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• C and CP violation 
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Sakharov’s conditions for BAU creation
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<latexit sha1_base64="aQ2VPPjUQylBQKC7OBeIizkGKCc=">AAACAnicbVDLSgMxFL3js9bXqCtxEyyCqzIjil0W3Lis0Bd0hiGTZtrQZGZIMoUyFDf+ihsXirj1K9z5N6btLLT1QMLhnHNJ7glTzpR2nG9rbX1jc2u7tFPe3ds/OLSPjtsqySShLZLwRHZDrChnMW1ppjntppJiEXLaCUd3M78zplKxJG7qSUp9gQcxixjB2kiBfepFEpN8HJBp3jQX8gbapAVyA7viVJ050CpxC1KBAo3A/vL6CckEjTXhWKme66Taz7HUjHA6LXuZoikmIzygPUNjLKjy8/kKU3RhlD6KEmlOrNFc/T2RY6HURIQmKbAeqmVvJv7n9TId1fycxWmmaUwWD0UZRzpBsz5Qn0lKNJ8Ygolk5q+IDLHpRJvWyqYEd3nlVdK+qro3VefhulKvFXWU4AzO4RJcuIU63EMDWkDgEZ7hFd6sJ+vFerc+FtE1q5g5gT+wPn8AJPyXOA==</latexit>vc
Tc

& 1
➡ Provide out-of-thermal equilibrium  
➡ Suppress baryon asymmetry washing out  (sphalerons)

<latexit sha1_base64="SsCWNLAdcPHhS0gPnPLRW/9cXOo="></latexit>

��B 6=0
⇠= �0T exp

⇣
�Esph(T )

T

⌘ <latexit sha1_base64="3PTvBwz6Xgr7BN3VaYvbRdpdI/A="></latexit>

Esph(T )

T
⇠=

8⇡

g

v(T )

T

e.g. [V. A. Kuzmin et al ’85] 

Strong First Order Electroweak Phase Transition (SFOEWPT)
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T=

0

T=
Tc

High
 T

<latexit sha1_base64="DAr7WU7h8iEoFL+Hj5POHK3S0cI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquKApeCl48Vmi3hXYp2TTbxmaTJckKZel/8OJBEa/+H2/+G9N2D9r6YODx3gwz88KEM21c99sprK1vbG4Vt0s7u3v7B+XDI1/LVBHaIpJL1QmxppwJ2jLMcNpJFMVxyGk7HN/N/PYTVZpJ0TSThAYxHgoWMYKNlXy/OrptnvfLFbfmzoFWiZeTCuRo9MtfvYEkaUyFIRxr3fXcxAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYlugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIXjLL68S/6LmXdXch8tK/SKPowgncApV8OAa6nAPDWgBgUd4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/XViOSA==</latexit>

V (h;T )

<latexit sha1_base64="XVyTmyH2rnnmh80UUmgOzb/OiQ0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSrlW966rbvKrUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBynuM4A==</latexit>

h

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0

<latexit sha1_base64="xpoZour5hO34f0TBHHAcLIKbxjQ="></latexit>

hhi = 0

<latexit sha1_base64="BDUzeiR7sytK0Jt4XIYZpNZWtkg="></latexit>

hhi = v

<latexit sha1_base64="P0AvMJQn+jtLCOEqddSEQSB+ycE="></latexit>

hhi = vc

Tn

<latexit sha1_base64="LUW00xBV7IpjLIP4FgVF+5pscAg=">AAACIHicbVBNS8MwGE7n15xfVQ8evASHMC+jFcWBCAMvHids3WArJU3TLSxNS5IOx9if0av+D2/iUX+Gv8Bs7cFtvhB48jzv++bJ4yeMSmVZX0ZhbX1jc6u4XdrZ3ds/MA+PHBmnApMWjlksOj6ShFFOWooqRjqJICjyGWn7w/uZ3h4RIWnMm2qcEDdCfU5DipHSlGeeOBXrFjY9fAHvoFMZeTi7eWbZqlrzgqvAzkEZ5NXwzJ9eEOM0IlxhhqTs2lai3AkSimJGpqVeKkmC8BD1SVdDjiIi3cn8A1N4rpkAhrHQhys4Z/9OTFAk5TjydWeE1EAuazPyP62bqrDmTihPUkU4zh4KUwZVDGdpwIAKghUba4CwoNorxAMkEFY6s4VNwYgmMnf9lNku6ZDs5UhWgXNZta+r1uNVuV7L4yqCU3AGKsAGN6AOHkADtAAGU/ACXsGb8Wy8Gx/GZ9ZaMPKZY7BQxvcvCMahYA==</latexit>

