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We propose spontaneous CP violation in the simplest little Higgs model. In this model, the pseudoscalar
field can acquire a nonzero vacuum expectation value. This leads to a mixing between the two scalars with
differentCP charge, which means that spontaneous CP violation occurs. It is also a connection between the
composite Higgs mechanism and CP violation. Facing the experimental constraints, the model is still
viable for both scenarios in which the extra scalar appears below or around the electroweak scale. We also
discuss the future collider tests of CP violation in the scalar sector through measuring h2ZZ and h1h2Z0

vertices (see the definitions of the particles in the text), which provide new motivations for future eþe− and
pp colliders. This also shows the importance of the vector-vector-scalar- and vector-scalar-scalar-type
vertices in discovering CP-violation effects in the scalar sector.
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I. INTRODUCTION

The discovery of a 125 GeV Higgs boson [1,2] by the
ATLAS and CMS collaborations [3] in 2012 implies the
success of the standard model (SM) because the measured
signal strengths are consistent with those predicted by the
SM [4,5]. However, the electroweak symmetry-breaking
(EWSB) mechanism is an important topic and research into
physics beyond the SM (BSM) is still necessary and
attractive.
For example, to solve the little hierarchy problem

Arkani-Hamed et al. proposed the little Higgs (LH)
framework [6] in which the collective symmetry-breaking
(CSB) mechanism [6] is used to forbid the quadratic
divergences in the Higgs potential at the one-loop level.
The LH framework contains a lot of models. All of them are
special kinds of composite Higgs models [7], and thus each
of them must contain a global symmetry which is sponta-
neously broken at a high scale f ≫ v, where v ¼ 246 GeV
is the vacuum expectation value (VEV) of the Higgs field.
The SM-like Higgs boson is treated as a pseudo-Nambu-
Goldstone boson corresponding to one of the broken
generators, and EWSB is generated dominantly through
quantum corrections; thus, the Higgs boson can be natu-
rally light [6,7]. Usually the gauge group is also enlarged,

and thus there are extra gauge bosons with masses at the
OðfÞ scale. LH models are effective field theories below a
cutoff scale Λ ∼ 4πf. Below the scale Λ, a LH model is
weakly coupled, but we do not know what would happen
above Λ. Among these models, the simplest little Higgs
(SLH) model [8–10] has a minimal extended scalar sector
in which their are only two scalars. In the SLH model, a
global symmetry ½SUð3Þ × Uð1Þ�2 is spontaneously broken
to ½SUð2Þ × Uð1Þ�2 at the scale f. The gauge symmetry is
enlarged to SUð3Þ × Uð1Þ and spontaneously broken to the
electroweak gauge symmetry SUð2ÞL × Uð1Þ at the scale f
as well. And at the EW scale v, the gauge symmetry is
further broken to Uð1Þem, similar to the SM. If CP violation
is absent in the scalar sector, one of the scalars is the SM-
like Higgs boson (denoted as h), and the other is a
pseudoscalar.
CP violation is another important topic in both SM and

BSM physics. In 1964, CP violation was first discovered
through the KL → ππ rare decay process [11]. More CP-
violation effects have been discovered in the K- and
B-meson sectors [2]. All of these measured CP-violation
effects can be successfully explained by the Kobayashi-
Maskawa (KM) mechanism [12], which was proposed by
Kobayashi and Maskawa in 1973. They showed that a
nontrivial CP phase can appear in the quark mixing matrix
[called the Cabibbo-Kobayashi-Maskawa (CKM) matrix
[12,13]] if there are three generations of fermions.
However, the success of the KM mechanism is not the
end of CP-violation studies. For example, the observed
matter-antimatter asymmetry in the Universe [2,14]
requires new sources of CP violation because the SM
itself cannot generate such a large asymmetry [15,16]. Thus
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it is attractive to study new CP-violation sources. The
scalar sector is still an unfamiliar world for us and there
may be lots of hidden new physics, including new sources
of CP violation. Thus, in this paper we focus on extra CP
violation in the scalar sector.
Theoretically, there are already many extensions of the

SM that contain new CP-violation sources. For example, if
we add more complex scalar singlets or doublets there may
be CP violation in the scalar sector [17–21], which can lead
to a CP-mixing Higgs boson.1 Some of these models may
conserve CP at the Lagrangian level and CP violation can
arise only from a complex vacuum, which has been called
the spontaneous CP-violation mechanism [19]. This
mechanism was proposed by Lee in 1973 [19] as the first
kind of two-Higgs-doublet model [17]. Moreover, the
spontaneous CP-violation mechanism is also a possible
solution to the strong-CP problem [23], and it may be
connected with the lightness of the Higgs boson as well
[24]. Besides these models, spontaneous CP violation in
the scalar sector can also arise from the composite
framework. There are already two examples: one is the
next-to-minimal composite Higgs model [SOð6Þ=SOð5Þ, or
equivalently SUð4Þ=Spð4Þ] [25], and the other is the littlest
Higgs model [SUð5Þ=SOð5Þ] [26]. In these models CP
violation occurs when the pseudoscalar field acquires a
nonzero VEV. In this paper, we propose the possibility of
spontaneous CP violation in the SLH model through the
realization of the same mechanism. This model can also
appear as one of the candidates to solve the strong-CP
problem, as mentioned above. More details on this topic
will appear in a forthcoming paper [27].
Phenomenologically, we can test new CP-violation

effects directly or indirectly. Indirect effects may appear
in the electric dipole moments (EDMs) of the electron and
neutron [28], modifications in meson mixing parameters
[29], or anomalous ZZZ couplings [30], while direct effects
may be discovered in hτþτ− or htt̄ vertices through
measuring the final-state distributions [31]. If another
scalar is discovered and we denote the scalars as h1;2
(h1 is the SM-like Higgs boson and h2 is the extra scalar),
we can also discover CP violation in the scalar sector
through directly measuring tree-level vector-vector-scalar-
(VVS) and vector-scalar-scalar-type (VSS) vertices, such as
h2VV and Vh1h2 vertices,

2 according to the analysis of CP
properties [24]. Based on this idea, we recently proposed a
model-independent method to measure the CP-violation

effects in the scalar sector through eþeþ → Z� → Zh1;
Zh2; h1h2-associated production processes at future eþe−
colliders [32]. In that research, the product of the three
vertices was used as a quantity to measure the magnitude of
CP violation [32,33]. However, in the SLH model, we
recently showed that the Zh1h2 vertex is suppressed by a
factor ðv=fÞ3 [34], which means that it is difficult to test.
Thus, to test CP violation in the SLH model we can turn to
extra heavy gauge bosons for help.
As a summary, the model studied in this paper is

attractive both theoretically and phenomenologically.
This paper is organized as follows. In Sec. II we briefly
review the CP-conserving SLH model, build the SLH
model with spontaneous CP violation, and obtain the
domain interactions. In Sec. III we consider the constraints
on this model, especially in the scalar sector. In Sec. IV we
discuss the tests on CP-violation effects in this model at
future eþe− or pp colliders. In Sec. V we present our
conclusions and further discussions. In the Appendix we
also present the improved SLH formalism [34], which is
very helpful for model building.

II. MODEL CONSTRUCTION

In this section we first briefly review the CP-conserving
SLH model, and then construct the spontaneous CP-
violation SLH model. We also derive the useful vertices
in the spontaneous CP-violation SLH model. In both
models, we have the same nonlinear realization for
Goldstone bosons. We also have the same particle spectra
in both models, while in the CP-violation model the scalars
are both CP-mixing states. The CSB mechanism and loop
corrections in the Higgs potential are also similar in both
models. The difference comes from an extra explicit global
½SUð3Þ × Uð1Þ�2-breaking term which is absent in the
CP-conserving model.

