
Probing spontaneous CP violation through precision Higgs observables

Tanmoy Mondal 1,* and Kei Yagyu 2,†

1Department of Physics, Birla Institute of Technology and Science, Pilani, 333031, Rajasthan, India
2Department of Physics, Tokyo University of Science,
1-3, Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan

(Received 22 May 2025; revised 20 July 2025; accepted 17 November 2025; published 3 December 2025)

We investigate the implications of spontaneous CP violation in the general two Higgs doublet model,
which leads to a nondecoupling structure of the Higgs sector. All the masses of the Higgs bosons are purely
determined by the vacuum expectation value of the Higgs fields, and are thus constrained to be smaller than
Oð500Þ GeV by the perturbative unitarity bound. Such a nondecoupling nature predicts sizable deviations
from the Standard Model expectations in the observables of the discovered Higgs boson (h). We find that
the magnitude of deviations in Bh→γγ (Bh→Zγ) are larger than ∼10%ð4%Þ in the Higgs alignment limit.
Moreover, we show that a robust correlation emerges between the deviations in the one-loop corrected hhh
coupling and Bh→γγ to be, e.g., 200% (50%) and −10.3% (−10.8%), respectively, under the constraints
from theoretical bounds and current experimental data. Using a few benchmark points, we highlight that
flavor-violating decays of the additional Higgs bosons can be sizable due to the constrained structure of the
Yukawa interactions.

DOI: 10.1103/4cn8-1njd

I. INTRODUCTION

CP violation (CPV) observed in decays of K and B
mesons can successfully be explained by the three-
generation structure in the Standard Model (SM) of particle
physics [1]. In the SM, the CP-violating phase or equiv-
alently the Kobayashi-Maskawa (KM) phase is originated
from complex phases of the Yukawa couplings of quarks
[2]. Such CPV is called the explicit violation as the
Lagrangian breaks the CP invariance.
There is an alternative possibility to explain the CPV, i.e.,

spontaneous CP violation (SCPV), where the Lagrangian
respects the CP invariance, but the vacuum does not. SCPV
cannot be realized in the SM, because the vacuum expect-
ation value (VEV) is taken to be real without loss of
generality. However, if the Higgs sector is extended from
the minimal form with one isospin scalar doublet, the
SCPV is possible via complex phases of VEVs. Since the
true structure of the Higgs sector is still unknown, the
origin of CPV, i.e., explicit or spontaneous, also remains an
open question. Therefore, determination of the nature of
CPV is quite important for uncovering the structure of the

Higgs sector, and to clarify the baryon asymmetry of
the Universe because the CPV is one of the necessary
ingredients [3].
The SCPV has originally been proposed by T. D. Lee [4]

in two Higgs doublet models (2HDMs). The necessary and
sufficient condition for the SCPV has been clarified in
Ref. [5] in a basis independent way, i.e., at least one of three
J-invariants [6,7] is nonzero and all the four I-invariants are
zero. See also Ref. [8] for the physical conditions of SCPV.
In 2HDMs, flavor alignments are often imposed to avoid
flavor-changing neutral currents (FCNCs) via Higgs boson
mediations at tree level, which can be realized by intro-
ducing a Z2 symmetry [9] or Yukawa alignment [10].
However, such a scenario cannot generate the KM phase,
because the CP phase from the Higgs VEV can be removed
by rephasing quark fields [11]. We thus consider the 2HDM
without imposing any additional symmetry, except for the
CP invariance of the Lagrangian.
One of the striking features of the SCPV 2HDM is seen

in masses of Higgs bosons which are purely given by the
VEV, i.e., all the dimensionful parameters in the potential
are eliminated after solving the vacuum conditions. Thus,
there are upper limits on the masses provided by perturba-
tive unitarity or perturbativety [11–15]. Such structure of
the Higgs masses leads to a nondecoupling nature, in which
we obtain sizable and correlated deviations in observables
of the discovered Higgs boson (h) from the corresponding
SM predictions [16,17]. In particular, the trilinear Higgs
coupling, λhhh, receives large quantum corrections induced
by extra Higgs bosons, while the decay rates of h → γγ and
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h → Zγ are suppressed due to charged Higgs boson loops,
yielding a robust negative correlation between these quan-
tities. We show that there is a one-to-one correspondence
between Bh→γγ and the charged Higgs mass ðmH�Þ in the
Higgs alignment limit, and it gives the lower limit on mH�

to be around 220 GeV from the current Higgs signal
strength measured at the LHC. On the other hand, the upper
limit on mH� is given to be around 510 GeV coming from
the combined constraints by theoretical bounds and current
experimental data. We find that the measurement of λhhh at
the High-Luminosity LHC (HL-LHC) will put a stronger
upper limit on mH� compared to any theoretical bounds.
In addition to the physics of h, the constrained structure

of the Yukawa couplings are predicted in this scenario, and
gives rise to flavor-violating decays of the extra Higgs
bosons, offering complementary discovery channels.
Therefore, the SCPV could be explored at collider experi-
ments such as the HL-LHC or future lepton colliders.

II. MODEL

We parametrize isospin scalar doublets Φ1;2 as

Φa ¼ eiξa

 
ωþ
a

vaþhaþizaffiffi
2

p

!
; ða ¼ 1; 2Þ; ð1Þ

where va ∈R are the VEVs and the phases ξa are taken to
be ðξ1; ξ2Þ ¼ ð0; ξÞ using the global hypercharge symmetry
without loss of generality. As we define our Lagrangian in a
basis where all the parameters are taken to be real, the phase
ξ (≠ nπ; n∈Z) breaks the CP symmetry spontaneously. In
Refs. [18–20], it has been proven that when the sponta-
neously CP-breaking minimum exists, it is unique, and
there is no tunneling to the other types of minima such as an
electric charge-breaking one or a normal one, having two
real VEVs from neutral components of two Higgs doublets.
It is convenient to define the so-called Higgs

basis [21] as

�Φ1

Φ2

�
¼
�
1 0

0 eiξ

��
cβ −sβ
sβ cβ

�� Φ
Φ0

�
; ð2Þ

where tβ ¼ v2=v1, tX ¼ tanX, cX ¼ cosX, sX ¼ sinX, and

Φ ¼
 

Gþ
h0
1
þvþiG0ffiffi

2
p

!
; Φ0 ¼

 
Hþ

h0
2
þih0

3ffiffi
2

p

!
; ð3Þ

with v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
≃ 246 GeV. In the above expression,

G� and G0 are the Nambu-Goldstone bosons, which are
absorbed into the longitudinal component of W� and Z,
respectively, while H� ðh01;2;3Þ are the physical singly
charged (neutral) Higgs bosons. The neutral Higgs bosons
can be mixed with each other depending on the parameters
in the Higgs potential.

The Higgs potential with explicit CP conservation can
generally be written as

V ¼ m2
1jΦ1j2 þm2

2jΦ2j2 − ðm2
3Φ

†
1Φ2 þ H:c:Þ

þ λ1
2
jΦ1j4 þ

λ2
2
jΦ2j4 þ λ3jΦ1j2jΦ2j2 þ λ4jΦ†

1Φ2j2

þ
�
λ5
2
ðΦ†

1Φ2Þ þ λ6jΦ1j2 þ λ7jΦ2j2
�
ðΦ†

1Φ2Þ þ H:c:;

ð4Þ

where all the parameters are real. We can write down
the potential in the Higgs basis by replacing
ðΦ1;Φ2; m2

i ; λjÞ → ðΦ;Φ0;M2
i ;ΛjÞ with i ¼ 1–3 and

j ¼ 1–7 in Eq. (4), where the new parameters M2
i and

Λj are given as a function of m2
1−3 and λ1−7, respectively.

Differently from the case with explicit CPV, M2
i and Λj

are not completely independent due to the reality of the
original parameters defined in Eq. (4). We also note that
some of the potential parameters become complex in the
Higgs basis, but it does not correspond to the explicit CPV
because a basis still exists in which all Lagrangian
parameters are real [5].
By solving the following vacuum conditions,

m2
1 ¼ −

v2

2
ðλ1c2β þ λ3s2β − λ4s2β − λ5s2β þ λ6s2βcξÞ; ð5Þ

m2
2 ¼ −

v2

2
ðλ2s2β þ λ3c2β þ λ4c2β − λ5c2β þ λ7s2βcξÞ; ð6Þ

m2
3 ¼

v2

2
ðλ5s2βcξ þ λ6c2β þ λ7s2βÞ; ð7Þ

all the dimensionful parameters, m2
i , are constrained to be

the order of Oðv2Þ, so that all the Higgs boson masses are
given by the Higgs VEV as seen below. The mass of
charged Higgs boson is given by

m2
H� ¼ v2

2
ðλ5 − λ4Þ: ð8Þ

The mass matrix for the neutral Higgs bosons M can be
written by the symmetric 3 × 3 form whose elements are
given in the Higgs basis, i.e., ðh01; h02; h03Þ in Appendix A.
The mass eigenstates are defined as0

