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Abstract: We discuss CP-violation in a model with a real and a complex isospin triplet
Higgs fields without introducing any symmetries except for the electroweak gauge sym-
metry. This corresponds to the minimal extension of the Higgs sector with the following
properties: (i) providing new source of CP violation, (ii) absence of quark flavor changing
neutral currents at tree level, and (iii) enabling the electroweak rho parameter to be unity
at tree level in the scenario without imposing any new symmetries. Our model can be
regarded as the generalized version of the Georgi-Machacek model, in which the global
SU(2)L×SU(2)R symmetry is explicitly broken due to CP-violating terms in the potential.
We present analytic formulas for theoretical constraints from perturbative unitarity and
vacuum stability as well as contributions to the electron electric dipole moment (EDM) and
the neutron EDM from all the Barr-Zee type diagrams. We then examine the parameter
space allowed by the constraints mentioned above and also those from the uniqueness of
the vacuum, measurements at Tevatron and LHC by using HEPfit to perform a global
parameter fit. We find that the decays of the two lightest extra neutral (singly-charged)
scalars, H1 and H2 (H±1 ), into hZ (WZ) can be significant at the same time under the
constraints, which can serve as direct evidence of CP violation in our model, but not from
models with multi-doublet extensions.
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1 Introduction

The properties of the 125-GeV Higgs boson measured at LHC are, so far, consistent with
those of the Higgs boson predicted in the Standard Model (SM) within the experimental
error. Although this makes the SM a more reliable theory, various observations suggest the
incompleteness of the SM. One of the most serious problems in the SM has been known
that it cannot explain the origin of matter-antimatter asymmetry of the Universe, i.e.,
the lack of CP-violating (CPV) sources beyond the Kobayashi-Maskawa phase and the
absence of departure from thermal equilibrium in the early Universe, e.g., a strong first-
order electroweak phase transition [1–3]. Therefore, new physics beyond the SM is strongly
expected to exist in order to solve such a problem.
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It has been known that extensions of the Higgs sector can realize sufficiently strong
first-order electroweak phase transitions, because of additional bosonic degrees of free-
dom [4]. Furthermore, new CPV phases generally can appear in Yukawa interactions and
the Higgs potential. These two ingredients lead to a successful scenario of the electroweak
baryogenesis [5]. The two-Higgs doublet model (2HDM) is one of such extended Higgs
models which have been most intensively disucssed [6–14]. However, the 2HDM generally
induces flavor-changing neutral currents (FCNCs) via Higgs boson exchanges at tree level,
which are strictly constrained from various flavor experiments such as B factories [15].

In this paper, we discuss a model with a real and a complex isospin triplet Higgs
fields as the minimal extension of the Higgs sector such that it contains new sources of
CPV and keeps the electroweak rho parameter to unity at tree level, but not introducing
quark FCNCs via tree-level Higgs mediations. The field content is actually the same
as that of the Georgi-Machacek (GM) model [16, 17] which can realize the strong first-
order electroweak phase transition [18–20] under the theoretical and current experimental
constraints. The original GM model is, however, forbidden to have new CPV sources
due to the global SU(2)L × SU(2)R symmetry in the potential, imposed to preserve the
custodial SU(2)V symmetry after the spontaneous symmetry breaking. Thus, the model
discussed in this paper corresponds to the electroweak gauge-invariant extension of the GM
model denoting “the extended GM model”, by which physical CPV phases appear in the
scalar potential, while the rho parameter can be kept to unity by choosing the vacuum
expectation values (VEVs) of triplet fields to be appropriately aligned. It should also be
mentioned that the explicit breaking of the custodial symmetry is eventually required to
make the model consistent at the quantum level because the custodial symmetry is broken
by the hypercharge and Yukawa interactions [21–25].

In this work, we aim to explore the CPV phenomenology in the extended GM model.
For this purpose, we perform a complete analysis of the theoretical constraints on the model,
which include the uniqueness of the vacuum, the vacuum stability, and the perturbative
unitarity conditions. In view of the new CPV source, we take into account the electron
electric dipole moment (eEDM) and neutron EDM (nEDM) measurements. Combining
them with the Higgs measurements and search limits of additional Higgs bosons from the
Tevatron and the LHC, we perform a global fit on model parameters, and find that the
simultaneous decays of the two lightest neutral scalars, H1 and H2, to the hZ mode can
serve as clear and direct evidence of CPV in this model. The gg → H1,2 → hZ → bbZ

processes are shown to have a great potential to be explored at the LHC in the near future.
Furthermore, the decay of the lightest charged scalar, H±1 , to the WZ channel [26–31]
can distinguish this model from a CPV 2HDM that also potentially affords the hZ decay
signature. On the other hand, the hγγ coupling is also very sensitive to the new physics
contributions from the new charged scalars as well as the triplet-gauge couplings. These
points are explicitly illustrated using two benchmarks presented in the study.

The structure of this paper is as follows. In section 2, we first define the most general
scalar sector under the electroweak symmetry, in which the original GM model can be
reproduced by taking limits on the parameters. We then propose a minimal extension
of the GM model to allow CPV. In section 3, we discuss theoretical constraints on our
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model, including the uniqueness and stability of the electroweak vacuum, as well as the
perturbative unitarity conditions. In section 4, we consider experimental constraints, such
as the eEDM, nEDM, and the Tevatron and LHC direct search constraints. In section 5,
we present the global fit result and discuss the implications on the eEDM, H1,2 → hZ

decays, and the gg → H1,2 → hZ → bbZ processes, following which we further present
two selected benchmarks that have great potential to be probed at the LHC. Finally, we
conclude the study in section 6.

2 The extended Georgi-Machacek model

The Higgs sector of the GM model is composed of an isospin doublet φ with hypercharge
Y = 1/2, a complex triplet χ with Y = 1, and a real triplet ξ with Y = 0. It is imposed
with a global SU(2)L × SU(2)R symmetry in the Higgs potential such that the custodial
SU(2)V symmetry remains after the electroweak symmetry breaking, as a result of which
the electroweak rho parameter ρ is unity at tree level. Such a custodial symmetric model
can be regarded as a special case of our general, extended GM model. In the following, we
first construct and discuss the general GM model without the custodial symmetry, followed
by a comparison to the special case with the custodial symmetry.

2.1 General case

We introduce the SU(2)L fundamental (adjoint) representation for φ (χ and ξ) as:

φ =
(
φ+

φ0

)
, χ =

χ+
√

2 −χ
++

χ0 −χ+
√

2

 , ξ =

 ξ0
√

2 −ξ
+

−ξ− − ξ0
√

2

 , (2.1)

where the neutral components are parameterized as

φ0 = 1√
2

(φr + vφ + iφi), χ0 = 1√
2

(χr + iχi) + vχ, ξ0 = ξr + vξ, (2.2)

with vφ, vχ and vξ denoting the VEVs of the corresponding fields. Without loss of generality,
we can take these VEVs to be real and positive by rephasing the scalar fields. The Fermi
constant GF and the electroweak rho parameter ρ at tree level can be expressed by these
VEVs as:

v2 ≡ v2
φ + 4v2

χ + 4v2
ξ = 1√

2GF
, ρ = v2

v2 + 4(v2
χ − v2

ξ )
. (2.3)

The current global fit on ρ given by the Particle Data Group [32] is1

ρ = 1.00038± 0.00020. (2.4)
1If we consider the latest W -mass anomaly reported by the CDF-II Collaboration [33], then ρ could

stray a lot from the global fit value depending on the exact model considered, as have been pointed out in
ref. [34]. In this work, we choose to stick to the global fit value.
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At tree level, this imposes a constraint on the difference between the squared triplet VEVs:2

v2
χ − v2

ξ = −5.7571± 3.0289 GeV2. (2.5)

The most general Higgs potential that is consistent with the electroweak symmetry is
given by [22, 25]

V (φ, χ, ξ) = m2
φ(φ†φ) +m2

χtr(χ†χ) +m2
ξtr(ξ2) +

(
µφχφ

†χφ̃+ H.c.
)

+ µφξφ
†ξφ+ µχξtr(χ†χξ) + λ(φ†φ)2 + ρ1[tr(χ†χ)]2 + ρ2tr(χ†χχ†χ)

+ ρ3[tr(ξ2)]2 + ρ4tr(χ†χ)tr(ξ2) + ρ5tr(χ†ξ)tr(ξχ)

+ σ1tr(χ†χ)φ†φ+ σ2φ
†χχ†φ+ σ3tr(ξ2)φ†φ+

(
σ4φ

†χξφ̃+ H.c.
)
, (2.6)

where µφχ and σ4 are generally complex parameters, and φ̃ = iτ2φ∗ is the charge conjuga-
tion of φ with τa (a = 1, 2, 3) being the Pauli matrices.

The tadpole conditions, ∂V/∂X|0 = 0 for X = φr, χr, ξr, φi, respectively, give the
following equations:

m2
φ = −v2

φλ− vχ[2<µφχ + vχ(σ1 + σ2)] + vξ√
2

(
µφξ −

√
2vξσ3

)
−
√

2vχvξ<σ4, (2.7)

m2
χ = −

v2
φ

4vχ
<(2µφχ +

√
2vξσ4)− vξ√

2
µχξ −

v2
φ

2 (σ1 + σ2)− 2v2
χ(ρ1 + ρ2)− v2

ξρ4, (2.8)

m2
ξ = 1

4
√

2vξ
(v2
φµφξ − 2v2

χµχξ − 2v2
φvχ<σ4)−

v2
φ

2 σ3 − v2
χρ4 − 2v2

ξρ3, (2.9)

=µφχ = − vξ√
2
=σ4, (2.10)

where the condition for χi is equivalent to that for φi. From the last condition, the two
complex phases are reduced to one, so that the extended GM model contains a single
independent CP phase, which can be chosen to be arg(σ4).

It is now clear that the above-defined extended GM model is the minimal realization
of having a physical CPV phase in the Higgs potential without introducing multiple Higgs
doublets or new fermions while keeping ρ ' 1 with vχ ' vξ at tree level. We note that
models extended with SU(2)L scalar singlets can only have nonzero phases in the potential,
but such a phase is not related to the CPV because the singlet fields cannot couple to SM
fermions. Nevertheless, the CP properties of the singlets can become definite if they couple
to other new fermions [35].

