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Null results from searches for new physics at the Large Hadron Collider (LHC) tend to enforce the belief
that new particles must be much heavier than the weak scale. We undertake a systematic study of the
interplay between Higgs alignment and CP-violation in complex two-Higgs-doublet models, which
enables us to construct a CP-violating scenario where new Higgs bosons are close to the weak scale after
including stringent constraints from the electric dipole moment and measurements at the LHC. In addition,
we propose a novel potential signal of CP-violation in the Higgs-to-Higgs decays, h3 → h2h1, where h3,
h2, and h1 are the heaviest, second heaviest and the Standard Model-like neutral Higgs bosons,
respectively. The decay could manifest itself in triple boson final states in h1h1h1 and h1h1Z, which
are quite distinct and provide unique venues for new measurements at the LHC.

DOI: 10.1103/PhysRevD.105.035009

I. INTRODUCTION

CP-violation (CPV) is a critical ingredient for the matter-
antimatter asymmetry in the Universe [1] and its presence is
of existential significance. However, the amount of CPV in
the Standard Model (SM), via the Cabbibo-Kobayashi-
Maskawa mechanism, is insufficient to generate the obse-
rved baryon asymmetry [2,3]; new sources of CPV must be
present outside of the SM. A two-Higgs-doublet model
(2HDM) [4] is not only one of the simplest extensions of
the SM which may provide new sources for CPV [5–7], but
also the prototype employed in numerous more elaborate
new physics models [8].
There is vast literature on CPVand 2HDMs.However, the

majority of these studies focus on detecting a CP-even and
CP-odd mixture in a mass eigenstate through angular
correlations or asymmetries in kinematic distributions
[9–17], which requires significant experimental resources

and statistics.1 On the other hand, there are twomajor results
derived from data collected at the LHC: 1) null searches for
new particles beyond the SM, and 2) a SM-like 125 GeV
Higgs. The first result suggests that new particles, if present,
should be much heavier than the weak scale, while the latter
implies a dominantly CP-even 125 GeV Higgs.
In light of these considerations, it becomes clear that we

must reevaluate the possibility of CPV in 2HDM under the
assumption of a SM-like 125 GeV Higgs, which is dubbed
the alignment limit [19–21]. Of particular interest is the
“alignment without decoupling” limit, where new Higgs
bosons could still be present near the weak scale [22–24].
This has been done only under limited purview in the past
[16,25,26] but we aim to achieve a comprehensive and
analytical understanding.
Specifically we emphasize there are two distinct sources

of CPV in 2HDM; in the mixing and in the decay of the
Higgs bosons. Kinematic distributions are only sensitive to
CPV in the mixing. This realization allows us to construct a
benchmark scenario where new Higgs bosons are not far
above the weak scale, at around 500 GeV or lighter, and
propose a novel signature of CPV, without recourse to
angular correlations or electric dipole moment (EDM)
signals, in the Higgs-to-Higgs decay, (h3 → h2h1 →
3h1), whose existence is sufficient to establish CPV in
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1An exception is Ref. [18] which proposed a combination of
three different decay channels.
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complex two-Higgs-doublet models (C2HDMs).2 The
presence of such an observable is nontrivial, as this decay
channel vanishes in the exact alignment limit. Our bench-
mark survives constraints from EDMs [29–33] and collider
measurements, and could be discovered at the LHC in the
near future.

II. THE HIGGS BASIS

The most general potential for a 2HDM [34–36] in terms
of the two hypercharge-1, SUð2Þ doublet fields Φa ¼
ðΦþ

a ;Φ0
aÞT; a ¼ f1; 2g, is given by

V¼m2
1Φ

†
1Φ1þm2

2Φ
†
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12Φ
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2
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We assume a vacuum preserving the Uð1Þem gauge
symmetry and adopt a convention where both scalar
vacuum expectation values (VEVs) are real and non-
negative,

hΦ1i ¼
1ffiffiffi
2

p
�

0

v1

�
; hΦ2i ¼

1ffiffiffi
2

p
�

0

v2

�
; ð2Þ

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p ≡ v ¼ 246 GeV. It is customary to define
an angle β through tan β ¼ v2=v1.
We choose to study the alignment limit [22–24] in the

Higgs basis [37], which is defined by two doublet fields,
Hi; i ¼ f1; 2g, having the following property

hH0
1i ¼ v=

ffiffiffi
2

p
; hH0

2i ¼ 0: ð3Þ

We will parametrize the Higgs basis doublets as H1¼ðGþ;
ðvþϕ0

1þ iG0Þ= ffiffiffi
2

p ÞT and H2¼ðHþ;ðϕ0
2þ ia0Þ= ffiffiffi

2
p ÞT ,

where Gþ and G0 are the Goldstone bosons. The neutral
fields are ϕ0

1, ϕ
0
2, and a0, and the charged field is Hþ.

