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Utilizing the Georgi-Machacek model, we study the electroweak symmetry breaking mechanism with
extra electroweak symmetry breaking contributions (eEWSB) that are bounded by the Fermi constant and
limits from the related collider searches. The eEWSB is helpful to build a different zero temperature
vacuum structure from the Standard Model (SM), and therefore leads to different electroweak phase
transition patterns at the early Universe. We investigate the collider search prospects and gravitational
waves (GW) predictions from the strongly firstly order phase transition (SFOEWPT) in this scenario. The
Higgs pair searches at lepton colliders are found to be complementary with the GW searches of the
SFOEWPT parameter spaces.
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I. INTRODUCTION

The observation of the SM Higgs at 126 GeV at LHC
[1,2] is a milestone of the particle physics, which means
that the W and Z bosons obtain their masses through the
electroweak symmetry breaking (EWSB) mechanism. The
cubic and quartic Higgs couplings are supposed to be
crucial to reveal the Higgs potential shape and the EWSB
mechanism. The sensitivity of measurement of these
couplings at LHC is pretty low, while future precision
measurements are able to tell if there are new physics
beyond the Standard Model (SM) that could drive deviation
of the EWSB and how large the deviation could be. The
observation of gravitational waves from the Binary Black
Hole Merger by the LIGO and Virgo collaborations [3]
opens a new era to search for fundamental physics. An
important category of gravitational waves is a stochastic
background [4] originated from the early Universe. One
important source of this kind is a strongly first order
electroweak phase transition (SFOEWPT), which gives a
dynamical explanation of the EWSB as the Universe cools

down, and is a crucial ingredient in the explanation of the
baryon asymmetry of the Universe within the framework of
the electroweak baryogenesis mechanism (EWBG).1

New physics that takes part in the electroweak phase
transition process may or may not contribute an extra
component of EWSB contribution. For example, the SM
plus real singlet model (xSM) has been extensively studied
where the singlet scalar does not contribute to the EWSB
(see Ref. [9] for a recent study). Meanwhile, the triplets in
the Georgi-Machacek (GM) model, as will be studied in
this work, can indeed contribute to the EWSB. Though
both models share the same vacuum structure topology,
the triplets contribution to the EWSB, i.e., the extra
EWSB contribution, is bounded by the Fermi constant
and gauge boson related collider searches. Therefore, one
can expect different collider phenomenology, different
SFOEWPT behaviors and thus different gravitational wave
signal predictions for different amounts of the extra EWSB
contributions.
The zero temperature vacuum structure with extra local

minimum in addition to the electroweak vacuum could
yield the possibility of multistep phase transition as well as
one-step phase transition. In Refs. [10,11], the relation
between the zero temperature potential difference and the
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1The SFOEWPT is one of the three Shakharov conditions [5]
that quenches the sphaleron process inside the bubbles and
therefore preserves the baryon asymmetry generated (See Ref. [6]
for a recent review on EWBG, and Ref. [7] for a recent review on
cosmic phase transitions; Ref. [8] builds the connection between
the sphaleron and gravitational wave.).
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SFOEWPT condition has been studied within the 2HDM.
For previous studies of multistep phase transition and
related vacuum structure at zero temperature, we refer to
Refs. [9,12–20]. In this work, we use the Georgi-Machacek
model to reveal that, the extra EWSB contribution can
induce one-step or two-step SFOEWPT depending on the
vacuum structure that has been studied previously by us in
Ref [21]. The one-step SFOEWPT occurs with the sym-
metry change from SUð2ÞL × SUð2ÞR to the phase where
electroweak symmetry is broken. The two-step SFOEWPT
occurs with the first-step being the symmetry change of
SUð2ÞL × SUð2ÞR → SUð2ÞV , and the following second
step being the dynamical breaking of the electroweak
symmetry. In this work we improved the algorithm for
the calculation of the critical order parameters of the phase
transition. We further evaluate the gravitational wave
signals being generated during the SFOEWPT. In com-
parison with the one-step situation, the gravitational wave
signal spectrum generated from two-step SFOEWPT is
found much easier to be probed by the projected space-
based interferometers, such as: LISA [22], BBO, DECIGO
(Ultimate-DECIGO) [23], TianQin [24] and Taiji [25]
programs. This is significantly different from the xSM
case as was studied in Ref. [9], where the vacuum expect-
ation value (VEV) of the extra singlet is more free from the
limits of the collider searches.
This work is organized as follows: After a brief intro-

duction of the GM model, the vacuum structure analysis
and the phase transition calculational approach are given in
Sec. II. In Sec. III, we show the relation between the phase
transition and the collider phenomenology and demonstrate
how these two interplay on the extra EWSB contributions.
The gravitational wave signal predictions from the one-step
and two-step SFOEWPT are investigated in Sec. IV. The
collider search prospects for the SFOEWPT valid regions
are addressed in Sec. V. We finally conclude in Sec. VI.
Some details about the model are listed in the Appendix.

II. THE EWPT DYNAMICS AND METHODOLOGY

In this section, within the framework of the GM model,
we first develop the methods for vacuum structure analysis
and phase transition critical order parameter analysis,
which can be applied to the phase transition analysis of
one-step and two-step types that may be realized with many
multiscalar models, such as: xSM, 2HDM, 2HDMþ S,
NMSSM, etc. In the GM model, at the critical tempera-
ture, the strongly first order phase transition condition
could be fulfilled when the phase transition strength

vc=Tc ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hϕðTCÞ2 þ 8hξðTCÞ2

q
=TC ≥ 1 [21,26].

A. The GM model

In the Georgi-Machacek model, there is one isospin
doublet scalar field ϕ¼ðϕþ;ϕ0ÞT with hypercharge
Y ¼ 1

2
, one complex isospin triplet scalar field

χ ¼ ðχþþ; χþ; χ0ÞT with hypercharge Y ¼ 1, and one real
triplet ξ ¼ ðξþ; ξ0;−ξþ�ÞT with hypercharge Y ¼ 0. The
custodial symmetry is introduced at tree level by imposing
a global SUð2ÞL × SUð2ÞR symmetry upon the scalar
potential. The most general scalar potential V invariant
under SUð2ÞL × SUð2ÞR is given by

VðΦ;ΔÞ

¼1

2
m2

1tr½Φ†Φ�þ1

2
m2

2tr½Δ†Δ�þλ1ðtr½Φ†Φ�Þ2

þλ2ðtr½Δ†Δ�Þ2þλ3tr½ðΔ†ΔÞ2�þλ4tr½Φ†Φ�tr½Δ†Δ�

þλ5tr

�
Φ†σ

a

2
Φ
σb

2

�
tr½Δ†TaΔTb�

þμ1tr

�
Φ†σ

a

2
Φ
σb

2

�
ðP†ΔPÞabþμ2tr½Δ†TaΔTb�ðP†ΔPÞab;

ð1Þ

where the fields are expressed in bimultiplet form

Φ≡
 

ϕ0� ϕþ

−ϕþ� ϕ0

!
; Δ≡

0
B@

χ0� ξþ χþþ

−χþ� ξ0 χþ

χþþ� −ξþ� χ0

1
CA; ð2Þ

σ’s and T’s are the 2 × 2 (Pauli matrices) and 3 × 3 matrix
representations of the SUð2Þ generators, respectively, while
P matrix, which transforms the fields back to Cartesian
basis, is

P ¼ 1ffiffiffi
2

p

0
B@

−1 i 0

0 0
ffiffiffi
2

p

1 i 0

1
CA: ð3Þ

The neutral components of each field can be para-
metrized by their real and imaginary parts:

ϕ0 ¼ νϕþhϕþ iaϕffiffiffi
2

p ; χ0¼ νχ þhχ þ iaχffiffiffi
2

p ; ξ0¼ νξþhξ;

ð4Þ

where νϕ, νχ , and νξ are the VEVs of ϕ0, χ0, and ξ0,
respectively. With only neutral components of this model,
the potential reads:

V0 ¼
1

2
m2

1h
2
ϕ þ

1

2
m2

2ðh2ξ þ h2χÞ þ λ1h4ϕ þ λ2ðh2ξ þ h2χÞ2

þ 1

2
λ3ð2h4ξ þ h4χÞ þ λ4h2ϕðh2ξ þ h2χÞ

þ 1

4
λ5h2ϕhχð2

ffiffiffi
2

p
hξ þ hχÞ

þ 1

4
μ1h2ϕðhξ þ

ffiffiffi
2

p
hχÞ þ 3μ2hξh2χ : ð5Þ
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We can derive the EWSB vacuum through the minimiza-
tion conditions:

∂V0

∂hϕ ¼ ∂V0

∂hχ ¼ ∂V0

∂hξ ¼ 0; ð6Þ

where the fields other than ϕ0, χ0, and ξ0 take zero VEVs.
In this paper, the solution satisfying the relation vχ ¼

ffiffiffi
2

p
vξ

is selected, by which the EWSB vacuum maintains the
diagonal SUð2ÞV symmetry. Thus the electroweak param-
eter ρEW ¼ m2

W=ðm2
Z cos θ

2
wÞ ¼ 1 is established at the tree

level. TheW and Z boson masses from the EWSB give the
constraint,

ν2ϕ þ 8ν2ξ ≡ ν2 ¼ 1ffiffiffi
2

p
GF

≈ ð246 GeVÞ2: ð7Þ

When νϕ; νξ ≠ 0, with the help of Eq. (6) (under the
relation νχ ¼

ffiffiffi
2

p
νξ), we could rewrite m2

1, m
2
2 in terms of

νϕ, νξ and other parameters in the Higgs potential as:

m2
1 ¼ −4λ1ν2ϕ − 6λ4ν

2
ξ − 3λ5ν

2
ξ −

3

2
μ1νξ; ð8Þ

m2
2 ¼ −12λ2ν2ξ − 4λ3ν

2
ξ − 2λ4ν

2
ϕ − λ5ν

2
ϕ − μ1

ν2ϕ
4νξ

− 6μ2νξ:

ð9Þ

There are 13 scalar fields in this model. After diagonalizing
the mass matrices, the fields can be rewritten as the physical
scalars (quintuple, triplet, and, singlet respectively)

Hþþ
5 ¼ χþþ; Hþ

5 ¼ 1ffiffiffi
2

p ðχþ−ξþÞ; H0
5¼

ffiffiffi
1

3

r
hχ−

ffiffiffi
2

3

r
hξ;

ð10Þ

Hþ
3 ¼ − cos θHϕþ þ sin θH

1ffiffiffi
2

p ðχþ þ ξþÞ;

H0
3 ¼ − cos θHaϕ þ sin θHaχ ; ð11Þ

h ¼ cos αhϕ −
sin αffiffiffi

3
p ð

ffiffiffi
2

p
hχ þ hξÞ;

