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Motivation  Higgs particle cosmology in post-Higgs Era 

What is the role of Higgs
in the early universe? 

Higgs’ deep connections to 
cosmology,  such as EW 
baryogenesis,
dark matter(DM)
testable by colliders 
&GW signals
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对撞机与引⼒波实验的互补探测

Collider signals at loop 
level@CEPC/LHC

电弱重⼦⽣产机制
(宇宙正反物质

不对称性的起源)

相变引⼒波信号的
精确预⾔(空间引

⼒波探测)

希格斯物理 (Higgs potential), Z-pole 物理, 
TeV 新物理

电弱相变
动⼒学的
精确计算

Motivation

暗物质产⽣新机制(相变动⼒学暗物质)

粒⼦物理、(有限温度)量⼦场论、相对论流体⼒学、⼴义相对论
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SFOPT for mH < 75 GeV Cross over  for mH > 75 GeV

Extension of the Higgs sector is needed to SFOPT for 125 GeV Higgs boson.

From 
lattice 
simulation

We discuss well-motivated extensions (baryogenesis, DM…) of Higgs section to realize strong 
first-order phase transition (SFOPT) with abundant cosmological effects. 
EW phase transition and its GW signals becomes realistic after the discovery of Higgs by LHC 
and GW by LIGO.

Motivation
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EW phase transition/ 
baryogenesis:
LISA/TianQin/Taiji/CEPC

credit:D.Baumann

100 
MeV

100
GeV

LISA/Tianqin/Taiji in 
synergy with CEPC helps 
to explore the  early
universe around 100 GeV, 
DM and baryogenesis.

Motivation
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Motivation

Particle approach
CEPC/SppC, FCC etc.

Wave approach
LISA/TianQin/Taiji ~2034

Relate by Higgs 
physics:EW phase
transition/
baryogenesis 

Double test on the 
Higgs potential and 
baryogenesis, DM

Complementary

“天琴”
“Harpe in space”
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Phase transition GW in a nutshell

<latexit sha1_base64="b4I7cWo6J+IaJgT+w/jOgF5xHPg="></latexit>
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calculate the finite-temperature effective 
potential using the thermal field theory:
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Phase transition GW in a nutshell

各向异性
剪切应力张量
产生引力波
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Phase transition GW in a nutshell

电弱相变对应的峰值频率在mHz附近，刚好在空间引力波实验
(LISA、天琴、太极)的探测区间
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Phase transition dynamics
Finite-temperature effective potential

 

Bubble wall velocity
this talk

Energy budget

(1). Daisy resummation problem: Pawani scheme vs. Arnold scheme
(2). Gauge dependence problem: see Michael J. Ramsey-Musolf’s works
(3). No perturbative calculations: lattice calculations 

and dim-reduction method: by D. Weir, Michael J. Ramsey-Musolf et.al 

S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang
，arXiv:2007.10343，
Avi Friedlander, Ian Banta, James M. Cline, David Tucker-Smith，
arXiv:2009.14295v2
Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903
Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005

F. Giese, T. Konstandin, K. Schmitz and J. van de Vis
,arXiv:2010.09744
Xiao Wang, FPH and Xinmin Zhang, 
Phys.Rev.D 103 (2021) 10, 103520
Xiao Wang, Chi Tian, FPH, JCAP 07 (2023) 006

Theory: 相变引力波信号、
相变暗物质、早期宇宙电弱
重子生成机制最核心却最
难计算的是泡泡膨胀速度

Experiment: 实验
上最重要的相变参数
也是泡泡膨胀速度

arXiv:2404.xxxxx
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泡壁速度至关重要
相变引力波信号、相变暗物质以及
早期宇宙电弱重子数产生机制最核
心的参数是泡泡膨胀速度

