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1. Introduction 
‣ Higgs potential and the electroweak phase transitions (EWPT) 
‣ Electroweak Baryogenesis and strongly first order EWPT (SFOEWPT) 
‣ Gravitational wave (GW) from a SFOEWPT 

2. Extending the Higgs sector: SFOEWPT 
‣ EWPT with spontaneous Z2 breaking: a singlet extension 

Enhancing the EWPT and the thermal history, phenomenology and GW 

‣ EWPT in NMSSM: nucleation is more than critical 
EWPT in an extended Higgs sector with two doublets and a singlet, nucleation versus 
critical temperature calculation, collider and DM phenomenology 

3. Summary

Outline
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The Standard Model and Higgs potential

<latexit sha1_base64="sEP+mMpxkvEEwzo+7BjqkhNi3n8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuqeix4KXHCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305ha3tnd6+4Xzo4PDo+KZ+edXWUKEI7JOKR6gdYU84k7RhmOO3HimIRcNoLZveZ33uiSrNIPpp5TH2BJ5KFjGCTSd1q63pUrrg1dwm0SbycVCBHe1T+Go4jkggqDeFY64HnxsZPsTKMcLooDRNNY0xmeEIHlkosqPbT5a0LdGWVMQojZUsatFR/T6RYaD0Xge0U2Ez1upeJ/3mDxIR3fspknBgqyWpRmHBkIpQ9jsZMUWL43BJMFLO3IjLFChNj4ynZELz1lzdJt17zbmruQ6PSrOdxFOECLqEKHtxCE1rQhg4QmMIzvMKbI5wX5935WLUWnHzmHP7A+fwBB4GNhQ==</latexit>

V (H)

<latexit sha1_base64="wCT5qfDglOHuuS4Zm4GZDduam/Y=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3KHoseOmxiv2A7VKy6WwbmmSXJCuUpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpOFYU2jXmseiHRwJmEtmGGQy9RQETIoRtO7uZ+9wmUZrF8NNMEAkFGkkWMEmMlP+srgR9gVm1eDsoVt+YugNeJl5MKytEalL/6w5imAqShnGjte25igowowyiHWamfakgInZAR+JZKIkAH2eLkGb6wyhBHsbIlDV6ovycyIrSeitB2CmLGetWbi/95fmqi2yBjMkkNSLpcFKUcmxjP/8dDpoAaPrWEUMXsrZiOiSLU2JRKNgRv9eV10qnXvOuae39VadTzOIroDJ2jKvLQDWqgJmqhNqIoRs/oFb05xnlx3p2PZWvByWdO0R84nz82JJB/</latexit>

Re(H)

<latexit sha1_base64="9pYUP0FbxTIXyoogeCIRuLn1Kdw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3KHoseKm3CvYDtkvJptk2NMkuyaxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0wEN+C6305hY3Nre6e4W9rbPzg8Kh+fdEycasraNBax7oXEMMEVawMHwXqJZkSGgnXDyd3c7z4xbXisHmGasECSkeIRpwSs5Gd9LfG9nFWbl4Nyxa25C+B14uWkgnK0BuWv/jCmqWQKqCDG+J6bQJARDZwKNiv1U8MSQidkxHxLFZHMBNni5Bm+sMoQR7G2pQAv1N8TGZHGTGVoOyWBsVn15uJ/np9CdBtkXCUpMEWXi6JUYIjx/H885JpREFNLCNXc3orpmGhCwaZUsiF4qy+vk0695l3X3IerSqOex1FEZ+gcVZGHblADNVELtRFFMXpGr+jNAefFeXc+lq0FJ585RX/gfP4ANJOQfg==</latexit>

Im(H)

The Standard Model

EWSB

<latexit sha1_base64="CUWVcU+GO5CS6A2xfPhofaFg2cQ=">AAACDXicbVDLSgMxFM3UV62vUZduglWoiGWmVOxGKLjpsoJ9QGcsmUymDc08SDJCmfYH3Pgrblwo4ta9O//GdDoLbT2QcHLOvUnucSJGhTSMby23srq2vpHfLGxt7+zu6fsHbRHGHJMWDlnIuw4ShNGAtCSVjHQjTpDvMNJxRjczv/NAuKBhcCfHEbF9NAioRzGSSurrJ+1S4wxewwto+fF9BU4aE7WfQ4upO1yUnqt9vWiUjRRwmZgZKYIMzb7+Zbkhjn0SSMyQED3TiKSdIC4pZmRasGJBIoRHaEB6igbIJ8JO0mmm8FQpLvRCrlYgYar+7kiQL8TYd1Slj+RQLHoz8T+vF0uvZic0iGJJAjx/yIsZlCGcRQNdygmWbKwIwpyqv0I8RBxhqQIsqBDMxZGXSbtSNi/Lxm21WK9lceTBETgGJWCCK1AHDdAELYDBI3gGr+BNe9JetHftY16a07KeQ/AH2ucPZuOYng==</latexit>

V (H) = �µ
2|H|2 + �|H|4
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Electroweak Phase Transitions

Finite temperature QFT <latexit sha1_base64="4uAxp4zQuP+HVfEGsiQAqMh0pcY="></latexit>

V (h, T ) ⇡ D(T 2 � T 2
0 )h

2 � ETh3 +
�(T )

2
h4

At very high temperatures, the electroweak symmetry  
is restored.

Electroweak phase transition (EWPT) 

<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)

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

1st order

Kajantie et al’95 

The phase transition from the EW preserving phase to  
the EW broken phase ‘happens’ at a critical temperature  
where the two vacua are degenerate: 

Based on the current measurement of the Higgs  
mass of 125GeV, lattice calculations show that  
the EWPT in the SM is a smooth cross over. 

