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Vacuum decay In
the standard model
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Bubble nucleation rate

[C. G. Callan, S. R. Coleman, ’77]

A rate to have a bubble in unit volume

v = Ae P

B — SE(

ST 2 Bounce solution
— T~ (Fubini-Lipatov instanton)
3|l
. |8 R
Independent of R o(r) = I\ R2 4 1?2
(classical scale invariance)

for a negative A

R - Size of the instanton



Bubble nucleation rate

[C. G. Callan, S. R. Coleman, ’77]

A rate to have a bubble in unit volume

v = Ae”

Quantum correction to B

—1/2
A ~ (det S;_E/]|bounce> /
det ng|false

eXp( O+ {3 O )

H|ggs Top NG boson Gauge l\/llxed Ghost



Typical scale?

A rate to have a bubble in unit volume

v = Ae "

—1/2
A ~ (det Zj|bounce> /
det S/E/ |false

A~ M2

¥ __.Typical scale

Dimensional analysis

What is the typical scale?

SM is classically scale invariant
Any size of bounce is allowed



Renormalization scale?

A rate to have a bubble in unit volume

v = Ae "

B = Sg(¢o)
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What is the renormalization scale for A?



Calculate Al

A rate to have a bubble in unit volume

v = Ae "

det S bounce | 2 8
A~ E |bounce B =S _ -
( det S/E/|false > E(¢) 3|>“

If we calculate A, we do not have such problems

We do not need “typical scale”

The renormalization scale uncertainty is canceled



Standard Model
@ one-loop

G. Ishidori, G. Ridolfi, A. Strumia; ‘01
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However,

There were no established ways to subtract dilatational and gauge zero modes
They use an approx. for the gauge zero mode subtraction, which is gauge dependent



Gauge zero mode

[A. Kusenko, K. M. Lee, E. J. Weinberg; 97]

Higgs
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However,

There were no established ways to subtract dilatational and gauge zero modes
They use an approx. for the gauge zero mode subtraction, which is gauge dependent

9 We have found the correct treatment of the gauge zero mode
JHEP 1711 (2017) 074, M. Endo, T. Moroi, M. M. Nojiri, YS
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Gauge invariant
analytic result



Improvement

ary
— [ dR=L
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We improve the treatment 3
of the R-integral

d 2
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We get analytic results

2

We use a different gauge fixing so that we 1
can treat gauge zero modes



Gauge fixing

NG boson

_ 1
Lor = (8MA,U - 9¢X)2 9 Lor = E(ﬁuAu)z

Numerical
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Gauge contribution
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Theorem

[J. H. van Vleck, '28; R. H. Cameron and W. T. Martin, ’45; ...]
We give a proof for our case in JHEP11(2017)074

det M ( dewmr)---wn(r)')( dewlm---wn(r)')l

— lim — A _ lim — R :
det M \"—odetth1(r)---n(r)] ) \7=0 detfth1(r) - hn(r)

N

M, M :(nxn)radial fluctuation operators

Mlbz — O, ,/\/lzﬁz — () :independent solutions (regular at r=0)



Decomposition of simultaneous
differential equations

JH - -
/\/l( S. L) v 0 [JHEP11(2017)074; M. Endo, T. Moroi, YS]
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Gauge invariant
analytic formulae

We can calculate all of the determinants analytically

Y = / dIn RR [A') A AW) A Aw) =B

MS, pu~1/R’
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[A. Andreassen, W. Frost, M. D. Schwartz; ’17, S. Chigusa, T. Moroi, YS; ’18]



Integral over
the bounce size

R-dependence of the integrand TR 1= one-loop level

gx2g(L)
v:/ale7 /dlnR R~ a2

— X
dR
§” : 1-loop beta function of A

The integral apparently diverge!

However, the result can converge if one includes two or more loops

RG improvement

. L —1
For each bounce size R, we take the renormalization scale as 1 ~ R

(Corresponding to resummation of higher loop logarithmic corrections)



RG improved integrand (SM)

break down of
perturbation

Remove by hand
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(¢c: field value at the center of the bounce)

The center of the bounce exceeds
the Planck scale

(1) Ignore effects of gravity

logy, [%O X Gyr Gpc3] = —580351 fégg t;‘fi J_r%,
mp My O i

(2) Impose a cutoff of R

logyq [vp1 x Gyr Gpe®] = —582735 T35 Hois 1,

There are cancellation among

quantum corrections

Ignoring QC, we have

log, {’yglree) X Gyr Gpcﬂ = —575



Standard Model

S. Chigusa, T. Moroi, YS; ‘ 18
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ELVAS

(c++ package for ELectroweak VAcuum Stability)
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Who don’t even want to
write a code by theirselves

should go to https://github.com/YShoji-HEP/ELVAS

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-lcop level, based on the
formulae developed in [1, 2]. ELVAS is applicable toc models with the fcllowing features:

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

» Classicel 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].