Moreover, our phase convention is such that ϕ0
2 and a0 are

the CP-even and CP-odd eigenstates, defined with respect
to the fermion Yukawa couplings. There is a residual Uð1Þ
redundancy in the Higgs basis, labeled by H2 → eiηH2,
which leaves Eq. (3) invariant and motivates writing the
scalar potential in terms of H2 ≡ eiηH2 [38],

V ¼ Y1H
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In the above, different choices of parameters truly represent
physically distinct theories [38]. The potentially complex
parameters are fY3; Z5; Z6; Z7g.
The minimization of the scalar potential gives Y1 ¼

−Z1=2v2 and Y3 ¼ −Z6v2=2. The first relation can be
viewed as the definition of v in the Higgs basis, while the
second relation implies there are only three independent
complex parameters, usually taken to be fZ5; Z6; Z7g. If
one can find a choice of η such that all parameters in Eq. (4)
are real after imposing the minimization condition, the
vacuum and the bosonic sector of the 2HDM is CP-
invariant. This can happen if and only if [39]

ImðZ�
5Z

2
6Þ ¼ ImðZ�

5Z
2
7Þ ¼ ImðZ�

6Z7Þ ¼ 0: ð5Þ
Otherwise, CP invariance is broken.
In a 2HDM the most general Higgs-fermion interactions

result in tree-level flavor-changing neutral currents, which
can be removed by imposing a discrete Z2 symmetry [40–
42], Φ1 → Φ1 and Φ2 → −Φ2. In addition, the Z2 sym-
metry can be broken softly by mass terms, leading to λ6 ¼
λ7 ¼ 0 in Eq. (1).
In the Higgs basis, the existence of a softly broken Z2

symmetry is guaranteed through the condition [38,43],

ðZ1 − Z2Þ½ðZ3 þ Z4ÞðZ6 þ Z7Þ� − Z2Z�
6 − Z1Z�

7

þZ�
5ðZ6 þ Z7Þ� − 2ðZ6 þ Z7Þ�ðjZ6j2 − jZ7j2Þ ¼ 0: ð6Þ

Equation (6) assumes Z6 þ Z7 ≠ 0 and Z1 ≠ Z2, and
eliminates two real degrees of freedom. In the end there
are a total of nine real parameters in a complex 2HDM.

III. THE ALIGNMENT LIMIT

The alignment limit [19–21] is defined by the limit
where the scalar carrying the full VEV in the Higgs basis is
aligned with the 125 GeV mass eigenstate [22–24], in
which case the observed Higgs boson couples to the
electroweak gauge bosons with SM strength. The mass-
squared matrix M2 in the ϕ0

1 − ϕ̄0
2 − ā0 basis, where

H2 ¼ ðH̄þ; ðϕ̄0
2 þ iā0Þ= ffiffiffi

2
p ÞT , can be diagonalized by an

orthogonal matrix R relating ϕ⃗ ¼ ðϕ0
1; ϕ̄

0
2; ā

0ÞT to the mass

eigenstates h⃗ ¼ ðh3; h2; h1ÞT , h⃗ ¼ R · ϕ⃗ [38],

2In models with additionalCP-even scalars beyond the 2HDM,
such decays may be present without CPV [27,28]. However, the
mass spectrum in this case is different from that of 2HDM.
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Here we have used the notation cij ¼ cos θij, sij ¼ sin θij,
c̄23 ¼ cos θ̄23, and s̄23 ¼ sin θ̄23. An important observation
is that θ̄23 [44] rotates between ϕ̄0

2 and ā0, which corre-
sponds to the phase rotation H2 → eiθ̄23H2. Therefore the
effect of the θ̄23 rotation is to shift the η parameter labelling
the Higgs basis. In the end the combination that appears in
the physical couplings is θ23 ≡ ηþ θ̄23. This motivates
defining [38]

