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Motivation: First Order Phase Transition (FOPT) 
in the Early Universe

2

• Mechanism to satisfy Sakharov’s conditions for generation matter-antimatter 
asymmetry 

• Perfect candidate for gravitation wave detection in close future experiments 
(LISA, etc) 

• First order phase transitions = hope for perturbative description
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• Mechanism to satisfy Sakharov’s conditions for generation matter-antimatter 
asymmetry 

• Perfect candidate for gravitation wave detection in close future experiments 
(LISA, etc) 

• First order phase transitions = hope for perturbative description 
• Large uncertainties in theoretical predictions
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Motivation: Extended scalar sector
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• Higgs is too light: no electroweak FOPT in the SM 

• Naturally occurring in most of extensions of Higgs sectors (singlets, doublets, 
SUSY, SMEFT etc)

[Laine, 2000]



Benchmark model: cxSM
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• U(1) symmetric complex singlet extension of the SM as a realistic toy model

<latexit sha1_base64="SMWannQW78eYI+A8NwQ6ZV7NKks="></latexit>

LcxSM →Dµ!
†Dµ!↑ µ2

h!
†!↑ ωh(!

†!)2+

1

2
|εµS|2 ↑ 1

2
µ2
s|S|2 ↑

ωs

4
|S|4 ↑ 1

2
ωhs|S|2!†!.

• Zero singlet vev at zero temperature (“flip-flop” transition) 

• Collider “nightmare scenario” 

• New scalars: possible Dark Matter candidates 

• Extra input parameters:  
<latexit sha1_base64="2IOumD+9/MaJO7CIsWx1p+hSVHU=">AAACC3icbVDLSgMxFM34rPU16tJNaBFcSJkRqW6EqhuXFe0D2mHIZDJtaJIZkoxQhu7d+CtuXCji1h9w59+YtgNq64HA4Zx7uLknSBhV2nG+rIXFpeWV1cJacX1jc2vb3tltqjiVmDRwzGLZDpAijArS0FQz0k4kQTxgpBUMrsZ+655IRWNxp4cJ8TjqCRpRjLSRfLvE/Vt4Drl/cQS7zORC5KsfmvXVyLfLTsWZAM4TNydlkKPu25/dMMYpJ0JjhpTquE6ivQxJTTEjo2I3VSRBeIB6pGOoQJwoL5vcMoIHRglhFEvzhIYT9XciQ1ypIQ/MJEe6r2a9sfif10l1dOZlVCSpJgJPF0UpgzqG42JgSCXBmg0NQVhS81eI+0girE19RVOCO3vyPGkeV9xqpXpzUq5d5nUUwD4ogUPgglNQA9egDhoAgwfwBF7Aq/VoPVtv1vt0dMHKM3vgD6yPb/Sdmck=</latexit>

mS = mA,ωs,ωhs
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Phase transition thermodynamics.
Free energy density = pressure = effective potential in the minimum 
 
Critical temperature  

Nucleation temperature 

Latent heat 
 
 
 
  
 

<latexit sha1_base64="6XsAyyD0N9X37HtaYWJxyrn8e0w="></latexit>

Lc → L(Tc) = !ω
∣∣
T=Tc

= Tc
d!p

dT

∣∣∣∣
T=Tc

= ↑Tc
d!Veff

dT

∣∣∣∣
T=Tc

<latexit sha1_base64="0vDGt+F8WQBn0QI7qMO8bzagHpI=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARKkJJRKoboagLFy4qpBdoQplMJu3QyYWZiVBC3sSNr+LGhSLirm/jtE1BW38Y+PjPOZw5vxszKqRhjLXCyura+kZxs7S1vbO7p+8ftESUcEyaOGIR77hIEEZD0pRUMtKJOUGBy0jbHd5O6u0nwgWNQkuOYuIEqB9Sn2IkldXTaw8V6xReQ/uOMIlsPojmDGN4Bi1o+xzh1Jt7WepZGYQ9vWxUjangMpg5lEGuRk//tr0IJwEJJWZIiK5pxNJJEZcUM5KV7ESQGOEh6pOuwhAFRDjp9L4MnijHg37E1QslnLq/J1IUCDEKXNUZIDkQi7WJ+V+tm0j/yklpGCeShHi2yE8YlBGchAU9ygmWbKQAYU7VXyEeIBWIVJGWVAjm4snL0DqvmrVq7fGiXL/J4yiCI3AMKsAEl6AO7kEDNAEGz+AVvIMP7UV70z61r1lrQctnDsEfaeMfqdygVw==</latexit>