2The ρ parameter receives radiative corrections, particularly from the custodial symmetry breaking
sectors such as the hypercharge and Yukawa interactions. In models with ρ 6= 1 at tree level as in the
extended GM model, however, a counterterm δρ appears due to the fact that the electroweak parameters
cannot be described merely by three inputs as in the SM (e.g., αem, mW and mZ), but should be described
by four parameters. This additional counterterm can be determined by imposing another renormalization
condition such that the loop correction to the ρ parameter vanishes [23, 24]. Although the effect of δρ can
appear in various observables such as Higgs boson couplings at loop levels, the concrete analysis requires the
renormalization of the Higgs sector in the extended GM model, and is beyond the scope of the present paper.
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The mass eigenstates for the scalar bosons are defined as follows:

χ±± = H±±, H+
weak = OG±H̃+

mass = OG±UH±H+
mass,

H0
weak = OG0H̃0

mass = OG0OH0H0
mass,

(2.11)

where

H±
weak =

φ
±

χ±

ξ±

 , H̃±
mass =

H̃
±
1

H̃±2
G±

 , H±
mass =

H
±
1

H±2
G±

 ,

H0
weak =


φr
χr
ξr
φi
χi

 , H̃0
mass =


H̃0
H̃1
H̃2
H̃3
G0

 , H0
mass =


H0
H1
H2
H3
G0

 ,
(2.12)

with

H−
weak = (H+

weak)∗, H̃−
mass = (H̃+

mass)∗, H−
mass = (H+

mass)∗. (2.13)

In eq. (2.12), G± (G0) denotes the NGBs to be absorbed into the longitudinal components
ofW± (Z), and H±±, H±i (i = 1, 2) and Hj (j = 0, . . . , 3) are the physical doubly-charged,
singly-charged and neutral Higgs bosons, respectively, among which we identify H0 (≡ h)
as the 125-GeV Higgs boson discovered at the LHC. The matrices OG± , OG0 and OH0

(UH±) are orthogonal (unitary) matrices, with the former two separating the NGB modes
from the physical Higgs bosons and given simply in terms of the Higgs VEVs as

OG± =


−

2
√
v2
ξ
+v2

χ

v 0 vφ
v

vφvχ

v
√
v2
ξ
+v2

χ

vξ√
v2
ξ
+v2

χ

2vχ
v

vξvφ

v
√
v2
ξ
+v2

χ

− vχ√
v2
ξ
+v2

χ

2vξ
v

 , OG0 =


13×3 0 0

0 − 2
√

2vχ√
v2
φ

+8v2
χ

vφ√
v2
φ

+8v2
χ

0 vφ√
v2
φ

+8v2
χ

2
√

2vχ√
v2
φ

+8v2
χ

 . (2.14)

On the other hand, the matrices UH± and OH0 are not determined purely by the VEVs,
but also depend on the mass matrices for the physical states. In appendix A, we give the
explicit forms of the mass matrix for the singly-charged states M± in the basis of (H̃±1 , H̃

±
2 )

and that for the neutral scalar states M0 in the basis of (H̃0, H̃1, H̃2, H̃3). Since there are
only two physical states for the singly-charged Higgs bosons, UH± can be expressed in
terms of a single mixing angle θ± and a phase φ± as

UH± =

1 0 0
0 cos θ± − sin θ±e−iφ±

0 sin θ±eiφ± cos θ±

 , (2.15)

with

tan 2θ± = 2|(M±)12|
(M±)11 − (M±)22

, φ± = −arg[(M±)12]. (2.16)
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For the neutral sector, OH0 can generally be expressed in terms of six mixing angles, i.e.,
the parameters of the O(4) group to describe the mixing among the remaining four neutral
degrees of freedom. We note that in the =σ4 → 0 limit, the (H̃0, H̃1, H̃2) states and the
H̃3 state do not mix with one another and are CP eigenstates, with the former multiplet
being CP-even and the latter singlet being CP-odd. This means that the matrix OH0 in
this case has a block diagonal form with a 3× 3 part and 12×2. Another important thing
here is that these mixing matrices take a significantly simpler form if we take the custodial
symmetry limit, i.e., the original GM model, corresponding to the special case with the
CP conservation (=σ4 → 0) to be discussed in the next subsection. In order to simplify
the expression, we rewrite elements of the mixing matrices defined in eq. (2.12) as follows:

Rφri ≡ (OG0OH0)1,i+1, Rχri ≡ (OG0OH0)2,i+1, Rξri ≡ (OG0OH0)3,i+1,

Rφii ≡ (OG0OH0)4,i+1, Rχii ≡ (OG0OH0)5,i+1,

Rφ±j ≡ (OG±UH±)1j , Rχ±i ≡ (OG±UH±)2j , Rξ±j ≡ (OG±UH±)3j ,

(2.17)

where i(= 0, 1, 2, 3) and j(= 1, 2) label the physical neutral and singly-charged Higgs
bosons, respectively, with H0 ≡ h.

The most general Yukawa interactions can be divided into the following two parts:

LY = LφY + LχY , (2.18)

where

LφY = −yuQ̄Lφ̃uR − ydQ̄LφdR − yeL̄LφeR + H.c.,
LχY = −yνLcL(iτ2)χLL + H.c..

(2.19)

The Yukawa interactions for φ, LφY , take the same form as that in the SM to provide mass
for the charged fermions, while LχY provides tiny neutrino mass via the type-II seesaw
mechanism [36–39]. Although the form of LφY is the same as in the SM, the interaction
terms between fermions and the Higgs boson are different from the SM ones due to the
Higgs field mixing:

LφY ⊃ −
∑

f=u,d,`

5∑
i=1

f̄
Mf

vφ
(Rφri − 2iIfγ5Rφii) f(H0

mass)i

−
√

2
vφ

[ū(VudMdPR −MuVudPL)d+ ν̄`(M`PR)`]
3∑
j=1

Rφ±j(H+
mass)j + H.c., (2.20)

where Mf (≡ yfvφ/
√

2) are the diagonalized mass matrices for the charged fermion f , If
is the third component of the isospin, i.e., Iu (Id,e) = 1/2 (−1/2), and Vud is the Cabibbo-
Kobayashi-Maskawa matrix. In eq. (2.20), the flavor indices are not explicitly shown.
We note that the CP mixing is introduced via the mixing matrix OH0 , with which each
of the neutral Higgs bosons can generally have both the scalar-type interaction f̄f and
the pseudoscalar-type interaction f̄ iγ5f . As alluded to before, in the CP-conserving limit
(=σ4 → 0), the (h,H1, H2) and H3 bosons only couple respectively to the scalar- and
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pseudoscalar-type interactions. We also note that the mixing matrices do not depend on
the flavor structure and the type of fermion, i.e., up-type quarks, down-type quarks and
charged leptons. In this sense, the structure of the Yukawa interactions is similar to that
of the type-I 2HDM.

2.2 Custodial symmetric case

The scalar sector of the GM model can be expressed in terms of a bi-doublet Φ and a
bi-triplet ∆ under a global SU(2)L × SU(2)R symmetry as

Φ =
(
φ0∗ φ+

−φ− φ0

)
, ∆ =

 χ0∗ ξ+ χ++

−χ− ξ0 χ+

χ−− −ξ− χ0

 . (2.21)

Using Φ and ∆, it is straightforward to write down the Higgs potential manifestly invariant
under the SU(2)L × SU(2)R symmetry as

V (Φ,∆) = m2
1

2 Tr(Φ†Φ) + m2
2

2 Tr(∆†∆) + λ1
[
Tr(Φ†Φ)

]2 + λ2
[
Tr(∆†∆)

]2
+ λ3Tr

[
(∆†∆)2]+ λ4Tr(Φ†Φ)Tr(∆†∆) + λ5Tr

(
Φ† τ

a

2 Φτ
b

2

)
Tr(∆†T a∆T b)

+ µ1Tr
(

Φ† τ
a

2 Φτ
b

2

)
(P †∆P )ab + µ2Tr(∆†T a∆T b)(P †∆P )ab,

(2.22)
where T a are the 3×3 matrix representation of the SU(2) generators, and P is the similarity
transformation relating the triplet and adjoint representations of the SU(2) generators
given by

P = 1√
2

−1 i 0
0 0

√
2

1 i 0

 . (2.23)

When the triplet VEVs are aligned as

〈∆〉 = diag(vχ, vχ, vχ), (2.24)

the SU(2)L × SU(2)R symmetry is spontaneously broken down to the custodial SU(2)V
symmetry. As has been pointed out in ref. [34], the condition 〈χ0〉 = 〈ξ0〉 is necessary for
the case with the SU(2)L × SU(2)R symmetry in order to avoid two additional charged
NGB modes associated with the spontaneous breakdown of SU(2)V → U(1)∆, with the
latter being an overall phase rotation symmetry of the triplet VEV.

The GM model with the custodial symmetry shows certain characteristic features. For
example, the mass eigenstates of the Higgs bosons are classified into an SU(2)V quintuplet
HQ = (H±±Q , H±Q , H

0
Q)T , a triplet HT = (H±T , H0

T )T and two singlets h, H, where the states
in the same SU(2)V multiplet are degenerate in mass due to the custodial symmetry. While
this can be explicitly shown from the potential defined in eq. (2.22), here we show it by

– 7 –
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reducing from the general potential in eq. (2.6) with the following identifications:

m2
φ = m2

1, m2
χ = m2

2, m2
ξ = m2

2
2 , µφξ = − µ1√

2
, µφχ = µ1

2 , µχξ = 6
√

2µ2,

λ = 4λ1, ρ1 = 4λ2+6λ3, ρ2 = −4λ3, ρ3 = λ2 + λ3, ρ4 = 4λ2, ρ5 = 4λ3,

σ1 = 4λ4−λ5, σ2 = 2λ5, σ3 = 2λ4, σ4 =
√

2λ5. (2.25)

In this limit, the general potential becomes SU(2)L×SU(2)R-symmetric, with the eighteen
real parameters in the general potential being rewritten in terms of nine real parameters.
Equivalently, we can impose the following nine relations among the parameters in the
general potential to restore the SU(2)L × SU(2)R symmetry:

m2
ξ =

m2
χ

2 , <µφχ = −µφξ√
2
, =µφχ = 0,

ρ3 = ρ1
4 + ρ2

8 , ρ4 = ρ1 + 3
2ρ2, ρ5 = −ρ2, σ3 = σ1

2 + σ2
4 , <σ4 = σ2√

2
, =σ4 = 0.

(2.26)

When we impose the above conditions with vξ = vχ in the general potential, the tadpole
conditions for χr and ξr become equivalent and that for χi becomes trivial, as can be seen
in eqs. (2.8)–(2.10). In addition, the mixing matrices defined in eq. (2.11) are simplified
to be

OH± = 13×3, OH0 =


1 0 0 0
0
√

2
3 −

√
1
3 0

0
√

1
3

√
2
3 0

0 0 0 12×2




cosα − sinα 0 0
sinα cosα 0 0

0 0 1 0
0 0 0 12×2

 . (2.27)

Thus, it is clear that the mass eigenstates are classified into the SU(2)V multiplets:

H±± = H±±Q , H±2 = H±Q , H2 = H0
Q, H±1 = H±T , H3 = H0

T . (2.28)

An explicit calculation shows the following mass relations:

m2
HQ
≡ m2

H±± = (M±)22 = [OTH0(M0)OH0 ]33,

m2
HT
≡ (M±)11 = (M0)55.