A. A Brief review of the CP-conserving SLH model

The SLH model contains two scalar triplets Φ1;2 which
transform as ð3; 1Þ and ð1; 3Þ, respectively, under the global
½SUð3Þ × Uð1Þ�2 transformation [8–10,35]. At a scale
f ≫ v, ½SUð3Þ × Uð1Þ�2 breaks to ½SUð2Þ × Uð1Þ�2 and
ten Nambu-Goldstone bosons are generated, eight of which
should be eaten by massive gauge bosons during sponta-
neous gauge symmetry breaking, SUð3Þ × Uð1Þ →
SUð2ÞL × Uð1Þ → Uð1Þem. We are left with two physical
scalars. The nonlinear realized scalar triples can be written
as [35]

Φ1 ¼ eiΘ
0
eitβΘ

�
01×2
fcβ

�
; Φ2 ¼ eiΘ

0
e−iΘ=tβ

�
01×2
fsβ

�
; ð1Þ

where β is a mixing angle between the two scalar triplets.
The matrix fields Θ and Θ0 are

1For the 125 GeV Higgs boson, LHC measurements prefer a
CP-even one and exclude a CP-odd one above the 3σ level
through the final distribution of h → ZZ� → 4l decay assuming
no CP violation in the Higgs interactions [22]. However, a CP-
mixing Higgs boson is still allowed since the contribution from a
pseudoscalar component should be loop suppressed.

2Here V denotes a massive gauge boson. For the SM gauge
group, V ¼ W or Z, while for LH gauge groups V can also denote
extra heavy gauge bosons.
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Θ≡ 1

f

�
ηI3×3ffiffiffi

2
p þ

�
02×2 ϕ

ϕ† 0

��

and Θ0 ≡ 1

f

�
G0I3×3ffiffiffi

2
p þ

�
02×2 φ

φ† 0

��
; ð2Þ

in which ϕ≡ ððvh þ h − iGÞ= ffiffiffi
2

p
; G−ÞT is the usual Higgs

doublet and φ≡ ðy0; x−ÞT is another complex doublet for
Goldstones corresponding to heavy gauge bosons, follow-
ing the conventions in Ref. [35].
The covariant derivative term is

L ¼
X
i¼1;2

ðDμΦiÞ†ðDμΦiÞ; ð3Þ

where

Dμ ≡ ∂μ − igGμ: ð4Þ

g is the weak coupling constant and the gauge-fields matrix
is [8,9,35]

Gμ ¼
A3
μ

2

0
B@

1

−1

1
CAþ A8

μ

2
ffiffiffi
3

p

0
B@

1

1

−2

1
CA

þ 1ffiffiffi
2

p

0
B@

Wþ Y0

W− X−

Ȳ0 Xþ

1
CA

μ

þ tWBμ

3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − t2W=3

p I; ð5Þ

where θW is the EW mixing angle3 and the complex fields
Y0ðȲ0Þ≡ ðY1 � iY2Þ= ffiffiffi

2
p

. The terms including GμGμ in
Eq. (3) give the masses of gauge bosons. Before EWSB,
vh ¼ 0; after EWSB, vh is generated through quantum
corrections. It must be close to v, and their difference arises
at the Oððv=fÞ2Þ level. To the leading order of (v=f), we
have [35]

mW ¼ gv
2

and mX ¼ mY ¼ gfffiffiffi
2

p : ð6Þ

The other three neutral degrees of freedom will mix with
each other at leading order of (v=f) through the matrix [35]

0
B@

A

Z

Z0

1
CA ¼

0
B@

−sW sXcW cXcW
cW sXsW cXsW
0 cX −sX

1
CA
0
B@

A3

A8

B

1
CA

μ

; ð7Þ

where θX ≡ arcsin ðtW=
ffiffiffi
3

p Þ. The corresponding masses at
leading order of (v=f) are then

mA ¼ 0; mZ ¼ gv
2cW

; and mZ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

2

3− t2W

s
gf: ð8Þ

The massless gauge boson is the photon. If we go beyond
the leading order of (v=f), the gauge bosons will have
further mixing with each other. For example, in the charged
sector W� and X� will mix with each other at the
Oððv=fÞ3Þ level, and WðXÞ� will acquire their relative
mass corrections at the Oððv=fÞ2Þ level. In the neutral
sector, the off-diagonal elements of the mass matrix M2

V in
the basis ðZ; Z0; Y2Þ are nonzero. Using an orthogonal
matrix R, it can be diagonalized as ðRM2

VR
TÞpq ¼ mpδpq,

where mp are the gauge bosons’ masses. The neutral gauge
bosons acquire their mass corrections as

δm2
Z ¼ −δm2

Z0 ¼ g2v2c22W
32c6W

�
v
f

�
2

and δm2
Y2 ¼ 0: ð9Þ

We denote the corresponding mass eigenstates as Z̃, Z̃0, and
Ỹ2. Their mixing angles (which are also approximately the
rotation matrix elements) are

RZ0Z ¼
ffiffiffi
3

p
c2WcX
8c3W

�
v
f

�
2

; RY2Z ¼
ffiffiffi
2

p

3t2βcW

�
v
f

�
3

;

and RY2Z0 ¼ 2cXffiffiffi
6

p
t2β

�
v
f

�
3

ð10Þ

to the leading order of (v=f). A and Y1 do not participate in
further mixing.
The six neutral scalar degrees of freedom can be divided

into CP-even (h and y1) and CP-odd (η, G, G0, and y2)
parts, where y0ðȳ0Þ≡ ðy1 � iy2Þ= ffiffiffi

2
p

. A straightforward
calculation shows that after EWSB the kinetic terms can be
written as

Lkin ¼
1

2
ð∂μh∂μhþ ∂μy1∂μy1 þKij∂μGi∂μGjÞ; ð11Þ

where Gi runs over the four CP-odd scalar degrees of
freedom and Kij ≠ δij means the CP-odd part is not
canonically normalized.4 To find the canonically normal-
ized basis, we should consider the gauge-fixing terms
together. The two-point transitions between gauge bosons
and scalars arise from the cross-terms of ∂μΦi and GμΦi.
These transitions can be parametrized as Vμ

pFpi∂μGi and
their contributions should be canceled by ð∂μV

μ
pÞFpiGi

from the gauge-fixing term. It can be checked

3In this paper, we denote sα ≡ sin α, cα ≡ cos α, and tα ≡ tan α
for any angle α.

4Details on the improved formalism to treat this case can be
found in the Appendix and Ref. [34].
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straightforwardly (see the Appendix section or Ref. [34] for
more details) that the new basis

ðη̃; G̃pÞ ¼
�

ηffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðK−1Þ11

p ;
ðRFÞpi
mp

Gi

�
ð12Þ

is canonically normalized. G̃p is just the corresponding
Goldstone of Ṽp.
In the fermion sector, each left-handed doublet must be

extended to a triplet, and thus there must be additional
heavy fermions. In the lepton sector, a heavy neutrino Ni
should be added for each generation. Choosing the
“anomaly-free embedding” [36], in the quark sector T
withQ ¼ 2=3 is added as the partner of t, andD and Swith
Q ¼ −1=3 are added as the parters of d and s, respectively.
The Yukawa interactions are then [8–10,35]

Ly ¼ iλjNN̄R;jΦ
†
2Lj −

iλjkl
Λ

l̄R;j det ðΦ1;Φ2; LkÞ
þ iðλat ūaR;3Φ†

1 þ λbt ūbR;3Φ
†
2ÞQ3

− i
λb;j
Λ

d̄R;j det ðΦ1;Φ2; Q3Þ
þ iðλad;nd̄aR;nΦT

1 þ λbd;nd̄
b
R;nΦT

2 ÞQn

− i
λjku
Λ

ūR;j det ðΦ�
1;Φ�

2; QkÞ; ð13Þ

where the left-handed triplets are [35]

Li ¼ ðνL;lL; iNLÞTi ; Q1 ¼ ðdL;−uL; iDLÞT;
Q2 ¼ ðsL;−cL; iSLÞT; Q3 ¼ ðtL; bL; iTLÞT: ð14Þ