H1 ¼ sin αhϕ þ
cos αffiffiffi

3
p ð

ffiffiffi
2

p
hχ þ hξÞ; ð12Þ

and the Goldstone bosons

Gþ ¼ sin θHϕþ þ cos θH
1ffiffiffi
2

p ðχþ þ ξþÞ;

G0 ¼ sin θHaϕ þ cos θHaξ; ð13Þ

where sin θH ¼ 2
ffiffi
2

p
νξ

ν and cos θH ¼ νϕ
ν , with θH parametriz-

ing the isospin triplets contribution to the EWSB. The α is

the mixing angle of the two singlets and is determined by
the mass matrix of these scalars as will be shown below.
The 3 Goldstone bosons eventually become the longi-

tudinal components of the W and Z bosons, while the
remaining 10 physical fields can be organized into a
quintuple H5 ¼ ðHþþ

5 ; Hþ
5 ; H

0
5; H

−
5 ; H

−−
5 ÞT , a triplet H3 ¼

ðHþ
3 ; H

0
3; H

−
3 ÞT , and two singlets h and H1, where the

former (h) is used to denote the SM-like Higgs boson.
The triplet scalar is CP-odd, while others are CP-even. The
masses of different multiplets can be written as

m2
H5

¼ m2
H��

5

¼ m2
H�

5

¼ m2
H0

5

¼
�
8λ3ν

2
ξ −

3

2
λ5ν

2
ϕ

�

−
μ1ν

2
ϕ

4νξ
− 12μ2νξ; ð14Þ

m2
H3

¼ m2
H�

3

¼ m2
H0

3

¼ −
�
λ5
2
þ μ1
4νξ

�
ν2: ð15Þ

The masses of the singlets (mh;H1
) are the eigenvalues of the

mass matrix:

M2 ¼
�
M2

11 M2
12

M2
12 M2

22

�
; ð16Þ

with

M2
11 ¼ 8cos2θHλ1ν2; ð17Þ

M2
22 ¼ sin2θHð3λ2 þ λ3Þν2 þ cos2θHM2

1 −
1

2
M2

2; ð18Þ

M2
12 ¼

ffiffiffi
3

2

r
sin θH cos θH½ð2λ4 þ λ5Þν2 −M2

1�; ð19Þ

where M2
1 ¼ − νffiffi

2
p

sin θH
μ1 and M2

2 ¼ −3
ffiffiffi
2

p
sin θHνμ2. The

mixing angle αH is determined by

tan 2αH ¼ 2M2
12

M2
22 −M2

11

; ð20Þ

as a function of θH.

B. On the vacuum structures and
the possible EWPT patterns

The leading order zero temperature effective potential of
the GMmodel is given by Eq. (5). For the vacuum structure
studies, we impose hχ ¼

ffiffiffi
2

p
hξ as required by the custodial

symmetry, which ensures ρEW ¼ 1 at the leading order. The
general vacuum structure determined by the above potential
is shown in Fig. 1, where A is the ðhϕ; hξÞ ¼ ð0; 0Þ vacuum,
B is the desired EW vacuum, C1;2 are the alternative
vacuums with hϕ ¼ 0 [the SUð2ÞV vacuum]. Here, we use
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C to indicate C1 and/or C2 depending on which point is
allowed by the positiveness of the Hessian matrix as will be
explored below. In this paper we consider the case where
there are two possible C points in the GM model which can
be expressed as below,

C1ð2Þpoint∶ hϕ → 0;

hξ →
−3μ2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−12m2

2λ2 − 4m2
2λ3 þ 9μ22

p
4ð3λ2 þ λ3Þ

:

ð21Þ
The scalar potential at the EW vacuum (B) should be the

global minimum one, and the value of the scalar potential at
the original point is the maximal one of these three. The
scalar potential at these three different vacuum points,
V0ðAÞ; V0ðBÞ; V0ðC1ð2ÞÞ, are

V0ðAÞ ¼ 0;

V0ðBÞ ¼ −λ1ν4ϕ − 3ν3ξðμ2 þ ð3λ2 þ λ3ÞνξÞ

−
3

8
νξðμ1 þ 4ð2λ4þ λ5ÞνξÞν2ϕ;

V0ðC1ð2ÞÞ ¼ −
3

256νξð3λ2 þ λ3Þ3
× ðF ∓ 3μ2Þ2ðμ2ð24ν2ξð3λ2 þ λ3Þ ∓ 2νξFÞ
þ ð3λ2 þ λ3Þð16ν3ξð3λ2 þ λ3Þ
þ ν2ϕð4νξð2λ4 þ λ5Þ þ μ1ÞÞ þ 6μ22νξÞ; ð22Þ

where F ¼
�
ν2ϕð3λ2 þ λ3Þð4νξð2λ4 þ λ5Þ þ μ1Þ

νξ

þ ð4νξð3λ2 þ λ3Þ þ 3μ2Þ2
�

1=2
: ð23Þ

The one-step phase transition would take place when
V0ðAÞ > V0ðBÞ (ΔV0ðABÞ > 0) and −12m2

2λ2 − 4m2
2λ3þ

9μ22 < 0. Meanwhile, the two-step phase transition
might happen when −12m2

2λ2 − 4m2
2λ3 þ 9μ22 ≥ 0 and

V0ðAÞ > V0ðC1ð2ÞÞ > V0ðBÞ (with ΔV0ðAC1ð2ÞÞ > 0;
ΔV0ðC1ð2ÞBÞ > 0). The potential differences are given
by the following:

ΔV0ðABÞ≡ V0ðAÞ − V0ðBÞ
¼ λ1ν

4
ϕ þ 3ν3ξðμ2 þ ð3λ2 þ λ3ÞνξÞ

þ 3

8
νξðμ1 þ 4ð2λ4 þ λ5ÞνξÞν2ϕ; ð24Þ

ΔV0ðAC1ð2ÞÞ
≡ V0ðAÞ − V0ðC1ð2ÞÞ

¼ 3

256νξð3λ2 þ λ3Þ3
ðF ∓ 3μ2Þ2ðμ2ð24ν2ξð3λ2 þ λ3Þ

∓ 2νξFÞ þ ð3λ2 þ λ3Þð16νξ3ð3λ2 þ λ3Þ
þ ν2ϕð4νξð2λ4 þ λ5Þ þ μ1ÞÞ þ 6μ22νξÞ; ð25Þ

ΔV0ðC1ð2ÞBÞ
≡ V0ðC1ð2ÞÞ − V0ðBÞ

¼ −
3

256νξð3λ2 þ λ3Þ3
ðF ∓ 3μ2Þ2ðμ2ð24ν2ξð3λ2 þ λ3Þ

∓ 2νξFÞ þ ð3λ2 þ λ3Þð16ν3ξð3λ2 þ λ3Þ
þ ν2ϕð4νξð2λ4 þ λ5Þ þ μ1ÞÞ
þ 6μ22νξÞ þ λ1ν

4
ϕ þ 3ν3ξðμ2 þ ð3λ2 þ λ3ÞνξÞ

þ 3

8
νξðμ1 þ 4ð2λ4 þ λ5ÞνξÞν2ϕ; ð26Þ

ΔV0ðC1C2Þ≡ V0ðC1Þ − V0ðC2Þ

¼ 3μ2F3

16ð3λ2 þ λ3Þ3
: ð27Þ

The ΔV0ðC1C2Þ determines the detailed phase transition
patterns in the two-step phase transition scenario, as will be
explored latter. Here, we note that one of the two con-
figurations at C point is missed in Ref. [21]. The additional
one configuration considered here opens a little more two-
step SFOEWPT parameter space that passes the current
constraints from the same-sign WW channel search at
13 TeV LHC [27], which highly restricts the triplet
contribution to the EWSB.
We note that, as in the 2HDM case, to ensure the photon

is massless, we do not expect the violation of the U(1)
electromagnetic symmetry during the EWPT process and
assume the classical values for the charged scaler fields to
be zero [15,28–30]. Furthermore, we avoid all other
possible alternative minima (see Ref. [31] for detail) by
scanning model parameters with GMCalc [32], since the
desired EW vacuum at the zero temperature (the B point in
Fig. 1) is the electroweak-breaking and custodial SU(2)-
preserving minimum.

FIG. 1. The vacuum structure in the GM model.
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C. Phase transition dynamics

With the zero temperature scalar potential at hand, the
phase transition dynamics can be estimated with the finite
temperature potential using the gauge invariant approach
that is equivalent to keeping the thermal mass corrections
when using the high temperature expansion [33],2

VT ¼ V0 þ
1

2
cϕT2h2ϕ þ

1

2
cξT2h2ξ þ

1

2
cχT2h2χ ; ð28Þ

with V0 given in Eq. (5), and the finite temperature
corrections being

cϕ ¼ 3g2

16
þ g02

16
þ 2λ1 þ

3λ4
2

þ 1

4
y2t sec2θH;

cξ ¼
g2

2
þ 11λ2

3
þ 7λ3

3
þ 2λ4

3
;

cχ ¼
g2

2
þ g02

4
þ 11λ2

3
þ 7λ3

3
þ 2λ4

3
: ð29Þ

Here, we note that the traditional approach for studying the
phase transition dynamics is to include four ingredients: the
tree level potential, the Coleman-Weinberg potential [35],
the finite temperature corrections, and the daisy resummation
or the ring contribution [36]. For renormalizable theory, the
potential barrier that drives the electroweak phase transition
can come from the thermal loop corrections or tree level cubic
terms [37]. The cubic term of μ1;2 [see Eq. (5)] from the tree
level potential provides the barrier that drives the phase
transition dynamics at the critical temperature and thus
belongs to the second class. In this scenario, the gauge
invariant approach we adopt here keeps the crucial cubic
terms and can provide a transparent physical intuition as
in Ref. [38], though additional SFOEWPT parameter space
may open up when one includes the full four ingredients.
For the safety of custodial symmetry, we assume hχ ¼ffiffiffi
2

p
hξ for phase transition studies. The deviation from the

custodial symmetry at finite temperature is checked to be
negligible for the SFOEWPT parameter space under study
(see Ref. [21] for details). In the one-step phase transition
case, the phase transition occurs through the path of A → B
directly with hBϕ;ξ located at around vϕ;ξ at the finite
temperature TC. The phase transition may occur after the
temperature drops below TC. In Fig. 2, we illustrate the
one-step phase transition process as the temperature drops.
The global minimum of the finite temperature potential VT
changes from A to B, through which one obtains the EW
symmetry breaking minimum.
As for the two-step phase transition scenario, the con-

dition for the first step of the two-step phase transition
(Apoint → Cpoint) can be written as:

VTð0; 0; T1CÞ ¼ VTð0; h1Cξ ; T1CÞ;
dVTðhϕ; hξ; T1CÞ

dhξ

����
hϕ¼0;hξ¼h1Cξ

¼ 0: ð30Þ

The critical parameters h1Cξ and T1C are calculated as,

h1Cξ ¼−
μ2

3λ2þλ3
; T1C¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−3m2

2ð3λ2þλ3Þþ6μ22
p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðcξþ2cχÞð3λ2þλ3Þ

p : ð31Þ

For the second-step of the two-step phase transition to
occur, the following degeneracy conditions at the critical
temperature are necessary:

VTð0; hCξ ; TCÞ ¼ VðhBϕ; hBξ ; TCÞ;
dVTðhϕ; hξ; TCÞ

dhϕ

����
hϕ¼hBϕ ;hξ¼hBξ

¼ 0;

dVTðhϕ; hξ; TCÞ
dhξ

����
hϕ¼hBϕ ;hξ¼hBξ

¼ 0;

dVTð0; hξ; TCÞ
dhξ

����
hξ¼hCξ

¼ 0; ð32Þ

FIG. 2. The contours of VT in the hϕ − hξ plane, with the parameters being: λ1 ¼ 0.035, λ2 ¼ 0.574, λ3 ¼ −0.547, λ4 ¼ 0.798,
λ5 ¼ 1.908, θH ¼ 0.273, μ1 ¼ −360.373 GeV, μ2 ¼ −47.377 GeV.