L(T ) = !ω = !p+ T
d!p

dT
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Gravitational wave signal: working pipeline

GW signalPhysical 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)...)
<latexit sha1_base64="ertg4/d2g2qsn0i/F+l4m8jz/Cc=">AAAB+3icbVDJSgNBEO2JW4xbjEcvg0HwFGZEosegB70ZwSyQGYaeTk3SpGehu0YShvkVLx4U8eqPePNv7CwHTXxQ8Hiviqp6fiK4Qsv6Ngpr6xubW8Xt0s7u3v5B+bDSVnEqGbRYLGLZ9akCwSNoIUcB3UQCDX0BHX90M/U7TyAVj6NHnCTghnQQ8YAzilryyhXnPoQB9TIHYYzZbSfPvXLVqlkzmKvEXpAqWaDplb+cfszSECJkgirVs60E3YxK5ExAXnJSBQllIzqAnqYRDUG52ez23DzVSt8MYqkrQnOm/p7IaKjUJPR1Z0hxqJa9qfif10sxuHIzHiUpQsTmi4JUmBib0yDMPpfAUEw0oUxyfavJhlRShjqukg7BXn55lbTPa3a9Vn+4qDauF3EUyTE5IWfEJpekQe5Ik7QII2PyTF7Jm5EbL8a78TFvLRiLmSPyB8bnD3cNlL0=</latexit>

!GW
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Gravitational wave signal: working pipeline

Thermal field theory,  
equilibrium thermodynamics, 
perturbative/non-perturbative 

methods, 
…

GW signalPhysical 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)...)

Lagrangian 
<latexit sha1_base64="1bnszNv51564n3dk143xsZlqN6s=">AAACAXicbVDLSsNAFJ34rPUVdSO4CRbBVUlEqstSNy4UKtoHNCFMppN26OTBzI1YQtz4K25cKOLWv3Dn3zhps9DWAxcO59zLvfd4MWcSTPNbW1hcWl5ZLa2V1zc2t7b1nd22jBJBaItEPBJdD0vKWUhbwIDTbiwoDjxOO97oIvc791RIFoV3MI6pE+BByHxGMCjJ1fftAMOQYJ5euakN9AHSxu11lmWuXjGr5gTGPLEKUkEFmq7+ZfcjkgQ0BMKxlD3LjMFJsQBGOM3KdiJpjMkID2hP0RAHVDrp5IPMOFJK3/AjoSoEY6L+nkhxIOU48FRnfq+c9XLxP6+XgH/upCyME6AhmS7yE25AZORxGH0mKAE+VgQTwdStBhligQmo0MoqBGv25XnSPqlatWrt5rRSbxRxlNABOkTHyEJnqI4uURO1EEGP6Bm9ojftSXvR3rWPaeuCVszsoT/QPn8ASL+Xcg==</latexit>

LBSM

<latexit sha1_base64="ertg4/d2g2qsn0i/F+l4m8jz/Cc=">AAAB+3icbVDJSgNBEO2JW4xbjEcvg0HwFGZEosegB70ZwSyQGYaeTk3SpGehu0YShvkVLx4U8eqPePNv7CwHTXxQ8Hiviqp6fiK4Qsv6Ngpr6xubW8Xt0s7u3v5B+bDSVnEqGbRYLGLZ9akCwSNoIUcB3UQCDX0BHX90M/U7TyAVj6NHnCTghnQQ8YAzilryyhXnPoQB9TIHYYzZbSfPvXLVqlkzmKvEXpAqWaDplb+cfszSECJkgirVs60E3YxK5ExAXnJSBQllIzqAnqYRDUG52ez23DzVSt8MYqkrQnOm/p7IaKjUJPR1Z0hxqJa9qfif10sxuHIzHiUpQsTmi4JUmBib0yDMPpfAUEw0oUxyfavJhlRShjqukg7BXn55lbTPa3a9Vn+4qDauF3EUyTE5IWfEJpekQe5Ik7QII2PyTF7Jm5EbL8a78TFvLRiLmSPyB8bnD3cNlL0=</latexit>

!GW

Macroscopic   
parameters

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

(Tc, Tp,ω, vw, ...)

