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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

(    ,    ): the fraction of 
released energy going to the kinetic energy of the plasma

Hindmarsh ’17 Ellis ’18

Caprini ‘09

ghk
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Implication of 125 GeV Higgs
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Model classes for catalyzing a strongly first order 
electroweak phase transition  

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



h

EWPT

Tn~ 10^2 GeV Why SFOEWPT

Asph(Tn) exp(-Esph/Tn)

vn/Tn>1  ????

Tn^4



Sphaleron decay rate 

w-:  negative-mode frequency, rate of decay in small fluctuations around the sphaleron  

k: the sphaleron zero modes

Ntr and Nrot are the translations and rotations of the sphaleron of these zero mode.
PETER ARNOLD AND LARRY McLERRAN, 1987 



, v/T and EW sphaleronBNPC

Xucheng Gan, Andrew J. Long, Lian-Tao Wang, 17’ 

∆tEW:  the phase transition duration

Hiren H. Patel and Michael J. Ramsey-Musolf, 15’ 

X=-lnS

baryon asymmetry erase 

 during the phase transition 

PETER ARNOLD AND LARRY McLERRAN, 1987 

SFOEWPT condition



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



Finite-T potential in 2HDM

Tree-level

Class III 2HDM 

Jérémy Bernon, Ligong Bian, Yun Jiang,JHEP 05 (2018) 151



The potential shape

=mA=mH=600 GeV, tan β = 1 and sin(β − α) = 1  

Class III

T=0 T=Tc

2HDM 



2HDMClass III Sphaleron energy and SFOEWPT condition 

Type I Type II

L.Bian, R.Zhou, 2001.01237



Sphaleron and GWs 



Class III

Tree-level 

One-loop level

Triple Higgs coupling2HDM 

Jérémy Bernon, Ligong Bian, Yun Jiang,JHEP 05 (2018) 151



Sphaleron energy and SFOEWPT condition 

SMEFT xSM



Sphaleron energy and magnetic dipole moment 

Comelli etal, 1999 
Simone etal, 2011

Taking b=0.1 for SFOEWPT 

Considering small Winberg angle  

Klinkhamer and Manton, 1984

2008.XXXXX

SMEFTxSM



Gravitational 
waves can be 
searched for by 
cross-correlating 
outputs from two 
or more 
detectors, with 
the resulting 
signal-to- noise 
ratio(SNR) 

where T is the 
duration of the 
data in years and 
Ωexp the power 
spectral density 
of the detector.  

Portray sphaleron with GW ???

L. Bian, H. Guo,R.Zhou, Phys.Rev.D 101 (2020) 9, 091903

xSM SMEFT



Triple and quartic Higgs coupling deviation, GW
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Related interesting topics

Dark matter with phase transition

Nonperturbative evaluation of EWPT

Sphaleron calculation and simulations

1712.03962,Michael J. Baker et al.

1810.03172, L.Bian, Y. Tang 

 Kari Rummukainen, Anders Tranberg,Michael Ramsey-Musolf,  
Lauri Niemi, M. Laine, …

Manton, Klinkhamer, L. Carson, L. Mclerran, G. D. Moore, Mark 
Hindmarsh, X.M.Zhang, L. Wang, L.Bian,…  

… 
Leptogenesis with phase transition

A. strumia, T. Hambye, … 

Wall velocity
T.Konstandin,G. Moore, J Kozaczuk, … 
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Thanks!



GW sources

1807.00786



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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