B@
h01
h02
h03

1
CA ¼ R

0
B@

H1

H2

H3

1
CA; ð9Þ

where R is the 3 × 3 orthogonal matrix determined as

RTMR ¼ diagðm2
H1
; m2

H2
; m2

H3
Þ: ð10Þ
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We identify the H1ð¼ hÞ state as the discovered Higgs
boson with the mass of 125 GeV. The additional Higgs
bosons H2 and H3 can be lighter than h in general, but we
consider the case where the masses of H2;3 as well as H�

are larger than 125 GeV throughout the Letter.
Taking the determinant of M, we obtain

det½M� ∝ v6s2ξ
ðtβ þ 1=tβÞ2

; ð11Þ

where the proportional factor is given by a function of λs.
Since values of λi are constrained by perturbative unitarity
bounds and/or perturbativity conditions, the above expres-
sion tells us the existence of upper limits on the masses of
additional Higgs bosons, i.e., the decoupling limit does not
exist. Also, the product of the three masses becomes zero if
we take sξ → 0, tβ → 0 or tβ → ∞, which provides the
lower limit on jsξj and the lower and upper limit on jtβj.
See, e.g., Ref. [11] for bounds using the next-to-leading-
order (NLO) perturbative unitarity.
Generally, h can be mixed with the other two neutral

statesH2;3, by which the h couplings are modified from the
SM predictions at tree level. Since the current LHC data
show that the properties of the discovered Higgs boson are
consistent with the SM ones [22], scenarios with an
approximate Higgs alignment are favored. In the Higgs
alignment limit, the R matrix is taken to be

R⟶
Higgs alignment

0
B@

1 0 0

0 cα −sα
0 sα cα

1
CA: ð12Þ

This is realized by taking

M12 ¼ M13 ¼ 0; ð13Þ

and they determine λ6;7 in terms of the other quartic
couplings; see Eq. (A2).
Next, we discuss the Yukawa interactions. Generally, we

have two independent 3 × 3 Yukawa matrices Yf
1 and Yf

2

(Yf
1;2 ∈R) for Φ1 and Φ2, respectively, for each fermion

type f with f being up-type quarks, down-type quarks, and
charged leptons. Without loss of generality, the Yukawa
interactions are written in the Higgs basis and the mass
eigenbasis of fermions as

LY ¼ −

"
Qd

L

� ffiffiffi
2

p
Md

v
Φþ ρdΦ0

�
dR

þQu
L

� ffiffiffi
2

p
Mu

v
Φc þ ρuΦ0c

�
uR

þ LL

� ffiffiffi
2

p
Me

v
Φþ ρeΦ0

�
eR þ H:c:

#
; ð14Þ

whereMf (f ¼ u, d, e) are the diagonalized mass matrices
with real-positive eigenvalues, and

Qd
L ¼

�
V†uL
dL

�
; Qu

L ¼
�

uL
VdL

�
; ð15Þ

with V being the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. In Eq. (14), ρf are the 3 × 3 complex matrices
which are not completely general unlike the general 2HDM
due to the reality of the original Yukawa matrices. The
matrices ρf are constrained to be the following form:

ρf ¼
ffiffiffi
2

p

s2βv

��
c2β þ

i
tanð2IfξÞ

�
Mf

−
�
1þ i

tanð2IfξÞ
�
ðV†

fV
�
fMfUT

fUfÞ
�
; ð16Þ

where If ¼ 1=2ð−1=2Þ for f ¼ uðd; eÞ, and Vf and Uf are
the unitary matrices which appear via the biunitary trans-
formation of fermions as fL → VffL and fR → UffR with
the relation to the CKM matrix as V ¼ V†

uVd. The matrices
ρf given in Eq. (16) are generally not diagonal, so that they
induce FCNCs via the neutral Higgs boson mediation at
tree level. In order to avoid such FCNCs, the Yukawa
alignment [10] is often imposed, i.e., Yf

