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Baryogenesis in post-Higgs and GW Era
The observation of Higgs@LHC 

and GW@LIGO initiates a new

 era of exploring baryogenesis.

 SFOPT by Higgs could provide

 a necessary condition for EW 

 baryogenesis.

Higgs’ deep connections to 

cosmology,  such as Higgs 
inflation, dark matter,  and

EW baryogenesis testable by 
particle physics experiments and
GW signals.

What is the role of Higgs in the early universe? 

EW

baryogenesis
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宇宙正反物质不对称的天文和宇宙学证据

⚫ 狄拉克方程对正反粒
子是对称的

⚫ 宇宙主要由物质组成
⚫ 反物质只存在于宇宙

射线和实验中

BBN CMB

什么导致了正反物质不对称？
baryogenenesis 
需要超出标准模型新物理

One beautiful dream: 

电弱重子数生成机制(EW Baryogenesis)
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The first particles
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Sakharov (1967): three conditions for baryogenesis

⚫ 重子数破坏

⚫ C (电荷共轭)和 CP (电荷-宇称联合变换) 破坏

⚫ 偏离热平衡的过程

⚫ 如果模型的哈密顿量（拉氏量）不破坏重子数，则不会有重子数的产生；

⚫ 若系统维持 CP 守恒，破坏重子数的反应过程将产生等量的重子与反重子，无法实现正反重子的不对称；

⚫ 热平衡将导致被产生的重子数不对称将立刻被逆过程冲刷 (wash-out) 掉；
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EW baryogenesis

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)

➢ B violation from anomaly in B+L current;

➢ C and CP-violation: CKM matrix, but too weak, need new CP-violating 

sources;

➢ Departure from thermal equilibrium: SFOPT with expanding Higgs 

bubble wall

One beautiful dream: 

电弱重子数生成 机制
(EW Baryogenesis)
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标准模型中的重子数破坏过程Sphaleron 
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Sphaleron
⚫ Adler-Bell-Jackiw 反常：经典下守恒的对称性，在量子水平下失效

⚫ 手征规范理论提供了重子数和轻子数破坏

重子数 B 和轻子数 L 均被 Sphaleron 破坏，但

是 B-L 守恒 → Leptogenesis (see Chao and 

Han’s talks this morning) 

Sphaleron 在对称相有效，
在破缺相被玻尔兹曼压低
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宇宙一级相变

⚫ 一级相变：伪真空与真真空存在势垒，真
空从亚稳态通过量子隧穿或热隧穿到达能
量更低的稳态

⚫ 温度降低至核合成温度后，宇宙中将凝结
大量泡泡

⚫ 泡泡壁附近的物理过程强烈偏离热平衡
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Electroweak Baryogenesis
泡泡壁对正反粒子施加不同的作用力，产生手征不对称

只有左手的费米子和右手的
反费米子参与Sphaleron

手征不对称被 Sphaleron 转化为重子不对称
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标准模型 CP 破坏

标准模型 CP 破坏

CKM matrix

CKM matrix 

provides the 

source of CP 

violation

Jarlskog invariant

Phys. Rev. Lett. 70 (1993) 2833–2836; 

Phys. Rev. D50 (1994) 774; Mod. Phys. 

Lett. A9 (1994) 795–810; Phys. Rev. D51 

(1995) 379–394

标准模型的 CP 破坏不足以实现 baryogenesis!
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EW baryogenesis

Credit:

T. Cohen
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EW baryogenesis

Credit:

T. Cohen
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EW baryogenesis

Bubble wall is a natural filter 

for baryogenesis

The First Particles, 
FPH, 
arXiv: 2501.15543 
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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) 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. 

偏离热平衡条件
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偏离热平衡条件

标准模型有效势

标准模型的电弱相
变不是一级相变！
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EW baryogenesis

Over the past several decades, many EW baryogenesis models have been ruled out 

by collider experiments, EDM searches, and related precision measurements.

See Wei Chao and Chengcheng Han’s talks for recent new progress on the new 

baryogenesis models.

To clearly show the general experimental predictions of the EW baryogenesis 

models, we take the following two models as benchmark models:
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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           

mass

https://arxiv.org/abs/1811.10545
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SFOPT produces large 

modification 

of trilinear Higgs coupling

dominates the hZ cross section 

deviation

Taking a general study of the scalar extended models and the composite Higgs 

model as examples, we find that the Higgs sextic scenario still works well after 

considering all the dim-6 operators and the precise measurements.

