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电弱相变 

河南师范大学 理论物理中心 

张阳
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电弱相变 

1、动机、概念、前沿（参考边立功老师课程） 

2、希格斯有效势的定义 

3、相变参数的定义 

4、相变计算工具 

5、模型采样工具
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Yang Zhang (张阳)

希格斯有效势
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➤ 有效势的定义

热力学与统计物理 

系统的基态：吉布斯自由能的极小值 

有外加磁场 下的配分函数（对系统所有可能的态求和）： 

 

其中 ，  是波尔兹曼常数，  是系统的绝对温度， 

 亥姆霍兹自由能： 

 

通过勒让德变换，得到吉布斯自由能： 

H

Z(H) = e−βF(H) = ∫ 𝒟se−β ∫ dx [ℋ(s)−Hs(x)]

β =
1

kBT
kB T

F

F = −
1
β

ln Z

G = F − H
∂F
∂J

β fixed

量子场论 

系统的基态（真空）：有效势的极小值 

标量场 的生成泛函（对系统所有可能的路径求和）： 

 

连通生成泛函： 

 

通过勒让德变换，得到有效作用量： 

 

可以提取出时空部分，定义有效势 

ϕ

Z[J] = e−iW[J] = ∫ 𝒟ϕei ∫ dx[L−Jϕ]

W[J] = − i ln Z[J]

Γ = W[J] − ∫ d4yJ(y)
δW[J]
δJ(y)

Γ[ϕ] = ∫ d4x[−Veff(ϕ) +
1
2

(∂μϕ)2Z(ϕ) + ⋯
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➤ 有效势的定义

希格斯有效势

See Peskin&Schroeder’s testbook, Section 11.3
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➤ 有效势的定义 

๏ V0 =
1
2

m2ϕ2 +
1
4!

λϕ4

希格斯有效势

m2

λ
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➤ 有效势的定义 

๏  

๏

V0 =
1
2

m2ϕ2 +
1
4!

λϕ4

V1 = i
∞

∑
n=1

∫
d4p

(2π)4

1
2n [ i

p2 − m2 + iϵ ]
n

[ −iλ
2 ]

n

ϕ2n

希格斯有效势

… …
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๏ 将其转化为对数函数，  

๏

 

๏ 丢到与 无关的项，得到 ，其中 

ln(1 − x) = −
∞

∑
n=1

xn/n

V1 = i
∞

∑
n=1

∫
d4p

(2π)4

1
2n

1
2 λϕ2

p2 − m2 + iϵ

n

= −
i
2 ∫

d4p
(2π)4

ln 1 −
1
2 λϕ2

p2 − m2 + iϵ

=
1
2 ∫

d4p
(2π)4

ln 1 +
1
2 λϕ2

p2 + m2 + iϵ
=

1
2 ∫

d4p
(2π)4

ln
p2 + m2 + 1

2 λϕ2

p2 + m2 + iϵ

=
1
2 {∫

d4p
(2π)4

ln [p2 + m2 +
1
2

λϕ2] − ∫
d4p

(2π)4
ln [p2 + m2 + iϵ]},

ϕ V1 = −
i
2 ∫

d4p
(2π)4

ln [p2 + m2(ϕ)] m2(ϕ) = m2 +
1
2

λϕ2

希格斯有效势
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Wick 转动 
 ；p̄0 = ip0
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๏ 维数正规化；利用 ， 

 

๏ 利用积分公式 得到 

ln x = ∫ dx
1
x

V1 =
1
2 ∫

d4p
(2π)4

ln[p2 + m2(ϕ)] = (μ2)2−d/2 1
2 ∫

ddp
(2π)d

ln[p2 + m2(ϕ)]

= ∫ dm2(ϕ)
(μ2)2−d/2

2 ∫
ddp

(2π)d

1
p2 + m2(ϕ)

∫
ddp

(2π)d

1
(p2 − m2)n

=
1

(4π)d/2

Γ(n − d/2)
Γ(n) ( 1

m2 )
n−d/2

V1(ϕ) = ∫ dm2(ϕ){ (μ2)2−d/2

2 ( 1
m2 )

1−d/2 1
(4π)d/2

Γ(1 − d/2)
Γ(1) } =

(μ2)2−d/2

2
1

( d
2 ) ( 1

m2 )
−d/2 1

(4π)d/2

1

(1 − d
2 )

Γ(2 − d/2)

=
m4

2
1

d
2 (1 − d

2 )

1
(4π)d/2 ( μ2

m2 )
2− d

2

Γ(2 − d/2)

希格斯有效势

8



्೵ༀܹࠖᆓ
஛౅Ⴡ஛᎒ᅒ
Centre for Theoretical Physics
Henan Normal University 

Yang Zhang (张阳)

๏ 取  ，得到 

 

๏ 采用 方案，丢掉发散项，得到 

 

➤ 零温有效势： 

๏
 

d → 4

V1(ϕ) =
m4

2
1

d
2 (1 − d

2 )

1
(4π)d/2 ( μ2

m2 )
2− d

2

Γ(2 − d/2) →
m4

2
1

−2
1

(4π)2 ( 2
ϵ

− γE +
3
2

+ ln(4π) − ln(
m2

μ2
))

MS

V1(ϕ) = −
m4

2
1
2

1
(4π)2 [−ln(

m2

μ2
) +

3
2 ] =

m4

64π2 [ln(
m2

μ2
) −

3
2 ]

V(ϕ) = V0(ϕ) + V1(ϕ) =
1
2

m2ϕ2 +
1
4!