2Here, we note that the gauge dependence is small for gauges
that are consistent with the perturbative expansion when one
performs the phase transition; see [34].
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through which the critical temperature and critical field value can be obtained. For the two-step case, using the determinant
of the Hessian matrix (at both the zero temperature and the finite temperature) to ensure that the two degenerate vacua occur,
the following conditions need to be satisfied: M3ð5;6ÞP3ð5;6Þ − N2

3ð5;6Þ > 0;M3ð5;6Þ > 0, with

d2V0ðhϕ; hξÞ
dh2ϕ

����
hϕ¼vϕ;hξ¼vξ

≡M3;
d2V0ðhϕ; hξÞ

dhϕdhξ

����
hϕ¼vϕ;hξ¼vξ

≡ N3;

d2V0ðhϕ; hξÞ
dh2ξ

����
hϕ¼vϕ;hξ¼vξ

≡ P3; ð33Þ

d2VTðhϕ; hξ; T2CÞ
dh2ϕ

����
hϕ¼hBϕ ;hξ¼hBξ

≡M5;
d2VTðhϕ; hξ; T2CÞ

dhϕdhξ

����
hϕ¼hBϕ ;hξ¼hBξ

≡ N5;

d2VTðhϕ; hξ; T2CÞ
dh2ξ

����
hϕ¼hBϕ ;hξ¼hBξ

≡ P5; ð34Þ

d2VTðhϕ; hξ; T2CÞ
dh2ϕ

����
hϕ¼0;hξ¼h2Cξ

≡M6;
d2VTðhϕ; hξ; T2CÞ

dhϕdhξ

����
hϕ¼0;hξ¼h2Cξ

≡ N6;

d2VTðhϕ; hξ; T2CÞ
dh2ξ

����
hϕ¼0;hξ¼h2Cξ

≡ P6: ð35Þ

Here, at finite temperature T2C, hBϕ;ξ is located at around
vϕ;ξ, and h2Cξ at around hξC1ð2Þ as given in Eq. (21). That the
temperature of the first step phase transition is higher than
the second one, i.e., T1C > T2C, is also used to select the
SFOEWPT points for the two step phase transition
scenario.
At the zero temperature, the positiveness of the Hessian

matrix determinants can allow one local minimum at C1 or
C2, or both C1 and C2, in addition to the global vacuum
located at B. We show in Fig. 3 how the phase transitions
occur as the temperature drops in the two-step case. During
these two-step phase transition processes, the global
vacuum of the finite temperature potential VT changes
from A to C1;2 at the first-step after T < T1C. Then, the
phase changes from the vacuum located at around C1;2 to
the one around B, i.e., the EW symmetry breaking vacuum,
after T < T2C. The Hessian matrix at finite and zero
temperature tells if there exist local or global minima at
C1, C2, and B at the corresponding temperature; see
Eq. (33). In the BP1 (top panel of Fig. 3), there exists
only the minima around C2 at zero temperature and the
finite temperature. In the BP2 (bottom panel of Fig. 3), only
the C2 exists at zero temperature, and both the C1 and C2

could exist at the second-step phase transition temperature
of T2C.
The above procedure is firstly used to obtain the critical

phase transition order parameters and the rough phase
transition pattern (either one-step or two-step). Sub-
sequently, we use CosmoTransitons [39] to obtain the

phase transition order parameters at the bubble nucleation
temperature, which might be slightly different from the
patterns in the above approach. This is mainly due to the
reason that in some cases, although we can obtain the phase
transition with the above approach, the improper barrier
between the two minima at the bubble nucleation temper-
ature could not fulfill the condition of bubble nucleation;
see Eq. (55). This is especially important for the two-step
cases where the pattern would be changed from A →
C1;2 → B to A → B. Hence, when we present the results,
the term “two-step” refers to the points obtained by the
above approach, and the terms “bubble one-step” and
“bubble two-step” refer to the points that can trigger
one-step bubble nucleation and two-step bubble nucleation
respectively after we check the bubble nucleation using
CosmoTransitions.
Before concluding this section, we remind the reader

that, the one-step phase transition as shown in Fig. 2 does
not allow the homotopy group for the domain wall. The
vacuum manifold for the second-step of the two-step phase
transition as shown in Fig. 3 admits a nontrivial homotopy
group π0ðH3=H2Þ [with H3 ¼ Z2 × SUð2ÞV and H2 ¼
SUð2ÞV after the first-step and second-step phase transi-
tions, respectively)], which allows the existence of domain
wall [40] which can produce GW after decay through
quantum tunneling [41]. We left detailed studies on
topological defect and its GW signal after the
SFOEWPT in GM model to the future study.
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III. THE SFOEWPT AND HIGGS
PHENOMENOLOGY

The vacuum structure at zero temperature, such as the
potential barrier, is crucial for both one-step and two-step
SFOEWPT.Thedesired vacuumstructure for theSFOEWPT
reveals the Higgs potential shape through the devia-
tions of the triple and quartic Higgs couplings from the
SMvalues. The typical vacuum structure for the one-step and
two-step SFOEWPT being explored in the last section can
have distinct Higgs phenomenological predictions.
In the GMmodel, both the two extra triplets contribute to

the EWSB, and the gauge bosons get masses also from the
triplet VEV, vξ;χ . The electroweak charge of the triplets leads
to theHVV couplings deviating from the singlet case by one
extra factor of sin θH, which parametrizes the contribution of

the vξ;χ to the Higgs VEV, sin θH ¼ 2
ffiffiffi
2

p
νξ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð8v2ξ þ v2ϕÞ

q
[31]. For theGMmodel, due to the contribution of the isospin
triplet to the EWSB, the phase transition strength is defined
as [21]

vGM=T ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ϕðTÞ þ 8v2ξðTÞ

q
T

¼ vϕðTÞ cos θHðTÞ−1
T

;

cos θHðTÞ≡ vϕðTÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ϕðTÞ þ 8v2ξðTÞ

q ; ð36Þ

at the critical temperature when the phase transition
occurs. Since we are working in the scenario where the zero
temperature vacuum structure is crucial for the SFOEWPT,
the θHðTÞ here would be highly related with θH (see our
previous studies in Ref. [21] for details). As will be explored
latter, one can expect that the one-step and two-step
SFOEWPT valid regions are highly restricted by collider
searches.
To study the collider phenomenology of the new physics

models, one needs to work in the physical eigenbasis. In
terms of physical field basis after taking into account of the
rotation matrix (with the angle αH) among classical fields
and Higgs fields h, H, the interaction strength between the
SM-like Higgs and SM particles are:

ghff̄ ¼ cos αH= cos θHgSMhff̄;

ghVV ¼
�
cos αH cos θH −

ffiffiffi
8

3

r
sin αH sin θH

�
gSM
hff̄

;

gHff̄ ¼ sin αH= cos θHgSMhff̄;

gHVV ¼
�
sin αH cos θH þ

ffiffiffi
8

3

r
cos αH sin θH

�
gSMhVV: ð37Þ

Currently, the angle θH as a function of doubly charged
Higgs boson mass is severely bounded by the same-sign

FIG. 3. The evolution of the vacuum structure as temperature drops. The evolution of the vacuum structure as temperature drops for the
two-step SFOEWPT case. Upper Panels: BP1 with the phase transition pattern of A → C2 → B. Lower Panels: BP2 with the phase
transition pattern of A → C1 → B. The parameters for BP1 are: λ1 ¼ 0.040,λ2 ¼ 0.598, λ3 ¼ −0.113, λ4 ¼ 0.425, λ5 ¼ 0.264,
θH ¼ 0.467, μ1 ¼ −175.619 GeV, μ2 ¼ 14.416 GeV. The parameters for BP2 are: λ1 ¼ 0.039, λ2 ¼ 0.692, λ3 ¼ −0.311, λ4 ¼ 0.479,
λ5 ¼ 0.457, θH ¼ 0.423, μ1 ¼ −181.111 GeV, μ2 ¼ −6.144 GeV.
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WW boson channel searches at 13 TeV LHC [27].
We adopt the observed 95% CL upper limits given in
Fig. 4 of Ref. [27] to bound the SFOEWPT parameter
spaces. Future hadron and lepton colliders would further
restrict the magnitude of αH and θH, which means that the
possibility to reach SFOEWPT would be confined to the
parameter space with small sin θH and αH. For the case of
the small θH limit where the EWSB contribution from the
triplet is negligible, one will also have

αH ≈ −
ffiffiffi
3

2

r
θH þ θ2Hð8

ffiffiffi
3

p
λ1 − 2

ffiffiffi
3

p
λ4 −

ffiffiffi
3

p
λ5Þν

μ1
: ð38Þ

This means that, for a small θH, one usually has a small α,
and the sign of αH is determined by the combination of
couplings 8

ffiffiffi
3

p
λ1 − 2

ffiffiffi
3

p
λ4 −

ffiffiffi
3

p
λ5 and μ1. In the scenario

with small α and small θH, ghff̄;hVV is close to the SM case,
while gHff̄;HVV is suppressed.

