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With theoretical constraints such as perturbative unitarity and vacuum stability conditions and updated
experimental data of Higgs measurements and direct searches for exotic scalars at the LHC, we perform an
updated scan of the allowed parameter space of the Georgi-Machacek (GM) model. With the refined global
fit, we examine the allowed parameter space for inducing strong first-order electroweak phase transitions
and find only the one-step phase transition is phenomenologically viable. Based upon the result, we study
the associated gravitational wave signals and find most of which can be detected by several proposed
experiments. We also make predictions on processes that may serve as promising probes to the GM model
in the near future at the LHC, including the di-Higgs productions and several exotic scalar production
channels.

DOI: 10.1103/PhysRevD.106.055019

I. INTRODUCTION

The discovery of the 125-GeV scalar resonance at the
LHC [1,2] has claimed its consistency with the Standard
Model (SM) Higgs boson in terms of particle content.
Nonetheless, as there remain several experimental obser-
vations that ask for new physics explanations, the exact
structure of the electroweak sector is still under intense
exploration. One example is the deviations from the SM
predictions for the hff, hVV, hZγ and hγγ couplings, as
given in Refs. [3,4], which still allow a beyond-SM
interpretation. Another example is the electroweak baryo-
genesis problem, the success of which requires the occur-
rence of a strong first-order electroweak phase transition
(EWPT). However, according to the nonperturbative lattice
computations [5–7], the electroweak symmetry breaking
(EWSB) of the SM only occurs through a smooth crossover
transition around the temperature T ∼ 100 GeV. Thus,
extensions to the SM Higgs sector are called for.
In this work, we study the Georgi-Machacek (GM)

model [8,9], which introduces one complex and one real
scalar triplets that preserve the custodial symmetry at tree

level after the electroweak symmetry breakdown (EWSB).
The model predicts the existence of several Higgs multip-
lets, whose mass eigenstates form one quintet (H5), one
triplet (H3), and two singlets (H1 and h) under the custodial
symmetry, thus leading to rich Higgs phenomenology. For
example, enhancements in the hWW and hZZ couplings
compared to the SM predictions can be achieved through
the additional triplet-gauge interactions, and considerable
deviations from the SM predictions for the di-Higgs
production rates can also be induced through the modifi-
cation to the Higgs self-couplings as well as the new
contribution from H1 through the singlet mixing. The
model also has the capability of providing Majorana mass
to neutrinos through the triplet vacuum expectation values
(VEVs). Moreover, as we show in this study, the GMmodel
can generate strong first-order EWPTs while satisfying all
the current collider measurement constraints in certain
phase space, and can further lead to detectable stochastic
gravitational wave (GW) backgrounds through the bubble
dynamics between the symmetric and broken phases
[10,11]. These salient features of the model arouse in
recent years a series of studies on collider phenomenology
[12–21] as well as the EWPT [22,23].
To explore the phase space of the GM model that

satisfies essential theoretical bounds and experimental
constraints from various LHC and Tevatron measurements,
we perform Bayesian Markov-chain Monte Carlo global
fits in the model with HEPfit [24]. Compared with the
previous work [25], we have updated the experimental data
and refined several fitting setups to achieve more
restraining results. With the parameter samples extracted
from the phase space that satisfies all the mentioned

*tkchen@phys.ntu.edu.tw
†chengwei@phys.ntu.edu.tw
‡r09222065@ntu.edu.tw
§bqlu@zjhu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 106, 055019 (2022)

2470-0010=2022=106(5)=055019(21) 055019-1 Published by the American Physical Society

https://orcid.org/0000-0002-5267-6729
https://orcid.org/0000-0003-1716-0169
https://orcid.org/0000-0003-1490-1339
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.055019&domain=pdf&date_stamp=2022-09-19
https://doi.org/10.1103/PhysRevD.106.055019
https://doi.org/10.1103/PhysRevD.106.055019
https://doi.org/10.1103/PhysRevD.106.055019
https://doi.org/10.1103/PhysRevD.106.055019
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


constraints, we go on to calculate the EWPT characteristics
by employing a high-temperature approximation for the
thermal effective potential, and predict the GW back-
grounds induced from the bubble dynamics.
The structure of this paper is as follows. In Sec. II, we

review the GMmodel and give the theoretical constraints to
be imposed on the model. In Sec. III, we choose the model
Lagrangian parameters as our scanning parameters and set
their prior distributions. We then show step by step how
various theoretical and experimental constraints restrict the
parameter space. Based on the scanning result, we further
find the parameter sets that will lead to sufficiently strong
first-order EWPTs in Sec. IV. We calculate the associated
GW spectra and make a comparison with the sensitivities of
several proposed GWexperiments. Moreover, we use these
parameter sets to make predictions for the most promising
constraining/discovering modes at the LHC in Sec. V.
Finally, we discuss and summarize our findings in Sec. VI.

II. THE GEORGI-MACHACEK MODEL

The electroweak (EW) sector of the GM model com-
prises one isospin doublet scalar field with hypercharge
Y ¼ 1=2,1 one complex isospin triplet scalar field with
Y ¼ 1, and one real isospin triplet scalar field with Y ¼ 0.
These fields are denoted respectively by2

ϕ ¼
�
ϕþ

ϕ0

�
; χ ¼

0
B@

χþþ

χþ

χ0

1
CA; ξ ¼

0
B@

ξþ

ξ0

−ðξþÞ�

1
CA; ð1Þ

where the neutral components before the EWSB are para-
metrized as ϕ0 ¼ ðhϕ þ iaϕÞ=

ffiffiffi
2

p
, χ0 ¼ ðhχ þ iaχÞ=

ffiffiffi
2

p
,

and ξ0 ¼ hξ. A global SUð2ÞL × SUð2ÞR symmetry, which
is explicitly broken by the Yukawa and the hypercharge-
Uð1Þ gauge interactions, is imposed on theHiggs potential at
tree level, which can be succinctly expressed by introducing
the SUð2ÞL × SUð2ÞR-covariant forms of the fields:

Φ≡ ðϵ2ϕ�;ϕÞ ¼
� ðϕ0Þ� ϕþ

−ðϕþÞ� ϕ0

�
; with ϵ2 ¼

�
0 1

−1 0

�
;

Δ≡ ðϵ3χ�;ξ;χÞ ¼

0
B@

ðχ0Þ� ξþ χþþ

−ðχþÞ� ξ0 χþ

ðχþþÞ� −ðξþÞ� χ0

1
CA;

with ϵ3 ¼

0
B@
0 0 1

0 −1 0

1 0 0

1
CA: ð2Þ

The Lagrangian of the EW sector is given by

L ¼ 1

2
tr½ðDμΦÞ†ðDμΦÞ� þ 1

2
tr½ðDμΔÞ†ðDμΔÞ� − VðΦ;ΔÞ;

ð3Þ

with the most general potential invariant under the gauge
and global SUð2ÞL × SUð2ÞR × Uð2ÞY symmetries as

VðΦ;ΔÞ ¼ 1

2
m2

1tr½Φ†Φ� þ 1

2
m2

2tr½Δ†Δ�
þ λ1ðtr½Φ†Φ�Þ2 þ λ2ðtr½Δ†Δ�Þ2
þ λ3tr½ðΔ†ΔÞ2� þ λ4tr½Φ†Φ�tr½Δ†Δ�

þ λ5tr

�
Φ† σ

a

2
Φ
σb

2

�
tr½Δ†TaΔTb�

þ μ1tr

�
Φ† σ

a

2
Φ
σb

2

�
ðP†ΔPÞab

þ μ2tr½Δ†TaΔTb�ðP†ΔPÞab; ð4Þ

where σa and Ta are the 2 × 2 and 3 × 3 representations of
the SU(2) generators, and the matrix P, which rotates Δ
into the Cartesian basis, is given by