Assumptions

We consider a more general case where the scalar potential is roughly given by

Other terms are
neglected since

m << M

Lambda becomes smallest
at a high energy scale

Mass scale of
particles

l
3
Tﬁ

Energy scale

No instability at a low energy scale

The bounce field can have global/local symmetry



Laurent expansions

The package uses expanded expressions ( < 0.05% accuracy)

F Numerical Recipe

In this Appendix, we give fitting formulae of the prefactors at the one-loop level. Contrary to
the analytic formulae including various special functions with complex arguments, which may
be inconvenient for numerical calculations, the fitting formulae give a simple procedure to
perform a numerical calculation of the decay rate with saving computational time. Compared
to the analytic expressions, the errors of the fitting formulae are 0.05% or smaller.

e Higgs

e Scalar

[In AW o = —0.99192944327027 + 2.5In [A| — 3In 1R, (F.1)

Let = x/|A|. For 2 < 0.7,

— [ln Aw)}

For = > 0.7,

- [ln A(”)}

e Fermion

Y

MS

— = —0.2391339392249742° + 0.2222222222222222°

1S
— 0.1347046021063962* + 0.1022786065928662°

— 0.08393292611794022° + 0.07159568820480092"
— 0.06254817115766282° + 0.05556974706025152°
— 0.05000424550374092"° — 0.3333333333333332° In uR.  (F.2)

— = —0.0261559272783723 + 0.0000886704923163256 /*

+0.0000962000962000962/2° + 0.000198412698412698 /2>
+0.00105820105820106 /2 + 0.111111111111111

— 0.18120418749780527 + (—0.0055555555555556
+0.16666666666666722) In = — 0.3333333333333332° In uR.  (F.3)

Let 2 = y*/|\|. For z < 1.3,

_ [ln A(“’)}

g = 0.644934545116612 + 0.0051149715051092
— 0.03669536622582762> + 0.00476307962690785x"
— 0.000845451274112082x° + 0.0001682449135514172°
— 0.0000353785958610453z" + 7.67709260595572 x 10~62°
+ (0.666666666666672 + 0.3333333333333332%) In pR. (F.4)

592

For x > 1.3,

_ [ln A(d’)]’i

MS

o Gauge

= —0.227732960077634 4 0.00260942760942761 /2>

+0.00271164021164021 /22 + 0.00820105820105820/
+0.53790187962670x + 0.29672871759112922
+(—0.06111111111111111 — 0.3333333333333333z

— 0.16666666666666662°) In =

+ (0.66666666666667x + 0.3333333333333332%) In puRR. (F.5)

Let x = g?/|A|. For z < 1.4,

— [In AAeP)] = — 0.96686103284373 — 1.76813696868318x

For x > 1.4,

_ [ln A'(Au,v)]

where

MS

+0.615931515658412 + 0.1450842710241012

— 0.0241469799983579z 4 0.005559178056028272

— 0.001450208917591522° + 0.00040258044703627627

— 0.0001158219259591362°

+0.5In || + (—0.333333333333333 — 22 — 22) InuR.  (F.6)

= — 27.0091748854198 + 0.000266011476948977 /x*
+ 0.000288600288600289/2° + 0.000595238095238095 /2
+ 0.00317460317460317 /2 + 1.56519636465016x
— 0.079883630249442% + (—3.54033527491510 x 107°/2°
— 0.0000404609745704583 /2% — 0.00051790047450187 /z*
— 0.0082864075920299/2% — 0.265165042944955 /x
S
V5% + 7916483719987229
+ (—6.01666666666667 4 0.52%) In «
+ 1.51n[3.14159265358979(—98796.7402597403
+ 136316.571428571x — 136594.2857142862°
+ 921602° + 73728002 + 65536002°)]
+0.5In|A| + (—0.333333333333333 — 22 — 2®) InpR,  (F.7)

+ 4.24264068711929)+/z arcsin

s =T+ 80z + 102427 + 163842° + 524288z — 83886082, (F.8)
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[S. Chigusa, T. Moroi, YS;
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Renormalization group evolution of couplings
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Input File for the Standard Model