2 ¼ ζ̃fY
f
1 with ζ̃f

being an arbitrary real parameter. In this case, however,
the mass matrices for fermions can be expressed by
the real 3 × 3 matrices with an overall complex phase
factor in the SCPV 2HDM, so that the KM phase cannot
be reproduced as the physical phase. Therefore, the
Yukawa misalignment is necessary to reproduce the
KM phase [11]. This also means that a Z2 symmetry
cannot be imposed to the Higgs sector.
Although we cannot impose the Yukawa alignment on all

the Yukawa interactions, we can impose it on the down-type
quark and the charged lepton sectors. In this case, the mass
matrices for down-type quarks and charged leptons are taken
to be the real 3 × 3 matrices with overall phases, so that the
unitary matrices Vd;e and Ud;e can be rewritten as

Vd;e ¼ OL
d;e; Ud;e ¼ OR

d;ee
−iθd;e ; ð17Þ

where OL;R
d;e are the orthogonal matrices and

θd;e ¼ arctan

�
tβsξζ̃d;e

1þ tβcξζ̃d;e

�
: ð18Þ

In this scenario, ρf given in Eq. (16) takes the following
form:

ρu ¼
ffiffiffi
2

p

s2βv

��
c2β þ

i
tξ

�
Mu −

�
1þ i

tξ

�
ðVVTMuUT

uUuÞ
�
;

ð19Þ
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ρd;e ¼
ffiffiffi
2

p
Md;e

v
ζd;e; ð20Þ

where we used V†
uV�

u ¼ VVT , and

ζd;e ¼
1

s2β

��
c2β −

i
tξ

�
−
�
1 −

i
tξ

�
e−2iθd;e

�

¼ ζ̃d;eeiξ − tβ
1þ tβζ̃d;eeiξ

: ð21Þ

III. NONDECOUPLING EXTRA HIGGS BOSONS

As we have seen above, the masses of extra Higgs
bosons purely come from the VEV. This gives significant
loop effects of the extra Higgs bosons on the observed
Higgs boson couplings. We here especially consider those
for the Higgs self-coupling hhh and the loop-induced
Higgs decays h → γγ=Zγ.
The hhh coupling is calculated by using the effective

potential method at one-loop level; see Appendix B for
details. In the Higgs alignment limit, the hhh coupling
subtracted by its SM prediction is expressed as

Δλ1−loophhh ≡ ðλ1−loophhh Þ2HDM − ðλ1−loophhh ÞSM

¼ 1

32π2
X

ϕ¼H�;H2;H3

nϕ
λ3ϕϕh
m2

ϕ

¼ 1

32π2
X

ϕ¼H�;H2;H3

nϕ
ð2m2

ϕ þm2
hÞ3

v3m2
ϕ

; ð22Þ

where nH� ¼ 2ð1Þ for ϕ ¼ H�ðH2;3Þ and λabc ≡
∂
3V=ð∂a∂b∂cÞj0 with j0 representing all scalar fields being
set to zero. We see that the difference is enhanced by the
quartic-powerlike dependence of the masses of extra Higgs
bosons [23,24].
The decay rates of h → γγ and h → Zγ are given as

Γh→Vγ ¼
ffiffiffi
2

p
GFα

2
emm3

h

8π3ð1þδVγÞ
�
1−

m2
V

m2
h

�
3

×

����ðt;WÞVþ
vλHþH−h

m2
h−m2

V
cVFVðmH�Þ

����2; ðV¼Z;γÞ;

ð23Þ

where cV ¼ 1ðcot 2θWÞ with θW being the weak mixing
angle for V ¼ γðZÞ. The ðt;WÞV term inside the squared
absolute value denotes the top and W boson loop
contributions whose numerical values are given to be
about 1.6(2.9) for V ¼ γðZÞ in the SM case; see, e.g.,
Ref. [25] for their analytic expressions. The loop function
FV is given by