The order parameter typically used for the phase transition is:
<latexit sha1_base64="agNqKHOrawLSxhN7QOoob8rYfcc=">AAACDnicdVDNSgMxGMzWv1r/qh69BIvgac2q1XorePFYoT9CuyzZbLYNzWaXJFsspe+gV30Pb+LVV/A1fALT7QpWdCAwzHxfMhk/4UxphD6swtLyyupacb20sbm1vVPe3WurOJWEtkjMY3nnY0U5E7Slmeb0LpEURz6nHX94PfM7IyoVi0VTjxPqRrgvWMgI1kbqjDxy0vSIV64gu4qcqwsEkY0yZKTmnDnQyZUKyNHwyp+9ICZpRIUmHCvVdVCi3QmWmhFOp6VeqmiCyRD3addQgSOq3EkWdwqPjBLAMJbmCA0z9efGBEdKjSPfTEZYD9Rvbyb+5XVTHdbcCRNJqqkg84fClEMdw9nfYcAkJZqPDcFEMpMVkgGWmGjT0MJNwYglKk99P49dMiV9NwH/J+1T26na6Pa8Uq/ldRXBATgEx8ABl6AObkADtAABQ/AInsCz9WC9WK/W23y0YOU7+2AB1vsXUj+dGQ==</latexit>

vc/Tc

where
<latexit sha1_base64="xwCnh6ZVkonnfEzifm14v+mA9hM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyURRTdC0Y3LCn1BG8JketsOnTycmQRCqL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7jxdxJpVlfRuFtfWNza3idmlnd2//wDw8asswFhRaNOSh6HpEAmcBtBRTHLqRAOJ7HDre5G7mdxIQkoVBU6UROD4ZBWzIKFFacs1y4lLch8eYJTipNm+aLj1zzYpVs+bAq8TOSQXlaLjmV38Q0tiHQFFOpOzZVqScjAjFKIdpqR9LiAidkBH0NA2ID9LJ5sdP8alWBngYCl2BwnP190RGfClT39OdPlFjuezNxP+8XqyG107GgihWENDFomHMsQrxLAk8YAKo4qkmhAqmb8V0TAShSudV0iHYyy+vkvZ5zb6sWQ8XlfptHkcRHaMTVEU2ukJ1dI8aqIUoStEzekVvxpPxYrwbH4vWgpHPlNEfGJ8/PM+T2Q==</latexit>

vc ⌘ v(T = Tc)
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Electroweak Phase Transitions

Finite temperature QFT <latexit sha1_base64="4uAxp4zQuP+HVfEGsiQAqMh0pcY="></latexit>

V (h, T ) ⇡ D(T 2 � T 2
0 )h

2 � ETh3 +
�(T )

2
h4

At very high temperatures, the electroweak symmetry  
is restored.

Electroweak phase transition (EWPT) 

<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 typically used for the phase transition is:
<latexit sha1_base64="agNqKHOrawLSxhN7QOoob8rYfcc=">AAACDnicdVDNSgMxGMzWv1r/qh69BIvgac2q1XorePFYoT9CuyzZbLYNzWaXJFsspe+gV30Pb+LVV/A1fALT7QpWdCAwzHxfMhk/4UxphD6swtLyyupacb20sbm1vVPe3WurOJWEtkjMY3nnY0U5E7Slmeb0LpEURz6nHX94PfM7IyoVi0VTjxPqRrgvWMgI1kbqjDxy0vSIV64gu4qcqwsEkY0yZKTmnDnQyZUKyNHwyp+9ICZpRIUmHCvVdVCi3QmWmhFOp6VeqmiCyRD3addQgSOq3EkWdwqPjBLAMJbmCA0z9efGBEdKjSPfTEZYD9Rvbyb+5XVTHdbcCRNJqqkg84fClEMdw9nfYcAkJZqPDcFEMpMVkgGWmGjT0MJNwYglKk99P49dMiV9NwH/J+1T26na6Pa8Uq/ldRXBATgEx8ABl6AObkADtAABQ/AInsCz9WC9WK/W23y0YOU7+2AB1vsXUj+dGQ==</latexit>

vc/Tc

Kajantie et al’95 

The phase transition from the EW preserving phase to  
the EW broken phase ‘happens’ at a critical temperature  
where the two vacua are degenerate: 

Based on the current measurement of the Higgs  
mass of 125GeV, lattice calculations show that  
the EWPT in the SM is a smooth cross over. 

T=
0

T=T
c

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

2nd order

where
<latexit sha1_base64="xwCnh6ZVkonnfEzifm14v+mA9hM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyURRTdC0Y3LCn1BG8JketsOnTycmQRCqL/ixoUibv0Qd/6N0zYLbT1w4XDOvdx7jxdxJpVlfRuFtfWNza3idmlnd2//wDw8asswFhRaNOSh6HpEAmcBtBRTHLqRAOJ7HDre5G7mdxIQkoVBU6UROD4ZBWzIKFFacs1y4lLch8eYJTipNm+aLj1zzYpVs+bAq8TOSQXlaLjmV38Q0tiHQFFOpOzZVqScjAjFKIdpqR9LiAidkBH0NA2ID9LJ5sdP8alWBngYCl2BwnP190RGfClT39OdPlFjuezNxP+8XqyG107GgihWENDFomHMsQrxLAk8YAKo4qkmhAqmb8V0TAShSudV0iHYyy+vkvZ5zb6sWQ8XlfptHkcRHaMTVEU2ukJ1dI8aqIUoStEzekVvxpPxYrwbH4vWgpHPlNEfGJ8/PM+T2Q==</latexit>

vc ⌘ v(T = Tc)
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The mystery of our asymmetric universe

Matter antimatter asymmetry
CMB

Big Bang Nucleosynthesis

10,000,000,001

10,000,000,000

Sakharov’s conditions for baryogenesis (Sakharov 1967) 

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium

Baryons, antibaryons and photons equally abundant in the early universe.  
How to generate the observed asymmetry today?

