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Introduction



Recent discoveries

Higgs boson Gravitational wave (GW)

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9!0.5

!0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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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 e!ciency, which is es-
timated with data using electrons from Z decays and
photons from Z " !+!!" events. Pile-up modelling
also a"ects 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. Di"erent 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 a"ects 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, m"", 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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In some extension of SM, electroweak phase 
transition can be 1st order

GWs from bubble collisions

Electroweak baryogenesis

We show that Higgs phase transition can happen at 
much higher energy scale and resulting GWs may probe the 

nature of Higgs and physics beyond SM

f~1mHz (LISA range)

Unfortunately (?), both are NOT new physics beyond SM

However, both (Higgs & GWs) can be a new probe of 
physics beyond SM



GWs from 1st order
phase transition



Phase transition (toy model)
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Phase transition (toy model)
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The integral (173) and therefore the thermal bosonic e!ective potential
admits a high-temperature expansion which will be very useful for practical
applications. It is given by
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where ab = 16!2 exp(3/2 ! 2$E) (log ab = 5.4076) and " is the Riemann "-
function.

There is a very simple way of computing the e!ective potential: it consists
in computing its derivative in the shifted theory and then integrating! In
fact the derivative of the e!ective potential
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is described diagrammatically by the tadpole diagram. In fact using the Feyn-
man rules in (147) one can easily write for the tadpole the expression,
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or, using the expression (27) for m2(%c),
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Now we can perform the infinite sum in (176) using the result in Eq. (149)
with a function f defined as,
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Substituting finally (166) into (160) one gets,
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One can easily prove that the first integral in (167) is the one-loop e!ective
potential at zero temperature. For that we have to prove the identity,
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Integral (169) can be performed closing the integration interval (!",") in
the complex x plane along a contour going anticlockwise and picking the pole
of the integrand at x = !

#
!2 ! i% with a residue 1/2!. Using the residues

theorem Eq. (169) can be easily checked. Now we can use identity (168) to
write the temperature independent part of (167) as
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and, after making the Wick rotation p0 = ipE in (170) we obtain,
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which is the same result we obtained in the zero temperature field theory, see
Eq. (28).

Now the temperature dependent part in (167) can be easily written as,
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where the thermal bosonic function JB is defined as,
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Finite-temperature effective potential
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Thermal mass term Cubic term
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High-temperature expansion
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Zero + Finite-T potential

Quantum tunneling
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Bubble nucleation Coleman (1977), Linde (1983)

Vacuum decay rate � � T 4e�S3/T

S3 : Action of O(3) symmetric bounce solution
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2. Turbulence

For GW spectrum from turbulence we refer to [10]:
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Here, v0 is the typical velocity on the length scale v/!,
the largest scale on which the turbulence is driven. In
weak detonation limit v0 " ("#)1/2 while in strong
detonation limit v0 " 1, and therefore we simply use
v0 = Min[("#)1/2, 1] in the following calculation.

E. Bounce calculation

Having explained the parameter dependence of the
peak frequency and amplitude of the GW spectrum, we
now illustrate how to calculate # and ! from a given
potential and how to determine the transition time (or
temperature).

When the order parameter of the phase transition is a
real scalar field, the nucleation rate per unit volume " is
given by " = "0e!S , where S is the Euclidean action [47,
48]
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%

d$d3x

&
1
2

!
d#
d$

"2

+
1
2
(##)2 + V (#)

'
. (31)

Here $ is the Euclidean time and # denotes the scalar
field driving the transition. In finite temperature, the
action must be periodic in T!1 and the action must be
modified to be " = "0e!S3/T [49] where

S3(T ) =
%

d3x

(
1
2
(##)2 + V (#, T )

)
. (32)

In our setup # corresponds to the (real) Higgs field, and
V in Eq. (32) is the same as Eq. (3). In order to calculate
the profile of the scalar field at the bubble nucleation, one
must find the O(3) symmetric solution of the equation of
motion
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where r denotes the variable in the radial direction, with
the boundary conditions

#(r = %) = #false, (34)
d#
dr

(r = 0) = 0. (35)

This solution corresponds to the one where # rolls down
the inverse potential $V from a point near the true vac-
uum to reach the symmetric false vacuum at r = %.

Then, the bounce action is calculated as
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Since ! = "̇/" at the transition from its definition, one
has
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. (37)

In determining the other parameter #, one uses the ex-
pression for the latent heat density

'" =
(
$Vmin(T ) + T

d

dT
Vmin(T )

)

T=T!

. (38)

Here Vmin(T ) is the temperature-dependent true mini-
mum of the e$ective potential of the scalar field which
drives the phase transition. Note that the true minimum
of the potential must be set to zero by adding a constant
at each time.

In addition, the transition temperature T" is evaluated
by the condition [50]

S3

T

****
T=T!

= 137 + 4 log(100 GeV/T"). (39)

III. ESTIMATE OF GRAVITATIONAL WAVES

In this section, we estimate the strength of GWs gener-
ated by the first order phase transition of the Higgs field.
We estimate the temperature dependent bounce action
S3(T ) by using the potential introduced in the previous
section,

V = $(2v2
NP|H|2 +

(H(T )
2

|H|4 + VCW(H) + Vth(T,H).
(40)

We evaluate (H(T ) by using two loop renormaliza-
tion group equation with the Higgs mass mh =
125.09GeV [51, 52] and the top mass mt =
173.34GeV [53].

In the following, we first consider the situation where
the Higgs sector consists of the standard model Higgs
boson and )NP, i.e., there are no additional singlet fields
Si in Eq. (1). In this case we will see that the generated
GWs amplitude is too weak to detect. Then, we con-
sider singlet extensions as an example of the non-trivial
Higgs sector. The singlet(s) have basically two e$ects on
the strength of the Higgs phase transition: First, they
change the shape of the Higgs thermal potential around
the origin. Second, they change the running of the Higgs
quartic coupling. We investigate these possibilities in the
following.
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the largest scale on which the turbulence is driven. In
weak detonation limit v0 " ("#)1/2 while in strong
detonation limit v0 " 1, and therefore we simply use
v0 = Min[("#)1/2, 1] in the following calculation.

E. Bounce calculation

Having explained the parameter dependence of the
peak frequency and amplitude of the GW spectrum, we
now illustrate how to calculate # and ! from a given
potential and how to determine the transition time (or
temperature).

When the order parameter of the phase transition is a
real scalar field, the nucleation rate per unit volume " is
given by " = "0e!S , where S is the Euclidean action [47,
48]

S =
%

d$d3x

&
1
2

!
d#
d$

"2

+
1
2
(##)2 + V (#)

'
. (31)

Here $ is the Euclidean time and # denotes the scalar
field driving the transition. In finite temperature, the
action must be periodic in T!1 and the action must be
modified to be " = "0e!S3/T [49] where

S3(T ) =
%

d3x

(
1
2
(##)2 + V (#, T )

)
. (32)

In our setup # corresponds to the (real) Higgs field, and
V in Eq. (32) is the same as Eq. (3). In order to calculate
the profile of the scalar field at the bubble nucleation, one
must find the O(3) symmetric solution of the equation of
motion

d2#
dr2

+
2
r

d#
dr

$ %V

%#
= 0, (33)

where r denotes the variable in the radial direction, with
the boundary conditions

#(r = %) = #false, (34)
d#
dr

(r = 0) = 0. (35)

This solution corresponds to the one where # rolls down
the inverse potential $V from a point near the true vac-
uum to reach the symmetric false vacuum at r = %.

Then, the bounce action is calculated as

S3 =
%

4&r2dr

&
1
2

!
d#
dr

"2

+ V

'
. (36)

Since ! = "̇/" at the transition from its definition, one
has

!