V (0;Tc) = V (vc;Tc)

The order parameter
<latexit sha1_base64="aQ2VPPjUQylBQKC7OBeIizkGKCc=">AAACAnicbVDLSgMxFL3js9bXqCtxEyyCqzIjil0W3Lis0Bd0hiGTZtrQZGZIMoUyFDf+ihsXirj1K9z5N6btLLT1QMLhnHNJ7glTzpR2nG9rbX1jc2u7tFPe3ds/OLSPjtsqySShLZLwRHZDrChnMW1ppjntppJiEXLaCUd3M78zplKxJG7qSUp9gQcxixjB2kiBfepFEpN8HJBp3jQX8gbapAVyA7viVJ050CpxC1KBAo3A/vL6CckEjTXhWKme66Taz7HUjHA6LXuZoikmIzygPUNjLKjy8/kKU3RhlD6KEmlOrNFc/T2RY6HURIQmKbAeqmVvJv7n9TId1fycxWmmaUwWD0UZRzpBsz5Qn0lKNJ8Ygolk5q+IDLHpRJvWyqYEd3nlVdK+qro3VefhulKvFXWU4AzO4RJcuIU63EMDWkDgEZ7hFd6sJ+vFerc+FtE1q5g5gT+wPn8AJPyXOA==</latexit>vc
Tc

& 1
➡ Provide out-of-thermal equilibrium  
➡ Suppress baryon asymmetry washing out  (sphalerons)

<latexit sha1_base64="SsCWNLAdcPHhS0gPnPLRW/9cXOo="></latexit>

��B 6=0
⇠= �0T exp

⇣
�Esph(T )

T

⌘ <latexit sha1_base64="3PTvBwz6Xgr7BN3VaYvbRdpdI/A="></latexit>

Esph(T )

T
⇠=

8⇡

g

v(T )

T

e.g. [V. A. Kuzmin et al ’85] 

Strong First Order Electroweak Phase Transition (SFOEWPT)

In the SM, the electroweak symmetry broke through a 
cross over at finite T[Kajantie et al ’95] 
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Strong First Order Electroweak Phase Transition (SFOEWPT)

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

SM

EW scale
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Strong First Order Electroweak Phase Transition (SFOEWPT)

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc
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Strong First Order Electroweak Phase Transition (SFOEWPT)

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc
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Strong First Order Electroweak Phase Transition (SFOEWPT)

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?
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Strong First Order Electroweak Phase Transition (SFOEWPT)

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?
<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?
<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?
<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?
<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4

Tree-level EffectsZero Temperature loop effects Thermal effects
E.g. [Chung, et al ’13]
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Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Zero Temperature loop effects

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4



Yikun Wang, Marcela-Carlos Fest 6

Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Zero Temperature loop effects

“Radiative breaking”

<latexit sha1_base64="XaStrTJv4Jvhv8D10HJDUnAC/I4="></latexit>

� ! �

✓
1 + ↵ log

h2

M2

◆

E.g. [Espinosa, Quiros ’07], [Kondo et al ’91], 
[Cline, Lemieux ’97], … 

<latexit sha1_base64="b1keFXVPChWcigxTDOMg2/JaPEk="></latexit>' <latexit sha1_base64="5cw7yIHs7uTx9w6em3uv2vmptzU="></latexit>

f

<latexit sha1_base64="xis9OF3+BC/9bRXQINo2QHCZtl4="></latexit>

V1(T ) = V e↵
0 + V CW

1�loop(em2
i ) + V T 6=0

1�loop(em
2
i )

<latexit sha1_base64="FoOC2OUplV6+SL+nULITMvyOem4="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2� E Th3+ �(T )
2 h4

[Buttazzo et al ’13],

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Zero Temperature loop effects

“Radiative breaking”

