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Cosmological phase transitions probe new physics

m Standard model predicts electroweak crossover at T ~ 160 GeV
= No GWs due to lack of violence

m But new physics can induce strong first-order phase transition
= Promising source of stochastic GW backgrounds

Effective potential determines phase transition thermodynamics:

P(T) = p+ — TAV(vmin) e V) = /D¢4 e~ SEldatT2V]
1PI

Computing V(v) is hard due to e.g. non-perturbative effects

= Use effective theory and/or lattice techniques
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Common starting point: Dimensional reduction

Abelian Higgs model example:

1 .
EE = ZFuyF#y + DIU'QSZD,LL(Z)‘l- + /’L2¢Z¢4 + )\(¢Z¢4)2 D# _ a# _ IgB#

hard t ©T
mpy 5
soft + gT'

<
mnucl T

supersoft + ¢3/2T

-

Full theory w. discrete energies w = 2nmt T

1) Effective theory of static zero modes
(6o — T2, g — T 2gs, ...)

Effective potential V/(v)
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Common starting point: Dimensional reduction

Abelian Higgs model example:

1 .
EE = ZFuyF#V + D:“¢ZD}L¢)4 + /’L2¢Z¢4 + )\(¢Z¢4)2 D# _ 8# _ IgB#

hard 1 T
mpy "5
soft 1 g1 -
softer 1 <

supersoft 1 ¢3/2T

-+

Full theory w. discrete energies w = 2nmt T

1) Effective theory of static zero modes
(6o — T2, g — T 2gs, ...)

2) Effecive theory without By zero modes
(g3 — &3 ---)

Effective potential V/(v)
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Effective theory come with intrinsic uncertainties

m Effective theories in principle contain infinite tower
of higher dimensional operators
= Need high-temperature expansion (all scales small compared to T)

m State of the art: Truncate expansion at NLO

1
= Lot = 3 FisFij + Did! Dioo + 1566 + A (¢10)”

1
+ 5(3:'30)2 + k3 By + h3(¢'¢)Bs + O(g°)
What about higher dimensional operators?
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Correct matching yields gauge invariant basis

m We use field redefinitions to construct complete dimension six

operator bases for Abelian Higgs model soft and softer EFTs

m We compute the leading gauge-invariant matching contributions

for dimension six operators for the first time

For ¢® operator we find (x.0 = )\/g2):

¢(3)g° 3
3274 30

_ V3¢’
87

20
Lsofe D c6¢° 6 = Lo + 5xCo + 3 XLO) +0(g )

Lsofter O E6¢6 Cé (1 - XLO) + O(g4)
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Softer theory is not suitable for strong transitions

(Y 2 X 4 o 1
AViotier = 83 <2¢2 + 1@4 + gwﬁ — 67r<p3>

v® impact on transition strength v® impact on a/f3
1.0 feg
: 104
- ‘/softer N & 103 El ... .(]:0.5
— Vi - g=07
----- at T | - 9=09
— ) = Viofter
¥ ‘ at Tp 10% B _ with &
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ZLO

m Large Cp correction suggests EFT breakdown

p

m « negative for small x_ o = unphysical regime
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Soft theory is better but not perfect

Y 2, X a4, %% 6 1 3
AV = E%85 (597 + 70+ 2¢° — —¢
soft 3\ 2 4 8 6
x scan for fixed full x and arameter scan
g , gp
AN :
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o o
SR U S = 10°
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9 - Vsift 9 - Vsift
10° H — with ce 10° B — with cg -
1073 102 10! 100 103 102 10! 100
ap Qp

B c; weakens transition

= Significant uncertainties in the LISA region
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Summary and Outlook

m We constructed complete gauge-invariant bases for dimension-six
operators for Abelian Higgs model soft and softer EFTs

m We examined impact on strong phase transitions, GW production:

Softer EFT becomes unreliable

K Higher dimensional operators induce significant corrections
= Also relevant for lattice computations

Future avenues: Match higher-dimensional operators for SU(N)

4D Lattice simulations?
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Thank you for your attention!



Backup slides



= Latent heat determines available energy budget:

(Tor —3)AV
e ——— = min) — V
a 307p, AV = V(Vmin) (0)

= Duration of the phase transition:

g = TO7 Snucl[vs) Snual[V] Z/x [;(aiv)2 + V(V)]
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