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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Introduction

mh = 125.09± 0.24GeV

The SM can be extended to the Planck scale
staying in the perturbative regime. 

・The SM cannot account for baryon asymmetry, 
neutrino oscillation,
dark matter etc.. 
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divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.
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Introduction

mh = 125.09± 0.24GeV

The SM can be extended to the Planck scale
staying in the perturbative regime, 

・The SM cannot account for baryon asymmetry, 
neutrino oscillation,
dark matter etc.. 

The SM alone           Vacuum meta-stability

What does this imply?

mt = 173.1± 1.1GeV ( 1σ )

A hint of new physics?
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Metastable
Inhomogeneity (black hole)

Instability during inflation/preheating

Degenerate Prediction of new particles

Link between EW phys. and Inflation

New particles

Introduction

based on UV completion/fundamental principle

Stable

This talk

(Hamadaʼs talk)

Renormalization prescription
Higgs inflation

is possible



Higgs inflation

Jordan-frame Lagrangian

⇠ � 1
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�g

=
M2

P,e↵

2
R� gµ⌫

2
@µh@⌫h� V (h) + · · ·

M2
P,e↵ = M2

P + ⇠h2

V =
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h4 + negative mass term

h = 246GeV

V

hEinstein + large non-minimal coupling + SM

Effective
Planck mass

(Tree-level) F.Bezrukov, M.Shaposhnikov (2007)
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Einstein-frame Lagrangian

Higgs inflation
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P
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Non-canonical kinetic term

Non-polynomial potential
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Inflation

µI . h

MP . �

Higgs inflation

HI ⇠ �1/4 µK
Preheating

(Amplitude)

eV ⇠ �µ2
K ⇥ �2

� ⇠ h ⇠ µK

ends at

SM particlesʼ radiation



Preheating

(Amplitude)

Inflation

eV ⇠ �µ2
K ⇥ �2

µI . h

MP . �

Trh ⇠ 1014 GeVAs ' 2.2⇥ 10�9

� ⇠ h ⇠ µK

ends at

⇠ ' 15800
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Scalar perturbation amp. 

Higgs inflation

HI ⇠ �1/4 µK

SM particlesʼ radiation

ns ' 0.965 r ' 0.003

Reheating temperature 

Spectral tilt  Tensor to scalar ratio 
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-particle tree amplitudeN
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such a large    ??⇠



Higgs inflation

Tree unitarity
MN ⇠ E4�N at most

-particle tree amplitudeN

Perturbative with
such a large    ??⇠

⇤Tree unitarity violation scale
is field dependent



µK ⇠ mpl

⇠

µK

µI =
mplp
⇠

⇤ Einstein frame

⇠ h2/µK

h

⇠ h

Higgs,
Fermions

Gauge

µI

MP

Higgs inflation

Tree unitarity
MN ⇠ E4�N at most

-particle tree amplitudeN

Typical energy scale is
always lower than     . ⇤

Especially,                                             for                .HI ⇠ �1/4 µK ⌧ ⇤

Strong coupling
(Non-perturbative)

Perturbative with
such a large    ??⇠

µI . h

Perturbative computation is reliable.

F.Bezrukov, A.Magnin,
M.Shaposhnikov, S.Sibiryakov (2010)



Infinite number of non-renormalizable operators

Higgs inflation

Tree-level
�⇥ h4

responsible for both
Low-energy (EW) phys.

Inflation

Quantum
correction

�e↵(h) < 0 for h > h0 ⇠ 1010 GeV
mt = 173GeVif

If yes, any link between EW phys. and inflation?

Is the Higgs inflation possible?



Higgs inflation

h0 µK µI

EW

eV

Non-renormalizable operators
Higgs inflation

even with meta-stability

Non-renormalizable
operators are negligible.