<latexit sha1_base64="XaStrTJv4Jvhv8D10HJDUnAC/I4="></latexit>

� ! �

✓
1 + ↵ log

h2

M2

◆

E.g. [Espinosa, Quiros ’07], [Kondo et al ’91], 
[Cline, Lemieux ’97], … 

<latexit sha1_base64="b1keFXVPChWcigxTDOMg2/JaPEk="></latexit>' <latexit sha1_base64="5cw7yIHs7uTx9w6em3uv2vmptzU="></latexit>

f

<latexit sha1_base64="xis9OF3+BC/9bRXQINo2QHCZtl4="></latexit>

V1(T ) = V e↵
0 + V CW

1�loop(em2
i ) + V T 6=0

1�loop(em
2
i )

<latexit sha1_base64="FoOC2OUplV6+SL+nULITMvyOem4="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2� E Th3+ �(T )
2 h4

[Buttazzo et al ’13],

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Thermal effects

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Thermal effects

<latexit sha1_base64="XVyTmyH2rnnmh80UUmgOzb/OiQ0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSrlW966rbvKrUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBynuM4A==</latexit>

h

<latexit sha1_base64="DAr7WU7h8iEoFL+Hj5POHK3S0cI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquKApeCl48Vmi3hXYp2TTbxmaTJckKZel/8OJBEa/+H2/+G9N2D9r6YODx3gwz88KEM21c99sprK1vbG4Vt0s7u3v7B+XDI1/LVBHaIpJL1QmxppwJ2jLMcNpJFMVxyGk7HN/N/PYTVZpJ0TSThAYxHgoWMYKNlXy/OrptnvfLFbfmzoFWiZeTCuRo9MtfvYEkaUyFIRxr3fXcxAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYlugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIXjLL68S/6LmXdXch8tK/SKPowgncApV8OAa6nAPDWgBgUd4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/XViOSA==</latexit>

V (h;T )

E.g. Supersymmetry (MSSM) with stop
E.g. [Anderson, Hall ‘92], [Cohen, Morrissey, 
Pierce ’12], [Chowdhury et al ’12] 

<latexit sha1_base64="m4v6opD6Vpe1SwnQfsSMcvUYvAs="></latexit>

t̃
<latexit sha1_base64="Gv6wvdtjoi5CVoetGDKYwSq0RFw="></latexit>

Z 0

T=
Tc

<latexit sha1_base64="xis9OF3+BC/9bRXQINo2QHCZtl4="></latexit>

V1(T ) = V e↵
0 + V CW

1�loop(em2
i ) + V T 6=0

1�loop(em
2
i )

<latexit sha1_base64="FoOC2OUplV6+SL+nULITMvyOem4="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2� E Th3+ �(T )
2 h4

<latexit sha1_base64="zXckgUThXbYAXE9PnPB0qv+jTrE="></latexit>

Eh3 ⇠
�
me↵(h, Tc)

�3/2 ⇠ �3/2h3

[Carena, Quiros, Wagner, ’96], [Delepine, et al ’96] 

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Tree-level Effects

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Tree-level Effects

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4

<latexit sha1_base64="xis9OF3+BC/9bRXQINo2QHCZtl4="></latexit>

V1(T ) = V e↵
0 + V CW

1�loop(em2
i ) + V T 6=0

1�loop(em
2
i )

<latexit sha1_base64="FoOC2OUplV6+SL+nULITMvyOem4="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2� E Th3+ �(T )
2 h4

<latexit sha1_base64="pETycb+vG2kriiwe40FzWf72+HI="></latexit>

V0(h) ! V0(h, S,HBSM, · · · )
<latexit sha1_base64="SSvFqCx90cEsIF1VcovQjxCm7Po="></latexit>

V e↵
0 (h)
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Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Tree-level EffectsZero Temperature loop effects Thermal effects

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Tree-level EffectsZero Temperature loop effects Thermal effects

• Requires departure of Higgs properties from the SM: Higgs phenomenology  
• Could generate gravitational wave signals observable by laboratories

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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Strong First Order Electroweak Phase Transition (SFOEWPT)

Bubble nucleation

Electroweak Baryogenesis Asymmetry creation

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0 Temperature

Higgs vev

Higgs on

Higgs off

Higgs on

SM

EW scale

NP

<latexit sha1_base64="EKXbwwjhEGYmBKCh9uQ1wvfx87s="></latexit>

Tc

<latexit sha1_base64="GfqTxoZ6PK/4OG+gUMyH+7QNF54="></latexit>vc

What new physics (NP) degrees of freedom do we need ?