SM EFT

Qing-Hong Cao, FPH, Ke-Pan Xie,  Xinmin Zhang, arXiv:1708.0473,

SFOPT and Higgs potential
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Using Covariant Derivative Expansion method, the matched dim-6 operators and their 

coefficients in the doublet scalar models are obtained:

One examples
Qing-Hong Cao, FPH, Ke-Pan Xie,  Xinmin Zhang, arXiv:1708.0473,

SFOPT and Higgs potential
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SFOPT and new Higgs potential

电弱一级相变的实现：Modify the Higgs sector

Daniel J. H. Chung, Andrew J. Long, and Lian-

Tao Wang, Phys.Rev.D 87 (2013) 2, 023509

Type. Ⅰ

Type. ⅡA
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EW SFOPT
Multi-step phase transition

Wei Chao, Huai-Ke Guo, Xiu-fei Li, 

Phys.Lett.B 849 (2024) 138430

Wei Liu, Ke-Pan Xie, 

Phys.Rev.D 110 (2024) 11, 115001

Zizhuo Zhao, Yuefeng Di, Ligong Bian, Rong-Gen Cai, 
JHEP 10 (2023) 158
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SFOPT and Higgs potential

See the works of

Lilin Yang, Zhao Li

Yu Jia et.al, 

SFOPT leads to obvious deviation of the 
tri-linear Higgs coupling 

 

At one-loop level, deviation of the 

tri-linear Higgs coupling

The Circular Electron  Positron 

Collider (CEPC), ILC, FCC-ee can  

precisely test this scenario by precise 

measurements of  the hZ cross 

section (e- e+       hZ). 

SM NNLO hZ cross section recently 

by Lilin Yang, et al 2016， Yu Jia et 

at 2016 
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Hints at hadron collider: Modify the invariant 

mass distribution of Higgs pair due to 

interference effects:

 

SFOPT and Higgs potential

Current constraints from LHC

SFOPT requires

实验探测能力的提升对检验
电弱重子生成机制至关重要
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Phase transition GW in a nutshell

anisotropic stress tenor:

source of GW
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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，刚好也在空间引力
波实验(LISA、天琴、太极)的探测区间
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GW experiments 

LISA/TianQin/Taiji ~2034

“天琴”
“Harpe in space”
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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: The most important 

and difficult phase transition 

parameter for GW, dynamical 

DM, baryogenesis is bubble 

wall velocity

Experiment: GW

experiment is most 

sensitive to bubble 

wall velocity

arXiv: 2404.18703

Aidi Yang, FPH
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Bubble wall is essential (like a filter)
The most essential parameter for 

phase transition GW, phase 

transition DM, baryogenesis

GW detection favor lager

EW baryogenesis favor smaller

Dynamical DM is sensitive to

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
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SFOPT and Higgs potential

Correlate particle collider and GW signals: double

 test on Higgs potential from particle to wave 

FPH, et.al, Phys.Rev.D94(2016)no.4,041702 ;  FPH, et.al, Phys.Rev.D93 (2016) no.10,103515

arxiv: 2502.20138

The cross section could be 

measured with an accuracy 

of 0.25 % at CEPC.

Chin.Phys.C 49

(2025) 123108

 

https://arxiv.org/abs/2502.20138
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Model Parameter Reconstruction
arXiv:2511.02612, Aidi Yang, Chikako 

Idegawa, and FPH
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EW baryogenesis

which can be rewritten as

CP violation in baryogenesis (this CP 

violation source is strongly

constrained by recent EDM data.)

See Meng Xiao’s talk 

Large theory uncertainty

Extra CP violation source：Modify the phase of the Higgs sector

FPH, 

Phys.Rev.D 93 (2016) 10, 103515

https://inspirehep.net/authors/1274171
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Transport equations
Precise calculation of electroweak baryogenesis is 

difficult

Dirac equation for particle state

for particle/anti-

particles

WKB approximation

Semi-classical force acting on particles
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Transport equations

The distribution of particles follows the Boltzmann equations

The CP-even perturbations can 

determine the bubble wall 

velocity which is also essential 

for baryogenesis.

Moment 

expansion

James M. Cline, Kimmo Kainulainen, 

Phys.Rev.D 101 (2020) 6, 063525

CP-violating 

source
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CP-violating source

Precise calculation of EW baryogenesis requires to solve the transport equations

vacuum expectation value insertion approximation (VIA)

semiclassical (WKB) formalism

A.Riotto, Phys.Rev.D53, 5834(1996),

Nucl.Phys.B518,339(1998).

M. Joyce,T.Prokopec,andN.Turok, Phys.Rev.Lett.75,1695 (1995);

J.M.Cline and K.Kainulainen,  Phys.Rev.Lett.85,5519 (2000).

In Phys.Rev.D 101 (2020) 6, 063525, James  Cline and Kimmo Kainulainen make a comparison between the 

two methods in a given model, they found that the predictions typically differed by factors of 10-40.

