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• Solve Horizon/Flatness problem

• Generate primordial density perturbations

• Dilute unwanted relics

๏Suggested by the slightly red-tilted spectrum of CMB:

Planck Collaboration: Constraints on inflation 55

Fig. 54. Marginalized joint 68 % and 95 % CL regions for ns and r0.002 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.

further improving on the upper limits obtained from the different
data combinations presented in Sect. 5.

By directly constraining the tensor mode, the BKP likeli-
hood removes degeneracies between the tensor-to-scalar ratio
and other parameters. Adding tensors and running, we obtain

r0.002 < 0.10 (95 % CL, Planck TT+lowP+BKP) , (168)

which constitutes almost a 50 % improvement over the Planck
TT+lowP constraint quoted in Eq. (28). These limits on tensor
modes are more robust than the limits using the shape of the
CTT
` spectrum alone owing to the fact that scalar perturbations

cannot generate B modes irrespective of the shape of the scalar
spectrum.

13.1. Implications of BKP on selected inflationary models

Using the BKP likelihood further strengthens the constraints
on the inflationary parameters and models discussed in Sect. 6,
as seen in Fig. 54. If we set ✏3 = 0, the first slow-roll pa-
rameter is constrained to ✏1 < 0.0055 at 95 % CL by Planck
TT+lowP+BKP. With the same data combination, concave po-
tentials are preferred over convex potentials with log B = 3.8,
which improves on log B = 2 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

Table 17. Results of inflationary model comparison using the
cross-correlation between BICEP2/Keck Array and Planck. This
table is the analogue to Table 6, which did not use the BKP like-
lihood.

Inflationary Model ln B0X

wint = 0 wint , 0

R + R2/6M2 . . . +0.3
n = 2 �6.0 �5.6
Natural �5.6 �5.0
Hilltop (p = 2) �0.7 �0.4
Hilltop (p = 4) �0.6 �0.9
Double well �4.3 �4.2
Brane inflation (p = 2) +0.2 0.0
Brane inflation (p = 4) +0.1 �0.1
Exponential inflation �0.1 0.0
SB SUSY �1.8 �1.5
Supersymmetric ↵-model �1.1 +0.1
Superconformal (m = 1) �1.9 �1.4

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 17 for the Bayes factors of other inflationary
models with the same two cases of post-inflationary evolution
studied in Sect. 6.

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 cut-off studied
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• Creation of hot Universe after inflation: (p)reheating

Time
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- Production of radiation: (p)reheating
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• Inflaton, Φ, must convert its energy into radiation.
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[PDG]
23. Big-Bang nucleosynthesis 3

Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by
the standard model of Big-Bang nucleosynthesis—the bands show the 95% CL range
[5]. Boxes indicate the observed light element abundances. The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

March 7, 2016 13:42
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Reheating processes after inflation
• Interaction between inflaton and radiation is required.

Inflationary Cosmology

c� ̄ c 2�2�2,inflaton

�
radiation

� , , . . .

๏Characterized by…

q ¶ 1

q Æ 1

- Large:

- Small:

Non-perturbative particle production

Perturbative particle production

inflaton oscillation
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Far from thermal equil. 
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Plasma 

Turbulent thermalization ?
Instant/mixed preheating ?

Depend on properties of radiation…

…

Bottom-up thermalization ?
…

- Killed by back-reaction 
or cosmic expansion.

- Can be under-occupied/
hard.

- Planck-suppressed 
decay is an extreme 
example.

Typical processes of reheating
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Far from thermal equil. 
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- Planck-suppressed 
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Two topics of my talk
1. Metastable EW vacuum 

v.s. Chaotic Inflation

2. Dark Matter Production 
in Late Time Reheating

Turbulent thermalization ?

Bottom-up thermalization ?
…
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/

p
8⇡.
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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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All these observations approximately carry over to ~Mcri
t

and ~Mcri
H .

Apart from the issue of gauge dependence, our analysis
differs from that of Refs. [10,11] in the following respects.
In Refs. [10,11], the OðααsÞ term in δαsðμÞ [13] and the
Oðα4sÞ terms in δαsðμÞ [17] and δqðμÞ [18] were not
included; μthr was affected by the MMC

t variation, which
explains the sign difference in the corresponding shift in
Mcri

H ; and the scale uncertainties were found to be approx-
imately half as large as here for reasons unknown to us.
In Fig. 1, the RG evolution flow from μthr to μcri and

beyond is shown in the ðλ; βλÞ plane. The propagation with
μ of the 1σ and 3σ confidence ellipses with respect toMMC

t
and MH tells us that the second condition in Eq. (2) is
almost automatic, the ellipses for μ ¼ 1018 GeV being
approximately degenerated to horizontal lines. For default
input values, λðμÞ crosses zero at μ ¼ 1.55 × 1010 GeV.
The contour of Mcri

t approximately coincides with the right
envelope of the 2σ ellipses, while the one of Mcri