Tree-level EffectsZero Temperature loop effects Thermal effects

• Requires departure of Higgs properties from the SM: Higgs phenomenology  
• Could generate gravitational wave signals observable by laboratories

<latexit sha1_base64="s8lFUqe0ciRqUtXgIrGBxBozc8Q="></latexit>

vc
Tc

⇡ E

�
& 1

<latexit sha1_base64="WYCD9SWUktyBy/bgnCXktm7djTY="></latexit>

V (h, T ) ⇡ cH(T 2 � T 2
0 )h

2 � E T h3 +
�(T )

2
h4
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‣ One of the most generic extensions that can enhance the EWPHT  
‣ An important benchmark as the most elusive extension

The singlet extension of the SM

10

[Ramsey-Musolf et al 09’] 
[Espinosa et al, 11’]

[Meade et al, 14’]

[Meade et al, 14’]

+(explicit Z2� breaking terms)V0(h, s) = �1

2
µ2
hh

2 +
1

4
�hh

4 +
1

2
µ2
ss

2 +
1

4
�ss

4 +
1

4
�mh2s2

<latexit sha1_base64="Va+MRFWvyIOmZqgZIIDU8WHZOoU="></latexit>

EW
PT

<latexit sha1_base64="Va+MRFWvyIOmZqgZIIDU8WHZOoU="></latexit>

EWPT

<latexit sha1_base64="bEfHPPLalya1LHzctzWzw4gVWaA="></latexit>

(0, w̃)

<latexit sha1_base64="JunF4k4IQjhIghjjCG6APlQyKOs="></latexit>

(0,' 0)
<latexit sha1_base64="oeR1CBitPCW5VlUaSeDthisLf8I="></latexit>

Z2 preserving

EW vacuum

<latexit sha1_base64="Va+MRFWvyIOmZqgZIIDU8WHZOoU="></latexit>

EW
PT

<latexit sha1_base64="niei3Xlu7CAYjs6TSXAg0Ga4Tr0="></latexit>

(0, 0)

<latexit sha1_base64="UkdhZmDswZbnccWlKCaAszK5wXs="></latexit>Z
2
breaking

E
W

vacuum

<latexit sha1_base64="Va+MRFWvyIOmZqgZIIDU8WHZOoU="></latexit>

EWPT

<latexit sha1_base64="Va+MRFWvyIOmZqgZIIDU8WHZOoU="></latexit> EW
PT

<latexit sha1_base64="niei3Xlu7CAYjs6TSXAg0Ga4Tr0="></latexit>

(0, 0)

<latexit sha1_base64="UkdhZmDswZbnccWlKCaAszK5wXs="></latexit>Z
2
breaking

E
W

vacuum

  preservingZ2

Tree (loop)
  breaking (explicit)Z2

Tree
  breaking (spontaneous)Z2

[Carena, Liu, YW, 19’]
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EWPT with spontaneous Z2-breaking 

A

B
B-NR

11

high-T approximation

V0(h, s) = �1

2
µ2
hh

2 +
1

4
�hh

4 +
1

2
µ2
ss

2 +
1

4
�ss

4 +
1

4
�mh2s2

<latexit sha1_base64="Va+MRFWvyIOmZqgZIIDU8WHZOoU="></latexit>

EWPT

<latexit sha1_base64="niei3Xlu7CAYjs6TSXAg0Ga4Tr0="></latexit>

(0, 0)