λϕ4 +
m(ϕ)4

64π2 [ln(
m(ϕ)2

μ2
) −

3
2 ]

希格斯有效势

9



्೵ༀܹࠖᆓ
஛౅Ⴡ஛᎒ᅒ
Centre for Theoretical Physics
Henan Normal University 

Yang Zhang (张阳)

➤ 零温有效势： 

๏
 V(ϕ) = V0(ϕ) + V1(ϕ) =

1
2

m2ϕ2 +
1
4!

λϕ4 +
m(ϕ)4

64π2 [ln(
m(ϕ)2

μ2
) −

3
2 ]

希格斯有效势

取实部
m2(ϕ) = m2 +

1
2

λϕ2

m2(ϕ) = 0

m2 = − 202, λ = 0.5
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➤ 修改的最小剪除方案 VS 在壳方案 

๏ 在壳方案:  

๏ 在一些模型中，  

V(ϕ) = V0(ϕ) + V1(ϕ) + δV(ϕ),
∂V
∂ϕ

=
∂V0

∂ϕ
= 0,

∂2V
∂ϕ2

=
∂2V0

∂ϕ2
= m̂2

V1(ϕ) + δV(ϕ) =
m(ϕ)4

64π2 [ln(
m(ϕ)2

m̂2
) −

1
2 ], m̂ = m(ϕ = v)

希格斯有效势
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➤ 有限温度下的圈图修正 

๏
 V1T(ϕ, T) =

T4

2π2
ndof JB ( m2(ϕ)

T2 ), JB(x) ≃ −
π4

45
+

π2

12
x

希格斯有效势
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➤ 有效势中存在的问题： 

๏ 能标依赖 

๏ 规范依赖 

๏ Linde’s IR problem 

๏ Goldstone 灾难 

๏ Tadpole 限制 

➤ 这些问题很重要，但是不要让
他们成为入门的障碍。 

希格斯有效势

 arXiv:2208.01319  Peter Athron, Csaba Balazs, Andrew Fowlie, Lachlan Morris, Graham White, Yang Zhang 
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相变参数

BSM ℒ

ℒ3D

 
Masses 

Couplings

Vtree
Veff

V3D
eff

Phase structure 

 TC, γ Γ, SE

TN, TP, TF

α, β Gravitational wave

Collider phenomenology Baryongenesis

Dark matter Vacuum stability
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相变参数

➤ 关键温度 TC
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相变参数

➤ 关键温度 TC
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相变参数

➤ 关键温度 TC

V1，V2
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相变参数

➤ 关键温度 TC

PhaseTracer, BSMPT_3
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相变参数

➤ 例：V(ϕ, T) = (cT2 − m2)ϕ2 + κϕ3 + λϕ4, c = 0.1, m2 = 100, κ = − 10, λ = 0.1
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相变参数

➤ 相变强度 γ =
⟨ϕ⟩
TC

⟨ϕ⟩
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➤ 成核率，弹跳做用量  

➤  

➤  

➤  

➤
 

➤  

➤
 

➤

SE

Γ
V

= A(T )e−SE/T[1 + 𝒪(ℏ)]

SE = 𝒮d−1 ∫
∞

0
ρd−1( 1

2
·ϕ2 + V(ϕ))

d2ϕ(ρ)
dρ2

+
α
ρ

dϕ(ρ)
dρ

= ΔV(ϕ)

dϕ(ρ)
dρ

ρ=0

= 0

ϕ(ρ → ∞) = ϕf

dϕ(ρ)
dρ

ρ=∞

= 0

→
d2x
dt2

+
α
t

dx
dt

= − ΔV(x), v(t = 0) = 0, x(t → ∞) = xf , v(t → ∞) = 0

21

相变参数

t

X

ρ
ϕt

ϕf
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相变参数

➤ 成核温度  

➤
      

TN

N(T) = ∫
T

TC

dT′￼

Γ(T′￼)Pf(T′￼)
T′￼H4(T′￼)

= 1
SE(TN)

TN
∼ 140
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相变参数

➤ 分离对称性 

➤

V(ϕ1, ϕ2) = V(−ϕ1, − ϕ2)

➤ In CosmoTransitions, half of the space is forbidden. 

➤ In BSMPT3, the one with shorter distance is chosen. 