H"
= T

d(S3/T )
dT

****
T=T!

. (37)

In determining the other parameter #, one uses the ex-
pression for the latent heat density

'" =
(
$Vmin(T ) + T

d

dT
Vmin(T )

)

T=T!

. (38)

Here Vmin(T ) is the temperature-dependent true mini-
mum of the e$ective potential of the scalar field which
drives the phase transition. Note that the true minimum
of the potential must be set to zero by adding a constant
at each time.

In addition, the transition temperature T" is evaluated
by the condition [50]

S3

T

****
T=T!

= 137 + 4 log(100 GeV/T"). (39)

III. ESTIMATE OF GRAVITATIONAL WAVES

In this section, we estimate the strength of GWs gener-
ated by the first order phase transition of the Higgs field.
We estimate the temperature dependent bounce action
S3(T ) by using the potential introduced in the previous
section,

V = $(2v2
NP|H|2 +

(H(T )
2

|H|4 + VCW(H) + Vth(T,H).
(40)

We evaluate (H(T ) by using two loop renormaliza-
tion group equation with the Higgs mass mh =
125.09GeV [51, 52] and the top mass mt =
173.34GeV [53].

In the following, we first consider the situation where
the Higgs sector consists of the standard model Higgs
boson and )NP, i.e., there are no additional singlet fields
Si in Eq. (1). In this case we will see that the generated
GWs amplitude is too weak to detect. Then, we con-
sider singlet extensions as an example of the non-trivial
Higgs sector. The singlet(s) have basically two e$ects on
the strength of the Higgs phase transition: First, they
change the shape of the Higgs thermal potential around
the origin. Second, they change the running of the Higgs
quartic coupling. We investigate these possibilities in the
following.

Boundary condition:

�V (�)

�
r =�

r = 0

� = 0

� �= 0

~ Dynamics of scalar field with inverted 
potential -V with r being “time”



V � (g2T 2 �m2
�)�2 �AT�3 + ��4

AT

�

2AT

�

Vm � (AT )4

�3

Tc �

�
m2

�

g2 �A2/�

�
m�

g
< T < Tc

�

T � Tc

Around temperature

Thick wall limit

S3 �
4�

3
R3Vm

R�2 � g2T 2 �m2
� �

(AT )2

�

S3

T
� A

�3/2

r
0

�(r)

R

�

�V (�)



AT

�

2AT

�

Vm � (AT )4

�3

r
0

�(r)

R

�

�V (�)

�R

Thin wall limit

�V

T = Tc ��T

�V � g2A2T 3
C�T

�2

�R

R
� �V

Vm
� g2��T

A2Tc

�R�2 � g2T 2 �m2
� �

(AT )2

�

S3 � 4�R2�RVm

S3

T
� A

�3/2

�
A2Tc

�g2�T

�2



T <
m�

g
m�

g
< T < TcTc < T

T
Tcm�/g

(a) (b) (c) (d)

(a)
(b)

(c)

(d)

S3/T

thin wall thick wall

Phase transition completes at

� � H4 � T 8

M4
P

S3

T
� 4 ln

�
MP

T

�
� 140

if T � 100 GeV



GWs from bubble collision

H�1 ��1

GW

Collision of bubbles produce GWs

Kamionkowski, Kosowski, Turner (1994)

Important parameter is bubble size at collision: ��1

Bubble size just after the production is � T�1

T�1 ��� ��1 � H�1Note that

��1 is determined by duration of phase transition ��1 � c�t



Duration of phase transition

� � T 4e�S3/T

Tunneling rate

Phase transition happens at

� � H4

5

2. Turbulence

For GW spectrum from turbulence we refer to [10]:
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Here, v0 is the typical velocity on the length scale v/!,
the largest scale on which the turbulence is driven. In
weak detonation limit v0 " ("#)1/2 while in strong
detonation limit v0 " 1, and therefore we simply use
v0 = Min[("#)1/2, 1] in the following calculation.

E. Bounce calculation

Having explained the parameter dependence of the
peak frequency and amplitude of the GW spectrum, we
now illustrate how to calculate # and ! from a given
potential and how to determine the transition time (or
temperature).

When the order parameter of the phase transition is a
real scalar field, the nucleation rate per unit volume " is
given by " = "0e!S , where S is the Euclidean action [47,
48]

S =
%

d$d3x

&
1
2

!
d#
d$

"2

+
1
2
(##)2 + V (#)

'
. (31)

Here $ is the Euclidean time and # denotes the scalar
field driving the transition. In finite temperature, the
action must be periodic in T!1 and the action must be
modified to be " = "0e!S3/T [49] where

S3(T ) =
%

d3x

(
1
2
(##)2 + V (#, T )

)
. (32)

In our setup # corresponds to the (real) Higgs field, and
V in Eq. (32) is the same as Eq. (3). In order to calculate
the profile of the scalar field at the bubble nucleation, one
must find the O(3) symmetric solution of the equation of
motion

d2#
dr2

+
2
r

d#
dr

$ %V

%#
= 0, (33)

where r denotes the variable in the radial direction, with
the boundary conditions

#(r = %) = #false, (34)
d#
dr

(r = 0) = 0. (35)

This solution corresponds to the one where # rolls down
the inverse potential $V from a point near the true vac-
uum to reach the symmetric false vacuum at r = %.

Then, the bounce action is calculated as
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Since ! = "̇/" at the transition from its definition, one
has

!

H"
= T

d(S3/T )
dT

****
T=T!

. (37)

In determining the other parameter #, one uses the ex-
pression for the latent heat density

'" =
(
$Vmin(T ) + T

d

dT
Vmin(T )

)

T=T!

. (38)

Here Vmin(T ) is the temperature-dependent true mini-
mum of the e$ective potential of the scalar field which
drives the phase transition. Note that the true minimum
of the potential must be set to zero by adding a constant
at each time.

In addition, the transition temperature T" is evaluated
by the condition [50]

S3

T

****
T=T!

= 137 + 4 log(100 GeV/T"). (39)

III. ESTIMATE OF GRAVITATIONAL WAVES

In this section, we estimate the strength of GWs gener-
ated by the first order phase transition of the Higgs field.
We estimate the temperature dependent bounce action
S3(T ) by using the potential introduced in the previous
section,

V = $(2v2
NP|H|2 +

(H(T )
2

|H|4 + VCW(H) + Vth(T,H).
(40)

We evaluate (H(T ) by using two loop renormaliza-
tion group equation with the Higgs mass mh =
125.09GeV [51, 52] and the top mass mt =
173.34GeV [53].

In the following, we first consider the situation where
the Higgs sector consists of the standard model Higgs
boson and )NP, i.e., there are no additional singlet fields
Si in Eq. (1). In this case we will see that the generated
GWs amplitude is too weak to detect. Then, we con-
sider singlet extensions as an example of the non-trivial
Higgs sector. The singlet(s) have basically two e$ects on
the strength of the Higgs phase transition: First, they
change the shape of the Higgs thermal potential around
the origin. Second, they change the running of the Higgs
quartic coupling. We investigate these possibilities in the
following.
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In this section, we estimate the strength of GWs gener-
ated by the first order phase transition of the Higgs field.
We estimate the temperature dependent bounce action
S3(T ) by using the potential introduced in the previous
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We evaluate (H(T ) by using two loop renormaliza-
tion group equation with the Higgs mass mh =
125.09GeV [51, 52] and the top mass mt =
173.34GeV [53].

