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格点规范场论模拟电弱对称性破缺
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•  ⼀步电弱相变

•  总结与展望

⽬录
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•  背景与动机

•多步电弱相变



LHC 探测实验 希格斯与电弱相变

早期宇宙电弱对称性破缺模式
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‣ 电弱相变模式

PRL 113, 141602 (2014)

Tunneling
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SMEFT

平滑过度

⼀阶相变

新
物
理



预⾔相变引⼒
波，检验爱因
斯坦⼴义相对
论

电弱对称性破
缺，基本粒⼦
质量起源

解释宇宙正反
物质不对称

早期宇宙演化
 

超出粒⼦物理标准模型
新物理

研究背景与动机
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正反物质不对称&强⼀阶电弱相变
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Chup etal，Rev Mod  Phys.91.015001

Bian, Liu*, Shu*, Phys.Rev.Lett. 115 (2015) 021801

电弱重⼦数产⽣机制
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新物理&相变引⼒波

Chiara Caprini et al JCAP03(2020)024 

有限温场论计算
格点场论模拟建立理

论和实验的桥梁

PTA,LIGO,LISA,天琴,太极,…

Tunneling

重要的引⼒波源，主要科学目标之⼀

相变参数
引⼒波功率谱 实验探测

信噪比

超出粒⼦物理标准模型 
新物理
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Φ(t, x) ： Higgs field doublet defined on sites; 

 Ui (t, x) and Vi (t, x) ：SU(2) and U(1) link fields, defined on the link between the 
neighboring sites x and x + i ，Φ(t, x), Ui (t, x) and Vi (t, x) are defined at time steps t + 
∆t, t + 2∆t, . . .; 

 Conjugate momentum fields：Π(t+∆t/2, x), F (t+∆t/2, x) and E(t+ ∆t/2, x), are defined 
at time steps t + ∆t/2, t + 3∆t/2. 

Temporal gauge 
 U0 (t, x) = I2, V0 (t, x) = 1 

leapfrog

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102
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‣ 格点电弱理论



Field basis equation of motion

‣ ⼀步⼀阶电弱相变模拟
Lattice implementation

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102
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Lattice Simulation

Expansion&PercolationNucleationFinite-T Veff

Finite-T calculation

PT temperature（      ）
duration（      ）
strength（      ）

Tunneling



γ⋆ = R⋆ /(2Rc ) 

γ⋆ = 2.98，vw=0.94 

γ⋆ = 4.84，vw=0.98 

R⋆ Lw

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102
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‣ ⼀步⼀阶电弱相变真空泡碰撞、合并产⽣引⼒波



真空泡碰撞、合并、流体演化产⽣引⼒波

V i is the fluid 3-velocity

Ui = WV i ，W：relativistic γ-factor

有限温度有效势能

标量场-相对论理想流体运动⽅程

fluid momentum density

equation of state  

新物理

E = fluid energy density 

: 粒⼦和真空泡壁 
相互作⽤
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1504.03291



真空泡碰撞、合并、流体演化产⽣引⼒波

To appear
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Nb=37 Nb=8

PHYSICAL REVIEW LETTERS 126, 171802 (2021)PHYSICAL REVIEW LETTERS 126, 171802 (2021)



‣对撞机&引⼒波甄别强⼀阶电弱相变引发的对称性破缺模式
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Symmetry breaking process

SM+Scalar Singlet

SM+Scalar Doublet

Profumo, Ramsey-Musolf, Wainwright, Winslow 
14, Bian, Huang, Shu 15，Cheng, Bian 17, Bian, 
Tang 18,Chen, Li, Wu, Bian,19…

Dorsch, Huber, Mimasu,No.14,Bernon, 
Bian, Jiang 17, Bian, Liu 18, Huang, Yu, 
18,…

Zhou, Cheng, Deng, Bian, Wu 
18,Zhou, Bian, Guo,Wu 19, Ramsey-
Musolf  etal 21,  Zhou, 
Bian,Du,22,…

Bruggisser, Harling, Matsedonskyi, Servant,18, 
Bian,Wu,Xie 19, Bian,Wu,Xie 20,…

Bi, Bian, Huang, Shu, Yin 15, Bian, Guo, Shu 
17,Baum, Carena, Shah, Wagner, Wang 20, …

Cao, Huang, Xie, & Zhang 17, Zhou, 
Bian, Guo 19, Cai,Hashino,Wang,Yu,22…

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

Higgs&GWs

SM+Scalar Triplet

NMSSM

SMEFT

Composite Higgs

PTA,LIGO,LISA,天琴,太极,…
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EWPT 



95% CL. 
Excl.

‣脉冲星计时阵列实验PPTA 限制⼀阶相变
PPTA DR2观测数据限制早期宇宙低能标相变参数，进⽽限制暗区和类
QCD相变
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Romero, Martinovic,Callister, Guo, et al., Phys.Rev.Lett. 126 (2021) 15, 151301

LIGO-Virgo O3 实验数据限制PeV能标⼀阶相变



‣两步相变                   暗物质 + 正反物质不对称

电弱重⼦数产⽣

WIMP/FIMP暗物质

强⼀阶 
电弱相变
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复合希格斯

标准模型+实标量场 标准模型+复标量场



‣ Two-step FOPT potential
 Type-a

1st

‣两步相变
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 Type-a

Zhao, Di, Bian, Cai,2204.04427 
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‣两步相变



 Type-a

solid: both  

dash-dot curves: h 

dotted curves : φ

R* Lw

‣ Two-step PT with the second-step being FOPT

Zhao, Di, Bian, Cai,2204.04427 

‣两步相变
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Huang, Long, and Wang,1608.06619Curtin, Meade, Yu,1409.0005

Craig,Englert, and McCullough,1305.5251

๏Zh@ILC/CEPC
‣对撞机探测两步⼀阶相变
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Goncalves,Han,and Mukhopadhyay, 1710.02149

‣对撞机探测两步⼀阶相变

See also: Lee, Park,and Qian, 1812.02679

๏Off-shell Higgs@LHC
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‣总结和展望

2. DM and GW from FOPT

1. Baryon Asymmetry of the Universe and GW from FOPT

• Sphaleron process, bubble velocity 

• DM and high/low-scale PT, DM out-of-equilibrium & FOPT, PBH DM&FOPT 

• PT GW and Electroweak sphaleron simulations  
• Topological defects: Magnetic monopoles, cosmic strings, domain walls

❖Lattice simulation

❖Pheno
Axion string-wall ongoing project with R-G Cai and J Shu
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Probing the Higgs Potential shape and EWPT patterns 
with GW production and Colliders complementarily



谢谢！

22/22



⼀步⼀阶相变模型分类

Chung, Long, Wang, Phys.Rev.D 87 (2013) 2, 023509
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Sound Wave

MHD turbulence

phase transition duration:

Root-mean-square four-
velocity of the plasma: 

‣ ⼀阶相变引⼒波功率谱

peak frequency:

peak frequency:

peak frequency:

Bubble collisions
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