H , which
relies onMMC

t , is driven outside the 3σ band as μ runs from
μcriH to μthr.
Our upgraded and updated version of the familiar phase

diagram [10,11,20,24] is presented in Fig. 2. Besides the
boundary of the stable phase defined by Eq. (2), on which
the critical points with Mcri

t and Mcri
H are located, we also

show contours of λðμ0Þ ¼ 0 and βλðμ0Þ ¼ 0. The demar-
cation line between the metastable phase and the instable
one, in which the lifetime of our vacuum is shorter than the

age of the Universe, is evaluated as in Ref. [20] and
represents the only gauge-dependent detail in Fig. 2. The
customary confidence ellipses with respect to MMC

t and
MH, which are included Fig. 2 for reference, have to be
taken with caution because they misleadingly suggest that
the tree-level mass parameter MMC

t and its error [2]
identically carry over to Mt, which is actually the real
part of the complex pole position upon mass renormaliza-
tion in the on-shell scheme [25]. In view of the resonance
property, a shift of order Γt ¼ 2.00 GeV [2] would be
plausible, which should serve as a useful error estimate for
the time being.
In conclusion, we performed a high-precision analysis of

the vacuum stability in the SM incorporating full two-loop
threshold corrections [5,12–14], three-loop beta functions
[6], and Oðα4sÞ corrections to the matching and running of
gs [7,17] and yq [8,18], and adopting two gauge-indepen-
dent approaches, one based on the criticality criterion (2)
for λðμÞ [5] and one on a reorganization of VeffðHÞ so that
its minimum is gauge independent order by order [20]. For
the Mt upper bound we thus obtained Mcri

t ¼ ð171.44$
0.30þ0.17

−0.36Þ GeV and ~Mcri
t ¼ ð171.64$ 0.30þ0.17

−0.36Þ GeV,
respectively, where the first errors are experimental, due
the 1σ variations in the input parameters [2], and the second
ones are theoretical, due to the scale and truncation
uncertainties. In want of more specific information, we
assume the individual error sources to be independent and

FIG. 1 (color online). RG evolution of λðμÞ from μthr to μcri and
beyond in the ðλ; βλÞ plane for default input values and matching
scale (red solid line), effects of 1σ (brown solid lines) and 3σ
(blue solid lines) variation in MMC

t , theoretical uncertainty due to
the variation of ξ from 1=2 to 2 (upper and lower black dashed
lines with asterisks in the insets), and results for Mcri

t (green
dashed line) and Mcri

H (purple dashed line). The 1σ (brown
ellipses) and 3σ (blue ellipses) contours due to the errors in
MMC

t andMH are indicated for selected values of μ. The insets in
the upper right and lower left corners refer to μ ¼ MMC

t and
μ ¼ 1.55 × 1010 GeV, respectively.

FIG. 2 (color online). Phase diagram of vacuum stability (light-
green shaded area), metastability, and instability (pink shaded
area) in the ðMH;MtÞ plane, contours of λðμ0Þ ¼ 0 for selected
values of μ0 (purple dotted lines), contours of βλðμ0Þ ¼ 0 for
selected values of μ0 (solid parabolalike lines) with uncertainties
due to 1σ error in αð5Þs ðMZÞ (dashed and dot-dashed lines), critical
line of Eq. (2) (solid green line) with uncertainty due to 1σ error
in αð5Þs ðMZÞ (orange shaded band), and critical points with Mcri

t
(lower red bullet) and Mcri

H (right red bullet). The present world
average of ðMMC

t ; MHÞ (upper left red bullet) and its 1σ (purple
ellipse), 2σ (brown ellipse), and 3σ (blue ellipse) contours are
marked for reference.
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[Bednyakov+, PRL115(2015)201802]

• λ < 0 at ~ 1010 GeV for the center value of Mt.

[Buttazzo+, JHEP12(2013)089]

๏v.s. Cosmology; Stability against cosmological evolution

• v.s. New Physics; modify the effective potential.

Mh GeV

Mt GeV

µGeV

- Chaotic inflation v.s. Metastable electroweak vacuum

[Many works…]
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Chaotic Inflation
Large Hubble parameter during inflation: Hinf ~ 1013-14 GeV.
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• Smoking gun signature: large tensor to scalar ratio:

Planck Collaboration: Constraints on inflation 55

Fig. 54. Marginalized joint 68 % and 95 % CL regions for ns and r0.002 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.

further improving on the upper limits obtained from the different
data combinations presented in Sect. 5.

By directly constraining the tensor mode, the BKP likeli-
hood removes degeneracies between the tensor-to-scalar ratio
and other parameters. Adding tensors and running, we obtain

r0.002 < 0.10 (95 % CL, Planck TT+lowP+BKP) , (168)

which constitutes almost a 50 % improvement over the Planck
TT+lowP constraint quoted in Eq. (28). These limits on tensor
modes are more robust than the limits using the shape of the
CTT
` spectrum alone owing to the fact that scalar perturbations

cannot generate B modes irrespective of the shape of the scalar
spectrum.

13.1. Implications of BKP on selected inflationary models

Using the BKP likelihood further strengthens the constraints
on the inflationary parameters and models discussed in Sect. 6,
as seen in Fig. 54. If we set ✏3 = 0, the first slow-roll pa-
rameter is constrained to ✏1 < 0.0055 at 95 % CL by Planck
TT+lowP+BKP. With the same data combination, concave po-
tentials are preferred over convex potentials with log B = 3.8,
which improves on log B = 2 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

Table 17. Results of inflationary model comparison using the
cross-correlation between BICEP2/Keck Array and Planck. This
table is the analogue to Table 6, which did not use the BKP like-
lihood.