<latexit sha1_base64="UkdhZmDswZbnccWlKCaAszK5wXs="></latexit>Z
2
breaking

E
W

vacuum

<latexit sha1_base64="AlU/eYaM+5wFWnnQYIYZ2Kew++g="></latexit>vc
Tc

/ �V �1 / ��1
h,e↵

<latexit sha1_base64="JqY53vcquwY2hUv9qVRdEwpyc0A="></latexit>

�h,e↵ = �h � �2
m

4�s
with

<latexit sha1_base64="EJD4ndhakCyeWIQP1IT0HB81bcU=">AAACGHicdVDLSgMxFM3UV62Pjrp0EyyCq5JRW+uu4MZlhb6gHYZMJtOGZh4kmWIZ+iO61f9wJ27d+Rt+gel0BCt6IOFwzr3J4bgxZ1Ih9GEU1tY3NreK26Wd3b39snlw2JVRIgjtkIhHou9iSTkLaUcxxWk/FhQHLqc9d3Kz8HtTKiSLwraaxdQO8ChkPiNYackxy0NfYJJOHTJP2/pyzAqq1pB1XUcQVVGGjDSsCwtauVIBOVqO+Tn0IpIENFSEYykHFoqVnWKhGOF0XhomksaYTPCIDjQNcUClnWbB5/BUKx70I6FPqGCm/txIcSDlLHD1ZIDVWP72FuJf3iBRfsNOWRgnioZk+ZGfcKgiuGgBekxQovhME0wE01khGWPdhNJdrbzkTVks89T3y9glXdJ3E/B/0j2vWrUqurusNOt5XUVwDE7AGbDAFWiCW9ACHUBAAh7BE3g2HowX49V4W44WjHznCKzAeP8CNS6hUQ==</latexit>vc
Tc

<latexit sha1_base64="SDzUFU5YHJOSKGU+F6O+eQFgBcw="></latexit>

�h,e↵
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EWPT with spontaneous Z2-breaking 

A

B
B-NR
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V0(h, s) = �1

2
µ2
hh

2 +
1

4
�hh

4 +
1

2
µ2
ss

2 +
1

4
�ss

4 +
1

4
�mh2s2

Tree-level Effects

<latexit sha1_base64="EJD4ndhakCyeWIQP1IT0HB81bcU=">AAACGHicdVDLSgMxFM3UV62Pjrp0EyyCq5JRW+uu4MZlhb6gHYZMJtOGZh4kmWIZ+iO61f9wJ27d+Rt+gel0BCt6IOFwzr3J4bgxZ1Ih9GEU1tY3NreK26Wd3b39snlw2JVRIgjtkIhHou9iSTkLaUcxxWk/FhQHLqc9d3Kz8HtTKiSLwraaxdQO8ChkPiNYackxy0NfYJJOHTJP2/pyzAqq1pB1XUcQVVGGjDSsCwtauVIBOVqO+Tn0IpIENFSEYykHFoqVnWKhGOF0XhomksaYTPCIDjQNcUClnWbB5/BUKx70I6FPqGCm/txIcSDlLHD1ZIDVWP72FuJf3iBRfsNOWRgnioZk+ZGfcKgiuGgBekxQovhME0wE01khGWPdhNJdrbzkTVks89T3y9glXdJ3E/B/0j2vWrUqurusNOt5XUVwDE7AGbDAFWiCW9ACHUBAAh7BE3g2HowX49V4W44WjHznCKzAeP8CNS6hUQ==</latexit>vc
Tc

<latexit sha1_base64="SDzUFU5YHJOSKGU+F6O+eQFgBcw="></latexit>

�h,e↵

high-T approximation
<latexit sha1_base64="AlU/eYaM+5wFWnnQYIYZ2Kew++g="></latexit>vc
Tc

/ �V �1 / ��1
h,e↵

<latexit sha1_base64="JqY53vcquwY2hUv9qVRdEwpyc0A="></latexit>

�h,e↵ = �h � �2
m

4�s
with

�V ⌘ V0(0, w̃T=0)� V0(vEW, wEW) =
v4

4
�̃h

T=
0

T=
Tc

High
 T

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0

<latexit sha1_base64="P0AvMJQn+jtLCOEqddSEQSB+ycE="></latexit>

hhi = vc
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EWPT with spontaneous Z2-breaking 