P ¼ 1ffiffiffi
2

p

0
B@

−1 i 0

0 0
ffiffiffi
2

p

1 i 0

1
CA:

The vacuum potential is given by

V0 ¼
m2

1

2
v2ϕ þ

3

2
m2

2v
2
Δ þ λ1v4ϕ þ

3

2
ð2λ4 þ λ5Þv2ϕv2Δ

þ 3ðλ3 þ 3λ2Þv4Δ þ 3

4
μ1v2ϕvΔ þ 6μ2v3Δ; ð5Þ

where the VEVs3

hhϕi ¼ vΦ; hhχi ¼
ffiffiffi
2

p
vΔ; hhξi ¼ vΔ ð6Þ

preserve the custodial SUð2ÞV symmetry by breaking
the SUð2ÞL × SUð2ÞR symmetry diagonally, and satisfy

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ϕ þ 8v2Δ

q
≃ 246 GeV. The tadpole conditions are

given by

∂VðΦ;ΔÞ
∂hϕ

����
0

¼ ∂VðΦ;ΔÞ
∂hχ

����
0

¼ ∂VðΦ;ΔÞ
∂hξ

����
0

¼ 0: ð7Þ

Since the last two conditions are equivalent, we eventually
have two linearly independent conditions:

1We adopt the hypercharge convention such that Q ¼ T3 þ Y.
2The sign conventions for the charge conjugate fields are

ϕ− ¼ ðϕþÞ�, χ− ¼ ðχþÞ�, ξ− ¼ ðξþÞ�, and χ−− ¼ ðχþþÞ�.

3As elucidated in Ref. [26], one has to choose “aligned” triplet
VEVs for the custodially symmetric potential. Assuming mis-
aligned VEVs would lead to undesirable Goldstone and ta-
chyonic modes in the model.
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m2
1 ¼−4λ1v2Φ− 6λ4v2Δ − 3λ5v2Δ −

3

2
μ1vΔ;

m2
2 ¼−12λ2v2Δ− 4λ3v2Δ − 2λ4v2Φ− λ5v2Φ−μ1

v2Φ
4vΔ

− 6μ2vΔ:

ð8Þ

We further define

M2
1 ≡ −

vffiffiffi
2

p
cos β

μ1; M2
2 ≡ −3

ffiffiffi
2

p
cos βvμ2 ð9Þ

to simplify the notations, where tan β ¼ vϕ=ð2
ffiffiffi
2

p
vΔÞ.

Before we discuss the mass spectrum of the scalars, it is
convenient to classify them according to their custodial
SUð2ÞV isospins. We decompose the 2 ⊗ 2 representation
Φ and the 3 ⊗ 3 representation Δ into irreducible 1 ⊕ 3
and 1 ⊕ 3 ⊕ 5 representations, respectively. In general, the
two singlet fields and the two triplet fields can further mix
respectively with each other, and three Nambu-Goldstone
(NG) modes to be eaten by the weak gauge bosons are
produced from the latter mixing. The physical quintet
ðH��

5 ; H�
5 ; H

0
5Þ, the physical triplet ðH�

3 ; H
0
3Þ, and the

two physical singlets ðH1; hÞ can be related to the original
fields via

Hþþ
5 ¼ χþþ; Hþ

5 ¼ 1ffiffiffi
2

p ðχþ − ξþÞ; H0
5 ¼

ffiffiffi
1

3

r
hχ −

ffiffiffi
2

3

r
hξ;

Hþ
3 ¼ − cos βϕþ þ sin β

1ffiffiffi
2

p ðχþ þ ξþÞ; H0
3 ¼ − cos βaϕ þ sin βaχ ;

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; ð10Þ

where the mixing angle α ∈ ð−π=2; π=2Þ is given by

tan 2α ¼ 2ðM2Þ12
ðM2Þ22 − ðM2Þ11

; ð11Þ

with

ðM2Þ11 ¼ 8λ1v2ϕ ¼ 8λ1v2 sin2 β;

ðM2Þ22 ¼ ð3λ2 þ λ3Þv2 cos2 β þM2
1 sin

2 β −
1

2
M2

2;

ðM2Þ12 ¼
ffiffiffi
3

2

r
sin β cos β½ð2λ4 þ λ5Þv2 −M2

1�: ð12Þ

The mass eigenvalues are then given by

m2
H5

≡m2
H��

5

¼ m2
H�

5

¼ m2
H0

5

¼
�
M2

1 −
3

2
λ5v2

�
sin2 β þ λ3v2 cos2 β þM2

2;

m2
H3

≡m2
H�

3

¼ m2
H0

3

¼ M2
1 −

1

2
λ5v2;

m2
H1

¼ ðM2Þ11 sin2 αþ ðM2Þ22 cos2 αþ 2ðM2Þ12 sin α cos α;
m2

h ¼ ðM2Þ11 cos2 αþ ðM2Þ22 sin2 α − 2ðM2Þ12 sin α cos α; ð13Þ

where we identify h as the 125-GeV SM-like Higgs. We remark here that because of the preserved custodial symmetry at
tree level, the quintet and triplet mass spectra are degenerate, respectively.
The first thing we now observe is the modification to the trilinear Higgs self-coupling, which is given by

ghhh ¼ 24 cos3 αλ1vϕ þ 6 cos α sin2 αvϕð2λ4 þ λ5Þ

þ 3

2

ffiffiffi
3

p
cos2 α sin α½4vΔð−2λ4 − λ5Þ − μ1� − 4

ffiffiffi
3

p
sin3 α½μ2 þ 2vΔð3λ2 þ λ3Þ�; ð14Þ
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where the SM counterpart is given by gSMhhh ¼ 3m2
h=v. On the other hand, the singlet mixing also leads to

gH1hh ¼ 24λ1 cos2 α sin αvϕ þ 8
ffiffiffi
3

p
cos α sin2 αvΔðλ3 þ 3λ2Þ

þ 2½
ffiffiffi
3

p
cos αvΔð3 cos2 α − 2Þ þ sin αvϕð1 − 3 cos2 αÞ�ð2λ4 þ λ5Þ

þ
ffiffiffi
3

p

2
μ1 cos αð3 cos2 α − 2Þ þ 4

ffiffiffi
3

p
μ2 cos α sin2 α: ð15Þ

Because of these two couplings, the di-Higgs production
rate predicted by the GM model can be considerably
different from the SM prediction, making it one of the
most interesting channels to be studied.
Moreover, the couplings of h to the SM fermions f and

weak gauge bosons V ¼ W, Z are modified respectively as

ghff̄ ¼ κF × gSM
hff̄

;

ghVV ¼ κV × gSMhVV; ð16Þ
with

κF ¼ cos α
sin β

;

κV ¼ sin β cos α −
ffiffiffi
8

3

r
cos β sin α; ð17Þ

which are sensitive to the current Higgs measurements. In
particular, the GM model is arguably the simplest custo-
dially symmetric model whose κ’s can be larger than unity.
Also, because one major contribution to the di-Higgs
production is a box diagram with an inner top loop, the
modifications to the Yukawa couplings also have a large
impact on this process.
Here we briefly comment on the decoupling limit of the

GM model,4 which is an important region for the global fit
as the conclusive discovery of new physics has yet been
made to date. The decoupling limit of the GM model is
achieved when vΔ → 0 and μ1 → 0, as a result of which we
have

cosβ→ 0; α→ 0; M2
1 ≫ v2 and M2

2 → 0: ð18Þ

In this limit, the scalar masses reduce to

m2
H5

→ −
3

2
λ5v2 þM2

1 þM2
2;

m2
H3

→ −
1

2
λ5v2 þM2

1;

m2
H1

→ M2
1 −

1

2
M2

2;

m2
h → 8λ1v2; ð19Þ

where only h remains at the electroweak scale and acts
exactly like the SM Higgs boson. Additionally, the mass
spectrum of the exotic Higgs bosons satisfies the relation

2m2
H1

¼ 3m2
H3

−m2
H5
: ð20Þ

We now discuss the theoretical constraints on the
parameter space. We consider three different sets of
constraints at the tree level: the vacuum stability or the
bounded from below (BFB) condition, the perturbative
unitarity condition, and the unique vacuum condition.5