理论困境:Bubble wall velocity is essential in EW baryogenesis

low/high bubble wall velocity, thin/thick wall, local/non-local
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Bubble wall velocity

Systematically calculation of bubble wall velocity in specific model: 

Guy D. Moore,Tomislav Prokopec, How fast can the wall move? A Study of the electroweak phase 

transition dynamics, Phys.Rev.D 52 (1995) 7182-7204

Standard Model (small Higgs mass):

P. John, M.G. Schmidt, Do stops slow down electroweak bubble walls?, Nucl.Phys.B 598 (2001) 291-305
Minimal Supersymmetric Standard Model:

Higgs + scalar singlet:
Jonathan Kozaczuk, Bubble Expansion and the Viability of Singlet-Driven Electroweak Baryogenesis, 

JHEP 10 (2015) 135

Avi Friedlander, Ian Banta, James M. Cline, David Tucker-Smith, Wall speed and shape in singlet-

assisted strong electroweak phase transitions, Phys.Rev.D 103 (2021) 5, 055020

Inert Doublet Model:
Siyu Jiang, FPH, Xiao Wang, Bubble wall velocity during electroweak phase transition in the inert 

doublet model, Phys.Rev.D 107 (2023) 9, 095005
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Bubble wall velocity

The Guy Moore’s method would be invalid at around sound velocity, there are 

some other solutions:

New ansatz:

Higher order corrections in Guy Moore’s ansatz

Benoit Laurent, James M. Cline, Phys.Rev.D 102 (2020) 6, 063516

James M. Cline, Avi Friedlander, Dong-Ming He, Kimmo Kainulainen, Benoit Laurent, Phys.Rev.D 103 

(2021) 12, 123529

Marek Lewicki, Marco Merchand, Mateusz Zych, JHEP 02 (2022) 017

Benoit Laurent, James M. Cline, Phys.Rev.D 106 (2022) 2, 023501

Stefania De Curtis, Luigi Delle Rose, Andrea Guiggiani, Ángel Gil Muyor, Giuliano Panico, JHEP 03 

(2022) 163 

Glauber C. Dorsch, Stephan J. Huber, Thomas Konstandin, JCAP 04 (2022) 04, 010

Glauber C. Dorsch, Daniel A. Pinto, arXiv:2312.02354

Phenomenological parametrization of friction (friction=𝜂𝑣𝑤) 
Ariel Megevand, et.al, Nucl.Phys.B 820 (2009) 47-74, Nucl.Phys.B 825 (2010) 151-176 …
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Bubble wall velocity

Bubble wall velocity for ultra-relativistic bubble walls (run-away criterion):

Hydrodynamical backreaction:
Marc Barroso Mancha, Tomislav Prokopec, Bogumila Swiezewska, JHEP 01 (2021) 070

Wen-Yuan Ai, Bjorn Garbrecht, Carlos Tamarit, JCAP 03 (2022) 03, 015

Wen-Yuan Ai, Benoit Laurent, Jorinde van de Vis, JCAP 07 (2023) 002

Shao-Jiang Wang, Zi-Yan Yuwen, Phys.Rev.D 107 (2023) 2, 023501

Jun-Chen Wang, Zi-Yan Yuwen, Yu-Shi Hao, Shao-Jiang Wang, arXiv:2310.07691

Tomasz Krajewski, Marek Lewicki, Mateusz Zych, Phys.Rev.D 108 (2023) 10, 103523

Dietrich Bodeker, Guy D. Moore, JCAP 05 (2009) 009

Dietrich Bodeker, Guy D. Moore, JCAP 05 (2017) 025

Stefan Höche, Jonathan Kozaczuk, Andrew J. Long, Jessica Turner, Yikun Wang, JCAP 03 (2021) 009

Aleksandr Azatov, Miguel Vanvlasselaer, JCAP 01 (2021) 058

Yann Gouttenoire, Ryusuke Jinno, Filippo Sala, JHEP 05 (2022) 004 

Wen-Yuan Ai, JCAP 10 (2023) 052
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CP-violating source

Semiclassical (WKB) formalism  vs  VEV insertion approximation (VIA) 

WKB: The CP-violation source is 

accompanied by CP-violating force

CP even part: 

determine the bubble 

wall velocity

CP odd part: source of 

the CP-violation

VIA: The VIA treats the space-time-

dependent mass term as a perturbation, 

which comes down to a Taylor 

expansion of the KB equations with the 

Higgs vev as expansion parameter.

However, recently, it has been shown that VIA source 

vanishes at leading order in the gradient expansion.
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EW baryogenesis
Recently, it has been pointed out that the VIA 

source terms exactly vanish by performing 

correct resummation of 1PI self energy.

EW baryogenesis 

with high bubble 

wall velocity
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EW baryogenesis

Dynamical CP violation for baryogengesis ?