M̃2≡ R̄23M2R̄T
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where Z̃5 ¼ Z5e−2iθ23 , Z̃6=7 ¼ Z6=7e−iθ23 , and A ¼ Y2þ
v2ðZ3 þ Z4 − Re½Z̃5�Þ=2. Alignment is achieved by the
conditions Re½Z̃6� ¼ Im½Z̃6� ¼ 0.
M̃2 can be diagonalized by just two angles: R̃M̃2R̃T ¼
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which relates the mass eigenbasis ðh1; h2; h3Þ to the CP-
eigenbasis ðϕ0

1;ϕ
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θ23 will be important when discussing CP-conservation.
Recall ϕ0

1 carries the full SM VEVand exact alignment is
when ϕ0

1 coincides with a mass eigenstate. We choose to
align ϕ0

1 with h1, which can be achieved by setting c13 ¼ 0

and θ13 ¼ π=2 in Eq. (9). We also impose the ordering,
mh1 ≤ mh2 ≤ mh3 so that mh1 ¼ 125 GeV.
Small departures from alignment can be parametrized by

writing θ13 ¼ π=2þ ϵ, ϵ ≪ 1,

R̃ ¼

0
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Equation (6) remains the same after we changing
fZ5; Z6; Z7g into fZ̃5; Z̃6; Z̃7g. We can use Eq. (6) to
eliminate Z2 and Im½Z̃7� and choose nine input parameters
fv;mh1 ; mh2 ; mh3 ; mH� ; θ12; θ13; Z3;Re½Z̃7�g. Some impor-
tant relations are, in the approximate alignment limit,

Re½Z̃5� ¼
1
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gh1h2h3 ¼ ϵvRe½Z̃7e−2iθ12 �: ð16Þ
From the above we see that the mass splitting between h3
and h2 is determined at leading order in ϵ by
Δm2

23 ≡ ðm2
h3
−m2

h2
Þ ¼ v2jZ5j. Therefore, in general, an

Oðv2Þ splitting can be achieved with jZ5j ∼Oð1Þ. Further,
the CPV coupling gh1h2h3 is nonzero away from exact
alignment and for nonzero Re½Z̃7e−2iθ12 �. Hence, the decay
ðh3 → h2h1Þ may be achieved for reasonable choices of
parameters, which however are constrained from LHC and
EDM constraints, as will be discussed later. In the Z2 basis,
where each field in the model has a well-definedZ2 charge,
the Yukawa interactions must also respect the Z2 invari-
ance, which necessitates assigning Z2 charges to SM
fermions as well [45,46]. Two distinct possibilities exist
in the literature, leading to type I [47,48] and type II [48,49]
models which differ by interchanging tan β with cot β in
the Yukawa couplings. Importantly tan β is a derived
parameter [38,50] which strongly depends on the mass
spectrum for type II 2HDM. In the left panel of Fig. 2 we
show contours of tan β in the mh2—mh3 plane. For our
parameter region of interest, tan β ∼ 1 except whenmh2 and
mh3 are degenerate. We focus on type II models with
tan β ∼Oð1Þ, in which region type I and type II models
have similar Yukawa couplings.

IV. TWO CP-CONSERVING LIMITS

The condition for CP invariance in Eq. (5) can be
realized as follows [6,38]:

CPC1∶Im½Z̃5� ¼ Im½Z̃6� ¼ Im½Z̃7� ¼ 0; ð17Þ

CPC2∶Im½Z̃5� ¼ Re½Z̃6� ¼ Re½Z̃7� ¼ 0: ð18Þ

In CPC1, M̃2 in Eq. (8) is block-diagonal; M̃2
13 ¼

M̃2
23 ¼ 0, in which case ϕ0

1 and ϕ̃0
2 defined in Eq. (10) are
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CP-even and can mix in general, whereas ϕ̃0
3 is CP-odd.