In the following, we first consider the situation where
the Higgs sector consists of the standard model Higgs
boson and )NP, i.e., there are no additional singlet fields
Si in Eq. (1). In this case we will see that the generated
GWs amplitude is too weak to detect. Then, we con-
sider singlet extensions as an example of the non-trivial
Higgs sector. The singlet(s) have basically two e$ects on
the strength of the Higgs phase transition: First, they
change the shape of the Higgs thermal potential around
the origin. Second, they change the running of the Higgs
quartic coupling. We investigate these possibilities in the
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transition is just the same as that of the SM: it
is a crossover transition, and hence no additional
GWs are produced. Thus we consider GWs pro-
duced at T ! TPT

H . This situation is realized if the
conditions TPT

H > TPT
!NP

and !2 > 0 hold. And the en-
tropy injection caused by the transition of "NP can be
neglected if the condition ! >" 1 is satisfied. Through-
out this paper, we assume that these three conditions are
satisfied.

D. First Order Phase Transition and Gravitational
Waves

In this subsection, we briefly summarize the properties
of GWs produced by a first order phase transition.

In first order phase transitions, there are two main
sources for GW production: bubble collisions and tur-
bulence [10].c After bubbles are nucleated, they expand,
storing more and more energy in their walls in the form
of gradient and kinetic energy. These energy are con-
verted to GW radiation when these bubbles collide and
the spherical symmetry of each bubble is broken. On
the other hand, bubbles induce turbulent bulk motion of
the fluid, and this is known as another strong source for
GWs.

The frequency and amplitude of GWs from these two
sources takes di"erent values depending on the combus-
tion mode of the bubble walls. Two di"erent types of
combustion are known, detonation and deflagration. The
former occurs when the bubble front expands faster than
the sound speed, and the bubble front is followed by the
rarefaction front propagating with the sound speed. In
this case a relatively large amplitude of GWs is expected
from both bubble collision and turbulence, and we as-
sume the transition occurs via this combustion mode in
the following. On the other hand, when the speed of
bubble walls is slower than the sound speed, the bubble
front is preceded by the shock front. This is called de-
flagration, and the GW amplitude from bubble collisions
is thought to be relatively suppressed in this case [10].
However, also in this case, turbulent motion of the fluid
can be a source for GWs.

The most important parameters in determining the
properties of GW spectrum are the ones traditionally
called # and $. The former is defined as the ratio of
the latent heat density to the radiation energy density at
the transition, and is given by

# =
!!

"2

30 g!T 4
!

, (21)

where T! and !! is the temperature and latent heat den-
sity at the transition, respectively. The other quantity $

c However, see [32, 33] for sound waves after bubble collisions as
another source. Here we simply consider the two sources ex-
plained in the main text.

is defined by the nucleation rate per unit volume

# = #0 exp($t). (22)

We explain how to calculate # (especially !!) and $ from
the scalar potential in the next subsection.

GW spectrum from first order phase transitions can
be expressed in terms of these parameters. Both ana-
lytical and numerical calculations of the GW frequency
and amplitude have been carried out in the litera-
ture [6, 7, 9, 10, 32–43].

1. Bubble collision

For GWs from bubble collisions, we refer to the expres-
sions in [40], which are applicable to detonation bubbles:

fpeak ! 17
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$ 1
6
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"2 # g!
100

$" 1
3

,

(24)

where H! and g! are the Hubble parameter and the e"ec-
tive degrees of freedom in the themal bath at the phase
transition, respectively. Also, % is the e%ciency factor,
the fraction of the latent heat which goes into kinetic
energy of the fluid [10]

% =
1

1 + 0.715#

%
0.715# +

4
27

&
3#

2

'
. (25)

In addition, ! andf!/$ are given by

! =
0.11vb

0.42 + v2
b

, (26)

f!
$

=
0.62

1.8 $ 0.1vb + v2
b

. (27)

Here vb is the bubble wall velocity, which has the follow-
ing expression in the strong phase transitions [44]d

vb =
1/
%

3 +
(

#2 + 2#/3
1 + #

. (28)

d See Refs. [45, 46] for more discussion on the bubble wall velocity.
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Frequency: f � �
a�
a0

redshift

Strength: c��1ĖGW � G(
...
I )2 Quadra-pole formula

R � v��1Kosowsky et al. (92), Caprini et al. (2007), Jinno, Takimoto 1605.01403
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FIG. 3: Several spectra of gravitational radiation according to the old and new formulas. The

parameters are taken from ref. [8] and given in table I with ! decreasing from top to bottom. In

the shaded region, the sensitivity of LISA and BBO is expected to drop considerably.

Notice that the peak frequency and amplitude agree reasonably well with the results pre-

sented in ref. [6] (our peak amplitude is about 50% larger for vb ! 1, while for small vb

both results agree within the statistical errors). In the light of the analysis presented in

ref. [13], the dependence of the peak frequency on the wall velocity has the following phys-

ical interpretation. For small velocities, vb " 1, the phase transition lasts long compared

to the relevant distance scale that is given by the average bubble size. In this case, the

GW spectrum inherits the time scale of the source, f̃ # !. If one used in eqs. (8)-(10) a

wall velocity much larger than the speed of light, vb $ 1, the phase transition would be

very short compared to the relevant distance scale and the GWs would inherit the distance

scale of the source, f̃ # !/vb. This e!ect leads to a decrease in the peak frequency in the

transition region where the wall velocity is close to the speed of light.

IV. CONCLUSIONS

We reexamined the spectrum of gravitational wave radiation generated by bubble col-

lisions during a first-order phase transition in the envelope approximation. Using refined

numerical simulations, our main finding is that the spectrum falls o! only as f!1.0 at high

frequencies, considerably slower than appreciated in the literature. This behavior is most

probably related to the many small bubbles nucleated at a later stage of the phase tran-

10

set ! "/H T! / GeV

1 0.03 1000 130

2 0.05 300 110

3 0.07 100 85

4 0.1 60 80

5 0.15 40 75

6 0.2 30 70

TABLE I: Sets of parameters used in Fig. 3.

sition [32]. This result is especially interesting in the light of recent investigations [7, 8]

that indicate that in the case of a first-order electroweak phase transition (obtained by a

singlet sector [14, 15] or higher dimensional operators [16, 17, 18]) the peak frequency of the

produced radiation is below the best sensitivity range of planed satellite experiments, such

as LISA and BBO [19, 20]. This e!ect is shown in Fig. 3 for several typical parameter sets

for the phase transition in the nMSSM [8]. Notice that the discussion in ref. [8] suggests

that stronger phase transitions in general lead to smaller peak frequencies due to a decrease

in the parameters !/H and T!. This amplifies the importance of the high frequency part of

the gravitational wave spectrum. Notice also that a flatter spectrum simplifies the distinc-

tion from other sources of stochastic gravitational waves, such as turbulence [21, 22, 23, 24]

or preheating after inflation [25, 26, 27, 28, 29, 30]. Besides, we found that the peak fre-

quency slightly depends on the expansion velocity of the bubbles and decreases for higher

wall velocities. Our quantitative results are summarized by eqs. (19)-(23).

Finally, we would like to comment on the recent paper [31], where an analytic approach

to the GW production by collisions based on stochastic considerations was presented. In

this approach, assumptions have to be made about the time-dependence of unequal time

correlations of the velocity field. In their favored model, the authors obtain a scaling as

""2 for the high frequency part of the spectrum. We suspect that this disparity is due to

conceptual di!erences.

First, notice that the treatment presented here is based on two main ingredients: The

thin wall and the envelope approximations. Even though the stochastic approach in ref. [31]

does not require the thin wall approximation, the results are also valid in this limit, such that

Huber, Konstandin (2008)
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Basic idea
Suppose that there is a scalar field whose VEV is 

much higher than EW scale

�NP Peccei-Quinn field, B-L / GUT Higgs field etc.

