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Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured

bands represent the ±1 and ±2 standard deviation uncertainties in the background estimate.

The inset shows the central part of the unweighted invariant mass distribution.

July, 2012, a (SM) Higgs boson with mass 
around 125 GeV is found at LHC!

The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modelling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons from Z decays and
photons from Z → !+!−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).
Uncertainties due to the modelling of the underlying
event are ±6% for VBF and ±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.
The uncertainty on the expected fractions of signal

events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is ±2%. The uncertainty from the jet energy
scale (JES) amounts to up to ±19% for the 2-jet cate-
gory, and up to ±4% for the other categories. Uncertain-
ties from the JVF modelling are ±12% (for the 8 TeV
data) for the 2-jet category, estimated from Z+2-jets
events by comparing data and MC. Different PDFs and
scale variations in the HqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.
The total uncertainty on the mass resolution is ±14%.

The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined from Z→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in (a) and a weighted version
of the same sample in (c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residuals of the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass, mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.
The statistical analysis of the data employs an un-

binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1 + S i/Bi),
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ATLAS, 1207.7214
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...and the data supports the SM more and more strongly. 
Any deviation from the SM has not been reported thus far. 



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

There remain possibilities of “Higgs inflations.” 
But, parameter space becomes very small.
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Figure 4. The values of the strong coupling constant αs and top mass Mt corresponding to several

minimal Higgs boson mass Mmin. The 68% and 95% experimentally allowed regions for αs and Mt

are given by shaded areas. The dashed (dotted) lines correspond to 1.2GeV (2.45GeV) uncertainty

in the Mmin theoretical determination.

We will discuss below two possible minimal embeddings of the SM to the theory of

gravity and discuss the significance of Mmin in them.

3.1 Asymptotic safety

The asymptotic safety of the SM [13], associated with the asymptotic safety of gravity [46],

is strongly related to the value of the Higgs boson mass. Though General Relativity is non-

renormalizable by perturbative methods, it may exist as a field theory non-perturbatively,

exhibiting a non-trivial ultraviolet fixed point (for a review see [47]). If true, all other

coupling of the SM (including the Higgs self-interaction) should exhibit an asymptotically

safe behaviors with the gravity contribution to the renormalisation group running included.

The prediction of the Higgs boson mass from the requirement of asymptotic safety

of the SM is found as follows [13]. Consider the SM running of the coupling constants
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Figure 1. Higgs self-coupling in the SM as a function of the energy scale. The top plot depicts

possible behaviors for the whole Higgs boson mass range—Landau pole, stable, or unstable elec-

troweak vacuum. The lower plots show detailed behavior for low Higgs boson masses, with dashed

(dotted) line corresponding to the experimental uncertainty in the top mass Mt (strong coupling

constant αs), and the shaded yellow (pink) regions correspond to the total experimental error and

theoretical uncertainty, with the latter estimated as 1.2GeV (2.5GeV), see section 2 for detailed

discussion.

will discuss the non-minimal coupling of the Higgs field to the Ricci scalar (relevant for

Higgs-inflation [11, 12, 21]) and the asymptotic safety scenario for the SM [13].

In Section 4 we present our conclusions. We will argue that if only the Higgs boson with

the mass around M
stability
min and nothing else will be found at the LHC, the next step in high

energy physics should be the construction a new electron-positron (or muon) collider—the

Higgs and t-factory. It will not only be able to investigate in detail the Higgs and top

physics, but also elucidate the possible connection of the Fermi and Planck scales.

Appendix A contains a full set of formulas required for the determination of the MS

coupling constants from the pole masses of the SM particles, including the corrections of

the orders of up to O(α3
s), O(α), and O(ααs). The computer code for the matching is

made publicly available at http://www.inr.ac.ru/~fedor/SM/.

– 3 –

h

V (h)

Mpl
EW 

vacuum

Bezrukov+ (12)

Bezrukov+ (08), KK+ (12)



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-difference. 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 1σ.

