtNeIimOAk67wfQ697v3VCoWizs9S6gf4bFgISNYG8kT8BKiYbmC7Ga11mzUIbJrjXqzmhPUrLuOCx0bLVABK7SH5ffBKCZpRIUmHCvVd1Ci/QxLzQin89IgVTTBZIrHtG+owBFVfrY4dg7PjDKCYSxNCQ0X6veJDEdKzaLAdEZYT9RvLxf/8vqpDht+xkSSairIclGYcqhjmH8OR0xSovnMEEwkM7dCMsESE23yKZkQvj6F/5NO1XZc272tVVpXqziK4AScgnPggAvQAjegDTxAAAMP4Ak8W8J6tF6s12VrwVrNHIMfsN4+AQQOjjM=</latexit>

n = 0

<latexit sha1_base64="sNmmnF61lgze5kUFR2ceqlHhixU="></latexit>

m/T [Farakos et al., 9404201]

[Kajantie et al., 9508379]
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SMEFT

BSM
<latexit sha1_base64="+9jqxrwiIZyzVQBVclMvyGqlibo=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4kJKIVJdFNy5cVLAPaEKZTKbt0MkkzEzEEvIrblwo4tYfceffOG2z0NYDA4dz7uHeOUHCmdKO822trK6tb2yWtsrbO7t7+/ZBpa3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHwz9TuPVCoWiwc9Sagf4aFgA0awNlLfrnia8ZBmw/wMeXcmF+K+XXVqzgxombgFqUKBZt/+8sKYpBEVmnCsVM91Eu1nWGpGOM3LXqpogskYD2nPUIEjqvxsdnuOTowSokEszRMazdTfiQxHSk2iwExGWI/UojcV//N6qR5c+RkTSaqpIPNFg5QjHaNpEShkkhLNJ4ZgIpm5FZERlphoU1fZlOAufnmZtM9rbr1Wv7+oNq6LOkpwBMdwCi5cQgNuoQktIPAEz/AKb1ZuvVjv1sd8dMUqMofwB9bnD4eSlCA=</latexit>

g̃,!
<latexit sha1_base64="UzERTSST2tNy/Ac7vR+s2dAet2w=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiuSiJS3QilblwoVLQPaGKZTCft0MmDmRuxhOzc+CtuXCji1l9w5984abPQ1gMDh3PuYe49bsSZBNP81ubmFxaXlgsrxdW19Y1NfWu7KcNYENogIQ9F28WSchbQBjDgtB0Jin2X05Y7PM/81j0VkoXBLYwi6vi4HzCPEQxK6up7to9hQDBPLtO7xAb6AEnt5ipNz+xeCLKrl8yyOYYxS6yclFCOelf/UjkS+zQAwrGUHcuMwEmwAEY4TYt2LGmEyRD3aUfRAPtUOsn4jtQ4UErP8EKhXgDGWP2dSLAv5ch31WS2tZz2MvE/rxODd+okLIhioAGZfOTF3IDQyEoxekxQAnykCCaCqV0NMsACE1DVFVUJ1vTJs6R5VLYq5cr1calay+sooF20jw6RhU5QFV2gOmoggh7RM3pFb9qT9qK9ax+T0Tktz+ygP9A+fwDtY5oA</latexit>

LBSM = . . .

Standard Model EFT 
(SMEFT) — new physics is 
encoded in new operators 

with SM fields

First-order PT within SM(EFT)

[Chala et al.,2507.16905]
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SMEFT

<latexit sha1_base64="1oADAhOyJ3MTZWdvcyd24e9+8ek=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVaT0WvXis0C9sl5JNs9vQJLskWaEs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZekHCmjet+O4WNza3tneJuaW//4PCofHzS0XGqCG2TmMeqF2BNOZO0bZjhtJcoikXAaTeY3M397hNVmsWyZaYJ9QWOJAsZwcZKj6iFBlGExHA8LFfcqrsAWideTiqQozksfw1GMUkFlYZwrHXfcxPjZ1gZRjidlQappgkmExzRvqUSC6r9bHHxDF1YZYTCWNmSBi3U3xMZFlpPRWA7BTZjverNxf+8fmrCGz9jMkkNlWS5KEw5MjGav49GTFFi+NQSTBSztyIyxgoTY0Mq2RC81ZfXSeeq6tWqtYfrSuM2j6MIZ3AOl+BBHRpwD01oAwEJz/AKb452Xpx352PZWnDymVP4A+fzBzPZj/s=</latexit>