This can be achieved by θ23 ¼ 0 so that ϕ̃0
3 ¼ a0 in

Eq. (10). Further, neither of the two CP-even states can
mix with the CP-odd state. From Eq. (9) we see θ13
controls the mixing between ϕ0

1 and ϕ̃0
3, which implies

θ13 ¼ π=2 in the CP-conserving limit. This coincides with
the exact alignment limit ϵ ¼ 0. The mixing between ϕ̃0

2

and ϕ̃0
3 is dictated by θ12 and can be removed by θ12 ¼ 0 or

π=2, which corresponds to h3 ¼ a0 or h2 ¼ a0, respec-
tively. Therefore, CPC1 is reached by

θ13 ¼
π

2
; θ23 ¼ 0; θ12 ¼ f0; π=2g;

Im½Z̃7� ¼ Im½Z7� ¼ 0: ð19Þ

One sees from Eqs. (13) and (15) that Im½Z̃5� ¼
Im½Z̃6� ¼ 0 under the choice of parameters in Eq. (19).
It can be further checked that fermionic couplings of the
mass eigenstates follow from their CP-property and the
EDM constraints vanish as expected [51].
In CPC2, M̃2

12 ¼ M̃2
23 ¼ 0 and M̃2 is again block-

diagonal. In this case ϕ0
1 can mix with ϕ̃0

3, since they are
both CP-even. The CP-odd state is ϕ̃0

2. Referring back to
Eq. (10) we see that this requires θ23 ¼ π=2. In contrast to
the CPC1 scenario, the mixing angle θ13, which controls
alignment, can now be arbitrary. Turning off mixing
between ϕ̃0

2 and ϕ̃0
3 again implies θ12 ¼ 0 or π=2. Hence

CPC2 is represented by

θ23¼π=2; θ12¼f0;π=2g; Re½Z̃7�¼ Im½Z7�¼0: ð20Þ

Again one can check that Im½Z̃5� ¼ Re½Z̃6� ¼ 0 and
couplings of the mass eigenstates to the fermions behave
as expected from their CP quantum numbers.
There is an important distinction between these two

scenarios. In CPC1 the CP-conserving limit coincides with
the alignment limit because misalignment introduces a
small CP-odd component to the SM-like Higgs boson.
Then the stringent EDM limits on CPV also constrain the
misalignment, ϵ ∼Oð10−4Þ, thereby forcing the 125 GeV
Higgs to be almost exactly SM-like [51]. This is consistent
with the findings in Refs. [25,26,52]. To the contrary, in
CPC2 the SM-like Higgs boson only contains a CP-even
non-SM-like component. Therefore EDM limits do not
constrain misalignment.3

Eqsuations (17) and (18) also make it clear that there are
two sources of CPV in 2HDM; Z̃5 and Z̃6 enter into the
scalar mass-squared matrix in Eq. (8), while Z̃7 does not.
When Im½Z̃5� ¼ Im½Z̃6� ¼ 0 or Im½Z̃5� ¼ Re½Z̃6� ¼ 0, there

is no CPV in the scalar mixing matrix and each mass
eigenstate hi is also a CP-eigenstate; two are CP-even and
one is CP-odd. In this case, CPV could still be present
through nonzero Re½Z̃7� or Im½Z̃7� and will manifest in the
bosonic interactions of the Higgs bosons. In light of these
considerations, we construct a benchmark which interpo-
lates between the CPC1 and CPC2 limits,

fZ3;Re½Z̃7�; θ12; θ23; ϵg ¼ f0.1; 3; π=2; 1.23; 0.1g;
fmh3 ; mh2 ; mH�g ¼ f420; 280; 420g GeV: ð21Þ

In Fig. 1 we show the tan β contours on the mh3 −mh2
plane, for the region of parameter space close to our
benchmark; our benchmark has tan β ∼ 2.3. With these
parameters, h1 is mostly CP-even, while h2 and h3 are
CP-mixed states. In our benchmark the charged Higgs and
h3 are degenerate in mass so as to be consistent with
precision electroweak measurements, which include the
oblique parameters S, T, and U [53–55]. Conventional
wisdom has it that a charged Higgs lighter than 800 GeV is
constrained by b → sγ measurements [56,57]. However,
more recent results [58] argued that the theoretical uncer-
tainty leaves more room for the new physics contribution.
So in our analysis, we set the charged Higgs mass at
420 GeV, which is considered safe for the b → sγ
measurement [33].

