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Electroweak Baryogenesis

Cohen,Kaplan,Nelson ‘91
Shaposhnikov ‘87

First order EW phase transition proceeds through bubble nucleation:

h 6= 0

h = 0

h

V

=)

0



4

First order EW phase transition proceeds through bubble nucleation:

Baryon asymmetry is created close to bubble walls: 
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antiquarks (L
)

CP

Baryon asymmetry is created close to bubble walls: 

quarks (L
)

EW sphalerons:

Electroweak Baryogenesis

h 6= 0 h = 0

B+L violation:

<latexit sha1_base64="feYJlqRAt9N6RJRnwkNptAVwjek=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIehGKXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9ZteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1nx6hfl6m0eRwGO4QTOwIMrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AI7FjMc=</latexit>=
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h 6= 0 h = 0 6

Baryon asymmetry is created close to bubble walls: 

Electroweak Baryogenesis

convert -B into L at 

rate
<latexit sha1_base64="5mhkG4dAzK58LnXsDNIKJZsBp0w=">AAACMnicbVDLSgNBEJz1bXxFPXoZDIKXxF0R9RgUQW8KiQrZJcxOerNDZh/M9ErCkm/y4pcIHvSgiFc/wskD1GjBQFFVTU+Xn0qh0bafranpmdm5+YXFwtLyyupacX3jWieZ4lDniUzUrc80SBFDHQVKuE0VsMiXcON3Tgf+zR0oLZK4hr0UvIi1YxEIztBIzeKFq0VEXeim1JUQYKNMz5q5i9DFXKdhv79Xo64S7RA9OhmlZRp+281iya7YQ9C/xBmTEhnjsll8dFsJzyKIkUumdcOxU/RyplBwCf2Cm2lIGe+wNjQMjVkE2suHJ/fpjlFaNEiUeTHSofpzImeR1r3IN8mIYagnvYH4n9fIMDj2chGnGULMR4uCTFJM6KA/2hIKOMqeIYwrYf5KecgU42haLpgSnMmT/5Lr/YpzWHGuDkrVk3EdC2SLbJNd4pAjUiXn5JLUCSf35Im8kjfrwXqx3q2PUXTKGs9skl+wPr8AbwypoQ==</latexit>

⇠ exp [�Esph/T ] ⇠ exp [�h/T ]

⇒
<latexit sha1_base64="XVToPln9HLj29Kvpn0EMCEgThnY=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuKqJiLpwUXTjskJf0IQymU7aoZMHMxOhhLjxV9y4UMStf+HOv3GaZqGtBy4czrl37tzjxZxJZVnfRmlpeWV1rbxe2djc2t4xd/faMkoEoS0S8Uh0PSwpZyFtKaY47caC4sDjtOONb6d+54EKyaKwqSYxdQM8DJnPCFZa6psHTv5GKuggczw/RaPTJrpGdtY3q1bNyoEWiV2QKhRo9M0vZxCRJKChIhxL2bOtWLkpFooRTrOKk0gaYzLGQ9rTNMQBlW6ab8/QsVYGyI+ErlChXP09keJAykng6c4Aq5Gc96bif14vUf6Vm7IwThQNyWyRn3CkIjSNAw2YoETxiSaYCKb/isgIC0yUDq2iQ7DnT14k7bOafVGz78+r9ZsijjIcwhGcgA2XUIc7aEALCDzCM7zCm/FkvBjvxsestWQUM/vwB8bnD1BDliM=</latexit>

h/T < 1

EW sphalerons:

First order EW phase transition proceeds through bubble nucleation:
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Baryon asymmetry is created close to bubble walls: 

Electroweak Baryogenesis

CP

quarks (L
)

h = 0
<latexit sha1_base64="sWliZHYCgeaunpfUpTFXPuzEqTo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01E1JMUvXis0LSFNpTNdtIu3WzC7kYopb/BiwdFvPqDvPlv3LY5aPXBwOO9GWbmhang2rjul1NYWV1b3yhulra2d3b3yvsHTZ1kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWju5nfekSleSIbZpxiENOB5BFn1FjJH541brxeueJW3TnIX+LlpAI56r3yZ7efsCxGaZigWnc8NzXBhCrDmcBpqZtpTCkb0QF2LJU0Rh1M5sdOyYlV+iRKlC1pyFz9OTGhsdbjOLSdMTVDvezNxP+8Tmai62DCZZoZlGyxKMoEMQmZfU76XCEzYmwJZYrbWwkbUkWZsfmUbAje8st/SfO86l1WvYeLSu02j6MIR3AMp+DBFdTgHurgAwMOT/ACr450np03533RWnDymUP4BefjG9WGjgw=</latexit>

h/T > 1

First order EW phase transition proceeds through bubble nucleation:
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First order EW phase transition proceeds through bubble nucleation:
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Baryon asymmetry is created close to bubble walls: 

Electroweak Baryogenesis

quarks (L
)
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How to get first-order EWPT?
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How to get first-order EWPT?

New particles s.t. thermal/quantum corrections modify 
SM Higgs potential

New field directions

h

V

h

S



The Minimal EWBG Model
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SM + Singlet

Only an extremely small explicit  breaking is 
needed to get B asymmetry and remove domain 
walls.

S → − S

Consider the case with  respected by the 
today’s minimum

S → − S

e.g. Espinosa et al, 1110.2876



13A.Benival et al, 1702.06124

SM + Singlet

EWBG
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h

V

h

S

SM + Singlet

EWBG

A.Benival et al, 1702.06124

EWPT happens too early, 
h/T<1

wrong minimum
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⇒

 symmetry:S → − S

no sizeable Higgs-S mixing

⇒ loop-induced effects of  λHS

SM + Singlet

Pheno: S-h mixing

sin θ ∝ λHS⟨h⟩⟨S⟩



16

𝒪H =
1
2

(∂μ |H |2 )2 cH

Λ2
=

λ2
HS

48π2

1
m2

S

h

h

λHS

h

h

S λHS

SM + Singlet

Pheno: cH

M.Carena et al, 2104.00638

3σ − 2σ − 1σHLLHC+FCC-ee:

probed
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HLLHC+FCC-ee:

SM + Singlet

A.Benival et al, 1702.06124

h

h

λHS

h

h

S
λHS

λHS

h

h 3σ − 2σ − 1σ

Pheno: h3

probed
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SM + Singlet: CPV

ℒ ⊃ − yt / 2 t̄th (1+i S/f)

CPV from varying top quark phase 

For unbroken Z2 internal S always comes in pairs  
 protection from EDMs ⇒

<latexit sha1_base64="E8vRTPNVvaNnwpWuMEUcNZCVWbM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VfUal5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ay2WM7w==</latexit>e <latexit sha1_base64="E8vRTPNVvaNnwpWuMEUcNZCVWbM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUwH654lbdOcgq8XJSgRz1fvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n80Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmRD8JZfXiWti6p3VfUal5XabR5HEU7gFM7Bg2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8Ay2WM7w==</latexit>e

<latexit sha1_base64="1zl72Czq56gGbnw0wzZF3NT/n8c=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVa1xWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4iGM/g==</latexit>

t
<latexit sha1_base64="1JD4AJrhWi5kJ4jrLD6rC4H0WMQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDz/GM8g==</latexit>

h

<latexit sha1_base64="1HbveT5JU6V0eK6wHlVYfExiar0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rAT3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiOOPGw==</latexit>�

<latexit sha1_base64="1HbveT5JU6V0eK6wHlVYfExiar0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhN7JbDJmZnaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bJsk0ZXWaiES3IjRMcMXqllvBWqlmKCPBmtHwduo3n5g2PFEPdpSyUGJf8ZhTtE5qdPooJXZLZb/iz0CWSZCTMuSodUtfnV5CM8mUpQKNaQd+asMxasupYJNiJzMsRTrEPms7qlAyE45n107IqVN6JE60K2XJTP09MUZpzEhGrlOiHZhFbyr+57UzG1+HY67SzDJF54viTBCbkOnrpMc1o1aMHEGqubuV0AFqpNYFVHQhBIsvL5PGeSW4rAT3F+XqTR5HAY7hBM4ggCuowh3UoA4UHuEZXuHNS7wX7937mLeuePnMEfyB9/kDiOOPGw==</latexit>�

⇒
<latexit sha1_base64="nvZ7D6ESpdmNv46IVaiILvxf6sU="></latexit>
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CPV when S varies

<latexit sha1_base64="UizOpESCl5arQHMbWpAL8xlNkSw=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsyIqMuiG5cVbC00Q8lkbtvQTGZIMkIZunLjr7hxoYhbv8Gdf2PazkJbDwROzrn3JveEqeDaeN63U1paXlldK69XNja3tnfc3b2WTjLFoMkSkah2SDUILqFpuBHQThXQOBRwHw6vJ/79AyjNE3lnRikEMe1L3uOMGit13UMSQp/LnNkZekwIJoSAjIp71616NW8KvEj8glRRgUbX/SJRwrIYpGGCat3xvdQEOVWGMwHjCsk0pJQNaR86lkoagw7y6RpjfGyVCPcSZY80eKr+7shprPUoDm1lTM1Az3sT8T+vk5neZZBzmWYGJJs91MsENgmeZIIjroAZMbKEMsXtXzEbUEWZsclVbAj+/MqLpHVa889r/u1ZtX5VxFFGB+gInSAfXaA6ukEN1EQMPaJn9IrenCfnxXl3PmalJafo2Ud/4Hz+AOKGmWU=</latexit> (



The Minimal  
Defect-Mediated EWBG Model
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see also talk by M.Younes Sassi 

SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler 
work in progress

discrete symmetry of 
vacuum manifold

V

S

<latexit sha1_base64="sRSOd+c0G7mdUcHH4HgpigiAFvI=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZki6kYounFZqX1AZxgyaaYNTTJDkinUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfeeMGFUacf5tpaWV1bX1gsbxc2t7Z1de2+/qeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4uJn4rSGRisbiXo8S4nPUEzSiGGkjBfZRHV7BYVCHnkaiD71IIpxx834YZ5VxYJecsjMFXCRuTkogRy2wv7xujFNOhMYMKdVxnUT7GZKaYkbGRS9VJEF4gHqkY6hAnCg/m54xhidG6cIolqaEhlP190SGuFIjHppOjnRfzXsT8T+vk+ro0s+oSFJNBJ59FKUM6hhOMoFdKgnWbGQIwpKaXSHuI5OENskVTQju/MmLpFkpu+dl9+6sVL3O4yiAQ3AMToELLkAV3IIaaAAMHsEzeAVv1pP1Yr1bH7PWJSufOQB/YH3+AH6Bl+U=</latexit>