T → mh

BSM
<latexit sha1_base64="+9jqxrwiIZyzVQBVclMvyGqlibo=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4kJKIVJdFNy5cVLAPaEKZTKbt0MkkzEzEEvIrblwo4tYfceffOG2z0NYDA4dz7uHeOUHCmdKO822trK6tb2yWtsrbO7t7+/ZBpa3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHwz9TuPVCoWiwc9Sagf4aFgA0awNlLfrnia8ZBmw/wMeXcmF+K+XXVqzgxombgFqUKBZt/+8sKYpBEVmnCsVM91Eu1nWGpGOM3LXqpogskYD2nPUIEjqvxsdnuOTowSokEszRMazdTfiQxHSk2iwExGWI/UojcV//N6qR5c+RkTSaqpIPNFg5QjHaNpEShkkhLNJ4ZgIpm5FZERlphoU1fZlOAufnmZtM9rbr1Wv7+oNq6LOkpwBMdwCi5cQgNuoQktIPAEz/AKb1ZuvVjv1sd8dMUqMofwB9bnD4eSlCA=</latexit>

g̃,!

<latexit sha1_base64="Zu3ZwvbsKddnyjhjEpP09MAzwNQ="></latexit>

L =
1

4
W I

rsW
I
rs + (Drω)

†(Drω) +m2
3|ω|2 + ε3|ω|4 + cω6 |ω|6

<latexit sha1_base64="USeBHBIsdQkf+ser6FBmuT+zlw0="></latexit>

+c(1)ω4D2 |ω|2↭|ω|2 + c(2)ω4D2(ω
†Drω)

†ω†Drω+r(3)ω4D2 |ω|2(Drω)
†Drω

<latexit sha1_base64="xYucEFMm/hPGmFqCeZiPz2OfWq0=">AAACJ3icbVDLSgMxFM34rPU16tJNsAiCUGaK1K6k6EZ3FewD2umQSTNtaOZBkhHKdP7Gjb/iRlARXfonZtopauuBcE/OuZfkHidkVEjD+NSWlldW19ZzG/nNre2dXX1vvyGCiGNSxwELeMtBgjDqk7qkkpFWyAnyHEaazvAq9Zv3hAsa+HdyFBLLQ32fuhQjqSRbvziF2I474YB2K8k4reNuBf6IJdjslmZGermxYy6SWbX1glE0JoCLxMxIAWSo2fpLpxfgyCO+xAwJ0TaNUFox4pJiRpJ8JxIkRHiI+qStqI88Iqx4smcCj5XSg27A1fElnKi/J2LkCTHyHNXpITkQ814q/ue1I+lWrJj6YSSJj6cPuRGDMoBpaLBHOcGSjRRBmFP1V4gHiCMsVbR5FYI5v/IiaZSKZrlYvj0rVC+zOHLgEByBE2CCc1AF16AG6gCDB/AEXsGb9qg9a+/ax7R1SctmDsAfaF/fLrKllw==</latexit>

+cω8 |ω|8 + cω2W 2 |ω|2W I
rsW

I
rs

<latexit sha1_base64="iAynRTzrb39srA3KLDNWu2jst+E=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIsgCGVGpLosunFZwT6gHUomzbShmcyQ3BHK0I9w40IRt36PO//GtJ2Fth4IHM65h9x7gkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv57SeujYjVI04S7kd0qEQoGEUrtS9IbxCj6ZcrbtWdg6wSLycVyNHol79sjqURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nl93Ss6sMiBhrO1TSObq70RGI2MmUWAnI4ojs+zNxP+8borhjZ8JlaTIFVt8FKaSYExmt5OB0JyhnFhCmRZ2V8JGVFOGtqGSLcFbPnmVtC6rXq1ae7iq1G/zOopwAqdwDh5cQx3uoQFNYDCGZ3iFNydxXpx352MxWnDyzDH8gfP5A7Ixjyw=</latexit>