➤ In PhaseTracer2, the one with minimum action is chosen.
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相变参数

➤
潜热/相变强度：  

➤ 相变弛豫时间：  

➤ 相变引力波谱：

α =
Dθ

π2g*T4
* /30

=
1

π2g*T4
* /30 (V(ϕ) −

T
4

∂V(ϕ, T)
∂T )

ϕf

ϕt

β(T) =
d
dt ( SE

T ) = TH(T)
d

dT ( SE

T )
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宇宙学相变计算工具

➤ CosmoTransitions：Python，traces minima，calculate the bounce solution，nucleation temperature 

➤ BSMPT_v1: calculate critical temperature 

➤ PhaseTracer_v1: tracks phases, calculate critical temperature 

➤ BSMPT_v2: baryon asymmetry 

➤ BSMPT_v3: tracks phases, calculate the bounce solution, nucleation/percolation/completion temperature, GW 

➤ PhaseTracer_v2: calculate the bounce solution, nucleation/percolation/completion temperature, GW 

➤ Vevacious：Python，find all extrema at T=0, calculate tunnelling times using CosmoTransitions 

➤ VevaciousPlusPlus: C++ code wrapper of CosmoTransitions  

➤ EVADE: estimates the decay rate of the false vacuum 

➤ AnyBubble:  Mathematica, calculate the bounce solution 

➤ BubbleProfiler: C++, calculate the bounce solution 

➤ SimpleBounce: calculate the bounce solution 

➤ FindBounce: calculate the bounce solution 

➤ OptiBounce: calculate the bounce solution

26



PhaseTracer2Yang Zhang (张阳)

PhaseTracer2

27

  Input: Effective potential 

 SchemeMS HT Expansion OS-like Scheme 3D EFT

 Gauge Rξ Covariant Gauge 

Arnold-Espinosa 
Approach Parwani  Approach

Outputs

Phase structure Critical Temperature Bounce Action Nucleation 
Temperature

Strength factor Transition duration Gravitational Wave 
Spectrum 

Gravitational Wave 
SNR

BubbleProfiler TransitionSolver

FlexibleSUSY DRalgo
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➤ Model: SM, Singlet extension, 2HDM, NMSSM 

➤ Input: , num of fields, symmetry,  field-dependent masses, Debye massesVtree

V0(h, s) =
μ2

H

2
h2 +

λH

4
h4 +

μ2
S

2
s2 +

λS

4
s4 +

λHS

4
h2s2

V(h, s) = V(−h, s), V(h, s) = V(h, − s)

nscalars = 2
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➤ Model: SM, Singlet extension, 2HDM, NMSSM 

➤ Input: , num of fields, symmetry,  field-dependent masses, Debye massesVtree

m2
b,t,τ(ϕ) =

y2
b,t,τ

2
ϕ2

h

nt = 12, nb = 12, nτ = 4

nh = 1, ns = 1, nG = 3
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➤ Model: SM, Singlet extension, 2HDM, NMSSM 

➤ Input: , num of fields, symmetry,  field-dependent masses, Debye massesVtree

nWL
= 2, nZL

= 1, nγL
= 1,nWT

= 4, nZT
= 2, nγT

= 2
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➤ Model: SM, Singlet extension, 2HDM, NMSSM 

➤ Input:  from DRalgoV3D
eff

Inputs of  PhaseTracer2

31

DRalgo
An automated interface is in development.

… …
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➤ Phase structure, transition parameters

32
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➤ GW spectrum 
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➤ Python3 phi4_potential.py 

➤ 产生本PPT中 模型的相关图形：ϕ4

35
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➤ Python3 1d_potential.py 

➤ 产生本PPT有关 的图形：V(ϕ, T) = (cT2 − m2)ϕ2 + κϕ3 + λϕ4

36
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 make run_1D_test_model -j4 
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 % ./bin/run_1D_test_model  

 % ./bin/run_1D_test_model -d 
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练习4：运行PhaseTracer中的一维示例
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练习4：运行PhaseTracer中的一维示例
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练习5：扫描PhaseTracer中的一维示例

43

   
% ./EasyScan_HEP/bin/easyscan.py grid_scan.ini 

 arXiv:2304.03636 
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练习5：扫描PhaseTracer中的一维示例
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练习6：添加 Z2 Scalar Singlet Model

45
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练习6：添加 Z2 Scalar Singlet Model

46

➤ 在PhaseTracer/example中创建mySSM文件夹 

➤ 在mySSM文件夹添加 

➤ run_mySSM.cpp 与模型无关，大同小异，根据需
求改设置，增加输入输出



्೵ༀܹࠖᆓ
஛౅Ⴡ஛᎒ᅒ
Centre for Theoretical Physics
Henan Normal University 

Yang Zhang (张阳)

练习6：添加 Z2 Scalar Singlet Model

47

仿照 1D_test_model.hpp 编写 mySSM.hpp

V(ϕ1, ϕ2) = V(ϕ1, − ϕ2) = V(−ϕ1, ϕ2)
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练习7：运行PhaseTracer中的二维示例

48

   
% ./bin/run_2D_test_model 



练习7：运行PhaseTracer中的二维示例

➤ The effective potential typically includes the following contributions,

49
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练习7：运行PhaseTracer中的二维示例
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