V =
�e↵(h)

4
h4

must be 
responsible for both

F.Bezrukov, J.Rubio,
M.Shaposhnikov (2015)

No clear link between EW and Inflation

Low-energy (EW) phys.
Inflation

In the following, we assume



From inflation to EW potential

needs to stop running before crossing zero.�e↵(h/M)

proportional to the cutoff scale introduced to define a theory 
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From inflation to EW potential

h0
h

�e↵

needs to stop running before crossing zero.�e↵(h/M)

equivalent to introducing a renormalization scale
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Field-dependent

From inflation to EW potential
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Dimensional regularization with 

µ
2"

1�" ⇥ �h4

4

�h4

4
µ2 / µ2

0 + h2

n = 4� 2"

From inflation to EW potential

Field-dependent 
renormalization scale



“Abnormal (evanescent)”
interaction

Dimensional regularization with 

µ
2"

1�" ⇥ �h4

4

�h4

4
µ2 / µ2

0 + h2

n = 4� 2"

@hµ
2"

1�" =
2"

1� "

h

µ2
0 + h2

⇥ µ
2"

1�"

From inflation to EW potential

fluctuates to give rise to, for instance,

Non-renormalizable

Field-dependent 
renormalization scale

/ " at least

µ

M.Shaposhnikov, F.V.Tkachov (2009)

D.M.Ghilencea (2016)



Renormalization
prescriptions

From inflation to EW potential

M2
P + ⇠h2

M2
P

I

II

F.Bezrukov,
M.Shaposhnikov (2007)

Jordan frame
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Renormalization
prescriptions

From inflation to EW potential
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II

F.Bezrukov,
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2-loop vacuum bubbles

From inflation to EW potential
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2-loop vacuum bubbles

MP

Strong coupling
(Non-perturbative)
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Inflation        
Preheating ends at h ⇠ µK

Thermal history

hhi = 0Particles

(How many e-folidings from the end of inflation to today?)



Inflation        
Preheating ends at h ⇠ µK

� ⇤ ⇠ µ0E ⇠ eV 1/4 ⇠ �1/4 µK

Typical energy scale

eV

h

µIµK

hhi = 0

??
E & h

Thermal history

Perturbative

Strong coupling
(Non-perturbative)

does NOT necessarily
mean instability.



eV

h

µIµK

Thermal history

Perturbative
E . µ0

E ⇠ µ0

Standard model
Dark sector? (quickly thermalized)

Non-perturbative 

Inflation        
Preheating ends at h ⇠ µK

� ⇤ ⇠ µ0E ⇠ eV 1/4 ⇠ �1/4 µK

Typical energy scale
hhi = 0

Nnp = ln
a|E⇠µ0

a|h⇠µK



Thermal history
�N = Nnp �Nth

�N < 5

�N < 10

・Extra e-foldings gained during the non-perturbative period

Perturbative,
Thermalized
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58 Planck Collaboration: Constraints on inflation

Table 17. Minimum-�2 g⇤ values for quadrupolar modulation, determined from the Commander, NILC, SEVEM, and SMICA
foreground-cleaned maps. Also given are p-values, defined as the fraction of simulations with larger |g⇤| than the data. These results
demonstrate that the data are consistent with cosmic variance in statistically isotropic skies.

Commander NILC SEVEM SMICA

q g⇤ p-value [%] g⇤ p-value [%] g⇤ p-value [%] g⇤ p-value [%]

�2 . . . �7.39 ⇥ 10�5 79.2 �7.66 ⇥ 10�5 79.8 �7.43 ⇥ 10�5 80.6 �7.52 ⇥ 10�5 80.2
�1 . . . 5.99 ⇥ 10�3 97.3 6.65 ⇥ 10�3 95.8 6.27 ⇥ 10�3 97.2 6.22 ⇥ 10�3 96.9

0 . . . �2.79 ⇥ 10�2 12.5 �2.38 ⇥ 10�2 26.9 �2.56 ⇥ 10�2 20.7 �2.56 ⇥ 10�2 20.0
1 . . . �2.15 ⇥ 10�2 8.2 �1.79 ⇥ 10�2 23.7 �1.93 ⇥ 10�2 17.8 �1.93 ⇥ 10�2 16.7
2 . . . �1.28 ⇥ 10�2 9.7 �1.07 ⇥ 10�2 23.7 �1.13 ⇥ 10�2 20.4 �1.15 ⇥ 10�2 18.1

Fig. 55. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
its cross-correlation with BICEP2/Keck Array and/or BAO data compared with the theoretical predictions of selected inflationary
models. Note that the marginalized joint 68 % and 95 % CL regions have been obtained by assuming dns/d ln k = 0.

TT+lowP+BKP. With the same data combination, concave po-
tentials are preferred over convex potentials with ln B = 3.8,
which improves on the ln B = 2 result obtained from the Planck
data alone.