FVðmÞ ¼ m2
V

2ðm2
h −m2

VÞ
½B0ðm2

V ;m;mÞ − B0ðm2
h;m;mÞ�

−
1

2
−m2C0ðm2

V; 0; m
2
h;m;m;mÞ; ð24Þ

with B0 and C0 being the Passarino-Veltman’s two-point
and three-point scalar functions [26], respectively. In the
Higgs alignment limit, we have

λHþH−h ¼
1

v
ð2m2

H� þm2
hÞ; ð25Þ

and the deviations of these decay rates purely come
from the H� loop. For m2

h=m
2
H� ≪ 1, the H� loop

contribution asymptotically becomes −1=12 for h → γγ
and − cot 2θW=12 for h → Zγ, so that it gives a destructive
interference with the ðt;WÞV part, and it makes
the branching ratios of h → γγ (h → Zγ) to be about
10% (4%) smaller than the SM prediction.

IV. CONSTRAINTS

The scalar quartic couplings are constrained by the
vacuum stability bound [27–29], the tree-level perturbative
unitarity bound [30–32]1 and the electroweak oblique S and
T parameters [36,37]. In the general 2HDM, these S and T
parameters have been calculated in Refs. [38–41]. Due to
the Yukawa misalignment, ρu given in Eq. (19) is strongly
constrained by flavor observables, including meson mix-
ings [42] and b → sγ [43,44]. Direct searches at the LHC
for charged [45,46] and neutral Higgs bosons [47–50]
provide additional bounds on ρu. The CPV phase ξ
contributes to the electric dipole moment (EDM). We
impose the upper bound on the electron EDM, jdej ≤
4.1 × 10−30 e-cm (90% CL) [51]. For the constraints from
the electron EDM, we compute the Barr-Zee diagrams [52]
which give the dominant contribution to the EDM based
on the formulas given in Ref. [53]. See also Ref. [54] for
the recent calculation of the electron EDM including non-
Barr-Zee types.
The ρu matrix depends on the unitary matrix Uu as

shown in Eq. (19) which can be parametrized as follows:

Uu ¼ R23ðθ23; δ23ÞR13ðθ13; δ13ÞR12ðθ12; δ12Þ; ð26Þ

where Rijðθij; δijÞ are the SU(3) rotation matrices with i0–i0

(i0 ≠ i, j), i–i=j–j, and i–j (j–i) components being 1,
cos θij, and sin θije−iδij (− sin θijeiδij), respectively, while
all the other components are zero. In addition to these

1The perturbative unitarity bound has been evaluated at
NLO in 2HDMs [33–35], and it has been applied to the
SCPV 2HDM in Ref. [11]. The upper limit on the masses of
extra Higgs bosons has been given to be mH� ≲ 435 (650) GeV,
mH2

≲ 485 (600) GeV and mH3
≲ 545 (700) GeV by using the

perturbative unitarity bound at NLO [11].
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angles and phases of Uu, there are eight free parameters in
our model, i.e., fmH� ; mH2

; mH3
; tan β; tan ξ; α; ζ̃d;eg. All

these parameters and their ranges used for our scan are
detailed in Table I. We randomly scanned 1 × 106 param-
eter points, and found that approximately 1500 points
satisfy all the bounds.

V. RESULTS

In Fig. 1, we show our main result, the correlation
between ΔBh→γγ and Δκλ, i.e.,

ΔBh→γγ ¼
B2HDM
h→γγ

BSM
h→γγ

− 1; Δκλ ¼
Δλ1−loophhh

ðλ1−loophhh ÞSM
; ð27Þ

with B2HDMðSMÞ
h→γγ being the branching ratio of h → γγ and

Δλ1−loophhh given in Eq. (22). The branching ratio of h → γγ
only depends on mH� because of Eq. (25), so that we
display the value of mH� on the upper edge of the figure.
From the limit given at the ATLAS experiment limit
−0.12 ≤ ΔBh→γγ ≤ 0.18 [55], we can extract mH� ≳
218 GeV. The green points represent those satisfying the
theoretical and experimental constraints discussed above.
We find that the lightest neutral extra Higgs boson, H2,
remains below the tt production threshold in all the

benchmark points (BPs). For mH� ≳ 300 GeV, the masses
of H� and H3 tend to be nearly degenerate and larger than
about 100 GeV than mH2

