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Introduction

Decay of the EW vacuum

Implication of the SM Higgs with mp ~ 125 GeV:
EW vacuum is NOT absolutely stable in the SM!!

0.12 Higgs quartic coupling in the SM
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0.08 e Many works on the decay rate.
§ 0.0 [’01 Isidori, Ridolfi, and Strumia, etc...]
€ .04
% o e Effects of conformal zero-modes

0.0 were not properly calculated.
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Purpose: Complete NLO calculation of the decay rate



Introduction

Outline

@ Introduction

© Brief review of the calculation
© Effects of zero-modes

@ Result

© Conclusion



NLO formula of the decay rate

Usine the 1 _ e O(4) symmetric solution of EoM
sing the bounce ¢ e ¢(00) = v: false vacuum

The decay rate per unit volume @ NLO [77 Coleman]
1 [ DV =55 .
= —— Im -l-bounce = Ae P with B= Sg[g] - Splv],
V= yp m T e wi El¢] — Sk[v]

Expand the action around the bounce

Sglé + 9] = Sgl¢] + % /d43: TMU 4 O(T3)
Sglv+ U] = Sgv] + % /d% UMY + O(T3)
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EW vacuum of the standard model

Interested in the scale (®) ~ u 2 100 GeV; V(®) ~ —|\[(0TD)?

(®) > mpw approximation

Bounce solution -

1 a0 o(r) = #’22

PBounce = 7619 g < é ) with _ 1+ §‘)"OCT
V2 lim ¢(r) =0: FV

T—00

0.12.Higgs quartic coupling in the SM

Bounce action for the SM 0.10
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The Higgs fluctuation h

Expansion around the bounce
o Lo Pt +ig?
V2 ¢+ h—i¢?

Fluctuation operator for the Higgs mode

a __ ,.a a __ 1a
>, W, =w,, B,=70,

1 - 1
L> 5h(—aZ R 5hM(’L)h, MM = _p?
Angular momentum expansion of the Higgs mode

MP = 92 + §ar — M +3|A@?| with Je€Z/2
J T r r2

e Conformal zero-mode (J = 0): ./\/l(()h) =0

doc
e Translation zero-mode (J = 1/2): 1};)2874) =0



Conformal zero-mode

(h)

Decomposition using eigenfunctions of M, zero-mode: M he =0

=0 = 5" =0 —oz/\/a¢ .-+ with /d4rhg:27r
eigen H/(b_c/
he

Under ¢c — ¢c + Ao

1 1 - 0¢ qb
> + ——Adc + o .
\[(GZ) h) — \f(ﬁb &150 d’C Nez=— (‘3(;50 )

Path integral along the conformal zero-mode direction

/Dh —/dac—/dgbc




Zero-mode

Higgs J = 0 mode contribution

/ DRU=0) = [DetMgh)}_l/Q - %C [Det M| v

Det’ means that zero eigenvalue is omitted from Det

Det M( ) = hm v 1Det(./\/l(h) V)
Use “Gelfand-Yaglom theorem”

-1
Det 0 M =
DetMy _ i 220 1 O] iy 754(7)

DetM,; 72 f;(r) | fs(0)

The ﬁna.l result iS [’17 Andreassen, Frost, and Schwartz]
[’17 SC, Moroi, and Shoji]
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Summary: Decay rate of the EW vacuum

Final decay rate formula

dln ¢C’ [I(h (W7zv“p)j(t)]'(extra)e_3
pu~O(éc)

with T(X): contribution of Higgs / gauge and NG / top quark

We pI‘OVide, Setup: conformal, 1D bounce
e analytic expressions (Solve diff. eq., Sum over J)
o pubhc COde ELVAS : [’18 SC, Moroi, and Shoji]

application to SM, SM + extra scalars/fermions



Resultl: SM

Decay rate log;, 7 as a function of mj and m;
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Result2: SM + right-handed neutrino

Right-handed neutrino N with Yukawa interaction

1 _ _
L= Lsu+ G MyNN +yy® LN

Decay rate log;, 7y as a function of My and yn
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Result3: SM + vector-like quarks/leptons

Vector-like quarks Q, Q, D, D
AL‘rYukawa = y(I)*QE + y‘I’@D

1.0F

YD

10
Logl0[ Mp / GeV ]

y S 0.35 ~ 0.5 is required

Vector-like leptons L, L, E, E
AL"Yukawva = y‘P*LE + yq)fE

1.0F
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y S 0.4 ~ 0.7 is required
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Conclusion

Conclusion

We provide a way to treat conformal zero-mode

This completes NLO calculation of decay rate when Higgs
potential is scale invariant

Our works are also characteristic for
o Analytic expressions

e Application is not limited to the SM

Thank you for listening!!
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Comparison among several works

Define the scale R, of the largest contribution to v
Br() =0,6\(n) >0 at p=R"