<latexit sha1_base64="oGx03F2b246zknZ2Rc78bXOjJsw=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbiZKK3oBePEc0CyRB6Oj1Jk56F7p5IGPIJXjwo4tUv8ubf2FkEFX1Q8Hiviqp6fsKZVJb1YeRWVtfWN/Kbha3tnd294v5BU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXMb42pkCyO7tQkoV6IBxELGMFKS7fj3n2vWLJM17UrFQdZpuVUXfdME7t84To2sk1rjhIsUe8V37v9mKQhjRThWMqObSXKy7BQjHA6LXRTSRNMRnhAO5pGOKTSy+anTtGJVvooiIWuSKG5+n0iw6GUk9DXnSFWQ/nbm4l/eZ1UBedexqIkVTQii0VBypGK0exv1GeCEsUnmmAimL4VkSEWmCidTkGH8PUp+p80y6btmpUbp1S7XMaRhyM4hlOwoQo1uIY6NIDAAB7gCZ4NbjwaL8brojVnLGcO4QeMt0/kF446</latexit>vw
GW detection favor lager
EW baryogenesis favor smaller
Dynamical DM is sensitive to

<latexit sha1_base64="oGx03F2b246zknZ2Rc78bXOjJsw=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbiZKK3oBePEc0CyRB6Oj1Jk56F7p5IGPIJXjwo4tUv8ubf2FkEFX1Q8Hiviqp6fsKZVJb1YeRWVtfWN/Kbha3tnd294v5BU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXMb42pkCyO7tQkoV6IBxELGMFKS7fj3n2vWLJM17UrFQdZpuVUXfdME7t84To2sk1rjhIsUe8V37v9mKQhjRThWMqObSXKy7BQjHA6LXRTSRNMRnhAO5pGOKTSy+anTtGJVvooiIWuSKG5+n0iw6GUk9DXnSFWQ/nbm4l/eZ1UBedexqIkVTQii0VBypGK0exv1GeCEsUnmmAimL4VkSEWmCidTkGH8PUp+p80y6btmpUbp1S7XMaRhyM4hlOwoQo1uIY6NIDAAB7gCZ4NbjwaL8brojVnLGcO4QeMt0/kF446</latexit>vw
<latexit sha1_base64="oGx03F2b246zknZ2Rc78bXOjJsw=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbiZKK3oBePEc0CyRB6Oj1Jk56F7p5IGPIJXjwo4tUv8ubf2FkEFX1Q8Hiviqp6fsKZVJb1YeRWVtfWN/Kbha3tnd294v5BU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXMb42pkCyO7tQkoV6IBxELGMFKS7fj3n2vWLJM17UrFQdZpuVUXfdME7t84To2sk1rjhIsUe8V37v9mKQhjRThWMqObSXKy7BQjHA6LXRTSRNMRnhAO5pGOKTSy+anTtGJVvooiIWuSKG5+n0iw6GUk9DXnSFWQ/nbm4l/eZ1UBedexqIkVTQii0VBypGK0exv1GeCEsUnmmAimL4VkSEWmCidTkGH8PUp+p80y6btmpUbp1S7XMaRhyM4hlOwoQo1uIY6NIDAAB7gCZ4NbjwaL8brojVnLGcO4QeMt0/kF446</latexit>vw

<latexit sha1_base64="oGx03F2b246zknZ2Rc78bXOjJsw=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbiZKK3oBePEc0CyRB6Oj1Jk56F7p5IGPIJXjwo4tUv8ubf2FkEFX1Q8Hiviqp6fsKZVJb1YeRWVtfWN/Kbha3tnd294v5BU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXMb42pkCyO7tQkoV6IBxELGMFKS7fj3n2vWLJM17UrFQdZpuVUXfdME7t84To2sk1rjhIsUe8V37v9mKQhjRThWMqObSXKy7BQjHA6LXRTSRNMRnhAO5pGOKTSy+anTtGJVvooiIWuSKG5+n0iw6GUk9DXnSFWQ/nbm4l/eZ1UBedexqIkVTQii0VBypGK0exv1GeCEsUnmmAimL4VkSEWmCidTkGH8PUp+p80y6btmpUbp1S7XMaRhyM4hlOwoQo1uIY6NIDAAB7gCZ4NbjwaL8brojVnLGcO4QeMt0/kF446</latexit>vw
S. Hoche, J. Kozaczuk, A. J. Long, J. Turner and Y. Wang，arXiv:2007.10343，
Avi Friedlander, Ian Banta, James M. Cline, David Tucker-Smith，
arXiv:2009.14295v2
Xiao Wang, FPH, Xinmin Zhang,arXiv:2011.12903
Siyu Jiang, FPH, xiao wang, Phys.Rev.D 107 (2023) 9, 095005



2024/04/14 黄发朋 (Fa Peng Huang), 电弱相变动力学的精确计算——泡壁速度 13

SFOPT and Higgs potential
What is the shape of Higgs 
potential?