The first line is for leptons where lR;j runs over ðe; μ; τÞR,
the second line is for the third generation of quarks where
dR;j runs over ðd; s; b;D; SÞR, and the last line is for the first
two generations of quarks where uR;j runs over ðu; c; t; TÞR.
Λ ∼ 4πf is a cutoff scale. A right-handed quark with index
a or b must be a mixing state between an additional quark
and its SM partner; for example, ua;bR;3 are mixing states
between tR and TR. To the leading order of (v=f), the heavy
fermions’ masses are [9,35]

mj
N ¼ λjNfsβ; mQ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jλaqcβj2 þ jλbqsβj2

q
f; ð15Þ

for Q ¼ T, D, S and q ¼ t, dðd1Þ, sðd2Þ. To the leading
order, the corresponding partners in the SM sector have the
masses

mj
ν ¼ 0; mq ¼

vffiffiffi
2

p jλaqλbqjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jλaqcβj2 þ jλbqsβj2

q ¼ λqvffiffiffi
2

p : ð16Þ

The CSB mechanism keeps all neutrinos massless.5 The
other fermions acquire masses (similarly, to the leading
order)

mj
l ¼

v

4
ffiffiffi
2

p
π
yjl; mb ¼

v

4
ffiffiffi
2

p
π
λb;3; mu;c ¼

v

4
ffiffiffi
2

p
π
yu;c;

ð17Þ

where yjl are eigenvalues of matrix λjkl and yu;c are
eigenvalues of matrix λjku . In this step we ignored small
mixing between q andQ. If wewere to consider this kind of
mixing ΔqQ, a mass correction δmq=mq ∼OðΔ2

qQ=m
2
QÞ

would be generated.
Last, let us turn to the scalar potential. In the discussions

above, we assumed that the Higgs doublet acquires the
correct VEV to derive the particle spectra everywhere.
However, at tree level the jΦ†

1Φ2j2 term is forbidden due to
the CSB mechanism. The Higgs potential can be generated
through the Coleman-Weinberg mechanism [37] at loop
level as

δVh ¼ −δm2ðh†hÞ þ δλðh†hÞ2: ð18Þ

The CSB mechanism forbids quadratic divergence in
Eq. (18), and thus [8–10]

ðδm2Þ1-loop ¼
3

8π2

�
λ2t m2

T ln
Λ2

m2
T
−
g2m2

X

4
ln

Λ2

m2
X

−
g2m2

Z0 ð1þ t2WÞ
8

ln
Λ2

m2
Z0

�
; ð19Þ

ðδλÞ1-loop ¼
ðδm2Þ1-loop
3f2s2βc

2
β

þ 3

16π2

�
λ4t

�
ln
m2

T

m2
t
−
1

2

�

−
g4

8

�
ln
m2

X

m2
W
−
1

2

�
−
g4ð1þ t2WÞ2

16

�
ln
m2

Z0

m2
Z
−
1

2

��
:

ð20Þ

Here Λ ∼ 4πf is a cutoff scale and λt ≡
ffiffiffi
2

p
mt=v, which

means that the contributions from the first and second
generations of fermions can be ignored. When mT is heavy
enough, EWSB can be generated through these loop
corrections.
Now the pseudoscalar η is still massless due to an

accidental global U(1) symmetry. If we add the term

δV ¼ −μ2Φ†
1Φ2 þ H:c: ð21Þ

5In the first term of Eq. (13) we can also use Φ1 instead of Φ2,
but we cannot have both terms together if we assume massless
neutrinos. If we perform this replacement, mj

N in Eq. (15) should
also be changed to λjNfcβ.
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to the potential,6 η acquires its mass [10]

m2
η ¼

μ2

sβcβ
cos

�
vffiffiffi

2
p

fsβcβ

�
≈

μ2

sβcβ
ð22Þ

and the Higgs potential acquires another correction [10],

ðδVhÞμ ¼ −ðδm2Þμðh†hÞ þ ðδλÞμðh†hÞ2

¼ m2
ηðh†hÞ −

m2
η

12f2s2βc
2
β

ðh†hÞ2: ð23Þ

Two-loop contributions to δm2 can be absorbed into the
possible contributions from unknown physics at the cutoff
scale Λ [6,38] which can be parametrized as ðδm2Þ2-loop ¼
−cf2. We can roughly estimate jcj ∼Oð10−2Þ.

B. Spontaneous CP violation in the SLH model

In Eq. (21) the μ term provides the η mass. In general, μ2

can be complex, but its argument can always be absorbed
into the shift of η (which is equivalent to a rotation of Φi).
Besides this, η cannot acquire a nonzero VEV, and thus
there is no CP violation in the scalar potential. Comparing
with the CP-conserving case in Sec. II A, we can add
another term and Eq. (21) becomes

δV ¼ −μ2Φ†
1Φ2 þ ϵðΦ†

1Φ2Þ2 þ H:c: ð24Þ

Here ϵ is also required to be small [for example,
ϵ≲Oððv=fÞ2Þ], and thus the CSB mechanism is not
significantly broken. In general, μ2 and ϵ can be complex,
but we can shift η to make at least one of them real. If we
choose a real μ2, when ϵ is still complex CP symmetry
would be explicitly broken in the scalar sector. However,
if both μ2 and ϵ are real, η is also able to acquire a nonzero
VEV, which means that spontaneous CP violation
occurs. In this paper, we focus on the spontaneous CP-
violation case.
According to Eq. (24) and denoting α≡ vh=ð

ffiffiffi
2

p
fsβcβÞ,

we have

Vη ¼ −μ2f2sβcβcα cos
�

ηffiffiffi
2

p
fsβcβ

�

þ ϵf4s2βc
2
βc

2
α cos

� ffiffiffi
2

p
η

fsβcβ

�
: ð25Þ

Minimizing this potential, we find that when

μ2 < 4ϵf2jsβcβcαj; ð26Þ

hηi ¼ 0 becomes unstable and thus η would acquire a
nonzero VEV,

vη ≡ hηi ¼ �
ffiffiffi
2

p
fsβcβ arccos

�
μ2

4ϵf2sβcβcα

�
; ð27Þ

which means that spontaneous CP violation is possible.
For simplicity, we choose “+” in the equation above from
now on. We denote ξ≡ vη=ð

ffiffiffi
2

p
fsβcβÞ, and the scalar mass

term is

Lm ¼ −
1

2
ðh; ηÞ

� M2 ϵf2s2αs2ξ

ϵf2s2αs2ξ 4ϵf2c2αs2ξ

��
h

η

�
: ð28Þ

Here M should be close to 125 GeV, and it includes all of
the quantum-correction effects from Eqs. (19) and (20).7

Nonzero off-diagonal elements mean that the mass eigen-
states cannot be CP eigenstates. Defining the mass eigen-
states (in which h1 is SM-like)

�
h1
h2

�
≡

�
cθ −sθ
sθ cθ

��
h

η

�
; ð29Þ

we have the mixing angle

θ ¼ 1

2
arctan

�
2ϵf2s2αs2ξ

M2 − 4ϵf2c2αs2ξ

�
ð30Þ

and scalar masses

m1;2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ 4ϵf2c2αs2ξ

2
�
�
M2 − 4ϵf2c2αs2ξ

2
c2θ þ ϵf2s2αs2ξs2θ

�s
: ð31Þ

6This term breaks the CSB mechanism explicitly which means a quadratic divergence in the Higgs potential can be generated at the
one-loop level. Thus, numerically μ should be very small compared with f. In the convention of this paper (which is the same as that in
Ref. [35]), the degrees of freedom in Θ0 cancel with each other, and thus η does not acquire additional mixing with y2.

7These quantum corrections are not affected by the CP properties of the scalar sector, which means that Eqs. (19) and (20) derived in
the CP-conserving model can be simply transported into the CP-violating case.
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We can see that CP violation can only occur when both μ2

and ϵ are nonzero, which means that in this model CP
symmetry is also collectively broken.8

For the Yukawa couplings, we can also choose all real
couplings, and thus there is no explicit CP violation.
A complex CKMmatrix can arise from the mixing between
an SM quark and an extra quark, which is the same
mechanism as that in Ref. [18].

