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First-Order Electroweak
Phase Transitions



Higgs Potential

◦ We currently live in a universe

with a broken Electroweak

symmetry.

◦ We assume this occurs from the

Higgs mechanism in the

Standard Model.

◦ In the early universe this

symmetry is restored.

◦ If the breaking of this symmetry

deviates from the standard

model, we can potentially

measure the result through

gravitational waves.

2 / 19



Higgs Potential

◦ The Higgs potential determines the type of phase transition.

◦ Generalise the Higgs mechanism allowing for the Higgs-like gauge

singlet, ρ12

V (ρ) = −µ
2

2
ρ2 +

κ

3
ρ3 +

λ

4
ρ4

◦ Minimum

V ′(ρ) = −µ2ρ+ κρ2 + λρ3 = 0

◦ Higgs mass

m2
h(ρ) := V ′′(ρ) = −µ2+2κρ+3λρ2

◦ Tree Level Relations

µ2 =
1

2

(
m2
h + vκ

)
,

λ =
1

2v2
(
m2
h − vκ

)
> 0 (stability)
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The Potential

◦ 1-Loop Potential

V (1)(ρ, T ) = V0(ρ) + VCW (ρ) + VT (ρ, T ) + Vdaisy(ρ, T )

◦ Coleman-Weinberg Potential

VCW (ρ) =
∑
i=W,Z,t,h ni

m4
i (ρ)

64π2

(
ln
(
m2
i (ρ)

µ2
R

)
− 3

2

)
◦ Finite Temperature Contribution

VT (ρ, T ) = T4

2π2

∑
i=W,Z,t,h niJ

[
m2
i (ρ)

T2

]
with

J [m2β2] :=
∫∞
0
dx x2 ln

[
1− (−1)2s+1e−

√
x2+β2m2

]
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The Potential

κ in units of
m2
h
|v|
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The Potential

κ = −m
2
h
v
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The Potential

κ = −2
m2
h
v
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Bubble Formation



Bubble Formation

At a given temperature bubbles can form from a phase transition when the

field tunnels from one vacuum state to another

9 / 19



Bubble Formation

◦ Nucleation rate is proportional to the tunnelling action:

Γ ∝ T 4e−S

◦ General Action3

S = 4π
∫ T−1

0
dtE

∫∞
0
drr2

[
1
2

(
∂ρ
∂tE

)2
+ 1

2
( ∂ρ
∂r

)2 + V (ρ, T )

]

Common Approximations

O(3) symmetry - S3
T

O(4) symmetry - S4 = S3(T = 0)

S3[ρ] =
∫∞
0
d3x

[
1
2
(∇ρ)2 + V (ρ, T )

]
3A. Salvio, A. Strumia, N. Tetradis, A. Urbano, arXiv:1608.02555 (2016)
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Bubble Actions
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Low Temperature Action Approximations
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Gravitation Wave Production



Gravitational Wave Parameters

Typical parameters to determine characteristics of gravitational wave

production

◦ β - Inverse of the average size of a produced bubble

β̃ = β
Hn

= 1
Hnd

≈ T d(S3/T )
dT

∣∣∣
T=Tn

◦ α - Ratio of latent heat density to radiation density

α = ε∗
ρrad

= 1
π2

30
g∗T4

∗

(
−Vtrue(T∗) + T d

dT
Vtrue(T )

∣∣∣
T=T∗

)

κ(m2
h/|v|) Tn GeV α β̃ ρc

Tc

-1.25 106.06 0.037 1771.15 1.64

-1.5 91.85 0.057 989.13 1.87

-1.75 72.03 0.11 307.57 2.11

-1.85 56.10 0.24 69.50 2.21

-1.9 O(1) O(2) O(2) 2.75

-2.0 - - - 2.93
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Gravitational Wave Production

Three main sources

◦ Bubble Collisions 4

◦ Sound Waves in the Plasma 5

- Acoustic production of gravitational waves after bubble collisions.

◦ Turbulence in the Plasma 6

- Ionized plasma can create mhd turbulence which source Gravitational

waves

4S. J Huber and T. Konstandin, JCAP 0809, 022 (2008)

5M. Hindmarsh, S. J. Huber, K. Rummukainen and D. J. Weir, Phys Rev. Lett. 112 (2014)

6C, Caprini, R. Durrer and G. Servant, JCAP 0912, 024 (2009)
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Measuring Gravitational Waves

◦ SKA ◦ eLISA ◦ BBO ◦ LIGO

[www.rhcole.com/apps/GWplotter]
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Detectable?
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Summary

◦ First-order electroweak phase transitions can occur in the early

universe.

◦ Bubbles nucleated from these can give rise to detectable gravitational

waves.

◦ Can have a super-cooling effect, creating low-temperature phase

transitions.

◦ Low temperature phase transition could potentially be detected in

future PTA.

