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The important implication from 125 GeV Higgs
-> stability of Higgs potential

Bezrukov+ (14)

LHC discovered a 125 GeV Higgs boson.   

Many part of the allowed parameter space suggests that 
the electroweak vacuum is not stable if there are no new 
physics beyond the SM.   

-> Do we need BSM?
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The measurements of the Higgs mass and top Yukawa coupling indicate that we live in a very
special Universe, at the edge of the absolute stability of the electroweak vacuum. If fully stable, the
Standard Model (SM) can be extended all the way up to the inflationary scale and the Higgs field,
non-minimally coupled to gravity with strength ⇠, can be responsible for inflation. We show that
the successful Higgs inflation scenario can also take place if the SM vacuum is not absolutely stable.
This conclusion is based on two e↵ects that were overlooked previously. The first one is associated
with the e↵ective renormalization of the SM couplings at the energy scale MP /⇠, where MP is the
Planck scale. The second one is a symmetry restoration after inflation due to high temperature
e↵ects that leads to the (temporary) disappearance of the vacuum at Planck values of the Higgs
field.

I. INTRODUCTION

One of the most interesting questions in particle
physics and cosmology is the relation between the prop-
erties of elementary particles and the structure of the
Universe. Some links are provided by Dark Matter and
the Baryon Asymmetry of the Universe. A number of
constraints on hypothetical new particles can be also de-
rived from Big Bang Nucleosynthesis.

The properties of the recently discovered Higgs boson
[1, 2] suggest an additional and intriguing connection.
Among the many di↵erent values that the Higgs mass
could have taken, Nature has chosen one that allows to
extend the Standard Model (SM) all the way up till the
Planck scale while staying in the perturbative regime.
The behavior of the Higgs self-coupling � is quite pe-
culiar: it decreases with energy to eventually arrive to
a minimum at Planck scale values and start increasing
thereafter, cf. Fig. 1. Within the experimental and the-
oretical uncertainties1 the Higgs coupling may stay posi-
tive all way up till the Planck scale, but it may also cross
zero at some scale µ0, which can be as low as 108 GeV,
cf. Figs. 2 and 3. If that happens, our Universe becomes
unstable2.

⇤ fedor.bezrukov@uconn.edu
† javier.rubio@epfl.ch
‡ mikhail.shaposhnikov@epfl.ch
1 The largest uncertainty comes from the determination of the top
Yukawa coupling. Smaller uncertainties are associated to the
determination of Higgs boson mass and the QCD gauge coupling
↵s. See Refs. [3–5] for the most refined treatments and Ref. [6]
for a review.

2 The determination of the lifetime of the Universe is a rather
subtle issue that strongly depends on the high energy comple-
tion of the SM. As shown in Ref. [7–9], if the gravitational
corrections are such that the resulting e↵ective potential lies
above/below the SM one, the lifetime of our vacuum will be
notably larger/smaller than the age of the Universe.
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FIG. 1. Renormalization group running of the Higgs self-
coupling for several values of the top quark Yukawa coupling
(top pole mass) and fixed to 125.5 GeV Higgs boson mass.

The 0� 3� compatibility of the data with vacuum in-
stability is one of the recurrent arguments for invoking
new physics beyond the Standard Model. In particular,
it is usually stated that the minimalistic Higgs inflation
scenario [10], in which the Higgs field is non-minimally
coupled to gravity with strength ⇠, cannot take place if
the Higgs self-coupling becomes negative at an energy
scale below the inflationary scale.