The scalar potential of Eq. (5) in the Higgs basis of h and H can be written as,

VGM
phy ¼ 1

2
m2

1ðh cos αH þH sin αHÞ2 þ
1

2
m2

2ðH cos αH − h sin αHÞ2

þ 2ffiffiffi
3

p μ2ðH cos αH − h sin αHÞ3 þ
ffiffiffi
3

p

4
μ1ðh cos αH þH sin αHÞ2ðH cos αH − h sin αHÞ

þ λ1ðh cos αH þH sin αHÞ4 þ
�
λ2 þ

1

3
λ3

�
ðH cos αH − h sin αHÞ4

þ
�
λ4 þ

1

2
λ5

�
ðh cos αH þH sin αHÞ2ðH cos αH − h sin αHÞ2 ð39Þ

for the GM model. In the small αH limit, the potential VGM
phy reduces to

VGM
α ¼ 1

2
m2

1h
2 þ λ1h4 þ

1

2
m2

2H
2 þ 2

ffiffiffi
3

p

3
μ2H3 þ 1

3
ð3λ2 þ λ3ÞH4 þ

ffiffiffi
3

p

4
μ1h2H

þ 1

2
ð2λ4 þ λ5Þh2H2 þ αHh

�
−

ffiffiffi
3

p
μ1
4

h2 þ ðm2
1 −m2

2ÞH þ
ffiffiffi
3

p

2
ðμ1 − 4μ2ÞH2

þ
�
−4λ2 −

4λ3
3

þ 2λ4 þ λ5

�
H3 þ ð4λ1 − 2λ4 − λ5Þh2H

�
þOðα2HÞ: ð40Þ

After EWSB, h and H get VEVs,

vGMh ¼ v cosðαHÞ cosðθHÞ −
1

2

ffiffiffi
3

2

r
v sinðαHÞ sinðθHÞ;

vGMH ¼ v sinðαHÞ cosðθHÞ þ
1

2

ffiffiffi
3

2

r
v cosðαHÞ sinðθHÞ; ð41Þ

with v ¼ vSM ≡ 246 GeV. Suppose h is the SM-like
Higgs, one has both the Higgs cubic and quartic couplings
modified compared with the SM case. This can be para-
metrized as:

ΔL ¼ −
1

2

m2
h

v
ð1þ δκ3Þh3 −

1

8

m2
h

v2
ð1þ δκ4Þh4: ð42Þ

The cubic Higgs couplings are crucial for the vacuum
structure, and therefore the phase transition dynamics, as
well as the Higgs pair production at hadron and lepton
colliders. Consequently, the Higgs pair searches can be

powerful enough to probe the parameter space of the
SFOEWPT. In the small α (θH) limit, we have

δκGM3 ¼ −αH

ffiffiffi
3

p
μ1v

2m2
h

þ αHv2ð4αH −
ffiffiffi
6

p
θHÞð2λ4 þ λ5Þ

2m2
h

−
ð3α2H þ θ2HÞ

2
þOðα3H; θ3HÞ; ð43Þ

δκGM4 ¼ −2α2H

�
1 −

2ð2λ4 þ λ5Þv2
m2

h

�
þOðα3HÞ: ð44Þ

As a comparison, we also list the xSM case which has no
extra EWSB contribution. In the xSM case, we also define
a mixing angle αH between the SM Higgs (h) and extra
scalar (s). At the zero temperature, it is defined as [38]

sin 2αH ¼ ða1 þ 2a2vsÞvh
ðm2

h −m2
HÞ

; ð45Þ
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with vh ¼ 246 GeV. For −1 ≤ sin 2αH ≤ 1, this sets a
bound on the VEV fraction of the SM Higgs (h),

m2
h −m2

H ≤ ða1 þ 2a2vsÞvh ≤ m2
H −m2

h: ð46Þ

The phase transition occurs in the subspace of the two
scalar fields, with the phase transition strength being

vxSM=T ≡ vhðTÞ
T

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2hðTÞ þ v2sðTÞ

p
cos θðTÞ

T
;

cos θðTÞ≡ vhðTÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2hðTÞ þ v2sðTÞ

p : ð47Þ

The sphaleron process is quenched when vhðTÞ=T > 1 at
the critical temperature. Different from the GM model, the
singlet VEV (vs) does not contribute to the mass of gauge

boson due to the electroweak charge of the singlet, hence it
does not contribute to the phase transition strength.
The collider phenomenology of the Higgs searches is

based on the measurements of the SM Higgs and searches
for an extra heavy Higgs-like scalar. The current LHC
Higgs data and theoretical constraints require small αH
which parametrizes the mixing between the SM-like Higgs
and the extra CP-even heavy Higgs. In this model,
all the couplings are rescaled by αH based on the SM
as: ghxx ¼ cos αHgSMhxx, gHxx ¼ − sin αHgSMhxx. Therefore, no
direct bound on the angle θðT ¼ 0Þ from the Higgs data
since the parameter does not enter Higgs couplings. The
VEVof the extra scalar (vs) would be more free than that in
the GM model.
For the xSM model, the potential in the basis of Higgs

fields is given by

VxSM
phy ¼ 1

12
ð3a1ðh cos αH −H sin αHÞ2ðh sin αH þH cos αHÞ þ 3a2ðh cos αH −H sin αHÞ2

× ðh sin αH þH cos αHÞ2 þ 6b2ðh sin αH þH cos αHÞ2 þ 4b3ðh sin αH þH cos αHÞ3
þ 3b4ðh sin αH þH cos αHÞ4 þ 3λðh cos αH −H sin αHÞ4 − 6μ2ðh cos αH −H sin αHÞ2Þ: ð48Þ

Going to the alignment case, one has

VxSM
α ¼ 1

12
ð3a1h2H þ 3a2h2H2 þ 6b2H2 þ 4b3H3 þ 3b4H4 þ 3h4λ − 6h2μ2Þ

þ 1

4
hαHða1ðh2 − 2H2Þ þ 2Hða2ðh2 −H2Þ þ 2b2 þ 2ðHðb3 þ b4HÞ − λh2 þ μ2ÞÞÞ þOðα2HÞ: ð49Þ

After EWSB, one has for the two physical fields h and H:

vxSMh ¼ vh cosðαHÞ þ vs sinðαHÞ;
vxSMH ¼ vs cosðαHÞ − vh sinðαHÞ: ð50Þ

In the xSM, the deviations of the cubic and quartic
couplings for small αH are given by [42]

δκxSM3 ¼ α2H

�
−
3

2
þ2m2

H −2b3vs−4b4v2s
m2

h

�
þOðα3HÞ;

δκxSM4 ¼ α2H

�
−3þ5m2

H−4b3vs−8b4v2s
m2

h

�
þOðα3HÞ: ð51Þ

Due to the extra EWSB contribution, in the GM model,
one has an additional angle θH to parametrize the Higgs
couplings. Therefore one has the different distributions of
SFOEWPT points in the vξ − αH plane, which builds the
bridge between the SFOEWPT and the Higgs phenom-
enology. Figure 4 shows the one-step (red) and two-step
(blue) SFOEWPT valid points in the xSM (left) and GM
(right) model. For the xSM case, the one-step (two-step)

SFOEWPT points are concentrated in the small (large) vs
regions. While in the GMmodel, vξ is much smaller than vs
of the xSM and the possibility to reach a SFOEWPT drops
as vξ and j sin αHj decrease.
In the parameter space which allows the SFOEWPT, one

has the deviations of the cubic and quartic Higgs couplings,
which characterize the Higgs potential shapes that are
crucial for the realization of the EWSB mechanism. We
investigate more details in two particular benchmarks of the
GM model: the H5plane which is developed by the LHC
Higgs Cross Section Working Group for fiveplet searches
[43] and the low mass benchmark studied in [44] for the
lower mass region. Both benchmark scenarios will lead to
interesting searches at the collider. As we have stated
above, the current strongest constraint is from the same-
signW pair searches from CMS [27]. We implemented this
constraint during our parameter scans. The vector boson
fusion (VBF) production cross section of the double
charged scalar is calculated using MadGraph [45] while
the decay branching ratio is gotten from GMCalc [32].
Then at each mass point within the range that the experi-
ments explored, the total cross section should be less than
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the upper limits in [27]. Note that the sensitivity of the
same-sign W pair searches only starts from 200 GeV.
Hence, without any extrapolation, although the constraint
on sin θH at large mass is quite stringent, for the mass below
200 GeV, larger sin θH is still allowed.
For the physical intuition of the phase transition, in

comparison with the H5plane, the main feature of the
parameter space of the low mass benchmark is the relatively
lower magnitude of the fiveplet mass and the smallness
of the angles of θH and αH, which make the two-step
SFOEWPT possible. As can be found in Ref. [21], the
one-step SFOEWPT mostly occurs with a negative mixing
angle αH, a larger magnitude of jμ1;2j, and favors a
relatively large mh5 , mh3 , and mH in comparison with the
two-step SFOEWPT.
Our previous study in [21] shows that only one-step

SFOEWPT is valid in H5plane, while the low mass
benchmark can provide both one-step and two-step
SFOEWPT. After considering the current LHC search

bounds, especially the same-sign W search from CMS
[27], we show the triple scalar couplings in Figs. 5 and 6 for
the H5plane and low mass benchmark, respectively. In
H5plane, Fig. 5 shows that a larger deviation of the triple
Higgs coupling λGMhhh from the SM one occurs with a higher
magnitude of jαHj and a larger θH. While the λGMHhh is highly
enhanced with an extra sign compared with gSMhhh which can
result in destructive interference for Higgs pair production
at the colliders.
In low mass benchmark, one has smaller sin θH and mh5

in comparison with the H5plane scenario. The CMS same-
sign W search severely bounds sin θH and thus the mixing
angle αH. Therefore one can expect that the triple Higgs
coupling and the quartic Higgs couplings are all restricted.
In Fig. 6, we show the triple Higgs couplings in the
sin αH − sin θH plane for both one (upper panels) and two-
step (lower panels) SFOEWPT. The SFOEWPT viable
points in low mass benchmark are located at smaller values
of θH and αH. Thus we have smaller enhancement in λGMhhh

FIG. 5. The ratio of λGMhhh=λ
SM
hhh (left) and λGMHhh=λ

SM
hhh (right) in the sin αH − sin θH plane in the case of H5plane.

0.4 0.2 0.0 0.2 0.4

500

0

500

sin H

s
G

eV

FIG. 4. The vC=TC > 1 viable points [both one-step (red) and two-step (blue)] in the sinαH − vs;ξ plane for the xSM (left) and the GM
(right) model.
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than that in the H5plane. Meanwhile, λGMHhh is also much
smaller than that in the H5plane. These will result in
different gravitational wave production and collider phe-
nomenology as we will study in the following.
A SFOEWPT can also be reached with the help of the

dimensional six operator ðH†HÞ3 [46,47] or new physics
that can contribute to such an operator. The collider could
not tell the detailed potential shape (i.e., the tree level
potential barrier) that drives the phase transition. In this
case, the gravitational wave searches of the signal gen-
erated by the SFOEWPTwould be complementary, since it
captures the tunneling process manifested in terms of the
vacuum bubble nucleations [9].