by the constraints. This leads to a
quite strong correlation, e.g., ðΔBh→γγ;ΔκλÞ ¼ ð −
10.3%; 200%Þ for mH� ≃ 500 GeV and (−10.8%, 50%)
for mH� ≃ 330 GeV. The current constraint on Δκλ, i.e.,
−1.4 ≤ Δκλ ≤ 5.3 [22,56] is too weak to exclude the
additional parameter space, but its future sensitivity at
the HL-LHC is expected to be Δκλ < 1.3 at 95% CL with
3 ab−1 data [57]. Thus, some of our BPs can be explored by
the precise measurement of the hhh coupling. On the other
hand,ΔBh→γγ is expected to be measured with 4% accuracy
at 1σ level [57], so that if the central value is given to be
around zero, our scenario would be ruled out.

VI. PHENOMENOLOGY OF EXTRA
HIGGS BOSONS

In Table II, we present a few selected BPs that illustrate
the characteristic phenomenology in our model. As dis-
cussed above, the matrix ρu is constrained from flavor
physics, and mH2

remains below the tt̄ production thresh-
old. These constraints make the dominant decay mode of
H2 to be H2 → tc. Phenomenology of the heavier neutral
Higgs boson (H3) varies depending on the mass hierarchy
of the extra Higgs bosons. In the degenerate case in masses,
the decay of H3 mimics that of H2. However, in the
nondegenerate case, H3 decays into bosonic channels,
H3 → H2Z or H�W∓, leading to different collider signa-
tures. The decay ofH� also strongly depends on ρu and we
find that along with the usual tb mode, H� decay
substantially into unique albeit elusive cb final state
[58,59]. In the case of the nondegenerate spectrum,
H� → H2W� also opens up, which gives rise to distinctive
phenomenology [60–63].
At the bottom of Table II, we also list the primary

production channels for the extra Higgs bosons. The
production cross section for H�, σðpp → H�tbÞ, is com-
puted at the leading order using MadGraph5-aMC@NLO-3.5.3
[64,65]. The heavy neutral Higgs bosons, H2 and H3, are
produced predominantly via gluon fusion, and their cross
sections are estimated using SusHi [66,67] at the next-to-
next-to-leading-order level.

VII. CONCLUSION

Spontaneous CP violation provides a compelling frame-
work for explaining the origin of CP violation beyond the
Standard Model. The general two Higgs doublet model
offers the simplest setting to realize this mechanism,
leading to distinctive and testable predictions in Higgs-
sector observables. We have explored the nondecoupling
property of the SCPV 2HDM, where the hhh coupling and
h → γγ=Zγ decays significantly deviate from the SM
predictions. After taking into account all relevant theoreti-
cal and experimental constraints, we have found that the

0.1 0.104 0.108 0.112 0.116 0.12 0.124
−ΔBh γγ

0.1

1

Δκ
λ

574 443 330 275 241 218 201
mH+ [GeV]

ATLAS @95%CL

 Δm = 0

→

 Δm = -100 GeV

 Δm = 100 GeV
 Δm = 200 GeV

HL-LHC @95%CL

FIG. 1. Correlation between ΔBh→γγ and Δκλ defined in
Eq. (27) in the Higgs alignment limit. The blue, black, magenta,
and red curves show the cases with Δmð≡mH2

−mH�Þ ¼ −100,
0, 100, and 200 GeV, respectively, andmH� ¼ mH3

for all curves.
The magenta dashed lines represent the current upper limit taken
by the ATLAS experiments at 95% CL, while the red dotted line
shows the expected upper limit on Δκλ at 95% CL given at the
HL-LHC. The green dots show the predictions allowed by the
theoretical constraints (perturbative unitarity and vacuum stabil-
ity) and the experimental constraints (S, T parameters, b → sγ,
meson mixings, electron EDM, and direct searches for charged
and extra neutral Higgs bosons at the LHC).
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branching ratio of h → γγ (h → Zγ) decreases more than
10% (4%) for most of the parameter space, and the current
signal strength for the h → γγ mode gives a robust
restriction on the mass of charged Higgs boson to be larger
than 220 GeV. Such a large deviation in h → γγ will be
explored at the HL-LHC in the near future.
In this Letter, we have demonstrated for the first time the