We will show in this paper that Higgs inflation is
possible even if the SM vacuum is not absolutely sta-

ble. Specifically, we will demonstrate that the renormal-
ization e↵ects at the scale MP /⇠ can bring the Higgs
self-coupling � to positive values in the inflationary do-
main. If that happens, inflation will take place with the
usual chaotic initial conditions and the fate of the Uni-
verse will be inevitably determined by the subsequent
evolution. At the end of the exponential expansion, the
Higgs field will start to oscillate around the bottom of
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the potential, which, contrary to the tree-level case, dis-
plays two minima, with the wider and deeper one lo-
cated at very large Higgs values (cf. Fig. 4). The energy
stored in the Higgs field right after the end of inflation
highly exceeds the height of the barrier separating the
minima. We will see that this leads to an interesting phe-
nomenon. The oscillations of the Higgs field induce non-
perturbative particle production, and eventually, reheat
the Universe. The shape of the potential changes due to
finite-temperature/medium e↵ects. If the reheating tem-
perature is su�ciently high, the symmetry gets restored
and the extra minimum at large values of the Higgs field
(temporally) disappears. The Higgs field rolls down the
new potential and settles down in the electroweak vac-
uum. With the evolution of the Universe, the temper-
ature decreases and the minimum at large field values
reappears. However, since the probability of tunneling
to the energetically more favorable state is completely
negligible, the scalar field gets trapped near the true SM
minimum and stays there till the present time.

The paper is organized as follows. In Section II we
review the Higgs inflation model and the self-consistent
approach to quantum corrections and higher-dimensional
operators. The general arguments of Section II are quan-
tified in Section III, where we discuss the contribution of
the finite parts of counterterms to the e↵ective potential
and formulate the renormalization group equations for
the coupling constants associated to them. In Section
IV we explain how the renormalisation e↵ects can allow
for inflation to happen even if our vacuum is metastable.
The temperature corrections to the e↵ective potential are
computed in Section V, where we determine the temper-
ature T+ at which the extra minimum at large field val-
ues disappears. Section VI is devoted to the study of
reheating in non-critical and critical Higgs inflation and
the estimation of the reheating temperature to be com-
pared with T+. Finally, the conclusions are presented in
Section VII.

II. THE GENERAL FRAMEWORK

Higgs inflation is based on the observation that the
Higgs-gravity Lagrangian

L =

✓
M2

P

2
+ ⇠H†H

◆
R+gµ⌫(DµH)†(D⌫H)��(H†H)2 ,

(2.1)
containing a non-minimal coupling of the Higgs field H
to the Ricci scalar R can give rise to inflation for order
one values of the Higgs self-coupling �. When written
in terms of a canonically normalized field in the Einstein
frame, the model displays an asymptotically flat potential

V (�) =
�M4

P

4⇠2

⇣
1� e�

p
2/3�

⌘2

, (2.2)

which falls into the class of large field inflationary models.
The value of the scalar field � during inflation is of the
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FIG. 2. (color online) The figure, taken from Ref. [6], shows
the borderline between the regions of absolute stability and
metastability of the SM vacuum on the plane of the Higgs bo-
son mass and top quark Yukawa coupling in the MS scheme
taken at µ = 173.2 GeV. The diagonal line stands for the
critical value of the top Yukawa coupling ycrit

t as a function
of the Higgs mass and the dashed lines account for the un-
certainty associated to the error in the strong coupling con-
stant ↵s. The SM vacuum is absolutely stable to the left
of these lines and metastable to the right. The filled el-
lipses correspond to experimental values of yt extracted from
the latest CMS determination [11] of the Monte-Carlo top
quark mass Mt = 172.38 ± 0.10 (stat) ± 0.65 (syst)GeV, if
this is identified with the pole mass. Dashed ellipses encode
the shifts associated to the ambiguous relation between pole
and Monte Carlo masses. The ellipses are displaced to the
right if other determinations of the Monte-Carlo top mass
are used, Mt = 173.34 ± 0.27 (stat) ± 0.71 (syst)GeV and
Mt = 174.34 ± 0.37 (stat) ± 0.52 (syst)GeV coming respec-
tively from the combined analysis of ATLAS, CMS, CDF,
and D0 data (at 8.7 fb�1 of Tevatron Run II) [12] and from
the CDF and D0 combined analysis of Run I and Run II of
Tevatron [13].

