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Electroweak Phase diagram QCD Phase diagram

Symmetry Breaking in the early Universe



EWPT

Cosmic strings

High-scale PTLow-scale PT

‣  Stochastic gravitational wave background and New physics



‣Collider&GW search for Electroweak symmetry breaking
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‣ Vacuum decay and FOPT

Peter Athron , Csaba Balázs, Andrew Fowlie, Lachlan Morris , Lei Wu, 2305.02357
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Thermal EFT+MC lattice simulation
Classical lattice simulation



‣ Bubble dynamics of FOPT

Tunneling
Fluctuation

Thermal Field Theory

False vacuum fraction considering bubbles expansion  
(Kolmogorov–Johnson–Mehl–Avrami )

h(tf)=1/e
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Bubble Volume

Nucleation rate
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‣ Perturbative theory for PT



‣ Gauge dependence of the PT parameters

Double bubble contributions

Sunset contributions

Jie Liu, Renhui Qin, Ligong Bian,2512.05565 


https://arxiv.org/abs/2512.05565


‣ Gauge dependence of the PT parameters



Nielsen identities 
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‣ Gauge dependence of the PT parameters

Gauge independence of the 
bounce action



‣ Gauge dependence of the PT parameters



‣ 1+1D simulation-across Quantum-Thermal crossover

Haiyang Wang, Renhui Qin, Ligong Bian, arXiv: 2506.18334 
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Δx = 0.25  

Δt = 0. 01

Nx = 1024

5

‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



‣ 1+1D simulation-across Quantum-Thermal crossover



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

‣ Lattice electroweak theory-classical simulation



Field basis equation of motion
‣ 1st order EWPT simulation-quantum tunneling

Lattice implementation

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

Expansion&PercolationNucleationFinite-T Veff

Finite-T calculation

 temperature（           ）
duration（      ）
strength（      ）

Tunneling



Di, Bian*, Cai*,2409.16124, 2508.07416

‣ Bubble collision and PMF

？



‣ Bubble collision and PMF



Di, Bian*, Cai*,2409.16124, 

‣ Bubble collision and PMF

Sphaleron rate



Di, Bian*, Cai*,2409.16124, 2508.07416

‣ Bubble collision and PMF

hfactor = 1hfactor = 0



• Dark matter and PT


• Lattice/Quantum simulation on topological defects


• Magnetic fields, baryogenesis, and Axion dynamics

❖ Future

❖ Summary

• Gauge invariant calculation of the nucleation rate reduces uncertainty for GW prediction


• Connected-cluster survival provides a local, sample-level decay diagnostic across the 

quantum-to-thermal crossover


• global survival is delayed by spatial averaging at high T, while false-vacuum fraction can be 

contaminated by transient spatial conversion at low T


• Primordial helical MF during EWPT can generate BAU through Chiral Anomaly 
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