complementarity of the hhh coupling and the h → γγ decay
in testing the scenarios with SCPV. This interplay provides a
novel, robust strategy to explore the heavy scalar spectrum
and our analysis sets new exclusion bounds on heavy Higgs
spectrum that up to now were in agreement with all relevant
constraints. We also demonstrated the characteristic decay
patterns of the heavy Higgs bosons such as H2 → tc and
H� → cb, which can serve as additional experimental
targets. We therefore strongly advocate systematic inves-
tigations of these nonstandard channels in current and
upcoming experiments such as the HL-LHC, as they offer
crucial opportunities to test the SCPV paradigm.
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APPENDIX A: HIGGS BOSON MASSES

The mass matrix for the neutral Higgs bosons M
(symmetric 3 × 3 form) can be written in the Higgs basis,
i.e., ðh01; h02; h03Þ as
M11

v2
¼ λ1c4β þ λ2s4β þ 2ðλ3 þ λ4 þ λ5c2ξÞc2βs2β
þ 2ðλ6c2β þ λ7s2βÞs2βcξ;

M22

v2
¼ ðλ1 þ λ2 − 2λ3 − 2λ4Þc2βs2β þ

λ5
2
ð1þ c22βc2ξÞ

− ðλ6 − λ7Þs2βc2βcξ;
M33

v2
¼ λ5s2ξ ;

M12

v2
¼ ðλ2s2β − λ1c2βÞcβsβ þ

1

4
ðλ3 þ λ4 þ λ5c2ξÞs4β

þ ½λ6ð2c2β − 1Þc2β þ λ7ð2c2β þ 1Þs2β�cξ;
M13

v2
¼ −

λ5
2
s2βs2ξ − ðλ6c2β þ λ7s2βÞsξ;

M23

v2
¼ −

1

2
λ5c2βs2ξ þ

1

2
ðλ6 − λ7Þs2βsξ: ðA1Þ

The Higgs alignment condition, M12 ¼ M13 ¼ 0, can
then be solved in terms of the λ6;7 as follows:

λ6 ¼
�
−λ1cβ þ λ2tβsβ þ ðλ3 þ λ4Þ

c2β
cβ

þ λ5
cβ

ð1 − 2c2βð2þ c2ξÞÞ
�
sβ
2cξ

;

λ7 ¼
�
λ1

cβ
tβ

− λ2sβ − ðλ3 þ λ4Þ
c2β
sβ

þ λ5
sβ

ð1 − 2s2βð2þ c2ξÞÞ
�
cβ
2cξ

: ðA2Þ

APPENDIX B: EFFECTIVE POTENTIAL

The effective potential is given by

Veff ¼ V0 þ V1 þ VCT; ðB1Þ

where V0, V1, and VCT are, respectively, the contributions
from the tree level diagrams, the one-loop diagrams, and
the counterterms. Assuming no charge-breaking vacuum,
we can parametrize the background fields in the Higgs
basis as

Φ ¼
 

0
φ1ffiffi
2

p

!
; Φ0 ¼

 
0

φ2þiφ3ffiffi
2

p

!
: ðB2Þ

We note that φ2;3 are generally nonzero even in the Higgs
basis due to the radiative corrections. We then obtain V0 by
using Eqs. (2), (4), and (B2). The counterterm VCT can be
obtained by replacing m2

i → δm2
i and λj → δλj in V0.

The one-loop contribution is given by [68,69]

V1 ¼
X
ϕ

Vϕ
1 þ � � � ðϕ ¼ H�; H1;2;3Þ

¼ nϕ
64π2

m4
ϕðφÞ

�
ln

�
m2

ϕðφÞ
μ2

�
− c

�
þ � � � ; ðB3Þ

where m2
ϕðφÞ denote the field dependent masses of

ϕ, nϕ ¼ 2ð1Þ for ϕ ¼ H�ðH1;2;3Þ, and the ellipses show
the other contributions from SM fermion and gauge boson
loops. In the above expression, μ2 is an arbitrary dimen-
sionful parameter, and c is a constant including UV
divergence given by

c ¼ 3

2
þ 1

ϵ
− γE þ ln 4π; ðB4Þ

with ϵ being defined via the D dimensional spacetime
D ¼ 4 − 2ϵ in the dimensional regularization and γE being
the Euler-Mascheroni constant.
We impose the renormalization conditions [70]