S = vS tanh
mSz

2
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see also talk by M.Younes Sassi 

SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler 
work in progress

discrete symmetry of 
vacuum manifold

V

S

<latexit sha1_base64="sRSOd+c0G7mdUcHH4HgpigiAFvI=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZki6kYounFZqX1AZxgyaaYNTTJDkinUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfeeMGFUacf5tpaWV1bX1gsbxc2t7Z1de2+/qeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4uJn4rSGRisbiXo8S4nPUEzSiGGkjBfZRHV7BYVCHnkaiD71IIpxx834YZ5VxYJecsjMFXCRuTkogRy2wv7xujFNOhMYMKdVxnUT7GZKaYkbGRS9VJEF4gHqkY6hAnCg/m54xhidG6cIolqaEhlP190SGuFIjHppOjnRfzXsT8T+vk+ro0s+oSFJNBJ59FKUM6hhOMoFdKgnWbGQIwpKaXSHuI5OENskVTQju/MmLpFkpu+dl9+6sVL3O4yiAQ3AMToELLkAV3IIaaAAMHsEzeAVv1pP1Yr1bH7PWJSufOQB/YH3+AH6Bl+U=</latexit>

S = vS tanh
mSz

2

⇒
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see also talk by M.Younes Sassi 

SM + Singlet: EWBG on Defects

domain walls can be 
formed

Press,Ryden,Spergel,  
Astrophys.J. 347 (1989)

⇒

in Z2 breaking phase 
transition

J.Azzola,OM,A.Weiler 
work in progress

discrete symmetry of 
vacuum manifold

V

S

<latexit sha1_base64="sRSOd+c0G7mdUcHH4HgpigiAFvI=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZki6kYounFZqX1AZxgyaaYNTTJDkinUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfeeMGFUacf5tpaWV1bX1gsbxc2t7Z1de2+/qeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4uJn4rSGRisbiXo8S4nPUEzSiGGkjBfZRHV7BYVCHnkaiD71IIpxx834YZ5VxYJecsjMFXCRuTkogRy2wv7xujFNOhMYMKdVxnUT7GZKaYkbGRS9VJEF4gHqkY6hAnCg/m54xhidG6cIolqaEhlP190SGuFIjHppOjnRfzXsT8T+vk+ro0s+oSFJNBJ59FKUM6hhOMoFdKgnWbGQIwpKaXSHuI5OENskVTQju/MmLpFkpu+dl9+6sVL3O4yiAQ3AMToELLkAV3IIaaAAMHsEzeAVv1pP1Yr1bH7PWJSufOQB/YH3+AH6Bl+U=</latexit>

S = vS tanh
mSz

2
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see also talk by M.Younes Sassi 

SM + Singlet: EWBG on Defects

domain walls can be 
formed

Press,Ryden,Spergel,  
Astrophys.J. 347 (1989)

⇒

in Z2 breaking phase 
transition

J.Azzola,OM,A.Weiler 
work in progress

discrete symmetry of 
vacuum manifold

V

S

<latexit sha1_base64="sRSOd+c0G7mdUcHH4HgpigiAFvI=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZki6kYounFZqX1AZxgyaaYNTTJDkinUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfeeMGFUacf5tpaWV1bX1gsbxc2t7Z1de2+/qeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4uJn4rSGRisbiXo8S4nPUEzSiGGkjBfZRHV7BYVCHnkaiD71IIpxx834YZ5VxYJecsjMFXCRuTkogRy2wv7xujFNOhMYMKdVxnUT7GZKaYkbGRS9VJEF4gHqkY6hAnCg/m54xhidG6cIolqaEhlP190SGuFIjHppOjnRfzXsT8T+vk+ro0s+oSFJNBJ59FKUM6hhOMoFdKgnWbGQIwpKaXSHuI5OENskVTQju/MmLpFkpu+dl9+6sVL3O4yiAQ3AMToELLkAV3IIaaAAMHsEzeAVv1pP1Yr1bH7PWJSufOQB/YH3+AH6Bl+U=</latexit>

S = vS tanh
mSz

2



24

see also talk by M.Younes Sassi 

discrete symmetry of 
vacuum manifold

SM + Singlet: EWBG on Defects

domain walls can be 
formed

V

S

Press,Ryden,Spergel,  
Astrophys.J. 347 (1989)

⇒

in Z2 breaking phase 
transition

J.Azzola,OM,A.Weiler 
work in progress

<latexit sha1_base64="sRSOd+c0G7mdUcHH4HgpigiAFvI=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZki6kYounFZqX1AZxgyaaYNTTJDkinUoSs3/oobF4q49Rvc+Tem7Sy09cCFk3PuJfeeMGFUacf5tpaWV1bX1gsbxc2t7Z1de2+/qeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4uJn4rSGRisbiXo8S4nPUEzSiGGkjBfZRHV7BYVCHnkaiD71IIpxx834YZ5VxYJecsjMFXCRuTkogRy2wv7xujFNOhMYMKdVxnUT7GZKaYkbGRS9VJEF4gHqkY6hAnCg/m54xhidG6cIolqaEhlP190SGuFIjHppOjnRfzXsT8T+vk+ro0s+oSFJNBJ59FKUM6hhOMoFdKgnWbGQIwpKaXSHuI5OENskVTQju/MmLpFkpu+dl9+6sVL3O4yiAQ3AMToELLkAV3IIaaAAMHsEzeAVv1pP1Yr1bH7PWJSufOQB/YH3+AH6Bl+U=</latexit>

S = vS tanh
mSz

2
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SM + Singlet: EWBG on Defects

ℒ ⊃ −
1
2

|λHS | |H |2 S2

h-S trajectory curved towards h=0

<latexit sha1_base64="6nuHiG6pQ5w8JGN3BUUFrfYO2Ro=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6rLoxmUF+4A2hMlk0g6dTMLMpFBC/sSNC0Xc+ifu/BunaRZaPXDhcM69c+eeIOVMacf5smpr6xubW/Xtxs7u3v6BfXjUU0kmCe2ShCdyEGBFORO0q5nmdJBKiuOA034wvVv4/RmViiXiUc9T6sV4LFjECNZG8m17VL6RSxoW+cyfFL7ddFpOCfSXuBVpQoWOb3+OwoRkMRWacKzU0HVS7eVYakY4LRqjTNEUkyke06GhAsdUeXm5tUBnRglRlEhTQqNS/TmR41ipeRyYzhjriVr1FuJ/3jDT0Y2XM5FmmgqyXBRlHOkELWJAIZOUaD43BBPJzF8RmWCJiTZhNUwI7urJf0nvouVetdyHy2b7toqjDidwCufgwjW04R460AUCM3iCF3i1cuvZerPel601q5o5hl+wPr4Bd7+UNA==</latexit>vh

<latexit sha1_base64="K0jV8FSsKAWiJEPCKJ4hwH6Wv9g=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMF+wFtLJvNpF262YTdjVJC/4cXD4p49b9489+4TXPQ1gcDj/dmdnaen3CmtON8W6WV1bX1jfJmZWt7Z3evun/QVnEqKbZozGPZ9YlCzgS2NNMcu4lEEvkcO/74ZuZ3HlEqFot7PUnQi8hQsJBRoo300M9fyCQG08yZDqo1p+7ksJeJW5AaFGgOql/9IKZphEJTTpTquU6ivYxIzSjHaaWfKkwIHZMh9gwVJELlZfnOqX1ilMAOY2lKaDtXf09kJFJqEvmmMyJ6pBa9mfif10t1eOVlTCSpRkHni8KU2zq2ZxHYAZNINZ8YQqhk5q82HRFJqDZBVUwI7uLJy6R9Vncv6u7dea1xXcRRhiM4hlNw4RIacAtNaAEFCc/wCm/Wk/VivVsf89aSVcwcwh9Ynz8RcZLi</latexit>

0



<latexit sha1_base64="0qTASjhdsJf+VHkt+0rHqgfUg4A=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkUQhJKIqMuiG5cV7QPaECaT23boZBJmJpUS8yluXCji1i9x5984TbPQ1gMXDufcO3fu8WNGpbLtb6O0srq2vlHerGxt7+zumdX9towSQaBFIhaJro8lMMqhpahi0I0F4NBn0PHHNzO/MwEhacQf1DQGN8RDTgeUYKUlz6ym/fyRVECQnU68+8wza3bdzmEtE6cgNVSg6Zlf/SAiSQhcEYal7Dl2rNwUC0UJg6zSTyTEmIzxEHqachyCdNN8a2YdayWwBpHQxZWVq78nUhxKOQ193RliNZKL3kz8z+slanDlppTHiQJO5osGCbNUZM1ysAIqgCg21QQTQfVfLTLCAhOl06roEJzFk5dJ+6zuXNSdu/Na47qIo4wO0RE6QQ66RA10i5qohQh6RM/oFb0ZT8aL8W58zFtLRjFzgP7A+PwBxJOUVA==</latexit>

+vS
<latexit sha1_base64="WH1YP+CrCgv3XY/wKtETHC3cUMo=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwY0lE1GXRjcuK9gFtCJPJbTt0Mgkzk0qJ+RQ3LhRx65e482+cpllo64ELh3PunTv3+DGjUtn2t1FaWV1b3yhvVra2d3b3zOp+W0aJINAiEYtE18cSGOXQUlQx6MYCcOgz6Pjjm5nfmYCQNOIPahqDG+IhpwNKsNKSZ1bTfv5IKiDITifefeaZNbtu57CWiVOQGirQ9MyvfhCRJASuCMNS9hw7Vm6KhaKEQVbpJxJiTMZ4CD1NOQ5Bumm+NbOOtRJYg0jo4srK1d8TKQ6lnIa+7gyxGslFbyb+5/USNbhyU8rjRAEn80WDhFkqsmY5WAEVQBSbaoKJoPqvFhlhgYnSaVV0CM7iycukfVZ3LurO3XmtcV3EUUaH6AidIAddoga6RU3UQgQ9omf0it6MJ+PFeDc+5q0lo5g5QH9gfP4Ax6OUVg==</latexit>�vS

26

SM + Singlet: EWBG on Defects

ℒ ⊃ − yt / 2 t̄th (1+i S2/f2)