Inflationary Model ln B0X

wint = 0 wint , 0

R + R2/6M2 . . . +0.3
n = 2 �6.0 �5.6
Natural �5.6 �5.0
Hilltop (p = 2) �0.7 �0.4
Hilltop (p = 4) �0.6 �0.9
Double well �4.3 �4.2
Brane inflation (p = 2) +0.2 0.0
Brane inflation (p = 4) +0.1 �0.1
Exponential inflation �0.1 0.0
SB SUSY �1.8 �1.5
Supersymmetric ↵-model �1.1 +0.1
Superconformal (m = 1) �1.9 �1.4

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 17 for the Bayes factors of other inflationary
models with the same two cases of post-inflationary evolution
studied in Sect. 6.

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 cut-off studied
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FIG. 7. Constraints in the r vs. ns plane when using Planck
plus additional data, and when also adding BICEP2/Keck
data through the end of the 2014 season including new 95 GHz
maps—the constraint on r tightens from r0.05 < 0.12 to
r0.05 < 0.07. This figure is adapted from Fig. 21 of Ref. [2]—
see there for further details.
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• r > 0.1 : disfavored;   r ~ O(0.01) : now being constrained.

• r ~ 10-3 : may be probed in the future (e.g. LiteBIRD, PIXIE). 

• Simple, solve initial condition problem, but require a Planckian field excursion.
[Planck 2015] [BICEP2/Keck Array, PRL116(2016)031302]
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Metastability v.s. Cosmology
Metastable EW vacuum in inflationary cosmology
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Time
Inflation Radiation 

dominated
Inflaton oscillation 

dominated

Non-thermal equil. Thermal equil.

Preheating Reheating

• Vacuum decay (in finite temp.)

h

V (h)

h

V (h)

• Vacuum decay during 
inflation

• Vacuum decay during 
preheating?

?

- Long enough life time even for the center value 

of the top quark mass.
[e.g. Espinosa, Giudice, Riotto, JCAP05(2008)002;

Rose, Marzo, Urbano, 1507.06912;
Salvio et al., 1608.02555]

[Hawking, Moss, PLB110(1982);
Starobinsky, Yokoyama, PRD50(1994)]

[Ema, KM, Nakayama 1602.00483; 
Herranen et al., PRL115(2015)241301; 

Kohri, Mastui]
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Higgs-Inflaton Coupling
Light fields, m ≪ Hinf, acquire fluctuations during inflation.
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• Stochastic fluctuation v.s. Potential force

h

V (h)

h
max

Vacuum decay

[Hawking, Moss, PLB110(1982); Starobinsky, Yokoyama, PRD50(1994)]

- To avoid the vacuum decay

H
inf

Æ 10

9

GeV

Å
h

max

10

10

GeV

ãTension w/ High scale inflation

✦Observed patches ~exp(3N) should not exhibit the vacuum decay.
➡ One order of magnitude severer bound is obtained. [e.g. Espinosa+, JHEP09(2015)174]

Heavy fields fluctuations, m ≫ Hinf, are suppressed.
๏Higgs-inflaton coupling can save the EW vacuum!

- Quartic coupling

- Curvature coupling

�Lint(�, h) =
1
2

c2�2h2

�Lint(�, h) =
1
2
⇠Rh2

m2
H;h = c2�2

inf

m2
H;h = 12⇠H2

inf

during inflation

h

V (h)

h
max

Vacuum decay

mH;h

H2
inf

Stabilized if

¶
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Outlook during Inflation
High scale inflation v.s. Metastable EW vacuum

16

�Lint(�, h) =
1
2

c2�2h2

�Lint(�, h) =
1
2
⇠Rh2

c�inf

⇠
⇠ 0.2

⇠ Hinf

Unstable during 
inflation

[(e.g.) Espinosa, Giudice, Riotto, JCAP05(2008)002]

[(e.g.) Lebedev, Westphal, PLB719(2013)]

Stable during 
inflation

• Small Higgs-inflaton coupling can save the EW vacuum

- Quartic coupling

- Curvature coupling

๏Lower bound on the couplings from mH;h > 3Hinf/2

- Quartic coupling - Curvature coupling

⇠¶ 3
16
⇠ 0.2c ¶ 3Hinf

2�inf
⇠ 3⇥ 10�6
⇣ m�

1013 GeV

⌘
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Parametric Resonance

17

Non perturbative Higgs production

๏Non-adiabatic change of the effective mass → Large Higgs fluctuations
�����
!̇k;h

!2
k;h

�����> 1
q(t)> 1

Condition for explosive Higgs Production

• However, inflaton oscillates after inflation…

• Typical distribution function for q(t) > 1:

f (p )

p
p⇤ ⌘ q 1/4m�

Grows rapidly, eventually killed by 
back-reaction/rescatterings or  

cosmic expansion.
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Parametric Resonance
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Non perturbative Higgs production

๏Non-adiabatic change of the effective mass → Large Higgs fluctuations
�����
!̇k;h

!2
k;h

�����> 1
q(t)> 1

Condition for explosive Higgs Production

• However, inflaton oscillates after inflation…

• Quartic coupling

• Curvature coupling

�Lint =
1
2

c 2�2h 2

�Lint =
1
2
⇠R h 2

q (t )⇠ c 2�2(t )
m 2
�

q (t )⇠ ⇠�
2(t )

M 2
pl

m2

H;h(t)'
c2�2(t)

2

⇥
cos

�
2m� t
�
+ 1

⇤
Ordinary Resonance

Tachyonic Resonance

m2

H;h(t)'
⇠m2

��
2(t)

2M2

pl

⇥
3 cos

�
2m� t
�
+ 1

⇤



Kyohei Mukaida - Kavli IPMU

 Resonance is Inevitable
Higgs production via Parametric Resonance:

19

• Parametric resonance is almost inevitable!