<latexit sha1_base64="O5O1WcU2PDgB8Qd5zpOqSpM4Luw="></latexit>

⌘ = nB
n�

= (6.11± 0.19)⇥ 10�10
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Electroweak Baryogenesis

Sakharov’s conditions 

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium
All ingredients exist in the SM around the EW scale. 
However, the SM doesn’t have enough.

<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)

Inputs from the new physics

• more C and CP violation source 

• Strongly first order electroweak phase transition (SFOEWPT)

<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
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<latexit sha1_base64="BCZ1a2Y4pSf2YNJ5UsF+C1EEjD8=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIYpcFNy4r9AWdYcikmTY0kxmSO4UyFDf+ihsXirj1K9z5N6btLLT1QMLhnHNJ7glTwTU4zre1tr6xubVd2inv7u0fHNpHx22dZIqyFk1Eoroh0UxwyVrAQbBuqhiJQ8E64ehu5nfGTGmeyCZMUubHZCB5xCkBIwX2qRcpQvNxIKd501zYG4BJx9gN7IpTdebAq8QtSAUVaAT2l9dPaBYzCVQQrXuuk4KfEwWcCjYte5lmKaEjMmA9QyWJmfbz+QpTfGGUPo4SZY4EPFd/T+Qk1noShyYZExjqZW8m/uf1Mohqfs5lmgGTdPFQlAkMCZ71gftcMQpiYgihipu/YjokphMwrZVNCe7yyqukfVV1b6rOw3WlXivqKKEzdI4ukYtuUR3dowZqIYoe0TN6RW/Wk/VivVsfi+iaVcycoD+wPn8AR32XTg==</latexit>vn
Tn

& 1

Electroweak Baryogenesis

Sakharov’s conditions 

• Baryon number violation  

• C and CP violation 

• Out-of-equilibrium
All ingredients exist in the SM around the EW scale. 
However, the SM doesn’t have enough.

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

Inputs from the new physics

• more C and CP violation source 

• Strongly first order electroweak phase transition (SFOEWPT)

<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

Bubble nucleation

 9



Gravitational wave 

h2⌦GW ' h2⌦� + h2⌦sw + h2⌦MHD

Parameters affecting the power spectrum:

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

GW sources from bubble nucleation:

• Bubble collisions 

• Sound waves  

• Turbulent MHD

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)

�

H⇤
⇠ T

d(S3/T )

dT

����
T=T⇤

• ,   where     characterizes the inverse duration of the PT
<latexit sha1_base64="1Mok4aeOLztEJ1IyxzZY6kd3ACM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsceCF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3w850kG15tbdBcg68QpSgwKtQfWrP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkwipDEiXalkKyUH9P5DQ2ZhqHtjOmODar3lz8z+tlGDWCXKg0Q67YclGUSYIJmX9OhkJzhnJqCWVa2FsJG1NNGdp8KjYEb/XlddK+qns3dffhutZsFHGU4QzO4RI8uIUm3EMLfGAg4Ble4c1Rzovz7nwsW0tOMXMKf+B8/gDCJo6e</latexit>

�

↵ =
⇢ṽ,w̃ � ⇢v,w

⇢rad
|T=T⇤• ,  fraction of vacuum energy released wrt. the radiation bath 

<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

Caprini et al ‘16
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Power spectrum of GWs from a SFOPT

<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
)



Modifying the Higgs potential to enhance the strength:

Tree-level Effects

Thermal effects

Zero Temperature loop effects

Enhancing the electroweak phase transitions: the general ideas

Finite temperature Higgs potential:
<latexit sha1_base64="4uAxp4zQuP+HVfEGsiQAqMh0pcY="></latexit>

V (h, T ) ⇡ D(T 2 � T 2
0 )h

2 � ETh3 +
�(T )

2
h4

Strength of the phase transition:
<latexit sha1_base64="kK8gEfLNHLBVDk8Gu2ToQH7jS/s=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTOi2GVBBJcV+oLOMGTSTBuamYQkUyzDfIMbf8WNC0XcunLn35i2s9DWAwmHc+69yT2hYFRpx/m2VlbX1jc2S1vl7Z3dvX374LCteCoxaWHOuOyGSBFGE9LSVDPSFZKgOGSkE45upn5nTKSiPGnqiSB+jAYJjShG2kiBfe5FEuFsHOA8a5oLekgIyR/gXL/NM4+ZaX2UB3bFqTozwGXiFqQCCjQC+8vrc5zGJNGYIaV6riO0nyGpKWYkL3upIgLhERqQnqEJionys9lKOTw1Sh9GXJqTaDhTf3dkKFZqEoemMkZ6qBa9qfif10t1VPMzmohUkwTPH4pSBjWH03xgn0qCNZsYgrCk5q8QD5HJQpsUyyYEd3HlZdK+qLpXVef+slKvFXGUwDE4AWfABdegDu5AA7QABo/gGbyCN+vJerHerY956YpV9ByBP7A+fwB9np6V</latexit>

vc
Tc

⇡ E

�

New dof, e.g. singlets, doublets etc, modifying the potential at tree level
<latexit sha1_base64="ycxlpi6d4rK6l3iP+GDovfhCliE=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiSi2GXBjcsK9gFNCZPJpB06jzAzUUroF7jxV9y4UMSta3f+jdM2C209MHA451zu3BOljGrjed9OaW19Y3OrvF3Z2d3bP3APjzpaZgqTNpZMql6ENGFUkLahhpFeqgjiESPdaHw987v3RGkqxZ2ZpGTA0VDQhGJkrBS6tYDZcIxgoOhwZJBS8gEWWpgHikOSJNPQrXp1bw64SvyCVEGBVuh+BbHEGSfCYIa07vteagY5UoZiRqaVINMkRXiMhqRvqUCc6EE+P2cKa1aJYSKVfcLAufp7Ikdc6wmPbJIjM9LL3kz8z+tnJmkMcirSzBCBF4uSjEEj4awbGFNFsGETSxBW1P4V4hFSCBvbYMWW4C+fvEo653X/su7dXlSbjaKOMjgBp+AM+OAKNMENaIE2wOARPINX8OY8OS/Ou/OxiJacYuYY/IHz+QN69ZxZ</latexit>