CPV similar to the minimal EWBG

<latexit sha1_base64="UizOpESCl5arQHMbWpAL8xlNkSw=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsyIqMuiG5cVbC00Q8lkbtvQTGZIMkIZunLjr7hxoYhbv8Gdf2PazkJbDwROzrn3JveEqeDaeN63U1paXlldK69XNja3tnfc3b2WTjLFoMkSkah2SDUILqFpuBHQThXQOBRwHw6vJ/79AyjNE3lnRikEMe1L3uOMGit13UMSQp/LnNkZekwIJoSAjIp71616NW8KvEj8glRRgUbX/SJRwrIYpGGCat3xvdQEOVWGMwHjCsk0pJQNaR86lkoagw7y6RpjfGyVCPcSZY80eKr+7shprPUoDm1lTM1Az3sT8T+vk5neZZBzmWYGJJs91MsENgmeZIIjroAZMbKEMsXtXzEbUEWZsclVbAj+/MqLpHVa889r/u1ZtX5VxFFGB+gInSAfXaA6ukEN1EQMPaJn9IrenCfnxXl3PmalJafo2Ud/4Hz+AOKGmWU=</latexit> (
insensitive to S sign

* domain walls in the 
scaling regime have 

an appropriate 
velocity for EWBG



<latexit sha1_base64="4lPeVtVW57WDCnx9fgt2skwYnxI=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhMUYIQMFawMBaJPqQmqhznprXqOJHtIFVR/4KFX2FhACFW2Pgb3DYDtD2ypaNz7vX1PWHGmdKu+2OtrK6tb2xWtqrbO7t7+/bBYUuluaTQpClPZSckCjgT0NRMc+hkEkgScmiHw9uJ334EqVgqHvQogyAhfcFiRok2Us92/BD6TBTUvKHGVd9fdkBEZUHPrrmOOwVeJF5JaqhEo2d/+1FK8wSEppwo1fXcTAcFkZpRDmZgriAjdEj60DVUkARUUEz3GuNTo0Q4TqW5QuOp+rejIIlSoyQ0lQnRAzXvTcRlXjfX8XVQMJHlGgSdDYpzjnWKJyHhiEmgmo8MIVQy81dMB0QSqk2UVROCN7/yImmdO96l491f1Oo3ZRwVdIxO0Bny0BWqozvUQE1E0RN6QW/o3Xq2Xq0P63NWumKVPUfoH6yvX9Kkndc=</latexit>

8>>>>>>>>>><>>>>>>>>>>:<latexit sha1_base64="1JD4AJrhWi5kJ4jrLD6rC4H0WMQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDz/GM8g==</latexit>

h

<latexit sha1_base64="XNXWJT90ht5GZRaOllfDLG+2twc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbMLuRqihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD6zmNBA==</latexit>z

<latexit sha1_base64="WOMPNp6hgLKi3iHPHqz1d2eyG0o=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lE1GPRi8cK9gPaEDbbTbt0swm7k2oN+SVePCji1Z/izX/jts1BWx8MPN6bYWZekAiuwXG+rZXVtfWNzdJWeXtnd69i7x+0dJwqypo0FrHqBEQzwSVrAgfBOoliJAoEawejm6nfHjOleSzvYZIwLyIDyUNOCRjJtytjP+sBe4TsgQiR575ddWrODHiZuAWpogIN3/7q9WOaRkwCFUTrrusk4GVEAaeC5eVeqllC6IgMWNdQSSKmvWx2eI5PjNLHYaxMScAz9fdERiKtJ1FgOiMCQ73oTcX/vG4K4ZWXcZmkwCSdLwpTgSHG0xRwnytGQUwMIVRxcyumQ6IIBZNV2YTgLr68TFpnNfei5t6dV+vXRRwldISO0Sly0SWqo1vUQE1EUYqe0St6s56sF+vd+pi3rljFzCH6A+vzB9iSk90=</latexit>vwall

<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T

<latexit sha1_base64="QzG5Jxu1iOvcWA3srZJsjOQ6sXk=">AAACCnicbZDJSgNBEIZ7XGPcRj16aU0ET2FGRD0GRfAYIRskMfR0KkmTnoXuGjEMc/biq3jxoIhXn8Cbb2NnOWjiDw0ff1VRXb8XSaHRcb6thcWl5ZXVzFp2fWNza9ve2a3qMFYcKjyUoap7TIMUAVRQoIR6pID5noSaN7ga1Wv3oLQIgzIOI2j5rBeIruAMjdW2D5oID5i4+btkQhrTNE9D1QFFr2ulctq2c07BGYvOgzuFHJmq1La/mp2Qxz4EyCXTuuE6EbYSplBwCWm2GWuIGB+wHjQMBswH3UrGp6T0yDgd2g2VeQHSsft7ImG+1kPfM50+w76erY3M/2qNGLsXrUQEUYwQ8MmibiwphnSUC+0IBRzl0ADjSpi/Ut5ninE06WVNCO7syfNQPSm4ZwX39jRXvJzGkSH75JAcE5eckyK5ISVSIZw8kmfySt6sJ+vFerc+Jq0L1nRmj/yR9fkDFHOafw==</latexit>

1st order EWPT
<latexit sha1_base64="89t4WM5jYXcPKEa2Xy2iTzuWu1k="></latexit>

EW sphalerons

<latexit sha1_base64="T1kqKRrSaxVLJzXmdxbTrfowe1w=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBKuyKqGUwjWUE84AkhNnJTTJk9sHM3WBYUtr4KzYWitj6CXb+jZPNFpp4YOBwzrlzZ44XSaHRcb6t3Mrq2vpGfrOwtb2zu2fvH9R1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG1VmfmMMSoswuMdJBB2fDQLRF5yhkbr2cRvhAZN2elPiyRimlSodi1CmgWnXLjolJwVdJm5GiiRDtWt/tXshj30IkEumdct1IuwkTKHgEqaFdqwhYnzEBtAyNGA+6E6Srp/SU6P0aD9U5gRIU/X3RMJ8rSe+Z5I+w6Fe9Gbif14rxv51JxFBFCMEfL6oH0uKIZ21QntCAUc5MYRxJcxbKR8yxTia7gqmBHfxy8ukfl5yL0vu3UWxfJPVkSdH5IScEZdckTK5JVVSI5w8kmfySt6sJ+vFerc+5tGclc0ckj+wPn8AEKSaow==</latexit>

CP violation

<latexit sha1_base64="R2P5GjsT4o+N8TZc638CDaH2snQ=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFC2OR6ENqospxblqrjhPZDlIV9RdY+BUWBhBiZWPjb3DbDLTlyJaOzrnX1/cEKWdKO86PVVpb39jcKm9Xdnb39g/sw6O2SjJJoUUTnshuQBRwJqClmebQTSWQOODQCUa3U7/zCFKxRDzocQp+TAaCRYwSbaS+XfMCGDCRU/OGmlQ8b/GACAurb1edujMDXiVuQaqoQLNvf3thQrMYhKacKNVznVT7OZGaUQ5mVKYgJXREBtAzVJAYlJ/PNprgM6OEOEqkuULjmfq3IyexUuM4MJUx0UO17E3F/7xepqNrP2cizTQIOh8UZRzrBE/jwSGTQDUfG0KoZOavmA6JJFSbECsmBHd55VXSPq+7l3X3/qLauCniKKMTdIpqyEVXqIHuUBO1EEVP6AW9oXfr2Xq1PqzPeWnJKnqO0QKsr19Z4ZwX</latexit> 8 > > > > > > < > > > > > > :

<latexit sha1_base64="xyphrPlTRtis7GqVLqoqRBXzJic=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAbBU9gVUY9BETxGMA9IQpiddJIhs7PLTK8alty8+CtePCji1V/w5t84SfagiQUNRVU33V1+JIVB1/12MguLS8sr2dXc2vrG5lZ+e6dqwlhzqPBQhrruMwNSKKigQAn1SAMLfAk1f3A59mt3oI0I1S0OI2gFrKdEV3CGVmrn95sID5hc1agGg6GeyFQoes+kNKN2vuAW3QnoPPFSUiApyu38V7MT8jgAhVwyYxqeG2ErYRoFlzDKNWMDEeMD1oOGpYoFYFrJ5I8RPbRKh3ZDbUshnai/JxIWGDMMfNsZMOybWW8s/uc1YuyetxKhohhB8emibiwphnQcCu0IDRzl0BLGtbC3Ut5nmnG00eVsCN7sy/Okelz0TovezUmhdJHGkSV75IAcEY+ckRK5JmVSIZw8kmfySt6cJ+fFeXc+pq0ZJ53ZJX/gfP4AZX6Zpg==</latexit>

EW restoration in walls

<latexit sha1_base64="1JD4AJrhWi5kJ4jrLD6rC4H0WMQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUGPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDz/GM8g==</latexit>

h

<latexit sha1_base64="XNXWJT90ht5GZRaOllfDLG+2twc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbMLuRqihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD6zmNBA==</latexit>z

<latexit sha1_base64="WOMPNp6hgLKi3iHPHqz1d2eyG0o=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0lE1GPRi8cK9gPaEDbbTbt0swm7k2oN+SVePCji1Z/izX/jts1BWx8MPN6bYWZekAiuwXG+rZXVtfWNzdJWeXtnd69i7x+0dJwqypo0FrHqBEQzwSVrAgfBOoliJAoEawejm6nfHjOleSzvYZIwLyIDyUNOCRjJtytjP+sBe4TsgQiR575ddWrODHiZuAWpogIN3/7q9WOaRkwCFUTrrusk4GVEAaeC5eVeqllC6IgMWNdQSSKmvWx2eI5PjNLHYaxMScAz9fdERiKtJ1FgOiMCQ73oTcX/vG4K4ZWXcZmkwCSdLwpTgSHG0xRwnytGQUwMIVRxcyumQ6IIBZNV2YTgLr68TFpnNfei5t6dV+vXRRwldISO0Sly0SWqo1vUQE1EUYqe0St6s56sF+vd+pi3rljFzCH6A+vzB9iSk90=</latexit>vwall

<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T

<latexit sha1_base64="89t4WM5jYXcPKEa2Xy2iTzuWu1k="></latexit>

EW sphalerons

<latexit sha1_base64="T1kqKRrSaxVLJzXmdxbTrfowe1w=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgbBKuyKqGUwjWUE84AkhNnJTTJk9sHM3WBYUtr4KzYWitj6CXb+jZPNFpp4YOBwzrlzZ44XSaHRcb6t3Mrq2vpGfrOwtb2zu2fvH9R1GCsONR7KUDU9pkGKAGooUEIzUsB8T0LDG1VmfmMMSoswuMdJBB2fDQLRF5yhkbr2cRvhAZN2elPiyRimlSodi1CmgWnXLjolJwVdJm5GiiRDtWt/tXshj30IkEumdct1IuwkTKHgEqaFdqwhYnzEBtAyNGA+6E6Srp/SU6P0aD9U5gRIU/X3RMJ8rSe+Z5I+w6Fe9Gbif14rxv51JxFBFCMEfL6oH0uKIZ21QntCAUc5MYRxJcxbKR8yxTia7gqmBHfxy8ukfl5yL0vu3UWxfJPVkSdH5IScEZdckTK5JVVSI5w8kmfySt6sJ+vFerc+5tGclc0ckj+wPn8AEKSaow==</latexit>