FIG. 3. Energy scale µ0 where the Higgs self-coupling be-
comes negative as a function of the deviation of the top
Yukawa coupling yt from the critical value ycrit

t . Adapted
from Ref. [6].
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Figure 5. Regions of absolute stability, meta-stability and instability of the SM vacuum in the
Mt–Mh plane. Right : zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3⇤). The three boundaries lines correspond to
�s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale � in GeV assuming �s(MZ) = 0.1184.

Type of error Estimate of the error Impact on Mh

Mt Experimental uncertainty in Mt ±1.4GeV

�s Experimental uncertainty in �s ±0.5GeV

Experiment Total combined in quadrature ±1.5GeV

⇥ Scale variation in ⇥ ±0.7GeV

yt O(�QCD) correction to Mt ±0.6GeV

yt QCD threshold at 4 loops ±0.3GeV

RGE EW at 3 loops + QCD at 4 loops ±0.2GeV

Theory Total combined in quadrature ±1.0GeV

Table 1. Dominant sources of experimental and theoretical errors in the computation of the SM
stability bound on the Higgs mass, eq. (1.2).

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of

the SM potential. By taking into account all uncertainties, we find that the stability region

is disfavored by present data by 2⇤. For Mh < 126GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

The dominant uncertainties in the evaluation of the minimum Mh value ensuring abso-

lute vacuum stability within the SM are summarized in table 1. The dominant uncertainty

is experimental and comes mostly from the measurement of Mt. Although experiments at

the LHC are expected to improve the determination of Mt, the error on the top mass will

remain as the largest source of uncertainty. If no new physics other than the Higgs boson

is discovered at the LHC, the peculiarity of having found that the SM parameters lie at

the critical border between stability and metastability regions provides a valid motivation

for improved top quark mass measurements, possibly at a linear collider.

The dominant theoretical uncertainty, while reduced by about a factor of 3 with the

present work, is still related to threshold corrections to the Higgs coupling ⇥ at the weak
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Can we live in a metastable electroweak vacuum?
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Figure 7: Upper bounds on the reheating temperature TRH, as functions of mh, from su⇤cient stability

of the electroweak vacuum against thermal fluctuations in the hot early Universe for three di�erent

values of the top mass (central value and ±1⇤). The lower (red) curves are for Hf = 1014GeV,

the upper ones for Hf = [4⇥3g�(TRH)/45]1/2(T 2
RH/MPl), which corresponds to the case of instant

reheating. We take �S(MZ) = 0.1184. Lowering (increasing) �s(MZ) by one standard deviation

lowers (increases) the bound on TRH by up to one order of magnitude.

larger values of Hf [32].

Figure 7 shows the metastability bound on TRH as a function of the Higgs mass for various

values of the top mass and for two choices of the Hubble rate Hf at the end of inflation. The

lower curves correspond to Hf = 1014 GeV while the upper ones have

Hf = Hmin
f ⇤ [4�3g�(TRH)/45]

1/2(T 2
RH/MPl) (9)

which is the lowest value of Hf allowed once it is required that the inflaton energy density

⇥� = 3M2
PlH

2
f /(8�) is larger than the energy density of a thermal bath with temperature

TRH. The current observations of the Cosmic Microwave Background (CMB) anisotropies [34]

are consistent with a smooth and nearly Gaussian power spectrum of curvature perturbations

limiting the contributions to the anisotropies from of tensor modes. This translates into an

upper bound of the Hubble rate during inflation given by H� < 4�1014 GeV. Since the Hubble

rate during inflation decreases, that is Hf < H�, the corresponding maximal upper bound on

TRH is TRH < 2.6 [106.75/g�(TRH)]1/2 � 1015 GeV.