+ . . .
3D-EFT

<latexit sha1_base64="UzERTSST2tNy/Ac7vR+s2dAet2w=">AAACB3icbVDLSsNAFJ34rPUVdSlIsAiuSiJS3QilblwoVLQPaGKZTCft0MmDmRuxhOzc+CtuXCji1l9w5984abPQ1gMDh3PuYe49bsSZBNP81ubmFxaXlgsrxdW19Y1NfWu7KcNYENogIQ9F28WSchbQBjDgtB0Jin2X05Y7PM/81j0VkoXBLYwi6vi4HzCPEQxK6up7to9hQDBPLtO7xAb6AEnt5ipNz+xeCLKrl8yyOYYxS6yclFCOelf/UjkS+zQAwrGUHcuMwEmwAEY4TYt2LGmEyRD3aUfRAPtUOsn4jtQ4UErP8EKhXgDGWP2dSLAv5ch31WS2tZz2MvE/rxODd+okLIhioAGZfOTF3IDQyEoxekxQAnykCCaCqV0NMsACE1DVFVUJ1vTJs6R5VLYq5cr1calay+sooF20jw6RhU5QFV2gOmoggh7RM3pFb9qT9qK9ax+T0Tktz+ygP9A+fwDtY5oA</latexit>

LBSM = . . .

Dimensional reduction for SM(EFT)

• Within an EFT, PTs can be studied: perturbatively or on the lattice

Higher-dimensional 
operators
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RGE evolution within an EFT 

RGE running

Matching

Nucleation 
dynamics

• Depending on the PT pattern (tree-level nucleation, radiative barrier, ...), 
nucleation occurs at different scale with different active d.o.f.s 

• RGE evolution enables higher-precision perturbative calculations  
and is essential for lattice simulations: to relate lattice to continuum 
parameters
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RGE evolution within an EFT 
• Within 3D theory running starts at 2-loop level 
• LO (super-renormalizable) running is exact 

 
 
 
 
 

• NLO running can be parametrically of the same size as the LO 
running

Tree-level barrier 
 case

<latexit sha1_base64="dwOauuzOw9VFtMyD4WNR6CmyGUQ="></latexit>

L3D =

super→renorm.︷ ︸︸ ︷
1

4
W I

rsW
I
rs + (Dr!)

†(Dr!) +m2
3|!|2 + ω3|!|4 + cω6 |!|6

+ cω8 |!|8 + cω2W 2 |!|2W I
rsW

I
rs + c(1)ω4D2 |!|2↭|!|2 + c(2)ω4D2(!

†Dr!)
†!†Dr!
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LO running — dim<3 operators running 
NLO running — dim≤4 operators running 

RGE evolution: SMEFT

Phase transition strength 
<latexit sha1_base64="LN/IUMhRUIYtffon8f17KWClfJg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVhDaJ5FJ1QtSUM0GbhhlOO4miGIectsPx7cxvP1GlmRQPZpLQIMahYBEjaKzU6iFPRtgvV7yqN4e7SvycVCBHo1/+6g0kSWMqDOGoddf3EhNkqAwjnE5LvVTTBMkYh7RrqcCY6iCbXzt1z6wycCOpbAnjztXfExnGWk/i0HbGaEZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHLXSHf2ujtgihLDJ5YgUcze6pIRKiTGBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJBB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AI8TjyM=</latexit>ω
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SM + singlet 

<latexit sha1_base64="eWOKucZBKORMlL0BL0DJHlc9eO0="></latexit>

L(6),Green
3 = !6 + !4S2 + !2S4 + S6

+ 4→ !4D2 + 4→ !2S2D2 + S4D2

+ !2D4 + S2D4

<latexit sha1_base64="Q44V+haYiyXTW1YMcqwAZZLH5U8="></latexit>

L(8),Green
3 = !8 + !6S2 + !4S4 + !2S6 + S8

+ 4→ !6D2 + 7→ !4S2D2 + 4→ !2S4D2 + S6D2

+ 13→ !4D4 + 13→ !2S2D4 + 3→ S4D4

+ !2D6 + S2D6

<latexit sha1_base64="mGf1PreDQH/LGklbj/eB7Z/6K08="></latexit>

V (!, S) = µ2
!(!

†!) + ω!(!
†!)2 + µ2

SS
2 + ωSS

4 + ω!S(!
†!)S2

Dimensional  
reduction

• Matching generated a tower of higher-dimensional operators, 
which must be accounted for to assess the validity of the EFT approach



13

SM + singlet 

• Higher-dimensional operators are especially relevant for strong PTs: 
may result in a big correction (up to tens of %). 
 
Dim-6 operators increase nucleation temperature/decrease strength; 
Dim-8 — decrease nucleation temperature/increase strength. 
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SM + singlet 

• Higher-dimensional operators open new parameter points for strong 
nucleation.  

