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Bounce solution

Latent heat:

phase transition inverse duration:

Bubble nucleation:

GW parameters and FOPT



Sound Wave:

MHD turbulence:

phase transition duration

Root-mean-square four-
velocity of the plasma 

GW from FOPT

ghk



GW sources

1807.00786



T=0
T=50 GeV
T=90 GeV
T=120 GeV
T=150 GeV

-400 -200 0 200 400
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

h

V
(h
,T
)

SM

PRL 113, 141602 (2014)

Implication of 125 GeV Higgs



Higgs Potential Shape??? EFT or ???

Grojean, Servant, Wells 05, P. Huang, Jokelar, Li, 
Wagner (2015) 
F.P. Huang, Gu, Yin, Yu, Zhang (2015) F.P. Huang, 
Wan, Wang, Cai, Zhang (2016) Cao, F.P. Huang, 
Xie, & Zhang (2017) 
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LHC say the quantum fluctuation 
(quadratic oscillation )  around h=v 

with mh=126 GeV, not sensitive to the 
specifically potential shape  
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Model classes for SFOEWPT  

Daniel J H. Chung, Andrew J. Long, and Lian-Tao  Wang PRD87 023509 2013



Espinosa, Quiros 93, Benson 93, Choi, Volkas 93, Vergara 96, Branco, Delepine, Emmanuel- Costa, Gonzalez 98, Ham, 

Jeong, Oh 04, Ahriche 07, Espinosa, Quiros 07, Profumo, Ramsey-Musolf, Shaughnessy 07, Noble, Perelstein 07, 
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Menon, Morrissey, Wagner 04, Funakubo, Tao, Yokoda 05, Huber, Konstandin, Prokopec, Schmidt 
07, Chung, Long 10, Kozaczuk, Profumo, Stephenson Haskins, Wainwright 15, Bi, Bian, Huang, 
Shu, Yin 15, Bian, Guo, Shu 17,…  

NMSSM

Profumo, Ramsey-Musolf 12, Chiang 14, Zhou, Cheng, Deng, Bian, Wu 18,Zhou, Bian, Guo,Wu 19,…

EFT
Grojean, Servant, Wells 05, Bodeker, Froome, Huber, Seniuch 
05, Huang, Joglekar, Li, Wagner 15,Cai,Sasaki ,Wang17,Zhou, 
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BSM for EWPT

Composite Higgs Espinosa, Gripaios, Konstandin, Riva 11, Bruggisser, Von Harling, Matsedonskyi, Servant 18, 
Bian,Wu,Xie 19, De Curtis, Delle Rose, Panico  19, Bian,Wu,Xie 20,…



BNPC, v/T and EW sphaleron

< H(T) 

Washout avoidance,BNPC



Dim. six operator, SMEFT

Electroweak minimum 
being the global one 

Potential barrier requirement

Finite temperature potential

Higgs potential

Thermal correction

Class IIB



PT strength

Class IIA (1) no extra EWSB: xSM



GM model

νφ2+8νξ2≡ν2 ≈(246GeV)2 

Class IIA (1) with extra EWSB:

extra EWSB

Custodial symmetry



GM

PT strength

Class IIA (1) with extra EWSB:

 Finite-T potential 

Thermal correction

Tree Level

Match to SMEFT



SFOEWPT patterns one-step

EWSB SU(2)V 



multi-step

0->(0,<hxi>) ->(<hphi>,<hxi>) 

SFOEWPT patterns



h5plane

low mh5

one step
two step

GM model



xSM: without extra EWSB GM: with extra EWSB



xSMGW parameter and triple Higgs coupling



GMGW parameter and triple Higgs coupling

circles: two-step bubble nucleations (“bubble two-step”) 
triangle points: one-step bubble nucleations (“bubble one-step”)

low mh5

h5



first-step of the  
two-step SFOEWPT

second-step of the 
 two-step SFOEWPT

GM model xSM model
GW parameter Two-step



The SFOEWPT viable points with vn/Tn > 1 in the sin αH − vξ plane for one-step (red) and 
two-step (blue) phase transition for H5plane (left panel) and low mass benchmark (right 
panel) scenario. In low mass benchmark, SNR > 10 with solid markers for one-step (green) 
and two-step (purple) cases. 

SFOEWPT viable points and future collider prospects GM



Lepton collider Search GM

ILC/CEPC will 
have sensitivity for 
these SFOEWPT 
viable points. 

H5plane 
low mass benchmark

low mass benchmark



xSMLepton collider Search

ILC/CEPC will exclude most one-step as well as two-step points in the 
xSM. 

denotes the cross section at beam polarization 
configurations of

The green and yellow lines 
are the 68% and 95% C.L. 



SNR > 10 points for two-step and one-step SFOEWPT

Circles and the dotted points for the GM and xSM scenarios

Collider & GW complementary search



Blue: GM low mass; Red: GM h5; dark red: SMEFT; Pink and green: xSM one and two 
step

Collider & GW complementary search



CxSM for 2-step

L.Bian etal. PHYSICAL REVIEW D 101, 075047 (2020)



L.Bian etal. PHYSICAL REVIEW D 101, 075047 (2020)

1ST EWPT and Collider search for CxSM



1ST EWPT and Collider search for CxSM

L.Bian etal. PHYSICAL REVIEW D 101, 075047 (2020)

 δκ3 ≡λ111/λhhh(SM) − 1

with GW at LISA SNR > 50
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Dark matter with phase transition

Nonperturbative evaluation of EWPT

Sphaleron calculation and simulations
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Leptogenesis with phase transition
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Wall velocity
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6 Gravitational Waves simulation
Mark Hindmarsh, David Weir,…



Public Packages

BSMPT, PhaseTracer, CosmoTransition…
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Sphaleron energy and SFOEWPT condition 

SMEFT xSM