� ! �e↵

Modifying the potential through radiative corrections (from new dof), e.g. CW mechanism 
<latexit sha1_base64="SBCPSHOyDKujg/3sWC1oh0t4z7s=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiSi2GXBjcsK9gFNCTeTSTt0kgkzE6WEfoEbf8WNC0Xcunbn3zhts9DWAwOHc87lzj1BypnSjvNtldbWNza3ytuVnd29/QP78KijRCYJbRPBhewFoChnCW1rpjntpZJCHHDaDcbXM797T6ViIrnTk5QOYhgmLGIEtJF8u+ZxEw4Be5INRxqkFA+40PzckzGWEE59u+rUnTnwKnELUkUFWr795YWCZDFNNOGgVN91Uj3IQWpGOJ1WvEzRFMgYhrRvaAIxVYN8fs4U14wS4khI8xKN5+rviRxipSZxYJIx6JFa9mbif14/01FjkLMkzTRNyGJRlHGsBZ51g0MmKdF8YggQycxfMRmBBKJNgxVTgrt88irpnNfdy7pze1FtNoo6yugEnaIz5KIr1EQ3qIXaiKBH9Ixe0Zv1ZL1Y79bHIlqyiplj9AfW5w+EKJxf</latexit>

� ! �rad

Modifying the thermal potential through thermal loops (from new dof), e.g. MSSM light stops
<latexit sha1_base64="l/XznPxm0o6wwwUGjPYpZz1xqqA=">AAACEHicbVDLSgMxFM34rPU16tJNsIiuyowP7LIoBTdCRfuATh0yadqGZiZDckcpQz/Bjb/ixoUibl26829MHwttPRA4nHMvN+cEseAaHOfbmptfWFxazqxkV9fWNzbtre2qlomirEKlkKoeEM0Ej1gFOAhWjxUjYSBYLehdDP3aPVOay+gW+jFrhqQT8TanBIzk2wcl7Cne6QJRSj7gkp96KsTnN1cD7MVKxiBx34e7Y9/OOXlnBDxL3AnJoQnKvv3ltSRNQhYBFUTrhuvE0EyJAk4FG2S9RLOY0B7psIahEQmZbqajQAO8b5QWbktlXgR4pP7eSEmodT8MzGRIoKunvaH4n9dIoF1opjyKE2ARHR9qJwKbmMN2cIsrRkH0DSFUcfNXTLtEEQqmw6wpwZ2OPEuqR3n3NO9cn+SKhUkdGbSL9tAhctEZKqJLVEYVRNEjekav6M16sl6sd+tjPDpnTXZ20B9Ynz+epZxL</latexit>

E ! EBSM / y3t

Higher order operators

<latexit sha1_base64="Zptdns/qCd9g6kKKBFas2e6MXsE=">AAACLXicbVDLSgMxFM3UV62vqks3wSq4KjOi6LIgBZcV7APaWjLpnTY08yC5o5ahP+DP6Fb/w4Ugbt37BabtLGzrgcDhnHuTk+NGUmi07Q8rs7S8srqWXc9tbG5t7+R392o6jBWHKg9lqBou0yBFAFUUKKERKWC+K6HuDq7Gfv0elBZhcIvDCNo+6wXCE5yhkTr5ozJtKdHrI1MqfKDlTtJSPgXPG91NGCqAUSdfsIv2BHSROCkpkBSVTv6n1Q157EOAXDKtm44dYTthCgWXMMq1Yg0R4wPWg6ahAfNBt5PJb0b02Chd6oXKnADpRP27kTBf66HvmkmfYV/Pe2PxP68Zo3fZTkQQxQgBnz7kxZJiSMfV0K5QwFEODWFcCZOV8j5TjKMpcOam7r2IdJr6cRo7Z0py5itZJLXTonNetG/OCqWztK4sOSCH5IQ45IKUyDWpkCrh5Im8kFfyZj1b79an9TUdzVjpzj6ZgfX9CxbQqXw=</latexit>

E ! Etree
e↵
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 EWPT with spontaneous Z2 breaking: a singlet extension 

 EWPT in NMSSM: nucleation is more than critical 

Extending the Higgs Sector: SFOEWPT 
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Z2 symmetric potential 
✤ Z2-preserving 

     Espinosa, Konstandinc, Riva ’11; Curtin, Meade, Yu ’15; Barger, Chung, Long, Wang ’12 etc

Generic potential  Espinosa, Quiros ’93; Profumo, Musolf, Shaughnessy ’07; Choi, Volkas ’93 etc

+(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

✤ Z2 spontaneous broken 

‣ Dark ‘Higgs’ candidate, Higgs portal 
‣ Render SFOPhT: light scalar 
‣ Can be probed in various ways due to finite mixing

h(h, s)i = (vEW, wEW)

h(h, s)i = (vEW, 0)

‣ 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

     Carena, Liu, Y.W ‘19
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EWPT with spontaneous Z2-breaking: the thermal history 
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(0, 0)

(v, w)

EWPT with spontaneous Z2-breaking: the thermal history 
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(v, w)

Scenario A: two-step 

(0, 0) ! (0, w̃) ! (v, w)
Z2 EW

h

S

(0, 0)

(0, w̃)

h

S

(0, 0)

(v, w)

EWPT with spontaneous Z2-breaking: the thermal history 
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(0, 0) ! (v, w)

Scenario B: one-step 

Z2
EW

h

S

(0, 0)
h

S

(0, 0)

(v, w)

EWPT with spontaneous Z2-breaking: the thermal history 
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h

S

(0, 0)

(v, w)

(ṽ, 0)

(v, w)

Not for EWBG: 
First step is not much enhanced: singlet not yet engaged; 
Second step does not onset EWBG: the baryon violation process is 
already suppressed.