EW Higgs can have huge mass term: V � |�NP|2|H|2

EW scale is generated by tuning:

V � (|�NP|2 � v2)|H|2 = �m2
H |H|2 mH � 100 GeV

Before �NP gets VEV, SM Higgs has huge mass term.

V � �v2|H|2

The scale of PT can be much different from EW scale!
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|!NP|
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FIG. 1: Schematic picture of the zero temperature potential.
First, both H and !NP sit at the origin. The phase transition
labeled as “1” in the figure occurs at T = TPT

H . Then the
next phase transition, labeled as “2” in the figure, occurs at
T = TPT

!NP,H !=0.

C. Thermal History

Let us consider the thermal history of this model. At
high temperature, both !NP and H obtain the ther-
mal masses, which we parametrize as y2

!T 2|!NP|2 and
y2

HT 2|H|2 respectively. The parameter y! depends on
the coupling of !NP with other particles and we treat
it as a free parameter. On the other hand, yH is O(1)
parameter depending on the standard model gauge cou-
plings and Yukawa couplings. When the temperature of
the universe is high enough, both !NP and H are trapped
at the origins due to the thermal mass terms. At the ori-
gins with the temperature T , the e!ective masses of !NP

and H can be written as

m2
!NP,e!(T ) = y2

!T 2 ! 2"2
!v2

NP, (12)

m2
H,e!(T ) = y2

HT 2 ! "2v2
NP. (13)

From this expression, we can get the transition temper-
ature of !NP and H as

TPT
!NP

" "!vNP/y!, (14)

TPT
H " "vNP/yH . (15)

From now on, we consider the case with TPT
H > TPT

!NP
. If

the condition TPT
H > TPT

!NP
is satisfied, the phase transi-

tion of the Higgs field occurs at first. This corresponds
to the arrow labeled as “1” in Fig. 1. As the tem-
perature drops down further, the phase transition of !NP

occurs. This corresponds to the arrow labeled as
“2” in Fig. 1. After the phase transition of !NP, the
Higgs field will be trapped at the origin again until the
temperature becomes the electroweak scale. This final
electroweak phase transition proceeds just in the
same way as that of the SM.

Now let us consider the entropy injection caused by the
secondary phase transition of !NP, which might poten-
tially significantly dilute GWs produced by the preceding

phase transition of the Higgs field. After the phase tran-
sition of the Higgs field at TPT

H , the Higgs field settles
down to the temporal minimum |H|2 " "2v2

NP/"H and
!NP = 0, denoted by red circle between two arrows
in Fig. 1. The e!ective mass of !NP at the temporal
minimum can be written as

m2
!NP,e! = y2

!T 2 !
!

2"2
! ! "4

"H

"
v2
NP

# y2
!T 2 ! #2v2

NP. (16)

We need #2 > 0 for ensuring that the present electroweak
symmetry breaking vacuum is the true vacuum. If this
condition is satisfied, !NP becomes tachyonic at the tem-
perature

TPT
!NP,H !=0 =

#

y!
vNP. (17)

The phase transition of !NP happens at around this tem-
perature and the system relaxes to |!NP| = vNP and
H = 0 until the temperature drops down to the elec-
troweak scale. We parameterize the ratio of the two phase
transition temperature as

TPT
!NP,H !=0

TPT
H

# $ =
#yH

"y!
< 1. (18)

On the other hand, the vacuum energy density of !NP

field, V!, after the phase transition of H is given by

V! = #2v4
NP. (19)

The energy ratio between the vacuum energy V! and the
radiation component %rad at the time of the phase tran-
sition of !NP can be written as

" # %rad

V!
=

g"&2

30
$4"4

y4
H#2

, (20)

where g" denotes the e!ective degrees of freedom of rel-
ativistic particles. If the condition # <$ $2"2/y2

H is sat-
isfied, " becomes greater than one and the entropy in-
jection due to the phase transition of !NP is safely ne-
glected.b

To summarize this subsection, the thermal history we
consider is the following. When the temperature of the
universe becomes TPT

H , the phase transition of the Higgs
field occurs first. Then, the phase transition of !NP oc-
curs at T = TPT

!NP,H !=0. These phase transitions occur
at temperature much higher than the electroweak
scale. After these phase transitions, the Higgs field set-
tles down to the origin until the temperature becomes
the electroweak scale. The final electroweak phase

b After the phase transition, !NP starts to oscillate around !NP !
vNP. The !NP oscillation is supposed to dissipate very soon at
high temperature [31].
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I. INTRODUCTION

Detection of gravitational waves (GWs) is one of the
promising tools to probe the early Universe. Possi-
ble cosmological sources for GWs include inflationary
quantum fluctuations [1], cosmic strings [2], and phase
transitions [3, 4]. Especially, if a first order phase
transitions occurs in the early Universe, the dynamics
of bubble collision [5–9] and subsequent turbulence of
the plasma [10] are expected to generate GWs. These
might be within a sensitivity of future space interferom-
eter experiments such as eLISA [11], Big-Bang Observer
(BBO) [12] and DECi-hertz Interferometer Observatory
(DECIGO) [13] or even ground-based detectors such as
Advanced LIGO [14], KAGRA [15] and VIRGO [16].

In this paper we focus on GWs from the first order
phase transition in association with the spontaneous sym-
metry breaking of the standard model Higgs boson. The
property of phase transition of the Higgs field has long
been studied in the literature both perturbatively [17–20]
and non-perturbatively [21–28] and it was found that the
first order phase transition within the standard model
does not occur unless the Higgs boson mass is smaller
than ! 80 GeV.

However, new physics beyond the standard model may
greatly change the situation. For example, in singlet ex-
tensions of the standard model, the new singlet scalar
changes the Higgs potential at the origin and it may in-
duce strong first order phase transitions. Actually in a
wide class of new physics models, there exists a scalar
field !NP which obtains a vacuum expectation value of
the new physics scale vNP. One of the well-known ex-
amples is the Peccei-Quinn scalar field [29], which solves
the strong CP problem elegantly and obtains a vacuum
expectation value vNP ! 1010 GeV [30]. In general, if
there exists a scalar field !NP, the quartic coupling term
"2|!NP|2|H|2, where H is the standard model Higgs field,
exists. The coupling " is naturally take a not too small
value since any symmetry does not forbid this quartic
coupling term.

In this paper, we take into account this quartic cou-
pling between the scalar field !NP and the standard
model Higgs field H, and study the cosmological conse-
quences, especially GW production. When the temper-

ature of the universe is higher than the scale of the new
physics, both !NP and H are supposed to be trapped at
the origins of their potential. As the temperature drops
down to the scale of the new physics, the first order phase
transition of the Higgs field may occur because the scale
of the Higgs potential becomes the new physics one. We
consider the standard model like Higgs sector and some
singlet extended models, and estimate the strength of
GWs generated by this transition. Our setup is rather
general and can be applied to many classes of new physics
models.

In Sec. II, we introduce our setup and briefly sum up
the e!ective potential. Then we show the thermal his-
tory of our scenario. The properties of GWs generated
by a first order phase transition are also summarized. In
Sec. III, we estimate the GWs generated by the first or-
der phase transition of the Higgs field. First, we consider
the situation where the Higgs sector is just the standard
model one. Even in such a case, the first order phase
transition of the Higgs field will occur due to the small-
ness of the quartic self coupling of the Higgs field at high
temperature. We see that the produced GWs are too
small to detect. Then, we consider the singlet extensions
as an example of non-trivial Higgs sector. In such a case,
the produced GWs become strong and can be detected.
Sec. IV is devoted to conclusions.