C. Some useful interactions in this model

In the CP-violating SLH model, mixing between h and η
can modify some of the vertices in the CP-conserving
model. The hVV couplings can be parametrized as

LhVV ¼ g2v
2

X
V

ððc̃1;Vh1 þ c̃2;Vh2ÞṼṼ�Þ; ð32Þ

where Ṽ denotes the mass eigenstates. For real vector fields,
Ṽ� ¼ Ṽ. To the leading order of (v=f), we have

c̃1;W ¼ cθ c̃2;W ¼ sθ;

c̃1;Z ¼ −c̃1;Z0 ¼ cθ
2c2W

; c̃2;Z ¼ −c̃2;Z0 ¼ sθ
2c2W

; ð33Þ

c̃1;X ¼ 2cθ
9t22β

�
v
f

�
6

; c̃2;X ¼ 2sθ
9t22β

�
v
f

�
6

; ð34Þ

c̃1;Y ¼−
2cθc2W
3t22βc

4
W

�
v
f

�
6

; c̃2;Y ¼−
2sθc2W
3t22βc

4
W

�
v
f

�
6

: ð35Þ

Here c̃i;X comes from theX� andW� mixing [35], while c̃i;Y
comes from he Z, Z0, and Y2 mixing. They arise at
Oððv=fÞ6Þ, which is extremely small compared with
c̃i;W=Z=Z0 .
We parametrize the antisymmetric-type Vhη coupl-

ings9 as

LVh1h2 ¼
g
2
ðh1∂μh2 − h2∂μh1Þ

× ðc̃asZh1h2Z̃μ þ c̃asZ0h1h2
Z̃0
μ þ c̃asYh1h2 Ỹ

2
μÞ: ð36Þ

The results to the leading order of (v=f) are

c̃asZh1h2 ¼
1

2
ffiffiffi
2

p
c3Wt2β

�
v
f

�
3

;

c̃asZ0h1h2
¼ 2

ffiffiffi
2

pffiffiffiffiffiffiffiffiffiffiffiffiffi
3 − t2W

p
t2β

�
v
f

�
; c̃asYh1h2 ¼ −1; ð37Þ

which are the same as in the CP-conserving case, since
h1∂μh2 − h2∂μh1 ¼ h∂μη − η∂μh.
The scalar trilinear interactions should be

LS ¼ −
1

2
λ122fh1h22 −

1

2
λ211fh2h21; ð38Þ

where to the leading order of (v=f) the dimensionless
coefficients are

λ122 ¼ cθð1 − 3s2θÞ
ffiffiffi
2

p
ϵs2αð3c2ξ − 1Þ

s2β

þ sθð2 − 3s2θÞ
ffiffiffi
2

p
ϵs2ξð3c2α − 1Þ

s2β

− 6c2θsθ

ffiffiffi
2

p
ϵc2αs2ξ
s2β

þ 6cθs2θ
λv
f
; ð39Þ

λ211 ¼ cθð1 − 3s2θÞ
ffiffiffi
2

p
ϵs2ξð3c2α − 1Þ

s2β

− sθð2 − 3s2θÞ
ffiffiffi
2

p
ϵs2αð3c2ξ − 1Þ

s2β
þ 6c2θsθ

λv
f

þ 6cθs2θ

ffiffiffi
2

p
ϵc2αs2ξ
s2β

: ð40Þ

λ in the equations is the Higgs self-coupling constant.
The Yukawa couplings for SM leptons and quarks

f ¼ l; q can be parametrized as

Ly ¼ −
X
f

mf

v
ððc1;fh1 þ c2;fh2Þf̄LfRÞ þ H:c: ð41Þ

For f ¼ u; c; b; ν;l, the pseudoscalar degree of freedom
does not couple to these fermions, and thus we have

c1;f ¼ cθ and c2;f ¼ sθ; ð42Þ

while for q ¼ d, s, t the coupling coefficients are

c1;q ¼ cθ þ iδqsθ
v
f

c2β þ c2θRffiffiffi
2

p
s2β

and

c2;q ¼ sθ − iδqcθ
v
f

c2β þ c2θRffiffiffi
2

p
s2β

: ð43Þ

Here δq ¼ −1 for the third generation (q ¼ t) and δq ¼ þ1

for the first two generations (q ¼ d, s). The imaginary parts

8The case where ϵ is absent was already discussed above. The
case where μ2 is absent allows a nonzero vη, but ξ ¼ π=2 and thus
the off-diagonal elements in Eq. (31) are still zero. A shift of η
(rotation ofΦ) can remove this ξ, and thus it is trivial. A nontrivial
ξ requires nontrivial μ2 and ϵ.

9We do not consider the symmetric-type couplings
(h1∂μh2 þ h2∂μh1) here because they cannot contribute anything
in the processes with on-shell gauge boson(s).
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are generated by the left-handed mixing between light and
heavy quarks. θR ¼ arctan ðt−1β λ1=λ2Þ at the leading order
of v=f is the right-handed mixing angle. Here we do not
consider the possible flavor-changing couplings. The
Yukawa couplings including a heavy quark should be

LY ¼ −
X
Q

mQ

f
ððc1;Qh1 þ c2;Qh2ÞQ̄LQR

þ q̄ððc1L;qh1 þ c2L;qh2ÞPL

þ ðc1R;qh1 þ c2R;qh2ÞPRÞQþ H:c:Þ; ð44Þ

where PL=R ¼ ð1 ∓ γ5Þ=2. The coefficients are

c1;Q ¼ −cθ
v
2f

�
s2θR
s2β

�
2

þ iδQsθ
c2β þ c2θRffiffiffi

2
p

s2β
;

c2;Q ¼ sθ
v
2f

�
s2θR
s2β

�
2

− iδQcθ
c2β þ c2θRffiffiffi

2
p

s2β
: ð45Þ

Here δQ ¼ þ1 for the third generation (Q ¼ T) and
δQ¼−1 for the first two generations (Q¼D, S), which are
different from those for SM fermions. s2θR ∝ δQmq=mQ,
and thus for the first two generations we have s2θR ≪ 1.
The other four coefficients including both light and heavy
quarks are

c1L;q ¼ cθ
v
2f

ðc2β − c2θRÞs2θR
s22β

þ iδQsθ
s2θRffiffiffi
2

p
s2β

¼ −δQcθ
mqffiffiffi
2

p
mQ

c2β − c2θR
s2β

− isθ
mqf

mQv
; ð46Þ

c2L;q ¼ sθ
v
2f

ðc2β − c2θRÞs2θR
s22β

− iδQcθ
s2θRffiffiffi
2

p
s2β

¼ −δQsθ
mqffiffiffi
2

p
mQ

c2β − c2θR
s2β

þ icθ
mqf

mQv
; ð47Þ

c1R;q¼δQcθ
c2βþc2θffiffiffi

2
p

s2β
− isθ

v
2f

��
c2βþc2θR

s2β

�
2

−1

�
; ð48Þ

c2R;q¼δQsθ
c2βþc2θffiffiffi

2
p

s2β
þ icθ

v
2f

��
c2βþc2θR

s2β

�
2

−1

�
: ð49Þ

In the calculation of ciR;q, the improved formalism affects
their imaginary parts since the η component in G cannot be
ignored due to the improved SLH formalism [34]. For the
third generation, mt=mT ∼Oðv=fÞ, and thus ciL;q can
reach Oð1Þ. But for the first two generations, mq=mQ ≪
v=f means that ciL;q ≪ 1.

III. RECENT CONSTRAINTS ON THE MODEL

As a BSM model, the SLH model always faces many
direct and indirect constraints, such as collider searches for
new particles predicted by the model and EW precision
tests. The scalar sector contains an extra scalar h2, whose
properties are quite different from the SM-like scalar. If it is
light enough (m2 < m1=2), it should also face the h1
cascade decay constraint. As a model with a new CP-
violation source, we should also discuss the EDM con-
straints [28]. In this paper, we do not discuss more details
about quark flavor physics.

A. Direct and indirect constraints on f

In the SLH model, the modifications of the parameters S
and T are sensitive to the new scale f. Thus, before LHC
Run II the S and T parameter constraint [39–41] on f used
to be the strictest one: f ≳ ð4–7Þ TeV at 95% C.L. when
tβ ∼ ð1–10Þ [42,43]. In the SLH model with spontaneous
CP violation this constraint is similar because S and T are
not sensitive to m2 and c2;W=Z when c2;W=Z ≪ 1.
However, since LHC Run II began the lower limits on

exotic particles have quickly increased, and hence the
corresponding new physics scales have been pushed higher.