A

B
B-NR
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V0(h, s) = �1

2
µ2
hh

2 +
1

4
�hh

4 +
1

2
µ2
ss

2 +
1

4
�ss

4 +
1

4
�mh2s2

<latexit sha1_base64="AlU/eYaM+5wFWnnQYIYZ2Kew++g="></latexit>vc
Tc

/ �V �1 / ��1
h,e↵

<latexit sha1_base64="vUaMqOiD0XkjIlvYOioU+WFh86Q="></latexit>

/ 1 + sin2 ✓

✓
(125GeV)2

m2
S

� 1

◆
�V ⌘ V0(0, w̃T=0)� V0(vEW, wEW) =

v4

4
�̃h

T=
0

T=
Tc

High
 T

<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0

<latexit sha1_base64="P0AvMJQn+jtLCOEqddSEQSB+ycE="></latexit>

hhi = vc

Tree-level Effects
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��
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high-T approximation
<latexit sha1_base64="AlU/eYaM+5wFWnnQYIYZ2Kew++g="></latexit>vc
Tc

/ �V �1 / ��1
h,e↵

<latexit sha1_base64="JqY53vcquwY2hUv9qVRdEwpyc0A="></latexit>

�h,e↵ = �h � �2
m

4�s
with

•  bounded by Higgs precision 
measurements 

• A firm prediction of a light scalar 
•  to be bounded from 

below

sin θ ≲ 0.4

BR(H → SS)

[Carena, et al, 22’]

[Kozaczuk, et al, 19’]

Higgs exotic decays can be strong 
probes of such models 
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A new probe to SFOEWPT: the gravitational wave signals

GW

h2⌦GW ' h2⌦� + h2⌦sw + h2⌦MHD

A first order phase transition proceeds through 
bubble nucleation. The expanding bubbles 
collide and produce stochastic gravitational 
waves (GW).

• Bubble collisions 
• Sound waves  
• Turbulent MHD

Parameters affecting the power spectrum:

<latexit sha1_base64="WiqNphs7pTXnF5L2XJt58SIoCSM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48VbS20oWy2m3bpZhN2J5US+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMnGqGW+yWMa6HVDDpVC8iQIlbyea0yiQ/DEY3cz8xzHXRsTqAScJ9yM6UCIUjKKV7se9p1654lbdOcgq8XJSgRyNXvmr249ZGnGFTFJjOp6boJ9RjYJJPi11U8MTykZ0wDuWKhpx42fzU6fkzCp9EsbalkIyV39PZDQyZhIFtjOiODTL3kz8z+ukGNb8TKgkRa7YYlGYSoIxmf1N+kJzhnJiCWVa2FsJG1JNGdp0SjYEb/nlVdK6qHpXVffuslKv5XEU4QRO4Rw8uIY63EIDmsBgAM/wCm+OdF6cd+dj0Vpw8plj+APn8wdxDI3e</latexit>vw• The bubble wall velocity

↵ =
⇢ṽ,w̃ � ⇢v,w

⇢rad
|T=T⇤

• fraction of vacuum energy released 
w.r.t. the radiation bath 

�

H⇤
⇠ T

d(S3/T )

dT

����
T=T⇤

•   (inverse) duration of the PT

Power spectrum of GWs from a SFOEWPT
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<latexit sha1_base64="oTJwiynGfSCoUtDwc1Uo4FiE8Z0=">AAACEnicdVDNSgMxGMz6W+tf1aOXYBE8laxarbeClx4r2B/YLiWbzbah2eySZIt16VvoVd/Dm3j1BXwNn8B0u4IVHQgMM9+XTMaLOVMaoQ9raXlldW29sFHc3Nre2S3t7bdVlEhCWyTikex6WFHOBG1ppjntxpLi0OO0442uZ35nTKVikbjVk5i6IR4IFjCCtZGcwEl7MoSN+6nbL5VRpYrsqwsEUQVlyEjNPrOhnStlkKPZL332/IgkIRWacKyUY6NYuymWmhFOp8VeomiMyQgPqGOowCFVbppFnsJjo/gwiKQ5QsNM/bmR4lCpSeiZyRDrofrtzcS/PCfRQc1NmYgTTQWZPxQkHOoIzv4PfSYp0XxiCCaSmayQDLHERJuWFm7yxyxWeeq7eeyiKem7Cfg/aZ9W7GoF3ZyX67W8rgI4BEfgBNjgEtRBAzRBCxAQgUfwBJ6tB+vFerXe5qNLVr5zABZgvX8BwrKe9w==</latexit>

f [Hz]