CP violation

<latexit sha1_base64="R2P5GjsT4o+N8TZc638CDaH2snQ=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFC2OR6ENqospxblqrjhPZDlIV9RdY+BUWBhBiZWPjb3DbDLTlyJaOzrnX1/cEKWdKO86PVVpb39jcKm9Xdnb39g/sw6O2SjJJoUUTnshuQBRwJqClmebQTSWQOODQCUa3U7/zCFKxRDzocQp+TAaCRYwSbaS+XfMCGDCRU/OGmlQ8b/GACAurb1edujMDXiVuQaqoQLNvf3thQrMYhKacKNVznVT7OZGaUQ5mVKYgJXREBtAzVJAYlJ/PNprgM6OEOEqkuULjmfq3IyexUuM4MJUx0UO17E3F/7xepqNrP2cizTQIOh8UZRzrBE/jwSGTQDUfG0KoZOavmA6JJFSbECsmBHd55VXSPq+7l3X3/qLauCniKKMTdIpqyEVXqIHuUBO1EEVP6AW9oXfr2Xq1PqzPeWnJKnqO0QKsr19Z4ZwX</latexit> 8 > > > > > > < > > > > > > :

<latexit sha1_base64="+Xi/uP46s2DoZATLcy/Pcj+uC9k=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyIqMuiG5cV7AM6Q8lk7rShmcyQZIQydO/GX3HjQhG3/oA7/8a0HUFbDwkczrk3N/cEKWdKO86XVVpZXVvfKG9WtrZ3dvfs/YO2SjJJoUUTnshuQBRwJqClmebQTSWQOODQCUbXU79zD1KxRNzpcQp+TAaCRYwSbaS+XfUCGDCRU/OGmlQ87+eACAuxb9ecujMDXiZuQWqoQLNvf3phQrMYhKacKNVznVT7OZGaUQ5mSKYgJXREBtAzVJAYlJ/PdpngY6OEOEqkuULjmfq7IyexUuM4MJUx0UO16E3F/7xepqNLP2cizTQIOh8UZRzrBE+DwSGTQDUfG0KoZOavmA6JJFSb+ComBHdx5WXSPq2753X39qzWuCriKKMjVEUnyEUXqIFuUBO1EEUP6Am9oFfr0Xq23qz3eWnJKnoO0R9YH9/qb5pX</latexit>

8><>:
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Brandenberger, Davis, Prokopec, Trodden  
Phys. Rev. D 53 (1996) 4257–4266 

SM + Singlet: EWBG on Defects



28

SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler 
work in progress[preliminary]
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SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler 
work in progress

<latexit sha1_base64="aNzVEMcdkbuFU4pk05nQ1Ophr5M=">AAACBXicbVC7TsNAEDyHd3gZKKE4ESFRBRshoIygoQRBAlJiWefLBk65s83dGogsNzT8Cg0FCNHyD3T8DZdHwWuklUYzu9rdiVIpDHrep1MaG5+YnJqeKc/OzS8sukvLDZNkmkOdJzLRFxEzIEUMdRQo4SLVwFQk4TzqHvb98xvQRiTxGfZSCBS7jEVHcIZWCt01GeYthDvMb5mURUFbRii4pv6WCk9Dt+JVvQHoX+KPSIWMcBy6H612wjMFMXLJjGn6XopBzjQKLqEotzIDKeNddglNS2OmwAT54IuCblilTTuJthUjHajfJ3KmjOmpyHYqhlfmt9cX//OaGXb2g1zEaYYQ8+GiTiYpJrQfCW0LDRxlzxLGtbC3Un7FNONogyvbEPzfL/8lje2qv1v1T3YqtYNRHNNklayTTeKTPVIjR+SY1Akn9+SRPJMX58F5cl6dt2FryRnNrJAfcN6/AIM2mI8=</latexit>

lwall ' 1/mS
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SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler 
work in progress

<latexit sha1_base64="aNzVEMcdkbuFU4pk05nQ1Ophr5M=">AAACBXicbVC7TsNAEDyHd3gZKKE4ESFRBRshoIygoQRBAlJiWefLBk65s83dGogsNzT8Cg0FCNHyD3T8DZdHwWuklUYzu9rdiVIpDHrep1MaG5+YnJqeKc/OzS8sukvLDZNkmkOdJzLRFxEzIEUMdRQo4SLVwFQk4TzqHvb98xvQRiTxGfZSCBS7jEVHcIZWCt01GeYthDvMb5mURUFbRii4pv6WCk9Dt+JVvQHoX+KPSIWMcBy6H612wjMFMXLJjGn6XopBzjQKLqEotzIDKeNddglNS2OmwAT54IuCblilTTuJthUjHajfJ3KmjOmpyHYqhlfmt9cX//OaGXb2g1zEaYYQ8+GiTiYpJrQfCW0LDRxlzxLGtbC3Un7FNONogyvbEPzfL/8lje2qv1v1T3YqtYNRHNNklayTTeKTPVIjR+SY1Akn9+SRPJMX58F5cl6dt2FryRnNrJAfcN6/AIM2mI8=</latexit>

lwall ' 1/mS

no walls to 
talk about 

S is frozen 
because of 

Hubble 
friction

<latexit sha1_base64="TM6F8e+wzai82xAil7uDwx9ouzs=">AAACG3icbVDLSgNBEJz1GeMr6tHLYBA8hd0g6sFD0IvHCOYBSQizk04yZHZ2melVw7L/4cVf8eJBEU+CB//GyQPUxIKGoqp7prv8SAqDrvvlLCwuLa+sZtay6xubW9u5nd2qCWPNocJDGeq6zwxIoaCCAiXUIw0s8CXU/MHlyK/dgjYiVDc4jKAVsJ4SXcEZWqmdKzbHbyQaOimV7aSJcI/JHZMyTen5j2KiPpOgQ5Wm7VzeLbhj0HniTUmeTFFu5z6anZDHASjkkhnT8NwIWwnTKLiENNuMDUSMD1gPGpYqFoBpJeO9UnpolQ7thtqWQjpWf08kLDBmGPi2M2DYN7PeSPzPa8TYPWslQkUxguKTj7qxpBjSUVC0IzRwlENLGNfC7kp5n2nG0caZtSF4syfPk2qx4J0UvOvjfOliGkeG7JMDckQ8ckpK5IqUSYVw8kCeyAt5dR6dZ+fNeZ+0LjjTmT3yB87nN8j2oyM=</latexit>

lwall < lsphaleron

walls are too thin 
to allow for 

efficient 
production of B

<latexit sha1_base64="rqthBjb7UYa8gNMtFxHbsPZhow8="></latexit>

lsphaleron ⇠
✓
g2

4⇡
T

◆�1

<latexit sha1_base64="loYUmfGp0PnKLLPpvY6ybPYmj+k=">AAAB/XicbVC7TsMwFHXKq5RXeGwsFhUSU5UgBAwMFSwdi6APqY0ix3Faq7YT2Q5SiSJ+hYUBhFj5Dzb+BrfNAC1HutLROff6+p4gYVRpx/m2SkvLK6tr5fXKxubW9o69u9dWcSoxaeGYxbIbIEUYFaSlqWakm0iCeMBIJxjdTPzOA5GKxuJejxPicTQQNKIYaSP59kF/+kYmSZhn3L+DV7CR+3bVqTlTwEXiFqQKCjR9+6sfxjjlRGjMkFI910m0lyGpKWYkr/RTRRKER2hAeoYKxInysunmHB4bJYRRLE0JDafq74kMcaXGPDCdHOmhmvcm4n9eL9XRpZdRkaSaCDxbFKUM6hhOooAhlQRrNjYEYUnNXyEeIomwNoFVTAju/MmLpH1ac89r7u1ZtX5dxFEGh+AInAAXXIA6aIAmaAEMHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/ACKxlQI=</latexit>

mS < H



EW 
sphaleron
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SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler 
work in progress

mS < H  
@ T=100 GeV <wall width  

~ 1/mS

<latexit sha1_base64="aNzVEMcdkbuFU4pk05nQ1Ophr5M=">AAACBXicbVC7TsNAEDyHd3gZKKE4ESFRBRshoIygoQRBAlJiWefLBk65s83dGogsNzT8Cg0FCNHyD3T8DZdHwWuklUYzu9rdiVIpDHrep1MaG5+YnJqeKc/OzS8sukvLDZNkmkOdJzLRFxEzIEUMdRQo4SLVwFQk4TzqHvb98xvQRiTxGfZSCBS7jEVHcIZWCt01GeYthDvMb5mURUFbRii4pv6WCk9Dt+JVvQHoX+KPSIWMcBy6H612wjMFMXLJjGn6XopBzjQKLqEotzIDKeNddglNS2OmwAT54IuCblilTTuJthUjHajfJ3KmjOmpyHYqhlfmt9cX//OaGXb2g1zEaYYQ8+GiTiYpJrQfCW0LDRxlzxLGtbC3Un7FNONogyvbEPzfL/8lje2qv1v1T3YqtYNRHNNklayTTeKTPVIjR+SY1Akn9+SRPJMX58F5cl6dt2FryRnNrJAfcN6/AIM2mI8=</latexit>

lwall ' 1/mS
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SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler 
work in progress

cosmo

collider
edm

5th 
force

astro

a wide range of experimental probes
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SM + Singlet: Summary

h0

S
<latexit sha1_base64="omDEKg2JToCuuEx1fjjBSVeLiH4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8dKrS20oWy2k3bpZhN2N4US+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYthksYhVO6AaBZfYNNwIbCcKaRQIbAWju5nfGqPSPJaPZpKgH9GB5CFn1FipMe41euWKW3XnIKvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nAaambakwoG9EBdiyVNELtZ/NTp+TMKn0SxsqWNGSu/p7IaKT1JApsZ0TNUC97M/E/r5Oa8MbPuExSg5ItFoWpICYms79JnytkRkwsoUxxeythQ6ooMzadkg3BW355lTxdVL2rqvdwWand5nEU4QRO4Rw8uIYa3EMdmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wc+JI3G</latexit>vS

<latexit sha1_base64="jAYNiQGJtAz3mAuBvYiDaOrvgx8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7k0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGdzO/NebaiFg94SThfkQHSoSCUbTS47g37JUrbtWdg6wSLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjk01I3NTyhbEQHvGOpohE3fjY/dUrOrNInYaxtKSRz9fdERiNjJlFgOyOKQ7PszcT/vE6K4Y2fCZWkyBVbLApTSTAms79JX2jOUE4soUwLeythQ6opQ5tOyYbgLb+8SpoXVe+q6j1cVmq3eRxFOIFTOAcPrqEG91CHBjAYwDO8wpsjnRfn3flYtBacfOYY/sD5/AFd+I3b</latexit>vh

<latexit sha1_base64="NaEfIHjcy152iVzSJ1rXgv+ct7s=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosevFY0X5Au5Rsmm1Dk+ySZAtl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8V3mtydUaRbJJzONqS/wULKQEWwy6WLSf+yXK27VnQOtEi8nFcjR6Je/eoOIJIJKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupRILqv10fusMnVllgMJI2ZIGzdXfEykWWk9FYDsFNiO97GXif143MeGNnzIZJ4ZKslgUJhyZCGWPowFTlBg+tQQTxeytiIywwsTYeEo2BG/55VXSuqx6V1XvoVap3+ZxFOEETuEcPLiGOtxDA5pAYATP8ApvjnBenHfnY9FacPKZY/gD5/MHp8eN/Q==</latexit>�vS

EWBG during 
1st order PT

EWBG on 
defects



Further Models



Where and Why to Extend?