⇠ Hinf

Unstable during 
inflation

Parametric 
Resonance

c�ini

c�ini ¶ Hinf

- Required coupling

- Condition for resonance

�Lint(�, h) =
1
2

c2�2h2

• Tachyonic resonance is almost inevitable!

- Required coupling

- Condition for resonance ⇠
⇠ 0.2

Unstable during 
inflation⇠¶ 0.2

Tachyonic 
Resonance

�Lint(�, h) =
1
2
⇠Rh2Higgs production via Tachyonic Resonance:

q(tini)> 1! ⇠¶ M2
pl/�

2
ini

q(tini)> 1! c�ini ¶ m�
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Vacuum decay via Resonance

20

• Tachyonic effective mass < Inflaton induced mass.

Vacuum decay during resonance: 1 < q(t)∝Φ2(t)

• Upper bounds on Higgs-inflaton coupling.

⇠ Hinf

Unstable during 
inflation

Stable?

c�ini⇠ 10Hinf

Unstable during 
preheating

⇠
⇠ 0.2 ⇠ 10

-  

-  

�Lint(�, h) =
1
2

c2�2h2

�Lint(�, h) =
1
2
⇠Rh2

⇠Æ 10⇥
ï
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µcrv

ò2 ñp2Mpl
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c Æ 10�4 ⇥
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i
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eµcrv
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[Ema, KM, Nakayama 1602.00483]
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• To confirm our estimation, we performed a classical lattice simulation.

- The Lagrangian:

- Properties of our discretized world

Setup of classical lattice simulation

thermalizes with the other SM particles. Once it is thermalized, the life time of our vacuum
can be estimated by means of the bounce method under a periodic Euclidean time [12, 13].
If this is really case, the electroweak vacuum does not decay after the preheating either for
the central value of the top quark mass [14]. See the discussion in Sec. 4.2. Also, it is
noticeable that other SM particles produced via the decay of inflaton, which is responsible
for the complete reheating, would play essential roles both during and after the preheating.
Typically, a larger reheating temperature tends to stabilize the electroweak vacuum, while
a smaller one does not play the role. See the discussion in Sec. 4.3. Also, note that the
resonant production of other SM particles, during the early stage of complete reheating,
might affect the bounds given in Eqs. (1.2) and (1.3). A detailed study of the dynamics of
Higgs, including Higgs-radiation and inflaton-radiation couplings, is left for a future work.

The organization of this paper is as follows. In Sec. 2, we first shut off the Higgs-
radiation couplings and focus on the role of the Higgs-inflaton/-curvature coupling during
the preheating regime. We study effects of the broad/tachyonic resonance on the elec-
troweak vacuum stability both analytically and numerically there. Then, in Sec. 3, we turn
on the Higgs-radiation coupling, but ignore the decay of inflaton into other SM particles,
and investigate how it modifies results of the previous sections. In fact, we will see that it
is less significant during the preheating. In Sec. 4, we discuss a possible fate of Higgs after
the preheating. At the end of Sec. 4, we discuss how the decay of inflaton into other SM
particles could change the results. The last section is devoted to the conclusion and the
discussion.

2 Higgs-Inflaton Coupling

If the Higgs-inflaton/-curvature coupling is quite large, we can easily expect that Higgs
soon rolls down to the true vacuum due to the resonance induced by the inflaton oscilla-
tion. Thus the resonance parameter or the coupling should be rather small to avoid the
decay of the electroweak vacuum during the preheating stage. The main goal of our study
here is to estimate the coupling value below which the electroweak vacuum survives the
preheating stage. In particular, we will make it clear in what condition the electroweak vac-
uum does not decay albeit the resonance occurs at the beginning of the inflaton oscillation.
In order to achieve this goal, we use both analytical and numerical methods for the study
of the preheating stage. Here note that the coupling cannot be arbitrarily small in order to
suppress the Higgs fluctuation during inflation.

Now we start to explain our setup. First, let us shut off the Higgs-radiation couplings,
i.e. gauge and top Yukawa couplings, so as to clarify the role of Higgs-inflaton coupling in
the preheating stage. Hence, we study the following model throughout this section:~2

L =Linf(�) +LHiggs(h) +Lint(�, h), (2.1)

where

Linf(�) =
1
2
@µ�@

µ� � 1
2

m2
��

2, (2.2)

LHiggs(h) =
1
2
@µh@

µh� 1
4
�(µ)h4. (2.3)

~2 For simplicity, we treat Higgs as a one component field here. However, our constraints derived from now
are not sensitive to it because they depend only logarithmically on the number of components.
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preheating stage. In particular, we will make it clear in what condition the electroweak vac-
uum does not decay albeit the resonance occurs at the beginning of the inflaton oscillation.
In order to achieve this goal, we use both analytical and numerical methods for the study
of the preheating stage. Here note that the coupling cannot be arbitrarily small in order to
suppress the Higgs fluctuation during inflation.