<latexit sha1_base64="LAszYL8YbRKLfP+tpvjaWLON4v8="></latexit> h
2
⌦

G
W
(f
)

For example, the power spectrum from bubble collisions can be treated by the 
‘envelope approximation’

<latexit sha1_base64="+Y0siIjkGhOaC+Pgb+NRf3+s0XE="></latexit>

h
2⌦env(f) = 1.67⇥ 10�5

✓
H⇤
�

◆2 ✓
↵

1 + ↵

◆2 ✓100

g⇤

◆ 1
3
✓

0.11v3w
0.42 + v2w

◆
Senv(f)
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Nucleation is more than critical - NMSSM
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Nucleation is more than critical - NMSSM
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 Now let’s look at a more extended Higgs sector: two Higgs doublets + a singlet

both charged under the EW gauge group provide flexibility enhancing the 
PT strength 

<latexit sha1_base64="eAotU+zCj7qBaUncZJZLk1VzP9E="></latexit>

V0 = m
2
Hd

|Hd|2 +m
2
Hu

|Hu|2 +m
2
S
|S|2 + �

2 |S|2
⇣
|Hd|2 + |Hu|2

⌘
+
���Hu ·Hd + S

2
��2

+
⇣
�A�SHu ·Hd +



3
AS

3 + h.c.
⌘
+

g
2
1 + g

2
2

8

⇣
|Hd|2 � |Hu|2

⌘2
+

g
2
2

2

���H†
d
Hu

���
2

The NMSSM potential

Nucleation is more than critical - NMSSM
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<latexit sha1_base64="WrPsyLIIm3YUkDzeKkcMABbh3Os="></latexit>

S3(Tn)
Tn

' 140

• Integer: # of 
steps 

• Roman number: 
intermediate 
phase 

• (I): singlet-
only direction 

• (II): EW 
symmetry 
broken phase 

• Lower case 
letter: strength of 
the EWPT 

• a: SFOEWPT 
• b: weakly 1st 

order 
• c: 2nd order

Single direction barrier:
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<latexit sha1_base64="B0jQaJmSOHF9uvfhBqj9qgCb9uI="></latexit>

m2
S
⌘ @2

S
V
��
O
= 2

2

�2
µ2 v

0
S

vS

<latexit sha1_base64="2UXVSUdfaOygW7I1Ox3wYl5YkQo=">AAACKHicbVDLTgIxFO34RHyNunRhIzGBhJAO0eiSxI1LjPJIYDLpdAo0dB5pO6NkwtKf0a3+hzvD1k/wCywwCwFP0+TknHtvb48bcSYVQhNjbX1jc2s7t5Pf3ds/ODSPjpsyjAWhDRLyULRdLClnAW0opjhtR4Ji3+W05Q5vp34roUKyMHhUo4jaPu4HrMcIVlpyzLMiKutTgl3B+gOFhQifYDEpQ1SGifNQcswCqqAZ4CqxMlIAGeqO+dP1QhL7NFCEYyk7FoqUnWKhGOF0nO/GkkaYDHGfdjQNsE+lnc4+MoYXWvFgLxT6BgrO1L8dKfalHPmurvSxGshlbyr+53Vi1buxUxZEsaIBmT/UizlUIZymAj0mKFF8pAkmguldIRlggYnS2S1M8hIWyWzr5/naeR2StRzJKmlWK9ZVBd1fFmrVLK4cOAXnoAgscA1q4A7UQQMQ8ALewDv4MF6NT+PLmMxL14ys5wQswPj+BfXNpGo=</latexit>

(0, 0, 0) ! (v, 0, vS)
<latexit sha1_base64="FKVkjijNUiYaWlEnAQvvDC2PABI="></latexit>

(0, 0, 0) ! (0, 0, ṽS) ! (v, 0, vS)
<latexit sha1_base64="xtytIQbXKvVk3IfPpF/nGT9QLmU="></latexit>

(0, 0, 0) ! (ṽ, ṽNSM, 0) ! (v, 0, vS)