R RR

BHRBBBBBBBBBBBBBBBRBRBRBRBRBR BB B BB BRBRBRBRBRB AR AR AR ARARARAA

[GENERAL]
#Labels for dataset variables
DATASET_VARS = {mHiggs, mTop}

#Labels for RG data
RECORD_VARS = {Q, g2, g1, yt, yb, lambda}

#Delimiter for dataset variables
DATASET_DELIM = " "

#Delimiter for RG data
RECORD_DELIM = " "



‘@ @

|[DATASETY
2. 4300200
3. 803’437c+02
6.0285271e+92
Y.5545/21e+b.
1.5142576¢103
2.4200000e+03
3.8037437e+03
6.0285271e+83
9.5545721e+03
1.5142576c104
2.420000Re+RL
3.8037437e+0<
6.0285274e+04
9.5545721e+04
1.5142576¢c105
2.4000€00e+05
3.0037437e+05
6.0285274e4+05
9.5545721e+05
1.5112676e+06
2.4000€00e+0b
3.0037437e+06
(.0285274e+06
9.5545721e+06
1.5142676e4+07
2.4000€00e+0
3.8237437¢+07
6.02857274e+R7
19 5545721e+07

- e annfAMSs L AN

(1 2509900¢+02 1. 731eaoec+oz)

4501 049 -9
6 4352¢
6.1116422e-01
b.3538.1/8e-01
6.3550165¢c 01
6.34720376p-01
6.3192799%e-01
6.2367121e-01
6.2744223e-01
6.2523186¢ 01
£.2304700e-RA1
6.2087512e-01
6.1372820e-01
6.1560217e-01
6.1449€51c 01
b.1241106e-01
6.1234557e-01
6.0320C78e-01
6.0527344e-01
6.0126€20e-01
b.022/808e-01
6.0230€54e-01
5.0835743e-A1
5.9542450e-01
5.9150650e-01
5.9261217e-01
5.90873229¢-01
5.83865AAe-A1
5.8702387e~ 01

= AT A A AN L

Se-01 2

What you need

Renormalization group evolution of couplings

4.5301f

.....

790

4.63775%8e
4.70434828¢
1.7170338e-4

4,7298163e-01%

4.7426976c 01
4.7556794e-01
4.7587€33e-01
4.7319511e-01
4.7352445e-01
4.8286452¢ 01
4.8221550e-01
4.0357755e-01
4.84095286e-01
4.8533561e-01
41.8773196e-01
4.831<¢11e-01
4.9256€24e-01
4.09194253e-01
4.9343717e-01
4.9189437e-01
4.9536430e-01
4.9784718c-01
4.993343271e-01
5.008525%e-01

= ARNAmESN L an

ér.dat>ﬁ

['0.1368515e-01

8.9526450e-01

"~_s.7551393e-01

D0 2.280e-01
@21€43c 01
1NLA5AR-01

7. 15686
7.05.4
0.9504
6.0334
6.7502 dbBe

6. 67055318 01
6.5341153e-01
0.590/990e-v1
6.4203195e-01
6.3425205e-01
6.2572€70e-01
6. 19438379-01
b.123/43be-v1
6.0552216c-01
5.98387€23e-01
5. 92407938-01

L L L

1.522.7€32e-02
1.4739161e-02
1.4299383e-02
1.3895282e-0.
1.3526710c 02
1.3166205,-02
1.2838850e-02
1.253217@e-02
1.2244€44e-902

"‘\ .1972648¢ 02

wl 7 64A1e-07
g 3923e-02
. %9—04

Dataset varlables Lol

. JhbEe-0.

o,\-azse—o¢
9 010%g00e-03
9,75.1588e-03
9.59810448:03
Q.4508800e %,
9.3091466e-9
0.1725300e-03

9.04076338‘03 1.

8.0135354¢-03
B.7905975e-03
8.67.7111e-03

LA T ol e "~

2. 11797062-02 %

1.10562132-01
1.1126386=-01
1.23653482-01
Y.0b4.,49152-04
9.9159826¢2 02
R.4144097~-07
7.3545287=-02
7.33266812-02
6.3433821=2-02
6.3853320¢2 02
5.9557999-,-07
5.3506151=-02
5.160409772-02
4,31001262-02

262 02
102-92

WNHES5502-02
3.28450€852-902
3.927T3012-02
2.7820882-02
2.34924125%02
2.328G09282-0%

RNJ1826172-02
AB842032-02
1.54%6292 02
1.37678422-07
1.2126530e-02

- RENPFAAN R AN .
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f | #Labels for dataset variables .
'*-kDATASET VARS =