(2.29)

We note in passing that the GM model does not afford any CPV source, a natural
result derived from the symmetry structure. Furthermore, it has been known for a long
while that the custodial symmetry would be broken at the loop level due to the hypercharge
interaction and/or fermion loops [21, 22, 25]. For a consistent renormalization prescription
of the scalar potential, one has to explicitly break the custodial symmetry from the very
beginning [23, 24].

– 8 –



J
H
E
P
0
6
(
2
0
2
3
)
0
6
9

2.3 Minimal extension with CPV

As seen in the previous subsection, new CPV phases vanish in the custodial symmetric limit.
We here propose a minimal extension of the original GM model discussed in section 2.2
that allows the introduction of a new CPV phase, instead of studying the most general case
discussed in section 2.1. The Higgs potential in the minimally extended model is defined as

VMin = V (Φ,∆) + VSoft + (σ4φ
†χξφ̃+ H.c.), (2.30)

where the first term is the SU(2)L× SU(2)R-invariant potential given in eq. (2.22) and the
second term explicitly given by

VSoft = m2
χtr(χ†χ) +m2

ξtr(ξ2) + (µφχφ†χφ̃+ H.c.) + µφξφ
†ξφ+ µχξtr(χ†χξ) (2.31)

contains all the possible soft-breaking terms for the SU(2)L × SU(2)R symmetry. The last
σ4 term is the hard-breaking term of the SU(2)L × SU(2)R symmetry, and is required
to keep the non-zero CPV phase after solving the tadpole condition [see eq. (2.10)]. As
the dimension-2 and -3 terms are essentially equivalent to the most general case defined
in eq. (2.6), we can reparameterize the coefficients of these vertices as in eq. (2.6), e.g.,
(m2

2 + m2
χ)tr(χ†χ) → m2

χtr(χ†χ). This minimally extended model is obtained by taking
the following limits of the most general case:

λ = 4λ1, ρ1 = 4λ2 + 6λ3, ρ2 = −4λ3, ρ3 = λ2 + λ3, ρ4 = 4λ2, ρ5 = 4λ3,

σ1 = 4λ4 − λ5, σ2 = 2λ5, σ3 = 2λ4.

(2.32)

The mass formulas for the Higgs bosons can be obtained by substituting the above equations
to those given in the general case discussed in section 2.1.

In our global fit and benchmark studies, we choose the following as the input param-
eters:

{vχ, vξ, λ2, λ3, λ4, λ5,<σ4,=σ4, µφξ, µχξ,<µφχ} . (2.33)

We note that vφ and λ1 are taken such that the VEV v ' 246GeV and the Higgs boson
mass mh ' 125GeV. The masses of the additional Higgs bosons are determined by fixing
the above Lagrangian parameters, while we define the hierarchies: mH±

1
≤ mH±

2
and

mh ≤ mH1 ≤ mH2 ≤ mH3 .

3 Theoretical constraints

The parameters in the Higgs potential can be further constrained by considering the consis-
tency of the model, such as the uniqueness and stability of the vacuum, and the perturbative
unitarity. In the original GM model, the conditions for vacuum stability and perturbative
unitarity have been respectively derived in ref. [40] and ref. [41]. In refs. [22, 25], scenarios
with custodial symmetry breaking have been discussed, with these theory bounds being
taken into account and the running couplings evaluated by solving renormalization group
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equations. To our knowledge, the constraints from the vacuum stability and the perturba-
tive unitarity have not been derived in the most general Higgs potential. We give analytic
formulas of these theory constraints for the most general CPV potential, and confirm that
these expressions are successfully reduced to those given in the custodial symmetric case
derived in the above-mentioned references.

3.1 Unique vacuum

In general, it is possible that the desired electroweak vacuum ~v = (vφ, vχ, vξ) satisfying
eq. (2.3) may not be the global minimum of the Higgs potential and some other deeper
minima exist. This will result in the instability of the electroweak vacuum and its decay
to the true vacuum by tunneling. To avoid such a meta-stable situation, one should solve
for all the possible VEVs that satisfy the tadpole conditions and check whether ~v is indeed
the global minimum. All the possible VEVs can be found by solving two cubic equations of
vχ simultaneously, which are obtained from eqs. (2.8) and (2.9) with vφ and vξ expressed
in terms of the other parameters using eqs. (2.7) and (2.10). We then check whether ~v
is indeed the global minimum of the scalar potential by comparing it with all the other
solutions.

3.2 Vacuum stability

The Higgs potential has to be bounded from below in any direction of the field space with
large field values. Such stability of the potential is ensured by the following conditions:

λ > 0, ρ3 > 0, ρ1 + min(ρ2/2, ρ2) > 0, (3.1)

4λρ3 > σ2
3, 4λ(ρ1 + ρ2ζ) >

(
σ1 + σ2 − |σ2|

√
2ζ − 1

2

)2

, (3.2)

4(ρ1 + ρ2ζ + ρ3 − ρ4 − ηρ5)ρ3 > (2ρ3 − ρ4 − ηρ5)2, (3.3)
G(t, ζ, η) > 0, (3.4)

where

G(t, ζ, η) ≡ 4
[
(ρ1 + ρ2ζ + ρ3 − ρ4 − ηρ5) t4 − (2ρ3 − ρ4 − ηρ5)t2 + ρ3

]
λ

−
[
(σ1 + ωσ2 − σ3) t2 − 2|σ4|

√
1− η

2 t
√

1− t2 + σ3

]2

, (3.5)

with the domains t ∈ [0, 1], ζ ∈ [1/2, 1], η ∈ [0, 1]. We note that the condition in eq. (3.3)
can be redundant if

ρ1 + ρ2ζ + ρ3 − ρ4 − ηρ5 > 0 or 2ρ3 − ρ4 − ηρ5 > 0

or 0 ≤ 2ρ3 − ρ4 − ηρ5
2(ρ1 + ρ2ζ + ρ3 − ρ4 − ηρ5) ≤ 1. (3.6)

A detailed derivation of the above conditions is given in appendix B.
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|Q| |Y | Two-Body States

0 φ+φ−, φ0φ0∗, χ++χ−−, χ+χ−, χ0χ0∗, ξ+ξ−, ξ
0ξ0
√

2
1
2 φ0∗χ0, φ−χ+, φ0ξ0, φ−ξ+

0 1 φ0φ0
√

2 , χ0ξ0, χ+ξ−

3
2 φ0χ0

2 χ0χ0
√

2

0 φ+φ0∗, χ++χ−, χ+χ0∗, ξ+ξ0

1
2 φ0∗χ+, φ−χ++, φ0ξ+, φ+ξ0, φ−χ0, φ0ξ−

1 1 φ+φ0 , χ++ξ−, χ+ξ0, χ0ξ+, χ0∗ξ+

3
2 φ0χ+, φ+χ0

2 χ+χ0

0 ξ+ξ+
√

2 , χ++χ0∗

1
2 φ0∗χ++, φ+ξ+

2 1 φ+φ+
√

2 , χ++ξ0, χ+ξ+

3
2 φ+χ+, φ0χ++

2 χ++χ0, χ
+χ+
√

2

1 χ++ξ+

3 3
2 φ+χ++

2 χ++χ+

4 2 χ++χ++
√

2

Table 1. The singlet and symmetric two-body final states formed from the doublet and triplet
fields, grouped by the total electric charge (|Q|) and the total hypercharge (|Y |). A symmetry factor
of 1/

√
2 is included for the states involving identical fields.

3.3 Perturbative unitarity

We now consider the perturbative unitarity conditions from all the high-energy 2-to-2
elastic bosonic scattering processes. The longitudinal modes of the weak vector bosons are
taken into account as the NGB modes by using the equivalence theorem [42]. In table 1, we
list all the considered 2-to-2 scattering states, classified according to the total electric charge
Q and the total hypercharge Y . We note that scatterings between states with different
hypercharges (not only the electric charge) do not happen because the hypercharge should
be conserved in the high-energy limit. We impose the following criteria for each eigenvalue
xi of the s-wave amplitude matrix:

|<xi| < 8π. (3.7)

– 11 –



J
H
E
P
0
6
(
2
0
2
3
)
0
6
9

We find the nineteen independent eigenvalues as follows:

x1 = 2(ρ1 + ρ2), (3.8)
x2 = 2ρ1 − ρ2, (3.9)
x3 = 2ρ4 + ρ5, (3.10)
x4 = 2(ρ4 + 2ρ5), (3.11)
x5 = σ1 + σ2, (3.12)

x6 = σ1 −
σ2
2 , (3.13)

x±7 = ρ1 + 4ρ3 ±
√

(ρ1 − 4ρ3)2 + 2ρ2
5, (3.14)

x±8 = λ+ ρ1 + 2ρ2 ±
√

(λ− ρ1 − 2ρ2)2 + σ2
2, (3.15)

x±9 = σ1
2 + σ3 ±

1
2

√
(σ1 − 2σ3)2 + 4|σ4|2, (3.16)

x±10 = λ+ ρ4 −
ρ5
2 ±

1
2

√
(2λ− 2ρ4 + ρ5)2 + 8|σ4|2, (3.17)

x±11 = σ1
2 + 3

4σ2 + σ3 ±
1
4

√
(2σ1 + 3σ2 − 4σ3)2 + 64|σ4|2, (3.18)

and xi12 (i = 1, 2, 3) being the eigenvalues of the following matrix
20ρ3 2

√
3σ3

√
2(3ρ4 + ρ5)

2
√

3σ3 6λ
√

3
2(2σ1 + σ2)

√
2(3ρ4 + ρ5)

√
3
2(2σ1 + σ2) 8ρ1 + 6ρ2

 . (3.19)

We note that the complex parameter σ4 appears in the form of its magnitude in the above
eigenvalues. This is because the scattering amplitudes are evaluated in the high-energy
limit, where only the quartic couplings in the potential are relevant, and the CPV phase
can be removed by rephasing the scalar fields.

4 Experimental constraints

We discuss constraints from the eEDM, the nEDM, the Higgs measurements and the ad-
ditional Higgs searches at the Tevatron and the LHC in this section.

4.1 eEDM

We define the effective Lagrangian for the EDM operator for a fermion f as

LEDM = −df2 f̄σµν(iγ5)fFµν , (4.1)

where Fµν is the electromagnetic field strength tensor and σµν ≡ i
2 [γµ, γν ].