8 1
R= | ——
\/?Wc

’01 Tsidori 17 Andreassen 17’18 Chigusa
Translation
zero mode O O O
Conformal Fix R = R. O O
zero mode Dim. analysis
Gauge
zero mode O O O
Ga}lge Feynman gauge Ferr{n gauge ) Fernlu gauge )
fixing §=1 L= i(aﬁﬂ?u) L= ﬂ(awAu)
Renorm. _ p-1 n=R; _ p-1
scale =R, Resum In"(uR) p="~r




Effect of gravity (SM + right-handed neutrino)

Yo = [P dIn o]

l.Or
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@ Insensitive to Planck suppressed
operators

@ Lower limit on v

Yoo = [P dIn o]
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@ Modified by Planck suppressed
operators

@ 7o = 7 if no such operators



Largest contribution to

SM

VLQ
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Renormalization in MSbar scheme

For example, consider the Higgs fluctuation In A™ determined by
My=-As+ 3A¢32 ./(/l\(] =-Ay

UV divergence comes from Y% Divergent part can be evz'iluated in
. L MS scheme by diagramatic approach
First regulate it with ¢, > 0 as

1= (2J +1)%, DetM;
D) Z 7 In
2 7 (1+€n) DetMJ

Renormalizable theory:

A A
Only upto O(\?) terms diverge
& @
1 i (2J + 1 [Det./\/lj] Call it [In A™)] g,
2 5 1+ e€n) DetM\J O(x2) Renormalized contribution of Higgs:

In A(h> - [hl A(h)]div,( h +[ln -A(h)}div,e

i (h) .. —
Call it [In A™ Jdiv. e, + (counter term in MS)




Effects of other zero-modes

Also take care of the translation zero-mode [77 Callan, Coleman]
_(2J+1)?
(h) doc (16 D t/\/l :
Ai — / ﬂ <7T> 1671 2¢C H € 3
VT oo \ A 7 DetM(

(2J + 1)2: degeneracy of the J mode

Gauge J = 0 mode has a zero-mode related to gauge symmetry

]2
A(‘AH’@) 167 DetMJ
Vsu A 11 Det AR @)
J>1/2 Det M

with  Vsy(o) = 2% . gauge volume
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RG evolution and dvy/dIn R in SM

o
n
S -

couplings
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The decay rate and the bounce

The decay rate vy is related to the 4D Euclidean action:
Z=(FV|e ™ |FV)=N / DV e °F o exp(iyV'T)

The path integral is dominated by the bounce ¢

VvV n-bounces

o — \“/ é) — exp < 1-bounce>

The bounce ¢: O(4) symmetric solution of EoM

GV}

=0 with ¢(c0) =v: false vacuum

2
0 200 2

20/13



The decay rate per unit volume

—Sg
1 fl-bounce DV e — 6’78

:71 =
T=yr ™ DU ¢ 55

fO—bounce

Expand the action around the classical path

Selé + U] = Sgd] + % /d4:c TMT + O(T3)

Sg[v+ VU] = Sg[v] —i—;/d% UMU + O(T?)
B = Sg[¢] — Sg(v]
=\ 1'Det/\ia
Det M

VT

V]



Longer description of the Higgs mode

Expansion around the bounce

1 100 ¢1+i¢2 a a a a
@:\ﬁe (¢+h,—i¢3 ;o Wy=w,, Bp=10,

Fluctuation operator for the Higgs mode

LaM®h, A = g2

1 92« 22 — =
£3 Gh(=0" =3¢ = 5

Angular momentum expansion in 4D using J € Z/2

h(z) = Z Rog (1) Vsmams (F)

n,Jy;ma,mp

. 3 4J(J+1 .
MW = A, = 3N = - [63 + -0, = (T;r) + 3|\ ¢?



Use [Coleman; Dashen, Hasslacher, and Neveu; Kirsten and McKane, etc...]

-1
DetMy _ 1 fa(r) | £2(0) with, d Mafa(r) =0
DetM; =% f;(r) | f1(0) Myfi(r)=0
nggs mOde CODtI‘ibutiOIl to ./4 (2J + 1)?: degeneracy of the J-mode
(27+1)?

2
_TIEEOH! 2 ] with M) =0

However, féh) (r—oc0) = fl(%(r —00)=0
99
~ dgc

e Translation zero-mode in J = 1/2: f1/2 = —

o Conformal zero-mode in J = 0: fo

4

7_&’
Moo



R integral and choice of u

Simpler example: Decay width of ¢

ddk
Iy, = Mlm My = / H d(on-shell conditions)

o Integral just sums up all possible configurations
e Each configuration is “physical”

e Each configuration is p-independent (up to higher loop)
Vacuum decay rate

[ibounee DY €755 /
Im -bounce — dl R T
,7 VT fO-bounce D‘II e_SE ! [ ]u_R

o Integrand should be p-independent
o Choice of 4 = R is appropriate
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