Combining with the BKP likelihood strengthens the con-
straints on the selected inflationary models studied in Sect. 6.
Using the same methodology as in Sect. 6 and adding the BKP
likelihood gives a Bayes factor preferring R2 over chaotic in-
flation with monomial quadratic potential and natural inflation
by odds of 403:1 and 270:1, respectively, under the assumption
of a dust equation of state during the entropy generation stage.
The combination with the BKP likelihood further penalizes the
double-well model compared to R2 inflation. However, adding
BKP reduces the Bayes factor of the hilltop models compared
to R2, because these models can predict a value of the tensor-to-
scalar ratio that better fits the statistically insignificant peak at
r ⇡ 0.05. See Table 18 for the ��2 and the Bayes factors of in-
flationary models with the same two cases of post-inflationary

evolution studied in Sect. 6. Note, however, that the ��2 are
computed with respect to the best fit of baseline + tensors, unlike
in Table 7.

13.2. Implications of BKP on scalar power spectrum

The presence of tensors would, at least to some degree, require
an enhanced suppression of the scalar power spectrum on large
scales to account for the low-` deficit in the CTT

` spectrum. We
therefore repeat the analysis of an exponential cutoff studied in
Sect. 4.4 with tensor perturbations included and the standard ten-
sor tilt (i.e., nt = �r/8). Allowing tensors does not significantly
degrade the ��2 improvement found in Sect. 4.4 for Planck
TT+lowP with a best fit at r ⇡ 0. When the BKP likelihood is
combined, we obtain ��2 = �4 with respect to the base ⇤CDM
model with a best fit at r ⇡ 0.04. However, since this model
contains 3 additional parameters, it is not preferred over base
⇤CDM.
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TT+lowP+BKP. With the same data combination, concave po-
tentials are preferred over convex potentials with ln B = 3.8,
which improves on the ln B = 2 result obtained from the Planck
data alone.

Combining with the BKP likelihood strengthens the con-
straints on the selected inflationary models studied in Sect. 6.
Using the same methodology as in Sect. 6 and adding the BKP
likelihood gives a Bayes factor preferring R2 over chaotic in-
flation with monomial quadratic potential and natural inflation
by odds of 403:1 and 270:1, respectively, under the assumption
of a dust equation of state during the entropy generation stage.
The combination with the BKP likelihood further penalizes the
double-well model compared to R2 inflation. However, adding
BKP reduces the Bayes factor of the hilltop models compared
to R2, because these models can predict a value of the tensor-to-
scalar ratio that better fits the statistically insignificant peak at
r ⇡ 0.05. See Table 18 for the ��2 and the Bayes factors of in-
flationary models with the same two cases of post-inflationary

evolution studied in Sect. 6. Note, however, that the ��2 are
computed with respect to the best fit of baseline + tensors, unlike
in Table 7.

13.2. Implications of BKP on scalar power spectrum

The presence of tensors would, at least to some degree, require
an enhanced suppression of the scalar power spectrum on large
scales to account for the low-` deficit in the CTT

` spectrum. We
therefore repeat the analysis of an exponential cutoff studied in
Sect. 4.4 with tensor perturbations included and the standard ten-
sor tilt (i.e., nt = �r/8). Allowing tensors does not significantly
degrade the ��2 improvement found in Sect. 4.4 for Planck
TT+lowP with a best fit at r ⇡ 0. When the BKP likelihood is
combined, we obtain ��2 = �4 with respect to the base ⇤CDM
model with a best fit at r ⇡ 0.04. However, since this model
contains 3 additional parameters, it is not preferred over base
⇤CDM.

1σ region
2σ region

・Baryon asymmetry and Dark matter abundance

If thermalized with the SM below                    ,E ⇠ µ0

there is no uncertainty from the non-perturbative period. 

・Tree unitarity violation scale should be computed
with finite density/temperature effects.



Summary
・We assumed a field dependent renormalization prescription with

µ2
0 + h2µ2 / / M2

P + ⇣h2
⇣ = M2

P/µ
2
0 � ⇠

・Associated non-perturbative scale      is computed.⇤

⇤・ is higher than the typical energy scale during the Higgs inflation.
So the large scale perturbation itself is computable.

・But the universe undergoes the non-perturbative period after the preheating.
If the extra e-folding is small (< 10), still consistent with the observation.

・ is responsible for both EW phys. and inflation.�⇥ h4

Smallness of the couplings of non-renormalizable terms
are stable against quantum correction (technically natural).



Thank you