IV. GRAVITATIONAL WAVE SEARCHES

When the temperature of the Universe further cools
down after the critical temperature TC (where one has the
degeneracy of the true and the false vacuum), one may have
vacuum bubble nucleations, expansions, and collisions, and
therefore GW production from the SFOEWPT process.
The bounce configuration of the nucleated bubble [the

bounce configuration of the multifields that connects the
EW broken vacuum (h-vacuum, the true vacuum located
around the B point) and the false vacuum (the vacuum
locates around the A or C points)] can be obtained by
extremizing

S3ðTÞ ¼
Z

4πr2dr

�
1

2

�
dϕb

dr

�
2

þ Vðϕb; TÞ
�
; ð52Þ

through solving the equation of motion for ϕb (it is h and hξ
for two-step scenarios),

d2ϕb

dr2
þ 2

r
dϕb

dr
−
∂VðϕbÞ
∂ϕb

¼ 0; ð53Þ

with the boundary conditions of

lim
r→∞

ϕb ¼ 0;
dϕb

dr

����
r¼0

¼ 0: ð54Þ

The phase transition is completed approximately at the
nucleation temperature when the thermal tunneling prob-
ability for bubble nucleation per horizon volume and per
horizon time is of order unity [48–50]:

Γ ≈ AðTÞe−S3=T ∼ 1: ð55Þ

One of the crucial parameters for the gravitational wave
spectra is α, which is the energy density released from
the SFOEWPT normalized by the total radiation energy
density, defined as

FIG. 6. The ratio of λGMhhh=λ
SM
hhh (left panels) and λGMHhh=λ

SM
hhh (right panels) in the sin αH − sin θH plane for both one-step points (upper

panels) and two-step points (lower panels) in the case of the low mass benchmark.

GRAVITATIONAL WAVE AND COLLIDER SEARCHES FOR … PHYS. REV. D 101, 035011 (2020)

035011-11



α ¼ Δρ
ρR

; ð56Þ

where the radiation energy density of the bath or the plasma
background ρR is given by

ρR ¼ π2g⋆T4⋆
30

; ð57Þ

with g⋆ being the effective number of degrees of freedom
(d.o.f.) (g⋆ ≈ 100) at the plasma temperature T⋆ (when the
phase transition is finished), which is approximately
equivalent to the nucleation temperature T⋆ ≈ Tn for
transitions without significant reheating [51]. The param-
eter Δρ is the latent heat from the phase transition. This is
given by the difference of the energy density between the
false [here it is ϕ vacuum, ρðϕn; TÞ] and the true vacuum
[the h-vacuum or EW broken vacuum, ρðvn; TÞ], i.e.,
Δρ ¼ ρðϕn; TnÞ − ρðvn; TnÞ, and3

ρðϕn; TnÞ ¼ −Vðϕ; TÞjT¼Tn
þ T

dVðϕ; TÞ
dT

����
T¼Tn

; ð58Þ

ρðvn; TnÞ ¼ −Vðh; TÞjT¼Tn
þ T

dVðh; TÞ
dT

����
T¼Tn

: ð59Þ

Here, we remind the reader that α and ρ in this section
represent the latent heat and energy density, rather than the
mixing angle and electroweak parameter used in previous
sections. Another crucial parameter β, which characterizes
the inverse time duration of the SFOEWPT and thus the
GW spectrum peak frequency, is defined as

β

Hn
¼ T

dðS3ðTÞ=TÞ
dT

����
T¼Tn

; ð60Þ

with Hn the Hubble constant at the bubble nucleation
temperature Tn.
Considering all the constraints from the LHC, especially

the same-sign W bounds from CMS [27], we show the
results in Figs. 7 and 8 for the H5plane and the low mass
benchmark respectively, where the red points represent the
one-step scenario and the blue points represent the two-step
case. As mentioned before, we separate the two-step points
into two groups according to the scan results from
CosmoTransition. The dark blue circles represent the case
where we have two-step bubble nucleation (“bubble two-
step”),4 while the light blue triangle points are those we
have only one bubble nucleation (“bubble one-step”).
In either the H5plane or the low mass benchmark (one-

step and two-step), β=Hn decreases as α increases. While α
is also found to be proportional to the phase transition
strength vn=Tn, a larger value of α is obtained at a larger
value of vn=Tn and results in a relatively larger energy
density of the gravitational wave spectrum. As a compari-
son, besides the triple/quartic scalar coupling being smaller
in the low mass benchmark, the low mass benchmark also
provides lower β=Hn in the similar range of α than that in
the H5plane, which is necessary to produce detectable
gravitational waves. In the low mass benchmark case,
where we have both one-step and two-step scenarios,
two-step SFOEWPT will have relatively smaller β=Hn
and larger vn=Tn for the same α than the one-step scenario.
Here the most stringent constraint comes from the CMS

same-sign diboson search [27], which, however, does not
extend to the mass (m5) below 200 GeV. This is not relevant
for the H5plane, since all those points in Fig. 7 have
m5 > 200 GeV. However, in the low mass benchmark, we

FIG. 7. The scan result in the α − β=Hn (left), α − vn=Tn (middle), and λGMhhh=λ
SM
hhh − vn=Tn (right) planes for the case ofH5planewhere

we have only one-step (red) points.

3In our calculation, we use the latent heat by including the
entropy injection from the phase transition (through the term of
T dV

dT jT¼Tn
) as in Refs. [52–55] and some other literature, which

coincides with the vacuum energy for the large supercooling
phase transition case, as commented on in Ref. [51].

4The points correspond to the second step (C1;2 → B), while
the first step A → C1;2 is not shown here which will be discussed
later.
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can clearly see two parts of points for one-step scenario in
Fig. 8.5 Those with lower β=Hn or larger vn=Tn and thus
more detectable GW signals, are the points having mass
below 200 GeV, which require more dedicated searches at
colliders. The triple Higgs couplings are also shown with
respect to the SM scenario. The phase transition strength
vn=Tn for one-step points is proportional to the triple Higgs
coupling in both the H5plane and low mass benchmark,
while there is no clear relation for the two-step points in the
low mass benchmark.
At last, we comment on the situation in the xSM. In

Fig. 9, we show the relations among β=Hn, α, vn=Tn, and
triple scalar couplings in the xSM.6 Since the singlet VEV
vs faces no restrictions in general in the xSM, the
magnitude of β=Hn (vn=Tn and α) is relatively much

lower (larger) than that in the GM model, which results
in a more detectable GW signal. The triple scalar couplings
has similar enhancement as in the GM model.
As a comparison, in Fig. 10, we show the two crucial

parameters for the GW signals in both GM and xSM. The
left panel indicates the scenario with extra EWSB con-
tribution (GM). Since the extra EWSB contribution is
subject to severe bounds from the LHC, the extra VEV
is small which limits the vacuum structure that is important
for the phase transition, and thus the first step of the phase
transition is weakly first order and the GW signal being
generated is negligible (with a small α and large β=Hn), the
GW signals in this case mostly dominated by the second-
step SFOEWPT which characterize the dynamical EWSB.
The right panel is for the case without extra EWSB (xSM);
one may find that the α and β=Hn of the first-step phase
transition are mostly smaller than the second-step, which
implies that a GW signal mostly comes from the first-step
which does not characterize any symmetry breaking; see
Ref. [42] for more details of the phase transition in xSM.

FIG. 9. SFOEWPT valid points in the α − β=Hn (left), α − vn=Tn (middle), and λxSMhhh =λ
SM
hhh − vn=Tn (right) planes for the xSM. Red

and blue points represent the one- and two-step scenario, respectively.

FIG. 8. The scan result in the α − β=Hn (left), α − vn=Tn (middle), and λGMhhh=λ
SM
hhh − vn=Tn (right) planes for the case of low mass

benchmarkwhere we have both one-step (red) and two-step (blue) points. Among the blue points, the circles represent the case where we
can have two-step bubble nucleations (“bubble two-step”), while the triangle points are those where we have only one-step bubble
nucleations (“bubble one-step”).

5We do have two parts for two-step as well. However, the
points with mass above 200 GeV are the minority; we do not
discuss them separately.

6In this and the following plots for the xSM, we use the same
set of data points as used in Ref. [42].
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There are mainly two sources for GW production during
the EWPT: the sound waves in the plasma [56,57] and the
magnetohydrodynamic turbulence (MHD) [56,57], while
the contribution from bubble wall collisions [58–63] is now
generally believed to be negligible [64]. The energy density
spectrum from the sound waves can be well expressed
by [57]

Ωswh2 ¼ 2.65 × 10−6
�
H�
β

��
κvα

1þ α

�
2
�
100

g�

�
1=3

× vw

�
f
fsw

�
3
�

7

4þ 3ðf=fswÞ2
�

7=2
; ð61Þ

where H� is the Hubble parameter at the temperature T�, at
the time when the EWPT finishes; vw is the bubble wall
velocity; α is the energy released from the EWPT normal-
ized by the total radiation energy density at T�, as
mentioned above; g� is the corresponding relativistic
d.o.f. making up the radiation energy density; β character-
izes roughly the inverse time duration of the EWPT.
Practically, T� is very close to Tn and we use Tn in the
following calculations. Moreover κv is the fraction of
released energy going to the kinetic energy of the plasma,
which can be calculated given vw and α [65]. Finally fsw is
the peak frequency of the above energy density spectrum:

fsw ¼ 1.9 × 10−5
1

vw

�
β

H�

��
T�

100 GeV

��
g�
100

�
1=6

Hz:

ð62Þ

A small fraction of the energy goes to the MHD, whose
contribution to the energy density spectrum can be
expressed as [66,67]

Ωturbh2 ¼ 3.35 × 10−4
�
H�
β

��
κturbα

1þ α

�
3=2
�
100

g�

�
1=3

× vw
ðf=fturbÞ3

½1þ ðf=fturbÞ�11=3ð1þ 8πf=h�Þ
; ð63Þ

where the factor κturb is the fraction of energy transferred to
the MHD turbulence and is given roughly by κturb ≈ ϵκv
with ϵ ≈ 5–10% [57]. We take here ϵ ≈ 0.1. Similar to fsw,
fturb is the peak frequency for the spectrum from the MHD:

fturb ¼ 2.7 × 10−5
1

vw

�
β

H�

��
T�

100 GeV

��
g�
100

�
1=6

Hz:

ð64Þ

In using above results for GW spectra calculations, care
must be taken when choosing the value of vw. While a
larger and generally supersonic vw can lead to stronger GW
signals, it is dangerous for baryon asymmetry generation in
the framework of EWBG, which is assumed in this work to
be the cosmological context within which EWPT hap-
pened. The EWBG favors a subsonic vw, with a typical
value of 0.05 (see e.g., [68–72]). This raises a serious
problem for models of EWBG to be able to generate strong
enough GW signals. To deal with this conundrum, we
follow Refs. [9,42,73,74] by taking the plasma hydro-
dynamics into account and distinguish vw from the velocity
used in EWBG calculations. This is due to the existence of
three modes of fluid velocity profiles around the bubble
wall: deflagration, detonation, and supersonic deflagration
(see [65] for a recent combined analysis). For the modes of
deflagration and supersonic deflagration, the fluid outside
the bubble wall has a nonzero velocity profile, and thus
when boosted to the wall frame, the fluid would head
towards the wall with a velocity that is different from and

0 1 2 3 4 5 6 7
0

1000

2000

3000

4000

5000

FIG. 10. The GW signal parameters for the case with extra EWSB (GM, left panel) and without extra EWSB (xSM, right panel). The
red and green points correspond to the first and the second step of the two-step SFOEWPT.
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smaller than the wall velocity. Therefore a supersonic vw
can be realized while still maintaining a subsonic plasma
velocity outside the bubble wall in the wall frame. While a
joint analysis of the microscopic particle transport behavior
within the EWBG and the macroscopic hydrodynamics is
still needed to confirm the feasibility of the above mecha-
nism, we assume tentatively that it is true here. With this in
mind, we use vw ¼ 0.7 for the Georgi-Machacek model.
For the points we take from Ref. [42] for the xSM, a
slightly different prescription was adopted there. There
the value of vw was chosen such that a fixed value of 0.05
can be achieved for the velocity used in EWBG calcu-
lations. For those with SNR > 10, the resulting vw all have
relativistic values and are close to 0.7, so the behavior
of the following plots for the xSM remains largely
unchanged should one stick to a fixed value of 0.7.
In Fig. 11, we show the GW signal spectrum predicted in

the H5plane (left) and the low mass benchmark (right) after
considering the same-sign diboson bounds from CMS for
several representative points taken from the tail of Fig. 7
and Fig. 8 (which are the most promising points for GW
detection). The figure indicates that the magnitude of the
GW spectra from the SFOEWPT of the H5plane and the
low mass benchmark falls into the sensitivity curve of
the LISA, and the peak frequency of the low mass bench-
mark is much lower than that of the H5plane.
With the GW spectrum obtained for each set of param-

eters input, the GW signals can be searched for using the
cross correlation between the outputs of a pair of detectors.
The detectability of the signals is quantified by the signal-
to-noise ratio (SNR) [51]:

SNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T
Z

df

�
h2ΩGWðfÞ
h2ΩexpðfÞ

�
2

s
; ð65Þ

where T is the mission duration in years and Ωexp is the
power spectral density of a given detector.

V. COLLIDER SEARCHES

From previous studies (e.g., Fig. 9 of Ref. [21]), we find
that one-step and two-step phase transition would happen
in different parameter space regions. In the low mass
benchmark, current constraints from same-sign diboson
searches already separated the one-step and two-step phase
transitions into two almost nonoverlapping parts with two-
step points preferring lower mass while one-step preferred
higher mass. Further, the phase transition strength has a
correlation with the triple Higgs coupling in the one-step
case, while it is not necessary in the two-step case to have
larger triple Higgs coupling to trigger the SFOEWPT.
On the other hand, the collider searches of the Higgs

potential also concentrate on the triple Higgs coupling
searches: Higgs pairs search at hadron colliders (LHC, HL-
LHC, SppC, FCC-hh,etc.), and Zhh production at lepton
colliders (ILC, CEPC, FCC-ee, etc.). Further, the quartic
Higgs coupling also enters Higgs pair production through
either two-loop [75] or one-loop [76] contributions for
hadron and lepton colliders, respectively. Hence the Higgs
pair production searches will be nice places to further
search for these two cases at either the LHC or future lepton
colliders.
The leading order contributions for Higgs pair produc-

tion come from the one-loop diagrams shown in Fig. 12
with nonresonant and possible resonant productions. The
nonresonant productions involve the box diagrams (right
panel) and also triangle diagram (left panel) which depends
on the triple scalar coupling λhhh. While the resonant
production involves the production of extra scalar and
subsequent decays into the Higgs pair (middle panel) which
depends on the triple scalar coupling λHhh. The differential
cross section for the Higgs pair production has been carried

FIG. 11. The representative GW signal spectra for the cases of H5plane (left) and low mass benchmark (right). For the H5plane, only
one-step SFOEWPT (purple) is available, while for the low mass benchmark, both one-step (cyan) and two-step (blue) transitions are
available. The corresponding value of vξ for each spectrum is also shown along each line.
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out previously [77,78]. The calculations have been imple-
mented into MadGraph for several different cases [79]. For
the GM model, we use the NLO UFO model files [80]
implemented with FeynRules [81,82] using MadGraph [45] to
directly calculate the cross section for relevant processes.
The required parameter cards are generated using GMCalc
1.4.1 [32]. Relevant work can also be found in [83].
The Higgs pair production cross sections in the GM

model are shown in the upper-left panels of the cases of
Fig. 13 for H5plane and low mass benchmark. All points
shown in these plots have passed the constraint from the
CMS same-sign diboson searches [21,27]. For the case of

H5plane, only one-step phase transition exists (dark red
points), while both one-step (red points) and two-step (blue
points) phase transitions can happen for the case of lowmass
benchmark. For the two-step points (blue points) in lowmass
benchmark, we also separate them into two categories:
“bubble one-step” and “bubble two-step”, the same as those
in Fig. 8. In either case, current Higgs pair searches do not
have sufficient sensitivity to probe the phase transitionviable
parameter space. However, with accumulated data from HL-
LHC, it is possible to cover most points in H5plane, while
points in lowmass benchmark are still beyond the Higgs pair
production measurements.

FIG. 13. The current and prospective di-Higgs and diboson searches at the LHC for GM model in the H5plane (dark red for one-step)
and low mass benchmark (red and blue for one-step and two-step, respectively). The blue points are further separated into two
categories: “bubble one-step” (light blue triangle) and “bubble two-step” (dark blue circle).

FIG. 12. The Feynman diagrams for the Higgs pair production with extra scalar at the LHC.
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This can be understood from Fig. 14 in which we show
the same points in λHhh-BRðH → hhÞ plane for H5plane
(left panel) and low mass benchmark (right panel). It is clear
that in H5plane, which only has viable one-step points, the
triple scalar coupling λHhh is much larger than those in low
mass benchmark. Hence, the branching of H → hh will be

larger in H5plane. On the other hand, the κHf ≡ gGMHff

gSMhff
¼ sin αH

cos θH
,

which contributes to the gluon-gluon fusion cross section, is
also larger in H5plane than that in low mass benchmark. As
a consequence, the cross section of the resonance Higgs pair
production is larger in H5plane.
Aside from the Higgs pair measurements, the diboson

resonance searches will also have the sensitivity to probe
the phase transition viable parameter space. Hence, in both
H5plane as well as low mass benchmark, we check the
resonance diboson cross section through either H (gluon-
gluon Fusion and VBF) or H5 (VBF) against the exper-
imental limits. The results are shown in the other three
panels in Fig. 13. From these plots, we find that, H5plane
can be fully covered by the diboson searches from H5

(VBF) and H gluon-gluon fusion (ggF) resonance produc-
tion, while low mass benchmark can still escape the
searches. However, due to the large κHV compared with
κHf , the VBF production of H is not highly suppressed.
Thus extending the relevant searches into the lower mass

region (below 500 GeV) will tremendously improve the
sensitivity for this case.
There are also proposals focusing on the electron

colliders aiming at the Higgs properties measurements.
These lepton colliders also provide another opportunity to
search for the Higgs pair production [84]. Hence, we also
investigate the sensitivity of the Higgs pair production at
the lepton collider associated with Z-boson for H5plane
and low mass benchmark. The corresponding processes are
shown in Fig. 15. The cross sections are calculated using
MadGraph and the same model files as mentioned above.
The SM cross section of such a process peaks at aroundffiffiffi
s

p ¼ 500 GeV. To maximize the possible sensitivity, we
thus focus on the 500 GeV scenario of the lepton collider.
The unpolarized total cross sections are shown in Fig. 16

for H5plane (left panel) and low mass benchmark (right
panel). The enhancement factor κ ¼ σGM

σSM
is also indicated in

the secondary y-axis on the right-hand side of each plot. We
find that in H5plane, the cross section has a moderate
enhancement with κ ∼ 2 for all the viable points. However,
in low mass benchmark, κ spans a large range, and can even
reach about 30 for a mass around 300 GeV. For H5plane,
the moderate enhancement mainly comes from the large
λhhh, as the collision energy is not enough for the resonance
production through either H or H3. While, in the low mass
benchmark, these masses are within the reach of the

FIG. 15. The hhZ production at the lepton collider in the GM model.

FIG. 14. SFOEWPT viable points in the κHf − λHhh plane for H5plane (left) and low mass benchmark (right). The colors of the points
represent the mass of H.
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collision energy, the resonance production of H and/or H3

induce the huge enhancement.
Figure 17 shows the ratio betweenH andH3 induced the

cross section with respect to the total cross section in low
mass benchmark for both one-step (left) and two-step
(right) cases. It is clear that the enhancement in the total
cross section mainly comes fromH3 resonance in low mass
benchmark. When the collision energy rises to even higher
values, it is also possible, in H5plane, to enhance the Higgs
pair production through H3 and/or H resonance. With the
high precision that we can achieve for the cross section
measurement at the ILC/CEPC, these machines will have
sensitivity for these SFOEWPT viable points.
To give a more concrete sensitive study of such channels,

the polarized cross sections are also calculated for
Pðe−;eþÞ¼ð−80%;30%Þ and Pðe−;eþÞ¼ ð80%;−30%Þ.

We combine the sensitivities from bbbb and bbWW
channels of this process from [85,86] to obtain the con-
straints in the σRL − σLR plane [87] which is shown in
Fig. 18.7 From this plot, we find that almost all the
SFOEWPT viable points in H5plane can be excluded by
this measurement. In the low mass benchmark, most points
can also be excluded. However, we still have both one-step
and two-step SFOEWPT viable points that are beyond the
sensitivity in low mass benchmark.
Some other channels are also possible in complementing

the GW signal studies, especially for the lower mass region.
In [44], the authors studied the sensitivities from the

FIG. 16. The unpolarized cross section of eþe− → hhZ at
ffiffiffi
s

p ¼ 500 GeV for H5plane (left) and low mass benchmark (right) with
one-step (red points) and two-step (blue points) EWPT. The horizontal line indicates the SM value. The secondary y-axis on the right-
hand side of each plot indicates κ ≡ σGM

σSM
. The blue points are further separated into two categories: “bubble one-step” (light blue triangle)

and “bubble two-step” (dark blue circle).

