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We implement a comprehensive and detailed study of the alignment of Yukawa couplings in the so-called
Higgs basis taking the framework of general twoHiggs doublet models (2HDMs).We clarify themodel input
parameters and derive the Yukawa couplings considering the two types of CP-violating sources: One from
the Higgs potential and the other from the three complex alignment parameters ζf¼u;d;e. We consider the
theoretical constraints from the perturbative unitarity and for theHiggs potential to be bounded frombelow as
well as the experimental ones from electroweak precision observables. Also considered are the constraints on
the alignment parameters from flavor-changing τ decays, Z → bb̄, ϵK , and the radiative b → sγ decay. By
introducing the basis-independent Yukawa delay factor ΔH1f̄f ≡ jζfjð1 − g2H1VV

Þ1=2, we scrutinize the

alignment of the Yukawa couplings of the lightest Higgs boson to the SM fermions.

DOI: 10.1103/PhysRevD.106.015023

I. INTRODUCTION

Since the discovery of the 125 GeV Higgs boson in 2012
at the LHC [1,2], it has been inspected very closely and
extensively. At the early stage, several model-independent
studies [3–25] show that there were some rooms for it to be
unlike the one predicted in the Standard Model (SM), but,
after combining all the LHC Higgs data at 7 and 8 TeV [26]
and especially those at 13 TeV [27–45], it turns out that it is
best described by the SM Higgs boson. Specifically, the
third-generation Yukawa couplings have been established,
and the most recent model-independent study [46] shows
that the 1σ error of the top-quark Yukawa coupling is
about 6% while those of the bottom-quark and tau-lepton
ones are about 10%.1 In addition, the possibility of negative

top-quark Yukawa coupling has been completely ruled out
and the bottom-quark Yukawa coupling shows a preference
of the positive sign2 at about 1.5σ level. For the tau-Yukawa
coupling, the current data still do not show any preference
for its sign yet. On the other hand, the coupling to a pair of
massive vector bosons is constrained to be consistent with
the SM value within about 5% at 1σ level.
Even though we have not seen any direct hint or evidence

of new physics beyond the SM (BSM), we are eagerly
anticipating it with various compelling motivations such as
the tiny but nonvanishingneutrinomasses,matter dominance
of our Universe and its evolution driven by dark energy and
dark matters, etc., [49]. In many BSM models, the Higgs
sector is extended and it results in the existence of several
neutral and charged Higgs bosons. Their distinctive features
depending on new theoretical frameworks could be directly
probed through their productions and decays at future high-
energy and high-precision experiments [50–65].
By the alignment of the Yukawa couplings in general two

Higgs doublet models (2HDMs) [66–75], first of all, we
imply that the Yukawa matrices describing the couplings of
the twoHiggs doublets to the SM fermions should be aligned
in the flavor space to avoid the tree-level Higgs-mediated
flavor-changing neutral current (FCNC). In 2HDMs, there
are three neutral Higgs bosons and one of them should be
identified as the observed one at the LHC which weighs
125.5 GeV [76]. In this case, by the alignment of the Yukawa
couplings, we also mean that the couplings of this SM-like
Higgs boson to the SM fermions should be the same as those
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1Throughout this work, we are using the results presented in
Ref. [46]whicharebasedonglobal fitsof theHiggsbosoncouplings to
all the LHCHiggs data at 7 TeV, 8TeV, and 13TeVavailable up to the
Summer 2018, corresponding to integrated luminosities per experi-
ment of approximately 5=fb at 7 TeV, 20=fb at 8TeV, and up to 80=fb
at 13TeV.Wenote that there aremore datasets at 13TeVup to 139=fb
and 137=fb collected with the ATLAS and CMS experiments,
respectively, see Refs. [47,48]. Though, without a combined ATLAS
andCMSanalysis, it is difficult to say conclusively howmuch the full
13-TeVdataset improves themeasurementsofHiggsbosonproperties
quantitatively;weobserve that the1σ errorsare reducedby theamount
of about 30% by comparing the results presented in Ref. [47] with
those in Ref. [45] in which the dataset up to 80=fb is used.