II. SETUP

A. Model

We consider the following scalar potential

V0 = "2(|!NP|2 " v2
NP " #2

EW)|H|2 +
"H

2
|H|4

+ "2
!(|!NP|2 " v2

NP)2 + VS

VS =
!

i

"2
SH

2
S2

i |H|2 +
!

i

"2
S!

2
S2

i |!NP|2, (1)

where !NP is a new scalar field which obtains the vacuum
expectation value vNP at zero temperature, H is the stan-
dard model Higgs field and #EW denotes the electroweak
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where !NP is a new scalar field which obtains the vacuum
expectation value vNP at zero temperature, H is the stan-
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�NP :  any scalar field having VEV of vNP (Peccei-Quinn field, B-L Higgs, etc.)

Si :  singlet scalar having zero VEV

T � vNP � vEW

GW frequency can be much 
higher: e.g. f~1Hz (DECIGO)

Phase transition happens at

At high temperature,

H = �NP = 0
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FIG. 5: The peak position and amplitude of the GW spectrum
for bubble collision (solid lines) and turbulence (dotted lines).
The Higgs and top masses are taken to be the same as in
Fig. 2.

and the detection possibility of GWs may be enhanced.
In the next subsection, we consider the singlet extended
Higgs sector as an example of such a new physics.

B. Singlet Extension

In this section, we consider the singlet extended Higgs
sector. In general, if the Higgs field couples to light scalar
fields, the generated GWs become stronger due to the
thermal e!ects. We consider the two situations depend-
ing on the vacuum mass of Si: m0

S ! !S!vNP. The
first case is m0

S " TPT
H . In this case, the quartic self

coupling of the Higgs field !H(T ) is not a!ected by the
singlet sector and we can use the standard model value
of !H(T ) around the transition temperature. The sec-
ond case is m0

S # TPT
H , where singlets contribute to the

running of the Higgs quartic coupling !H(T ), and as a
result !H(T ) becomes smaller at the transition. In such
a case the generated GWs can be significantly enhanced
as we show later.

1. The case with m0
S ! TPT

H

With additional singlets, the first order phase transi-
tion of the Higgs field can occur even below " 106 GeV
if !H/!2

SH is small enough. In order to show the typ-
ical strength of the GWs, we fix the peak frequency at
fpeak = 1 Hz. Fig. 6 and 7 show " and #/H! as a func-
tion of the number of singlets, respectively. Also, Fig. 8
shows the energy fraction "GW with fpeak = 1 Hz. The
blue, red and yellow lines correspond to the case with

10 15 20
NS

!1.8

!1.6

!1.4

!1.2

!1.0
log10"

FIG. 6: ! with fpeak = 1 Hz as a function of NS . Solid lines
correspond to bubble collision, while dotted lines correspond
to turbulence. "SH = 1 (blue), 1.5 (red) and 2 (yellow).

10 15 20
NS

3.6

3.8

4.0

4.2

4.4

4.6

4.8
log10!

FIG. 7: #/H! with fpeak = 1 Hz as a function of NS . Solid
lines correspond to bubble collision, while dotted lines corre-
spond to turbulence. "SH = 1 (blue), 1.5 (red) and 2 (yellow).

!SH = 1, 1.5, 2, respectively.f It is seen that for large
enough NS

>" 20, "GW can become " 10"18, which may
be within the sensitivity of future experiments [13]. g

2. The case with m0
S " TPT

H

Now, let us consider the case with m0
S # TPT

H . In this
case, the self quartic coupling of the Higgs field !H is
di!erent from the standard model value at TPT

H . At zero
temperature, the running of the couplings is the same as
the standard model one for µ < m0

S with µ being the
renormalisation scale. On the other hand, when $NP is

f As long as N!4
SH/16"2 <! O(1) and there are no interactions

among Si’s, the higher order corrections on the potential are not
important.

g The calculation of the strength of the GWs in singlet extensions
are done in [55–58]. In these studies, the strength of the GWs
are more enhanced for large NS and !SH region. The di!erence
comes from the treatment of the zero temperature potential.
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FIG. 2: The temperature dependence of !H/g2. Black-dashed
line corresponds to !H/g2 = 0.18. Each color corresponds to
(mh, mt) = (124.77, 174.32) (blue), (125.09, 173.34) (red) and
(125.41, 172.36) (yellow), The left endpoints correspond to the
transition temperature at which !H/g2 = 0.18.

A. Standard Model Like Higgs Sector

In this subsection, we consider the situation where the
Higgs sector consists of the standard model Higgs and
!NP, i.e., there are no additional singlet fields Si. In this
case, whether the phase transition is the first order one
or not depends on the Higgs quartic coupling "H and the
gauge couplings g. It is shown that if the Higgs mass is
small enough: mh

<! 80 GeV, the electroweak phase tran-
sition becomes first order [26]. Since the parameter that
determines the strength the phase transition is "H/g2,
this implies that for "H/g2 <! 0.2, the first order phase
transition of the Higgs field will occur [26]. In our case,
the phase transition occurs at high temperature of the
new physics scale T ! !NP where the quartic coupling
"H is much smaller than the value at the electroweak
scale, and hence the condition "H/g2 <! 0.2 can be easily
realized.

For concreteness, we take the criteria of the first order
phase transition as

"H

g2
<! 0.18, (41)

which corresponds to the condition mh
<! 70 GeV at the

electroweak scale. Then, we estimate #/H! using the
potential (3).e Fig. 2 shows the temperature dependence
of "H/g2 with varying the top quark mass. It is seen that
for T >! 106 GeV, the condition "H/g2 <! 0.18 is satisfied
and the first order phase transition will occur.

e Strictly speaking, near the critical point (!H/g2 ! 0.18), the
strength of the GWs are supposed to be suppressed compared to
our simple estimation. For such a region, our calculation gives
an upper bound of the GWs, which is already far below the
observable strength.
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Fig. 5 shows the peak position and amplitude of the
GWs. The peak frequency is too high compared to the
observable frequency ! 1 Hz, therefore we need the low
frequency behavior to discuss observational possibilities.
The exponent nf in the expression

!GW(f < fpeak) " !GW(fpeak)
!

f

fpeak

"nf

, (42)

is roughly nf,coll " 2.6 # 2.8 for bubble collision (see
e.g. [40]), though the behavior slightly di"ers among lit-
erature. On the other hand, the exponent for turbulence
is nf,turb " 2#3 [38, 54]. In any case, it is hard to detect
the generated GWs even by the designed future exper-
iments, e.g., !GW ! 10"18 at the frequency ! 1Hz for
ultimate DECIGO [13].

There are mainly three reasons for such a smallness of
!GW at f ! O(1)Hz. First, the parameter #/H! be-
comes O(105) in this case. Larger #/H! makes the peak
frequency higher and the energy fraction !GW lower.
Second, there exists a lower limit on the phase transition
temperature T! >! 106 GeV for the first phase transition
to take place as mentioned above, which also tends to
make the peak frequency high. The last reason is the
smallness of the parameter $.

If the Higgs sector is extended, the situation is changed
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A. Standard Model Like Higgs Sector

In this subsection, we consider the situation where the
Higgs sector consists of the standard model Higgs and
!NP, i.e., there are no additional singlet fields Si. In this
case, whether the phase transition is the first order one
or not depends on the Higgs quartic coupling "H and the
gauge couplings g. It is shown that if the Higgs mass is
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<! 80 GeV, the electroweak phase tran-
sition becomes first order [26]. Since the parameter that
determines the strength the phase transition is "H/g2,
this implies that for "H/g2 <! 0.2, the first order phase
transition of the Higgs field will occur [26]. In our case,
the phase transition occurs at high temperature of the
new physics scale T ! !NP where the quartic coupling
"H is much smaller than the value at the electroweak
scale, and hence the condition "H/g2 <! 0.2 can be easily
realized.