Now we start to explain our setup. First, let us shut off the Higgs-radiation couplings,
i.e. gauge and top Yukawa couplings, so as to clarify the role of Higgs-inflaton coupling in
the preheating stage. Hence, we study the following model throughout this section:~2
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Here we have dropped the negative Higgs mass squared, which leads to the electroweak
symmetry breaking, since it is irrelevant for our following discussion. Note that, although
the simple chaotic inflation model with quadratic potential is excluded by observations [15],
it is possible to modify the large filed behavior to make the inflationary prediction consis-
tent with observations (see e.g., Refs. [16, 17, 18, 19, 20, 21]). We implicitly assume this
in the following. As representative models for the stabilization of Higgs, we consider two
different mechanisms:

Lint(�, h) =

8
><
>:

� 1

2
c2�2h2 · · ·quartic,

� 1

2
⇠Rh2 · · · curvature.

(2.4)

For the running coupling constant of the Higgs potential �(µ), we roughly approximate its
form as

�(µ)' �̃sign
�
hmax�µ� ; with �̃ ' 0.01. (2.5)

Note that the scale, hmax, where the Higgs quartic coupling becomes negative, significantly
depends on the current data of top quark mass. For its central value, the scale is approxi-
mately given by hmax ' 1010 GeV [22]. For a homogeneous Higgs field, the renormalization
scale should be taken as its expectation value, µ' h. In the following discussion, we have to
deal with an inhomogeneous Higgs field owing to Higgs particle production events during
the preheating stage. We take the renormalization scale to be a typical scale of preheating,
p⇤, defined later v.s. a field value of Higgs at each space-time point, h(x): µ=Max[h, p⇤].

The dynamics of preheating is well described by a classical equations of motion. Thus,
all we have to do is to solve numerically the classical equation of motion, which is de-
rived from the Lagrangian (2.1), with appropriate initial fluctuations. However, later, we
would like to turn on the Higgs-radiation coupling and discuss how it affects the fate of
electroweak vacuum. For that purpose, it is instructive to understand the dynamics qual-
itatively so that we can apply our understandings to more complicated systems. In the
following, we study the stage of preheating in two representative cases separately. We first
discuss qualitative behavior of the system, and in particular clarify the condition where the
Higgs field escapes from our electroweak vacuum. Then, we show results of numerical
simulations and confirm our qualitative understanding.

Preliminaries

Before moving to each case, we summarize common features of this system. Right after
the inflation, since there are no particles, we can safely neglect effects of Higgs fluctuations
on the inflaton dynamics at first. Then, the inflaton obeys the following approximated
solution:

�(t)' �(t) cos
Ä

m� t
ä

; �(t) =
�ini

a
3
2 (t)

, (2.6)

where a(t) / t2/3 is the scale factor, and �(t) is an inflaton amplitude with �ini being its
initial value. Correspondingly, the dispersion relation of Higgs oscillates with time, and the
Higgs field acquires fluctuations.

4

m�
�

�ini

h

LHiggs(h) =
1
2
@µh@

µh� V (h),

/ h6

Add h6 to avoid numerical div.

Grid Number = 1283,  Time step = 10-3/mΦ, Length of box = 10/mΦ (20/mΦ), periodic bdry.

mΦ ~ 1013 GeV

Vacuum decay via Resonance

Inflaton Sector Higgs Sector

Interaction

- Numerically solve the Einstein equation w/ Gaussian initial conditions mimicking vacuum fluctuations.

[Polarsky, Starobinsky, CQG13 (1996);
 Khlebnikov, Tkachev, PRL77(1996)]
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- Stable: c = 1 × 10-4 - Unstable: c = 2 × 10-4

Resonance is over: 
p* < mΦ

Resonance is over: 
p* < mΦ

Vacuum decay via Parametric Resonance: �Lint(�, h) =
1
2

c2�2h2

• To check                                         , we performed a classical lattice simulation.

Numerical Simulation
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- c = 1 × 10-4 - c = 2 × 10-4

�Lint(�, h) =
1
2

c2�2h2

• Evolution of comoving phase space number density of Higgs, nk;h(t).

Vacuum decay via Parametric Resonance:

k/m� k/m�

n k
;h
+

1/
2

n k
;h
+

1/
2

Numerical Simulation
[Ema, KM, Nakayama 1602.00483]
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- Stable: ξ = 10 - Unstable: ξ = 20

Resonance is over: 
p* < mΦ

Resonance is over: 
p* < mΦ

• To check                                      , we performed a classical lattice simulation.

Vacuum decay via Tachyonic Resonance: �Lint(�, h) =
1
2
⇠Rh2

Numerical Simulation
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• Evolution of comoving phase space number density of Higgs, nk;h(t).

�Lint(�, h) =
1
2
⇠Rh2

- ξ = 10 - ξ = 20

Vacuum decay via Tachyonic Resonance:

k/m� k/m�

n k
;h
+

1/
2

n k
;h
+

1/
2

Numerical Simulation
[Ema, KM, Nakayama 1602.00483]
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Depend on reheating/thermalization in        . 

Preheating may destabilize the EW vacuum. 

We have obtained upper bounds on Higgs-inflaton couplings.