V. LHC/EDM CONSTRAINTS

In Fig. 2 we show the LHC constraints on jϵj and Re½Z̃7�.
For Higgs coupling measurements we use recent results
from both ATLAS [59,60] and CMS [61], which constrain
κi ¼ gmeasured

i =gSMi ; i ¼ g, V, F, γ. Blue, gray, red, and
green shaded regions correspond to regions excluded by
constraints coming from κg, κV , κF, and κγ , respectively.
The cyan shaded region is excluded due to searches for

FIG. 1. tan β contours in the mh2—mh3 plane. The relevant
parameters are specified in Eq. (21). Stars denote our bench-
mark point.

3We emphasize that this statement concerns the EDM con-
straints on the alignment. It was pointed out in Ref. [25] that the
Z2 condition in Eq. (6) would force CPV to vanish in the exact
alignment limit.
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Hþ → tb [62,63], which requires tan β ≥ 2 and is satisfied
by our benchmark point, tan β ¼ 2.3. For mh3ðh2Þ ¼
420ð280Þ GeV the experimental limit from double Higgs
production [64] is shown as the orange shaded region in
Fig. 2 and the limit from h3=h2 → Zh1 search [65,66] is
given by the magenta shaded region in Fig. 2. We also
checked that LHC limits on heavy Higgs decays to tt̄ final
states [67] are not relevant for our benchmark.
In our analysis, we consider both constraints from the

electron EDM (eEDM) [32,68,69] and neutron EDM
(nEDM) [70]. The most recent constraints are

jdnj < 1.8 × 10−26 e cm ð90%C:L:Þ;
jdej < 1.1 × 10−29 e cm ð90%C:L:Þ: ð22Þ

The dominant contribution for both eEDM and nEDM are
the two-loop Barr-Zee (BZ) diagrams [71–77]. The BZ
diagrams to dfðf ¼ e; d; anduÞ and dCq ðq ¼ d anduÞ con-
tain contributions from fermion-loops, Higgs boson-loops,
and gauge boson-loops [16]

df ¼ dfðfermionÞ þ dfðHiggsÞ þ dfðgaugeÞ; ð23Þ
and each contribution includes

dfðXÞ ¼ dγfðXÞ þ dZf ðXÞ þ dWf ðXÞ: ð24Þ
For the nEDM, the relevant formula for dn [73] is

dn ¼ 0.79dd − 0.2du þ
e
gs
ð0.59dCd þ 0.3dCu Þ; ð25Þ

where gs is the QCD gauge coupling constant. Both
fermion-loops and gauge boson-loops contributions are
related to the CP property of the Yukawa interactions,
which are parametrized by θ23, θ12 and ϵ. The Higgs-loops
contributions are both related to theCP property of Yukawa
interaction and the coupling of gH�H∓hj , which not only

depends on ϵ, θ23, θ12, but also depends on Re½Z̃7�. After
consider both eEDM and nEDM, we found that the eEDM
constraints are stronger than those from the neutron EDM,
so we only show the relevant plots for eEDM. In Fig. 3
contours for the eEDM and the experimental constraints on
the most relevant parameters are shown: θ23 vs ϵ (left) and
Re½Z̃7� (right). The solid red line denotes de ¼ 0, while the
dashed red lines bound the experimentally allowed region
jdej < 1.1 × 10−29 e cm ð90%C:L:Þ [32]. We fix the mass
spectrum as for the LHC constraints, and again choose
θ12 ¼ 0. While not shown, EDM constraints are minimized
when the masses are degenerate [38]. However, regardless
of the mass spectrum, eEDM constraints severely limit the
CPV components of the mass eigenstates. This can be seen
from the limits on de tracking the behavior expected from
our analysis of CPC1 and CPC2. Small values of θ23
(CPC1 limit) can only be obtained for small values of jϵj,
but for jθ23j ∼ π=2 (CPC2), ϵ is effectively unconstrained.
Further, small values of Re½Z̃7� are obtained for values of
θ23 ∼ π=2 (CPC2 limit), but larger values are allowed as θ23
decreases. Additionally, we see that in regions far from
CPC1 and CPC2, de can be 0 due to cancellations between
various contributions. This is the region where our bench-
mark resides.

FIG. 3. Contours for eEDM (de) in θ23 vs jϵj (top), and Re½Z̃7�
(bottom) plane. Only regions within the dashed red lines
are experimentally allowed, jdej < 1.1 × 10−29 e cm ð90%C:L:Þ
[32]. Thick red line denotes jdej ¼ 0. Note the different scales for
the left/right axes and legends. Stars denote our benchmark point.