For concreteness, we take the criteria of the first order
phase transition as
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and the first order phase transition will occur.

e Strictly speaking, near the critical point (!H/g2 ! 0.18), the
strength of the GWs are supposed to be suppressed compared to
our simple estimation. For such a region, our calculation gives
an upper bound of the GWs, which is already far below the
observable strength.

6.5 7.0 7.5 8.0
log10!!GeV"

"3.0

"2.5

"2.0

"1.5

"1.0
log10#

FIG. 3: " as a function of T!. The Higgs and top masses are
taken to be the same as in Fig. 2.

6.5 7.0 7.5 8.0
log10!!GeV"

4.2
4.4
4.6
4.8
5.0
5.2
5.4
5.6
log10"

FIG. 4: #/H! as a function of T!. The Higgs and top masses
are taken to be the same as in Fig. 2.

Fig. 5 shows the peak position and amplitude of the
GWs. The peak frequency is too high compared to the
observable frequency ! 1 Hz, therefore we need the low
frequency behavior to discuss observational possibilities.
The exponent nf in the expression
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is roughly nf,coll " 2.6 # 2.8 for bubble collision (see
e.g. [40]), though the behavior slightly di"ers among lit-
erature. On the other hand, the exponent for turbulence
is nf,turb " 2#3 [38, 54]. In any case, it is hard to detect
the generated GWs even by the designed future exper-
iments, e.g., !GW ! 10"18 at the frequency ! 1Hz for
ultimate DECIGO [13].

There are mainly three reasons for such a smallness of
!GW at f ! O(1)Hz. First, the parameter #/H! be-
comes O(105) in this case. Larger #/H! makes the peak
frequency higher and the energy fraction !GW lower.
Second, there exists a lower limit on the phase transition
temperature T! >! 106 GeV for the first phase transition
to take place as mentioned above, which also tends to
make the peak frequency high. The last reason is the
smallness of the parameter $.
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A. Standard Model Like Higgs Sector

In this subsection, we consider the situation where the
Higgs sector consists of the standard model Higgs and
!NP, i.e., there are no additional singlet fields Si. In this
case, whether the phase transition is the first order one
or not depends on the Higgs quartic coupling "H and the
gauge couplings g. It is shown that if the Higgs mass is
small enough: mh

<! 80 GeV, the electroweak phase tran-
sition becomes first order [26]. Since the parameter that
determines the strength the phase transition is "H/g2,
this implies that for "H/g2 <! 0.2, the first order phase
transition of the Higgs field will occur [26]. In our case,
the phase transition occurs at high temperature of the
new physics scale T ! !NP where the quartic coupling
"H is much smaller than the value at the electroweak
scale, and hence the condition "H/g2 <! 0.2 can be easily
realized.

For concreteness, we take the criteria of the first order
phase transition as
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<! 0.18, (41)

which corresponds to the condition mh
<! 70 GeV at the

electroweak scale. Then, we estimate #/H! using the
potential (3).e Fig. 2 shows the temperature dependence
of "H/g2 with varying the top quark mass. It is seen that
for T >! 106 GeV, the condition "H/g2 <! 0.18 is satisfied
and the first order phase transition will occur.

e Strictly speaking, near the critical point (!H/g2 ! 0.18), the
strength of the GWs are supposed to be suppressed compared to
our simple estimation. For such a region, our calculation gives
an upper bound of the GWs, which is already far below the
observable strength.
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Fig. 5 shows the peak position and amplitude of the
GWs. The peak frequency is too high compared to the
observable frequency ! 1 Hz, therefore we need the low
frequency behavior to discuss observational possibilities.
The exponent nf in the expression
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is roughly nf,coll " 2.6 # 2.8 for bubble collision (see
e.g. [40]), though the behavior slightly di"ers among lit-
erature. On the other hand, the exponent for turbulence
is nf,turb " 2#3 [38, 54]. In any case, it is hard to detect
the generated GWs even by the designed future exper-
iments, e.g., !GW ! 10"18 at the frequency ! 1Hz for
ultimate DECIGO [13].

There are mainly three reasons for such a smallness of
!GW at f ! O(1)Hz. First, the parameter #/H! be-
comes O(105) in this case. Larger #/H! makes the peak
frequency higher and the energy fraction !GW lower.
Second, there exists a lower limit on the phase transition
temperature T! >! 106 GeV for the first phase transition
to take place as mentioned above, which also tends to
make the peak frequency high. The last reason is the
smallness of the parameter $.

If the Higgs sector is extended, the situation is changed
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In a wide class of new physics models, there exist scalar fields which obtain vacuum expectation
values of high energy scales. We study the possibility that the standard model Higgs field has
experienced first-order phase transition at the high energy scale due to the couplings with these
scalar fields. We estimate the amount of gravitational waves produced by the phase transition, and
discuss observational consequences.

I. INTRODUCTION

Detection of gravitational waves (GWs) is one of the
promising tools to probe the early Universe. Possi-
ble cosmological sources for GWs include inflationary
quantum fluctuations [1], cosmic strings [2], and phase
transitions [3, 4]. Especially, if a first order phase
transitions occurs in the early Universe, the dynamics
of bubble collision [5–9] and subsequent turbulence of
the plasma [10] are expected to generate GWs. These
might be within a sensitivity of future space interferom-
eter experiments such as eLISA [11], Big-Bang Observer
(BBO) [12] and DECi-hertz Interferometer Observatory
(DECIGO) [13] or even ground-based detectors such as
Advanced LIGO [14], KAGRA [15] and VIRGO [16].

In this paper we focus on GWs from the first order
phase transition in association with the spontaneous sym-
metry breaking of the standard model Higgs boson. The
property of phase transition of the Higgs field has long
been studied in the literature both perturbatively [17–20]
and non-perturbatively [21–28] and it was found that the
first order phase transition within the standard model
does not occur unless the Higgs boson mass is smaller
than ! 80 GeV.

However, new physics beyond the standard model may
greatly change the situation. For example, in singlet ex-
tensions of the standard model, the new singlet scalar
changes the Higgs potential at the origin and it may in-
duce strong first order phase transitions. Actually in a
wide class of new physics models, there exists a scalar
field !NP which obtains a vacuum expectation value of
the new physics scale vNP. One of the well-known ex-
amples is the Peccei-Quinn scalar field [29], which solves
the strong CP problem elegantly and obtains a vacuum
expectation value vNP ! 1010 GeV [30]. In general, if
there exists a scalar field !NP, the quartic coupling term
"2|!NP|2|H|2, where H is the standard model Higgs field,
exists. The coupling " is naturally take a not too small
value since any symmetry does not forbid this quartic
coupling term.

In this paper, we take into account this quartic cou-
pling between the scalar field !NP and the standard
model Higgs field H, and study the cosmological conse-
quences, especially GW production. When the temper-

ature of the universe is higher than the scale of the new
physics, both !NP and H are supposed to be trapped at
the origins of their potential. As the temperature drops
down to the scale of the new physics, the first order phase
transition of the Higgs field may occur because the scale
of the Higgs potential becomes the new physics one. We
consider the standard model like Higgs sector and some
singlet extended models, and estimate the strength of
GWs generated by this transition. Our setup is rather
general and can be applied to many classes of new physics
models.

