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FIRST-ORDER ELECTROWEAK
PHASE TRANSITIONS




Higgs Potential

o We currently live in a universe o In the early universe this
with a broken Electroweak symmetry is restored.
symmetry. o If the breaking of this symmetry
o We assume this occurs from the deviates from the standard
Higgs mechanism in the model, we can potentially
Standard Model. measure the result through

gravitational waves.
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o The Higgs potential determines the type of phase transition.
o Generalise the Higgs mechanism allowing for the Higgs-like gauge
singlet, p'?
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Higgs Potential

o The Higgs potential determines the type of phase transition.
o Generalise the Higgs mechanism allowing for the Higgs-like gauge

singlet, p'?

Minimum

[}

o Higgs mass

mi(p) 1= V" (p) = =" +26p+3\p" |

o Tree Level Relations

= % (mi—l—vn),
= % (my —vk) >0 (stability)
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Quadri, JHEP, 02 (2013)
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The Potential

o 1-Loop Potential
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The Potential

o 1-Loop Potential

VO (p,T) = Vo(p) + Vow (p) + Ve (0, T) + Viaaisy (p, T) J

o Coleman-Weinberg Potential

md -
Vow (p) = Zicw,z,0 7 i (ln( 5"5:)) . %) J

o Finite Temperature Contribution

4 2
Vr(p,T) = 2T? i=W,Z,t,h niJ [mql“igp)} J

with

J[m?B% = fooo dz 2% 1n [1 — (—1)23+le_\/m] J
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The Potential
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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
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Bubble Formation

o Nucleation rate is proportional to the tunnelling action:

o T4 % J
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Bubble Formation

o Nucleation rate is proportional to the tunnelling action:

o T4 % J

o General Action®

_ 2
S =dn foT ; dtp fooo drr? [% (%) + %(%)2 +V(p, T)] J
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Bubble Formation

o Nucleation rate is proportional to the tunnelling action:

o T4 % J

o General Action®

— 2
s =an f7 ™ dte [ [3 (£2) + 332 + V(07| J

Common Approximations

O(3) symmetry - 22 J O(4) symmetry - Sy = S3(T = 0) )

Sslel = J;” &’z [3(Ve)* +V(p, T)] |

3 A. 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
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Typical parameters to determine characteristics of gravitational wave
production

o [ - Inverse of the average size of a produced bubble
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Typical parameters to determine characteristics of gravitational wave
production

o [ - Inverse of the average size of a produced bubble

B— B — 1, dSs/T)
B H, H N P J

o « - Ratio of latent heat density to radiation density
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Gravitational Wave Parameters

Typical parameters to determine characteristics of gravitational wave
production

o [ - Inverse of the average size of a produced bubble

G_ B _ 1 pdSy/T)
ﬂ 18l H dT =T, J

o « - Ratio of latent heat density to radiation density

o = Pf‘:d = w2 ! T4 (_%rue(T*) +T%‘/true(T)‘T=T*) J

30 g

k(mi/|v]) | Tn GeV el B =
-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) 0(2) 02) | 275
-2.0 - - - 2.93
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Gravitational Wave Production

Three main sources

o Bubble Collisions *

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

15/ 19



Gravitational Wave Production

Three main sources

o Bubble Collisions *

o Sound Waves in the Plasma °

- Acoustic production of gravitational waves after bubble collisions.

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)

15/ 19



Gravitational Wave Production

Three main sources

o Bubble Collisions *
o Sound Waves in the Plasma °

- Acoustic production of gravitational waves after bubble collisions.
o Turbulence in the Plasma ©

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

o SKA

Q h?100

10°

10°

10

1015

o eLISA

o BBO o LIGO

EPTA
GWisde14, Lieo
Massive binaries
SKA Extreme mass ratio inspirals
Stochastic
background
BBO
101 10°® 10°¢ 10+ 10 10° 102 10 10°
Frequency [ Hz

[www.rhcole.com/apps/GWplotter]

16/ 19



Detectable?
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Detectable?

SKA

K =-1.9 mv]
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o First-order electroweak phase transitions can occur in the early

universe.
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o First-order electroweak phase transitions can occur in the early

universe.

o Bubbles nucleated from these can give rise to detectable gravitational

waves.