FIG. 17. The ratio between H and H3 induced the cross section with respect to the total cross section in low mass benchmark for one-
step (left) and two-step (right) SFOEWPT.

7σLRðσRLÞ denotes the cross section at beam polarization
configurations of ðPeþ ; Pe−Þ ¼ ðþ1;−1Þðð−1;þ1ÞÞ.
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loop-induced channel Wγ from fermiophobic scalar which
is specific for low mass benchmark. On the other hand, the
diphoton searches [88,89] are also promising. However,
after reinterpreting the bounds from [44], in our case, we
found that they are not yet sensitive enough to reach the
SFOEWPT viable points. Further improvements and
detailed studies are needed for these searches.
In the xSM, the high mass region of the extra Higgs is

not going to be covered by Higgs pair production searches
at the future HL-LHC, and a lot of parameter spaces there
are not going to be probed by the diboson searches due to
the small mixing angle of the SMHiggs and the heavy extra
Higgs suppression effect. These regions can be comple-
mentarily searched for by the gravitational wave space-
based detectors [42]. At the ILC, the Higgs pair search

results are shown in Fig. 19, where the cross sections are
obtained using the same method as in the GM model. We
find that in the xSM model, the cross sections (unpolarized
or polarized) have moderate enhancement. From the
prospects of the future cross section measurement, we
could exclude most one-step as well as two-step points in
the xSM.
In Fig. 20, we show the sensitivities of future hadron and

lepton colliders to the parameter spaces of one-step and
two-step SFOEWPT for H5plane and low mass benchmark
from the Higgs signal strength measurement, with the same
conventions as those in Fig. 8. Here, all the curves are
obtained by fitting the SM-like Higgs signal strength
measurement from each experimental prospect (LHC
[90–97], CEPC [98], ILC [99], and FCC-ee [100,101]).

FIG. 19. The unpolarized cross section of eþe− → hhZ at
ffiffiffi
s

p ¼ 500 GeV (left) and the constraints of the polarized hhZ production
cross section measurement in the σRL − σLR plane (right) for xSM.

FIG. 18. The constraints of the polarized hhZ production cross section measurement in the σRL − σLR plane forH5plane (left) and low
mass benchmark (right). The red and blue points are the one-step and two-step viable points in the GM parameter space, respectively.
The green and yellow lines are the 68% and 95% C.L. contour, respectively. The blue points are further separated into two categories:
“bubble one-step” (light blue triangle) and “bubble two-step” (dark blue circle).
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From Fig. 20, we find that most one-step points in both
H5plane and low mass benchmark can be excluded by the
Higgs signal strength measurements, though we still have a
bunch of points for the two-step case located at around the
alignment limit and escaping the constraint from the signal
strength measurements. The stochastic GWs can be
detected by finding the cross correlation of two indepen-
dent interferometers (SNR) [51], we calculate this quantity
for LISA in low mass benchmark. The SNR > 10 points
which are shown with filled points mostly concentrate in
the region of a large vξ for the one-step case. While for the
two-step case, some points close to the alignment limit

where the signal strength measurements have no sensitivity
can have SNR > 10. We note that the function of SNR (see
Eq. (65) indicating lower sensitivity curves of detectors and
a higher magnitude of the GW spectrum would generally
lead to a larger value of SNR. We can expect that the
Ultimate-DECIGO will generally have a larger SNR, while
Taiji and TianQin will have a relatively lower SNR.
We finally present the sensitivities of future colliders in

the SFOEWPT parameter space, with a conservative
consideration where only the deviation of the SM couplings
is included, with the δκ3 and δκ4 for the GM and xSM are
given in Eq. (43) and Eq. (51). We first show in Fig. 21 the

FIG. 21. Collider sensitivities of the triple Higgs coupling and quartic Higgs coupling with the SNR > 10 points. The green and
magenta points represent the two-step and one-step SFOEWPT cases. The circles and the dotted points represent the GM and xSM
model scenarios. The bars and contours are the sensitivities taken from Refs. [76,102].

FIG. 20. The SFOEWPT viable points (bubble nucleation can occur and vn=Tn > 1) in the sin αH − vξ plane for one-step (red) and
two-step (blue) phase transition for H5plane (left panel) and low mass benchmark (right panel) scenario. The contours with different
colors represent the constraints from the Higgs precision measurement from different experiments as indicated in the legend. In low mass
benchmark, we also indicate the points having SNR > 10 with solid markers for one-step (green) and two-step (purple) cases.
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measurements of the two couplings (λhhh and λhhhh) at
future eþe− colliders and the HL-LHC. Ref. [102] provides
the 68% CL and 95% CL results (the inner and outer
horizontal bar regions) of the future eþe− colliders and HL-
LHC measurements, though they only include the cubic
coupling in their analysis based on an effective field theory
approach. Another future ILC precision (brown and blue
lines) is taken from Ref. [76], where the analysis is also
based on an effective field theory approach and we expect
the results for UV-complete models to have much better
precision. For the situation with additional EWSB con-
tributions, i.e., the GM model, we expect the future lepton
hadron colliders to be more powerful, since the phase
transition possibility would be highly restricted by collider
searches, especially the diboson searches.

VI. CONCLUSIONS

Utilizing the Georgi-Machacek (GM) model, we simul-
taneously study Higgs phenomenology and the electroweak
phase transition for the scenario with the eEWSB contri-
bution. Since the custodial symmetry allows cubic terms
among Higgs doublets and isospin triplets, the eEWSB is
found to be helpful to realize different vacuum structures
from the SM as the Universe cools down, and therefore
leads to different strongly first order electroweak phase
transition patterns. We explored two benchmarks of the
GM model to demonstrate this point: H5plane and low
mass benchmark. We find that in H5plane, only one-step
phase transition is allowed with relatively larger deviation
of the triple Higgs coupling. Hence, the Higgs pair searches
at the HL-LHC as well as the hhZ production measurement
at the lepton collider can cover most of the parameter space
of H5plane, while in low mass benchmark, both one-step
and two-step phase transitions are allowed. Compared with
H5plane, the deviation of the triple Higgs coupling is much
smaller. Thus, the Higgs pair searches at the LHC are not
sensitive in this case, while the diboson searches are still
possible when we extend the search range to the lower mass
region. For hhZ production at the lepton collider, instead of
the enhancement from triple Higgs couplings, we have the
resonance contributions from relatively light H3=H in low
mass benchmark. Thus relevant measurements are also able
to test most parameter space in low mass benchmark. For

those points that can not be covered by collider searches,
which are close to the alignment limit, the gravitational
wave search provides a complementary way to probe the
relevant parameter space.
For comparison, we also present the xSM model to show

the situation without eEWSB. We found that: 1) in com-
parison with the GM, most of the SFOEWPT parameter
space of the xSM is able to be covered by the future lepton
colliders due to the relatively large mixing angle; 2) for the
two-step scenario, the GWs come mostly from the second-
step SFOEWPT in the GM model and the first-step
SFOEWPT in the xSM model; 3) in comparison with
the xSM model, the GW signals from the SFOEWPTof the
GM model require much higher precision of the colliders.
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APPENDIX A: EWPT IN THE
SM+REAL SINGLET: xSM MODEL

For the xSM model, the gauge invariant finite temper-
ature effective potential is found to be [38,42,103]:

Vðh;s;TÞ ¼−
1

2
½μ2 −ΠhðTÞ�h2 −

1

2
½−b2−ΠsðTÞ�s2

þ 1

4
λh4þ 1

4
a1h2sþ

1

4
a2h2s2þ

b3
3
s3þb4

4
s4;

ðA1Þ

with the thermal masses given by

TABLE I. xSM convention vs GM convention.

xSM GM
1
24
T2ða2 þ 3ð3g2 þ g02 þ 2Y2

t þ 4λÞÞ − μ2 T2

8
ð3g2 þ g02 þ 16λ1 þ 12λ4 þ Y2

t sec θHÞ þm2
1

b2 þ 1
12
ð2a2 þ 3b4ÞT2 3m2

2 þ T2ð3g2 þ g02 þ 11λ2 þ 7λ3 þ 2λ4Þ
λ 4λ1
b4 12ð3λ2 þ λ3Þ
a2 6ð2λ4 þ λ5Þ
a1 3μ1
b3 18μ2
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ΠhðTÞ ¼
�
2m2

W þm2
Z þ 2m2

t

4v2
þ λ

2
þ a2
24

�
T2;

ΠsðTÞ ¼
�
a2
6
þ b4

4

�
T2: ðA2Þ

Identifying the coefficient for terms with the same power
of different fields, we can get the correspondence between
the parameters in the GM and xSM, which is listed in
Table I.

APPENDIX B: THE h6 OPERATOR
FOR GM AND xSM MODELS

The dimensional six operator h6 can modify both cubic
and quartic Higgs couplings, with the Higgs potential for
the Higgs boson given by

Vh
SMþh6

¼ −
μ2h
2
h2 þ λh

4
h4 þ 1

8Λ2
h6: ðB1Þ

Here, the Λ indicates the scale where the heavy particles are
integrated out. The minimization conditions lead to the
following relations:

μ2h ¼
m2

h

2
−
3v4

4Λ2
; λ ¼ m2

h

2v2
−
3v2

2Λ2
: ðB2Þ

In this scenario, the requirement of the EWminimum being
the global minimum leads to

Λ ≥ v2=mh: ðB3Þ

The cubic and quartic Higgs couplings are modified by the
dimension-6 operator as

λh
6

3h ¼
3m2

h

v
þ 6v3

Λ2
; λh

6

4h ¼
3m2

h

v2
þ 36v2

Λ2
: ðB4Þ

The phase transition dynamics are estimated after taking into
account the thermal correction of ch, as in Ref. [47]. As
studied in Refs. [46,47], to obtain a SFOEWPTwith the h6

operators, the additional contribution to the quartic Higgs
coupling λ should compensate its negative value and there-
fore ensure the possibility of the SFOEWPT. For related
collider signals in synergywith gravitationalwaves study,we
refer toRefs. [104–106]. SeeRefs. [107–109] for theGWand
baryogenesis studies within the EFT framework with non-
linearly realized electroweak gauge symmetry, and
Ref. [110] for a study of symmetry breaking patterns and
gravitational waves in SMEFT with varying couplings.
Suppose the extra Higgs is much heavier than the SM

Higgs; the ðH†HÞ3 operator can be obtained after integrat-
ing out the heavy Higgs in Fig. 22. For the GM model, the
relevant interactions are given by

λGM2hH ¼
ffiffiffi
3

p

2
cos αHðμ1 cos α2H − 2 sin α2Hðμ1 − 4μ2ÞÞ;