Relativistic hydrodynamics, 
percolation simulations, 

… 
messy stuff

Model building,  
relating physical inputs 
 to Lagrange parameters



Effective potential
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• Field-theoretic definition: 
 
 
 
 
where                                                                   and             is the  
 
generating functional of connected Green's functions 
 
 
 
 
 
 
 

• Note: discussion for effective action follows same logic as presented 
here

<latexit sha1_base64="76SpxDwjk15xl+2MsmxW5ool6uI=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjVRUlEqhuh6EKXFewDkhAm00k7dCYJM5NCCfkHN/6KGxeKuHXjzr9x2mahrQcuHM65l3vvCRJGpbKsb2NpeWV1bb20Ud7c2t7ZNff22zJOBSYtHLNYdAMkCaMRaSmqGOkmgiAeMNIJhjcTvzMiQtI4elDjhHgc9SMaUoyUlnzztO1nJAxzx00G1INX0A0Fwpl7izhHMzHPqqOYneS+WbFq1hRwkdgFqYACTd/8cnsxTjmJFGZISse2EuVlSCiKGcnLbipJgvAQ9YmjaYQ4kV42/SmHx1rpwTAWuiIFp+rviQxxKcc80J0cqYGc9ybif56TqvDSy2iUpIpEeLYoTBlUMZwEBHtUEKzYWBOEBdW3QjxAOhSlYyzrEOz5lxdJ+6xm12v1+/NK47qIowQOwRGoAhtcgAa4A03QAhg8gmfwCt6MJ+PFeDc+Zq1LRjFzAP7A+PwB1jKeKA==</latexit>

Veff [ω] =
![ω]

(vol)
<latexit sha1_base64="u4L9MpLuKdTWLMFJ+BCPxgfWF6M=">AAACGHicbVDLSgMxFM3UV62vqks3wSJU0DojpboRii6UrirYB8yMJZOmbWgyMyQZaSn9DDf+ihsXirjtzr8x085CWy+EHM45l3vv8UJGpTLNbyO1tLyyupZez2xsbm3vZHf36jKIBCY1HLBAND0kCaM+qSmqGGmGgiDuMdLw+jex3ngiQtLAf1DDkLgcdX3aoRgpTbWyZ84t4hzZTtijLryCDbviwlPoUF/B9mNxAJ0TWMkPjmFs0H8rmzML5rTgIrASkANJVVvZidMOcMSJrzBDUtqWGSp3hISimJFxxokkCRHuoy6xNfQRJ9IdTQ8bwyPNtGEnEPrphabs744R4lIOuaedHKmenNdi8j/NjlTn0h1RP4wU8fFsUCdiUAUwTgm2qSBYsaEGCAuqd4W4hwTCSmeZ0SFY8ycvgvp5wSoVSvfFXPk6iSMNDsAhyAMLXIAyuANVUAMYPINX8A4+jBfjzfg0vmbWlJH07IM/ZUx+AJF8nPk=</latexit>

![ω] = W [J ]→
∫

d4xJ(x)ω(x)
<latexit sha1_base64="xLjPDmnb/WC03vfMCFXicOtr5SY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF/FUwX5AGspmu2mX7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9UKsKWeStg0znPYSRbEIOe2Gk9vc7z5RpVksH800oYHAI8kiRrDJpa5/HwyqNbfuzoFWiVeQGhRoDapf/WFMUkGlIRxr7XtuYoIMK8MIp7NKP9U0wWSCR9S3VGJBdZDNb52hM6sMURQrW9Kgufp7IsNC66kIbafAZqyXvVz8z/NTE10HGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiWdi7rXqDceLmvNmyKOMpzAKZyDB1fQhDtoQRsIjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4Ar6SOBg==</latexit>

W [J ]



• Thermal loop corrections, which are dominant during the phase 
transition, introduce large renormalization scale dependence. 

• The presence of hierarchy between hard (  ) and soft (  ) 
scales requires resummation of the hard modes, which messes up 
with the loop order  

∼ T ∼ gT

10

Renormalization scale dependence & 
Daisy resummation



[Nielsen, 1975]

• The effective action itself is an intrinsically gauge dependent 
quantity, as it’s defined for the non-zero source term, and the 
system has a non-dynamical background change. 