EWPT with spontaneous Z2-breaking: the thermal history 
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EWPT with spontaneous Z2-breaking: the thermal history 
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Scenario B: one-step 

Z2
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Z2 EW
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h
(0, 0)
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(0, 0)

(v, w)

Is it possible that the EW symmetry or/and the Z2 symmetry is/are Non-Restored ?

EWPT with spontaneous Z2-breaking: the thermal history 
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Is it possible that the EW symmetry or/and the Z2 symmetry is/are Non-Restored ?

With one singlet, generally no 

EWPT with spontaneous Z2-breaking: the thermal history 
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(v, w)
(0, w̃high�T)

Is it possible that the EW symmetry or/and the Z2 symmetry is/are Non-Restored ?

With one singlet, generally no Yes!

EWPT with spontaneous Z2-breaking: the thermal history 
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(v, w)
(0, w̃high�T)

Is it possible that the EW symmetry or/and the Z2 symmetry is/are Non-Restored ?

With one singlet, generally no Yes!

EWPT with spontaneous Z2-breaking: the thermal history 
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Scenario A-NR: one-step 

NR stands for non-restoration

<latexit sha1_base64="6d8uoQ1AeRi7uw1gs8+UTw7Pr3w="></latexit>

(0, w̃) ! (v, w)



h

S

(v, w)
(0, w̃high�T)

Is it possible that the EW symmetry or/and the Z2 symmetry is/are Non-Restored ?

With one singlet, generally no Yes!

EWPT with spontaneous Z2-breaking: the thermal history 
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Scenario A-NR: one-step 

NR stands for non-restoration

<latexit sha1_base64="6d8uoQ1AeRi7uw1gs8+UTw7Pr3w="></latexit>

(0, w̃) ! (v, w)

Scenario B-NR: two-step 

(0, 0)

<latexit sha1_base64="5mwZSRROkQEgfuF3mIKMczWoQE8="></latexit>

(0, w̃) ! (0, 0) ! (v, w)
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(v, w)
(0, w̃high�T)

Is it possible that the EW symmetry or/and the Z2 symmetry is/are Non-Restored ?

With one singlet, generally no Yes!

Scenario A: two-step 

(0, 0) ! (0, w̃) ! (v, w)
Z2 EW
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S
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S
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Scenario B: one-step 
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EWPT with spontaneous Z2-breaking: the thermal history 
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Scenario A-NR: one-step 

NR stands for non-restoration

<latexit sha1_base64="6d8uoQ1AeRi7uw1gs8+UTw7Pr3w="></latexit>

(0, w̃) ! (v, w)

Scenario B-NR: two-step 

(0, 0)

<latexit sha1_base64="5mwZSRROkQEgfuF3mIKMczWoQE8="></latexit>

(0, w̃) ! (0, 0) ! (v, w)



Tree-level Potential

V0(h, s) = �1

2
µ2
hh

2 +
1

4
�hh

4 +
1

2
µ2
ss

2 +
1

4
�ss

4 +
1

4
�mh2s2

{vEW,mH , tan�,mS , sin ✓}Parameters {µ2
h, µ

2
s,�h,�s,�m}

V (h, s, T ) = V0(h, s) + VCW(h, s;T ) + VT (h, s, T )

                      CosTransitions 

                      high-T approximation

Numerically: 

Analytically:

V high�T(h, s, T ) ⇡ 1

2
(�µ2

h + chT
2)h2 � ETh3 +

1

4
�hh

4 +
1

2
(µ2

s + csT
2)s2 +

1

4
�ss

4 +
1

4
�mh2s2

Thermal potential

VT (h, s, T ) =
T 4

2⇡2

2

4
X

i={B}

niJB

✓
m2

i (h, s)

T 2

◆
+
X

f={F}

nfJF

 
m2

f (h, s)

T 2

!3

5

Treatment

T 2 � m2

C. L. Wainwright ‘11

EWPT with spontaneous Z2-breaking: the finite temperature potential  
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C. L. Wainwright ‘11

EWPT with spontaneous Z2-breaking: the finite temperature potential  

Similarly for scenario B (B-NR), the transition strength reads
vc
Tc

����
00!vw

=
2E

�̃h + (µ2
s/T

2
c +cs)2

�s[ v(Tc)
Tc

]
4

Scenario A (A-NR)

The electroweak phase transition strength
Bare parameters

�̃h ⌘ �h � �2
m

4�s

vc
Tc

/ �̃�1
h

Physical parameters
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Where the enhancement comes from?

Potential depth at zero temperature (tree level)

Smaller depth, less temperature it takes to be degenerate: lower Tc

And also larger field value      at the critical temperature (closer to         ):vEWvc
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Where the enhancement comes from?