ðV1 þ VCTÞφi
¼ 0; ðV1 þ VCTÞφiφj

¼ 0; ðB5Þ
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where we introduced the following shorthand notation of
the derivatives:

Xφi
≡ ∂X

∂φi

����
v
; Xφiφj

≡ ∂
2X

∂φi∂φj

����
v
; ðB6Þ

with jv denoting the replacement of fφ1;φ2;φ3g→fv;0;0g
after the derivative. These conditions determine nine
counterterms, and ensure that the vacuum and masses
are not changed from those given at tree level. In particular,
if we take the third derivative with respect to φ1, we obtain

Veff;φ1φ1φ1
¼ λh0

1
h0
1
h0
1
þ 1

32π2
X
ϕ

nϕ
½ðm2

ϕÞφ1
�3

m2
ϕ

þ
X
ϕ

�
3

v2
þ ðm2

ϕÞφ1φ1φ1

ðm2
ϕÞφ1

−
3½ðm2

ϕÞφ1φ1
�2

½ðm2
ϕÞφ1

�2
�
Vϕ
1;φ1

þ
X
ϕ

�
−
3

v
þ 3ðm2

ϕÞφ1φ1

ðm2
ϕÞφ1

�
Vϕ
1;φ1φ1

þ � � � : ðB7Þ

We note that the first derivative of the field dependent mass
provides the corresponding scalar trilinear coupling,
i.e., ðm2

ϕÞφi
¼ λϕϕ�φi

.
In the Higgs alignment case, we have the following

relations:

ðm2
ϕÞφ1φi

¼ λϕϕ�h0
1
h0i
¼ λϕϕ�h0i

v
; ðm2

ϕÞφ1φiφj
¼ 0: ðB8Þ

Therefore, the second and third lines of Eq. (B7) vanish,
and we obtain the simple form given in Eq. (22).

APPENDIX C: BENCHMARK POINTS

We show the list of the parameters scanned
in the numerical analysis and their ranges in
Table I. The BPs discussed in the main text are shown
in Table II.

TABLE I. Parameters and their scan ranges used for this analysis.

Parameters Range Parameters Range

mH�=H2=H3
(GeV) 200–800 α −π=2−π=2

tan β 1–8 θ12=23=13 0 − π
tan ξ 0.5–50 δ12=23=13 0 − 2π

ζ̃d 0–50 ζ̃e 1

TABLE II. BPs satisfying all theoretical and experimental constraints.

Parameters BP1 BP2 BP3 BP4

mH�=H2=H3
(GeV) 455=228=454 264=212=223 236=248=446 246=243=245

tan β 2.61 3.12 2.51 2.53
tan ξ 33.13 7.95 13.45 42.31
α (rad) 0.0 −0.5 −0.05 0.35
ζ̃d=ζ̃e 32=1 38=1 41=1 31=1
θ12=23=13 (rad) 1.64=0.43=1.55 1.71=1.67=1.51 1.55=3.13=1.49 1.56=2.72=1.45
δ12=23=13 (rad) 1.93=6.02=1.60 5.41=0.88=1.69 2.02=4.47=1.64 1.11=3.04=1.60

BH2→XY (%) tc∶82.93 tc∶96.85 tc∶99.04 tc∶99.56
ττ∶4.70 ττ∶1.03 ττ∶0.23 � � �
tu∶3.88 tu∶0.62 tu∶0.21 � � �

BH3→XY (%) H2Z∶89.52 tc∶97.34 H�W∓∶ 66.46 tc∶99.5
tt∶9.57 ττ∶0.73 H2Z∶25.98 � � �
tc∶0.59 tu∶0.63 tt∶3.78 � � �

BH�→XY (%) H2W�∶ 78.1 tb∶56.78 cb∶61.28 cb∶77.95
tb∶21.23 cb∶43.11 tb∶38.67 tb∶22.03
cb∶0.65 H2W�∶ 0.06 τν∶0.03 � � �

σðpp → H�tb=H�cbÞ (pb) 0.087=0.088 0.253=6.367 0.471=19.762 0.371=38.671

σðpp → H2=3Þ (pb) 4.277=4.247 4.854=7.022 3.702=4.657 4.163=8.348
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