The bound on TRH from thermal metastability gets weaker for smaller values of the top

mass or larger values of the Higgs mass since the instability scale becomes higher. Figure 7

10

Elias-miró+ (12)

-zero temperature decay :
-thermal decay :

Degrassi+ (12)

Unstable

LHC data

Unstable

Current data suggests that 
we live in a “safe” meta-stable vacuum. 
 => We cannot say BSM is necessary in this aspect.

(See also ’15 Shkerin+.)



On the other hand, CMB observation such as Planck strongly 
suggests inflation. 

Planck Collaboration: The Planck mission

Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map
obtained by running SMICA through the half-ring maps and taking the
half-di�erence. The average noise RMS is 17 µK. SMICA does not
produce CMB values in the blanked pixels. They are replaced by a con-
strained Gaussian realization.

for bandpowers at ⌅ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌅’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (⌅ < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
to a correction based on the 353 GHz Planck polarization data,
the parameters extracted from the likelihood are changed by less
than 1⇥.

At smaller scales, 50 < ⌅ < 2500, we compute the power
spectra of the multi-frequency Planck temperature maps, and
their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over
the confidence mask, and after removing the beam window function:
spectrum of the CMB map (dark blue), spectrum of the noise in that
map from the half-rings (magenta), their di�erence (grey) and a binned
version of it (red).

217 GHz channels, and cross-spectra between these channels11.
Given the limited frequency range used in this part of the analy-
sis, the Galaxy is more conservatively masked to avoid contam-
ination by Galactic dust, retaining 58 % of the sky at 100 GHz,
and 37 % at 143 and 217 GHz.

11 interband calibration uncertainties have been estimated by compar-
ing directly the cross spectra and found to be within 2.4 and 3.4⇥10�3

respectively for 100 and 217 GHz with respect to 143 GHz

25

10 Planck Collaboration: Constraints on inflation

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-⌦ Planck+WP+BAO

⇥CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇥CDM+r model from Planck combined with other data sets.
The constraints are given at the pivot scale k⇥ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

reheating priors allowing N⇥ < 50 could reconcile this model
with the Planck data.

Exponential potential and power law inflation

Inflation with an exponential potential

V(⌅) = ⇥4 exp
�
�⇥ ⌅

Mpl

⇥
(35)

is called power law inflation (Lucchin & Matarrese, 1985),
because the exact solution for the scale factor is given by
a(t) ⌥ t2/⇥2 . This model is incomplete, since inflation would
not end without an additional mechanism to stop it. Assuming
such a mechanism exists and leaves predictions for cosmo-
logical perturbations unmodified, this class of models predicts
r = �8(ns � 1) and is now outside the joint 99.7% CL contour.

Inverse power law potential

Intermediate models (Barrow, 1990; Muslimov, 1990) with in-
verse power law potentials

V(⌅) = ⇥4
�
⌅

Mpl

⇥��
(36)

lead to inflation with a(t) ⌥ exp(At f ), with A > 0 and 0 < f < 1,
where f = 4/(4 + �) and � > 0. In intermediate inflation there
is no natural end to inflation, but if the exit mechanism leaves
the inflationary predictions on cosmological perturbations un-
modified, this class of models predicts r ⌃ �8�(ns � 1)/(� � 2)
(Barrow & Liddle, 1993). It is disfavoured, being outside the
joint 95% CL contour for any �.

Hill-top models

In another interesting class of potentials, the inflaton rolls away
from an unstable equilibrium as in the first new inflationary mod-
els (Albrecht & Steinhardt, 1982; Linde, 1982). We consider

V(⌅) ⌃ ⇥4
�
1 � ⌅

p

µp + ...

⇥
, (37)

where the ellipsis indicates higher order terms negligible during
inflation, but needed to ensure the positiveness of the potential
later on. An exponent of p = 2 is allowed only as a large field
inflationary model and predicts ns � 1 ⌃ �4M2

pl/µ
2 + 3r/8 and

r ⌃ 32⌅2
⇥M2

pl/µ
4. This potential leads to predictions in agree-

ment with Planck+WP+BAO joint 95% CL contours for super-
Planckian values of µ, i.e., µ � 9 Mpl.