Input File for the Standard Model

BHBBBBBBRBB BB BB BBRBRBRBRBRBRBRBRBRB AR RRRRBRBRBRBRBRBRRRRS

{mﬂlggs, mTop}ﬁ'ﬂ

#Labels'for/RG”data‘
RECORD_VARS = {0,

/#Dellmlter for dataset varlables\“
'TASET DELIM =" "

gZ ‘gl yt, yb, lambda}

#De11m1ter for RG data
RECORD_DELIM = " "



‘e 0@
HDATAS[TI (1.2509000e+02 1.7310200¢+02)

4.6301€01e-01
4 6423]16c 01

2.4200000e+02
3.8037437e+02
6.0285274e+9
SR g [ 1B+
1.5142C676c103
2.4200000e+N3
{ 3.8037437e+03
6.0285271e+83
9.5545721e+03
1.5142676c104
2.420000Re+N4
3.8037437e+04
6.0285274e+04
9.5545721e+04
1.5142676¢105
2.4000€C00e+05
3.0037437e+05
6.0285274e4+85
| 9.5545721e+05
11.5112676e+06
2.4000€C00e+0b
[ 3.0037437e+06
| 6.0285274e+h6
9.5545721e+06
1.5142676e+87
| 2.4000€00e+0]
3.8037437¢+87
6.02857274e+R7
19 5545721e+07

- e annfAMSs L AN

6.4501€04e-01
6. 4352899e 01

l

'f-.s zllue ui

6. ?4791769 01
6.3192799%-01
6.2367121e-01
6.2744223e-01
6.2523186¢ 01
£.23047902-01
6.2987512e-01
6.1372820e-01
6.1560217e-01
6.1449€51c 01
b.1241106e-01
6.1234557e-01
6.0329¢78e-01
6.0527344e-01
6.0126€29e-01
b.022/t0Be-01
6.0230C€54e-01
5.98335743e-01
5.9542450e-01
5.9150650e-01
5.9261217e-01
5.9973229%9¢-01
5.83865ARe-N1
5.8702387e~ 01
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Renormalization group evolution of couplings

sm.dat -

\

_4 b:b&:bbe 01

.' =4

4. 62”75789-.

a. 7a43482=-'*’ﬂ'

4.7170338e-01
4,7298163e-01
4.7426976c 01
4.7556794e-01
4.7587€33e-01
4.7319511e-01
4.7352445e-01
4.8286452¢ 01
4.8221550e-01
4.0357755e-01
4.84095286e-01
4.85335361e-01
41.8773196e-01
4.831<¢11e-01
4.9256€24e-01
4.09194253e-01
4.9343717e-01
4.9189437e-01
4.9536430e-01
4.9784718c-01
4.993343271e-01
5.008525%e-01

= ARNAmESN L an

0.1368515e-01
8 9526450:-01

[\

a :az¢zsue 01 

7.25764248%01
7.1568€57e-%
7.0514398¢ 01
6.9504¢37e-9
6.0534330e-0
6.7502368e-01
6.6705531e-01
6.5341453e-01
6.5007990e-91
6.4203195e-01
6.34252050-01
6.2572670e-01
6.1943837e-01
6.1237436e-91
6.0552216c-01
5.9387023p-01
5.9246793e-01

L R B

'1 susszuze-

Records

- ‘;$.5583559e-02

1.522.7€32e-02
1. 4739161c-0¢

/] 00 0

1.?1667959—0“
1.2838850e-02
1.253217@e-02

1.2244€44e-902

M4 1.1972648c 02

& 177 6407e-07
' 4’3923:-0¢

9.5981044e%3

9.45088090e-0%,
9.3091466e-03 |,

9.17253090e-03

9.0497633e-03 1.