The BFB condition ensures that there is a stable vacuum
in the potential. As noted in Ref. [27], the BFB constraint
can be satisfied as long as the quartic terms of the scalar
potential remain positive for all possible field configura-
tions, and can be guaranteed by satisfying the following
conditions:

λ1> 0;

λ2>

�
−1

3
λ3 for λ3 ≥ 0;

−λ3 for λ3< 0;

λ4>

8>>><
>>>:
−1

2
λ5−2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1ð13λ3þλ2Þ

q
for λ5 < 0 and λ3 ≥ 0;

−ωþðζÞλ5−2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1ðζλ3þλ2Þ

p
for λ5 < 0 and λ3< 0;

−ω−ðζÞλ5−2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ1ðζλ3þλ2Þ

p
for λ5 ≥ 0;

ð21Þ

where ω ∈ ½ω−;ωþ�, and

ω�ðζÞ ¼
1

6
ð1 − BÞ �

ffiffiffi
2

p

3

�
ð1 − BÞ

�
1

2
þ B

��
1=2

; ð22Þ

with

B≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2

�
ζ −

1

3

�s
∈ ½0; 1�; and ζ ∈

�
1

3
; 1

�
: ð23Þ

4We note that the model does not have the limit of alignment
without decoupling.

5We remark that the theoretical bounds implemented in this
work are conservative. The loop corrections may break these
constraints [25]. Because of the attention on LHC constraints, we
use more relaxed bounds on the theory side.
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The perturbative unitarity condition requires that the
largest zeroth partial-wave mode of all 2 → 2 scattering
channels be smaller than 1=2 at high energies. Such
constraints of the GM model were first studied in
Ref. [28] and shown to be

j6λ1 þ 7λ3 þ 11λ2j �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð6λ1 − 7λ3 − 11λ2Þ2 þ 36λ24

q
< 4π;

j2λ1 − λ3 þ 2λ2j �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2λ1 þ λ3 − 2λ2Þ2 þ λ25

q
< 4π;

jλ4 þ λ5j < 2π; j2λ3 þ λ2j < π; ð24Þ
in the high-energy limit.
The unique vacuum condition [27] requires that there be

no alternative global minimum in the scalar potential to the
custodially conserving vacuum. To examine this condition,
we first parametrize the triplet fields as

Reχ0 ¼ 1ffiffiffi
2

p sin θ; ξ0 ¼ cos θ; ð25Þ

where θ ∈ ½−π; π�. Then, we scan over the θ interval and
check whether there is a deeper point in the potential than
the custodially conserving limit lying at θ ¼ π=4.

III. GLOBAL FITTING AND EXPERIMENTAL
CONSTRAINTS

In our global fits in the GM model, we utilize the HEPfit

package which is based upon a Bayesian statistics
approach. The Bayes theorem states that

pðp⃗jd⃗; mÞ ¼ pðd⃗jp⃗; mÞ × pðp⃗jmÞ
pðd⃗jmÞ

; ð26Þ

where pðd⃗jp⃗; mÞ is the likelihood, pðp⃗jmÞ is the prior,6 and
pðp⃗jd⃗; mÞ is the posterior. These probability distributions
are described by the model parameters p⃗, the data d⃗, and the
prior knowledge m, which is defined by the mean values
and variances of the input parameters. Thus, in addition to
the experimental data that determine the likelihood, a prior
that specifies the a priori distributions of the model
parameters is also required, in which we can freely embed
our preknowledge of the model. Based on the posterior
probability, we sample the restricted parameter space and
attribute the allowed parameter ranges with different

confidence levels. A confidence level (CL) is the percent-
age of all possible samples that is expected to include the
true parameters.
As alluded to earlier, a similar global fit had been

performed in Ref. [25]. This work differs from it in the
following ways. First, the theoretical constraints are refined
according to Ref. [28] (as we discussed in Sec. II) and the
experimental data are updated. Second, we focus on the
parameter space where the exotic Higgs masses are reach-
able according to the LHC sensitivity. Finally, we change our
scheme for the input parameters to achieve stabler numerical
manipulations. We now address the details of the global fit.

A. Prior choices and mass constraints

In a typical Bayesian fit, it is important to select a
reasonable prior, lest the fit leads to unwanted statistical
biases or nonphysical results, while at the same time
embedding our preunderstanding of the model into the fit.
In our work, we choose the following seven potential para-
meters: λ2, λ3, λ4, λ5, μ1, μ2 and m2

2 as the input parameters.
We make this change compared to Ref. [25] because of the
limited precision-handling capability of computers, which
could cause the inference of quartic couplings from the
physical masses and VEVs to suffer from serious propaga-
tion of errors. This is especially important to our fit as all of
the theoretical constraints are imposed on the dimensionless
parameters, which renders a relatively high demand of
numerical precision.
We choose the priors of the dimensionless parameters to

be uniform within the bounds specified by the perturbative
unitarity conditions [27]. As for the other couplings, we
choose to make them Gaussian distributed and, therefore,
they are in general unbounded. Moreover, we choose the
m2

2 prior to be uniformly distributed in a logarithmic scale.
Finally, because we only focus on the mass ranges probable
at the near future LHC, we impose auxiliary single-sided
Gaussian constraints on the heavy scalar masses. The
summary of the prior choices is given in Table I.

TABLE I. Input parameters and corresponding prior choices, as
well as the auxiliary constraints on the new scalar masses in our
global fit.

Parameters Feature Shape Mean Error=range

Input Priors
m2

2=GeV
2 Log. Gaussian 102 ð10−4; 108Þ

λ2 Linear Uniform � � � ð−π; πÞ
λ3 Linear Uniform � � � ð−π; πÞ
λ4 Linear Uniform � � � ð−π; πÞ
λ5 Linear Uniform � � � ð−3π; 3πÞ
μ1=GeV Linear Gaussian 0 ð−5 × 103; 5 × 103Þ
μ2=GeV Linear Gaussian 0 ð−5 × 103; 5 × 103Þ
Auxiliary Priors

mH1;3;5
=GeV Rþ AsymGaussian 10−2 ð0; 103Þ

6Conceptually, a prior can either merely specify the preknowl-
edge of the parameter distributions or further embed the behavior
of the model. For example, the tadpole conditions given in Eq. (8)
can have nonphysical solutions, such as duplicate vacua or
imaginary VEVs (note that we have chosen the phase convention
such that vϕ; vΔ are both real and positive). The exclusion of such
data points can either be thought of as part of the prior or as part
of the likelihood. In this work, we choose to interpret this in the
former way, and consequently, the likelihood contains only the
theoretical and experimental constraints.
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B. Experimental data from the colliders

We mainly consider data from the LHC Higgs signal
strength measurements and exotic scalar searches as our
experimental constraints, supplemented with a few data
from Tevatron. Based upon those used in Ref. [25], we
update with the latest data.
We show in Table III in the Appendix the current

sensitivity of each individual channel for the Higgs signal
strengths. The new data that we add are quoted from
Refs. [35–40]. We define σ̂ to be the ratio of the smallest
uncertainty of all individualmeasurements in one table cell of
Table III (σmin) to theweight of the corresponding production
channel (w).7We then use σ̂ to give an estimate on the current

sensitivity of each individual channel.We remark that σ̂ relies
on the individual measurements instead of the combined
ones, and thus this quantity is only intended to deliver a rough
precision estimate for each channel.
The direct search data are listed in the Appendix, with

the old data (Tables IV, V, VI, and VII) separated from the
new ones (Tables VIII and IX).

C. Global fit results

We show in Fig. 1 the results of the global fits, with
different constraints imposed, in the α-vΔ plane. With our
chosen prior, most of the data accumulate around the
origin, which corresponds to the decoupling limit, as shown
in Fig. 1(a). After we impose the theoretical constraints, the
data start to show a tendency towards the region around
κF ∼ 1 in Fig. 1(b). This is because the theoretical con-
straints tend to suppress the magnitudes of λi, which would
in turn exclude the region whereM2

12→0 orM2
22−M2

11≫1

and thus cause the posterior of α to disfavor the point 0.