The most stringent bound on the eEDM is reported in ref. [43] as

|de| < 4.1× 10−30 e cm (4.2)
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e− e−

γ

f

e−

Hi V

1

e− e−

γ

t/b

νe

H∓
i W∓

2

(a) (b)

Figure 1. Fermion-loop BZ diagrams with V = γ, Z.

e− e−

γ

W

e−

Hi V

3

e− e−

γ

νe

H∓
i

W∓ W∓

Z W∓

4

e− e−

γ

e−

Hj

W± W±

H∓
i

Z

5

(a) (b) (c)

e− e−

γ

νe

H∓
j

W∓ W∓

Hi
W∓

6

e− e−

γ

νe

H∓
i

W± W±

H∓∓ W∓

7

e− e−

γ

e−

Hj

H±
i H±

i

W∓ Z

8

(d) (e) (f)

e− e−

γ

νe

H∓
j

H∓
i H∓

i

Z W∓

9

e− e−

γ

νe

H∓
i

H∓∓ H∓∓

W± W∓

10

(g) (h)

Figure 2. Gauge-loop BZ diagrams with V = γ, Z.

at 90% confidence level (CL). As typical new physics models, one-loop contributions to
the eEDM in our model are significantly suppressed by the square of the small electron
Yukawa coupling with respect to the contributions from two-loop Barr-Zee (BZ) diagrams,
and hence we can safely neglect the one-loop contributions. The contribution from the
BZ-type diagrams can be classified into fermionic loops shown in figure 1 and bosonic
loops shown in figures 2 and 3, respectively. The bosonic-loop contributions can further be
decomposed into the “gauge-loop” and the “scalar-loop” ones, where the former involves
just the gauge coupling while the latter involves also the scalar three-point couplings given
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e− e−

γ

H±
i

e−

Hj V

11

e− e−

γ

H±±

e−

Hi V

12

e− e−

γ

e−

Hk

H±
i H±

i

H∓
j

Z

13

(a) (b) (c)

e− e−

γ

νe

H∓
k

H∓
i H∓

i

Hj
W∓

14

e− e−

γ

νe

H∓
j

H∓∓ H∓∓

H±
i

W∓

15

e− e−

γ

νe

H∓
j

H±
i H±

i

H∓∓ W∓

16

(d) (e) (f)

Figure 3. Scalar-loop BZ diagrams with V = γ, Z.

in the potential. Details of the eEDM formulas are listed in appendix C, with some of the
formulas adapted from the calculations given in refs. [44, 45].

4.2 nEDM

The current bound on the nEDM is given by the nEDM Collaboration [46] as

|dn| < 1.8× 10−26 e cm (4.3)

at 90% CL. We use the QCD sum rule to estimate its magnitude as [44]

dn = 0.79dd − 0.20du + e

g3(mq)
(
0.59dCd + 0.30dCu

)
, (4.4)

where g3(mq) is the QCD gauge coupling constant at the mq scale and dCd,u are the chromo-
EDMs (CEDMs) of the d, u quarks. In our model, the constraint from the nEDM is
much weaker than that from the eEDM, because there is no particular enhancement for
quark Yukawa interactions as in the type-I 2HDM, see the discussion given at the end of
section 2.1.

We note that the other flavor constraints such as B → Xsγ can easily be avoided even
for the case with the masses of H±1,2 to be O(100)GeV when vξ and vχ are taken to be
O(10)GeV or smaller which corresponds the case with tan β & 10 in the type-I 2HDM. See
e.g., ref. [47] for the flavor constraints in the 2HDMs.

4.3 Tevatron and LHC measurement constraints

We also consider constraints from measurements at the Tevatron and LHC, including the
Higgs signal strengths and direct searches for additional scalar bosons. A complete list
of these constraints has been compiled in refs. [20, 48] and summarized in tables 6–12 in
appendix D.
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Parameters vχ, vξ λ2, λ3, λ4, λ5,<σ4,=σ4 µφξ, µχξ,<µφχ
Prior Range (Uniform) [0, 30]GeV [−10, 10] [−5, 5]TeV

Table 2. Priors of the input parameters used in HEPfit.

5 Global fit and benchmark study

We use the Bayesian-based Markov Chain Monte Carlo package HEPfit [49] to explore the
parameter space of the minimal extension model defined in section 2.3. The priors of the
input parameters are summarized in table 2. We impose the theoretical and experimental
constraints discussed in section 3 and section 4, respectively, and the world-average value
of the electroweak ρ parameter. For each parameter point, we fix the values of λ1 and vφ
such that mh ' 125GeV and v ' 246GeV are satisfied.

We first present the global fit results for the eEDM. The current bounds from the nEDM
turn out to be far weaker than the parameter ranges relevant to our later discussions, and
hence we do not present them. From the fit results, we find that the contribution from
fermion-loop diagrams is much smaller than that from the gauge-loop (denoted by dW ,
defined by the sum of the diagrams shown in figure 2) and the scalar-loop diagrams (denoted
by dH , defined by the sum of the diagrams shown in figure 3), because the fermion-loop
contribution is highly suppressed by the factor of

√
v2
χ + v2

ξ/v for each Yukawa coupling of
the additional Higgs bosons. We thus show the correlation between dW and dH in figure 4
for a fixed value of =σ4, chosen to be 1 (upper-left), 2 (upper-right) and 3 (lower). We note
that flipping the sign of =σ4 would cause the distribution to reflect with respect to the
origin. Since we are particularly interested in the case where the additional Higgs bosons are
not decoupled from the theory, we here impose the condition mH1 < 1TeV. In this figure,
we classify the predictions into three regions, with 0 ≤ |Rφr1Rφi1|

1/2 < 0.025 (black dots),
0.025 ≤ |Rφr1Rφi1|

1/2 < 0.050 (blue dots), and 0.050 ≤ |Rφr1Rφi1|
1/2 (red dots). Clearly,

we see that the dots tend to appear at the upper-left region for larger |Rφr1Rφi1|
1/2, in

which |dW | and |dH | become sizable, but the signs of these two are opposite. This means
that a cancellation occurs between two contributions in order to satisfy the current limit
on eEDM.3 We also see that larger values of |dW | and |dH | tend to be obtained for larger
=σ4 because =σ4 is the unique CPV source of the model, see appendix C.

Next, we study the H1,2 → hZ decays. In the CP-conserving (CPC) limit, only one
additional neutral Higgs boson, the CP-odd one, can decay into the hZ state, so that a
simultaneous observation of the Higgs bosons decaying into hZ would be direct evidence
of CP-mixed couplings. The H3 state is often much heavier than the other neutral states;
so it is harder to produce in collider experiments, and thus we focus on the decays of
H1 and H2. In both plots of figure 5, we fix =σ4 = 3. In the left panel, we show the
correlation between BR(H1 → hZ) and BR(H2 → hZ). Again, we separate the data into
three subsets based on the value of |Rφr1Rφi1|

1/2. It can be seen that most of the dots tend
to accumulate in the upper-right region for larger |Rφr1Rφi1|

1/2. Therefore, both BR(H1 →

3See also refs. [50, 51] for the other types of cancellations in the eEDM in 2HDMs.
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Figure 4. Global fit distribution of the data with mH1 < 1TeV and =σ4 = 1.0 (top left),
=σ4 = 2.0 (top right), and =σ4 = 3.0 (bottom) in the dW -dH plane. The black, blue and red
points respectively denote the data with |Rφr1Rφi1|1/2

< 0.025, 0.025 ≤ |Rφr1Rφi1|1/2
< 0.050,

and 0.050 ≤ |Rφr1Rφi1|1/2, where Rφr1 and Rφi1 are defined in eq. (2.17).

hZ) and BR(H2 → hZ) become larger when the individual eEDM contributions are greater.
Furthermore, BR(H2 → hZ) is mostly greater than BR(H1 → hZ), which implies that H2
is often mostly CP-odd and H1 mostly CP-even. This feature can also be seen from the
BR(H1 → ZZ)-BR(H2 → ZZ) distribution shown in the right panel of figure 5, where
BR(H1 → ZZ) is mostly greater than BR(H2 → ZZ). As we demonstrate more explicitly
in the benchmark study, when |=σ4| increases, the enhanced CPV will make the two states
further mix, which allows greater BR(H1 → hZ) and BR(H2 → ZZ). It is worth noting
that the mass spectrum, e.g., H2 is mostly CP-odd, is consistent with the findings of a prior
global fit analysis presented in ref. [48], in which the mass hierarchy of mHQ > mHT > mH

or mH > mHT > mHQ is favored after accounting for all the theoretical and experimental
constraints in the original SU(2)V -symmetric GM model. However, due to the explicit
SU(2)V symmetry breakdown in the potential, it is unclear which Higgs boson belongs to
which SU(2)V multiplet. Nevertheless, the mass of the CP-odd state H0

T is expected to be
between the two CP-even states, i.e., the mixture of H0

Q and H states in the CPC limit.
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Figure 5. Global fit distribution in the BR(H1 → hZ)-BR(H2 → hZ) plane (left) and the
BR(H1 → ZZ)-BR(H2 → ZZ) plane (right) with =σ4 = 3.0. The black, blue and red points
respectively denote the data with |Rφr1Rφi1|1/2

< 0.025, 0.025 ≤ |Rφr1Rφi1|1/2
< 0.050, and

0.050 ≤ |Rφr1Rφi1|1/2, where Rφr1 and Rφi1 are defined in eq. (2.17).
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Figure 6. Global fit upper bounds on σ(gg → H1 → hZ → bbZ) (red), σ(gg → H2 → hZ → bbZ)
(green), and σ(gg → H3 → hZ → bbZ) (blue) at the 13-TeV LHC with respect to mH1,H2,H3 . The
13-TeV ATLAS and CMS search bounds at 95% CL are also given.

Focusing on the HihZ couplings, we study the current LHC sensitivity to the gg →
Hi → hZ → bbZ processes. We plot the global fit upper limits of σ(gg → H1,2,3 → hZ →
bbZ) at the 13-TeV LHC with respect to mH1,H2,H3 in figure 6, in which we also show
the current 13-TeV ATLAS and CMS search bounds at 95% CL. While the H3-mediated
process is mostly far below the current bounds, the H1- and H2-mediated processes can be
very close to the bounds for masses below 750GeV.
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Benchmarks vχ vξ λ2 λ3 λ4 λ5 <σ4 µφξ µχξ <µφχ
1 7.11 7.51 0.319 −0.207 0.045 −0.254 0.234 1080 −11100 −410
2 8.81 8.90 0.639 −0.391 0.169 0.527 −0.350 680 −20700 −290

Table 3. Input parameters in the two benchmarks. The dimensionful parameters are all given in
units of GeV.

Benchmarks mH1 mH2 mH3 mH±
1

mH±
2

mH±±

1 475 477 1773 540 1773 598
2 562 578 1327 660 1324 748

Table 4. Masses of the additional Higgs bosons in GeV of the two benchmarks.