In the SLH model, X̃� and Ỹ0ð ˜̄Y0Þ gauge bosons couple to
SM fermions with a suppression factor v=f, and thus it is
difficult to produce them at the LHC. However, couplings
between Z̃0 and SM fermions have the same order as those
in the SM,10 and thus Z̃0 searches at the LHC can provide a
direct constraint on f. Recently, using 36.1 fb−1 luminosity
at

ffiffiffi
s

p ¼ 13 TeV, the ATLAS Collaboration set a new
constraint mZ0 ≳ 4.5 TeV at 95% C.L. [44] for the sequen-
tial standard model (SSM) [45] in which Z0 couples to SM
fermions with same the strengths as in the SM.
In the SLH model with “anomaly-free embedding”

the gauge couplings for fermions are fixed (which can be
found inRefs. [9,35]). The signal strength is then [2,10,35,45]

μ≡ ðσZ0BrZ0→lþl−ÞSLH
ðσZ0BrZ0→lþl−ÞSSM

¼ 0.36
κd=u þ 1.14

κd=u þ 0.78
≈ 0.49; ð50Þ

in which

κd=u ≡
R
dx1dx2fdðx1Þfd̄ðx2Þδðx1x2 −m2

Z0=sÞR
dx1dx2fuðx1Þfūðx2Þδðx1x2 −m2

Z0=sÞ
∼ ð0.2–0.25Þ ð51Þ

for mZ0 ¼ ð4–4.5Þ TeV, using the MSTW2008 PDF [46].
Comparing with the results shown in Ref. [44] and
assuming mT;D;S;Ni

> mZ0=2, it can be roughly estimated

10These couplings are the same in the CP-conserving and
CP-violating models.
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that f ≳ 7.5 TeV at 95% C.L.11 Comparing with the indirect
constraints discussed above, we can see that the Z0 direct-
search experiments can provide the strictest constraint on f in
the SLH model for most of the β region.

B. Constraints on the properties
of the extra scalar h2

h2 couples to SM particles dominantly through its h
component, since the couplings between the η component
and the SM sector are highly suppressed by the high scale
f. Experimentally, a light h2 could mainly be found in
direct searches through eþe− → Zh2 at LEP, while a heavy
h2 could mainly be found in direct searches through
gg → h2 → WþW−=ZZ at the LHC. Both production cross
sections are suppressed by a factor s2θ. Whenm2 < m1=2, it
should also face the h1 → 2h2 rare decay constraint.
Theoretically, the allowed parameter region also depends
on the details of EWSB.
For m2 ∼ ð15 − 80Þ GeV, experimentally the LEP direct

searches through eþe− → Z� → Zh2-associated production
processes give [48]

sθ ≲ ð0.1 − 0.2Þ ð52Þ
at 95% C.L. assuming Brh2→bb̄ ¼ 1. c̃Zh1h2 cannot be
constrained at LEP since it is suppressed by a factor
ðv=fÞ3. When m2 < m1=2, it must face the h1 rare decay
constraint as well. In the SLH model, the dominant exotic
decay channel is h1→2h2 with a branching ratio Brh1→2h2≡
Γh1→2h2=Γ1. The partial decay width is

Γh1→2h2 ¼
λ2122f

2

32πm1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
2

m2
1

s
; ð53Þ

while the h1 total decay width is

Γ1 ¼ Γh1→2h2 þ c2θΓ1;SM: ð54Þ

Based on the Higgs signal strength measurements using the
full 2016 data set [4,5], we perform a global fit and obtain
the estimation

Brexo ≲ 0.2 and sθ ≲ 0.4 ð55Þ

at 95% C.L., which is a bit stricter than the previous
constraint from LHC Run I [49]. We show the branching
ratio distribution in Fig. 1. According to this figure, when
m2 ∼ ð20–60Þ GeV we have sθ ≲ ð0.04–0.16Þ, which is a
stricter constraint than that from LEP direct searches. The
numerical results are not sensitive to f and β.
Theoretically, the allowed parameter region also depends

on the details of EWSB, especially the contributions from
the cutoff scale δm2 ¼ −cf2. In the CP-violation case,
Eq. (23) becomes

δV 0
h ¼ 2ϵf2ð2cαc2αc2ξ − c4αc2ξÞðh†hÞ

þ ϵðc2αc2ξ − 2c2αc2ξÞ
3s2βc

2
β

ðh†hÞ2; ð56Þ

leaving the other contributions to δVh unchanged. For
f ¼ 8 TeV, in the light h2 scenario, c is favored in the
region (0.01–0.02) since a larger c2 is excluded by the
Higgs data. However, if c≲ 0.01, EWSB requires a larger
sθ which was excluded by the Higgs rare decay constraints,
and thus a smaller c2 would lead to the exclusion of a light
h2 scenario. A larger f requires a smaller c; for example, if
f ¼ 12 TeV, the lower limit of c reaches about 4 × 10−3.
A heavy h2 (with m2 ≳ 200 GeV) is experimentally

constrained by LHC direct searches. At the LHC,
the gluon-fusion process acquires a dominant contribution
through the top-quark loop, and the amplitudes through
heavy-quark loops are suppressed by ðv=fÞ2, so
σh2=σh2;SM ≈ s2θ. If m2 < 2m1, the branching ratios of h2
are the same as those of an SM-like Higgs boson with mass
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Br2 h2
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0.1 Br2 h2
0.2

30 40 50 60
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0.10

0.15

s

FIG. 1. The h1 → 2h2 decay branching ratio distribution in the sθ −m2 plane with f ¼ 8 TeV. From left to right, we choose
tβ ¼ 1, 3, 6, respectively.

11Recently, Dercks et al. reported a new lower limit
f ≳ 1.3 TeV for the littlest Higgs model with T parity [47],
which is quite lower than the limit in the SLH model. This is
because in the T-parity model the extra Z0 boson is T-odd, and
thus it cannot have sizable couplings with SM fermion pairs.
Thus, in that model direct searches for Z0 cannot lead to a strict
constraint on the scale f.
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m2. For m2 > 2m1, the decay channel h2 → 2h1 opens up
with a partial width

Γh2→2h1 ¼
λ2211f

2

32πm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
1

m2
2

s
: ð57Þ

Its branching ratio can reach (20–30)% when
m2≳300GeV. If m2 ≳ 350 GeV, the h2 → tt̄ decay chan-
nel can also open. Recently, the ATLAS Collaboration
performed direct searches through the channels pp →
h2 → WþW−; ZZ for m2 > 200 GeV with 36.1 fb−1 lumi-
nosity at

ffiffiffi
s

p ¼ 13 TeV [50,51]. Ifm2 ≲ 1 TeV, the strictest
constraints come from the h2 → ZZ decay channel.
Comparing with the SM theoretical predictions [52,53],
we have the rough estimation

sθ ≲

8>><
>>:

ð0.1–0.4Þ; for m2 ∼ ð0.2–0.3Þ TeV;
0.2; for m2 ∼ ð0.3–0.7Þ TeV;
ð0.2–0.4Þ; for m2 ∼ ð0.7–1Þ TeV

ð58Þ

at 95% C.L. These constraints are a bit weaker than those in
the light-m2 region.
The theoretical constraints here are similar to those in the

case with light h2. c ∼ ð0.005–0.03Þ is favored in the heavy
h2 scenario. In this scenario, the results are not sensitive to
f or β. The bound onm2 is sensitive to c but not sθ, which is
different from the properties in the light h2 scenario.

C. EDM constraints

The EDM effective interaction can be written as

LEDM ¼ −
idf
2

f̄σμνγ5fFμν; ð59Þ

which violates P and CP symmetries. In the SM, CP
violation comes only from a complex CKM matrix so that
the leading contributions to the EDMs of the electron and
neutron arise at the four- and three-loop level, respectively.
It is estimated that [28]

de;SM ∼ 10−38 e · cm; dn;SM ∼ 10−32 e · cm; ð60Þ

both of which are far below the recent experimental
constraints [54,55]

jdej < 8.7 × 10−29 e · cm;

jdnj < 3.0 × 10−26 e · cm ð61Þ

at 90% C.L. However, in some BSMmodels the electron or
neutron EDM can be generated at the one- or two- loop
level, which means that it may face strict experimental
constraints.