In Sec. II, we introduce our setup and briefly sum up
the e!ective potential. Then we show the thermal his-
tory of our scenario. The properties of GWs generated
by a first order phase transition are also summarized. In
Sec. III, we estimate the GWs generated by the first or-
der phase transition of the Higgs field. First, we consider
the situation where the Higgs sector is just the standard
model one. Even in such a case, the first order phase
transition of the Higgs field will occur due to the small-
ness of the quartic self coupling of the Higgs field at high
temperature. We see that the produced GWs are too
small to detect. Then, we consider the singlet extensions
as an example of non-trivial Higgs sector. In such a case,
the produced GWs become strong and can be detected.
Sec. IV is devoted to conclusions.

II. SETUP

A. Model

We consider the following scalar potential

V0 = "2(|!NP|2 " v2
NP " #2

EW)|H|2 +
"H

2
|H|4

+ "2
!(|!NP|2 " v2

NP)2 + VS

VS =
!

i

"2
SH

2
S2

i |H|2 +
!

i

"2
S!

2
S2

i |!NP|2, (1)

where !NP is a new scalar field which obtains the vacuum
expectation value vNP at zero temperature, H is the stan-
dard model Higgs field and #EW denotes the electroweak
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FIG. 8: The energy fraction !GW with fpeak = 1 Hz as a
function of NS . Each line corresponds to !SH = 1 (blue-
solid), 1.5 (red-solid) and 2 (yellow-solid) for bubble collision
(24), and !SH = 1 (blue-dashed), 1.5 (red-dashed) and 2
(yellow-dashed) for turbulence (30).
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FIG. 9: Running of the Higgs quartic coupling !H . Param-
eters are taken to be mS = 107 GeV, and !H,min = 10!2

(blue-solid), 10!3 (red-dashed), 10!4 (yellow-dotted). The
black line corresponds to the running without singlet.

trapped at the origin at high temperature, the coupling
!SH a!ects the running of the couplings, especially !H .
At the one loop level, the renormalization group equa-
tions become (see e.g. [59])

d!H

d lnµ
= "SM

H +
NS

16#2
!4

SH , (43)

d!SH

d lnµ
=

!SH

16#2

!
2!2

SH + 3y2
t ! 3

4
g!2 ! 9

4
g2
2

"
, (44)

where "SM denotes the standard model contribution.
Fig. 9 shows the running of !H with !SH (black) and
without !SH (blue, red, yellow). We set m0

S = 107 GeV
and NS = 4, and !SH(m0

S) " 1 is chosen so that the min-
imal value of !H becomes 10"2, 10"3, 10"4 in blue, red,
and yellow lines, respectively. Note that the strength of
the produced GWs become stronger for smaller !H .

In order to see the typical situation where the GW
amplitude is significantly enhanced, we assume that the
phase transition occurs at the point where !H takes its
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FIG. 10: " as a function of !H . Each line corresponds to
bubble collision (solid) and turbulence (dashed).
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FIG. 11: #/H" as a function of !H . Each line corresponds to
bubble collision (solid) and turbulence (dashed).

minimal value !H,min, i.e. at

d!H

d ln µ
= "SM

H +
NS

16#2
!4

SH = 0. (45)

Fig. 10–12 show the parameter $, "/H# and the GW
energy fraction "GW at the frequency 1Hz, respec-
tively.h We have taken NS = 4 and fpeak = 1Hz.
For !H,min

<# 0.01, "GW can be greater than # 10"15.
This is within a sensitivity of future experiments [13, 60].
Fig. 13 shows the GW spectrum from bubble collisions
for "GW(fpeak) = 10"12 and 10"14 with fpeak = 1Hz.
Together shown is the sensitivity of the DECIGO. Note
that there are huge foreground GWs from white dwarf
binaries below # 0.1 ! 1Hz [61], but still GWs from the
phase transition may be observable.

h Due to the smallness of !H , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of "NP field because the thermal
mass of "NP becomes small. In such a situation, the strength of
the GWs gets enhanced because the parameter # becomes larger.

Change Higgs quartic coupling through RGE:
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trapped at the origin at high temperature, the coupling
!SH a!ects the running of the couplings, especially !H .
At the one loop level, the renormalization group equa-
tions become (see e.g. [59])
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where "SM denotes the standard model contribution.
Fig. 9 shows the running of !H with !SH (black) and
without !SH (blue, red, yellow). We set m0

S = 107 GeV
and NS = 4, and !SH(m0

S) " 1 is chosen so that the min-
imal value of !H becomes 10"2, 10"3, 10"4 in blue, red,
and yellow lines, respectively. Note that the strength of
the produced GWs become stronger for smaller !H .

In order to see the typical situation where the GW
amplitude is significantly enhanced, we assume that the
phase transition occurs at the point where !H takes its
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Fig. 10–12 show the parameter $, "/H# and the GW
energy fraction "GW at the frequency 1Hz, respec-
tively.h We have taken NS = 4 and fpeak = 1Hz.
For !H,min

<# 0.01, "GW can be greater than # 10"15.
This is within a sensitivity of future experiments [13, 60].
Fig. 13 shows the GW spectrum from bubble collisions
for "GW(fpeak) = 10"12 and 10"14 with fpeak = 1Hz.
Together shown is the sensitivity of the DECIGO. Note
that there are huge foreground GWs from white dwarf
binaries below # 0.1 ! 1Hz [61], but still GWs from the
phase transition may be observable.

h Due to the smallness of !H , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of "NP field because the thermal
mass of "NP becomes small. In such a situation, the strength of
the GWs gets enhanced because the parameter # becomes larger.
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trapped at the origin at high temperature, the coupling
!SH a!ects the running of the couplings, especially !H .
At the one loop level, the renormalization group equa-
tions become (see e.g. [59])
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where "SM denotes the standard model contribution.
Fig. 9 shows the running of !H with !SH (black) and
without !SH (blue, red, yellow). We set m0

S = 107 GeV
and NS = 4, and !SH(m0

S) " 1 is chosen so that the min-
imal value of !H becomes 10"2, 10"3, 10"4 in blue, red,
and yellow lines, respectively. Note that the strength of
the produced GWs become stronger for smaller !H .

In order to see the typical situation where the GW
amplitude is significantly enhanced, we assume that the
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Fig. 10–12 show the parameter $, "/H# and the GW
energy fraction "GW at the frequency 1Hz, respec-
tively.h We have taken NS = 4 and fpeak = 1Hz.
For !H,min

<# 0.01, "GW can be greater than # 10"15.
This is within a sensitivity of future experiments [13, 60].
Fig. 13 shows the GW spectrum from bubble collisions
for "GW(fpeak) = 10"12 and 10"14 with fpeak = 1Hz.
Together shown is the sensitivity of the DECIGO. Note
that there are huge foreground GWs from white dwarf
binaries below # 0.1 ! 1Hz [61], but still GWs from the
phase transition may be observable.

h Due to the smallness of !H , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of "NP field because the thermal
mass of "NP becomes small. In such a situation, the strength of
the GWs gets enhanced because the parameter # becomes larger.
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FIG. 4: The peak position and amplitude of the GW spectrum
for bubble collision (solid lines) and turbulence (dotted lines).
The Higgs and top masses are taken to be the same as in
Fig. 1.

!SH = 1, 1.5, 2, respectively.f It is seen that for large
enough NS

>! 20, !GW can become ! 10!18, which may
be within the sensitivity of future experiments [13]. g

2. The case with m0
S ! TPT

H

Now, let us consider the case with m0
S " TPT

H . In this
case, the self quartic coupling of the Higgs field !H is
di"erent from the standard model value at TPT

H . At zero
temperature, the running of the couplings is the same as
the standard model one for µ < m0

S with µ being the
renormalisation scale. On the other hand, when "NP is
trapped at the origin at high temperature, the coupling
!SH a"ects the running of the couplings, especially !H .
At the one loop level, the renormalization group equa-
tions become (see e.g. [59])

d!H

d lnµ
= #SM

H +
NS

16$2
!4
SH , (43)

d!SH

d lnµ
=

!SH

16$2

!