2Precisely speaking, here the sign of the bottom-quark Yukawa
coupling is relative to the top-quark Yukawa coupling configured
through the b- and t-quark loop contributions to the Hgg vertex.
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of the SM Higgs boson itself or its couplings are strongly
constrained to be very SM-like by the current LHC data as
outlined above. One of the popular ways to achieve this
alignment is to identify the lightest neutralHiggs bosonas the
125.5GeVone and assume that all the otherHiggs bosons are
heavier ormuchheavier than the lightest one [77,78]. But this
decoupling scenario is not phenomenologically interesting
and another scenario is suggested in which all the couplings
of the SM-like Higgs candidate are (almost) aligned with
those of the SM Higgs while the other Higgs bosons are not
so heavy [79–82].
The alignment of Yukawa couplings are previously dis-

cussed and studied [80,83]. For some recent works, see, for
example, Refs. [84–87]. In this work, taking the framework
of general 2HDMs, we implement a comprehensive and
detailed study of the alignment of Yukawa couplings in the
so-called Higgs basis [73,74,88–92] in which only the
doublet containing the SM-like Higgs boson develops
the nonvanishing vacuum expectation value (vev) v. For
the alignment of the Yukawa matrices, we assume that the
Yukawa matrices are aligned in the flavor space [93–95] by
introducing the three alignment parameters ζf withf¼u,d, e
for the couplings to the up-type quarks, the down-type
quarks, and the charged leptons, respectively. Under this
assumption, there are no Higgs-mediated FCNC couplings
at tree level and, at higher orders, they are very suppressed
[94–98]. Then, we identify the lightest neutral Higgs boson
as the 125.5 GeV one and consider the alignment of its
Yukawa couplings as themasses of the heavier Higgs bosons
increase or as the heavy Higgs bosons decouple. We figure
that the decoupling of the Yukawa couplings of the
lightest Higgs boson is delayed by the amount of ΔH1f̄f ≡
jζfjð1 − g2H1VV

Þ1=2 compared to its coupling to a pair of
massive vector bosons, gH1VV . We observe that the Yukawa
delay factorΔH1f̄f can be sizable even when gH1VV ∼ 1 if jζfj
is significantly larger than 1. We consider the upper limit on
jζuj from Z → bb̄ and ϵK , and, for jζdj and jζej, we
demonstrate that they are constrained to be small by the
precision LHC Higgs data unless the so-called wrong-sign
alignment of the Yukawa couplings [78,99–102] occurs.3

Note that the Yukawa delay factor is basis-independent and
can be used evenwhen someof theHiggs potential parameters
and/or all of the three alignment parameters are complex.

We emphasize that, we are reconsidering the decoupling
behavior of the Yukawa couplings in the light of the new
basis-independent measure of the Yukawa delay factor
ΔH1f̄f taking the aligned 2HDM in the Higgs basis. In the
Higgs basis, contrasting to the relatively well-known Φ
basis, it is easier to understand the analytic structure of
intercorrelations among the model parameters. On the other
hand, in the aligned 2HDM, there are three uncorrelated
complex alignment parameters which provide further CP-
violating sources in addition to those in the Higgs potential.
The aligned 2HDM accommodates the conventional four
types of 2HDMs as the limiting cases when the alignment
parameters are real and fully correlated.
This paper is organized as follows. Section II is devoted to

a brief review of the 2HDM Higgs potential, the mixing
among neutral Higgs bosons and their couplings to the SM
particles in the Higgs basis. In Sec. III, we elaborate on the
constraints from the perturbative unitarity, the Higgs poten-
tial bounded from below, and the electroweak precision
observables as well as the flavor constraints on the alignment
parameters, and we carry out numerical analysis of the
constraints and the alignment of Yukawa couplings in
Sec. IV.Abrief summary and conclusions aremade inSec.V.

II. TWO HIGGS DOUBLET MODEL
IN THE HIGGS BASIS

In this section, we study the two Higgs doublet model
taking the so-called Higgs basis [73,74,88–92]. We con-
sider the general potential containing 3 dimensionful
quadratic and 7 dimensionless quartic parameters, of which
four parameters are complex. We closely examine the
relations among the potential parameters, Higgs-boson
masses, and the neutral Higgs-boson mixing so as to figure
out the set of input parameters to be used in the next
Section. We further work out the Yukawa couplings in the
Higgs basis together with the interactions of the neutral and
charged Higgs bosons with massive gauge bosons.

A. Higgs potential

The general 2HDM scalar potential containing two
complex SUð2ÞL doublets of Φ1 and Φ2 with the same
hypercharge Y ¼ 1=2 may be given by [65]4

VΦ ¼ μ21ðΦ†
1Φ1Þ þ μ22ðΦ†

2Φ2Þ þm2
12ðΦ†

1Φ2Þ þm�2
12ðΦ†

2Φ1Þ
þ λ1ðΦ†

1Φ1Þ2 þ λ2ðΦ†
2Φ2Þ2 þ λ3ðΦ†

1Φ1ÞðΦ†
2Φ2Þ þ λ4ðΦ†

1Φ2ÞðΦ†
2Φ1Þ

þ λ5ðΦ†
1Φ2Þ2 þ λ�5ðΦ†

2Φ1Þ2 þ λ6ðΦ†
1Φ1ÞðΦ†

1Φ2Þ þ λ�6ðΦ†
1Φ1ÞðΦ†

2Φ1Þ
þ λ7ðΦ†

2Φ2ÞðΦ†
1Φ2Þ þ λ�7ðΦ†

2Φ2ÞðΦ†
2Φ1Þ; ð1Þ

3In the wrong-sign alignment limit, the Yukawa couplings are equal in strength but opposite in sign to the SM ones.
4In contrast with the Higgs basis which has been taken for this work, we address it as the Φ basis.
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in terms of 2 real and 1 complex dimensionful quadratic
couplings and 4 real and 3 complex dimensionless quartic
couplings. Note that the Z2 symmetry under Φ1 → �Φ1