Benchmarks δff,gg δγγ δWW δZZ

1 −0.005 0.110 0.015 0.018
2 −0.007 0.150 0.023 0.028

Table 5. Predictions of δXX defined in eq. (5.1) in the two benchmarks.

In the following, we select two benchmarks with relatively large σ(gg → H2 → hZ →
bbZ) at 14TeV to perform a more in-depth study, with benchmark 1 having a more strin-
gent upper bound on |=σ4| and benchmark 2 a weaker one, a result of their different dW -dH
cancellation patterns. In the later part of this paper, we will demonstrate that this differ-
ence between the two benchmarks will lead to distinguishable outcomes if more stringent
bounds on the eEDM are imposed in the future. Additionally, both of these benchmarks
include additional Higgs bosons of sub-TeV masses and, as we will show later, they give rise
to σ (gg → H2 → hZ → bbZ) of O(101) fb and σ (gg → H1 → hZ → bbZ) of O(100) fb, re-
spectively, under the current constraints. These findings should motivate ongoing searches
in this regime. We fix all the input parameters except for =σ4, and also apply all the
constraints mentioned earlier. As we will show later, |=σ4| is primarily constrained by
eEDM for benchmark 1 and by the other theoretical and collider measurement constraints
for benchmark 2. Such a difference is due to the level of cancellation between dW and
dH , which for benchmark 1 is characterized by dH/dW ' −0.55 and for benchmark 2 by
dH/dW ' −1.1 as they scale with the varying =σ4. The two benchmarks are summarized
in table 3. The mass spectra for the scalar bosons in the two benchmarks are presented in
table 4. We note that while mH±± is independent of =σ4, the other scalar masses can only
be maximally changed by O(2%) with respect to the CPC limit. In table 5, we show the
deviation in the branching ratios of the SM-like Higgs boson h from the SM predictions,
characterized by

δXX ≡
BR(h→ XX̄)− BR(h→ XX̄)SM

BR(h→ XX̄)SM
with X ∈ {f, g, γ,W,Z}, (5.1)

where the values can only be maximally changed by below one percent level under the
variation of =σ4. Note that for the ff and gg channels, they are all modified by the
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same factor and thus of the same value. Two remarks are in order. First, the WW and ZZ
deviations feature different behaviors in this model, which is in stark contrast to the original
GM model where they should be identical. The reason is due to the explicit violation of
the custodial symmetry, leading to different hWW and hZZ coupling modifications at the
tree level. Second, while all the other deviations are below 3%, the γγ channel can deviate
from the SM prediction by up to ∼ 10%. While this certainly reflects the fact that the
current measurement on h→ γγ does not quite agree with the SM prediction, it also shows
that the effective hγγ coupling in our model is very sensitive to new physics contributions,
including the charged Higgs bosons as well as the triplet-gauge couplings. Thus, this could
also serve as a promising probe of the model at the future LHC.

Figure 7 depicts the branching ratios of the most dominant channels of H1 (top plots),
H2 (middle plots), and H±1 (bottom plots) for the benchmark 1 (left plots) and the bench-
mark 2 (right plots), where the region shaded in gray is excluded by the eEDM constraint
at 90% CL, and the brown hatched region by the other theoretical and collider measure-
ment constraints at 95% CL. The bound set by the eEDM constraint for benchmark 2
is way beyond the plotting range, and thus we do not show it. The fact that these two
types of measurements have different constraining power for the two benchmarks clearly
illustrates that the direct searches at colliders can indeed complement the EDM searches
in probing the CPV. In both of the benchmarks, the hh channel is the most dominant for
H1, while the hZ channel is the most dominant for H2. We are particularly interested
in the behavior of BR(H1,2 → hZ). In either case, BR(H1 → hZ) and BR(H2 → hZ)
respectively reach their minimum and maximum for the CPC limit, i.e., =σ4 = 0. As |=σ4|
increases, there is more CP-mixing between H1,2, causing BR(H1 → hZ) to increase and
BR(H2 → hZ) to decrease. We also remark that for both benchmarks, BR(H±1 → hW )
always dominates, followed by BR(H±1 → tb) and BR(H±1 → WZ) for the benchmark 1
and by BR(H±1 → H1W ) and BR(H±1 → tb) for the benchmark 2. In particular, the fact
that BR(H±1 →WZ) ∼ O(10−1) for the benchmark 1 can serve as a key signature to differ-
entiate this model from the 2HDMs that do not afford such a decay mode at the tree level.

Figure 8 shows σ(gg → H1,2 → hZ → bbZ) for the two benchmarks, illustrating that
the variation patterns are similar to those of BR(H1,2 → hZ). Within the allowed range of
|=σ4|, σ(gg → H2 → hZ → bbZ) can reach above O

(
101) fb and σ(gg → H1 → hZ → bbZ)

above O
(
100) fb for both of the benchmarks. We remark that rather than a horizontal

band at the top of the plot, the 95% CL bound extracted from figure 6 is translated into
the constraint on |=σ4|. Assuming a naive scaling from the current cross section upper
bounds to the 14-TeV HL-LHC with an integrated luminosity of 3 ab−1, the 95% CL upper
limit on the cross section in the mass regime of the two benchmarks is expected to reach
∼ 10 fb. This limit, indicated by the dashed line in figure 8, will be able to probe the two
benchmarks through the H2 production channel. Thus, it is promising to explore both
σ(gg → H1 → hZ → bbZ) and σ(gg → H2 → hZ → bbZ) at the High-Luminosity LHC.

Finally, we show the σ(gg → H1 → hZ → bbZ)-σ(gg → H2 → hZ → bbZ) distribution
at 14TeV under the eEDM constraints given by the ACME Collaboration [52] (blue), by
ref. [43], and a future projection of 1.0 × 10−31 e cm at 90% CL, respectively, in figure 9.
From this plot, it is clear that σ(gg → H2 → hZ → bbZ) & σ(gg → H1 → hZ → bbZ)
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Figure 7. Branching ratios of the most dominant decay channels of H1 (top row), H2 (middle
row) and H±1 (bottom row) for benchmark 1 (left column) and benchmark 2 (right column) as a
function of |=σ4|. The gray hatched regions are excluded by the eEDM constraint at 90% CL, and
the brown hatched regions by the other theoretical and collider measurement constraints at 95%
CL. The bound set by the eEDM constraint for benchmark 2 is beyond the plotting range.

most of the time. It can also be seen that as the eEDM constraint becomes stricter, the
allowed cross sections are more significantly bounded. If the constraint is pushed to the
level of 10−31 e cm, most of the benchmarks will be constrained as σ(gg → H1 → hZ →
bbZ) . O(10−1) fb and σ(gg → H2 → hZ → bbZ) . O(100) fb. On the same plot, we also
depict the trajectories of the two benchmarks as we vary |=σ4|, where benchmark 1 (2) is
represented by the solid (dashed) curve. Along these trajectories, we mark the thresholds
of |de| = 4.1× 10−30e · cm (triangles) and |de| = 1.1× 10−29e · cm (star) that rule out the
points to their right. Note that benchmark 2 consistently remains below the bound set by
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Figure 8. σ(gg → H1,2 → hZ → bbZ) at 14TeV for benchmark 1 (left) and benchmark 2 (right)
as a function of |=σ4|. The gray hatched region is excluded by the eEDM constraint at 90% CL,
and the brown hatched region by the other theoretical and collider measurement constraints at 95%
CL. The dashed line represents the estimated 95% CL limit at the HL-LHC.
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Figure 9. Distribution in the σ(gg → H1 → hZ → bbZ)-σ(gg → H2 → hZ → bbZ) plane at
14TeV under the eEDM constraints given by the ACME Collaboration [52] (blue), by ref. [43],
and a future projection of 1.0× 10−31 e cm at 90% CL, respectively. The solid and dashed curves
represent the trajectories of benchmark 1 and benchmark 2 with respect to |=σ4|, respectively. The
points on the contours to the right of the triangle have |de| > 4.1 × 10−30e · cm, and those to the
right of the star have |de| > 1.1× 10−29e · cm.

ref. [43]. It is evident that benchmark 1, owing to its cancellation nature, is more restricted
by the projected σ(gg → H1 → hZ → bbZ) than benchmark 2. Benchmark 2 serves as
an example of various data points that scatter away from the main distribution under the
different eEDM constraints.
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6 Conclusions

We have studied the extended GMmodel that explicitly violates the global SU(2)L×SU(2)R
symmetry and contains one physical CPV phase in the Higgs potential. This corresponds
to the minimal extension of the Higgs sector which gives a non-zero CPV phase, no quark
FCNC and ρ = 1 at tree level in the scenario without imposing any new symmetries. In the
most general form of the Higgs potential under the electroweak symmetry, we have derived
the analytic expressions for the vacuum stability and the perturbative unitarity conditions
as the theoretical constraints. In addition, we have presented the complete expressions for
the contributions from Barr-Zee type diagrams to the eEDM and nEDM.

For the numerical analysis, we have considered the minimally extended GM model
for simplicity, and have performed a global fit to the Tevatron and LHC measurements
under the constraints from the uniqueness and stability of the vacuum, the perturbative
unitarity, the eEDM and the nEDM. Our fit results have shown that the major contribu-
tions to the eEDM are the gauge-loop and charged-Higgs-loop diagrams. The size of each
contribution can be larger than the current upper limit on the eEDM experiment, but the
total contribution is within the bound due to the non-trivial cancellation. We then have
studied the effects of CP-mixing for the neutral scalars H1,2 on their decays into the hZ
and ZZ final states. We have found that the lighter (heavier) Higgs boson H1 (H2) is
often mostly CP-even (CP-odd). When |=σ4| increases, the enhanced CPV will make the
two eigenstates further mix, thus allowing greater BR(H1 → hZ) and BR(H2 → ZZ). We
have also studied σ(gg → H1,2,3 → hZ → bbZ) and found that while the H3-mediated
process is often far below the current LHC sensitivity, the H1- and H2-mediated processes
can potentially be probed at the future LHC.