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

transitions.

o Low temperature phase transition could potentially be detected in
future PTA.

o Gravity wave measurements can therefore also test the Standard
Model.
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Higgs Measurements

o Double Higgs production”
o Sensitive to other anomalous couplings (tth, VVh, VV hh)

(2) g9 double-Higgs fusion: gg — HH

9 S B 9
'H' :
g “H g

(b) WW/2Z double-Higgs fusion: q¢' — HHaq

(c) Double Higgs-strahlung: o7’ — ZHH/WHH

(d) Associated production with top-quarks: q3/gg — tHHH

g toq
e H g >
H < -

97w ;o a

[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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Higgs Measurements

o Double Higgs production”
o Sensitive to other anomalous couplings (tth, VVh, VV hh)

Table 1-22. Signal significance for pp — HH — bbyy and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHC

V5 (TeV) 14 33 100

[ Ldt (bt 3000 3000 3000
o-BR(pp— HH — bbyy) (fb)  0.089 0.545 3.73
S/VB 2.3 6.2 15.0

A (stat) 50% 20% 8%

[Snowmass Higgs Report 1310.8361]

TM. 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

o Are we sure the Higgs mechanism is correct?

21/19



Non-Linear Realisation

o Are we sure the Higgs mechanism is correct?

0

> =exp [—% (U“ﬂ“ — ]l7r3)] |

3 parameterizes the coset group SU(2)r x U(1)y /U(1)pm and
transforms non-linearly.®
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Non-Linear Realisation

o Are we sure the Higgs mechanism is correct?

S = exp [~ (o°n° — 17°)] <g>

3 parameterizes the coset group SU(2)r x U(1)y /U(1)pm and
transforms non-linearly.®

o We can then have SU(2)r x U(1)y terms such as
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Non-Linear Realisation

o Are we sure the Higgs mechanism is correct?

0

> =exp [—% (Uaﬂ'a — ]l7r3)] |

Y} parameterizes the coset group SU(2)r x U(1)y /U(1)gm and
transforms non-linearly.®

o We can then have SU(2)r x U(1)y terms such as

DyED"S +miQrTtr |

o We want unitarity in the gauge sector. Introduce a singlet scalar, p °

p2D,EDPY + miQr Y tr + y:QrpXitr J

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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Non-Linear Realisation

o Are we sure the Higgs mechanism is correct?

S = exp [~ (o°n° — 17°)] <g>

Y} parameterizes the coset group SU(2)r x U(1)y /U(1)gm and
transforms non-linearly.®

o We can then have SU(2)r x U(1)y terms such as

DyED"S +miQrTtr |

o We want unitarity in the gauge sector. Introduce a singlet scalar, p °

p2D,EDPY + miQr Y tr + y:QrpXitr J

o Identify
H = pX )

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

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

2
B g S S
Vie)==Fp" + 30 +7p J
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The Model

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

2
_ K e K3 A
Vie)==Fp" + 30 +7p J

o Minimum

Vi(p) = —1*p+rp" +2° =0 |

o Higgs mass

mi(p) 1= V" (p) = —p* +2kp+3p" |

Tree Level Relations

o

2

W2 =2 (2 + o),

N | =

1 e
A= o (my —vk) >0 (stability)
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Non-linear Transformations
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Determining the Waveform

o Consider general 0 PN waveform

hi,x = Ay x(t) cos(d+,x (1)) J

o Use a stationary phase approximation to take the Fourier transform

iL+,>< = %A+,><(t*)1 /Tr iﬂ(t*)e%w%x J

o The phase, ¥, « has been calculated to 3.5 PN'°

Y x(f) =2nfte — e — 5 + 217_:0 wjf(j—5)/3 J

o PN order coefficients defining the waveform

T I

1280
ap =1 a3 = —16m
ar =0 _ 15203365 | 27145 3085 2
L . - 508032 T soa VT 72
Q2 = S5 + gV

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 Ss, i.e

d®p | 2dp _ OV(p,T) _
dr? + rdr Ip =0 J

where

dp _ —
@lrmo =0 Plico =Vsatse |

Solve by “rolling” down the inverted potential

\\\
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Bubble Formation
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Bubble Formation
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Higgs — Couplings

ATLAS Preliminary Input measurements
m,, = 125.36 GeV +1oonp
m, (Gev)
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[EPJC 75 (2015) 212]
[ATLAS-CONF-2015-007]
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Gravitational Wave Parameters

Typical parameters to determine characteristics of gravitational wave
production
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Gravitational Wave Parameters

Typical parameters to determine characteristics of gravitational wave
production

o f3 - Inverse duration of phase transition

~:L:T«z(s3/T>‘
,5’ H, dT T=TnJ

o « - Ratio of latent heat density to radiation density

Prad %Q*T;l
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Gravitational Wave Parameters