8.0135354¢-03
B.7905975e-03
8.67.7111e-03

LA T ol e "~

1.19562132-01
1.1126386=-01
23623482-01
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R. 4144“07#—0“
7.3545287=-902
7.33206812-02
6.34338212-02
6.3853320¢c 02
5.9557999~-07
5.3506151=-02
2 5.16949772-02
Z 4.31001262-902
4.4705326¢ 02
4. 1496€/02-04
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Input File for the Standard Model

RSB

BHRBBBBBBBBBBBBBBBRBRBRBRBRBR BB B BB BRBRBRBRBRB AR AR AR ARARARAA

1.21285

" RENMPr AN

[GENERAL]
% | #Labels for dataset variables
W, DATASET_VARS = {mHiggs, mTop}

aoels for RG data

E*sr ORD VARS {0. 92 91 yt yb

lambqa},

y #Delimiter for dataset varlables
‘: DATASET DELIM ==

o o 'e11m1ter for RG dat
_BECORD_DELIM — Bl e



The rest Is script routines

© @] sm.in
BRB BB B BB B BB R RR AR RRBRRRRRRRRRRRRARRR

Input File for the Standard Model

HEHEHRRR

BHBBBBBBBBBB BB BB R BR BB BB BB BB BB R BB R BB BB AR BR R AR AR R R AR RAR AR ARARRARBARRRRAR

[GENERAL]
#lLabels for dataset variables Read [GENERAL]
DATASET_VARS = {mHiggs, mTop}

#Labels for RG data

RECORD_VARS = {Q, g2, g1, yt, yb, lambda}

Execute [INITIALIZE]
#Delimiter for dataset variables
DATASET_DELIM = " * 1

#Delimiter for RG data

RECORD_DELIM = " * Dataset Yes
exists? Read dataset variables
#Delimiter for output <

OUTPUT_DELIM = " " 1
[INITIALIZE]
:}S]i(t)ﬂlg(g.x R) Execute [BEGIN_ROUTINE]

#Volume of the group space generated by the broken generators

lnvg = log(2. * pi~2) : !
e e Executed at the beginning
log(2.435e18)

upper_bound =

Z
=]
Pa—

/ Read a record /
No 1

€ - =mmmmmmmmmmmm———=

#Print a header

print("mHiggs mTop logl@(gamma x Gyr Gpc~3)") v

[BEGIN_ROUTINE] Execute [FINALIZE] —  Execute [END_ROUTINE] Execute [MAIN_ROUTINE]
#Clear phiC and dlngamma/dR~(-1)

initialize() 1

#Lower bound on 1nPhiC and 1nR~(-1)
lower_bound = log(mTop * 10) —

[MAIN_ROUTINE]
#The Higgs quartic coupling.
HIGGS_QUARTIC_COUPLING = lambda

#1f Higgs quartic coupling is positive, skip this record
if(HIGGS_QUARTIC_COUPLING > @, continue())



The rest Is script routines

© @] sm.in

R L e
#

Input File for the Standard Model

R

BHBBBBBBBBBB BB BB R BR BB BB BB BB BB R BB R BB BB AR BR R AR AR R R AR RAR AR ARARRARBARRRRAR

[GENERAL]
#Labels for dataset variables
DATASET_VARS = {mHiggs, mTop}

#Labels for RG data
RECORD_VARS = {Q, g2, g1, yt, yb, lambda}

#Delimiter for dataset variables
DATASET_DELIM = " "

#Delimiter for RG data
RECORD_DELIM = " "

#Delimiter for output
OUTPUT_DELIM = " "

[INITIALIZE]
#Set 1n(Q x R)
LN_QR = 0.

#Volume of the group space generated by the broken generators
lnvg = log(2. * pi~2)

upper_bound = log(2.435e18)

#Print a header
print("mHiggs mTop logl@(gamma x Gyr Gpc~3)")

[BEGIN_ROUTINE]
#Clear phiC and dlngamma/dR~(-1)
initialize()

Executed for each dataset
#Lower bound on lnPhiC and 1nR*(-1)

lower_bound = log(mTop * 10)

[MAIN_ROUTINE]
#The Higgs quartic coupling.
HIGGS_QUARTIC_COUPLING = lambda

#1f Higgs quartic coupling is positive, skip this record
if(HIGGS_QUARTIC_COUPLING > @, continue())

Z Read [GENERAL] /

Execute [INITIALIZE]

Dataset Yes
exists?
—

€ - =mmmmmmmmmmmm———=

/ Read dataset variables /

l

Execute [BEGIN_ROUTINE]

No
/ Read a record /
: No 1
v
Execute [FINALIZE] ! Exccute [END_ROUTINE] Execute [MAIN_ROUTINE]

l




The rest Is script routines

© @] sm.in ~
BRB BB B BB B BB R RR AR RRBRRRRRRRRRRRRARRR
#

Input File for the Standard Model

R

BHBBBBBBBBBB BB BB R BR BB BB BB BB BB R BB R BB BB AR BR R AR AR R R AR RAR AR ARARRARBARRRRAR

[GENERAL]
#Labels for dataset variables
DATASET_VARS = {mHiggs, mTop}

#Labels for RG data
RECORD_VARS = {Q, g2, g1, yt, yb, lambda}

#Delimiter for dataset variables
DATASET_DELIM = " "

#Delimiter for RG data
RECORD_DELIM = " "

#Delimiter for output
OUTPUT_DELIM = " "

[INITIALIZE]
#Set 1n(Q x R)
LN_QR = 0.