We have presented two benchmarks with larger σ(gg → H2 → hZ → bbZ) at 14TeV
and different |=σ4| upper bounds, and studied in depth the impacts of =σ4 on their collider
phenomenology. One implication is that mH±± is exactly invariant while the other scalar
masses are approximately invariant as =σ4 varies in these benchmarks. Another implication
is that in both benchmarks σ(gg → H2 → hZ → bbZ) can reach above O(101) fb and
σ(gg → H1 → hZ → bbZ) can above O(100) fb at 14TeV, while a rough projection shows
that a 95% CL upper limit of ∼ 10 fb on the production cross section can be achieved
at the HL-LHC. This implies that there is a great potential to explore both processes
simultaneously, giving direct evidence of CPV in the model. Moreover, the result that
BR(H±1 → WZ) ∼ O(10−1) for benchmark 1 further serves as a signature to differentiate
between this model and the 2HDMs. We have also examined the deviations of the h decay
patterns from the SM predictions, and found that the γγ channel can deviate by up to
∼ 10%, also a promising probe of the model. Finally, we have also shown the influence
of different eEDM constraints on the σ(gg → H1 → hZ → bbZ)-σ(gg → H2 → hZ →
bbZ) distribution at 14TeV, and observed that if the constraint is pushed to the level of
10−31 e cm, most of the benchmarks will be constrained as σ(gg → H1 → hZ → bbZ) .
O(10−1) fb and σ(gg → H2 → hZ → bbZ) . O(100) fb.
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A Mass formulas

We provide the explicit formulas for masses or mass matrices of the physical Higgs bosons
based on the general Higgs potential given in eq. (2.6) without imposing any assumptions.

First, the squared mass of the doubly-charged Higgs bosons χ±± is given by

m2
χ±± = −2ρ2v

2
χ −

σ2
2 v

2
φ −
√

2µχξvξ −
v2
φ

4

(
2<µφχ
vχ

+
√

2<σ4
vξ
vχ

)
. (A.1)

Suppose M± and M0 are respectively the Hermitian mass matrices for the singly-
charged and neutral Higgs bosons in the basis of (H̃±1 , H̃

±
2 ) and (h̃, H̃1, H̃2, H̃3) [see

eq. (2.11) for the definition of these fields with a tilde]. Their matrix elements are given as
follows:

(M±)11 =− v2

4(v2
ξ + v2

χ)

[
σ2v

2
χ +
√

2<σ4vχvξ −
√

2µφξvξ + 2<µφχvχ
]
,

(M±)22 =
v2
ξ + v2

χ

2

(
2ρ5 −

√
2µχξ
vξ

)

−
v2
φ

4(v2
ξ + v2

χ)

[
v2
ξ

(
σ2 + 2<µφχ

vχ

)
−
√

2v2
χ

µφξ
vξ

+
√

2<σ4vξvχ

(
2 +

v2
ξ

v2
χ

+ 2
v2
χ

v2
ξ

)]
,

(M±)12 =− vφv

4(v2
ξ + v2

χ)
vχvξ

[
σ2 + 2<µφχ

vχ
+
√

2µφξ
vξ
−
√

2vχ
vξ
<σ4

]
+ i

vφv

2
√

2
=σ4, (A.2)

and
(M0)11 = 2v2

φλ,

(M0)22 = 4v2
χ(ρ1 + ρ2)−

v2
φ

4

(
√

2 vξ
vχ
<σ4 + 1

2
<µφχ
vχ

)
,

(M0)33 = 8v2
ξρ3 −

v2
χ

2
√

2
µχξ
vξ
− v2

φ

vχ√
2vξ
<σ4 +

v2
φ

2
√

2
µφξ
vξ
,

(M0)44 = −
v2
φ + 8v2

χ

4

(
2<µφχ
vχ

+
√

2vξ
vχ
<σ4

)
,

(M0)12 =
√

2vφvχ (σ1 + σ2) + vφvξ<σ4 +
√

2vφ<µφχ,

(M0)13 = 2vφvξσ3 +
√

2vφvχ<σ4 −
vφµφξ√

2
,

(M0)14 = 0,

(M0)23 = 2
√

2vχvξρ4 +
v2
φ

2 <σ4 + vχµχξ,

(M0)24 = 0,

(M0)34 = −vφ2

√
v2
φ + 8v2

χ=σ4.

(A.3)
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It is clear that in the limit of =σ4 → 0, (M0)34 vanishes, and then the (H̃1, H̃2, H̃3) sector
and H̃0 decouple as a consequence of the restoration of CP invariance.

B Vacuum stability

In ref. [53], the idea of parametrizing the field values using four parameters, r, γ, ζ, and ξ,
was first proposed. We will follow the same notation for our discussion below.

When the field values are large, the scalar potential is dominated by the quartic terms,
which are collectively given by

Vquartic = λ(φ†φ)2 + ρ1[tr(χ†χ)]2 + ρ2tr(χ†χχ†χ) + ρ3tr(ξ4) + ρ4tr(χ†χ)tr(ξ2)
+ ρ5tr(χ†ξ)tr(ξχ) + σ1tr(χ†χ)φ†φ+ σ2φ

†χχ†φ+ σ3tr(ξ2)φ†φ
+ (σ4φ

†χξφ̃+ H.c.). (B.1)

We first introduce the following parameterization for the component scalar fields:

(φ+, φ0) = (0, r0), (χ++, χ+, χ0) = (r1e
iθ1 , r2e

iθ2 , r3e
iθ3), (ξ+, ξ0) = (r4e

iθ4 , r5), (B.2)

where (ri, θj) ∈ R with i = 0, . . . , 5 and j = 1, . . . , 4. We note that we have utilized the
SU(2)L × U(1)Y invariance so that φ lies entirely in the real neutral component. We also
introduce the parameters:

ζ = tr(χ†χχ†χ)
[tr(χ†χ)]2 , ω = φ†χχ†φ

(φ†φ)tr(χ†χ) , η = tr(χ†ξ)tr(ξχ)
tr(χ†χ)tr(ξ2) , δ = φ†χξφ̃

(φ†φ)
√
tr(χ†χ)tr(ξ2)

.

(B.3)

All the invariants in the potential can then be expressed in terms of the above-defined
parameters as

φ†φ = r2
0, tr(χ†χ) = r2

1 + r2
2 + r2

3, tr(ξ2) = 2r2
4 + r2

5,

ζ = 1− 4r2
1r

2
3 − 4r1r3r

2
2 cosφ0 + r4

2
2(r2

1 + r2
2 + r2

3)2 , ω = 1
2 −

r2
1 − r2

3
2(r2

1 + r2
2 + r2

3)
,

η =
r2

1r
2
4 + r2

2r
2
5 + r2

3r
2
4 + 2

[
r1r2r4r5 cosφ1 − r1r3r

2
4 cosφ2 − r2r3r4r5 cos(φ1 − φ2)

]
(r2

1 + r2
2 + r2

3)(2r2
4 + r2

5)
,

δ = r2r4e
i(φ2−φ1) + r3r5√

2(r2
1 + r2

2 + r2
3)(2r2

4 + r2
5)
eiθ3 ,

(B.4)

where φ0 = θ1 − 2θ2 + θ3, φ1 = θ1 − θ2 − θ4 and φ2 = θ1 − θ3 − 2θ4. We note that only the
δ parameter is complex, and its absolute value is expressed as

|δ| =
[
r2

2r
2
4 + r2

3r
2
5 + 2r2r3r4r5 cos(φ1 − φ2)

2(r2
1 + r2

2 + r2
3)(2r2

4 + r2
5)

] 1
2

. (B.5)
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We then find the domain of each parameter:

ζ ∈ [1/2, 1], ω ∈ [0, 1], η ∈ [0, 1], |δ| ∈
[
0, 1/
√

2
]
, (B.6)

where ζ-ω and η-|δ| are correlated, as discussed below.
To examine the correlation ζ and ω, we parameterize

r1 =
√
α1 + α3 , r2 =

√
α2 , r3 =

√
α1 − α3 , (B.7)

with the domains α1 ∈ [0,∞], α2 ∈ [0,∞], α3 ∈ [−α1, α1]. Then, we can further express

ζ̄ =
4(α2

1 − α2
3)− 4

√
α2

1 − α2
3α2 cosφ+ α2

2

(2α1 + α2)2 , ω̄ = − α3
2α1 + α2

, (B.8)

where ζ̄ ≡ 2(1 − ζ) and ω̄ ≡ ω − 1/2. For a given set of (α1, α2, α3), ω̄ is fixed and the
maximum (minimum) of ζ̄, denoted by ζ̄+ (ζ̄−), is given at φ = π (0). Explicitly,

ζ̄±(ω, α1, α2) =
(

2
√
α2

1 − (2α1 + α2)2ω2 ± α2

2α1 + α2

)2

. (B.9)

We thus find

0 ≤ ζ̄ ≤ 1− 4ω̄2 ⇔ −

√
1− ζ̄
2 ≤ ω̄ ≤

√
1− ζ̄
2 . (B.10)

In terms of the original variables ζ and ω, we obtain

1
2(1−

√
2ζ − 1) ≤ ω ≤ 1

2(1 +
√

2ζ − 1). (B.11)

For the correlation of η and |δ|, we observe the relation

η + 2|δ|2 =
(r2

1 + r2
2 + r2

3)r2
4 + (r2

2 + r2
3)r2

5 + 2
(
r1r2r4r5 cosφ1 − r1r3r

2
4 cosφ2

)
(r2

1 + r2
2 + r2

3)(2r2
4 + r2

5)
∈ [0, 1],

(B.12)
which identifies a domain in the η-|δ| plane and implies that η ∈

[
− 2|δ|2, 1 − 2|δ|2

]
.

Combining this with the independent intervals of η and |δ|, we can derive the boundaries

0 ≤ η ≤ 1− 2|δ|2. (B.13)

After identifying the domains of the field value parameters, we now turn to the quartic
potential. Redefining

χ†χ = r2
0r

2 cos2 γ, ξ†ξ = r2
0r

2 sin2 γ, (B.14)

with γ ∈ [0, π/2] and r ∈ [0,∞), we can rewrite the potential given in eq. (B.1) as a
quadratic function of r2:

V̄quartic(r2) =(Aρt4 −Bρt2 + ρ3)(r2)2 + Cσr
2 + λ, (B.15)
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where V̄quartic ≡ Vquartic/r
4
0, t ≡ cos γ ∈ [0, 1], and

Aρ ≡ ρ1 + ζρ2 + ρ3 − ρ4 − ηρ5,

Bρ ≡ 2ρ3 − ρ4 − ηρ5,

Cσ ≡ (σ1 + ωσ2 − σ3) t2 + (δσ4 + H.c.)t
√

1− t2 + σ3.