• Only “trustworthy” points are shown:

<latexit sha1_base64="SO9DlPgqXPkEC5+nL7G29PEnxFY="></latexit>∣∣S(1)
3

∣∣

S(0)
3

< 0.5,

∣∣S(2)
3

∣∣
∣∣S(1)

3

∣∣ < 0.5



Take-home messages
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• Thermally driven phase transitions introduce hierarchy 
between scales at play, which requires modification of the 
usual perturbation theory — EFT techniques may be exploited. 

• Higher-dimensional operators become important for strong 
PTs and are needed to assess the validity of the EFT approach. 

• RGE running within the EFT is essential for precision 
perturbative calculations and lattice simulations.  
Effects of beyond-super-renormalizable running might 
parametrically be of the leading order.
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SMEFT PT patterns
<latexit sha1_base64="w16iKcDSL39YIJyqL2f1g7u4YI4="></latexit>

V (ω) = m2
3ω

2 + ε3ω
4 + cω6ω6 → (g23ω

2)3/2

16ϑ

Tree-level barrier Radiative barrier
<latexit sha1_base64="LRunrgAsgnEdmvLzxlzqkujzKwE=">AAACCXicbZC7TsMwFIYdrqXcAowsFhUSU5UgVBgrYGAsUm9SE0WO67RWbSeyHaQqysrCq7AwgBArb8DG2+C0GaDllyx9+s85Oj5/mDCqtON8Wyura+sbm5Wt6vbO7t6+fXDYVXEqMengmMWyHyJFGBWko6lmpJ9IgnjISC+c3BT13gORisairacJ8TkaCRpRjLSxAhvyIPOSMc2hpyiHI9ieQ2FLDm/zwK45dWcmuAxuCTVQqhXYX94wxiknQmOGlBq4TqL9DElNMSN51UsVSRCeoBEZGBSIE+Vns0tyeGqcIYxiaZ7QcOb+nsgQV2rKQ9PJkR6rxVph/lcbpDq68jMqklQTgeeLopRBHcMiFjikkmDNpgYQltT8FeIxkghrE17VhOAunrwM3fO626g37i9qzesyjgo4BifgDLjgEjTBHWiBDsDgETyDV/BmPVkv1rv1MW9dscqZI/BH1ucPKpOZXw==</latexit>

mω → gT → mD
<latexit sha1_base64="pM3K59xl07quhZ8SPn6ZlYhQxIU=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVJKCCmMFDIxF6ktqQuS4bmvVTiLbQaqifAELv8LCAEKszGz8DU6bAVqOdKWjc+7Vvff4EaNSWda3UVhZXVvfKG6WtrZ3dvfM/YOODGOBSRuHLBQ9H0nCaEDaiipGepEgiPuMdP3JdeZ3H4iQNAxaahoRl6NRQIcUI6Ulz6xwL3GiMU2hIymHo/vk7LSWwhZ0GIOZJzi8ST2zbFWtGeAysXNSBjmanvnlDEIccxIozJCUfduKlJsgoShmJC05sSQRwhM0In1NA8SJdJPZOymsaGUAh6HQFSg4U39PJIhLOeW+7uRIjeWil4n/ef1YDS/dhAZRrEiA54uGMYMqhFk2cEAFwYpNNUFYUH0rxGMkEFY6wZIOwV58eZl0alW7Xq3fnZcbV3kcRXAEjsEJsMEFaIBb0ARtgMEjeAav4M14Ml6Md+Nj3low8plD8AfG5w9aLJsK</latexit>

mω → g3/2T ↑ mD

<latexit sha1_base64="Zu3ZwvbsKddnyjhjEpP09MAzwNQ="></latexit>

L =
1

4
W I

rsW
I
rs + (Drω)

†(Drω) +m2
3|ω|2 + ε3|ω|4 + cω6 |ω|6

<latexit sha1_base64="USeBHBIsdQkf+ser6FBmuT+zlw0="></latexit>

+c(1)ω4D2 |ω|2↭|ω|2 + c(2)ω4D2(ω
†Drω)

†ω†Drω+r(3)ω4D2 |ω|2(Drω)
†Drω

<latexit sha1_base64="xYucEFMm/hPGmFqCeZiPz2OfWq0=">AAACJ3icbVDLSgMxFM34rPU16tJNsAiCUGaK1K6k6EZ3FewD2umQSTNtaOZBkhHKdP7Gjb/iRlARXfonZtopauuBcE/OuZfkHidkVEjD+NSWlldW19ZzG/nNre2dXX1vvyGCiGNSxwELeMtBgjDqk7qkkpFWyAnyHEaazvAq9Zv3hAsa+HdyFBLLQ32fuhQjqSRbvziF2I474YB2K8k4reNuBf6IJdjslmZGermxYy6SWbX1glE0JoCLxMxIAWSo2fpLpxfgyCO+xAwJ0TaNUFox4pJiRpJ8JxIkRHiI+qStqI88Iqx4smcCj5XSg27A1fElnKi/J2LkCTHyHNXpITkQ814q/ue1I+lWrJj6YSSJj6cPuRGDMoBpaLBHOcGSjRRBmFP1V4gHiCMsVbR5FYI5v/IiaZSKZrlYvj0rVC+zOHLgEByBE2CCc1AF16AG6gCDB/AEXsGb9qg9a+/ax7R1SctmDsAfaF/fLrKllw==</latexit>