The nature doesn’t have to be minimal, and if it is, the 
question of minimality depends on the perspective and 
sometimes needs more information than we have.
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Where and Why to Extend?

EWBG models can be arbitrarily more complex:

<latexit sha1_base64="Tx2NPHVvjsw4a3q5Sx9Vk6eXv3o=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOyS5idzCZDZmfXmd5ASPIdXjwo4tWP8ebfOHkcNLGgoajqprsrTKUw6LrfTm5tfWNzK79d2Nnd2z8oHh7VTZJpxmsskYluhtRwKRSvoUDJm6nmNA4lb4T9u6nfGHBtRKIecZjyIKZdJSLBKFopGPtGKOJjjyMdt4slt+zOQFaJtyAlWKDaLn75nYRlMVfIJDWm5bkpBiOqUTDJJwU/MzylrE+7vGWpojE3wWh29IScWaVDokTbUkhm6u+JEY2NGcah7Ywp9syyNxX/81oZRjfBSKg0Q67YfFGUSYIJmSZAOkJzhnJoCWVa2FsJ61FNGdqcCjYEb/nlVVK/KHtXZe/hslS5XcSRhxM4hXPw4BoqcA9VqAGDJ3iGV3hzBs6L8+58zFtzzmLmGP7A+fwB6ZOSMg==</latexit>

| sin ✓|

<latexit sha1_base64="hzF19v8+t/G91LZVKmserhCpEAY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyURUY9FD3qsaD8gDWGznbRLNx/sTsQa+ku8eFDEqz/Fm//GbZuDVh8MPN6bYWZekAqu0La/jNLS8srqWnm9srG5tV01d3bbKskkgxZLRCK7AVUgeAwt5Cigm0qgUSCgE4wup37nHqTiSXyH4xS8iA5iHnJGUUu+WY38W7eH8ID5FbQnnm/W7Lo9g/WXOAWpkQJN3/zs9ROWRRAjE1Qp17FT9HIqkTMBk0ovU5BSNqIDcDWNaQTKy2eHT6xDrfStMJG6YrRm6s+JnEZKjaNAd0YUh2rRm4r/eW6G4bmX8zjNEGI2XxRmwsLEmqZg9bkEhmKsCWWS61stNqSSMtRZVXQIzuLLf0n7uO6c1p2bk1rjooijTPbJATkiDjkjDXJNmqRFGMnIE3khr8aj8Wy8Ge/z1pJRzOyRXzA+vgHb5pM5</latexit> m
S
[G

eV
]

J Ellis, M  Lewicki, M Merchand, J M No, M Zych 
2210.16305

The nature doesn’t have to be minimal, and if it is, the 
question of minimality depends on the perspective and 
sometimes needs more information than we have.

36

sizeable  breakingZ2



Where and Why to Extend?

EWBG models can be arbitrarily more complex:

extra EW multiplets (2HDM, …)

The nature doesn’t have to be minimal, and if it is, the 
question of minimality depends on the perspective and 
sometimes needs more information than we have.
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sizeable  breakingZ2



Where and Why to Extend?

EWBG models can be arbitrarily more complex:

extra EW multiplets (2HDM, …)

shift part of EWBG to the dark sectors

The nature doesn’t have to be minimal, and if it is, the 
question of minimality depends on the perspective and 
sometimes needs more information than we have.
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sizeable  breakingZ2



Where and Why to Extend?

EWBG models can be arbitrarily more complex:

sizeable  breakingZ2

extra EW multiplets (2HDM, …)

embedding in more “complete” models 

shift part of EWBG to the dark sectors

The nature doesn’t have to be minimal, and if it is, the 
question of minimality depends on the perspective and 
sometimes needs more information than we have.
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Where and Why to Extend?

If there is anything at a scale very close to the EW 
scale, it’s tempting to assume that there is some 
fundamental reason for that.

Such as EW scale Naturalness.

Note that even the “Minimal EWBG” requires 
higher-dimensional operators to get CPV, such as

ℒ ⊃ − yt / 2 t̄th (1+i S/f)
with yet another physics scale  (on top of mS) not far 
from EW scale.

f

40



EWBG with Composite Higgs



Higgs is a bound state of new strong interactions  
confining at   ~ 1TeVf

Composite Higgs 

q0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

h =
<latexit sha1_base64="D1RFaFwVQoBxqgreVZsBgIUiNF4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9KIUvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWehhe90plt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5tdOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxiE8Ayv8OaMnBfn3fmYt644+cwR/IHz+QNP4o0z</latexit>

few TeVm* ∼

spectrum:

mh

Kaplan,Georgi ‘84

Agashe,Contino,Pomarol ‘04

Higgs is pNGB

42
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0 h

Phase Transitions in CH models 

v



44

Phase Transitions in CH models 

q0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

hvq0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

�
∝ fh =

<latexit sha1_base64="D1RFaFwVQoBxqgreVZsBgIUiNF4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9KIUvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWehhe90plt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5tdOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxiE8Ayv8OaMnBfn3fmYt644+cwR/IHz+QNP4o0z</latexit>

0
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Phase Transitions in CH models 

q0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

hvq0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

�
∝ fh =

<latexit sha1_base64="D1RFaFwVQoBxqgreVZsBgIUiNF4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9KIUvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWehhe90plt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5tdOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxiE8Ayv8OaMnBfn3fmYt644+cwR/IHz+QNP4o0z</latexit>

0

Two-Step Transition

Confinement happens before EW phase transition
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Phase Transitions in CH models 

q0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

hvq0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

�
∝ fh =

<latexit sha1_base64="D1RFaFwVQoBxqgreVZsBgIUiNF4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9KIUvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWehhe90plt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5tdOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxiE8Ayv8OaMnBfn3fmYt644+cwR/IHz+QNP4o0z</latexit>

0

Two-Step Transition

At this point the lightest scalar is the SM-like Higgs, hence 
no first-order PT unless extra physics is added

?
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Phase Transitions in CH models 

q0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

hvq0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

�
∝ fh =

<latexit sha1_base64="D1RFaFwVQoBxqgreVZsBgIUiNF4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9KIUvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWehhe90plt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5tdOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxiE8Ayv8OaMnBfn3fmYt644+cwR/IHz+QNP4o0z</latexit>

0

Two-Step Transition with a Singlet

De Curtis, Delle Rose, Panico 
[1909.07894]

1st order PT from an extra 
composite scalar η

SO(6)/SO(5) gives H and a 
singlet
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Phase Transitions in CH models 
Two-Step Transition with a Singlet

Ekhterachian, Le Dorze, Rattazzi, Stelzl 
 to appear soonHowever:

slide by S. Stelzl from LFC24
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Phase Transitions in CH models 
Two-Step Transition with a Singlet

Ekhterachian, Le Dorze, Rattazzi, Stelzl 
 to appear soonHowever:

but in practice:

fine-tune, or go less minimal. 

slide by S. Stelzl from LFC24

<latexit sha1_base64="kp4r9VcSakY75DV6AMwIf1QCdkM="></latexit>

) �h⌘v
2/|µ2

⌘| & 1
<latexit sha1_base64="NziP32HE9ux0R+ssDt9e7YqXS/k=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVzUpoi6LblxWsA9o0jKZTtqhM5MwMymUUNz4K25cKOLWr3Dn3zhps9DWAxcO59zLvfcEMaNKO863VVhZXVvfKG6WtrZ3dvfs/YOmihKJSQNHLJLtACnCqCANTTUj7VgSxANGWsHoNvNbYyIVjcSDnsTE52ggaEgx0kbq2UeeohyOu9XzsFuFHiNKZYJTcXt22ak4M8Bl4uakDHLUe/aX149wwonQmCGlOq4Taz9FUlPMyLTkJYrECI/QgHQMFYgT5aezF6bw1Ch9GEbSlNBwpv6eSBFXasID08mRHqpFLxP/8zqJDq/9lIo40UTg+aIwYVBHMMsD9qkkWLOJIQhLam6FeIgkwtqkVjIhuIsvL5NmteJeVtz7i3LtJo+jCI7BCTgDLrgCNXAH6qABMHgEz+AVvFlP1ov1bn3MWwtWPnMI/sD6/AHSq5XG</latexit>

⇠ v2/f2 . 0.1
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Phase Transitions in CH models 

q0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

hvq0
<latexit sha1_base64="/3wHkCHtbMjeDyvDh4XBdQ3b4sA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPoKexGQU8S8OIxinlAEsLspDcZMju7zswKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8MOMYuyEdSB5wRo2V7h9Pe8WSW3ZnIMvEy0gJMtR6xa9OP2JJiNIwQbVue25suilVhjOBk0In0RhTNqIDbFsqaYi6m84unZATq/RJEClb0pCZ+nsipaHW49C3nSE1Q73oTcX/vHZigqtuymWcGJRsvihIBDERmb5N+lwhM2JsCWWK21sJG1JFmbHhFGwI3uLLy6RRKXvn5crdRal6ncWRhyM4hjPw4BKqcAs1qAODAJ7hFd6ckfPivDsf89ack80cwh84nz88N40m</latexit>

q̄0
<latexit sha1_base64="CXV/qxuTc4sFD/WxeWGig3fqdmo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ6KkkV9CQFLx4r2A9oQ9lsN+3SzSbuToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UCIUjKKVWt2AavJ41iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx27oScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahog3BW3x5mTSrFe+iUr2/LNdu8jgKcAwncA4eXEEN7qAODWAwgmd4hTcncV6cd+dj3rri5DNH8AfO5w+MZo8J</latexit>