◦ Gravity wave measurements can therefore also test the Standard

Model.
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Higgs Measurements

◦ Double Higgs production7

◦ Sensitive to other anomalous couplings (tth, V V h, V V hh)

[JHEP 04 (2013) 151]

7M. J. Dolan et al., JHEP 1210 (2012) 112; J. Baglio et al., JHEP 1304 (2013) 151;

T. Liu and H. Zhang, 1410.1855; N. Liu et al., JHEP 1501 (2015) 008; R. Contino et al., JHEP 1208

(2012) 154
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Non-Linear Realisation

◦ Are we sure the Higgs mechanism is correct?

Σ = exp
[
− i

2

(
σaπa − 1π3

)](0

1

)

Σ parameterizes the coset group SU(2)L × U(1)Y /U(1)EM and

transforms non-linearly.8

◦ We can then have SU(2)L × U(1)Y terms such as

DµΣDµΣ +mtQ̄LΣ†tR

◦ We want unitarity in the gauge sector. Introduce a singlet scalar, ρ 9

ρ2DµΣDµΣ +mtQ̄LΣ†tR + ytQ̄LρΣ†tR

◦ Identify

H = ρΣ

8C. Callan, S. Coleman, J. Wess abd B. Zumino, Phys. Rev. 177 (1969) 2239; D. Binosi and A.

Quadri, JHEP, 02 (2013)

9R. Foot and A. Kobakhidze, Mod. Phys. Lett. A 26 (2011) 461; M. Gonzalez-Alonso, et al., Eur.

Phys. J. C 75 (2015) 3, 128
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The Model

◦ With our gauge singlet we now have a cubic term!

V (ρ) = −µ
2

2
ρ2 +

κ

3
ρ3 +

λ

4
ρ4

◦ Minimum

V ′(ρ) = −µ2ρ+ κρ2 + λρ3 = 0

◦ Higgs mass

m2
h(ρ) := V ′′(ρ) = −µ2+2κρ+3λρ2

◦ Tree Level Relations

µ2 =
1

2

(
m2
h + vκ

)
,

λ =
1

2v2
(
m2
h − vκ

)
> 0 (stability)
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Non-linear Transformations

Σ(x)→ gΣ(x)h−1

Σ′(x) = eiα
a σa

2 Σ(x)e−
i
2
βσ3
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Determining the Waveform

◦ Consider general 0 PN waveform

h+,× = A+,×(t) cos(φ+,×(t))

◦ Use a stationary phase approximation to take the Fourier transform

h̃+,× = 1
2
A+,×(t∗)

√
2π

φ̈+,×(t∗)
e−iψ+,×

◦ The phase, Ψ+,× has been calculated to 3.5 PN10

ψ+,×(f) = 2πftc − φc − π
4

+
∑7
j=0 ψjf

(j−5)/3

◦ PN order coefficients defining the waveform

ψj = 3
128ν

(πM)(j−5)/3αj

α0 = 1

α1 = 0

α2 = 3715
756

+ 55
9
ν

α3 = −16π

α4 = 15293365
508032

+ 27145
504

ν + 3085
72

ν2

. . .

10T. Damour, B. Iyer and B. Sathyaprakash, Phys. Rev. D 63.4 (2001)
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Bubble Formation

We seek O(3) symmetric solutions to S3, i.e

d2ρ
dr2

+ 2
r
dρ
dr
− ∂V (ρ,T )

∂ρ
= 0

where

dρ
dr

∣∣
r=0

= 0, ρ|r=∞ = vfalse

Solve by “rolling” down the inverted potential
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Bubble Formation

P ∼
∫ Tc
Tn

(√
45

4π3g∗
MP
T

)4
e−S3/T dT

T
∼ O(1)
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Higgs — Couplings

Parameter value
0 1 2 3 4 5 6

- 0.94
+1.08 = 2.90

ttH
µ

- 0.36
+0.38 = 0.92

VH
µ

- 0.34
+0.37 = 1.16

VBF
µ

- 0.16
+0.19 = 0.85

ggH
µ

68% CL

95% CL
CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL

95% CL

[EPJC 75 (2015) 212]

) µSignal strength (

2− 0 2 4

ATLAS Preliminary

-1 = 7 TeV, 4.5-4.7 fbs

-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

0.27-

0.27+ = 1.17µOverall: 

0.38-

0.38+ = 1.32µggF: 

0.7-

0.7+ = 0.8µVBF: 

1.6-

1.6+ = 1.0µWH: 

0.1-

3.7+ = 0.1µZH: 

γγ →H 
125.4

125.4

125.4

125.4

125.4

0.33-

0.40+ = 1.44µOverall: 

0.4-

0.5+ = 1.7µggF+ttH: 

0.9-

1.6+ = 0.3µVBF+VH: 

 ZZ*→H 
125.36

125.36

125.36

0.21-

0.24+ = 1.16µOverall: 

0.26-

0.29+ = 0.98µggF: 

0.47-

0.55+ = 1.28µVBF: 

1.3-

1.6+ = 3.0µVH: 

 WW*→H 
125.36

125.36

125.36

125.36

0.37-

0.43+ = 1.43µOverall: 

1.2-

1.5+ = 2.0µggF: 