+cω8 |ω|8 + cω2W 2 |ω|2W I
rsW

I
rs

<latexit sha1_base64="iAynRTzrb39srA3KLDNWu2jst+E=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIsgCGVGpLosunFZwT6gHUomzbShmcyQ3BHK0I9w40IRt36PO//GtJ2Fth4IHM65h9x7gkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv57SeujYjVI04S7kd0qEQoGEUrtS9IbxCj6ZcrbtWdg6wSLycVyNHol79sjqURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nl93Ss6sMiBhrO1TSObq70RGI2MmUWAnI4ojs+zNxP+8borhjZ8JlaTIFVt8FKaSYExmt5OB0JyhnFhCmRZ2V8JGVFOGtqGSLcFbPnmVtC6rXq1ae7iq1G/zOopwAqdwDh5cQx3uoQFNYDCGZ3iFNydxXpx352MxWnDyzDH8gfP5A7Ixjyw=</latexit>

+ . . .
<latexit sha1_base64="1G/K5/jrmFVh7ZyNAUvu5xAGpZk="></latexit>

+
1

2
(DrW

I
0 )(DrW

I
0 ) +

1

2
m2

DW I
0W

I
0 + ωW 4

0
(W I

0W
I
0 )

2 + ωω2W 2
0
|ε|2W I

0W
I
0 + . . .

<latexit sha1_base64="/e24GVH6S2D/H4/nGEo50CqCZuc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdkeqx6MVjBfsB3aVk02wbmk3WJFsoS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etbRMFaFNIrlUnRBrypmgTcMMp51EURyHnLbD0d3Mb4+p0kyKRzNJaBDjgWARI9hYKfAzPxmyC9TuMX/aK1fcqjsHWiVeTiqQo9Erf/l9SdKYCkM41rrruYkJMqwMI5xOS36qaYLJCA9o11KBY6qDbH70FJ1ZpY8iqWwJg+bq74kMx1pP4tB2xtgM9bI3E//zuqmJboKMiSQ1VJDFoijlyEg0SwD1maLE8IklmChmb0VkiBUmxuZUsiF4yy+vktZl1atVaw9XlfptHkcRTuAUzsGDa6jDPTSgCQSe4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QMzFZG/</latexit>

{ω,Wi}
<latexit sha1_base64="YyoYM5YaVfyVLbj7r3LWaLTquwU=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBhZREpLosunFZwT6gCWEynbRDJw9mJmIJ+RU3LhRx64+482+cpllo64F7OZxzL3Pn+AlnUlnWt1FZW9/Y3Kpu13Z29/YPzMN6T8apILRLYh6LgY8l5SyiXcUUp4NEUBz6nPb96e3c7z9SIVkcPahZQt0QjyMWMIKVljyz7mROMmHnqO8VzXJyz2xYTasAWiV2SRpQouOZX84oJmlII0U4lnJoW4lyMywUI5zmNSeVNMFkisd0qGmEQyrdrLg9R6daGaEgFroihQr190aGQylnoa8nQ6wmctmbi/95w1QF127GoiRVNCKLh4KUIxWjeRBoxAQlis80wUQwfSsiEywwUTqumg7BXv7yKuldNO1Ws3V/2WjflHFU4RhO4AxsuII23EEHukDgCZ7hFd6M3Hgx3o2PxWjFKHeO4A+Mzx9L+JNU</latexit>

{ω,Wi,W0}dynamical d.o.f.

*Radiative 
symmetry 
breaking
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Perturbative bounce expansion
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• =

Lattice simulations of EWPT

[Ekstedt et al., 2405.18349]

• Effects of higher-dimensional operators within the high-T EFT? 
• Precision for the SM and open possibilities for the SMEFT 

[Laine et al., 0010275]
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xSM: dimensional reduction

[Biekötter, AD et al., 2511.14831]