�
∝ fh =

<latexit sha1_base64="D1RFaFwVQoBxqgreVZsBgIUiNF4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9KIUvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWehhe90plt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5tdOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2naEPwFl9eJs1qxTuvVO8vyrWbPI4CHMMJnIEHl1CDO6hDAxiE8Ayv8OaMnBfn3fmYt644+cwR/IHz+QNP4o0z</latexit>

0

1-step: if T(confinement) < T(EWSB)

and EWPT is 1st order if confinement PT ish ∝ χ

One-Step Transition



F

�

Confinement Phase Transition

∝ Ñ2
cT4

∝ m2
χ f2Phase Transition → T4

R

reheating
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F

�

Confinement Phase Transition

∝ Ñ2
cT4

∝ m2
χ f2Phase Transition → T4

R

If  the EW symmetry is ~restored again 
(EW sphalerons are on)

TR > 130 GeV

To keep EWBG results we need 

TR ≲ 130 GeV mχ ≲ 500 GeV ×
800 GeV

f
1

Ñc
1/2⇒

reheating

52



LHC bounds

Bruggisser,vonHarling,OM,Servant,2212.00056

sm

sm

χ

* extra  for N ggχ

53

using HiggsBounds

<latexit sha1_base64="0b5BZRyHK2alTfKYNwvDtUIX04g=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4qjMi6rLoxmUF+4DpUDJppg3NJCG5Uyiln+HGhSJu/Rp3/o1pOwttPRA4nHMvuefEWnALvv/tFdbWNza3itulnd29/YPy4VHTqsxQ1qBKKNOOiWWCS9YADoK1tWEkjQVrxcP7md8aMWO5kk8w1ixKSV/yhFMCTgo72igNCo8ukm654lf9OfAqCXJSQTnq3fJXp6doljIJVBBrw8DXEE2IAU4Fm5Y6mWWa0CHps9BRSVJmo8n85Ck+c0oPJ8q4JwHP1d8bE5JaO05jN5kSGNhlbyb+54UZJLfRhEudAZN08VGSCexCzvLjHjeMghg7Qqjh7lZMB8QQCq6lkishWI68SpqX1eC6GjxeVWp3eR1FdIJO0TkK0A2qoQdURw1EkULP6BW9eeC9eO/ex2K04OU7x+gPvM8fC3ORGQ==</latexit>

/ v/f

* in fact 
<latexit sha1_base64="9rb4BrQaslH48j56LVsRA2qYQwk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU01E1GPRi8cK9gOaEDbbbbt0sxt2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8OOVMG8/7dkpr6xubW+Xtys7u3v6Be3jU0jJThDaJ5FJ1YqwpZ4I2DTOcdlJFcRJz2o5H9zO/PaZKMymezCSlYYIHgvUZwcZKkesGqZKpkWh8EZAhi7zIrXo1bw60SvyCVKFAI3K/gp4kWUKFIRxr3fW91IQ5VoYRTqeVINM0xWSEB7RrqcAJ1WE+v3yKzqzSQ32pbAmD5urviRwnWk+S2HYm2Az1sjcT//O6menfhjkTaWaoIItF/Ywj++ksBtRjihLDJ5Zgopi9FZEhVpgYG1bFhuAvv7xKWpc1/7rmP15V63dFHGU4gVM4Bx9uoA4P0IAmEBjDM7zCm5M7L86787FoLTnFzDH8gfP5A/FekzU=</latexit>

/ v/�0



LHC bounds

Bruggisser,vonHarling,OM,Servant,2212.00056

h potential fine-tuned

54

using HiggsBounds



LHC bounds

Bruggisser,vonHarling,OM,Servant,2212.00056

TR too high

h potential fine-tuned

T corrections to V(h)

h

V

55

A small portion of parameter space 
survives in the minimal case.

using HiggsBounds



High-T EWBG



SM states

Electroweak Symmetry Non-Restoration at High T

λt

2
t̄th

δVh =
1
8

λ2
t T2 h2

⇒

⇒

⇒ positive thermal mass & 
restoration at T ≃ 160 GeV

h h

T
t

t

t

t
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N

N

h

h

h

h

�

�

Electroweak Symmetry Non-Restoration at High T

λhχ

1
Λ

new light scalars

new light fermions

Weinberg ’74 (toy model) 
Meade, Ramani, 1807.07578 
Baldes, Servant, 1807.08770 
Glioti, Rattazzi, Vecchi, 1811.11740

OM, Servant, 2020.05174
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T
N

N

h

h

h

h

�

�

Electroweak Symmetry Non-Restoration at High T

T

Weinberg ’74 (toy model) 
Meade, Ramani, 1807.07578 
Baldes, Servant, 1807.08770 
Glioti, Rattazzi, Vecchi, 1811.11740

OM, Servant, 2020.05174

new light scalars

new light fermions

λhχ

1
Λ
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T
N

N

h

h

h

h

�

�

Electroweak Symmetry Non-Restoration at High T

⇒ δVh ∼ λhχ T2 h2

T

⇒ δVh ∼
mN

Λ
T2 h2

Weinberg ’74 (toy model) 
Meade, Ramani, 1807.07578 
Baldes, Servant, 1807.08770 
Glioti, Rattazzi, Vecchi, 1811.11740

OM, Servant, 2020.05174

new light scalars

new light fermions

λhχ

1
Λ
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T
N

N

h

h

h

h

�

�

Electroweak Symmetry Non-Restoration at High T

⇒

T

⇒

Weinberg ’74 (toy model) 
Meade, Ramani, 1807.07578 
Baldes, Servant, 1807.08770 
Glioti, Rattazzi, Vecchi, 1811.11740

OM, Servant, 2020.05174

new light scalars

new light fermions

can be < 0

λhχ

1
Λ

δVh ∼ λhχ T2 h2

δVh ∼
mN

Λ
T2 h2
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High-T EWSB vs Naturalness



63

Can SNR be motivated by, or at least compatible with EW 
naturalness-motivated physics?

SNR & Naturalness



SNR & Naturalness

no quadratic UV 
sensitivity of Higgs mass δV1loop ∝ Λ2STr[M2] ≠ f [h]

add new d.o.f. such that⇒

SM

BSM+

64



SNR & Naturalness

STrM2 = Tr[M2
0 − 2 |M1/2 |2 + 3M2

1] ≠ f [h]no quadratic UV 
sensitivity of Higgs mass
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SNR & Naturalness

STrM2 = Tr[M2
0 − 2 |M1/2 |2 + 3M2

1] ≠ f [h]no quadratic UV 
sensitivity of Higgs mass

thermal potential 
(high-T)

δVT ⊃
1
24

T2Tr[M2
0 + |M1/2 |2 + 3M2

1]
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SNR & Naturalness

different-spin naturalness (SUSY)

δVT ⊃
1
24

T2Tr[M2
0 + |M1/2 |2 + 3M2

1]thermal potential 
(high-T)

STrM2 = Tr[M2
0 − 2 |M1/2 |2 + 3M2

1] ≠ f [h]no quadratic UV 
sensitivity of Higgs mass

e.g. chiral superfield

⊃
1
8

T2Tr |M1/2 |2

× 3

M.Mangano ‘84
H.E.Haber ‘82
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SNR & Naturalness

different-spin naturalness (SUSY)

δVT ⊃
1
24

T2Tr[M2
0 + |M1/2 |2 + 3M2

1]thermal potential 
(high-T)

STrM2 = Tr[M2
0 − 2 |M1/2 |2 + 3M2

1] ≠ f [h]no quadratic UV 
sensitivity of Higgs mass

e.g. chiral superfield

⊃
1
8

T2Tr |M1/2 |2

× 3

way around, e.g. additional superfields with non-renormalizable 
interactions and large-n Dvali, Tamvakis ‘96

Bajc, Melfo, Senjanovic ‘96
OM, Unwin, Wang 2211.09147 68



SNR & Naturalness

δVT ⊃
1
24

T2Tr[M2
0 + |M1/2 |2 + 3M2

1]thermal potential 
(high-T)

STrM2 = Tr[M2
0 − 2 |M1/2 |2 + 3M2

1] ≠ f [h]no quadratic UV 
sensitivity of Higgs mass

same-spin naturalness (e.g. Goldstone Higgs)

, ,

≠ f [h]

e.g. top effect                              is cancelledδVh =
1
8

λ2
t T2 h2 potential SNR⇒

, ,

69

≠ f [h] ≠ f [h] ≠ f [h]



SNR & Naturalness

Twin Higgs

same-spin naturalness (e.g. Goldstone Higgs)

Chacko et al, hep-ph/0506256

SM states couplings to the Higgs

Twin states couplings to the Higgs

Z2

∝ sin h/f

∝ cos h/f

70



SNR & Naturalness

Twin Higgs

SM contribution

Twin contribution

V ⇠ f2⇤2(sin2 h/f + cos2 h/f) = f2⇤2
<latexit sha1_base64="RVkIQA0kgn4dqjoiL/PpF1spzho=">AAACJ3icbVDLSgMxFM3UV62vUZdugkWoCHWmCrqxFNy4cFHBPqAzlkwm04ZmMkOSEcrQv3Hjr7gRVESX/olpOwvbeiHk5NxzuLnHixmVyrK+jdzS8srqWn69sLG5tb1j7u41ZZQITBo4YpFoe0gSRjlpKKoYaceCoNBjpOUNrsf91iMRkkb8Xg1j4oaox2lAMVKa6prVJnQkDWHwUIHOrfb5SKOS5ri++6cBPIEOjuT0cQyvZpVds2iVrUnBRWBnoAiyqnfNN8ePcBISrjBDUnZsK1ZuioSimJFRwUkkiREeoB7paMhRSKSbTvYcwSPN+DCIhD5cwQn715GiUMph6GlliFRfzvfG5H+9TqKCSzelPE4U4Xg6KEgYVBEchwZ9KghWbKgBwoLqv0LcRwJhpaMt6BDs+ZUXQbNSts/KlbvzYq2axZEHB+AQlIANLkAN3IA6aAAMnsALeAcfxrPxanwaX1Npzsg8+2CmjJ9fL3Ch0g==</latexit>

h0

V (T )