Potential depth at zero temperature (tree level)

Smaller depth, less temperature it takes to be degenerate: lower Tc

And also larger field value      at the critical temperature (closer to         ):vEWvc

Numerical Scanning with thermal potential fully evaluated

Tree-level Effects Thermal effectsZero Temperature loop effects

Tc ⇡
vEWq

ch � �m
2�s

cs
�̃

1
2
h .

vc ⇡ vEW
2Eq

ch � �m
2�s

cs
�̃
� 1

2
h

�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

 19

vc
Tc

/ �̃�1
h

<latexit sha1_base64="k2oeKHyLW1tUmcPDvRvUXx9WWYg=">AAACGnicdVDLSgMxFM3UV62vqS7dBIvgasiorXVXcOOygn1ApwyZTKYNzTxIMtUy9E90q//hTty68Tf8AtN2BCt6IHA4596bw/ESzqRC6MMorKyurW8UN0tb2zu7e2Z5vy3jVBDaIjGPRdfDknIW0ZZiitNuIigOPU473uhq5nfGVEgWR7dqktB+iAcRCxjBSkuuWXYU4z7NHK53fDx1h65ZQVYV2Zc1BJGF5piTun1mQztXKiBH0zU/HT8maUgjRTiWsmejRPUzLBQjnE5LTippgskID2hP0wiHVPazefQpPNaKD4NY6BcpOFd/bmQ4lHISenoyxGoof3sz8S+vl6qg3s9YlKSKRmTxUZByqGI46wH6TFCi+EQTTATTWSEZYoGJ0m0tXfLHLJF56vtF7JIu6bsJ+D9pn1p21UI355VGLa+rCA7BETgBNrgADXANmqAFCLgDj+AJPBsPxovxarwtRgtGvnMAlmC8fwGzcKIZ</latexit>

�̃h

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

<latexit sha1_base64="k2oeKHyLW1tUmcPDvRvUXx9WWYg=">AAACGnicdVDLSgMxFM3UV62vqS7dBIvgasiorXVXcOOygn1ApwyZTKYNzTxIMtUy9E90q//hTty68Tf8AtN2BCt6IHA4596bw/ESzqRC6MMorKyurW8UN0tb2zu7e2Z5vy3jVBDaIjGPRdfDknIW0ZZiitNuIigOPU473uhq5nfGVEgWR7dqktB+iAcRCxjBSkuuWXYU4z7NHK53fDx1h65ZQVYV2Zc1BJGF5piTun1mQztXKiBH0zU/HT8maUgjRTiWsmejRPUzLBQjnE5LTippgskID2hP0wiHVPazefQpPNaKD4NY6BcpOFd/bmQ4lHISenoyxGoof3sz8S+vl6qg3s9YlKSKRmTxUZByqGI46wH6TFCi+EQTTATTWSEZYoGJ0m0tXfLHLJF56vtF7JIu6bsJ+D9pn1p21UI355VGLa+rCA7BETgBNrgADXANmqAFCLgDj+AJPBsPxovxarwtRgtGvnMAlmC8fwGzcKIZ</latexit>

�̃h

<latexit sha1_base64="K7wvJuY6bOkRXP0mtlCGnKavRiE=">AAACEHicdVDNSgMxGMzWv1r/qh69BIvgacmqrfVW8KDHCvZH2qVks2kbmuwuSbZYlr6EXvU9vIlX38DX8AlMtytY0YHAMPN9yWS8iDOlEfqwckvLK6tr+fXCxubW9k5xd6+pwlgS2iAhD2Xbw4pyFtCGZprTdiQpFh6nLW90OfNbYyoVC4NbPYmoK/AgYH1GsDbSXdKVAl7R5rRXLCG7jJyLCoLIRilSUnVOHehkSglkqPeKn10/JLGggSYcK9VxUKTdBEvNCKfTQjdWNMJkhAe0Y2iABVVukgaewiOj+LAfSnMCDVP150aChVIT4ZlJgfVQ/fZm4l9eJ9b9qpuwIIo1Dcj8oX7MoQ7h7PfQZ5ISzSeGYCKZyQrJEEtMtOlo4SZ/zCKVpb6fxy6Ykr6bgP+T5ontlG10c1aqVbK68uAAHIJj4IBzUAPXoA4agAABHsETeLYerBfr1Xqbj+asbGcfLMB6/wIEJJ4D</latexit> G
eV



Where the enhancement comes from?

Potential depth at zero temperature (tree level)

Smaller depth, less temperature it takes to be degenerate: lower Tc
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EWPT with spontaneous Z2-breaking: phenomenology   

Higgs Exotic Decays Double Higgs Production

Exciting Phenomenology (important effects of high order corrections to the potential)

• A firm prediction of a light scalar  
• Dashed lines: sensitivity to 4 jets 

channel  
• Further studies of merged jets for 

lighter singlet masses

Gravitational wave

• Typically too weak to be 
probed after including 
all relevant corrections 
(red) 

• Further RG 
improvement may 
improve the sensitivity   
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Extending the Higgs Sector: SFOEWPT 

 EWPT with spontaneous Z2 breaking: a singlet extension 

 EWPT in NMSSM: nucleation is more than critical 
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EWPT in the NMSSM - the extended Higgs sector   
 Now let’s look at a more extended Higgs sector: two Higgs doublets + a singlet

A well motivated model with an UV completion for such a Higgs sector is the Next-to-Minimal 
Supersymmetry Standard Model (NMSSM). 