2!2
SH + 3y2t #

3

4
g"2 #

9

4
g22

"

, (44)

where #SM denotes the standard model contribution.
Fig. 8 shows the running of !H with !SH (black) and
without !SH (blue, red, yellow). We set m0

S = 107 GeV

f As long as N!4
SH/16"2 <

! O(1) and there are no interactions
among Si’s, the higher order corrections on the potential are not
important.

g The calculation of the strength of the GWs in singlet extensions
are done in [55–58]. In these studies, the strength of the GWs
are more enhanced for large NS and !SH region. The di!erence
comes from the treatment of the zero temperature potential.
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hence mS = 0

At T=0, m0
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RGE is not affected below
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coupling at T=T*

�NP = 0
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and NS = 4, and !SH(m0
S) ! 1 is chosen so that the min-

imal value of !H becomes 10!2, 10!3, 10!4 in blue, red,
and yellow lines, respectively. Note that the strength of
the produced GWs become stronger for smaller !H .
In order to see the typical situation where the GW

amplitude is significantly enhanced, we assume that the
phase transition occurs at the point where !H takes its
minimal value !H,min, i.e. at

d!H

d lnµ
= "SM

H +
NS

16#2
!4
SH = 0. (45)

Fig. 9–11 show the parameter $, "/H" and the GW en-
ergy fraction !GW at the frequency 1Hz, respectively.h

We have taken NS = 4 and fpeak = 1Hz. For !H,min
<"

0.01, !GW can be greater than " 10!15. This is within
a sensitivity of future experiments [13].

h Due to the smallness of !H , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of "NP field because the thermal
mass of "NP becomes small. In such a situation, the strength of
the gravitational waves gets enhanced because the parameter #
becomes larger.
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FIG. 10: #/H" as a function of !H . Each line corresponds to
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FIG. 11: GW energy fraction !GW as a function of !" in the
case of m0

S ! TPT
H . Each line corresponds to bubble collision

(solid) and turbulence (dashed). See text for details.

IV. CONCLUSIONS

In this paper, we have considered GWs generated by
the first order phase transition of the Higgs field at some
new physics scale. If the new physics contains scalar fields
(%NP), the couplings between the standard model Higgs
field and such scalars exist in general. These couplings
can cause the first order phase transition of the Higgs
field at the temperature of the universe around the new
physics scale, which is much higher than the weak scale.
Hence the peak position of the GWs as well as its strength
can take broad range of values depending on the new
physics scale.
We considered two types of models in the Higgs sector.

In the first model we have only the standard model Higgs
and %NP. In this case we have seen that the generated
GWs is too weak to detect by designed future exper-
iments. Second model contains additional singlet fields
Si and we have shown that the detection of the GWs may
be possible if the number of the singlets is O(10) or the
self quartic coupling of the Higgs field !H is small enough
<" 0.01 due to the coupling of the Higgs with additional
singlets.
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Fig. 9–11 show the parameter $, "/H" and the GW en-
ergy fraction !GW at the frequency 1Hz, respectively.h

We have taken NS = 4 and fpeak = 1Hz. For !H,min
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0.01, !GW can be greater than " 10!15. This is within
a sensitivity of future experiments [13].

h Due to the smallness of !H , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of "NP field because the thermal
mass of "NP becomes small. In such a situation, the strength of
the gravitational waves gets enhanced because the parameter #
becomes larger.
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field at the temperature of the universe around the new
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We considered two types of models in the Higgs sector.

In the first model we have only the standard model Higgs
and %NP. In this case we have seen that the generated
GWs is too weak to detect by designed future exper-
iments. Second model contains additional singlet fields
Si and we have shown that the detection of the GWs may
be possible if the number of the singlets is O(10) or the
self quartic coupling of the Higgs field !H is small enough
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and yellow lines, respectively. Note that the strength of
the produced GWs become stronger for smaller !H .
In order to see the typical situation where the GW

amplitude is significantly enhanced, we assume that the
phase transition occurs at the point where !H takes its
minimal value !H,min, i.e. at
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Fig. 9–11 show the parameter $, "/H" and the GW en-
ergy fraction !GW at the frequency 1Hz, respectively.h

We have taken NS = 4 and fpeak = 1Hz. For !H,min
<"

0.01, !GW can be greater than " 10!15. This is within
a sensitivity of future experiments [13].

h Due to the smallness of !H , the field value of the Higgs field
after the transition becomes relatively large. In such a situation,
the density of Si particles are supposed to be suppressed. This
may cause subsequent transition of "NP field because the thermal
mass of "NP becomes small. In such a situation, the strength of
the gravitational waves gets enhanced because the parameter #
becomes larger.
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In this paper, we have considered GWs generated by
the first order phase transition of the Higgs field at some
new physics scale. If the new physics contains scalar fields
(%NP), the couplings between the standard model Higgs
field and such scalars exist in general. These couplings
can cause the first order phase transition of the Higgs
field at the temperature of the universe around the new
physics scale, which is much higher than the weak scale.
Hence the peak position of the GWs as well as its strength
can take broad range of values depending on the new
physics scale.
We considered two types of models in the Higgs sector.

In the first model we have only the standard model Higgs
and %NP. In this case we have seen that the generated
GWs is too weak to detect by designed future exper-
iments. Second model contains additional singlet fields
Si and we have shown that the detection of the GWs may
be possible if the number of the singlets is O(10) or the
self quartic coupling of the Higgs field !H is small enough
<" 0.01 due to the coupling of the Higgs with additional
singlets.
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FIG. 13: The GW spectrum from bubble collisions for
!GW(fpeak) = 10"12 and 10"14 with fpeak = 1Hz. Together
shown is the sensitivity of the DECIGO.

IV. CONCLUSIONS

In this paper, we have considered GWs generated by
the first order phase transition of the Higgs field at some

new physics scale. If the new physics contains scalar fields
(!NP), the couplings between the standard model Higgs
field and such scalars exist in general. These couplings
can cause the first order phase transition of the Higgs
field at the temperature of the universe around the new
physics scale, which is much higher than the weak scale.
Hence the peak position of the GWs as well as its strength
can take broad range of values depending on the new
physics scale.

We considered two types of models in the Higgs sector.
In the first model we have only the standard model Higgs
and !NP. In this case we have seen that the generated
GWs is too weak to detect by designed future exper-
iments. Second model contains additional singlet fields
Si and we have shown that the detection of the GWs may
be possible if the number of the singlets is O(10) or the
self quartic coupling of the Higgs field "H is small enough
<! 0.01 due to the coupling of the Higgs with additional
singlets.

As a final remark, in this paper we considered GWs as-
sociated with first order phase transition of the standard
model Higgs field which happens at much higher scale
than the weak scale. There are also possibilities that the
phase transition of some other scalar fields that do or do
not couple to the Higgs field is first order and generate
GWs strong enough to be detected. Since the scale of
phase transition of these fields need not be electroweak
scale, it may open up a new possibility for probing new
physics through GW detection.
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Summary
• 1st order phase transition can happen at 

much higher energy scale than electroweak 
scale (Peccei-Quinn, B-L, etc.)

• Frequency of GWs from bubble collisions 
can be significantly different from previously 
thought

• Typically GW amplitude is too small, but it 
is possible to enhance GW signal in singlet 
extended models. 