In the SLH model with spontaneous CP violation, the
leading contribution to the electron EDM comes from the
two-loop “Barr-Zee” type diagrams [56] with F ¼ t, T, D,
S running in the loop (see the left diagram in Fig. 2).
Following the calculations in Refs. [56,57], the analytical
expression for the EDM of an electron is

de
e
¼ 3GFαemmesθcθ

ð2πÞ3
�
v
f

�X
F

Q2
FδF

c2β þ c2θR;F
s2β

×

�
g

�
m2

F

m2
1

�
− g

�
m2

F

m2
2

��
; ð62Þ

in which the function

gðzÞ≡ z
2

Z
1

0

dx
1

xð1 − xÞ − z
ln
xð1 − xÞ

z
: ð63Þ

Numerical results show that de is not sensitive to the masses
of extra heavy quarks. For 0.2≲ tβ ≲ 8, in the whole mass
region m2 ∼ ð20–600Þ GeV we have

jdej≲ 8 × 10−29
�
8 TeV

f
·
s2θ
0.2

�
e · cm ∝ f−1: ð64Þ

The constraints from the electron EDM are not strict due to
the suppressions by θ and f.
The neutron EDM comes not only from the quarks’

EDM, but also their color EDM (CEDM) operator
[28,56,57]

OCEDM ¼ −
igs
2
d̃qq̄iσμνγ5ðtaÞijqjGa

μν; ð65Þ

where d̃q is the CEDM of the quark, ta denotes the color
SU(3) generator, and i, j are color indices. The u-quark
EDM comes only from the left diagram in Fig. 2 (just like
that for the electron), while the d-quark EDM acquires
contributions from both the left and middle diagrams in
Fig. 2 because of the left-handed mixing between d and D
quarks. The CEDMs of quarks come from the right diagram
in Fig. 2. Calculated at the EW scale, the quarks’ EDMs
and CEDMs in the SLH model with spontaneous CP
violation are [57]

FIG. 2. Dominant Feynman diagrams contributing to the EDM
of electron and quarks and the CEDM of quarks. F running in the
loop includes t, T, D, S.
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du ¼ −
2mu

3me
de; ð66Þ

dd ¼
md

3me
de þ

4GFαemmdsθcθ
9ð2πÞ3tβ

�
v
f

��
f

�
m2

t

m2
1

�
− f

�
m2

t

m2
2

��

−
GFαemmdsθcθ
12ð2πÞ3tβ

�
v
f

�

×

���
6þ m2

1

m2
W

�
f

�
m2

W

m2
1

�
−
�
6þ m2

2

m2
W

�
f

�
m2

W

m2
2

��

þ
��

10 −
m2

1

m2
W

�
g
�
m2

W

m2
1

�
−
�
10 −

m2
2

m2
W

�
g
�
m2

W

m2
2

���
;

ð67Þ

d̃u ¼ −
GFαsmusθcθ

2ð2πÞ3
�
v
f

�X
F

δF
c2β þ c2θR;F

s2β

×

�
g

�
m2

F

m2
1

�
− g

�
m2

F

m2
2

��
; ð68Þ

d̃d ¼
md

mu
d̃u −

GFαsmdsθcθ
2ð2πÞ3tβ

�
v
f

��
f

�
m2

F

m2
1

�
− f

�
m2

F

m2
2

��
;

ð69Þ

in which the function

fðzÞ≡ z
2

Z
1

0

dx
1 − 2xð1 − xÞ
xð1 − xÞ − z

ln
xð1 − xÞ

z
: ð70Þ

After the running to the hadron scale, the neutron EDM
is [57]

dn;BZ
e

≃ 0.63
dd
e
þ 0.73d̃d − 0.16

du
e
þ 0.19d̃u: ð71Þ

Numerically, for 0.2≲ tβ ≲ 8, in the whole mass region
m2 ∼ ð20–600Þ GeV we have

jdnj≲ 1.4 × 10−26
�
8 TeV

f
·
s2θ
0.2

�
e · cm; ð72Þ

which is still below the experimental limit. The constraint
from the neutron EDM is weaker than that from the
electron EDM.
Besides the “Barr-Zee" type diagram, one-loop diagrams

and the Weinberg operator [58] also contribute to the
neutron EDM (see the Feynman diagrams in Fig. 3).
Following Eqs. (46)–(49), we can estimate the one-loop
contribution to the neutron EDM (the left and middle
diagrams in Fig. 3) as

jδdn;1-loopj ∼
0.7sθcθ
32π2tβ

mdjm2
1 −m2

2j
vfm2

D
ln

�
m2

D

μ2

�
; ð73Þ

where the scale μ ∼OðvÞ. This result is sensitive tomD and
m2. For mD ∼OðfÞ and m2 ≲OðvÞ, jδdn;1-loopj≲
Oð10−29–10−27Þ e · cm. The Weinberg operator (the right
diagram in Fig. 3) [58]

OW ¼ −
w
3
fabcGa

μνG
ν;b
ρ G̃μρ;c; ð74Þ

in which fabc is the structure constant of the SU(3) group,
contributes to the neutron EDM as [57]

δdn;W
e

≃ ð9.8 MeVÞw: ð75Þ

In the SLH model with spontaneous CP violation, we have

w¼GFαs
ð4πÞ3

�
v
f

�
sθcθ

c2θR;t þc2β
s2β

�
W

�
m2

t

m2
2

�
−W

�
m2

t

m2
1

��
;

ð76Þ
where the function [57]

WðzÞ≡ z2
Z

1

0

du
Z

1

0

dv
ð1 − vÞðuvÞ3

ðð1 − uÞð1 − vÞ þ vð1 − uvÞzÞ2 :

ð77Þ

Typically, jδdn;W j≲Oð10−28Þ e · cm. Thus we can con-
clude that for the neutron EDM the contributions from
Fig. 3 are subdominant.
There are also upper limits on heavy atoms’ EDMs. The

recent measurement of the 199Hg atom’s EDM set the new
limit jdHgj < 7.4 × 10−30 e · cm at 95% C.L. [59], which
provides an indirect constraint dn ≲ 1.6 × 10−26 e · cm
[60]. The SLH model with spontaneous CP violation is
still allowed by these new indirect constraints. The theo-
retical estimation of the EDM of Hg contains rather large
uncertainties [61], and thus it cannot directly provide
further constraints on this model.

IV. FUTURE COLLIDER TESTS OF THE
CP-VIOLATION EFFECTS

Recent Higgs data have already confirmed the 0þ com-
ponent of h1 [22]. Following the idea in Refs. [24,32], we
should try tomeasure the tree-levelh2VV andh1h2V vertices
to confirm CP violation in the scalar sector. For different h2
masses, we need different future colliders.