• But, it’s gauge dependent according to Nielsen identity: 

•   is gauge invariant at stationary point (extremums) 

• Gauge invariant results can be obtained by systematic -expansion

Veff

ℏ

[Patel, et.al., 2011]11

Gauge  dependence



Separating logarithms

[Kajantie et al, 1994]

• Large    - dependence and need for resummations indicate large 
separation of scales 

• Relevant scales: 

 

• Basically, we have too many logarithms: 

12

<latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ



High-T EFT

13



High-T EFT ℒ4d

ℒ3d

V3d
eff / Γ

3d
eff

V4d
eff / Γ

4d
eff

Physical observables (Tc, Tn, ΩGW, …)

14



High-T EFT ℒ4d

ℒ3d

V3d
eff / Γ

3d
eff

V4d
eff / Γ

4d
eff

Physical observables (Tc, Tn, ΩGW, …)

High-T EFT lives in 3D: 
• Simpler integrals 
• Superrenormalizable theory* Temperature is integrated out 

• Use  QFT framework  
• Resummations (daisies, etc) 

are already included 
• Gauge invariance is straightforward

T = 0

15

Validity of EFT truncation can be 
studied by higher dimensional 
operators in the EFT 

(see talks of L. Gil and C. Fiore)



Renormalization scale dependence
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+ AE-daisy resummation
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<latexit sha1_base64="NS4zKKopD62dMH3gQGPFGdl052I=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0Wom5C0TWt2RTfurGAf0MYymU7aoZMHM5NCCf0TNy4UceufuPNvnLQVVPTAwOGce7lnjhczKqRpfmi5tfWNza38dmFnd2//QD88aoso4Zi0cMQi3vWQIIyGpCWpZKQbc4ICj5GON7nK/M6UcEGj8E7OYuIGaBRSn2IklTTQ9X6A5Bgjlt7MS6P76vlAL5qGaVtmxYamUXFsx3EUqVfsaq0MLcNcoAhWaA709/4wwklAQokZEqJnmbF0U8QlxYzMC/1EkBjhCRqRnqIhCohw00XyOTxTyhD6EVcvlHChft9IUSDELPDUZJZT/PYy8S+vl0j/wk1pGCeShHh5yE8YlBHMaoBDygmWbKYIwpyqrBCPEUdYqrIKqoSvn8L/SbtsWDWjdlstNi5XdeTBCTgFJWCBOmiAa9AELYDBFDyAJ/Cspdqj9qK9Lkdz2mrnGPyA9vYJQf6Tcg==</latexit>

O(g4)



Renormalization scale dependence
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Gauge dependence
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Nucleation: bounce revisited

<latexit sha1_base64="yNHfCCPGVB+eMrSqa//DrrLax1I=">AAAB+HicbVBNS8NAEJ3Ur1o/WvXoZbEInkoiUj0WvXisYGOhDWGznbRLNx/sboQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8IBVcadv+tkpr6xubW+Xtys7u3n61dnDoqiSTDDssEYnsBlSh4DF2NNcCu6lEGgUCH4Lxzcx/eESpeBLf60mKXkSHMQ85o9pIfq3q+jbp64S4fo5hOPVrdbthz0FWiVOQOhRo+7Wv/iBhWYSxZoIq1XPsVHs5lZozgdNKP1OYUjamQ+wZGtMIlZfPD5+SU6MMSJhIU7Emc/X3RE4jpSZRYDojqkdq2ZuJ/3m9TIdXXs7jNNMYs8WiMBPEPDpLgQy4RKbFxBDKJDe3EjaikjJtsqqYEJzll1eJe95wmo3m3UW9dV3EUYZjOIEzcOASWnALbegAgwye4RXerCfrxXq3PhatJauYOYI/sD5/AMrDko4=</latexit>

V0 → Veff

<latexit sha1_base64="bQQ9neS/NJjr8lJcfK6eBGTN1b0=">AAACCHicbVA9TwJBEN3DL8SvU0sLNxITLMQ7Y9ASsdASI18Jh2RuWWDD7t1ld89ILpQ2/hUbC42x9SfY+W+8AwoVXzLJy3szmZnnBpwpbVlfRmpufmFxKb2cWVldW98wN7dqyg8loVXic182XFCUM49WNdOcNgJJQbic1t3BReLX76hUzPcqehjQloCex7qMgI6ltrnrXIIQkKscYAeCQPr3+BzT2+jwpl06qowybTNr5a0x8CyxpySLpii3zU+n45NQUE8TDko1bSvQrQikZoTTUcYJFQ2ADKBHmzH1QFDVisaPjPB+rHRw15dxeRqP1Z8TEQilhsKNOwXovvrrJeJ/XjPU3bNWxLwg1NQjk0XdkGPt4yQV3GGSEs2HMQEiWXwrJn2QQHScXRKC/fflWVI7ztuFfOH6JFssTeNIox20h3LIRqeoiK5QGVURQQ/oCb2gV+PReDbejPdJa8qYzmyjXzA+vgGcH5fQ</latexit>

!(T ) → Ae→SB/T

• Double counting of fluctuations 
• Not a strict perturbative 

expansion in any parameter 
• Gauge dependent 

• In 4D, bounce may not even exist 
(again, because quantum/
thermal corrections significantly 
change the vacuum structure) 

Separate UV/IR physics!  