0.54-

0.59+ = 1.24µVBF+VH: 

ττ →H 
125.36

125.36

125.36

0.40-

0.40+ = 0.52µOverall: 

0.6-

0.7+ = 1.1µWH: 

0.49-

0.52+ = 0.05µZH: 

b Vb→VH 
125.36

125

125

3.7-

3.7+ = -0.7µOverall: µµ →H 
125.5

4.3-

4.5+ = 2.7µOverall: γ Z→H 
125.5

1.1-

1.1+ = 1.5µ: bb

1.2-

1.4+ = 2.1µMultilepton: 

1.8-

2.6+ = 1.3µ: γγ

ttH
125

125

125.4

 (GeV)Hm

Input measurements

µ on σ 1±

[ATLAS-CONF-2015-007]
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Gravitational Wave Parameters

Typical parameters to determine characteristics of gravitational wave

production

◦ β - Inverse duration of phase transition

β̃ = β
Hn

= T d(S3/T )
dT

∣∣∣
T=Tn

◦ α - Ratio of latent heat density to radiation density

α = ε∗
ρrad

= 1
π2

30
g∗T4

∗

(
−Vtrue(T∗) + T d

dT
Vtrue(T )

∣∣∣
T=T∗

)

κ(m2
h/|v|) Tn GeV α β̃ ρc

Tc

-1.25 106.06 0.037 1771.15 1.64

-1.5 91.85 0.057 989.13 1.87

-1.75 72.03 0.11 307.57 2.11

-1.85 56.10 0.24 69.50 2.21

-2.0 - - - 2.36

28 / 19



Gravitational Wave Parameters

Typical parameters to determine characteristics of gravitational wave

production

◦ β - Inverse duration of phase transition

β̃ = β
Hn

= T d(S3/T )
dT

∣∣∣
T=Tn

◦ α - Ratio of latent heat density to radiation density

α = ε∗
ρrad

= 1
π2

30
g∗T4

∗

(
−Vtrue(T∗) + T d

dT
Vtrue(T )

∣∣∣
T=T∗

)

κ(m2
h/|v|) Tn GeV α β̃ ρc

Tc

-1.25 106.06 0.037 1771.15 1.64

-1.5 91.85 0.057 989.13 1.87

-1.75 72.03 0.11 307.57 2.11

-1.85 56.10 0.24 69.50 2.21

-2.0 - - - 2.36

28 / 19



Gravitational Wave Parameters

Typical parameters to determine characteristics of gravitational wave

production

◦ β - Inverse duration of phase transition

β̃ = β
Hn

= T d(S3/T )
dT

∣∣∣
T=Tn

◦ α - Ratio of latent heat density to radiation density

α = ε∗
ρrad

= 1
π2

30
g∗T4

∗

(
−Vtrue(T∗) + T d

dT
Vtrue(T )

∣∣∣
T=T∗

)

κ(m2
h/|v|) Tn GeV α β̃ ρc

Tc

-1.25 106.06 0.037 1771.15 1.64

-1.5 91.85 0.057 989.13 1.87

-1.75 72.03 0.11 307.57 2.11

-1.85 56.10 0.24 69.50 2.21

-2.0 - - - 2.36

28 / 19



Gravitational Wave Parameters

Typical parameters to determine characteristics of gravitational wave

production

◦ β - Inverse duration of phase transition

β̃ = β
Hn

= T d(S3/T )
dT

∣∣∣
T=Tn

◦ α - Ratio of latent heat density to radiation density

α = ε∗
ρrad

= 1
π2

30
g∗T4

∗

(
−Vtrue(T∗) + T d

dT
Vtrue(T )

∣∣∣
T=T∗

)

κ(m2
h/|v|) Tn GeV α β̃ ρc

Tc

-1.25 106.06 0.037 1771.15 1.64

-1.5 91.85 0.057 989.13 1.87

-1.75 72.03 0.11 307.57 2.11

-1.85 56.10 0.24 69.50 2.21

-2.0 - - - 2.36

28 / 19



High Temperature Expansion

V (ρ, T ) =− µ2

2
ρ2 +

κ

3
ρ3 +

λ

4
ρ4 +

T 4

2π2

{
π2

12T 2

(
6
g22
4
ρ2 + 3

g22 + g21
4

ρ2 + 3λρ2 + 2κρ− µ2

)
− π2

24T 2

(
−12

y2t
2
ρ2
)

− π

6T 3

[
3

(
g22 + g21

4
ρ2
)3/2

+ 6

(
g22
4
ρ2
)3/2

+ (3λρ2 + 2κρ− µ2)3/2
]

− 1

32T 4

[
3

(
g22 + g21

4
ρ2
)2

ln

(
µ2
R

cBT 2

)
+ 6

(
g22
4

)2

ln

(
µ2
R

cBT 2

)

+ (3λρ2 + 2κρ− µ2)2 ln

(
µ2
R

cBT 2

)
− 12

(
y2t
2
φ2
c

)2

ln

(
µ2
R

cFT 2

)]}

(1)
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