FIG. 3. Additional Feynman diagrams contributing to the
neutron EDM.
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A. Measuring the h2VV vertex

If h2 is light (for example, m2 ≪ v), it would be difficult
to discover at the LHC due to the large QCD backgrounds
in the low-mass region. To test this scenario, we need future
eþe− colliders. For example, at CEPC [62] or TLEP [63]
with

ffiffiffi
s

p
∼ ð240–250Þ GeV, the h2VV vertex can be

measured through the eþe− → Z� → Zh2-associated pro-
duction process. Its cross section is [48,64]

σZh2 ¼
πα2emð8s4W − 4s2W þ 1Þ · s2θ
96sð1 −m2

Z=sÞ2s4Wc4W
×

�
F 3

�
m2

Z

s
;
m2

2

s

�
þ 12m2

Z

s
F
�
m2

Z

s
;
m2

2

s

��
; ð78Þ

where the function

F ðx; yÞ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x2 þ y2 − 2x − 2y − 2xy

q
: ð79Þ

With 5 ab−1 luminosity at CEPC, the inclusive discovery
potential on sθ can reach 5σ if sθ ∼ 0.15 in the low-mass
region (m2 ≲ 70 GeV) [32] through the “recoil mass”
technique [62,65,66]. This result does not depend on the
decay channel of h2, and it is not sensitive to m2 in this
region. With the help of the “pT balance cut” method [67]
to reduce large backgrounds with photons, the 5σ discovery
bound on sθ can reach about 0.1 with a tiny breaking of
inclusiveness. If we completely give up the inclusiveness in
this measurement and consider only the h2 → bb̄ decay
channel, the 5σ discovery bound on sθ can be suppressed to
about ð4–5Þ × 10−2 according to Ref. [32].12 This result
means that it is still possible to discover the allowed regions
obtained in Fig. 1 at 5σ level at CEPC with 5 ab−1

luminosity. For larger m2 (close to the Z peak), the large
ZZ background will decrease the sensitivity on sθ measured
though this channel.
For light h2, we can also measure sθ through Z →

Z�ðff̄Þh2 rare decay, if an eþe− collider runs at the Z pole
(

ffiffiffi
s

p ¼ mZ). The branching ratio is [2]

BrZ→Z�h2 ¼
s2θ

π2mZ

Z
π

0

sinϕdϕ
Z

mZ−m2

0

dq
q3p2

ðq2 −m2
ZÞ2

×

�
2þm2

2β
2sin2ϕ

1 − β2

�
; ð80Þ

where q is the invariant mass of Z�. The momentum of h2 in
the initial Z frame and the relative velocity between h2 and
Z� are, respectively,

p2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

Z − ðm2 − qÞ2Þðm2
Z − ðm2 þ qÞ2Þ

p
2mZ

; ð81Þ

β ¼ mZp2

p2
2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp2

2 þm2
2Þðp2

2 þ q2Þ
p : ð82Þ

With 1012 Z-boson events as the goal of a “Tera-Z” factory,
the typical sensitivity to this rare decay branching ratio is
about (10−8–10−7) [68], which means that it is better suited
to discovering a nonzero sθ compared to the Zh2-associated
production channel in the whole mass regionm2 ≲ 70GeV.
For a heavy h2 [for example, m2 ∼OðvÞ], future LHC

direct searches will discover or set a stricter limit on sθ
through its ZZ decay channel [69]. Using only the visible
leptonic decay channel with 3 ab−1, the 5σ discovery
bounds would be around sθ ∼ ð0.1–0.2Þ, which is similar
to the current upper limits using the combination of
h2 → 4l and h2 → 2l2ν channels [50,53,69]. We also
expect that the 2l2ν channel can help to increase
the sensitivity on sθ at future LHC searches. When
m2 ≳ 0.6 TeV, the 2l2ν channel would become more
sensitive than the 4l channel [50].

B. Measuring the h1h2V vertex

Based on the improved formalism of the SLH model
[34], we obtained the Zh1h2 vertex in Eq. (37). c̃asZh1h2 is
suppressed by a factor ðv=fÞ3 ≲Oð10−5Þ, and thus
the associated production channels cannot be used to
measure this vertex. Similarly, precision measurements
on h1 → Zð�Þh2 are also useless for testing this vertex,
since the typical 5σ discovery bounds for such rare decay
channels are of Oð10−3Þ [62,70]. This means that we must
turn to the heavy neutral gauge boson sector for help.
According to Eq. (37), c̃asZ0h1h2

is suppressed by a factor
(v=f), and there is no suppression in c̃asYh1h2 . These vertices
will become helpful to confirm the 0− component in at least
one of the scalars. Since mZ0 ≫ m1;2, the decay branching
ratio is

BrZ0→h1h2 ¼
m3

Z0

48πΓZ0f2

�
v

ft2β

�
2

: ð83Þ

We assume that the heavy quark masses mF > mZ0=2, and
thus Z̃0 → FF̄ decay channels cannot be opened. The total
width ΓZ0 ≈ 6.5 × 10−3f if we choose the “anomaly-free”
embedding [9]. Numerically, we have

BrZ0→h1h2 ≃ 1.7 × 10−4
�
8 TeV
ft2β

�
2

∝ f−2: ð84Þ

When β ∼ π=4 this decay channel vanishes, while when β is
close to 0 or π=2 there is an enhancement by t−22β . It
decreases quickly when f increases.

12Simulation details about the cross sections of the background
channels were not given in the text of Ref. [32].
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For this process, we need future pp colliders with largerffiffiffi
s

p
[for example, (50–100) TeV] [62,71], since at the LHC,

when mZ0 ≳ 5 TeV, the event number of pp → Z̃0 → h1h2
cannot reach Oð1Þ with 3 ab−1 luminosity [71]. However,
with the same luminosity at a

ffiffiffi
s

p ¼ 100 TeV pp collider,
the events number can reach Npp→Z0→h1h2 ∼Oð102–103Þ
for mZ0 ∼ 5 TeV, and Npp→Z0→h1h2 ∼Oð10–102Þ for
mZ0 ∼ 10 TeV [71]. This implies that the Z0h1h2 vertex
in the SLH model is testable at a

ffiffiffi
s

p ¼ 100 TeV pp
collider.
If we can discover nonzero values for both vertices h2ZZ

and Z0h1h2, we can confirm the CP-violation effects in the
scalar sector.

V. CONCLUSIONS AND DISCUSSIONS

In this paper we proposed the possibility of spontaneous
CP violation in the scalar sector of the SLH model.
Through adding a new interaction term ϵðΦ†

1Φ2Þ2 þ H:c:
in the scalar potential, the pseudoscalar field η can acquire a
nonzero VEV, which means that CP violation happens
spontaneously. Both scalars then become CP-mixing
states. In this paper we denoted h1 as the SM-like Higgs
boson with massm1 ¼ 125 GeV, and h2 as the extra scalar.
Based on the improved SLH formalism (see the Appendix),
we derived the interactions in this model.
Facing strict experimental constraints, the spontaneous

CP-violation SLH model is still not excluded. LHC Run II
data have already pushed the lower limit of the scale f to
about 7.5 TeV, which means that the EW precision tests
only provide subdominant constraints on f. For the extra
scalar h2, we have two scenarios based on its mass:
m2 ∼OðvÞ or m2 ≪ v. For a light h2, the most strict
constraint comes from the h1 → 2h2 rare decay channel.
The 95% C.L. upper limit on sθ is (0.04–0.16) for
m2 ∼ ð20–60Þ GeV, while for a large m2 ∼OðvÞ the
95% C.L. upper limit on sθ varies in the region
(0.1–0.4); in particular, when m2 ∼ ð300–700Þ GeV, the
95% C.L. upper limit on sθ is about 0.2. In both scenarios,
tiny but nonzero contributions from the cutoff scale are
necessary. As a CP-violation model, it must also face the
EDM constraints. Since the effects are suppressed by
sθv=f, the constraints are weak. The most strict EDM
constraint comes from the electron, which favors 0.2≲
tβ ≲ 8 in the whole m2 ∼ ð20–600Þ GeV mass region.
We also discussed the future collider tests of this model.