λGM2h2H ¼ cos 4αH

�
−3λ1 − 3λ2 − λ3 þ 3λ4 þ

3λ5
2

�
þ 3λ1 þ 3λ2 þ λ3 þ λ4 þ

λ5
2
;

λGM3H ¼
ffiffiffi
3

p

2
cos αHð3μ1 sin α2H þ 8μ2 cos α2HÞ: ðB5Þ

Using the equation of motion on Eq. (40), the coefficients of c4,c6, c8 for the GM are obtained as follows:

cGM4 ¼ λ1cos4αH þ sin4αH

�
λ2 þ

λ3
3

�
þ λ4sin2αHcos2αH þ 1

8
λ5sin22αH −

3cos2αHðcos 2αHð8μ2 − 3μ1Þ þ μ1 − 8μ2Þ2
128ðm2

1sin
2αH þm2

2cos
2αHÞ

;

cGM6 ¼ 1

2048ðm2
1sin

2αH þm2
2cos

2αHÞ3
3cos2αHðcos 2αð8μ2 − 3μ1Þ þ μ1 − 8μ2Þ2

× ð4ðm2
1sin

2αH þm2
2cos

2αHÞðcos 4αHð−6λ1 − 6λ2 − 2λ3 þ 6λ4 þ 3λ5Þ
þ 6λ1 þ 6λ2 þ 2λ3 þ 2λ4 þ λ5Þ − cos2αHðcos 2αHð3μ1 − 8μ2Þ − μ1 þ 8μ2Þð3μ1sin2αH þ 8μ2cos2αHÞÞ;

cGM8 ¼ 1

32768ðm2
1sin

2αH þm2
2cos

2αHÞ4
3cos4αHðcos 2αHð8μ2 − 3μ1Þ þ μ1 − 8μ2Þ4

× ð3ð8λ1sin4αH þ sin22αHð2λ4 þ λ5ÞÞ þ 8cos4αHð3λ2 þ λ3ÞÞ: ðB6Þ

In the small mixing limit, the above relations reduce to

FIG. 22. The Feynman diagram for ðH†HÞ3 operator.
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cGM4 ¼ λ1 −
3μ21
32m2

2

þ α2Hð3μ21m2
1 þ 16m4

2ð−4λ1 þ 2λ4 þ λ5Þ þ 6μ1m2
2ð3μ1 − 8μ2ÞÞ

32m4
2

þOðα3HÞ;

cGM6 ¼ 3μ21ðm2
2ð2λ4 þ λ5Þ − μ1μ2Þ

32m6
2

þ 3α2Hμ1
256m8

2

ð24μ21μ2m2
1 − μ1m2

2ð3ðμ21 − 24μ1μ2 þ 64μ22Þ

þ 16m2
1ð2λ4 þ λ5ÞÞ þ 8m4

2ðμ1ð12λ1 þ 12λ2 þ 4λ3 − 11ð2λ4 þ λ5ÞÞ þ 16μ2ð2λ4 þ λ5ÞÞÞ þOðα3HÞ;

cGM8 ¼ 3μ41ð3λ2 þ λ3Þ
256m8

2

þ 3α2Hμ
3
1

512m210
ðm2

2ð3μ1ð−24λ2 − 8λ3 þ 2λ4 þ λ5Þ þ 64μ2ð3λ2 þ λ3ÞÞ

− 8μ1m2
1ð3λ2 þ λ3ÞÞ þOðα3HÞ: ðB7Þ

The cubic and quartic couplings relevant for Fig. 22 in xSM are

λxSM2h2H ¼ 1

4
ð3ða2 − b4 − λÞ cos 4αH þ a2 þ 3ðb4 þ λÞÞ;

λxSM3H ¼ 3

2
a1 sin α2H cos αH þ 2b3 cos α3H;

λxSM2hH ¼ 1

2
cos αHða1 cos α2H − 2ða1 − 2b3Þ sin α2HÞ: ðB8Þ

As in the GM model, one can use the equation of motion on Eq. (49) to obtain the coefficients of c4,c6, c8 in xSM as
follows:

cxSM4 ¼ 1

4
ða2sin2αHcos2αH þ b4sin4αH þ λcos4αHÞ −

cos2αHðð4b3 − 3a1Þ cos 2αH þ a1 − 4b3Þ2
128ðb2cos2αH − μ2sin2αHÞ

;

cxSM6 ¼ 1

1024ðb2cos2αH − μ2sin2αHÞ3
cos2αHðð4b3 − 3a1Þ cos 2αH þ a1 − 4b3Þ2

× ðð3 cos 4αHða2 − b4 − λÞ þ a2 þ 3ðb4 þ λÞÞðb2cos2αH − μ2sin2αHÞ

−
1

6
cos αHðð3a1 − 4b3Þ cos 2αH − a1 þ 4b3Þð3a1sin2αH cos αH þ 4b3cos3αHÞÞ;

cxSM8 ¼ cos4αHðð4b3 − 3a1Þ cos 2αH þ a1 − 4b3Þ4ða2sin2αHcos2αH þ b4cos4αþ λsin4αHÞ
16384ðb2cos2αH − μ2sin2αHÞ4

: ðB9Þ

In the small mixing limit, one has

cxSM4 ¼ −
a21 − 8b2λ
32b2

þ α2Hða21ð6b2 − μ2Þ − 8a1b2b3 þ 8b22ða2 − 2λÞÞ
32b22

þOðα3HÞ;

cxSM6 ¼ −
a21ða1b3 − 3a2b2Þ

192b32
−

α2Ha1
256b42

ða31b2 þ 4a21b3ðμ2 − 3b2Þ

þ 4a1b2ða2ð11b2 − 2μ2Þ − 6b2ðb4þ λÞ þ 4b23Þ − 32a2b22b3Þ þOðα3HÞ;

cxSM8 ¼ a41b4
1024b42

þ a31α
2
H

1024b52
ða1ða2b2 þ 4b4ðμ2 − 3b2ÞÞ þ 16b2b3b4Þ þOðα3HÞ: ðB10Þ

As studied in Ref. [111], the additional contribution to the h4 can be reached, which captures the residual effects of the high
dimensional operators.
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FIG. 24. The μ2 and b2 distributions of the one-step and two-step SFOEWPT valid points for xSM.

FIG. 23. The m2
1 (left panels) and m

2
2 (right panels) distributions for H5plane (Top panels) and low mass benchmark (Bottom panels).
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Up to now, we have calculated the high dimensional
operators for the Higgs field with the method of CDE to
match the UV models to the SMEFT [112]. These high
dimensional operators, especially the ðH†HÞ3;4, are usually
adopted to study phase transition in the literature. However,
according to Fig. 23, which shows the distributions of m2

1

andm2
2 in both H5plane and low mass benchmark, the EFT

approach does not apply for the GM model under study,
especially the two-step case, as the basic assumption to
integrate out the heavy d.o.f. is not fulfilled. The corre-
sponding cases in xSM are also demonstrated in Fig. 24.
The fields of the light d.o.f. are usually necessary for the

multistep phase transition; see Refs. [9,12,16–18,20]. In

this situation, one could not employ the effective field
theory (EFT) approach explored in the literature (e.g.,
[46,47]) to study the phase transition. Even for the one-step
phase transition, there are also some mismatches between
the EFT approach and the UV complete model studies,
especially for the scenario where not so small mixing
among the SM Higgs and extra Higgs is present (see the
study of Ref. [113] for the “xSM” studies). We leave the
detailed survey on the match for the phase transition
dynamics between UV-complete models and the EFT
approach to further studies. Indeed, the EFT approach
for integrating out heavy degrees freedom is valid for the
negligible mixing cases.

APPENDIX C: SOME COUPLINGS IN GM MODEL

gH0
5
W−Wþ ¼ ie2v sinðθHÞḡρσ

2
ffiffiffi
3

p
s2W

; gH0
5
ZZ ¼ −

ie2v sinðθHÞḡρσffiffiffi
3

p
c2Ws

2
W

; ðC1Þ

gH∓
5
W�Z ¼ −

ie2v sinðθHÞḡρσ
2cWs2W

; gH∓∓
5

W�W� ¼ ie2v sinðθHÞḡρσffiffiffi
2

p
s2W

; ðC2Þ

gHW−Wþ ¼ ie2v sinðαHÞ cosðθHÞḡρσ
2s2W

þ
i
ffiffi
2
3

q
e2v cosðαHÞ sinðθHÞḡρσ

s2W
; ðC3Þ

gHZZ ¼ ie2v sinðαHÞ cosðθHÞḡρσ
2c2Ws

2
W

þ
i
ffiffi
2
3

q
e2v cosðαHÞ sinðθHÞḡρσ

c2Ws
2
W

; ðC4Þ

ghW−Wþ ¼ ie2v cosðαHÞ cosðθHÞḡρσ
2s2W

−
i
ffiffi
2
3

q
e2v sinðαHÞ sinðθHÞḡρσ

s2W
; ðC5Þ

ghZZ ¼ ie2v cosðαHÞ cosðθHÞḡρσ
2c2Ws

2
W

−
i
ffiffi
2
3

q
e2v sinðαHÞ sinðθHÞḡρσ

c2Ws
2
W

; ðC6Þ

gH0
3
hZ ¼ −

ffiffi
2
3

q
e sinðαHÞ cosðθHÞ

cWsW
−
e cosðαHÞ sinðθHÞ

2cWsW
; ðC7Þ

λHhh ¼ −
2i sinðαHÞcos2ðαHÞm2

h secðθHÞ
v

−
2i

ffiffi
2
3

q
sinðαHÞ sinð2αHÞm2

h cscðθHÞ
v

−
i sinðαHÞcos2ðαHÞm2

H secðθHÞ
v

−
i
ffiffi
2
3

q
sinðαHÞ sinð2αHÞm2

H cscðθHÞ
v

− 2i
ffiffiffi
2

p
μ1 sinðαHÞcos2ðαHÞ cotðθHÞ þ i

ffiffiffi
2

p
μ1sin3ðαHÞ cotðθHÞ

− i
ffiffiffi
3

p
μ1 sinðαHÞ sinð2αHÞcot2ðθHÞ þ i

ffiffiffi
3

p
μ2 sinðαHÞ sinð2αHÞ; ðC8Þ

λhhh ¼ −
3icos3ðαHÞm2

h secðθHÞ
v

þ 2i
ffiffiffi
6

p
sin3ðαHÞm2

h cscðθHÞ
v

þ 3i
ffiffiffi
2

p
μ1sin2ðαHÞ cosðαHÞ cotðθHÞ þ 2i

ffiffiffi
3

p
μ1sin3ðαHÞcot2ðθHÞ − 2i

ffiffiffi
3

p
μ2sin3ðαHÞ: ðC9Þ
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