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Bubble nucleation rate

Rate of bubble nucleation in unit volume
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Super-determinants of
all the fields coupled to the bounce

Volume of the group broken by the bounce
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Standard Model
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Importance of the prefactor
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Gauge independence




Setup

One complex scalar + U(1) gauge boson in 4D
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Partial wave expansions

Lorentz scalar Lorentz vector .
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Functional determinant
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Functional determinant

Fermi gauge
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Gauge (in)dependence
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Related works

Our work is along this line

Nielsen-Fukuda-Kugo identity From Gelfand-Yagrom theorem )

[IN. K. Nielsen, ’75; R. Fukuda, T. Kugo, '70] [J. Baacke, K. Heitmann, '99]
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Gelfand-Yaglom for gauge sector

Proof for the gauge determinant is available in [M. Endo, T. Moroi, M. M. Nojiri, YS, ’17]
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Semi-analytic decomposition

Case1: gauge symmetry broken at the false vacuum

BG gauge [IM. Endo, T. Moroi, M. M. Nojiri, YS, ’17] Fermi gauge [M. Endo, T. Moroi, M. M. Nojiri, YS, ’17]
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Gauge zero mode



Gauge zero mode

Case2: gauge symmetry restored at the false vacuum

[A. Kusenko, K. M. Lee, E. J. Weinberg, ’97]
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L 3 272 o, T
b b —(-Ap+=+ — 290,
%(—Ao+% +§g2¢2> 28 (a f<cc)) ; < ot +E8°¢ ) gp' — g < 0 > .
_ 7’_ . = () - _ 2 _ - (Aogz) g¢? —
280 ~ A+ 4 g2 | \$H 28"+ 80, + g —Ag+
D - P 10
Global symmetry: —> ?, A,u — ‘) Global symmetry: —> e (|), AM — A,M

~ ) ' _
Jo =" ' Jo = \/ﬂjdrr3gb2
— )
yVG "
Determine these to reproduce
the Fermi gauge result

Scalar potential is lifted



Semi-analytic decomposition

Case2: gauge symmetry restored at the false vacuum

BG gauge [IM. Endo, T. Moroi, M. M. Nojiri, YS, ’17] Fermi gauge [M. Endo, T. Moroi, M. M. Nojiri, YS, ’17]
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Jacobian for the BG gauge
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Reduction of computational time

BG gauge with & =1

Gauge sector
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Fubini instanton



Fubini Instanton and decay rate
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Gauge independence

Fermi gauge
[A. Andreassen, W. Frost, M. D. Schwartz, ’17; S. Chigusa, T. Moroi, YS, 17 & '18]
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Multi-field bounce




Symmetries

Gauge charges of bounce fields
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Jacobian for BG gauge with multi-field bounce

After the subtraction of gauge zero modes in the BG gauge, the Jacobian is given by
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Multi-field Fubini instanton

R ] _ [S. Oda, YS, D. Takahashi, '20]
Multi-field quartic potential

Renormalisation scale (=1/R)
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(No dimensionful parameters)

* Reduced to a single field bounce

_ 4
Veff T /Ieff(lu ) ‘ (I) ‘ (Steepest direction for given p)

The rest is the same with the single field Fubini instanton calculation

(If there are more than one coupling with a similar size, we need to add their decay rates)



Phenomenological applications



Standard Model

[A. Andreassen, W. Frost, M. D. Schwartz, ’17; S. Chigusa, T. Moroi, YS, 17 & '18]

Particle Data Group 2023
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Vacuum decay rate in the standard model
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Fubini instanton

BSMs with Fubini instanton
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Public code
https://github.com/YShoji-HEP/ELVAS

[J README &3 MIT license V4

ELVAS

C++ Package for ELectroweak VAcuum Stability

Introduction

ELVAS is a C++ package for the calculation of the decay rate of a false vacuum at the one-loop level, based on the
formulae developed in [1, 2]. ELVAS is applicable to models with the following features:

* Only one scalar boson is responsible for the vacuum decay.

 Classical scale invariance (approximately) holds. In particular, the potential of the scalar field responsible for
the vacuum decay should be well approximated by the quartic form for the calculation of the bounce solution.
(Thus, the bounce is nothing but the so-called Fubini instanton.)

» The instability of the scalar potential occurs due to RG effects; thus, the quartic coupling constant becomes
negative at a high scale.

If you use ELVAS in scholarly work, please cite [1] and [2].

Download and Install

ELVAS requires a c++ compiler that supports C++14 and the boost library
(http://www.boost.org/users/download/#live). The required version of boost is 1.59.0 or higher.

Unix

For UNIX svstems. follow the instruction below.



Multifield bounce + gauge zero mode

SM + bino + sleptons

(Minimal supersymmetric particles to explain the muon g-2 anomaly)
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[S. Chigusa, T. Moroi, YS; 22 & 23]

Smuon instability (heavy staus)
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(The trig-linear coupling is determined to explain the muon g-2 anomaly)



Summary

e Precise determination of vacuum decay rate requires computation of the prefactor,
and contributions from gauge bosons are not negligible

* |t was not clear whether the prefactor is gauge independent because the functional
determinant depends the gauge parameter non-trivially

 We have explicitly shown that the prefactor is gauge-independent and is reduced to
one physical functional determinant

 We derived the Jacobian for the gauge zero modes, which enables the computation
of the gauge determinants for any scalar potential

 \We have applied our prescription to standard model and several models beyond the
standard model



Semi-analytic solution

BG gauge
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Semi-analytic solution

Fermi gauge
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