and Φ2 → ∓Φ2 is hardly broken by the nonvanishing

quartic couplings λ6 and λ7 and, in this case, we have three
rephasing-invariant CP-violating phases in the potential.
With the general parametrization of two scalar doublets
Φ1;2 as

Φ1 ¼
� ϕþ

1

1ffiffi
2

p ðv1 þ ϕ1 þ ia1Þ
�
; Φ2 ¼ eiξ

� ϕþ
2

1ffiffi
2

p ðv2 þ ϕ2 þ ia2Þ
�
; ð2Þ

and denoting v1 ¼ v cos β ¼ vcβ and v2 ¼ v sin β ¼ vsβ with v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
, one may remove μ21, μ

2
2, and ℑmðm2

12e
iξÞ

from the 2HDM potential using three tadpole conditions:

μ21 ¼ −v2
�
λ1c2β þ

1

2
λ3s2β þ cβsβℜeðλ6eiξÞ

�
þ s2βM

2
H� ;

μ22 ¼ −v2
�
λ2s2β þ

1

2
λ3c2β þ cβsβℜeðλ7eiξÞ

�
þ c2βM

2
H� ;

ℑmðm2
12e

iξÞ ¼ −
v2

2
½2cβsβℑmðλ5e2iξÞ þ c2βℑmðλ6eiξÞ þ s2βℑmðλ7eiξÞ�; ð3Þ

with the square of the charged Higgs-boson mass

M2
H� ¼ −

ℜeðm2
12e

iξÞ
cβsβ

−
v2

2cβsβ
½λ4cβsβ þ 2cβsβℜeðλ5e2iξÞ þ c2βℜeðλ6eiξÞ þ s2βℜeðλ7eiξÞ�: ð4Þ

On the other hand, in the Higgs basis where only one doublet contains the nonvanishing vev v, the general 2HDM scalar
potential again contains three (two real and one complex) massive parameters and four real and three complex
dimensionless quartic couplings and it might take the same form as in the Φ basis:

VH ¼ Y1ðH†
1H1Þ þ Y2ðH†

2H2Þ þ Y3ðH†
1H2Þ þ Y�

3ðH†
2H1Þ

þ Z1ðH†
1H1Þ2 þ Z2ðH†

2H2Þ2 þ Z3ðH†
1H1ÞðH†

2H2Þ þ Z4ðH†
1H2ÞðH†

2H1Þ
þ Z5ðH†

1H2Þ2 þ Z�
5ðH†

2H1Þ2 þ Z6ðH†
1H1ÞðH†

1H2Þ þ Z�
6ðH†

1H1ÞðH†
2H1Þ

þ Z7ðH†
2H2ÞðH†

1H2Þ þ Z�
7ðH†

2H2ÞðH†
2H1Þ; ð5Þ

where the new complex SUð2ÞL doublets ofH1 andH2 are
given by the linear combinations of Φ1 and Φ2 as follows:

H1 ¼ cβΦ1 þ e−iξsβΦ2 ¼
� Gþ

1ffiffi
2

p ðvþ φ1 þ iG0Þ
�
;

H2 ¼ −sβΦ1 þ e−iξcβΦ2 ¼
� Hþ

1ffiffi
2

p ðφ2 þ iaÞ
�
; ð6Þ

with the relations

φ1 ≡ cβϕ1 þ sβϕ2; φ2 ≡ −sβϕ1 þ cβϕ2;

a ¼ −sβa1 þ cβa2; ð7Þ
in terms of ϕ1;2 and a1;2 in Eq. (2). Incidentally, we have
that G0 ¼ cβa1 þ sβa2, Gþ ¼ cβϕ

þ
1 þ sβϕ

þ
2 , and Hþ ¼

−sβϕþ
1 þ cβϕ

þ
2 . Note that only the neutral component

of the H1 doublet develops the nonvanishing vacuum
expectation value v and it contains only one physical

degree of freedom let alone the Goldstone modes. In the
so-called decoupling limit,H1 takes over the role of the SM
SUð2ÞL doublet and the remaining three Higgs states are
accommodated only by the H2 doublet.5

The potential parameters Y1;2;3 and Z1−7 in the Higgs
basis could be related to those in the Φ basis through:

Y1 ¼ μ21c
2
βþμ22s

2
βþℜeðm2

12e
iξÞs2β;

Y2 ¼ μ21s
2
βþμ22c

2
β−ℜeðm2

12e
iξÞs2β;

Y3 ¼−ðμ21−μ22Þcβsβþℜeðm2
12e

iξÞc2βþ iℑmðm2
12e

iξÞ; ð8Þ

for two real and one complex dimensionful parameters and6

5For a numerical study later, the notations of φ1 ¼ h, φ2 ¼ H,
and a ¼ A are taken in the decoupling limit.