SM twin

same-spin naturalness (e.g. Goldstone Higgs)

Chacko et al, hep-ph/0506256
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SNR & Naturalness

Twin Higgs Chacko et al, hep-ph/0506256

SM contribution

Twin contribution

h0

V (T )

SM twin

same-spin naturalness (e.g. Goldstone Higgs)

OM, 2008.13725

�̃q f q̄q cosh/f
<latexit sha1_base64="z8Gu/TG4AbeKhRKgjsMYd/IpkUY=">AAACEnicbVDNS8MwHE3n15xfVY9egkNQkNlOQU8y8OJxgvuAtZQ0TbewNO2SVBhlf4MX/xUvHhTx6smb/43p1oNuPgi8vPd7JL/nJ4xKZVnfRmlpeWV1rbxe2djc2t4xd/faMk4FJi0cs1h0fSQJo5y0FFWMdBNBUOQz0vGHN7nfeSBC0pjfq3FC3Aj1OQ0pRkpLnnniKMoCAh2mMwHyRtA5hSF0fCTgCOY3B8cSDs5Cz6xaNWsKuEjsglRBgaZnfjlBjNOIcIUZkrJnW4lyMyQUxYxMKk4qSYLwEPVJT1OOIiLdbLrSBB5pJYBhLPThCk7V34kMRVKOI19PRkgN5LyXi/95vVSFV25GeZIqwvHsoTBlUMUw7wcGVBCs2FgThAXVf4V4gATCSrdY0SXY8ysvkna9Zp/X6ncX1cZ1UUcZHIBDcAxscAka4BY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQmAm8c=</latexit>

 breaking by light quark/
lepton Yukawas

Z2

V ⇠ f2⇤2(sin2 h/f + cos2 h/f) = f2⇤2
<latexit sha1_base64="RVkIQA0kgn4dqjoiL/PpF1spzho=">AAACJ3icbVDLSgMxFM3UV62vUZdugkWoCHWmCrqxFNy4cFHBPqAzlkwm04ZmMkOSEcrQv3Hjr7gRVESX/olpOwvbeiHk5NxzuLnHixmVyrK+jdzS8srqWn69sLG5tb1j7u41ZZQITBo4YpFoe0gSRjlpKKoYaceCoNBjpOUNrsf91iMRkkb8Xg1j4oaox2lAMVKa6prVJnQkDWHwUIHOrfb5SKOS5ri++6cBPIEOjuT0cQyvZpVds2iVrUnBRWBnoAiyqnfNN8ePcBISrjBDUnZsK1ZuioSimJFRwUkkiREeoB7paMhRSKSbTvYcwSPN+DCIhD5cwQn715GiUMph6GlliFRfzvfG5H+9TqKCSzelPE4U4Xg6KEgYVBEchwZ9KghWbKgBwoLqv0LcRwJhpaMt6BDs+ZUXQbNSts/KlbvzYq2axZEHB+AQlIANLkAN3IA6aAAMnsALeAcfxrPxanwaX1Npzsg8+2CmjJ9fL3Ch0g==</latexit>
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LHC bounds

Bruggisser,vonHarling,OM,Servant,2212.00056

h potential fine-tuned

High-T EWSB

h

V

Assume twin Higgs 
structure

Search for heavy dilaton

73

vonHarling,OM,Servant,2307.14426



Summary

Large variety of implementations with various signatures

EWBG necessarily predicts  TeV scale new physics, 
providing an important target for future colliders and other 
experiments

≲

Combined explanation with EW naturalness may require  
extra assumptions about the model structure

74



Thank you!
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Backup slides
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SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler 
work in progress

EDM bounds

<latexit sha1_base64="uPKoINiOVFYL3x0uxX2vdv8DCaw="></latexit>

de/e ⇠ #16
↵EM

(4⇡)3
p
2GFme {sin ✓hSv/f}

parametric estimate for Barr-Zee:

to get h<T in the core:
<latexit sha1_base64="HMNphSdQpvyo/en0kZqkt2WU1A8=">AAACF3icbZA9SwNBEIb34leMX1FLm8UgWCV3ImphEbSxVDRRyIWwt5lLluztHbtzgXDkX9j4V2wsFLHVzn/j5qPQxIGFh/edYXbeIJHCoOt+O7mFxaXllfxqYW19Y3OruL1TN3GqOdR4LGP9EDADUiiooUAJD4kGFgUS7oPe5ci/74M2IlZ3OEigGbGOEqHgDK3UKpb7lZD6RkS0X/ElUx0J9NbXEzgfOYr62AVkrax7O2wVS27ZHRedB28KJTKt61bxy2/HPI1AIZfMmIbnJtjMmEbBJQwLfmogYbzHOtCwqFgEppmN7xrSA6u0aRhr+xTSsfp7ImORMYMosJ0Rw66Z9Ubif14jxfCsmQmVpAiKTxaFqaQY01FItC00cJQDC4xrYf9KeZdpxtFGWbAheLMnz0P9qOydlL2b41L1YhpHnuyRfXJIPHJKquSKXJMa4eSRPJNX8uY8OS/Ou/Mxac0505ld8qeczx+HIp7v</latexit>

v/f ⇠ v/hSi < sin ✓hS

bound (in GeV):
<latexit sha1_base64="HqhEdHTLQaWSjB4xoTeTN427Gqw="></latexit>

de/e ⇠ 5⇥ 10�12s2✓ < 6⇥ 10�16
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SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler 
work in progress



 Dirac fermions for T < 1 TeV     (                         )𝒪(10)

large multiplets needed for perturbativity:

Tmax
SNR ⇠

p
nmN

SNR: # of new d.o.f.

 scalars𝒪(100)

In 2HDM: ~5 less d.o.f. and DM candidate

OM,J.Unwin,Q.Wang 2107.07560

M.Carena,C.Krause,Z.Liu,Y.Wang 2104.00638

λt

2
t̄th2
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80 18

Bruggisser,vonHarling,OM,Servant,2212.11953



81 vonHarling,OM,Servant



82

SNR: Twin Higgs

Sources of 

h0

V (T )

SM twin

necessarily broken in the light fermion sector:

This also spoils the cancellation of T=0 quadratic divergences  
to the Higgs mass:

Z2

eg twin neutrinos cannot be light.

simplest realisation: larger Yukawas      for light twin fermions

�̃q f q̄q cosh/f
<latexit sha1_base64="z8Gu/TG4AbeKhRKgjsMYd/IpkUY=">AAACEnicbVDNS8MwHE3n15xfVY9egkNQkNlOQU8y8OJxgvuAtZQ0TbewNO2SVBhlf4MX/xUvHhTx6smb/43p1oNuPgi8vPd7JL/nJ4xKZVnfRmlpeWV1rbxe2djc2t4xd/faMk4FJi0cs1h0fSQJo5y0FFWMdBNBUOQz0vGHN7nfeSBC0pjfq3FC3Aj1OQ0pRkpLnnniKMoCAh2mMwHyRtA5hSF0fCTgCOY3B8cSDs5Cz6xaNWsKuEjsglRBgaZnfjlBjNOIcIUZkrJnW4lyMyQUxYxMKk4qSYLwEPVJT1OOIiLdbLrSBB5pJYBhLPThCk7V34kMRVKOI19PRkgN5LyXi/95vVSFV25GeZIqwvHsoTBlUMUw7wcGVBCs2FgThAXVf4V4gATCSrdY0SXY8ysvkna9Zp/X6ncX1cZ1UUcZHIBDcAxscAka4BY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQmAm8c=</latexit>

�m2
h ⇠ (�̃2

q/16⇡
2)⇤2

<latexit sha1_base64="E5+OzIcEN3XSooisFy2ywWxjWEs="></latexit>

take a lower cutoff    in 
the twin light quark 

sector
)

<latexit sha1_base64="dixsYHLAjFYisYbar5TyuF9kEes=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r2A9IQ9lsN+3STTbsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSmGW8wJZVuh9RwKRLeQIGSt1PNaRxK3gqHN1O/9ci1ESp5wFHKg5j2ExEJRtFKfude9AdItVZP3VLZrbgzkGXi5aQMOerd0lenp1gW8wSZpMb4nptiMKYaBZN8UuxkhqeUDWmf+5YmNOYmGM9OnpBTq/RIpLStBMlM/T0xprExozi0nTHFgVn0puJ/np9hdBWMRZJmyBM2XxRlkqAi0/9JT2jOUI4soUwLeythA6opQ5tS0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjBQ8Ayv8Oag8+K8Ox/z1hUnnzmCP3A+fwCRNZFt</latexit>

)
<latexit sha1_base64="dixsYHLAjFYisYbar5TyuF9kEes=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r2A9IQ9lsN+3STTbsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSmGW8wJZVuh9RwKRLeQIGSt1PNaRxK3gqHN1O/9ci1ESp5wFHKg5j2ExEJRtFKfude9AdItVZP3VLZrbgzkGXi5aQMOerd0lenp1gW8wSZpMb4nptiMKYaBZN8UuxkhqeUDWmf+5YmNOYmGM9OnpBTq/RIpLStBMlM/T0xprExozi0nTHFgVn0puJ/np9hdBWMRZJmyBM2XxRlkqAi0/9JT2jOUI4soUwLeythA6opQ5tS0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjBQ8Ayv8Oag8+K8Ox/z1hUnnzmCP3A+fwCRNZFt</latexit>

light twin partners 
(no SM QCD charge)

�̃q
<latexit sha1_base64="YiIN1s2++MYbAvAG4DIqRnUaNF8=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSlIFXUnBjcsK9gFNCJPJTTt0Mokzk0IJ/RM3LhRx65+482+ctllo64GBwzn3cO+cMONMacf5ttbWNza3tis71d29/YND++i4o9JcUmjTlKeyFxIFnAloa6Y59DIJJAk5dMPR3czvjkEqlopHPcnAT8hAsJhRoo0U2LanGY8Ae9xkIhI8BXbNqTtz4FXilqSGSrQC+8uLUponIDTlRKm+62TaL4jUjHKYVr1cQUboiAygb6ggCSi/mF8+xedGiXCcSvOExnP1d6IgiVKTJDSTCdFDtezNxP+8fq7jG79gIss1CLpYFOcc6xTPasARk0A1nxhCqGTmVkyHRBKqTVlVU4K7/OVV0mnU3ct64+Gq1rwt66igU3SGLpCLrlET3aMWaiOKxugZvaI3q7BerHfrYzG6ZpWZE/QH1ucPQaSTZg==</latexit>