(a)

(c) (d)

(b)

FIG. 1. Normalized posterior distributions in the α-vΔ plane with (a) only the prior imposed, (b) theoretical constraints imposed,
(c) theoretical constraints and Higgs signal strength constraints imposed, (d) theoretical constraints, Higgs signal strength constraints,
and direct search constraints imposed. The dashed and solid curves represent the contours of κF and κV , respectively.

7For example, the smallest uncertainty of the 13-TeV gg →
h → WW measurements is given by Ref. [35], which gives the
signal strength μ ¼ 1.08þ0.19

−0.18 , and thus σmin ¼ 0.18. The weight w
is 100% in this case, and eventually we have σ̂ ¼ σmin=w ¼ 0.18.
As such, the corresponding cell in Table III is painted green
according to the color scheme shown under the table.
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Moreover, since the upper bound imposed on mH3
when

α > 0, which is given by [16]

m2
H3

≤
1

2
ð4λ4 þ λ5Þv2 þ

ffiffiffi
2

3

r
sin α cos α
sin β cos β

m2
h; ð27Þ

is suppressed by the theoretical constraints, the α > 0
region is in tension with our prior setting that favors large
exotic scalar masses. As a result, the region where κF ∼ 1,
which has already been favored by the prior, becomes
dominant in the posterior distribution.
Once the Higgs signal strength constraints are applied, the

allowed phase space becomes apparently restricted, as shown
in Fig. 1(c). The region around α ∼ 0 becomes excluded
because the signal strengths in theWW and ZZ channels are
measured to be larger than the SM predictions, thus favoring
the region where κV > 1.0. Finally, in Fig. 1(d), we observe
that the direct search data further exclude more of the region
where κV > 1.05 and κF > 1.0 because the data with larger
H�

3;5 branching ratios to certain channels, as discussed in
Ref. [16], are excluded by the experiments.
Before closing this section, we would like to add a

remark on them2
1 parameter. Whilem2

1 has to be negative in
the SM to generate a nontrivial vacuum, this is not
necessary for the GMmodel, as the VEV in the ϕr direction
can be induced by the interactions between Φ and Δ. We
find from the results of the global fit that m2

1 is bounded
from above at ∼9000 GeV2. When m2

1 increases, stronger
interactions between the doublet and triplet fields are
required to induce a VEV in the ϕr direction, and
eventually this will be bounded by the theoretical con-
straints. This phenomenon is crucial to the discussion of
EWPT in the next section.

IV. ELECTROWEAK PHASE TRANSITION AND
GRAVITATIONAL WAVES

In this section, we discuss the EWPTs and the spectrum
of induced GWs in the GM model. At high temperatures,
thermal corrections dominate in the total potential and
stabilize at the origin where the electroweak symmetry is
preserved. When the temperature drops to a critical
temperature TC, where the potential develops another
minimum of equal height to the origin, a nontrivial
symmetry-breaking phase h⃗ðT ¼ TCÞ starts to form. If
there exists a sufficiently high and wide potential barrier
between the symmetric-phase vacuum and the broken-
phase vacuum, then a first-order phase transition would
take place. As the temperature further decreases, the
potential barrier also lowers while the potential difference
between the true and false vacua increases, eventually
leading to bubble nucleation in the field plasma.
Collisions of these vacuum bubbles induce the production
of stochastic GWs. In the following, we discuss the details
of these dynamics in the GM model.

A. Electroweak phase transitions

In our study, we assume that the EWPT takes place at a
sufficiently high temperature such that the one-loop
thermal corrections dominate over the Coleman-
Weinberg potential, allowing an expansion of the thermal
corrections to OðT2Þ. The overall potential at T > 0 is
then given by

VHT
T ðh⃗; TÞ ¼ V0ðh⃗Þ þ

1

2
ðΣϕh2ϕ þ Σχh2χ þ Σξh2ξÞT2; ð28Þ

where V0 is the tree-level potential, h⃗ ¼ ðhϕ; hξ; hχÞ and
the thermal mass contributions

Σϕ ¼ 3g2

16
þ g02

16
þ 2λ1 þ

3λ4
2

þ 1

4
y2t csc2 β;

Σχ ¼
g2

2
þ g02

4
þ 11λ2

3
þ 7λ3

3
þ 2λ4

3
;

Σξ ¼
g2

2
þ 11λ2

3
þ 7λ3

3
þ 2λ4

3
; ð29Þ

with yt ¼
ffiffiffi
2

p
mt=vϕ being the top Yukawa coupling, and g

and g0 being respectively the SUð2ÞL and Uð1ÞY gauge
couplings. Assuming that the custodial symmetry is still
preserved at T > 0, we set hξ ¼ hχ=

ffiffiffi
2

p ¼ hΔ. Obviously,
the potential minimum approaches v⃗ ¼ ðvΦ; vΔÞ as T
decreases. Figure 2 shows a schematic example of the phase
transition tunneling paths in the hΔ-hϕ plane in the GM
model.8 The thermal potential ðΣϕh2ϕ þ Σχh2χ þ Σξh2ξÞT2=2,
especially the h2ϕ term, is the primary source of the potential

FIG. 2. A schematic example of the first-order phase transition
tunneling paths in the hϕ-hΔ plane. The peak of the potential
barrier at T ¼ TC is denoted by v⃗p, v⃗C represents the potential
minimum at TC, and v⃗ is the EW minimum at T ¼ 0. The red
solid curve represents the phase transition tunneling path, and the
red dashed curve represents the extension of the tunneling path
towards v⃗. The color map and the contours illustrate the potential
distribution around the tunneling path at T ¼ TC.

8While most benchmarks from our global fit give concave paths,
there are also benchmarks that give either straight or convex paths.
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barriers, since it can lift the potential much higher than V0

when h⃗ is small and T is high. On the other hand, V0 plays
the main role in determining the shape of the tunneling path,
which is crucial to the phase transition characteristics.
We divide the EWPT calculation into two steps. First, we

run a preselection to derive the critical VEVs (v⃗C’s) and
TC’s of the data generated by HEPfit by numerically solving
the equations VHT

T ðv⃗C; TCÞ ¼ VHT
T ð0⃗; TCÞ and ∇VHT

T ¼ 0⃗.
Since the preselection is just a simple procedure to pin
down vC’s and TC’s of the data, we use cosmoTransitions [41]
to determine the order of the EWPT as well as to calculate
the bubble dynamics.
To ensure the validity of the high-T expansion, we focus

on the data points with TC > 60 GeV. Roughly 10% of the
data points are found to generate strong first-order EWPTs.
Among all the points generated by HEPfit, we have found no
two-step EWPTs as claimed in Ref. [23], which is partly
due to the direct search data for the samples with larger vΔ

9

and partly due to the fact that our Bayesian scan fails to find
those samples with smaller vΔ, particularly in the vΔ → 0
limit as found in Ref. [23], which could lead to two-step
phase transitions. This highlights how collider experiments
can shed light on possible phase transition types of the
model in the early Universe.
Figure 3 is a scatter plot of v⃗C calculated using the

aforementioned preselection method under different con-
straints. We also present the v⃗C data that pass all the
mentioned constraints and are further determined by
cosmoTransitions to be of first-order and second-order phase
transitions. After we impose the theoretical constraints, we
observe that the BFB condition would exclude the data with
jv⃗Cj > v (the region to the right of the dashed curve), as can
be seen by comparing the distributions of the green
(perturbative unitarity and unique vacuum constraints
imposed) and gray (all theoretical constraints imposed)
data points. This is because the V0’s of these excluded data
points are not bounded from below when jh⃗j → ∞, and
hence the VHT

