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Cross-over transition.

<latexit sha1_base64="WUnhcIyACYnNKFbHomwHnjK1vRw=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhliZKqAsYKFgaGIkhb1ESR4zqtVech20GqovwFC7/CwgBCrLDxN7hpBmg5kqVzz7lX1/f4CaNCmua3trS8srq2Xtmobm5t7+zqe/sdEaccExvHLOY9HwnCaERsSSUjvYQTFPqMdP3x5dTvPhAuaBzdyUlC3BANIxpQjKSSPN3IHB7CWzuvN068gl/n0IklDYmARa0sq7Tuc0+vmYZZAC4SqyQ1UKLt6V/OIMZpSCKJGRKib5mJdDPEJcWM5FUnFSRBeIyGpK9ohNReNyvuyuGxUgYwiLl6kYSF+nsiQ6EQk9BXnSGSIzHvTcX/vH4qg3M3o1GSShLh2aIgZVDGcBoSHFBOsGQTRRDmVP0V4hHiCEsVZVWFYM2fvEg6DcM6NZo3zVrrooyjAg7BEagDC5yBFrgCbWADDB7BM3gFb9qT9qK9ax+z1iWtnDkAf6B9/gClyp5e</latexit>

SU(2)L →U(1)Y

<latexit sha1_base64="+EHMzyzStElY3yPTJLPOU6XA67k=">AAACHHicbVDLSsNAFJ34rPUVdelmsAgVoSS1qBuh6CbLCvYBTRomk0k7dPJgZiKU0A9x46+4caGIGxeCf+O0zaK2HrhwOOfemXuPlzAqpGH8aCura+sbm4Wt4vbO7t6+fnDYEnHKMWnimMW84yFBGI1IU1LJSCfhBIUeI21veDfx24+ECxpHD3KUECdE/YgGFCOpJFe/aMEbaIepa/Wq0OrZPur3CYcWPIc2U8/4yLVgec4461VdvWRUjCngMjFzUgI5Gq7+ZfsxTkMSScyQEF3TSKSTIS4pZmRctFNBEoSHqE+6ikYoJMLJpseN4alSfBjEXFUk4VSdn8hQKMQo9FRniORALHoT8T+vm8rg2slolKSSRHj2UZAyKGM4SQr6lBMs2UgRhDlVu0I8QBxhqfIsqhDMxZOXSataMS8rtftaqX6bx1EAx+AElIEJrkAdWKABmgCDJ/AC3sC79qy9ah/a56x1RctnjsAfaN+/iKuekg==</latexit>

V = µ
2
H
H

†
H + ωH(H†

H)2



Classically conformal 𝑼(𝟏)𝑩"𝑳 extension of the SM
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• new gauge boson 𝑍′ and a new scalar 𝜙

• only dimensionless parameters:

• radiative corrections break the conformal symmetry: 
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phase transition temperature

triggered by QCD

𝑼(𝟏)𝑩"𝑳 breaking phase transition
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excluded 
by LHC

𝑇 = 0

𝑇 ≫ 0

1st order PT
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Bubble nucleation rate:

𝑼(𝟏)𝑩"𝑳 breaking phase transition
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fast:
many small bubbles,

large 𝛽/𝐻

slow:
a few large bubbles, 

small 𝛽/𝐻

inverse duration of the transition
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temperature after the transition

e-folds of thermal inflation

triggered by QCD

𝑼(𝟏)𝑩"𝑳 breaking phase transition
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Evolution of finite patches

8

β/H0=7
k=0.9kmax

t=
t p

t=
t k

0.0

0.2

0.4

0.6

0.8

1.0

F k

t=
t p

t=
t k

β/H0=7
k=0.9kmax

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

H0t

δ
β/H0=7
k=0.9kmax

t=
t p

t=
t k

0.0

0.2

0.4

0.6

0.8

1.0

F k

t=
t p

t=
t k

β/H0=7
k=0.9kmax

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

H0t

δ

j = 1

j = 2

j = 3j = 4

j = 5

fraction of the patch not covered by bubbles:
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small 𝛽/𝐻! ⟹ slow transition    ⟹ large variance of 𝛿

Distribution of density constrast
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Primordial black holes
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GW spectrum

1. Primary GWs from bubble 
collisions:

2. Secondary GWs induced by 
curvature fluctuations:
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GW prospects
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Summary

• Extensions of the SM can include first-order phase transitions.

• delayed transition  ⟹  thermal inflation caused by the vacuum energy

• slow bubble nucleation ⟹ large density fluctuations  ⟹ PBHs

• GWs from bubble collisions/fluid motions and from large curvature 
fluctuations

• GW experiments can probe parameter space not accessible by colliders.


