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Motivation

» Evolution of the Higgs effective potential in the early universe

e Electroweak phase transition
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» Find minimums of potential as function of temperature — PhaseTracer
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PhaseIracer 1 Input: effective potential

» MS scheme of Landau gauge

» High temperature approximation (HT)

PhaseTlracer ¢ arXiv:2003.02859 .
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./bin/run_2D_test_model
./bin/scan_Z2_scalar_singlet_model

» Transition strength y = ¢/

gk BH, K R PhaseIracer 2 3



Phase'lracer

» For simplified potential,
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Phase'lracer

» Starting with an un-broken phase at high temperature
and a broken phase at low temperature, find a

temperature that these two phase degenerate using
Method 1 bisection method.

Analytic calculation :

Method 2 N/ |
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> Used in BSMPT (arXiv: 1803.02846, 2007.01725)
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Phase'lracer

» Starting with a minimum at low/high temperature,
trace the location of minimum at different

temper atures.
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» Used in CosmoTransitions (arXiv:1109.4189) and
PhaseTracer (arXiv:2003.02859).
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Phase'lracer vs. Cosmo'lransitions

CosmoTransitions 4.97 seconds 4 minutes
PhaseTracer 0.063 second 8.9 seconds
Relative difference
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Phase'Iracer 1 vs. PhaseIracer 2

» PhaseTracer 2 : More flexible input and more outputs

» Effective potential in PhaseTracer 1 ot = VIO + AVIOP 1 AVEOP + Vaaiey.
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Phase'Iracer 1 vs. Phaselracer 2

» PhaseTracer 2 : More flexible input and more outputs

» Effective potential in PhaseTracer 2

Vew(8) = s i mi9) (1og( ) ) - 3) + 2m (w2 (@) — (o)

© MS scheme, on-shell like scheme

1
® R: gauge, covariant gauge s = g (X +Rey/x? - TW)

1

. . mg,i=§(X::R€\/X2—Tz)
e Arnold-Espinosa approach, Parwani approach
1 1

» High temperature approximation (HT), PRM  Vux(¢,T) = Vo(8) + 5aT ¢ + 574,

» 3D EFT potential
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Phase'Iracer 1 vs. Phaselracer 2

5K FH, K PH R~
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Phase'Iracer 1 vs. PhaseIracer 2

» 3D EFT potential (DRalgo)

» Integrate out ultraviolet modes (non-zero Matsubara
modes in the imaginary time formalism).

» Two-loop thermal masses, effective couplings, and
beta functions.

» Reduce theoretical uncertainties.
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Input: Four-dimensional Lagrangian £,y with parameters {ci,...,c,}, temperature T,

physical parameters, heavy masses M
Start: Initialize model
Call PerformDRhard[] {
for all ¢; € {c1,...,¢,} do
Compute 4-dimensional S-functions 3(¢;)
Compute c; 3q(7, M) by integrating out non-zero Matsubara modes
end for
Compute thermal (Debye) masses mp, ;(T, M)
Compute couplings that involve temporal vector fields

}
Output/Input: Three-dimensional soft Lagrangian £;, with parameters {c; 34,...,¢n 34}
Call PerformDRsoft [] {
for all ¢;3q € {c13d,---;¢n 34} do
Compute 3-dimensional S-functions Bs4(c; 34)
Compute ¢; 34(T,c13d,---,Cn3d) by integrating out massive temporal scalars
end for
} —
Output: Three-dimensional ultrasoft Lagrangian £;; with parameters {¢; 3q,...,Cn 34}

if Lattice resources then
Compute lattice continuum relations to construct £
Monte Carlo simulation
else
Call CalculatePotentialUS[] {
Compute effective potential V3¢ (m?,:,,d) up to two-loops
}
end if
Compute thermodynamic parameters T, L/T
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Phase'Iracer 1 vs. Phaselracer 2

» More outputs:
e Critical temperature

e Transition strength

® Action «—— BubbleProfiler and others

e Latent heat
e Transition’s duration
e Approximated GW

» +TransitionSolver
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$ ./../bin/run_1D_test_model

=== transition from phase 0 to phase 1 ===
changed = [true]

TC =59.1608

false vacuum (TC) = [-5.04017e-06]
true vacuum (TC) = [50.0003]
gamma (TC) = 0.845159

delta potential (TC) = 0.00117818
TN = 56.9923

false vacuum (TN) = [-5.80726e-06]
true vacuum (TN) = [54.2993]
action (TN) = 7751.9
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Summary

More

INput
formats
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Phaselracer 2

Phaselracer 2

More
outputs
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