T ’s would create v⃗C’s beyond v⃗ when T
increases. If we further impose either the Higgs signal
strength or direct search constraint, the allowed range for
hmin
Δ becomes even more restricted. The experimental

constraints are thus responsible for the smaller vC’s of
the strong first-order EWPTs and the limitation on the
values of vC=TC. This implies that the collider

measurements are in fact good probes to the EWPT
behavior of the GM model. We will illustrate this in more
detail in Sec. V.
Wealso illustrate the impact of them2

1 term inV0 onvC and
vC=TC in Fig. 4. The black hatched region is first excluded
because of the failure of high-T expansion. Some of the
points falling within the red hatched region can give rise to
first-order phase transitions. As m2

1 increases, V0 becomes
shallower in the hϕ direction, implying that the thermal
corrections needed to lift the broken phase to the critical
value are smaller, thus tending towards a lower TC.
Meanwhile, an increasing m2

1 also lengthens the potential
barrier and thus the transition path, which in turn enhances
the phase transition strength vC=TC. Based on the same
argument, we can see that asm2

1 decreases, TC then tends to
increase and vC=TC tends to decrease. Consequently, as can
be seen from the plot,most of the first-order phase transitions
occur around TC ≈ 70 GeV and are strong, with some of
their vC=TC reaching 2.5–4 when m2

1 ∼ −2500 GeV2.

B. Gravitational waves

We now discuss the GWs induced from the bubble
dynamics during EWPTs. The information of the stochastic

FIG. 3. Scatter plot of v⃗C screened by the preselection method
under different constraints. The light-gray, green, gray, red,
orange and light blue points denote the data that pass the prior,
the perturbative unitarity (P) and unique vacuum (U) constraints,
the theoretical constraints, the theoretical and direct search
constraints, the theoretical and Higgs signal strength constraints,
and all of the above-mentioned constraints, respectively. The
dark-blue first-order and blue second-order phase transition data
points also pass all the constraints, and are further processed by
cosmoTransitions, all with TC > 60 GeV. The black dashed curve
denotes the contour of jv⃗Cj ¼ v.

9Following the procedure outlined in Ref. [23], we use GMCalc
v1.4.1 [42] with its default setting along with the constraints of the
S parameter, b → sγ, and Bs → μþμ− to generate parameter
samples. Among such samples, cosmoTransitions finds that about
0.09% gives rise to two-step phase transitions. The smallest value
of vΔ in these samples is about 22.7 GeV. We have checked that
they are all ruled out by direct search data, with some of the most
constraining channels being tt → H1 → tt [43], VV → H��

5 →
W�W�½→ ðlνÞðlνÞ� [44] and bb → H0

3 → hZ → ðbbÞZ [45].
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GWs generated by the bubble dynamics of the strong first-
order phase transitions can be completely accessed with
two primary parameters: αGW and βGW=Hn [46]. We adopt
the model-independent methods from Refs. [47–49], which
are based on the trace of the energy-momentum tensor, and
define the strength parameter,

αGW ¼ 1

3ωs

�
T
dΔVHT

T ðTÞ
dT

−
�
1þ 1

c2s

�
ΔVHT

T ðTÞ
�����

T¼Tn

;

ð30Þ

where ws is the enthalpy density of hydrodynamics in the
plasma outside the bubble (in the symmetry-preserving
phase), cs is the speed of sound, and ΔVHT

T ðTÞ≡
VHT
T ðh⃗ðTÞ; TÞ − VHT

T ð0⃗; TÞ is the potential difference
between the broken phase and the symmetric phase at
temperature T. αGW is related to the maximum available
energy budget for GW emissions. Next, by assuming that
the percolation takes place soon after the nucleation of the
true vacua, which leads to the commonly used condition
T� ≃ Tn where T� is the GW generation temperature and Tn
represents the nucleation temperature [50,51], βGW=Hn is
defined as

βGW
Hn

¼ Tn
d
dT

�
S3ðTÞ
T

�����
T¼Tn

; ð31Þ

where S3 denotes the three-dimensional on-shell Euclidean
action of the instanton. As βGW=Hn is the inverse ratio of
first-order EWPT duration to the universe expansion time
scale, it defines the characteristic frequency of the GW
spectrum produced from the phase transition.
The main sources of the GWs generated during EWPTs

are bubble collisions, sound waves, and turbulence, which
have been well studied in the literature [10,52]. According
to the numerical estimations performed in Refs. [53–58],
the GW spectra are given by

h2ΩcolðfÞ ¼ 1.67 × 10−5
�
Hn

βGW

�
2
�
κcolαGW
1þ αGW

�
2
�
100

g�

�1
3

�
0.11v3w

0.42þ v2w

�
3.8ðf=fcolÞ2.8

1þ 2.8ðf=fcolÞ3.8
;

h2ΩswðfÞ ¼ 2.65 × 10−6
�
Hn

βGW

��
κswαGW
1þ αGW

�
2
�
100

g�

�1
3

vw

�
f
fsw

�
3
�

7

4þ 3ðf=fswÞ2
�

7=2
;

h2ΩturbðfÞ ¼ 3.35 × 10−4
�
Hn

βGW

��
κturbαGW
1þ αGW

�3
2

�
100

g�

�
1=3

vw
ðf=fturbÞ3

ð1þ f=fturbÞ11=3ð1þ 8πf=H0Þ
; ð32Þ

where g� is the number of degrees of freedom at the domain
wall decay time, which is ≈86 in our study.10 κcol, κsw
and κturb are the transformation efficiencies of the
first-order phase transition energy to kinetic energy,
bulk motion of the fluid and turbulence, respectively,
given by

κcol ¼
1

1þ 0.715αGW

"
0.715αGW þ 4

27

ffiffiffiffiffiffiffiffiffiffiffi
3αGW
2

r #
;

κsw ¼ αGW
0.73þ 0.083

ffiffiffiffiffiffiffiffiffi
αGW

p þ αGW
;

κturb ¼ ξturbκsw; ð33Þ

with the fraction of turbulent bulk motion (ξturb) assumed to
be about 10%. The redshifted peak frequency of the GW
spectra are given by

FIG. 4. Scatter plot of the data points that pass all of the
theoretical and experimental constraints in the TC-m2

1 plane. The
color bar indicates the value of vC=TC. The first-order EWPT
data points are contained in the red hatched region. We remark
that the data points in the black hatched region violate the high-T
assumption. Also, vC’s and TC’s are derived using the prese-
lection method, while the first-order EWPT data are further
processed with cosmoTransitions.

10The relativistic degrees of freedom for all of the particles in
the GM model in the early Universe are determined at
T ¼ 65 GeV, which is the mean of Tn in our studied samples.
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fcol ¼ 16.5 × 10−3 mHz ×

�
0.62

1.8 − 0.1vw þ v2w

��
βGW
Hn

��
Tn

100 GeV

��
g�
100

�1
6

;

fsw ¼ 1.9 × 10−2 mHz ×
1

vw

�
βGW
Hn

��
Tn

100 GeV

��
g�
100

�1
6

;

fturb ¼ 2.7 × 10−2 mHz ×
1

vw

�
βGW
Hn

��
Tn

100 GeV

��
g�
100

�1
6

; ð34Þ

where the bubble wall velocity vw ∼ 1. Recent studies
indicate that the contribution to the total GW spectrum
from bubble collisions is negligible as very little energy
is deposited in the bubble walls [59]. In the following, we
will restrict ourselves to the case of nonrunaway bubbles,
where the GWs can be effectively produced by the sound
waves and turbulence. Figure 5 shows the GW spectra,
represented by the yellow band based upon our two
thousand data points, and the power-law integrated
sensitivities of various GW experiments. We can see
that the stronger the phase transition strength is, the
larger the GW amplitude and the lower the peak
frequency. This can be derived from Eqs. (32) and
(34): when the phase transition strength is stronger, TC
tends to be lower as implied in Fig. 4, and so does Tn,
which leads to a larger αGW ∝ T−2

n and a smaller
βGW=Hn ∝ Tn. The result shows that the GWs induced
from the strong first-order EWPTs of the GM model can
possibly be detected in TAJI [60], DECIGO [34] and BBO