Current data tells us nothing but the 
quadratic oscillation around the VEV 
246 GeV with 125 GeV mass.

Produce a SFOPT, large deviation of 
Higgs trilinear coupling, and GW

Xinmin Zhang Phys.Rev. D47 (1993) 3065-3067;C. Grojean, G. Servant, J. Well PRD71(2005)036001
D.J.H. Chung, A. J. Long, Lian-tao Wang Phys.Rev. D87(2013) 023509
FPH, et.al, Phys.Rev.D94(2016)no.4,041702 ;  FPH, et.al, Phys.Rev.D93 (2016) no.10,103515
arXiv:1511.06495,  Nima Arkani-Hamed et. al.; PreCDR of CEPC;  arXiv: 1811.10545,CDR of CEPC           

SMEFT

https://arxiv.org/abs/1811.10545
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SFOPT and EW baryogenesis

(CMB, BBN) 

A long standing problem in particle cosmology is 
the origin of baryon asymmetry of the universe.
After discovery of Higgs@LHC & GW @aLIGO,  

EW baryogenesis becomes a testable scenario.
SM technically has all the 3 elements for
baryogenesis(Sakharov conditions)
Ø B violation from anomaly in B+L current;
Ø C and CP-violation: CKM matrix, but too weak, need 

new CP-violating sources;
Ø Departure from thermal equilibrium: SFOPT with 

expanding Higgs bubble wall
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SFOPT and EW baryogenesis

Credit:
T. Cohen

D. E. Morrissey and 
M. J. Ramsey-Musolf, 

 New J. Phys. 14, 
125003 (2012).
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SFOPT and new DM mechanism/signal

Gravitational
wave probes

of dark matter

Primordial

Black Holes

Formation Signatures
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Scalar
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ickers

Direct
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with

interfe-

rometers

with

pulsar

timing

arrays

Non-

perturbative

DM pro-

duction

Solitons

Dark

photons

Phase

transitions
Electroweak

Hidden

sectors

Dark con-

finement

Credit: Gianfranco Bertone et. al. 

➢ The observation of GW@LIGO initiates a 
new era of exploring DM by GW.

➢ SFOPT could provide a new approach for 
DM production.

J.Jaeckel, V. V. Khoze, M. Spannowsky, 
Phys.Rev. D94 (2016) no.10, 103519
Zhaofeng Kang,et.al. arXiv:2101.03795, arXiv:2003.02465
Yan Wang, Chong Sheng Li, and FPH, arXiv:2012.03920
FPH, Eibun Senaha Phys.Rev. D100 (2019) no.3, 03501
FPH PoS ICHEP2018 (2019) 397
FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028
FPH, Jiang-Hao Yu, Phys.Rev. D98 (2018) no.9, 095022
FPH, Xinmin Zhang, Phys.Lett. B788 (2019) 288-
Haipeng An, et.al, arXiv: 2208.14857, arXiv:2009.12381, arXiv:2201.05171
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SFOPT and new DM mechanism/signal

18

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028; 

The global 
Q-ball model 
proposed by 
T.D. Lee

The cosmic phase transition with Q-balls production 
can explain baryogenesis and DM simultaneously

Case I: anti-filter case 
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SFOPT and new DM mechanism/signal

19

In the recent two years, this dynamical DM formed by phase transition has 
became a new idea and attracted more and more attentions. 
Namely, bubbles in SFOPT can be the “filters” to packet your needed heavy DM.