⇤
<latexit sha1_base64="z500sNTyES4Y1jlc0QaP/WCycXw=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrtR0EoCNhYWEcwDkiXMzs4mQ2Znl5m7Qgj5CBsLRWz9Hjv/xkmyhSYeGDiccy5z7wlSKQy67rdTWFvf2Nwqbpd2dvf2D8qHRy2TZJrxJktkojsBNVwKxZsoUPJOqjmNA8nbweh25refuDYiUY84Trkf04ESkWAUrdTu3dtoSPvlilt15yCrxMtJBXI0+uWvXpiwLOYKmaTGdD03RX9CNQom+bTUywxPKRvRAe9aqmjMjT+ZrzslZ1YJSZRo+xSSufp7YkJjY8ZxYJMxxaFZ9mbif143w+janwiVZsgVW3wUZZJgQma3k1BozlCOLaFMC7srYUOqKUPbUMmW4C2fvEpatap3Ua09XFbqN3kdRTiBUzgHD66gDnfQgCYwGMEzvMKbkzovzrvzsYgWnHzmGP7A+fwBC7+PXQ==</latexit>
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decays,  
twin hadronisation

SNR: Twin Higgs

To not spoil the Higgs mass, we need: 

m2
7 �m2

1 . 1TeV2
<latexit sha1_base64="8WIwc9d8DeYgwVBB1BA8d6iUvNU=">AAACEXicbVA9SwNBEN3z2/gVtbRZDIKFhrtTiKVoYxkhiYFccuxtJrq4e3fszonhyF+w8a/YWChia2fnv3ETU2jig2Ee782wOy9KpTDoul/OzOzc/MLi0nJhZXVtfaO4udUwSaY51HkiE92MmAEpYqijQAnNVANTkYSr6PZ86F/dgTYiiWvYT6Gt2HUseoIztFJY3FdhpePTQ6pCz/ZAgjFGKOoFB3mAcI95DRqDjj8IiyW37I5Ap4k3JiUyRjUsfgbdhGcKYuSSGdPy3BTbOdMouIRBIcgMpIzfsmtoWRozBaadjy4a0D2rdGkv0bZipCP190bOlDF9FdlJxfDGTHpD8T+vlWHvpJ2LOM0QYv7zUC+TFBM6jId2hQaOsm8J41rYv1J+wzTjaEMs2BC8yZOnScMve0dl//K4dHo2jmOJ7JBdsk88UiGn5IJUSZ1w8kCeyAt5dR6dZ+fNef8ZnXHGO9vkD5yPb9iGm9E=</latexit>

mixing
Twin 

fermions

twin  
partners

SM 
fermions

SM EW charge

Light Twin partners with EW charge

m7
<latexit sha1_base64="j7LLqzBudkYUaiESIo3cBKVqESI=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0oxJMEvHiMaB6QLGF2MpsMmccyMyuEJZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJZwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZVqQptEcaU7ETaUM0mblllOO4mmWESctqPx7cxvP1FtmJKPdpLQUOChZDEj2DrpQfRr/VLZr/hzoFUS5KQMORr90ldvoEgqqLSEY2O6gZ/YMMPaMsLptNhLDU0wGeMh7ToqsaAmzOanTtG5UwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun6EIIll9eJa1qJbisVO+vyvWbPI4CnMIZXEAANajDHTSgCQSG8Ayv8OZx78V79z4WrWtePnMCf+B9/gAEII2b</latexit>

m1
<latexit sha1_base64="puo9MvWUmPwgzZ+xaUPQlkJlGuY=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQU9S8OKxov2AdinZNNuGJtklyQpl6U/w4kERr/4ib/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz209MGx6rRztJWCDJUPGIU2Kd9CD7fr9c8areHHiV+DmpQI5Gv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdVUQyE2TzU6f4zCkDHMXalbJ4rv6eyIg0ZiJD1ymJHZllbyb+53VTG10HGVdJapmii0VRKrCN8exvPOCaUSsmjhCqubsV0xHRhFqXTsmF4C+/vEpatap/Ua3dX1bqN3kcRTiBUzgHH66gDnfQgCZQGMIzvMIbEugFvaOPRWsB5TPH8Afo8wf6+Y2V</latexit>

SO(8) � SO(4)SM ⇥ SO(4)SM’
<latexit sha1_base64="CtXehKxLj0Fu8JjG6BRHJjpeIaU=">AAACInicbVDLSgNBEJz1bXxFPXoZDGJyCbsxoF4k4MWLGNHEQDaE2UknDpl9MNMrhmW/xYu/4sWDop4EP8ZJzEETCwaqq7rp6fIiKTTa9qc1Mzs3v7C4tJxZWV1b38hubtV1GCsONR7KUDU8pkGKAGooUEIjUsB8T8KN1z8d+jd3oLQIg2scRNDyWS8QXcEZGqmdPb66yB8VqKvjSANSU5UL7cRFuMfk6jxNqYvCBz1p7KdpO5uzi/YIdJo4Y5IjY1Tb2Xe3E/LYhwC5ZFo3HTvCVsIUCi4hzbixhojxPutB09CAmb2tZHRiSveM0qHdUJkXIB2pvycS5ms98D3T6TO81ZPeUPzPa8bYPWolIohihID/LOrGkmJIh3nRjlDAUQ4MYVwJ81fKb5liHE2qGROCM3nyNKmXis5BsXRZzlVOxnEskR2yS/LEIYekQs5IldQIJw/kibyQV+vRerberI+f1hlrPLNN/sD6+gbLwKKj</latexit>

SO(4)SM
<latexit sha1_base64="5vwPu5YONRqcRMCjMnFMFLMB5es=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0GIl7AbA3qSgBcvYiTmAcmyzE4myZDZBzO9krDsr3jxoIhXf8Sbf+Mk2YMmFjQUVd10d3mR4Aos69tYW9/Y3NrO7eR39/YPDs2jQkuFsaSsSUMRyo5HFBM8YE3gIFgnkoz4nmBtb3wz89tPTCoeBo8wjZjjk2HAB5wS0JJrFhr3peq5m/SATSBp3KUpds2iVbbmwKvEzkgRZai75levH9LYZwFQQZTq2lYETkIkcCpYmu/FikWEjsmQdTUNiM+Uk8xvT/GZVvp4EEpdAeC5+nsiIb5SU9/TnT6BkVr2ZuJ/XjeGwZWT8CCKgQV0sWgQCwwhngWB+1wyCmKqCaGS61sxHRFJKOi48joEe/nlVdKqlO2LcuWhWqxdZ3Hk0Ak6RSVko0tUQ7eojpqIogl6Rq/ozUiNF+Pd+Fi0rhnZzDH6A+PzB+ujk7Y=</latexit>

SO(4)SM’
<latexit sha1_base64="1Xe8V3nE2bODT2e+Ndm601Ws0NY=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWsm5LUgq6k4MaNWKl9QBvCZDpph04ezNxIS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33uNGnEkwzW8tt7a+sbmV3y7s7O7tH+iHxbYMY0Foi4Q8FF0XS8pZQFvAgNNuJCj2XU477vhm5neeqJAsDB5hGlHbx8OAeYxgUJKjF5v35dq5k/SBTiBp3p2lqaOXzIo5h7FKrIyUUIaGo3/1ByGJfRoA4VjKnmVGYCdYACOcpoV+LGmEyRgPaU/RAPtU2sn89tQ4VcrA8EKhKgBjrv6eSLAv5dR3VaePYSSXvZn4n9eLwbuyExZEMdCALBZ5MTcgNGZBGAMmKAE+VQQTwdStBhlhgQmouAoqBGv55VXSrlasi0r1oVaqX2dx5NExOkFlZKFLVEe3qIFaiKAJekav6E1LtRftXftYtOa0bOYI/YH2+QP1k5O9</latexit>

SO(8)
<latexit sha1_base64="AQ2T3SxNZVBZkxqY01PAAV4cT20=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBXuSghdvVjRtoQ1ls920SzebsLsRSuhv8OJBEa/+IG/+GzdtDtr6YODx3gwz8/yYM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKEkmoSyIeya6PFeVMUFczzWk3lhSHPqcdf3KT+Z0nKhWLxKOextQL8UiwgBGsjeQ+3FUb54Nyxa7Zc6BV4uSkAjlag/JXfxiRJKRCE46V6jl2rL0US80Ip7NSP1E0xmSCR7RnqMAhVV46P3aGzowyREEkTQmN5urviRSHSk1D33SGWI/VspeJ/3m9RAcNL2UiTjQVZLEoSDjSEco+R0MmKdF8aggmkplbERljiYk2+ZRMCM7yy6ukXa85F7X6/WWleZ3HUYQTOIUqOHAFTbiFFrhAgMEzvMKbJawX6936WLQWrHzmGP7A+vwBjBqN1w==</latexit>

Collider signal:

EW neutral twin states missing energy*W, Z

W, Z, h

W, Z, h

ψEW

ψEW

*one can arrange for 
visible signatures too

q

̂q ψ

ψEW

̂q, ψ

SO(8)
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SNR: Twin Higgs

fine-tuning

lower bound from a pair production 
of one top partner, 
does not include single production 
or pile-up from several partners



SNR & Naturalness

δVT ⊃
1
8

T2Tr |M1/2 |2

in renormalizable theories                            , hence

Tr |M1/2 |2 = ∑ |M1/2 ij |
2 = c1 + c2h2

M1/2 ij = const or h

≥ 0 ≥ 0

positive thermal mass

M.Mangano ‘84
H.E.Haber ‘82different-spin naturalness (SUSY)
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SNR & Naturalness

δVT ⊃
1
8

T2Tr |M1/2 |2

in nonrenormalizable theories                                  , hence

Tr |M1/2 |2 = ∑ |M1/2 ij |
2 = c1 + c2h2 + c3h4

M1/2 ij = const, h, h2, . . .

≥ 0 ≥ 0

unconstrained thermal mass

Dvali,Tamvakis ‘96
Bajc, Melfo, Senjanovic ‘96
OM,Unwin,Wang 2211.09147

different-spin naturalness (SUSY)
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assume large n

SNR & SUSY

OM,Unwin,Wang 
2211.09147U(n)
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assume large n

SNR & SUSY

OM,Unwin,Wang 
2211.09147U(n)

unconstrained thermal mass positive thermal mass

h h
h h

χi

χi

χi
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assume large n

SNR & SUSY

OM,Unwin,Wang 
2211.09147U(n)

unconstrained thermal mass

∝ n
μχ

Λ

positive thermal mass

∝ n
T2

Λ2

h h
h h

χi

χi

χi

≡ α =
1
n

α2T2

μ2