Summary of the 1st part

⇠ Hinf

Unstable during 
inflation

Stable?

c�ini⇠ 10Hinf

Unstable during 
preheating

⇠
⇠ 0.2 ⇠ 10

-  

-  

�Lint(�, h) =
1
2

c2�2h2

�Lint(�, h) =
1
2
⇠Rh2

It is not easy to reheat the universe “adiabatically”.

• Towards precise bounds → Full inclusion of EW gauges on the lattice.

• Bounds could be severer if you look at all the observable patches ~ e3N.

[Ema, KM, Nakayama 1602.00483]
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DM Production 
in  

Late Time Reheating



Kyohei Mukaida - Kavli IPMU

Inflationary Cosmology

28

Far from thermal equil. 

�

V

q ¶ 1Large:

q Æ 1Small:

Non-perturbative 
Production

Perturbative 
Production

Thermalized 
Plasma 

- Killed by back-reaction 
or cosmic expansion.

- Over-occupied/soft 
(bosons).

- Can be under-occupied/
hard.

- Planck-suppressed 
decay is an extreme 
example.

Two topics of my talk
1. Metastable EW vacuum 

v.s. Chaotic Inflation

2. Dark Matter Production 
in Late Time Reheating

Turbulent thermalization ?

Bottom-up thermalization ?
…

1
p

f (p )

p

f (p )

1

Non-perturbative 
Production

- Killed by back-reaction 
or cosmic expansion.

- Over-occupied/soft 
(bosons).

Instant/mixed preheating ?

Depend on properties of radiation…

…
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Perturbative Reheating
Reheating temperature TR

29

• Temperature when inflaton decays completely.

�� ⇠H$ TR ⇠
Å

90
⇡2g⇤

ã1/4∆
��Mpl

• Relation between TR and q for q < 1.

✦Assumption1. Resonance does not take place; 
✦Assumption2. Radiation is thermalized.

- Boson:

- Fermion:

�m (�) ̄ ⇠
p

q (�)m�

�
� ̄ 

�m 2
� (�)�� ⇠

q (�)m 2
�

�
���

�� ⇠
Ç
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å
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�� ⇠
Ç

q 2(�)m 2
�
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å
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Ç
q (�ini)m 2
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ini

å
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Ç
q 2(�ini)m 2

�

�2
ini

å
m�

๏TR could be low for                     and/or                                     . 

TR ⇠ 100GeV
Å

q̃
10�17

ã1/2 ⇣ m�

1013 GeV

⌘3/2 ÅMpl

�ini

ã
, ˜q ⌘ q 2(�

ini

) or q (�
ini

)

qiniÓ 1 m� ⌧�ini ⇠Mpl
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Perturbative Reheating
Schematic picture

30

• Evolution of energy densities (obtained from Boltzmann eqs.)

⇢rad

/ a �3
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8
<
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�
T 2

R

M
pl

H
�

1/4
for �� <H

�
M

pl

H
�

1/2
for H < ��

Assume radiation is thermalized:
TR

T ⇠⇢1/4
rad

DMs are produced at some period

12
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Dark Matter Production
Thermal freeze-out

31

• DM was in thermal equilibrium → decoupled later by the cosmic expansion.

DM

DM

radiation

annihilationproduction

D
M

 a
bu

nd
an

ce

Time

h�annvi

mDM/T ⇠ 20

therm
al

๏Question:  production of DM with mDM� TR

1

n eq
DM(TF) h�annv i 'H (TF), TF ⇠

m�

20
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“Heavy” DM production with mDM� TR
• Production from direct inflaton decay

• Production from thermal plasma with T > mDM ≫ TR

- Radiation with T ≫ TR; (assume radiation is thermalized)

⇢�

⇢rad

TR

T ⇠⇢rad ⇠
�
T 2

R MplH
�1/4

H > ��for

2

n dir

DM

s

����
now

' T
R

3n dir

DM

4⇢�

����
T'T

R

' 3T
R

4m�
Br(�!DM)

n th

DM

s

����
now

' T
R

3n th

DM

4⇢�

����
F

' n th

DM

s

����
F

Å
T

R

T
F

ã
5

Dilution factor

Dark Matter Production
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“Heavy” DM production with mDM� TR
๏Production via interaction between thermal population and high energy tail.

2

ph
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e 
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ac
e 

di
st

ri
bu

ti
on

f (p )

p

/
p �7/2

T

1

Thermal

High energy 
primaries

LPM suppressed 

Splittings

- Typical phase space distribution of radiation f(p) for              .�� <H

m�
✦ Thermal population dominates both energy and number of radiation for                         .

�
Inflaton

Decay

�split(m�)>H

Dark Matter Production

�

V�split(E )⇠↵2T

vtT
E

LPM-suppressed splitting rate

��M 2
pl

m 4
� t

1
�split(m�)t

[ Baier et al., ’00; Kurkela, Moore, ’11]
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“Heavy” DM production with mDM� TR
๏Production via interaction between thermal population and high energy tail.
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p
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Thermal
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primaries

- Typical phase space distribution of radiation f(p) for              .�� <H

m�
✦ Thermal population dominates both energy and number of radiation for                         .