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 difference (grey) and a binned

version of it (red).

217 GHz channels, and cross-spectra between these channels
11

.

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

ΛCDM + 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 ΛCDM+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(φ) = Λ4 exp
�
−λ φ

Mpl

�
(35)

is called power law inflation (Lucchin & Matarrese, 1985),

because the exact solution for the scale factor is given by

a(t) ∝ t2/λ2
. 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(φ) = Λ4
�
φ

Mpl

�−β
(36)

lead to inflation with a(t) ∝ exp(At f ), with A > 0 and 0 < f < 1,

where f = 4/(4 + β) and β > 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 ≈ −8β(ns − 1)/(β − 2)
(Barrow & Liddle, 1993). It is disfavoured, being outside the

joint 95% CL contour for any β.

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(φ) ≈ Λ4
�
1 − φ

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 ≈ 32φ2
∗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 ΛCDM 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 1σ 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 ΛCDM

cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the

±1σ 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.

3

Planck collaboration (13)

If the Electroweak vacuum is metastable, Higgs inflation is 
almost impossible, and hence we need other scalar field to 
realize inflation. Furthermore, another problem arises, 

“how to stabilize Higgs during inflation?”.
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the theoretical predictions of selected inflationary models.
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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. 

If the Electroweak vacuum is metastable, Higgs inflation is 
almost impossible, and hence we need other scalar field to 
realize inflation. Furthermore, another problem arises, 

“how to stabilize Higgs during inflation?”.
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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 3σ). The three boundaries lines correspond to

αs(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 Λ in GeV assuming αs(MZ) = 0.1184.

Type of error Estimate of the error Impact on Mh

Mt Experimental uncertainty in Mt ±1.4GeV

αs Experimental uncertainty in αs ±0.5GeV

Experiment Total combined in quadrature ±1.5GeV

λ Scale variation in λ ±0.7GeV

yt O(ΛQCD) 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 2σ. 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 λ 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 sufficient stability

of the electroweak vacuum against thermal fluctuations in the hot early Universe for three different

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

the upper ones for Hf = [4π3
g∗(TRH)/45]1/2(T 2

RH
/MPl), which corresponds to the case of instant

reheating. We take αS(MZ) = 0.1184. Lowering (increasing) αs(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 = 10
14

GeV while the upper ones have

Hf = H
min

f
≡ [4π3

g∗(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

ρφ = 3M
2

Pl
H

2

f
/(8π) 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∗ < 4×10
14

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 × 10

15
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
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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. 
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Are we all right?
No, quantum fluctuation during inflation is different 
and we need another consideration. 

During inflation, or quasi-de 
Sitter BG, the expectation 
value of the light (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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V (h)

∼ 1010GeV

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 and
makes our Universe very unlikely,
which can be determined by the 
observation of the tensor 
perturbation in CMB.
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One solution may be to say 
our Universe is selected anthropically, 
but is there any way to relax the situation 
without introducing another physical degree of freedom?
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makes our Universe very unlikely,
which can be determined by the 
observation of the tensor 
perturbation in CMB.
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hΛ
Λinf

Here we propose another solution, which does not need any 
anthropic discussion. 

Introduce “Hubble-induced mass” during and after 
inflation to modify the Higgs potential.

The potential barrier becomes further and higher. 

# We comment on the origin of the Hubble induced mass later.  
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Higgs field is fixed at the origin with very small 
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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. 
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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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with an initial condition, typically, 
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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.

Prelim
inary



Possible origin of the Hubble-induced mass

λih
2φ2

inf →
m2

h,eff

2
h2

- Direct coupling to inflaton

works in the case of large field inflation

⇒

- Non-minimal coupling to gravity

ξRh
2 → 12ξH2

h
2 ⇒

(for massive chaotic inflation)

works in any inflation models.

(Lebedev&Westphal (13))



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 is 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.