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

(Z3-NMSSM)
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The two Higgs doublets and complex singlet contain 8 new dof, where we consider 3 dynamical dof
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What constraints on the parameters before the phase transition calculation? 
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EWPT in the NMSSM - alignment limits and the parameter space  
To be consistent with the current Higgs phenomenology, the mass eigenstate         needs to be dominantly 
composed of          :

<latexit sha1_base64="JtlidEokWUPGgScYLbZAv+E79gA=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqx4LXnoRKtoPbNeSTbNtaJJdkqxQlv4LLx4U8eq/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjK6nfuuJKs0ieW/GMfUFHkgWMoKNlR5qj2lXCXR3M+kVS27ZnQEtEy8jJchQ7xW/uv2IJIJKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpRILqv10dvEEnVilj8JI2ZIGzdTfEykWWo9FYDsFNkO96E3F/7xOYsIrP2UyTgyVZL4oTDgyEZq+j/pMUWL42BJMFLO3IjLEChNjQyrYELzFl5dJ86zsVcru7XmpepHFkYcjOIZT8OASqlCDOjSAgIRneIU3RzsvzrvzMW/NOdnMIfyB8/kD/teQbw==</latexit>

H
SM

<latexit sha1_base64="PEWFQsrW8OOf5sidZGwcG+5RO2k=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4Kkmx6rHgxWMF+wFtKJvtpF262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WDmSToR3QoecgZNVbqkFE/86q1ab9UdivuHGSVeDkpQ45Gv/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+75ScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE974GZdJalCyxaIwFcTEZPY8GXCFzIiJJZQpbm8lbEQVZcZGVLQheMsvr5JWteLVKu79Zbl+lcdRgFM4gwvw4BrqcAcNaAIDAc/wCm/Oo/PivDsfi9Y1J585gT9wPn8A9VCPOQ==</latexit>

h125

<latexit sha1_base64="aBorppfK2+eqqg2ecJulB1iQrJE=">AAACTHicbVDLSsNAFJ1UrbW+qi7dDBbBRS1J8bUsuHEjVLQPaGKYTCft0MmDmYlQYj7QjQt3foUbF4oITtIsatsLA4fz4N45TsiokLr+rhVWVteK66WN8ubW9s5uZW+/I4KIY9LGAQt4z0GCMOqTtqSSkV7ICfIcRrrO+DrVu0+ECxr4D3ISEstDQ5+6FCOpKLuCTUZc+QxND8kRRiy+Tez4vmY0kscGNDkdjlKRMbjc18h8pwtxYyZesytVva5nAxeBkYMqyKdlV97MQYAjj/gSMyRE39BDacWIS4oZScpmJEiI8BgNSV9BH3lEWHFWRgKPFTOAbsDV8yXM2NlEjDwhJp6jnOnRYl5LyWVaP5LulRVTP4wk8fF0kRsxKAOYNgsHlBMs2UQBhDlVt0I8QhxhqfovqxKM+S8vgk6jbpzX9buzavMir6MEDsEROAEGuARNcANaoA0weAEf4At8a6/ap/aj/U6tBS3PHIB/Uyj+AVZcss0=</latexit>��M2
S,12

�� ⌧
��M2

S,22 �M2
S,11

�� ,
<latexit sha1_base64="TvLX0z91T+9sqKsnhv7GBfKWWmo="></latexit>��M2

S,13

�� ⌧
��M2

S,33 �M2
S,11

��

200 400 600 800 1000
|µ| [GeV]

�3

�2

�1

0

1

2

3

v0 S
/v

S

tan � = 1.5
/� = 0.1

m2
aS

< 0

HNSM 6= 0

{0, 0,
p

2v0
S}

{0, 0, 0}

200 400 600 800 1000
|µ| [GeV]

�3

�2

�1

0

1

2

3

v0 S
/v

S

tan � = 1.5
/� = 0.3

m2
aS

< 0

HNSM 6= 0

{0, 0,
p

2v0
S}

{0, 0, 0}

     Baum, Carena, Shah, Wagner, Wang ‘19

 24

• 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 - alignment limits and the parameter space  
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 - alignment limits and the parameter space  
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 - alignment limits and the parameter space  
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 - 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 - the effective potential  

Radiative corrections (zero temperature)
• Integrating out heavy degrees of freedom (sfermions, gluinos etc) are integrated out. A new operator by 

matching:
<latexit sha1_base64="1AaMaTKEaRv2YOSaYQ8Dk7FZlBs="></latexit>

V
e↵
0 = V0 +

��2

2
|Hu|4

        Fixed by 125 GeV Higgs mass:<latexit sha1_base64="EWlFzf5RfdcqxsO4PAx0UHCwntc=">AAAB+HicbVDLSsNAFJ3UV62PVl26GSyCq5KUii4LunBZwT6gCeFmMmmHTiZhZiLU0C9x40IRt36KO//GaZuFth4YOJxzD/fOCVLOlLbtb6u0sbm1vVPereztHxxWa0fHPZVkktAuSXgiBwEoypmgXc00p4NUUogDTvvB5Gbu9x+pVCwRD3qaUi+GkWARI6CN5Neq7i3lGlxuIiH4Tb9Wtxv2AnidOAWpowIdv/blhgnJYio04aDU0LFT7eUgNSOczipupmgKZAIjOjRUQEyVly8On+Fzo4Q4SqR5QuOF+juRQ6zUNA7MZAx6rFa9ufifN8x0dO3lTKSZpoIsF0UZxzrB8xZwyCQlmk8NASKZuRWTMUgg2nRVMSU4q19eJ71mw7ls2PetertV1FFGp+gMXSAHXaE2ukMd1EUEZegZvaI368l6sd6tj+VoySoyJ+gPrM8fRyqSyw==</latexit>
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• Light degrees of freedom: CW potential
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Introducing counterterms to maintain boundary conditions
<latexit sha1_base64="VsYK0u63HABoXvnlImQYS+slHvg="></latexit>
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Finite temperature effective potential
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EWPT in the NMSSM - nucleation is more than critical  
The phase transition proceeds by tunneling through the barrier 
separating local minima, the so called bubble nucleation.