(B.16)

The potential is minimized when the coefficient Cσ is minimized, which is realized when
ωσ2 and (δσ4 + H.c.) are taken to have their minimum values for fixed values of ζ and η.
We thus replace them with

ωσ2 →
σ2 − |σ2|

√
2ζ − 1

2 , δσ4 → −|δ||σ4| → −
√

1− η
2 |σ4|, (B.17)

where we used the phase degrees of freedom of δ such that arg(δσ4) is fixed to π. The
coefficient Cσ is then replaced as

Cσ →
(
σ1 + σ2 − |σ2|

√
2ζ − 1

2 − σ3

)
t2 − t

√
(1− η)(1− t2)

2 |σ4|+ σ3. (B.18)

Therefore, the positivity of the potential should be examined in terms of the field param-
eters t, ζ and η in the domains

t ∈ [0, 1], ζ ∈ [1/2, 1], η ∈ [0, 1]. (B.19)

From eq. (B.15), it is clear that V̄quartic > 0 is ensured by requiring

λ > 0, Aρt
4 −Bρt2 + ρ3 > 0, 4(Aρt4 −Bρt2 + ρ3)λ > C2

σ. (B.20)

Because the domain of t is restricted to [0, 1], the second and third conditions are further
analyzed as follows. We first focus on the second condition in eq. (B.20). At the endpoints
t = 0, 1, we obtain

ρ3 > 0, ρ1 + ζρ2 > 0, (B.21)

where the second condition can be expressed as ρ1 + min(ρ2, ρ2/2) > 0 because of ζ ∈
[1/2, 1]. If

Aρ > 0 & Bρ > 0 & 0 ≤ Bρ
2Aρ

≤ 1, (B.22)

the quadratic equation, f(t2) = Aρ(t2)2 −Bρt2 + ρ3, has the minimal value in 0 ≤ t2 ≤ 1.
We thus require

4Aρρ3 > B2
ρ . (B.23)

Regarding the third condition in eq. (B.20), we obtain the conditions at the endpoints
t = 0, 1

4λρ3 > σ2
3, 4λ(ρ1 + ζρ2) >

(
σ1 + σ2 − |σ2|

√
2ζ − 1

2

)2

. (B.24)

For 0 < t < 1, we require the third condition in eq. (B.20) within the domain given in
eq. (B.19). In practice, it is easier to just numerically minimize G(t, ζ, η) ≡ 4(Aρt4−Bρt2 +
ρ3)λ− C2

σ and then check whether Gmin(t, ζ, η) > 0.
We note that we have checked the consistency of our derivation with the literature by

reproducing the conditions given in ref. [40] for the custodial symmetric case.
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C Formulas for BZ diagram contributions to the eEDM and nEDM

We present the analytic formulas for the BZ diagram contributions to the fermion EDM
df defined in eq. (4.2). Calculations are done in the ’t Hooft-Feynman gauge. We define
the coefficients of the Lagrangian as follows:

L = gV1V2SV1µV
µ

2 S + gS1S2V (S1
←→
∂ µS2)V µ + λS1S2S3S1S2S3 · · · , (C.1)

with Si and Vi being the generic symbols for a scalar and a gauge boson, respectively, and
(S1
←→
∂ µS2) ≡ S1(∂µS2) − (∂µS1)S2. In addition, we introduce the notation dVHf (X,Y ),

where X and Y are the particles running in the loop with X being the one to which the
external photon attaches, and V (H) is a gauge (scalar) boson mediating between the
external fermion line and the internal loop.

First, the contribution from figure 1 (a) is expressed as

dV Hif (F, F )
κBZ

= −16IfgV ffgV FFQFNF
c

m2
F

vφ
RφriRφii

∫ 1

0
dz

[1 + IF /If
z

− 2(1− z)
]
CV HiFF (z),

(C.2)

where κBZ = e/(16π2)2(mf/vφ), NF
c = 1 (3) for F being leptons (quarks), gγff = eQf ,

gZff = e(If/2 − Qfs2
W )/(cW sW ), cW ≡ cos θW , sW ≡ sin θW , with θW being the weak

angle, and

CVHXY (z) = C0

(
0, 0, 0;m2

V ,m
2
H,

(1− z)m2
X + zm2

Y

z(1− z)

)
, (C.3)

with

C0(0, 0, 0;m2
1,m

2
2,m

2
3) = 1

m2
1 −m2

2

[
m2

1
m2

1 −m2
3

log
(
m2

3
m2

1

)
− m2

2
m2

2 −m2
3

log
(
m2

3
m2

2

)]
. (C.4)

In our model, the contribution from figure 1 (b) vanishes if we neglect the Kobayashi-
Maskawa (KM) phase. As a conservative constraint on the CPV in our model, we have
neglected the KM phase throughout this paper.

Next, we list the gauge-loop contributions shown in figure 2. Note that the G± and
G0 loop contributions are included in the W± and Z boson loop diagrams, respectively.
They are given by

dV Hif (W,W )
κBZ

= −4IfgWWV gWWHi gV ffRφii

∫ 1

0
dz

×
[
5(1− z)− 6

z
+
(

1− z − 2
z

)(
1− m2

V

m2
W

)
+ 1− z

2
m2
Hi

m2
W

(
2− m2

V

m2
W

)]
CV HiWW (z),

(C.5)
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d
WH±

i
f (W,Z)

κBZ
= −g2gWWZ=

(
Rφ±i g

∗
WZH+

) ∫ 1

0
dz

×

5(1− z)− 6
z

+ (z + 3)
(

1− m2
Z

m2
W

)
+ 1− z

2

m2
H±
i

m2
W

(
2− m2

Z

m2
W

)CWH±
i

WZ (z), (C.6)

d
ZHj
f (W,H±i )

κBZ
= −4IfgZffRφij<(ig∗

H+
i HjW

gWZH+
i

)
∫ 1

0
dz

[
ξ
Hj

WH±
i

(z)CZHj
WH±

i

(z)
]
, (C.7)

d
WH±

j

f (W,Hi)
κBZ

= −g2gWWHi=
(
ig∗
H+
j HiW

Rφ±j

)∫ 1

0
dz

[
ξ
H±
j

WHi
(z)C

WH±
j

WHi
(z)
]
, (C.8)

d
WH±

i
f (W,H±±)

κBZ
= −ggWWH−−=

(
ig
H++H−

i W
Rφ±i

)∫ 1

0
dz

[
ξ
H±
i

WH±±(z)CWH±
i

WH±±(z)
]
, (C.9)

d
ZHj
f (H±i ,W )

κBZ
= 4IfgZffRφij<(ig

H+
i HjW

g∗
WZH+

i
)
∫
dz

[
ζ
Hj

H±
i W

(z)CZHj
H±
i W

(z)
]
, (C.10)

d
WH±

j

f (H±i , Z)
κBZ

= −g2=(ig
H+
i H

−
j Z
g∗
WZH+

i
Rφ±j)

∫
dz

[
ζ
H±
j

H±
i Z

(z)C
WH±

j

H±
i Z

(z)
]
, (C.11)

d
WH±

i
f (H±±,W )

κBZ
= −2ggWWH−−=

(
ig
H++H−

i W
Rφ±i

)∫
dz

[
ζ
H±
i

H±±W (z)CWH±
i

H±±W (z)
]
, (C.12)

where gWWγ = e and gWWZ = gcW , and

gWWH±± = g2vχ, (C.13)

gWZH+
i

= g2

cW
(−Rχ±ivχ +Rξ±ivξ), (C.14)

gWWHi = g2

2 (Rφrivφ + 2
√

2Rχrivχ + 4Rξrivξ), (C.15)

gH++H−
i W

= −igR∗χ±i, (C.16)

gH+
i HjW

= −ig2[Rφ±i (Rφrj − iRφij) +
√

2Rχ±i (Rχrj − iRχij) + 2Rξ±iRξrj ], (C.17)

gH++H−−Z = −2ie c2W
s2W

, (C.18)

gH+
i H

−
j Z

= −i g

2cW
[(c2

W − s2
W )Rφ±iR

∗
φ±j − 2s2

WRχ±iR
∗
χ±j + 2c2

WRξ±iR
∗
ξ±j ], (C.19)

gH++H−−γ = −2ie, (C.20)
gH±

i H
∓
j γ

= −ieδij . (C.21)

In the above expression, we have introduced the functions

ξS2
V S1

(z) =
(

4− z
z

+
m2
S1
−m2

S2

m2
V

)
(1− z), ζS2

S1V
(z) = 3 + z +

m2
S1
−m2

S2

m2
V

(1− z).

(C.22)
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Finally, the diagrams shown in figure 3 have the contributions:

dV Hkf (H±i , H
±
j )

κBZ
= 8IfgV ffRφik<

(
igH+

i H
−
j V
λH−

i H
+
j Hk

)∫ 1

0
dz(1− z)CV Hk

H±
i H

±
j

(z),

(C.23)

dV Hif (H±±, H±±)
κBZ

= 16IfgV ff (igH++H−−V )RφiiλH++H−−Hi

∫ 1

0
dz(1− z)CV HiH±±H±±(z),

(C.24)

d
WH±

k
f (H±i , Hj)

κBZ
= g=(ig∗

H+
i HjW

λH+
i H

−
k
Hj
Rφ±k)

∫ 1

0
dz(1− z)CWH±

k

H±
i Hj

(z), (C.25)

d
WH±

j

f (H±±, H±i )
κBZ

= 2g=
(
ig∗
H++H−

i W
λH++H−

j H
−
i
Rφ±j

)
δij

∫ 1

0
dz(1− z)C

WH±
j

H±±H±
i

(z),

(C.26)

d
WH±

j

f (H±i , H±±)
κBZ

= g=
(
ig∗
H++H−

i W
λH++H−

j H
−
i
Rφ±j

)
δij

∫ 1

0
dz(1− z)C

WH±
j

H±
i H

±±(z).

(C.27)

The expression for the CEDMs, dCq , is given by [44]

dCq ≡
3∑
i=0

dgHiq (f, f)

= mq

(16π2)2 4g2
3(mq)

m2
f

v2
φ

RφriRφii

∫ 1

0
dz

{
2Iq

[
2(1− z)− 1

z

]
− 2If

z

}
CV Hiff (z). (C.28)

Let us remark on the vanishment of all the above EDMs in the CPC limit, i.e., when
=σ4 → 0. In this limit, the mixing matrix

Rϕi ∝

δ0i + δ1i + δ2i, for ϕ = φr, χr, ξr,

δ3i, for ϕ = φi,
(C.29)

and the matrix Rϕ±i (ϕ± = φ±, χ±, ξ±) becomes purely real. We can then prove that all
the above EDMs vanish.

D List of experimental data from the Tevatron and LHC

In this appendix, we list in tables 6 to 12 all the experimental measurements of Tevatron
and LHC that we have taken into account in our global fit for the minimally extended
GM model.
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Production bb WW ZZ ττ γγ Zγ µµ

ggF8 – [54, 55] [56, 57] [58, 59] [60, 61] [62, 63] [64]
ggF13 – [65, 66] [67, 68] [67, 69, 70] [67, 71] [72–75] [64, 76]
VBF8 – [54, 55] [56, 57] [58, 59] [60, 61]
VBF13 [65, 77] [66, 78] [67, 68] [67, 69, 70] [67, 71] [74, 75]
Vh8 [79, 80] [55, 81] [56, 57] [58, 59] [60, 61]
Vh13 [65, 82] [66, 83] [68, 84] [67, 69, 70] [67, 71] [74, 75]
tth8 [85, 86] – – [58, 59] [60, 61]
tth13 [65, 87, 88] [66, 89, 90] [67, 90] [67, 69, 70, 89, 90] [67, 71] [74, 75]
Vh2 [91, 92]
tth2 [91]

Table 6. Higgs signal strength constraints considered in this work. The Higgs decays are listed
in separate columns. In each row, we give all LHC and Tevatron references of the used signal
strengths, ordered by production mechanism and colliding energy.

