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Unstable standard model vacuum

Higgs quartic coupling 1, turns negative at high energy scale
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Instability develops at Amax ~ 1019711 GeV egrassi etal. 2012
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Metastable EW vacuum

Not absolutely stable though, our EW vacuum is safe: given that

my=125.09+0.21+0.11GeV
m;=173.34+0.76 + 0.3GeV

Lifetime of the EW vacuum >> age of the universe
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(Elias-Miro et al. 2012; Degrassi et al. 2012)
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Higgs stability during inflation
Hubble parameter during inflation may well be large:

7 roy1/2
Hinng@n\/;mpl ~6.73 x 1013(—) GeV
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EW vacuum stabilization during inflation

e Low-scale inflation: Hins < 1010711 GeV (B¢ < 101715 Gev)

@ Non-minimal coupling to gravity @spinosaet al. 2008; Herranen et al. 2014)

@ Thermal effects airbairm & Hogan 2014)

v’ Direct coupling to inflaton ebedev & westphal 2013; Kobakhidze & Spencer-Smith 2013)

v Coupling to another scalar (Gonderinger et al. 2010; Khan & Rakshit 2014)
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Lagrangian

Simplest case of a renormalizable Higgs-inflaton coupling
Vg, h) = - O+ L+ lfcpzhz
20T Ty 2

m m
with |Amin|?"’ ~10%<¢< 4\/57174) ~1076

@ Upper bound: small radiative corrections

@ Lower bound: cross term dominates
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Higgs mass during inflation

Cross term dominates (about < 3.2 e-folds) — SR inflation

3|Amin| mpi
2‘/——~18 for hegSh<h
2 Cf teq eq > max

my
B ez —~76 for < heq

Being very heavy, Higgs is oscillating with the amplitude decreasing

3/2
h= he(I( aq) cos (uHipet) ~a 3'*  where p=
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Evolution of the Higgs and the inflaton

h~ a=3'% drops to EW scale after 20 - 25 e-folds (ebedevand westphal 2013)
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Higgs stabilization during inflation

N.B

2
) < 1 so that ¢ = ¢pini = Peq: ¢ keeps slow-roll
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Features of the heavy Higgs on the power spectrum

Higgs = effectively heavy field coupled to inflaton
@ From oscillating BG: sinusoidal Higgs sol contributes to H

(bg)
AP 3 ukeq)? k 1 k
R __ O H[feq x g x
o= 260( ) {cos 2plog(k*)+2,uN*+2a* +Ns1n 2ylog(k*)+2pN*+2a* }

R

@ From quantum fluctuations: using the in-in formalism
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Effects from oscillating BG dominate the corrections gc, Hanandizo15)
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Trail of the Higgs in the power spectrum

Conclusions
o

With keq being arbitrary, introducing a new parameter f§ = keq/ kx

APy 3u( ki)
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(JG, Han and Pi 2015)
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Stochasicity on super-horizon scales

= H?!

S

&K H1

(t,%) = p(t,x) + f

A
v

3

d°k Wk — H ~ ikx
2m)? (k—e€a )[ak(pke +c.c.]

(Starobinsky 1986)
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Stochasicity on super-horizon scales

= H1

A
v

& H™T
d3k .
o, x) = o(t,x) + J WW(I{ — eal)[arPre™* + c.c.|

Window function that
vanishes if 1 = (¢H)™!

(Starobinsky 1986)
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Stochasicity on super-horizon scales

= H1

A
v

& H™T
d3k .
o(t,x) = @t x) + j WW(k - eaH)[akqA)ke""x + c. c.]

“Coarse-grained” field  Short-wavelength modes only
with long-wavelength because of the window function:
modes (= H~1) only random “noise” &,

(Starobinsky 1986)
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Stochasicity on super-horizon scales

=H 1
& H™1
Langevin equation: do + - & &,(N
“an T 3me = 2 se @)
Classical drift Gaussian noise satisfying

{§p(NEp(ND) =8(N = N")

(Starobinsky 1986)
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Stochasicity on super-horizon scales

=>H1
&« H '
Langevin equation: d(p+ 4 _B &,(N
"dN 3H? 2n o(N)

Indeed, for free field (V = 0)
2

o= | Vg, ~ w2 = (1) @-N)

(Starobinsky 1986)
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Evolution of probability

Higgs is coupled to a light singlet scalar S
V(b9 = Akt + Lnst 4 2agst e Lo
" 2757 Ty 2"
Evolution of the probability distribution by Fokker-Planck equation

0P(h,S,N) _ 5 0 [VePhSN) | H? 0P(h,S,N)
ON  Ss00|  3H? 8nz 0

Q@ P, SN=0)=56M56(S)
3

3H;
@ P(Ay,S,N) = P(h, As,N) = 0 where [Vylyi=n, = Vsls=n; = — ™
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In the presence of interaction, distribution is along the axes

(G &Kitajima 2017)
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Analytic solution for probability

Assume P(h, S, N) = ¥ (N)®(h, S) with ¥ ox €™ N (&spinosaetal. 2008

1\ h 1} §
P(h,S,N) = e~ @mN cog n(rH——)— cos n(m+—)—]
AnAs w40 2) A 2) Ag
1\2 H? 1\2 H?
where anm:(n+—) mzf+(m+—) mzf
2) 82 2) 8nZ
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Survival probability

The probability for our metastable universe spinosaetal. 2008; Hook etal. 2015)

AS Amax
Py = f ds f dhP(h, )
_AS _Amax

m+1/2 , 1)\ Ag
————=Ajsin|fr(n+ - |— |+ BApAs
_4p R n+1/2 2) Ay
w2 o B?(n+1/2)2A5— (m+1/2)2A%

where = Amax/S and p and g are numerical fudge factors of G'(1)
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Enhancement of survival probability

10°
<10t}
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10 ‘ ‘ ‘
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Hypg/ GeV
N=60, As=0.01 (analyticcurvesfor p=2andg=>5)

(JG and Kitajima 2017)
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Post-inflationary evolution

.. . A 1
h+3Hh-—<h+ (/1+— oA
a? 4 0logh

)h3+/1h582h:0
. . A 5 )
S+3HS—gS+ASS +Apsh®S=0

Since mg < Hjns, parametric resonance is efficient reene etal. 1997)
leading to destabilization of EW vacuum @maetal 2016)
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Survival probability with parametric resonance

102

/\hS
N=60, Ag=0.01

Parametric resonance after inflation does not destroy the chance
(JG and Kitajima 2017)
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Light scalar S may play the role of Higgs-portal DM
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(He and Tandeam 2016)

ms > 500 GeV for Aj,5 > 0.1 or mg ~ my,/2 for Ajg ~1073-0.01
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Conclusions

@ EW vacuum on the edge during inflation

@ Direct coupling to the inflaton
e Higgs becomes very massive and driven to EW vacuum
e May leave oscillating features in the power spectrum

@ Stochastic stabilization by a light scalar

e Multi-field Fokker-Planck equation
e High chance of landing in the EW vacuum
e Light scalar may play the role of DM
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