[31] for vC=TC ∈ ½1; 3.5�, but not in LISA [61].
The detectability of the GW signals is evaluated by

the corresponding signal-to-noise ratio (SNR) [10,58],
given by

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NT obs

Z
fmax

fmin

df

�
h2ΩGWðfÞ
h2ΩexpðfÞ

�
2

s
; ð35Þ

where h2Ωexp is the effective noise energy density. N is the
number of independent observatories of the experiment,
which equals one for the autocorrelated experiments, and
equals two for the cross-correlated experiments. T obs is the
duration of the observation in units of year, assumed here to
be four for each experiment as done in Ref. [58]. We
summarize our assumptions and the features of interferom-
eters in Table II. We then extract the GW SNR thresholds
assuming Tn ¼ 65 GeV from the documentations of the
experiments. This temperature is chosen to be the same as the
averagevalue ofTn for our strong first-order EWPT samples.
In Fig. 6, the GW SNR thresholds are illustrated in the
αGW-βGW=Hn plane, on which we also scatter our data. The
data in the regions to the right of the curves are above theSNR
thresholds of the correspondingGWobservatories. As can be
seen in the plot, most of our data are detectable and able to be
separated from the instrumental noise in BBO and DECIGO.
The SNR threshold curves would have a small shift toward
the lower left if we choose a slightly higher Tn.

V. PREDICTIONS

In this section, we summarize and predict some of the
most important and experimentally promising observables
with our data, including those that are discussed in Sec. III
and those that can further generate strong first-order
EWPTs and GWs through bubble dynamics, as discussed
in Sec. IV. In the following plots, the former are presented
with gray scatter points and the latter are shown with
colored histograms.
Figure 7 shows the prediction in the α-vΔ plane. The

strong first-order phase transition data accumulate around
vΔ ∈ ½15; 20� GeV and α ∈ ½−15°;−10°�, corresponding to
κF ∼ 1 and κV ∈ ð1.0; 1.05Þ, while they are mostly con-
fined within vΔ ∈ ½5; 25� GeV and α ∈ ½−25°; 0°�. No data
show up in the decoupling region because a SM-like

FIG. 5. Spectra of GWs induced by the strong first-order EWPT
data, as well as the power-law integrated sensitivities of various
GW experiments.

TABLE II. Summary of the parameters and assumptions used
for the projected space-based interferometers. TAJI is not listed
here because it does not release the effective noise energy density.

Experiment Frequency range ρthr N T obs [yrs] References

LISA 10−5 − 1 Hz 10 1 4 [29,30]
DECIGO 10−3 − 102 Hz 10 2 4 [31–33]
BBO 10−3 − 102 Hz 10 2 4 [32–34]
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potential could only induce a smooth crossover rather than
strong first-order EWPTs.
In Fig. 8, we show the prediction in the κγγ-κZγ plane,

where κZγ and κγγ are the ratios of the loop-induced hZγ
and hγγ couplings to the respective SM predictions.
Compared to the result given in Ref. [25], we do not
observe any data points around κZγ ∼ 0.1 after imposing the
Higgs signal strength constraints, and we find that it is ruled
out by the new 13-TeV h → Zγ measurements [39,40]. Our
results show that hZγ and hγγ couplings are positively
correlated and, while most data give κZγ ∼ 1.02 and κγγ ∼
1.03 at the HEPfit level, the peak in the κγγ-κZγ plane starts to
approach (1.03, 1.05) after we require strong first-order
EWPTs. Thus, a more precise measurement of these
couplings can be a good probe to the EWPT behavior of
the GM model.
Let us define the mass differences and the mass

squared differences respectively as Δmij ≡mHi
−mHj

and Δm2
ij ≡m2

Hi
−m2

Hj
, for i, j ¼ 1, 3, 5. Figure 9 shows

various mass relations according to our scan results. As
indicated by the gray points in Fig. 9(a), the constrained
parameter space tends towards Δm13 ∈ ð−70; 120Þ GeV,
Δm35 ∈ ð−120; 450Þ GeV, and Δm15 ∈ ð−200;550Þ GeV.
We find that Δm35 reaches its minimum when mH1

∼
700 GeV and its maximum when mH1

∼ 850 GeV. After
imposing the requirements of strong first-order EWPTs,
all the data predict exclusively the mass hierarchy
mH1

> mH3
> mH5

, and most of them prefer a mass
difference of around 50 GeV between H1 and H3 and
around 100 GeV between H3 and H5. Such a mass

hierarchy would limit certain scalar decay modes, such
as H0

3 → H0
1Z, which has been searched for in the experi-

ments AϕZ
13 and AϕZ

13b as defined in the Appendix, and thus is
another good probe to the EWPT behavior of the model.
With the auxiliary dashed line, one can also see that Δm35

is always larger than Δm13 for strong first-order EWPTs.
Figure 9(b) shows the distribution in theΔm2

15-Δm2
13 plane,

to be compared with the mass relation predicted in the
decoupling limit, given by Eq. (20) and indicated by the
dot-dashed line. Figure 9(c) illustrates that the H5 mass

FIG. 7. The predictions of our data in the α-vΔ plane. The gray
scatter points represent the data that pass the HEPfit-level con-
straints, while the 2D colored histogram denotes the number
density of the data that can further induce strong first-order
EWPTs with TC > 60 GeV. The same plotting scheme is applied
to all the following plots. The dashed curves and solid curves
represent the contours of κF and κV respectively.

FIG. 8. Prediction of our data in the κγγ-κZγ plane. The plotting
scheme is the same as Fig. 7.

FIG. 6. Scatter points of our data in the αGW-βGW=Hn plane.
The color bar denotes Tn of the data. The dashed curves represent
the SNR thresholds of the listed GW experiments. The data
to the right of the curves are detectable in the corresponding
experiments.
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falls in the range of [150, 1500] GeV for the data points
with strong first-order EWPTs. When mH5

≲ 500 GeV,
there are possibilities that a larger mass gap exists between
H1 and H5, making mH1

fall around 650 GeV.
The di-Higgs production cross sections are calculated

with HPAIR [62] for the 13-TeV LHC collisions and
illustrated in Fig. 10. At the leading order, the two triangle
diagrams mediated by h andH1, as well as the box diagram
with t running in the loop, give the most dominant

contributions. We also show the current 95% CL upper
limit given by ATLAS [63].11 We observe that except for a
small patch of the parameter space with gGMhhh=g

SM
hhh ∼ 1.2,

most of our data survive the ATLAS constraint and
correspond to gGMhhh=g

SM
hhh ∈ ½1.4; 2.0�. We discover that the

(b)(a)

(c)

FIG. 9. Predictions of our data in (a) the Δm13-Δm35 plane, (b) the Δm2
15-Δm2

13 plane, and (c) the mH5
-Δm15 plane. The plotting

scheme is the same as Fig. 7. The slope of the dashed line in plot (a) is 1, and that of the dot-dashed line in plot (b) is 1=3.