The basic idea is to discover nonzero h2VV and Vh1h2
vertices. For a light h2, we can test the h2ZZ vertex at future
eþe− colliders, such as Higgs factories or a Z factory.
With 5 ab−1 luminosity at CEPC for m2 ≲ 70 GeV, sθ ∼
ð4–5Þ × 10−2 can be discovered at the 5σ level, while with
1012 Z-boson events at the Z pole, we can have a better
sensitivity in the same mass region. For a heavy h2 with
m2 ∼OðvÞ, the vertex can be tested through the gg → h2 →
ZZ channel at the LHC. With 3 ab−1 luminosity, the 5σ

discovery bound is around (0.1–0.2) using only the 4l
decay channel. The 2l2ν decay channel is also expected to
help increase the sensitivity on sθ, especially in the large-
m2 region. Based on the improved formalism, we know that
the Zh1h2 vertex is suppressed by ðv=fÞ3, and thus we must
ask a heavy gauge boson (such as Z0) for help. Since
BrZ0→h1h2 ≲Oð10−4–10−3Þ, it would be difficult to discover
at the LHC. We need pp colliders with larger

ffiffiffi
s

p
. For

example, if
ffiffiffi
s

p ¼ 100 TeV with 3 ab−1 luminosity, we can
obtainOð102–104Þ events for the pp → Z̃0 → h1h2 process
in the mass region mZ0 ∼ ð5–10Þ TeV which means that it
may become testable. CP violation in the scalar sector will
be confirmed if nonzero h2ZZ and Z0h1h2 vertices are
discovered.
This model is attractive both theoretically and phenom-

enologically. Theoretically, in this model we proposed a
new possible CP-violation source, which may provide new
understanding about the matter-antimatter asymmetry
problem in the Universe. Besides this, the spontaneous
CP-violation mechanism is also a possible solution to the
strong-CP problem, which is worthy of further study. This
model is also a candidate to connect the composite Higgs
mechanism and CP violation in the scalar sector. Based on
this, new CP-violation effects are naturally suppressed by
the global symmetry-breaking scale f, as shown in the
calculation of the electron and neutron EDMs.
Phenomenologically, it is an application of the basic idea

of measuring h2VV and Vh1h2 vertices. It provides an
example of how extra scalars and gauge bosons can help to
confirm new CP-violation sources, which also implies the
importance of searching for VVS- and VSS-type vertices. It
also shows another motivation for future eþe− and pp
colliders.

ACKNOWLEDGMENTS

We thank Jordy de Vries, Shi-ping He, Fa-peng Huang,
Gang Li, Jia Liu, Lian-tao Wang, Ke-pan Xie, Ling-xiao
Xu, Wen Yin, Felix Yu, Chen Zhang, and Shou-hua Zhu
for helpful discussions. This work was partly supported
by the China Postdoctoral Science Foundation (Grant
No. 2017M610992).

APPENDIX: IMPROVED FORMALISM
OF THE SLH MODEL

In this appendix we present the improved formalism for
the SLHmodel based on Ref. [34]. The neutral scalar sector
(including six degrees of freedom) can be divided into CP-
even and CP-odd parts. The CP-odd part—denoted as Gi

and running over η, G, G0, and y2—is not canonically
normalized. We can write the kinetic term as

L ⊃
1

2
Kij∂μGi∂μGj: ðA1Þ
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The matrix elements of K were calculated to Oððv=fÞ3Þ
in Ref. [34]. If we rewrite this term in another basis
Si ¼ UijGj which is canonically normalized,

L ⊃
1

2
δij∂μSi∂μSj; ðA2Þ

then we can define an inner product hSijSji ¼ δij in the
linear space spanned by the scalars Si. A straightforward
calculation shows that

hGijGji ¼ ðK−1Þij: ðA3Þ

The VEVs in Φ1;2 will lead to two-point transitions
between gauge bosons and pseudoscalars as

L ⊃ Vμ
pFpi∂μGi; ðA4Þ

where Vp denotes a gauge boson running over Z, Z0, and
Y2, and F is a 4 × 3 matrix. The matrix elements of F were
also calculated toOððv=fÞ3Þ in Ref. [34]. The gauge-fixing
term must provide a two-point transition like

LG:F: ⊃ ð∂μV
μ
pÞFpiGi ðA5Þ

to cancel all contributions from Eq. (A4). If we define

Ḡp ¼ FpiGi ðA6Þ

using the convention of Ref. [35] (which is also the
convention of this paper), we can derive that

hηjḠpi ¼ 0; and hḠpjḠqi ¼ ðM2
VÞpq ðA7Þ

through a straightforward calculation, where M2
V is the

mass matrix for gauge bosons in the basis ðZ; Z0; Y2Þ.
Calculating to the leading order of (v=f) for every matrix
element, we have

M2
V ¼ g2

0
BBBBB@

v2

4c2W

c2Wv2

4c3W
ffiffiffiffiffiffiffiffi
3−t2W

p v3

3
ffiffi
2

p
cWt2βf

c2Wv2

4c3W
ffiffiffiffiffiffiffiffi
3−t2W

p 2f2

3−t2W
v3

3
ffiffiffiffiffiffiffiffi
6−t2W

p
c2Wt2βf

v3

3
ffiffi
2

p
cWt2βf

v3

3
ffiffiffiffiffiffiffiffi
6−t2W

p
c2Wt2βf

f2

2

1
CCCCCA: ðA8Þ

Using an orthogonal matrix R, we can diagonalize M2
V as

ðRM2
VR

TÞpq ¼ m2
pδpq and Ṽp ¼ RpqVq; ðA9Þ

where Ṽp denotes the mass eigenstate of a gauge boson and
mp is its mass. The matrix elements ofR were calculated to
Oððv=fÞ3Þ in Ref. [34] as well. For simplicity, to this order
the off-diagonal elements can also be expressed as

Rpq ¼
ðM2

VÞpq
ðM2

VÞpp − ðM2
VÞqq

: ðA10Þ

It is natural for us to define

G̃p ≡RpqḠq

mp
¼ ðRFÞpiGi

mp
: ðA11Þ

According to hηjηi ¼ ðK−1Þ11 ≈ 1þ ð2=t22βÞðv=fÞ2, we
should also define

η̃≡ ηffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðK−1Þ11

p : ðA12Þ

It is easy to check that in the basis ðη̃; G̃pÞ, the kinetic part is
canonically normalized. Equation (A5) also becomes
mpð∂μṼ

μ
pÞG̃p, and thus it is natural to choose the gauge-

fixing term as

LG:F: ¼ −
X
p

1

2ξp
ð∂μṼ

μ
p − ξpmpG̃pÞ2: ðA13Þ

It is now clear that G̃p is the corresponding Goldstone that
is eaten by Ṽp, and its mass should be

ffiffiffiffiffi
ξp

p
mp, where ξp is

the corresponding gauge parameter. We thus have already
built the formalism to treat a model with a noncanonically
normalized scalar sector, and the SLH model is one such
example. The main point is that all of the two-point
transitions must be carefully canceled if we do not want
these kinds of Feynman diagrams appearing during the
calculation.
Because of the η components in the Goldstone fields, the

interactions including η must be changed compared to the
naively calculated case. We divide F into

F ≡ ðf̃; F̃Þ; ðA14Þ

where f̃p ¼ Fp1 is a 1 × 3 vector and F̃ is a 3 × 3 matrix.
Thus for any kind of couplings including the pseudoscalar
degrees of freedom, if wewrite the coefficients as ðcη; cjÞ in
theGi basis where cj runs for the couplings includingG,G0

and y2, the physical coupling should be

c̃η ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðK−1Þ11

q
ðcη − cjðF̃−1f̃ÞjÞ: ðA15Þ

For example, the antisymmetric-type Vhη couplings in
mass eigenstates can be parametrized as

LVhη ¼
g
2
ðh∂μη − η∂μhÞðc̃asZhηZ̃μ þ c̃asZ0hηZ̃

0
μ þ c̃asYhηỸ

2
μÞ:
ðA16Þ

With the improved formalism, we can calculate to the
leading order of (v=f) as
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c̃asZhη ¼
1

2
ffiffiffi
2

p
c3Wt2β

�
v
f

�
3

;

c̃asZ0hη ¼
2

ffiffiffi
2

pffiffiffiffiffiffiffiffiffiffiffiffiffi
3 − t2W

p
t2β

�
v
f

�
; c̃asYhη ¼ −1: ðA17Þ

The first two results are quite different from those
appearing in previous papers [10,35]. Similarly, the
Yukawa couplings between η and SM fermions can be
parametrized as

Lηff̄ ¼ −
X
f

cη;f
imf

v
f̄γ5fη: ðA18Þ

According to Eq. (A15), cη;f ¼ 0 to all orders of (v=f) for
f ¼ ν;l; u; c; b. This result is also quite different from that
in previous papers [10,35]. For f ¼ t, d, s, to the leading
order of (v=f), we have

cη;f ¼ −δf
�

vffiffiffi
2

p
f

�
c2β þ c2θ

s2β
; ðA19Þ

which is generated by the left-handed mixing between the
SM fermion and additional heavy fermion. Formally, all of
these results can be calculated to all orders of (v=f), though
some of the results are extremely lengthy.
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