<latexit sha1_base64="Z2Rd9Lg5dLIZ+Up0FdjWG3b9Qng="></latexit>

m2
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⇡ µ2

tan2 �

⇣
1� 

�
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⌘
�

m2
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2
Doublet direction barrier:

Nucleation
<latexit sha1_base64="9PSyhpfJ+MhaVYdQ7XkSsqlVxBQ=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GU+dN+qexX/DnIKglyUoYc9X7pqzvQLI25QiaptZ3AT7CXUYOCST4tdlPLE8rGdMg7jioac9vL5tdOyblTBiTSxpVCMld/T2Q0tnYSh64zpjiyy95M/M/rpBjd9DKhkhS5YotFUSoJajJ7nQyE4QzlxBHKjHC3EjaihjJ0ARVdCMHyy6ukWa0EVxX//rJcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8fZnuO9g==</latexit>

0

T=
Tc

<latexit sha1_base64="P0AvMJQn+jtLCOEqddSEQSB+ycE="></latexit>

hhi = vc

Critical  
temperature

Nucleation is more than critical - NMSSM     [Baum, Carena, Shah, 
Wagner, Y.W ’19]
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EWPT

17

What about CP Violation? Baryogenesis from a dark CPV

• Higgs portal: sourcing CPV and the phase transition  
• Z’ portal: transfer the particle asymmetry

<latexit sha1_base64="R8AOkS65efo+jIQiFvTqbfztA5I="></latexit>
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 thermally induced by coupling to a dark fermion  (dark matter candidate)As,a χ

 at finite , that provides an effective barrier⟨S⟩ ≠ 0 T
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• Loop surprised EDM

What about CP Violation? Baryogenesis from a dark CPV

• Dark matter candidate

BM points produce the observed BAU 

• Singlet search at LHC • GW signature
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vev of EW 
charged fields

Electroweak symmetry non-restoration
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• High scale asymmetry 
creation; 

• UV Model building has 
little dependence on EW 
scale physics; 

• Avoid low scale 
constraints such as 
electron dipole moment on 
CP violation;
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m

etry creation
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Summary

32

‣ SFOEWPT occurs with various SM Higgs extensions through tree level, loop and 
thermal effects 

‣ Intrinsic connections to Higgs phenomenology and gravitational wave physics are 
illustrated with an example of singlet extension 

‣ Symmetry non-restoration can lead us to a bridge between the UV and the IR 

‣ Be careful with theoretical uncertainties!
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Remarks
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Thank you!

‣ Marcela is my Doktormutter

‣ We, and our great collaborators including Carlos, had so much fun together studying 
the interesting physics of electroweak phase transition, baryogenesis, Higgs, 
gravitational wave, and so much more

‣ Marcela has been a role model and motivated me to be strong as a physicist and a 
woman



Yikun Wang, Marcela-Carlos Fest 24

Supplementary



Yikun Wang, Marcela-Carlos Fest 200 400 600 800 1000
|µ| [GeV]

°3

°2

°1

0

1

2

3

v0 S
/v

S

tan Ø = 1.5
∑/∏ = 0.1

m2
aS

< 0

HNSM 6= 0

{0, 0,
p

2v0
S}

{0, 0, 0}

EWPT in the NMSSM - alignment limits and the parameter space  

Alignment (without decoupling) limits

To be consistent with the current Higgs phenomenology, the mass eigenstate         needs to be dominantly 
composed of          :
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• 125 GeV mass eigenstate without large radiative corrections 

• Avoid Landau poles (GUT) 

• Avoid tachyonic masses, e.g. 

• Correct vacuum structure at zero temperature
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EWPT in the NMSSM - collider and dark matter phenomenology  

• The SFOEWPT consistent with light to heavy non-SM-like Higgs boson and singlet 
• Despite the light masses, these states are hard to probe in colliders 

• Production of the singlet-like state suppressed 
• Doublet-like state dominantly decays into neutralinos for light mass 
• Promising channels to probe the parameter space are final states containing at least one singlet-like 

boson 

Collider phenomenology

Dark matter
• The most promising dark matter scenario is a bino-like lightest neutralino 

• Small interaction cross sections 
• well-tempered scenario for the correct relic density
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Supplementary - mean field analysis
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Relevant parameters:
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Supplementary - sphaleron washout and dilution factor

35
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