11The latest CMS constraint [64] is looser than the ATLAS
constraint.
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strong first-order EWPT data would always lie in the
region where gGMhhh=g

SM
hhh > 1, and there are two peaks in

the relative cross section distributions. We find that the left
peak has a larger relative cross section because the
associated values of mH1

are lighter, while those for the
right peak are heavier and lead to smaller relative cross
sections. Though with a relatively small portion, the
data points with gGMhhh=g

SM
hhh ∈ ð1.1; 1.4Þ have the prediction

that σGMðgg → hhÞ=σSMðgg → hhÞ ∼Oð2 − 20Þ, to which
future experiments are sensitive. However, most of our
data points have gGMhhh=g

SM
hhh above ∼1.5 with σGMðgg →

hhÞ=σSMðgg → hhÞ being smaller than the current sensi-
tivity by at least 1 order of magnitude.
Finally, we show some of the most constraining direct

search channels for the GM model in Fig. 11. We also
show the corresponding 95% CL upper limits, which are
given by ATLAS and CMS, including A2l2L

13;2 , C2l2X
13 ,

Cl�l�
13;1 , Cl�l�

13;2 , AWZ
13 , CWZ

13;1, A
WZ
13;2, A

WZ
13;3, A

bbZ
13 , CbbZ

13;1, and
CbbZ
13;2. We remark that for each figure, the region below the

gray area is not excluded, but is simply too unlikely to be
sampled under the constraints imposed. From these
results, we observe that the constraints from the H0

3

channels are stronger than those from the H�
3 channels,

while the H�
5 channels impose stronger constraints than

the H0
5 and H��

5 channels do. We can see that most of the
mass ranges favored by the strong first-order EWPT data
points are highly constrained, and thus these collider
measurements also serve as good probes to the EWPT
behavior of the GM model.

VI. DISCUSSIONS AND SUMMARY

Wehave performed global fits for theGMmodelwith HEPfit

to acquire the allowed phase space. The considered constraints
include theoretical bounds of vacuum stability, perturbative
unitarity, and the unique vacuum, as well as experimental data
of Higgs signal strengths and direct searches for exotic Higgs
bosons. We calculate vC’s and TC’s for the allowed phase
space screened by HEPfit using the preselection method under
the high-T assumption, and then process the data with vC >
60 GeV by utilizing the cosmoTransitions package. Based upon
the scan results, we calculate the GW spectra induced by the
bubble dynamics during the EWPT.
By comparing the results obtained at different levels of

constraints in HEPfit, we demonstrate the tendency of each
constraint level in the α-vΔ plane and identify the favored
κF-κV region. In particular, we find that there is an accu-
mulation of data points around ðκF; κVÞ ∼ ð0.99; 1.03Þ at all
levels. In the vicinity of this point, κF is almost one, and thus
the cross sections of the ggF, bbH, and ttH production modes
are nearly identical to the respective SM predictions.
Moreover, since κV ≥ 1, the cross section of the VBF
production mode would enhance, and so would the partial
widths of the h → VV decays. Therefore, the WW and ZZ
signal strengths are mostly enhanced within this region. We
also study the previously unexplored region where m2

1 > 0

and find that a nonzero vϕ can still be induced from the
interactions between Φ and Δ, although such a scenario is
disfavored by the study of EWPT.
We find that the experimental constraints impose a

relatively strong bound on the v⃗C distributions, especially
in the hΔ direction. Furthermore, we show the impact of V0

on TC and vC=TC, especially regarding that m2
1 has a major

impact on the depth of the overall potential and thus on the
EWPT characteristics.
In the calculation of the induced GW spectra, we find

that the peak frequency lies roughly within ½10−2; 1� Hz and
the corresponding amplitude h2ΩGW can reach up to 10−12,
which can be possibly detected by TAJI, DECIGO or BBO in
the near future, but not in LISA.
We calculate κZγ and find that the strong first-order EWPT

phase space only affords a small deviation from the SM
prediction.We also observe that the strong first-order EWPT
data points all prefer the “inverted” mass hierarchy, mH1

>
mH3

> mH5
, with the masses lying within [0.5, 1.5] TeV.

Finally,we list someof themost constraining or physically
interesting experiments, including the di-Higgs productions
and several direct searches for exotic scalars. According to
the HEPfit results, the di-Higgs production cross sections
range from 0.3 to 30 times the SM prediction, and most data
still lie below the sensitivity of the latest ATLAS

FIG. 10. Predictions of the di-Higgs production cross sections
against gGMhhh=g

SM
hhh, as well as the ATLAS bound at 95% CL.

The plotting scheme is the same as Fig. 7.
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(c) (d)

(e)

FIG. 11. The predictions of the most constraining direct search channels: (a) gg → H1 → ZZ½→ llðll; ννÞ�, (b) pp → H1 → ZZ,
(c) VV → H��

5 → W�W�, (d) W�Z → H�
5 → W�Z, and (e) gg → H3 → hZ → bbZ. The colored curves indicate the 95% CL limits

imposed by the LHC measurements. The plotting scheme is the same as Fig. 7.
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measurement [63]. The direct search channels we choose to
show are gg → H1 → ZZ, pp → H1 → ZZ,
VV → H�

5 → W�W�, W�Z → H�
5 → W�Z and gg →

H3 → hZ → bbZ at
ffiffiffi
s

p ¼ 13 TeV, which serve as the most
promising probes to the GM model in the near future LHC
experiments.
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APPENDIX: LIST OF EXPERIMENTAL
REFERENCES

This Appendix consists of several tables that list our
experimental inputs.

TABLE III. Higgs signal strength inputs applied in our fits. The Higgs decays are listed in separate columns,
with the corresponding SM branching ratios shown in the second row. In lines three to ten, we cite the results
from the LHC and Tevatron, ordered by production mechanism and

ffiffiffi
s

p
. For the LHC data, we indicate the share

of Higgs production in pp collisions for each channel in the second column. The cell colors show the rough
estimates on the current precision of the signal strength measurements according to the parameter σ̂, which is
defined as the ratio of the smallest uncertainty of all individual measurements in one table cell (σmin) to the
weight of the corresponding production channel (w). The green, yellow, and red cells denote the channels with σ̂
less than 0.5, between 0.5 and 1, and greater than 1, respectively. For the Zγ and μμ decays, no information of
the individual production modes is available, and thus we assume the SM compositions in the second column to
analyze them. In comparison with Ref. [25], the udpated 13-TeV analyses are quoted from Refs. [35–40].
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TABLE V. Neutral heavy Higgs boson searches relevant for the GM scalars with vector boson final states.
ϕ0 ¼ H0

1; H
0
3; H

0
5 and l ¼ e, μ.

Label Channel Experiment Mass range [TeV] L ½fb−1�
Aγγ
8 gg → ϕ0 → γγ ATLAS [108] [0.065, 0.6] 20.3

Aγγ
13 pp → ϕ0 → γγ ATLAS [109] [0.2, 2.7] 36.7

Cγγ
13 gg → ϕ0 → γγ CMS [110] [0.5, 4] 35.9

AZγ
8

pp → ϕ0 → Zγ → ðllÞγ ATLAS [111] [0.2, 1.6] 20.3

CZγ
8

CMS [112] [0.2, 1.2] 19.7

Alγ
13

gg → ϕ0 → Zγ½→ ðllÞγ� ATLAS [113] [0.25, 2.4] 36.1

Aqqγ
13 gg → ϕ0 → Zγ½→ ðqqÞγ� ATLAS [114] [1, 6.8] 36.1

CZγ
8þ13

gg → ϕ0 → Zγ CMS [115] [0.35, 4] 35.9

AZZ
8 gg → ϕ0 → ZZ ATLAS [116] [0.14, 1] 20.3

AZZ
8V VV → ϕ0 → ZZ ATLAS [116] [0.14, 1] 20.3

A2l2L
13;1 gg → ϕ0 → ZZ½→ ðllÞðll; ννÞ� ATLAS [117] [0.2, 1.2] 36.1

A2l2L
13V;1 VV → ϕ0 → ZZ½→ ðllÞðll; ννÞ� ATLAS [117] [0.2, 1.2] 36.1

A2L2q
13

gg → ϕ0 → ZZ½→ ðll; ννÞðqqÞ� ATLAS [118] [0.3, 3] 36.1

A2L2q
13V

VV → ϕ0 → ZZ½→ ðll; ννÞðqqÞ� ATLAS [118] [0.3, 3] 36.1

C2l2X
13 pp → ϕ0 → ZZ½→ ðllÞðqq; νν;llÞ� CMS [119] [0.13, 3] 35.9

C2q2ν
13

pp → ϕ0 → ZZ½→ ðqqÞðννÞ� CMS [120] [1, 4] 35.9

AWW
8 gg → ϕ0 → WW ATLAS [121] [0.3, 1.5] 20.3

AWW
8V VV → ϕ0 → WW ATLAS [121] [0.3, 1.5] 20.3

A2ðlνÞ
13

gg → ϕ0 → WW½→ ðeνÞðμνÞ� ATLAS [122] [0.25, 4] 36.1

A2ðlνÞ
13V

VV → ϕ0 → WW½→ ðeνÞðμνÞ� ATLAS [122] [0.25, 3] 36.1

C2ðlνÞ
13

ðggþ VVÞ → ϕ0 → WW → ðlνÞðlνÞ CMS [123] [0.2, 1] 2.3

Alν2q
13

gg → ϕ0 → WW½→ ðlνÞðqqÞ� ATLAS [124] [0.3, 3] 36.1

Alν2q
13V

VV → ϕ0 → WW½→ ðlνÞðqqÞ� ATLAS [124] [0.3, 3] 36.1

CVV
8 pp → ϕ0 → VV CMS [125] [0.145, 1] 24.8

TABLE IV. Neutral heavy Higgs boson searches relevant for the GM scalars with fermionic final states.
ϕ0 ¼ H0