�
Inflaton

Decay

�split(m�)>H

Dark Matter Production

E ¶
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T

T

E

DM

DM

⇢split

DM

s
⇠ T 3

R

m 2

DM

for m� �
m 2

DM

T
R

[K. Harigaya, M. Kawasaki, KM and M. Yamada, 1312.3097]

��M 2
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1
�split(m�)t

LPM suppressed 

Splittings
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“Heavy” DM production with mDM� TR
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• Contour plot of DM density as a function of TR and mΦ.

Br(inflaton → DMs) = 1

• Processes: (i) Production from inflaton decay, (ii) Thermal production,                    
(iii) Production via splittings

Dark Matter Production

[K. Harigaya, M. Kawasaki, KM and M. Yamada, 1312.3097]
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“Heavy” DM production with mDM� TR
• Contour plot of DM density as a function of TR and mΦ.

Br(inflaton → DMs) = 0.02
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• Processes: (i) Production from inflaton decay, (ii) Thermal production,                    
(iii) Production via splittings

Dark Matter Production

[K. Harigaya, M. Kawasaki, KM and M. Yamada, 1312.3097]
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Summary of the 2nd part
For an extremely small decay rate of inflaton (e.g. Planck-
suppressed), primary particles are under occupied. 

Splittings of hard primaries play important roles in particle 
production (also in thermalization). 

“Heavy” DM with mDM > T can be produced via splittings of 
hard primaries.

37

[K. Harigaya and KM, 1312.3097]
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[K. Harigaya, M. Kawasaki, KM and M. Yamada, 1312.3097]
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Summary

38

[K. Harigaya, M. Kawasaki, KM and M. Yamada, 1312.3097]
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inflation

Stable?
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Unstable during 
preheating
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-  

-  

�Lint(�, h) =
1
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c2�2h2

�Lint(�, h) =
1
2
⇠Rh2

[Ema, KM, Nakayama 1602.00483]



Kyohei Mukaida - Kavli IPMU

Back up
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EW gauges and Top quarks
Production of EW gauge bosons/top quark might affect the 

dynamics of Higgs via gauge and Yukawa couplings. 

Two ways to produce them.

40

• Schematic figure of the setup we have discussed.

Inflaton Higgs

� h1
2

c2�2h2,
1
2
⇠h2R
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• Schematic figure of the setup we would like to discuss.

Inflaton Higgs

�

EW gauge bosons, 
top quark, …

Dec
ay

, A
nn

ihi
lat

ion

fin
ite
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en

sit
y 

ef
fe

ct
s

�

“Com
plete” reheating

c2�2|H|2, ⇠|H|2R H

EW gauges and Top quarks
Production of EW gauge bosons/top quark might affect the 

dynamics of Higgs via gauge and Yukawa couplings. 

Two ways to produce them.
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• To mimic it, we have introduced another scalar χ via g2χ2h2.

Higgs’s number
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a3<χ2>

Electroweak gauges
EW gauge production from Higgs

• g2A2h2  might stabilize the Higgs.

• Same for the curvature coupling.

• χ-production is suppressed due to g(<h2>)1/2 → Higgs dynamics is not altered.
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χ’s number
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Electroweak gauges
EW gauge production from Higgs

• To mimic it, we have introduced another scalar χ via g2χ2h2.

• χ-production is suppressed due to g(<h2>)1/2 → Higgs dynamics is not altered.

• g2A2h2  might stabilize the Higgs.

• Same for the curvature coupling.
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Inflaton decays into other SMs
Caution: relevant time scales are quite short, and thus 
instantaneous thermalization assumption is questionable…

1. Perturbative inflaton decay: TR < 1010 GeV.

2. Non-perturbative inflaton decay: TR > 1010 GeV.

✴ Here we naively assume instantaneous thermalization, but Tmax may be much lower.

- Thermal mass is always smaller: p⇤(t)> m� ¶ gT
max

' 10

13

GeV⇥ g
Å

T
R

10

10

GeV

ã 1
2

Å
H

inf

10

14

GeV

ã 1
4

- Quartic coupling - Curvature coupling

m� t Æ O (10)⇥
⇣ c

10�4

⌘✓1013 GeV
m�

◆
m� t Æ 10⇥
Å
⇠

10

ã 1
2

[Harigaya, KM, JHEP05(2014)006 ;KM, Yamada, JCAP02(2016)003; (cf.) Ellis+, JCAP03(2016)008]

- Parametric resonance of other SM particles (χ) becomes relevant.

- Large χ fluctuations with long wave length modes are produced.

- They might “kick” the Higgs towards True Vacuum(?).
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Vacuum decay after resonance in the case        .

• Initially, tachyonic effective mass < inflaton induced mass 

_

m2
H;h/ �2/ a�3

Vacuum decay via Resonance
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Unstable during 
inflation

Stable?

c�ini⇠ 10Hinf

Unstable during 
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↵
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m2
H;h/ �2/ a�3

Vacuum decay via Resonance
Vacuum decay after resonance in the case        ._

• Eventually, tachyonic effective mass > inflaton induced mass !!

⇠ Hinf

Unstable during 
inflation

Stable?

c�ini⇠ 10Hinf

Unstable via 
preheating

⇠
⇠ 0.2 ⇠ 10

-  

-  

�Lint(�, h) =
1
2

c2�2h2

�Lint(�, h) =
1
2
⇠Rh2

�m2
self;h = �3|�|
⌦
h2
↵
/ a�2



Kyohei Mukaida - Kavli IPMU 47

• Eventually, tachyonic effective mass > inflaton induced mass !!