Large enough 

CP-violating source

for successful 

EW baryogenesis

pretty small 

CP-violation 

to avoid strong EDM 

constraints

Strong tension 

in most cases

Science 381 (2023) 6653

How to alleviate this tension for successful baryogenesis?

实验困难：
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EW baryogenesis

Question: How to alleviate the tension for successful baryogenesis ?

Large enough 

CP-violating source

for successful 

EW baryogenesis

Answer: Dynamical CP-violating source
Negligible  

CP-violating source

at current time

to avoid strong EDM 

constraintsDynamical/cosmological evolve 

Alleviate by assuming the

CP-violating source is time dependent

➢ Effective field theory: FPH, Zhuoni Qian, Mengchao Zhang,Phys.Rev. D98 (2018) no.1, 015014;FPH,Chong Sheng Li, 

Phys. Rev. D 92, 075014 (2015); lots of works

➢ Renormalizble model: Complex 2HDM,Xiao Wang, FPH, Xinmin Zhang, arXiv: 1909.02978, work in progress with Eibun

Senaha, Xiao Wang in an extended IDM model

Baldes, T. Konstandin and G. Servant, arXiv:1604.04526;I. Baldes, T. Konstandin and G. Servant, JHEP 1612, 073 

(2016);S. Bruggisser,T.Konstandin and G. Servant, JCAP 1711, no. 11, 034 (2017)

See Matthew Reece‘s recent study on the dynamical CP-violation.
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Dynamical CP violation

Evading the EDM constraints → Dynamical CP violation

Effective Langrangian

FPH, Zhuoni Qian, 

Mengchao Zhang, 

Phys.Rev.D 98 (2018)

1, 015014
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Dynamical CP violation

Taking the effective scenario as a representative example:

Phys.Rev. D98 (2018) no.1, 015014 , FPH, Zhuoni Qian, Mengchao Zhang

The singlet and the dim-5 operator can come From many types composite 

Higgs model,  arXiv:0902.1483 , arXiv:1703.10624 ,arXiv:1704.08911,
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Dynamical CP violation

Symmetry breaking Pattern Constraints and predictions in particle physics experiments
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Dynamical CP violation: C2HDM

Finite temperature

Zero temperature

Evade the 

EDM 

constraints

Xiao Wang, FPH*, 

Phys.Rev.D 101 (2020)

1, 015015
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Dynamical CP violation: C2HDM

mass eigenstates

The coupling 

parameters in the 

original Lagrangian 

can be written as 
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Dynamical CP violation: C2HDM

Effective 

potential in the 

C2HDM
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Dynamical CP violation: C2HDM

One-step strong FOPT

modification of Higgs trilinear coupling and ZH cross section
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Dynamical CP violation: C2HDM

Two-step strong FOPT
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Dynamical CP violation: C2HDM

Three-step strong FOPT
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Dynamical CP violation: C2HDM

⚫ Extra CP-violating source for electroweak baryogenesis can dynamically appear at 

finite temperature in the complex two-Higgs doublet model, which might help to 

alleviate the strong constraints from the EDM experiments. 

⚫ The extra CP-violation can be tested by GW signals in synergy with the collider 

signals.

⚫ GW complementary to collider signals can help to pin down the underlying phase 

transition dynamics or different phase transition patterns.
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Bubble assisted baryogenesis

New baryogenesis (leptogenesis) models: Bubble assisted baryogenesis (leptogenesis) 

⚫ Mass gain mechanism: Particles gain mass after passing through the bubble wall, and the mass is 

much greater than the temperature, causing them to instantaneously deviate from thermal equilibrium, 

thus avoiding being washed out. 

⚫ Bubble induced conversion or radiation: During the process of particles passing through the 

relativistic bubble wall, they can convert into or radiates into superheavy particles, and the subsequent 

decays generate baryon asymmetry or lepton asymmetry. 

⚫ Bubble collision: Similar to the bubble second one, leptogenesis can be realized through the decays of 

sterile (right-handed) neutrinos produced from runaway bubble collisions, thereby enabling high scale 

leptogenesis without the need for high reheat temperatures while also naturally suppressing washout 

effects.

⚫ Filtered baryogenesis (leptogenesis): Only a small fraction of dark matter particles are energetic 

enough to enter the true vacuum bubbles, while the rest are reflected and annihilate away quickly. In 

the false vacuum phase, a portal interaction quickly converts the dark sector chiral asymmetry into a 

Standard Model lepton asymmetry.
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➢ The correlation between GW and 

collider signals  can make 

complementary test on the Higgs 

nature, baryogenesis and the 

cosmic evolution history around 

100 GeV.

➢ More precise study are needed: 

resummation, non-perturbation, 

bubble dynamics (wall velocity),  

CP-violation source…

➢ Precise measurements of Higgs 

triple coupling and Yukawa 

coupling are urgent.

Summary and Outlook
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