FPH, Chong Sheng Li, Phys.Rev. D96 (2017) no.9, 095028
arXiv:1912.04238, Dongjin Chway, Tae Hyun Jung, Chang Sub Shin
arXiv:1912.02830, Michael J. Baker, Joachim Kopp,and Andrew J. Long
arXiv:2012.15113, Wei Chao, Xiu-Fei Li, Lei Wang
arXiv:2101.05721, Aleksandr Azatov, Miguel Vanvlasselaer, Wen Yin
arXiv:2103.09827,  Pouya Asadi , Eric D. Kramer, Eric Kuflik, Gregory W. Ridgway, Tracy R. Slatyer, J. Smirnov
arXiv:2103.09822,  Pouya Asadi , Eric D. Kramer, Eric Kuflik, Gregory W. Ridgway, Tracy R. Slatyer, J. Smirnov
arXiv:2008.04430 Jeong-Pyong Hong，Sunghoon Jung, Ke-pan Xie
Haipeng An, et.al, arXiv: 2208.14857
Siyu Jiang, FPH, Chong Sheng Li, arXiv:2305.02218
more and more new works…

DM Case II: filter case 
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SFOPT and new DM mechanism/signal
Michael J. Baker, Joachim Kopp, Andrew J. Long,Phys.Rev.Lett. 125 (2020) 15, 151102 
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SFOPT and new DM mechanism/signal
Bubble wall dynamics
plays an essential 
role in the filtered 
DM mechanism.
Siyu Jiang, FPH, Chong Sheng Li, 
Phys.Rev.D 108 (2023) 6, 063508
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SFOPT and new DM mechanism/signal
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SFOPT and new DM mechanism/signal
The hydrodynamic effects play essential 
roles in the filtered DM mechanism. For 
the deflagration mode with low bubble wall 
velocity, the hydrodynamic effects 
significantly enhance the relic density. In 
contrast, for the detonation mode, the relic 
density is obviously reduced. For the hybrid 
mode, the hydrodynamic correction is
extremely large.

Precise calculation of filtered DM relic 
density can help to decide the phase-
transition parameters precisely. This gives 
more accurate phase-transition GW spectra.
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Phase transition dynamics
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泡壁速度计算流程
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Phase transition dynamics
A simple DM Model:

Siyu Jiang, FPH, Xiao Wang, Phys.Rev.D 107 (2023) no.9, 095005

More 
accurate 
processes

Bubble wall velocity in inert doublet model
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早期宇宙plasma中希格斯的运动方程
The energy-momentum tensor of the scalar field 

The energy-momentum tensor of the plasma 

Using energy-momentum conservation 
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早期宇宙plasma中希格斯的运动方程
Higgs EOM in the plasma frame

Key point to calculate bubble wall velocity  is to obtain the distribution function for 
the massive particles or the friction term.

<latexit sha1_base64="SHSE9f+rAajbEuHucMHBYFAX1cU="></latexit>
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How to calculate the distribution function or the friction term?
Boltzmann equation !
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摩擦项/偏离热平衡分布的计算
The distribution function for each particle can be described by Boltzmann equation under 
WKB approximation 

Parameterization of the distribution function 

The light particles contributes to the background. 

采用合理的flow ansatz
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摩擦项/偏离热平衡分布的计算

Boltzmann equation for each particle species: 

How to solve this equation?
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摩擦项/偏离热平衡分布的计算
采用truncation scheme，求解扰动的演化⽅程组
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Phase transition dynamics
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Phase transition dynamics

source term

collision term

truncation scheme
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Phase transition dynamics
Collision terms (Monte Carlo integration)
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Phase transition dynamics
Solving perturbation 
equations:
Green Function 
Method
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Phase transition dynamics

Solving the 
EOM:
bubble wall 内
外压强差为0；
bubble wall厚度
不变
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Phase transition dynamics

In the allowed parameter spaces, the bubble wall velocity varies slightly around  0.165.

The basic procedure in this work can also be used for any other SFOPT model.
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Summary and outlook

Thanks！ Comments and collaborations are welcome!
Email:huangfp8@sysu.edu.cn

精确计算泡壁速度等
相变动力学量对理解
电弱重子生成
和动力学暗物质产生新机制
至关重要。