Channel
√
s [TeV] Experiment Mass Range [TeV] L [fb−1]

tt→ φ0 → tt 13 ATLAS [93] [0.4,1] 36.1
bb→ φ0 → tt 13 ATLAS [94] [0.4,1] 13.2
bb→ φ0 → bb 8 CMS [95] [0.1,0.9] 19.7
gg → φ0 → bb 8 CMS [96] [0.33,1.2] 19.7
pp→ φ0 → bb 13 CMS [97] [0.55,1.2] 2.69

bb→ φ0 → bb 13
ATLAS [98] [0.45,1.4] 27.8
CMS [99] [0.3,1.3] 35.7

gg → φ0 → ττ 8
ATLAS [100] [0.09,1] 20
CMS [101] [0.09,1] 19.7

bb→ φ0 → ττ 8
ATLAS [100] [0.09,1] 20
CMS [101] [0.09,1] 19.7

gg → φ0 → ττ 13
ATLAS [102] [0.2,2.25] 36.1
ATLAS [103] [0.2,2.5] 139
CMS [104] [0.09,3.2] 35.9

bb→ φ0 → ττ 13

ATLAS [102] [0.2,2.25] 36.1
ATLAS [103] [0.2,2.5] 139
CMS [104] [0.09,3.2] 35.9
CMS [105] [0.025,0.070] 35.9

gg → φ0 → µµ 13
ATLAS [106] [0.2,1] 36.1
CMS [107] [0.13,0.6] 35.9

bb→ φ0 → µµ 13
ATLAS [106] [0.2,1] 36.1
CMS [107] [0.13,0.6] 35.9

Table 7. Neutral heavy scalar searches relevant to our model using the fermionic final states.
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Channel
√
s [TeV] Experiment Mass Range [TeV] L [fb−1]

gg → φ0 → γγ 8 ATLAS [108] [0.065,0.6] 20.3
pp→ φ0 → γγ 13 ATLAS [109] [0.2,2.7] 36.7
gg → φ0 → γγ 13 CMS [110] [0.5,4] 35.9

pp→ φ0 → Zγ → (``)γ 8
ATLAS [111] [0.2,1.6] 20.3
CMS [112] [0.2,1.2] 19.7

gg → φ0 → Zγ
[
→ (``)γ

]
13 ATLAS [113] [0.25,2.4] 36.1

gg → φ0 → Zγ
[
→ (qq)γ

]
13 ATLAS [114] [1,6.8] 36.1

gg → φ0 → Zγ 13 CMS [115] [0.35,4] 35.9
gg → φ0 → ZZ 8 ATLAS [116] [0.14,1] 20.3
V V → φ0 → ZZ 8 ATLAS [116] [0.14,1] 20.3

gg → φ0 → ZZ
[
→ (``)(``, νν)

]
13

ATLAS [117] [0.2,1.2] 36.1
ATLAS [118] [0.2,2] 139

V V → φ0 → ZZ
[
→ (``)(``, νν)

]
13

ATLAS [117] [0.2,1.2] 36.1
ATLAS [118] [0.2,2] 139

gg → φ0 → ZZ
[
→ (``, νν)(qq)

]
13 ATLAS [119] [0.3,3] 36.1

V V → φ0 → ZZ
[
→ (``, νν)(qq)

]
13 ATLAS [119] [0.3,3] 36.1

pp→ φ0 → ZZ
[
→ (``)(qq, νν, ``)

]
13 CMS [120] [0.13,3] 35.9

pp→ φ0 → ZZ
[
→ (qq)(νν)

]
13 CMS [121] [1,4] 35.9

Table 8. Neutral heavy scalar searches relevant to our model using the γγ, Zγ, and ZZ final
states, with ` = e, µ.

Channel
√
s [TeV] Experiment Mass Range [TeV] L [fb−1]

gg → φ0 →WW 13 ATLAS [122] [0.3,1.5] 20.3
V V → φ0 →WW 13 ATLAS [122] [0.3,1.5] 20.3

gg → φ0 →WW
[
→ (eν)(µν)

]
13 ATLAS [123] [0.25,4] 36.1

V V → φ0 →WW
[
→ (eν)(µν)

]
13 ATLAS [123] [0.25,3] 36.1

(gg + V V )→ φ0 →WW → (`ν)(`ν) 13 CMS [124] [0.2,1] 2.3
gg → φ0 →WW

[
→ (`ν)(qq)

]
13 ATLAS [125] [0.3,3] 36.1

V V → φ0 →WW
[
→ (`ν)(qq)

]
13 ATLAS [125] [0.3,3] 36.1

pp→ φ0 →WW
[
→ (`ν)(qq, `ν)

]
13 CMS [126] [0.2.3] 35.9

V V → φ0 →WW
[
→ (`ν)(qq, `ν)

]
13 CMS [126] [0.2.3] 35.9

pp→ φ0 → V V 8 CMS [127] [0.145,1] 24.8

Table 9. Neutral heavy scalar searches relevant to our model using the WW and V V final states,
with V = W,Z and ` = e, µ.

– 31 –



J
H
E
P
0
6
(
2
0
2
3
)
0
6
9

Channel
√
s [TeV] Experiment Mass Range [TeV] L [fb−1]

gg → φ0 → hh 8 ATLAS [128] [0.26,1] 20.3
pp→ φ0 → hh→ (bb)(bb) 8 CMS [129] [0.27,1.1] 17.9
pp→ φ0 → hh→ (bb)(γγ) 8 CMS [130] [0.26,1.1] 19.7
gg → φ0 → hh→ (bb)(ττ) 8 CMS [131] [0.26,0.35] 19.7
pp→ φ0 → hh

[
→ (bb)(ττ)

]
13 CMS [132] [0.35,1] 18.3

pp→ φ0 → hh→ (bb)(bb) 13
ATLAS [133] [0.26,3] 36.1
CMS [134] [0.26,1.2] 35.9

pp→ φ0 → hh
[
→ (bb)(γγ)

]
13

ATLAS [135] [0.26,1] 36.1
pp→ φ0 → hh→ (bb)(γγ) CMS [136] [0.25,0.9] 35.9

pp→ φ0 → hh→ (bb)(ττ)
13

ATLAS [137] [0.26,1] 36.1
CMS [138] [0.25,0.9] 35.9

pp→ φ0 → hh
[
→ (bb)(ττ)

]
CMS [139] [0.9,4] 35.9

pp→ φ0 → hh→ (bb)(V V → `ν`ν) 13 CMS [140] [0.26,0.9] 35.9
gg → φ0 → hh→ (γγ)(WW ) 13 ATLAS [141] [0.26,0.5] 36.1

pp→ φ0 → hh 13 CMS [142] [0.25,3] 35.9

Table 10. Neutral heavy scalar searches relevant to our model using the hh final state, with
V = W,Z and ` = e, µ.

Channel
√
s [TeV] Experiment Mass Range [TeV] L [fb−1]

gg → φ0 → hZ → (bb)Z 8 ATLAS [143] [0.22,1] 20.3
gg → φ0 → hZ → (bb)(``) 8 CMS [144] [0.225,0.6] 19.7
gg → φ0 → hZ → (ττ)Z 8 ATLAS [143] [0.22,1] 20.3
gg → φ0 → hZ → (ττ)(``) 8 CMS [131] [0.22,0.35] 19.7

gg → φ0 → hZ → (bb)Z 13
ATLAS [145] [0.2,2] 36.1
CMS [146] [0.22,0.8] 35.9
CMS [147] [0.8,1] 35.9

bb→ φ0 → hZ → (bb)Z 13
ATLAS [145] [0.2,2] 36.1
CMS [146] [0.22,0.8] 35.9
CMS [147] [0.8,1] 35.9

gg → φ0 → hZ → (ττ)(``) 13 CMS [148] [0.22,0.4] 35.9
pp→ φ0 → φ0′Z → (bb)(``) 8 CMS [149] [0.13,1] 19.8
gg → φ0 → φ0′Z → (bb)Z 13 ATLAS [150] [0.13,0.8] 36.1
bb→ φ0 → φ0′Z → (bb)Z 13 ATLAS [150] [0.13,0.8] 36.1

Table 11. Neutral heavy scalar searches relevant to our model using the hZ and φ0′Z final states,
with ` = e, µ.
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Channel
√
s [TeV] Experiment Mass Range [TeV] L [fb−1]

pp→ φ± → τ±ν 8 ATLAS [151] [0.18,1] 19.5
pp→ φ± → τ±ν 8 CMS [152] [0.18,0.6] 19.7

pp→ φ± → τ±ν 13
ATLAS [153] [0.15,2] 36.1
CMS [154] [0.18,3] 12.9
CMS [155] [0.08,3] 35.9

pp→ φ± → tb 8 ATLAS [156] [0.2,0.6] 20.3
pp→ φ+ → tb 8 CMS [152] [0.18,0.6] 19.7

pp→ φ± → tb 13
ATLAS [157] [0.2,2] 36.1
CMS [158] [0.2,3] 35.9

pp→ φ±±φ∓ → (W±W±)(W∓Z) 13 ATLAS [159] [0.2,0.6] 139
pp→ φ±±φ∓∓ → (W±W±)(W∓W∓) 13 ATLAS [159] [0.2,0.6] 139

WZ → φ± →WZ
[
→ (qq)(``)

]
8 ATLAS [160] [0.2,1] 20.3

WZ → φ± →WZ
[
→ (`ν)(``)

]
13

ATLAS [161] [0.2,0.9] 36.1
CMS [162] [0.2,0.3] 15.2
CMS [163] [0.3,2] 35.9
CMS [164] [0.2,3] 137

pp→ φ±±φ∓∓ → (W±W±)(W∓W∓) 13 ATLAS [165] [0.2,0.7] 36.1
V V → φ±± →W±W±

[
→ (`±ν)(`±ν)

]
8 CMS [166] [0.2,0.8] 19.4

V V → φ±± →W±W±
[
→ (`±ν)(`±ν)

]
13

CMS [167] [0.2,1] 35.9
CMS [164] [0.2,3] 137

Table 12. Singly and doubly charged heavy scalar searches relevant to our model, with V = W,Z

and ` = e, µ.
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