Models with p ⌅ 3 predict ns � 1 ⌃ �(2/N)(p � 1)/(p � 2)
when r ⇧ 0. The hill-top potential with p = 3 lies outside the

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇥CDM model). The power spectrum at low multipoles (⇥ = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50 ⇥ ⇥ ⇥ 2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�⇥ ⇤ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇥CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ⇥ = 50.
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Planck collaboration (13)

We need other scalar field to realize inflation since Higgs 
inflation is impossible if the Higgs potential is negative 
around the GUT scale. (See however, ’15 Bezrukov+.)
Furthermore, another problem arises, 

“how to stabilize Higgs during inflation?”.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

reheating priors allowing N⇥ < 50 could reconcile this model
with the Planck data.

Exponential potential and power law inflation

Inflation with an exponential potential
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is called power law inflation (Lucchin & Matarrese, 1985),
because the exact solution for the scale factor is given by
a(t) ⌥ t2/⇥2 . This model is incomplete, since inflation would
not end without an additional mechanism to stop it. Assuming
such a mechanism exists and leaves predictions for cosmo-
logical perturbations unmodified, this class of models predicts
r = �8(ns � 1) and is now outside the joint 99.7% CL contour.
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is no natural end to inflation, but if the exit mechanism leaves
the inflationary predictions on cosmological perturbations un-
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Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇥CDM model). The power spectrum at low multipoles (⇥ = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50 ⇥ ⇥ ⇥ 2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�⇥ ⇤ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
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Here we assume that inflation is driven in the other 
sector than the SM, characterizing by        and       , 

and focus on the electroweak vacuum stability. 

On the other hand, CMB observation such as Planck strongly 
suggests inflation. 



Quantum fluctuation during inflation can be harmful. 

During inflation, or quasi-de 
Sitter BG, the expectation value 
of the light (almost massless) 
scalar field evolves as



For more complicated potential, one can solve Fokker-Planck
equations or Langevin equations. 
As a result, even if the field starts from the metastable vacuum, 
it easily takes over the potential barrier and falls down to the 
unwanted vacuum if the potential barrier is low enough 
compared to the Hubble parameter during inflation. 

Starobinsky & Yokoyama (93)
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In the case of metastable SM electroweak vacuum, 
if the Hubble parameter during inflation is larger than        GeV,
the Higgs field easily climbs up the potential barrier.



Is this really harmful? There are two possibility,  
- Harmful. the region that fell down to the AdS vacuum will “eat” other 
region and the Universe will be destroyed. 
- Harmless. the region that fell down to the AdS vacuum collapses, 
form BHs, and evaporate quickly. They will not affect the evolution of 
other region.  

There are still discussions. 
See e.g. 
  ’08 Espinosa+, ’13 Kobakhidze+,   
  ’14 Herranen+, ’15 Hook+, 
  ’15 Espinosa+,      ... and so on...
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Here we require that the square root of the Higgs expectation value squared 
does not overwhelm the barrier of the potential.  

This can be acomplished by introducing “Hubble-
induced mass” during and after inflation to modify the 
Higgs potential.

The potential barrier becomes further and higher. 



Possible origin of the Hubble-induced mass
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- Direct coupling to inflaton

works in the case of large field inflation
- Non-minimal coupling to gravity

�Rh2 � 12�H2h2

(for massive chaotic inflation)

works in any inflation models.

(Lebedev&Westphal (13))

They may be the “minimal extension of the SM” at present. 

How can we constrain these parameters?



If the coefficient       is much larger than one, the 
Higgs field is fixed at the origin with very small 
quantum fluctuation ⇒ sufficiently safe. cf. Lebedev&Westphal (13)

# Initial value problem of the Higgs field is also solved !!  
(See also ’15 Gong+)



cf. Lebedev&Westphal (13)

# Initial value problem of the Higgs field is also solved !!  

How small can the coefficient be?
Can not the case with            relax the situation?