#Volume of the group space generated by the broken generators
lnvg = log(2. * pi~2)

upper_bound = log(2.435e18)

#Print a header
print("mHiggs mTop logl@(gamma x Gyr Gpc~3)")

[BEGIN_ROUTINE]

lower_bound = log(mTop * 10)

[MAIN_ROUTINE]
#The Higgs quartic coupling.
HIGGS_QUARTIC_COUPLING = lambda

#If Higgs quartic coupling is positive, skip this record
if(HIGGS_QUARTIC_COUPLING > @, continue())

Z Read [GENERAL] /

Execute [INITIALIZE]

Dataset Yes
exists?
—

€ - =mmmmmmmmmmmm———=

/ Read dataset variables /

l

Execute [BEGIN_ROUTINE]

No
/ Read a record /
: No 1
v
Execute [FINALIZE] | Exccute [END_ROUTINE] Execute [MAIN_ROUTINE]

l
= >

Executed for each record
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BRB BB B BB B BB R RR AR RRBRRRRRRRRRRRRARRR
#

Input File for the Standard Model

R R R

BEBBBBBBRBBBRBBBBRBBBRB BB BB BBRR BB AR BB RRRBRAR BB ARRRARRBRRRRRARRRBRARRARRRARR

[GENERAL]
#Labels for dataset variables Read [GENERAL]
DATASET_VARS = {mHiggs, mTop}

#Labels for RG data l
RECORD_VARS = {Q, g2, g1, yt, yb, lambda}

Execute [INITIALIZE]

#Delimiter for dataset variables
DATASET_DELIM = " * l

#Delimiter for RG data

RECORD_DELIM = " " Dataset Yes
exists? Read dataset variables
#Delimiter for output <

OUTPUT_DELIM = " " 1

[INITIALIZE] :

:ﬁesRlz(g_x R) ; Exccute [BEGIN. ROUTINE]

#Volume of the group space generated by the broken generators 'No 1

lnVg = log(2. * pi~2) !

#Upper bound on lnPhiC and 1nR~(-1) " Record exists? Z Read a record 7
upper_bound = log(2.435e18) !

#Print a header v i No 1
print("mHiggs mTop logl@(gamma x Gyr Gpc~3)") v

[BEGIN_ROUTINE] Execute [FINALIZE] —  Execute [END_ROUTINE] Execute [MAIN_ROUTINE]
#Clear phiC and dlngamma/dR~(-1)

initialize() l

#Lower bound on lnPhiC and 1nR*(-1)
lower_bound = log(mTop * 10) —

[MAIN_ROUTINE]
#The Higgs quartic coupling.

HIGGS_QUARTIC_COUPLING = lambda : :
#If Higgs quartic coupling is positive, skip this record And Slmllarly for [END—ROUTINE] and [FINALIZE]

if (HIGGS_QUARTIC_COUPLING > @, continue())



Important functions

The routines can be easily constructed

dy
— I InstantonB()
! / s dln R N

871'2

= < * <t |

o
w

HiggsQC ()
FermiEnQC(y)
get_lngamma(1lnRinv_min,lnRinv_max) Gaug;QC(g_squared)
(fitting & integration) ‘
ScalarQC(kappa)

(for additional scalars)



Right handed neutrino

For simplicity, consider one RH neutrino

Integration below the Planck scale  Integration beyond the Planck scale

l.Ot

0.8-

0.6- ]
z _ =250 ||

04~ .
-500
02~ .
0.08eV 0.05eV 1
A
| = i
0-07\‘\\‘\‘\\‘\\\“\‘\\‘\\“‘\\\“f 0-07\‘\“\‘\\‘\\\“\‘\“\\“‘\\\“f
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Logol My / GeV | Logol My / GeV |

Neutrino mass



Summary

We obtained analytic formulas for bubble nucleation
rates, which are manifestly gauge invariant.

We proposed a way to treat the integral over the bounce
size, which gives a convergent result.

We have confirmed that the SM vacuum is meta-stable,
..e. the lifetime is longer than the age of the Universe.

We provide a c++ package that can calculate decay rates
for generic models with approximate scale invariance.