1; H
0
3.

Label Channel Experiment Mass range [TeV] L ½fb−1�
Att
13t tt → ϕ0 → tt ATLAS [43] [0.4, 1] 36.1

Att
13b bb → ϕ0 → tt ATLAS [99] [0.4, 1] 13.2

Cbb
8b bb → ϕ0 → bb CMS [100] [0.1, 0.9] 19.7

Cbb
8 gg → ϕ0 → bb CMS [101] [0.33, 1.2] 19.7

Cbb
13 pp → ϕ0 → bb CMS [102] [0.55, 1.2] 2.69

Cbb
13b bb → ϕ0 → bb CMS [103] [0.3, 1.3] 35.7

Aττ
8 gg → ϕ0 → ττ ATLAS [104] [0.09, 1] 20

Cττ
8 CMS [105] [0.09, 1] 19.7

Aττ
8b bb → ϕ0 → ττ ATLAS [104] [0.09, 1] 20

Cττ
8b CMS [105] [0.09, 1] 19.7

Aττ
13 gg → ϕ0 → ττ ATLAS [106] [0.2, 2.25] 36.1

Cττ
13 CMS [107] [0.09, 3.2] 35.9

Aττ
13b bb → ϕ0 → ττ ATLAS [106] [0.2, 2.25] 36.1

Cττ
13b CMS [107] [0.09, 3.2] 35.9
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TABLE VI. Neutral heavy Higgs boson searches at the LHC relevant for the GM scalars with final states including
Higgs bosons. ϕ0 ¼ H0

1; H
0
3; H

0
5, ϕ

00 ¼ H0
1; H

0
3, V ¼ W, Z and l ¼ e, μ.

Label Channel Experiment Mass range [TeV] L ½fb−1�
Ahh
8 gg → H0

1 → hh ATLAS [126] [0.26, 1] 20.3
C4b
8 pp → H0

1 → hh → ðbbÞðbbÞ CMS [127] [0.27, 1.1] 17.9

C2γ2b
8

pp → H0
1 → hh → ðbbÞðγγÞ CMS [128] [0.260, 1.1] 19.7

C2b2τ
8g gg → H0

1 → hh → ðbbÞðττÞ CMS [129] [0.26, 0.35] 19.7

C2b2τ
8 pp → H0

1 → hh½→ ðbbÞðττÞ� CMS [130] [0.35, 1] 18.3
A4b
13 pp → H0

1 → hh → ðbbÞðbbÞ ATLAS [131] [0.26, 3] 36.1
C4b
13

CMS [132] [0.26, 1.2] 35.9

A2γ2b
13

pp → H0
1 → hh½→ ðbbÞðγγÞ� ATLAS [133] [0.26, 1] 36.1

C2γ2b
13

pp → H0
1 → hh → ðbbÞðγγÞ CMS [134] [0.25, 0.9] 35.9

A2b2τ
13 pp → H0

1 → hh → ðbbÞðττÞ ATLAS [135] [0.26, 1] 36.1
C2b2τ
13;1 CMS [136] [0.25, 0.9] 35.9

C2b2τ
13;2 pp → H0

1 → hh½→ ðbbÞðττÞ� CMS [137] [0.9, 4] 35.9

C2b2V
13 pp → H0

1 → hh → ðbbÞðVV → lνlνÞ CMS [138] [0.26, 0.9] 35.9

A2γ2W
13

gg → H0
1 → hh → ðγγÞðWWÞ ATLAS [139] [0.26, 0.5] 36.1

AbbZ
8 gg → H0

3 → hZ → ðbbÞZ ATLAS [140] [0.22, 1] 20.3
C2b2l
8 gg → H0

3 → hZ → ðbbÞðllÞ CMS [141] [0.225, 0.6] 19.7
AττZ
8 gg → H0

3 → hZ → ðττÞZ ATLAS [140] [0.22, 1] 20.3
C2τ2l
8 gg → H0

3 → hZ → ðττÞðllÞ CMS [129] [0.22, 0.35] 19.7
AbbZ
13

gg → H0
3 → hZ → ðbbÞZ

ATLAS [45] [0.2, 2] 36.1
CbbZ
13;1 CMS [142] [0.22, 0.8] 35.9

CbbZ
13;2 CMS [143] [0.8, 2] 35.9

AbbZ
13b

bb → H0
3 → hZ → ðbbÞZ

ATLAS [45] [0.2, 2] 36.1
CbbZ
13b;1 CMS [142] [0.22, 0.8] 35.9

CbbZ
13b;2 CMS [143] [0.8, 2] 35.9

CϕZ
8

pp → ϕ0 → ϕ00Z → ðbbÞðllÞ CMS [144] [0.13, 1] 19.8

AϕZ
13

gg → H0
3 → H0

1Z → ðbbÞZ ATLAS [145] [0.13, 0.8] 36.1

AϕZ
13b

bb → H0
3 → H0

1Z → ðbbÞZ ATLAS [145] [0.13, 0.8] 36.1

TABLE VII. Charged heavy Higgs boson searches at the LHC relevant for the singly and doubly charged scalars
in the GM model, with V ¼ W, Z and l ¼ e, μ.

Label Channel Experiment Mass range [TeV] L ½fb−1�
Aτν
8 pp → H�

3 → τ�ν ATLAS [146] [0.18, 1] 19.5
Cτν
8 pp → Hþ

3 → τþν CMS [147] [0.18, 0.6] 19.7
AτV
13 pp → H�

3 → τ�ν
ATLAS [148] [0.15, 2] 36.1

Cτν
13 CMS [149] [0.18, 3] 12.9

Atb
8 pp → H�

3 → tb ATLAS [150] [0.2, 0.6] 20.3
Ctb
8 pp → Hþ

3 → tb̄ CMS [147] [0.18, 0.6] 19.7
Atb
13 pp → H�

3 → tb ATLAS [151] [0.2, 2] 36.1

AWZ
8 WZ → H�

5 → WZ½→ ðqqÞðllÞ� ATLAS [152] [0.2, 1] 20.3
AWZ
13

WZ → H�
5 → WZ½→ ðlνÞðllÞ�

ATLAS [153] [0.2, 0.9] 36.1
CWZ
13;1 CMS [154] [0.2, 0.3] 15.2

CWZ
13;2 CMS [155] [0.3, 2] 35.9

A4W
13;1 pp → H��

5 H∓∓
5 → ðW�W�ÞðW∓W∓Þ ATLAS [156] [0.2, 0.7] 36.1

Cl�l�
8

VV → H��
5 → W�W�½→ ðl�νÞðl�νÞ� CMS [157] [0.2, 0.8] 19.4

Cl�l�
13;1

VV → H��
5 → W�W�½→ ðl�νÞðl�νÞ� CMS [158] [0.2, 1.0] 35.9
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