⇠ Hinf

Unstable during 
inflation

Stable?

c�ini⇠ 10Hinf

Unstable during 
preheating
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m2
H;h/ �2/ a�3

Vacuum decay via Resonance
Vacuum decay after resonance in the case        ._

• Production of EW gauge bosons and top quarks might save the vacuum: 

- Thermalization v.s. Vacuum decay…Further studies are required.

- Direct decay of inflaton into these particles (required for complete reheating) → depend on TR

�m2
self;h = �3|�|
⌦
h2
↵
/ a�2
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• Eventually, tachyonic effective mass > inflaton induced mass !!

m2
H;h/ �2/ a�3

Vacuum decay via Resonance
Vacuum decay after resonance in the case        ._

- Direct decay of inflaton into these particles (required for complete reheating) → depend on TR
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48

- Thermalization v.s. Vacuum decay…Further studies are required.

• Production of EW gauge bosons and top quarks might save the vacuum: 

�m2
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↵
/ a�2
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• Eventually, tachyonic effective mass > inflaton induced mass !!
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Vacuum decay via Resonance
Vacuum decay after resonance in the case        ._

- Direct decay of inflaton into these particles (required for complete reheating) → depend on TR

- Thermalization v.s. Vacuum decay…Further studies are required.

• Production of EW gauge bosons and top quarks might save the vacuum: 
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What we have discussed

Simple Scenario

• Curvature coupling + Chaotic inflation 

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- Curvature coupling: stabilize the EW vacuum during inflation

Chaotic MD RD
Time

V (�)

�

• Resonance is almost inevitable.

⇠ Mpl

q ⇠
⇠�2

ini

M2
pl

¶ 1
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Simple Scenario

• Curvature coupling + Chaotic inflation + New inflation 

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- New inflation: avoid the resonance + provide the dominant component of DM as PBHs

- Curvature coupling: stabilize the EW vacuum during inflation

Chaotic New MD RD
Time

h'i ⌧ Mpl

• Resonance does not take place.

• Higgs is stabilized at its origin 
during the new inflation.

Simple scenario consistent with the metastability

[Kawasaki, KM, Yanagida; 1605.04974]

N ⇠
Ç

v2

8g✏2M2
pl

å1/3
⇠ O (10) ✏⇠ v2

M2
pl

for

[Izawa, Kawasaki, Yanagida]v ⇠ 1016 GeV

V (') =

Ç
v2 � g

'4

M2
pl

å2
� v4 '

2

2M2
pl

� "v4 '

Mpl

q ⇠ ⇠ h'i
2

M2
pl

Ó 1



Kyohei Mukaida - Kavli IPMU 52

Simple Scenario

• Curvature coupling + Chaotic inflation + New inflation 

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- New inflation: avoid the resonance + provide the dominant component of DM as PBHs

- Curvature coupling: stabilize the EW vacuum during inflation

Chaotic New MD RD
Time

h'i ⌧ Mpl

• Resonance does not take place.

• Higgs is stabilized at its origin 
during the new inflation.

Simple scenario consistent with the metastability

[Kawasaki, KM, Yanagida; 1605.04974]
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Simple Scenario

• Curvature coupling + Chaotic inflation + New inflation 

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- New inflation: avoid the resonance + provide the dominant component of DM as PBHs

Chaotic New MD RD
Time

P⇣(k)

k
10�9

10�2

⇠ 1Mpc�1

PBH formationPlanck

P⇣ ⇠
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1
2
p

3⇡
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å2 Kepler

Hawking

Star Formation

Femtolensing

MACHO/EROS

FIRAS

WMAP3

NS in GCs

ΩPBH/Ωc

Simple scenario consistent with the metastability

[Kawasaki, KM, Yanagida; 1605.04974]
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Å

MPBH

1024 g

ã�1/2

- Curvature coupling: stabilize the EW vacuum during inflation

⌦PBH,tot = ⌦c
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Simple Scenario

• Curvature coupling + Chaotic inflation + New inflation 

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- New inflation: avoid the resonance + provide the dominant component of DM as PBHs

- Curvature coupling: stabilize the EW vacuum during inflation

Chaotic New MD RD
Time

h'i ⌧ Mpl

• Resonance does not take place.

• Higgs is stabilized at its origin 
during the new inflation.

Simple scenario consistent with the metastability

[Kawasaki, KM, Yanagida; 1605.04974]
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Simple Scenario

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- New inflation: avoid the resonance + provide the dominant component of DM as PBHs

Chaotic New MD RD
Time

k ⇠ 1011Mpc�1
Å

MPBH

1024 g

ã�1/2

P⇣(k)

k
10�9

10�2

⇠ 1Mpc�1

PBH formationPlanck

P⇣ ⇠
Ç

1
2
p

3⇡
v2

✏M2
pl

å2

Simple scenario consistent with the metastability

[Kawasaki, KM, Yanagida; 1605.04974]

Kepler
Hawking

Star Formation

Femtolensing
MACHO/EROS

FIRAS
WMAP3

NS in GCs

ΩPBH/Ωc

- Curvature coupling: stabilize the EW vacuum during inflation

• Curvature coupling + Chaotic inflation + New inflation 

⌦PBH,tot = ⌦c