FIG. 2. LHC constraints on jϵj from Higgs couplings with
gluons (κg), vector bosons (κV), fermions (κF), and photons (κγ),
as well as searches for Hþ → tb (cyan), h2=3 → Zh1 (magenta)
and h2=3 → h1h1 (orange). Stars denote our benchmark point.
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VI. COLLIDER PHENOMENOLOGY

With the generically small CPV components allowed in
the mass eigenstates due to experimental constraints,
directly probing the CP nature of the mass eigenstates
will be challenging. However, the decay ðh3 → h2h1Þ could
provide a smoking gun signature for CPV in 2HDMs. If
kinematically accessible, this signal is maximized for
maximum possible misalignment ϵ and largest possible
Re½Z̃7� [cf. Eq. (16)], as allowed from LHC and where
eEDM constraints are minimized. Further, we are interested
in the possibility of both additional Higgs bosons being
within reach of the LHC, which motivates the benchmark
presented in Eq. (21).
Figure 4 shows the branching ratios of h3 (top panel)

and h2 (bottom panel). Gray hatching denotes mass
spectra in tension with eEDM constraints.One particular
decay mode we would like to focus on is the CPV Higgs-
to-Higgs decay, h3 → h2h1, which in our benchmark
has a branching fraction BRðh3 → h2h1Þ ∼ 1.5%. As can
be seen from Eq. (16), the coupling controlling this decay
is CP-violating. Under the assumption that there are
two CP-even and one CP-odd scalars in 2HDM, it is easy
to see that such a decay mode is forbidden if CP is
conserved.

From Fig. 4 we also see that h2 can decay into h1h1 and
h1Z, giving rise to h3 → h1h1h1 and h3 → h1h1Z final
states via h3 → h2h1. The main production channel for both
h2 and h3 is gluon fusion. At the

ffiffiffi
s

p ¼ 13 TeV LHC [74]:

σðgg → h2Þ ≃ 5.8 pb; σðgg → h3Þ ≃ 2.7 pb: ð26Þ

The large production rate for h3 stems from its sizable CP-
odd component. Therefore, for an integrated luminosity of
L ¼ 3000 fb−1, we will have approximately 500 CPV
triple Higgs events from h3 → h1h1h1, which is a smoking
gun signature of CP-violation in C2HDMs.
The decay modes of h3, include h3 → h2Z and

h3 → h1h2, will gives rise to the final state h1ZZ and
h1h1Z, from h2 → h1Z, h2 → ZZ and h2 → h1h1. The
event rates for h1h1Z and h1ZZ at the HL-LHC with L ¼
3000 fb−1 are 2 × 104 and 2 × 105.
Alternatively, h2 could be produced directly through the

gluon fusion mechanism. In this case, simultaneous obser-
vations of h2 → h1h1 and h2 → h1Z would be an unam-
biguous signal of CP-violation. The events rates for h1h1
and h1Z are 4 × 104 and 9 × 105 at the HL-LHC.
These triboson signatures have not been searched for at

the LHC and represent excellent opportunities to pursue
CPV in 2HDMs at a high-energy collider. Moreover, the
relatively light mass of h2 and its decays into two 125 GeV
Higgs bosons also imply a significant discovery potential in
the near future.

VII. CONCLUSION

Motivated by the SM-like nature of the 125 GeV Higgs
and null searches for new particles at the LHC, we present a
systematic study of Higgs alignment and CPV in C2HDMs
and distinguish two distinct sources of CPV in the scalar
sector. The outcome is the construction of a new CP-
violating scenario where additional Higgs bosons could be
light, below 500 GeV, and stringent EDM limits and current
collider searches may still be evaded.
In particular, we propose a smoking gun signal of CPV in

C2HDMs in the h1h2h3 coupling through the Higgs-to-
Higgs decays, ðh3 → h2h1 → 3h1Þ, without resorting to the
challenging measurements of kinematic distributions. The
existence of this decay in C2HDMs is indicative of CPV
and the final state in three 125 GeV Higgs bosons is quite
distinct, which has not been searched for at the LHC.
A ballpark estimate demonstrates the great potential for
discovery at the high-luminosity LHC.
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