The bubble nucleation rate per unit volume:
<latexit sha1_base64="R+t16mvxT3TTRoMrK17fsyWq0KU=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgstAkUwViJAcYi+pKaNHJct7Vqx5HtIFVRVxZ+hYUBhFj5Azb+BrfNAC1HsnR0zr26PieMGVXacb6tpeWV1bX13EZ+c2t7Z9fe228okUhM6lgwIVshUoTRiNQ11Yy0YkkQDxlphsPrid98IFJREdX0KCY+R/2I9ihG2kiBDaF3gzhHpQb0YiliLWCtU4akk57eB+el2jiwC07RmQIuEjcjBZChGthfXlfghJNIY4aUartOrP0USU0xI+O8lygSIzxEfdI2NEKcKD+dJhnDY6N0YU9I8yINp+rvjRRxpUY8NJMc6YGa9ybif1470b0rP6VRnGgS4dmhXsKgyTupBXapJFizkSEIS2r+CvEASYS1KS9vSnDnIy+SxlnRvSg6d+VCpZzVkQOH4AicABdcggq4BVVQBxg8gmfwCt6sJ+vFerc+ZqNLVrZzAP7A+vwBp8yYWw==</latexit>

�/V / T 4e�S3/T

The nucleation happens at a temperature      :
<latexit sha1_base64="WrPsyLIIm3YUkDzeKkcMABbh3Os="></latexit>
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' 140<latexit sha1_base64="wsXtw8GEQ6Jc7qdoOZG56QQAIok=">AAACCnicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZiQ3LIvqT2qhyHKe16jiR7VRUUW8AW7gHO8SWS3ANToDbZEFbRrI0mnnPHo8Xc6a0bX9bhY3Nre2d4m5pb//g8Kh8fNJWUSIJbZGIR7LrYUU5E7Slmea0G0uKQ4/Tjje+m/udCZWKRaKppzF1QzwULGAEayM9NgdiUK7YVXsBtE6cnFQgR2NQ/un7EUlCKjThWKmeY8faTbHUjHA6K/UTRWNMxnhIe4YKHFLlpouoM3RhFB8FkTRHaLRQ/26kOFRqGnpmMsR6pFa9ufif10t0cOumTMSJpoJkDwUJRzpC838jn0lKNJ8agolkJisiIywx0aadpZv8CYtVnvopi10yJTmrlayT9lXVua7aD7VKvZbXVYQzOIdLcOAG6nAPDWgBgSG8wCu8Wc/Wu/VhfWajBSvfOYUlWF+/RVGbbw==</latexit>
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EWPT in the NMSSM - nucleation is more than critical  

<latexit sha1_base64="Z2Rd9Lg5dLIZ+Up0FdjWG3b9Qng="></latexit>
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The phase transition proceeds by tunneling through the barrier 
separating local minima, the so called bubble nucleation.

The bubble nucleation rate per unit volume:
<latexit sha1_base64="R+t16mvxT3TTRoMrK17fsyWq0KU=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgstAkUwViJAcYi+pKaNHJct7Vqx5HtIFVRVxZ+hYUBhFj5Azb+BrfNAC1HsnR0zr26PieMGVXacb6tpeWV1bX13EZ+c2t7Z9fe228okUhM6lgwIVshUoTRiNQ11Yy0YkkQDxlphsPrid98IFJREdX0KCY+R/2I9ihG2kiBDaF3gzhHpQb0YiliLWCtU4akk57eB+el2jiwC07RmQIuEjcjBZChGthfXlfghJNIY4aUartOrP0USU0xI+O8lygSIzxEfdI2NEKcKD+dJhnDY6N0YU9I8yINp+rvjRRxpUY8NJMc6YGa9ybif1470b0rP6VRnGgS4dmhXsKgyTupBXapJFizkSEIS2r+CvEASYS1KS9vSnDnIy+SxlnRvSg6d+VCpZzVkQOH4AicABdcggq4BVVQBxg8gmfwCt6sJ+vFerc+ZqNLVrZzAP7A+vwBp8yYWw==</latexit>

�/V / T 4e�S3/T

The nucleation happens at a temperature      :
<latexit sha1_base64="WrPsyLIIm3YUkDzeKkcMABbh3Os="></latexit>
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' 140<latexit sha1_base64="wsXtw8GEQ6Jc7qdoOZG56QQAIok=">AAACCnicbVBLTsMwFHwpv1J+BZZsLCokVlWCimBZiQ3LIvqT2qhyHKe16jiR7VRUUW8AW7gHO8SWS3ANToDbZEFbRrI0mnnPHo8Xc6a0bX9bhY3Nre2d4m5pb//g8Kh8fNJWUSIJbZGIR7LrYUU5E7Slmea0G0uKQ4/Tjje+m/udCZWKRaKppzF1QzwULGAEayM9NgdiUK7YVXsBtE6cnFQgR2NQ/un7EUlCKjThWKmeY8faTbHUjHA6K/UTRWNMxnhIe4YKHFLlpouoM3RhFB8FkTRHaLRQ/26kOFRqGnpmMsR6pFa9ufif10t0cOumTMSJpoJkDwUJRzpC838jn0lKNJ8agolkJisiIywx0aadpZv8CYtVnvopi10yJTmrlayT9lXVua7aD7VKvZbXVYQzOIdLcOAG6nAPDWgBgSG8wCu8Wc/Wu/VhfWajBSvfOYUlWF+/RVGbbw==</latexit>
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intermediate 
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• c: 2nd order
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(0, 0, 0) ! (v, 0, vS)
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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 
• 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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Summary

‣ The electroweak phase transition exists in the SM as a smooth cross over; 

‣ Electroweak baryogenesis as an appealing mechanism to explain the matter 

antimatter asymmetry requires a strongly first order electroweak phase 

transitions. Gravitational wave experiments can probe the nature of the phase 

transition; 

‣ We study a singlet extension to the SM to enhance the EWPT, which exhibits 

rich thermal history and collider phenomenology; 

‣ Studying the electroweak phase transition in the NMSSM indicates a difference 

between the critical temperature study versus the nucleation temperature study 

on the EWPT, which is inherited to models with large tree level barriers and 

multi-dimensional field space.  
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