Typical parameters to determine characteristics of gravitational wave

production

o f3 - Inverse duration of phase transition

~:L:Td(s3/T>‘
,5’ H, dT T=TnJ

o « - Ratio of latent heat density to radiation density

‘= piﬁ B %Q*T;l (_V;TuE(T*) + T%VW”E(T)‘T:T*> J
k(mi/|v]) | Tn GeV e B £
-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
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High Temperature Expansion

2 )\ T4 2 2 2+ 2
V(p,T)z—%p2+gp3+4p + 53 1;TT2 6%p2+3%p2+3,\p2+2np-

2
™ yt
- 124
24T? ( 2” )

2 2 3/2 2
= 3<92191 P2> (%2 2) + (30" + 2kp — )5/2]
2 2
1 % +gi o 1R g Lr
- 1
3277 3( o) e ) ol ) o

2 2 2
oy 2 2,2 KR Yt 2 KR
+ + — 1 — 12 = 1
(BAp" +2kp— )" In (CBT2> ( 2 ¢C) n (CFT2>

29/19



	First-Order Electroweak Phase Transitions
	Bubble Formation
	Gravitation Wave Production

	0.0: 
	0.1: 
	0.2: 
	0.3: 
	0.4: 
	0.5: 
	0.6: 
	0.7: 
	0.8: 
	0.9: 
	0.10: 
	0.11: 
	0.12: 
	0.13: 
	0.14: 
	0.15: 
	0.16: 
	0.17: 
	0.18: 
	0.19: 
	0.20: 
	0.21: 
	0.22: 
	0.23: 
	0.24: 
	0.25: 
	0.26: 
	0.27: 
	0.28: 
	0.29: 
	0.30: 
	0.31: 
	0.32: 
	0.33: 
	0.34: 
	0.35: 
	0.36: 
	0.37: 
	0.38: 
	0.39: 
	0.40: 
	0.41: 
	0.42: 
	0.43: 
	0.44: 
	0.45: 
	0.46: 
	0.47: 
	0.48: 
	0.49: 
	0.50: 
	0.51: 
	0.52: 
	0.53: 
	0.54: 
	0.55: 
	0.56: 
	0.57: 
	0.58: 
	0.59: 
	0.60: 
	0.61: 
	0.62: 
	0.63: 
	0.64: 
	0.65: 
	0.66: 
	0.67: 
	0.68: 
	0.69: 
	0.70: 
	0.71: 
	0.72: 
	0.73: 
	0.74: 
	0.75: 
	0.76: 
	0.77: 
	0.78: 
	0.79: 
	0.80: 
	0.81: 
	0.82: 
	0.83: 
	0.84: 
	0.85: 
	0.86: 
	0.87: 
	0.88: 
	0.89: 
	0.90: 
	0.91: 
	0.92: 
	0.93: 
	0.94: 
	0.95: 
	0.96: 
	0.97: 
	0.98: 
	0.99: 
	anm0: 
	1.0: 
	1.1: 
	1.2: 
	1.3: 
	1.4: 
	1.5: 
	1.6: 
	1.7: 
	1.8: 
	1.9: 
	1.10: 
	1.11: 
	1.12: 
	1.13: 
	1.14: 
	1.15: 
	1.16: 
	1.17: 
	1.18: 
	1.19: 
	1.20: 
	1.21: 
	1.22: 
	1.23: 
	1.24: 
	1.25: 
	1.26: 
	1.27: 
	1.28: 
	1.29: 
	1.30: 
	1.31: 
	1.32: 
	1.33: 
	1.34: 
	1.35: 
	1.36: 
	1.37: 
	1.38: 
	1.39: 
	1.40: 
	1.41: 
	1.42: 
	1.43: 
	1.44: 
	1.45: 
	1.46: 
	1.47: 
	1.48: 
	1.49: 
	1.50: 
	1.51: 
	1.52: 
	1.53: 
	1.54: 
	1.55: 
	1.56: 
	1.57: 
	1.58: 
	1.59: 
	1.60: 
	1.61: 
	1.62: 
	1.63: 
	1.64: 
	1.65: 
	1.66: 
	1.67: 
	1.68: 
	1.69: 
	1.70: 
	1.71: 
	1.72: 
	1.73: 
	1.74: 
	1.75: 
	1.76: 
	1.77: 
	1.78: 
	1.79: 
	1.80: 
	1.81: 
	1.82: 
	1.83: 
	1.84: 
	1.85: 
	1.86: 
	1.87: 
	1.88: 
	1.89: 
	1.90: 
	1.91: 
	1.92: 
	1.93: 
	1.94: 
	1.95: 
	1.96: 
	1.97: 
	1.98: 
	1.99: 
	anm1: 