If the coefficient       is much larger than one, the 
Higgs field is fixed at the origin with very small 
quantum fluctuation ⇒ sufficiently safe. 

(See also ’15 Gong+)



cf. Lebedev&Westphal (13)

# Initial value problem of the Higgs field is also solved !!  

How small can the coefficient be?
Can not the case with            relax the situation?

We find that even in the case                 
we can have a scenario that leads to the present 
Universe !!

If the coefficient       is much larger than one, the 
Higgs field is fixed at the origin with very small 
quantum fluctuation ⇒ sufficiently safe. 

(See also ’15 Gong+)

=> Open the possibility for the Higgs to leave 
some traces in the cosmological observables. 



We solved the Langevin equation numerically 
and found that the distribution of the Higgs field 
is well described by Gaussian if 

In this case, in many spatial 
part of the Universe the Higgs 
field remain inside the potential 
barrier and can be said “safe”. 
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FIG. 1: The histogram of the Higgs field value at N⇤ = 50 (left) and 100 (right) with 105 trials.

Dotted lines represent the Gaussian fitting, ⇢ / exp[�h2/2hh2i
inf

], with N⇤ ! 1 (Eq. (7)).
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FIG. 2: The numerical results of the expectation values of the Higgs field at N⇤ = 50 and 100.

Blue dashed line represents Eq. (7) with N⇤ ! 1. Purple dotted line represents ⇤h (Eq. (6)).

the dynamics after inflation.

Let us consider a case where the Higgs field still receives a positive Hubble-induced mass
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After inflation, the Higgs field evolves as 

with an initial condition, typically, 



After inflation, the Higgs field evolves as 

with an initial condition, typically, 

For small coefficient,                 , the Higgs field decreases
much slower than the potential barrier and may be taken 
over by it. 

h



After inflation, the Higgs field evolves as 

with an initial condition, typically, 

h

We are safe if...
- Thermalization takes place earlier.
- The Higgs field value becomes 
small enough,               sufficiently
quickly. 

For small coefficient,                 , the Higgs field decreases
much slower than the potential barrier and may be taken 
over by it. 
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Then we get the constraint on the model parameters.

stability during inflation

Thermalization helps

field value becomes 
small quickly enough

Relatively large reheating temperature is required, which 
can be tested by future gravitational wave experiments.

(cf. ’08 Nakayama+)



Summary
- The present data of LHC suggests the metastability of the 
electroweak vacuum. 
- Though it is safe against the zero-temperature and thermal 
decay, it can be problematic for high-scale inflation. 
- By considering non-minimal coupling of the Higgs field, the 
situation can be relaxed dramatically. 
- If the reheating temperature high enough, the non-minimal 
coupling does not have to be large, which can be tested in 
the future gravitational wave experiments. 
- In this case, we do not need any anthropic arguments.



Appendix



Determination of reheating temperature by GWB

Probing reheating temperature of the universe with gravitational wave background 8

3. Prospects for the determination of TR with future space-based laser

interferometer experiments

The spectrum of the primordial gravitational wave background generated during

inflation crucially depends on the reheating temperature TR after inflation, as can be
seen from Fig. 3. Conversely, this fact opens up the possibility that future experiments

devoted to detect gravitational wave background will probe the reheating stage of the

universe.

Figure 2. Ωgw(f) at f = 0.1Hz for η = 0.01, 0,−0.01 from upper to lower.

Figure 3. Primordial gravitational wave spectrum for TR = 109 GeV and TR =
105 GeV are shown by thin and thick lines for r = 0.1 and 0.001. Also shown are
expected sensitivity of DECIGO (green dashed), correlated analysis of DECIGO (blue
dot-dashed), ultimate-DECIGO (purple dashed) and correlated analysis of ultimate-
DECIGO (red dotted), from upper to lower.

’08 Nakayama+