EFTs 



Predicted gravitational wave signal
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Model parameter scans
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Quiet a lot of fine-tuning for strong FOPT: 
usually the case for realistic BSM models



Model parameter scans

22



Impact of higher order operators

23

Higher dimensional operators in 3D-EFT approach 
are relevant in region of strong PT.



Conclusions.
• Phase transitions come with a lot of theoretical uncertainties: there’s hope 

for perturbative treatment           lot’s of things to do for physicists.  

• Thermally driven phase transitions introduce new scaling relations, which 
require modification of the usual perturbation theory. Large scale 
separations and related resummations can be rigorously taken into account 
with the help of EFT techniques (dimensional reduction) — within which, 
higher dimensional operators could be relevant for strong PTs. 

• Gauge dependence is also a good indicator of applicability of perturbative 
expansion for phase transitions: gauge invariance rely on perturbative 
expansion. 

• To achieve similar to equilibrium thermodynamics renormalization scale 
independence for non-equilibrium quantities, the bounce action has to be 
calculated at higher orders. 

24 [Weir, 2020]



Back-up: look at your own risk
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Lagrange parameters determination
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Another possible source of uncertainties

n-loop MS relations

Lagrange parameters (μh, λ, g, …)

OS-like renormalization

∂hVtree = ∂hVeff + ∂hVc.t.

∂2
hVtree = ∂2

hVeff + ∂2
hVc.t.

( ∼ Πh(p2 = 0))

• Missing momentum 
contribution 

• Gauge dependent 
• Taking derivatives must be 

handled carefully 
• Goldtone catastrophe in 

Landau gauge 
• Only scalar potential 

couplings are renormalised

<latexit sha1_base64="L5ZE5qEVf8X8GPIToEtE7KgV2zI=">AAAB/XicbVDLSgMxFM34rPU1PnZugkWoUMqMSHVZFNRlBfuAdhgyadqGJpkhyQjtUPwVNy4Ucet/uPNvzLSz0NYD93I4515yc4KIUaUd59taWl5ZXVvPbeQ3t7Z3du29/YYKY4lJHYcslK0AKcKoIHVNNSOtSBLEA0aawfA69ZuPRCoaigc9iojHUV/QHsVIG8m3D4vcH5Qg91XaxiV469+c+nbBKTtTwEXiZqQAMtR8+6vTDXHMidCYIaXarhNpL0FSU8zIJN+JFYkQHqI+aRsqECfKS6bXT+CJUbqwF0pTQsOp+nsjQVypEQ/MJEd6oOa9VPzPa8e6d+klVESxJgLPHurFDOoQplHALpUEazYyBGFJza0QD5BEWJvA8iYEd/7Li6RxVnYr5cr9eaF6lcWRA0fgGBSBCy5AFdyBGqgDDMbgGbyCN+vJerHerY/Z6JKV7RyAP7A+fwCDNpNY</latexit>

(mh,ms,mz, GF )Physical inputs
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mh = Mh +!h(p
2 = m2

h)
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V 4d,T=0
eff



Background  gauges: missing partsRξ
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• Only with the correct mixing, we get the relation right:



Fermi, background and standard  gauges.Rξ
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<latexit sha1_base64="KaVAYxI0ggjyvKI0iTdMV5fINqM="></latexit>

LGF = → 1

2ωa1

(
εµAa

µ + iωa2gat
a
ikϑ̃kϑ

GF
i

)2

Uncanceled kinetic mixing

<latexit sha1_base64="hzJEw0Mhy7jg5YIDPtbRyZVwa9g="></latexit>

ωGF
i = ωmin

i minimal field configuration

Different gauge fixing for each field value?
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ωGF
i = ωi background field

<latexit sha1_base64="usjw63yKRQy5Zp/a7n4vn3GN4wU="></latexit>

ωGF
i = 0 (Fermi gauge)

Uncanceled kinetic mixing 
IR divergences



3d EFT loop convergence
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