6We find that our results are consistent with those presented in,
for example, Ref. [85].
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Z1 ¼ λ1c4β þ λ2s4β þ 2λ345c2βs
2
β þ ½ℜeðλ6eiξÞc2β þℜeðλ7eiξÞs2β�s2β;

Z2 ¼ λ1s4β þ λ2c4β þ 2λ345c2βs
2
β − ½ℜeðλ6eiξÞs2β þℜeðλ7eiξÞc2β�s2β;

Z3 ¼ λ3 þ 2ðλ1 þ λ2 − 2λ345Þc2βs2β − ½ℜeðλ6eiξÞ −ℜeðλ7eiξÞ�c2βs2β;
Z4 ¼ λ4 þ 2ðλ1 þ λ2 − 2λ345Þc2βs2β − ½ℜeðλ6eiξÞ −ℜeðλ7eiξÞ�c2βs2β;
Z5 ¼ ðλ1 þ λ2 − 2λ345Þc2βs2β þℜeðλ5e2iξÞ − ½ℜeðλ6eiξÞ −ℜeðλ7eiξÞ�c2βcβsβ

þ i½ℑmðλ5e2iξÞc2β − ℑmðλ6eiξÞcβsβ þ ℑmðλ7eiξÞcβsβ�;
Z6 ¼ ð−λ1c2β þ λ2s2βÞs2β þ 2λ345c2βcβsβ þℜeðλ6eiξÞðc2β − 3s2βÞc2β þℜeðλ7eiξÞð3c2β − s2βÞs2β

þ i½ℑmðλ5e2iξÞs2β þ ℑmðλ6eiξÞc2β þ ℑmðλ7eiξÞs2β�;
Z7 ¼ ð−λ1s2β þ λ2c2βÞs2β − 2λ345c2βcβsβ þℜeðλ6eiξÞð3c2β − s2βÞs2β þℜeðλ7eiξÞðc2β − 3s2βÞc2β

þ i½−ℑmðλ5e2iξÞs2β þ ℑmðλ6eiξÞs2β þ ℑmðλ7eiξÞc2β�; ð9Þ

for four real and three complex dimensionless parameters
with λ345 ≡ ðλ3 þ λ4Þ=2þℜeðλ5e2iξÞ. We note that
Z1 ↔ Z2, Z3 ↔ Z4, Z6 ↔ Z7, and Z5 are invariant under
the exchanges cβ ↔ sβ, λ3 ↔ λ4, ðλ5e2iξÞ ↔ ðλ5e2iξÞ�,
ðλ6;7eiξÞ ↔ −ðλ6;7eiξÞ�. The tadpole conditions in the
Higgs basis, which are much simpler than those in the
Φ basis, as shown in Eq. (3), are

Y1 þ Z1v2 ¼ 0; Y3 þ
1

2
Z6v2 ¼ 0; ð10Þ

where the first condition comes from h∂VH
∂φ1

i ¼ 0 and the

second one from h∂VH
∂φ2

i ¼ 0 and h∂VH
∂a i ¼ 0. Note that the

second condition relates the two complex parameters of Y3

and Z6.

B. Masses, mixing, and potential parameters
in the Higgs basis

In the Higgs basis, the 2HDM Higgs potential includes
the mass terms which can be cast into the form consisting of
two parts

VH;mass ¼M2
H�HþH−þ1

2
ðφ1 φ2 aÞM2

0

0
B@
φ1

φ2

a

1
CA; ð11Þ

in terms of the charged Higgs bosons H�, two neutral
scalars φ1;2, and one neutral pseudoscalar a. The charged
Higgs boson mass is given by

M2
H� ¼ Y2 þ

1

2
Z3v2; ð12Þ

while the 3 × 3 mass-squared matrix of the neutral Higgs
bosons M2

0 takes the form

M2
0 ¼ M2

Adiagð0; 1; 1Þ þM2
Z; ð13Þ

where M2
A ¼ M2

H� þ ½1
2
Z4 −ℜeðZ5Þ�v2 and the 3 × 3 real

and symmetric mass-squared matrix M2
Z is given by

M2
Z

v2
¼

0
B@

2Z1 ℜeðZ6Þ −ℑmðZ6Þ
ℜeðZ6Þ 2ℜeðZ5Þ −ℑmðZ5Þ
−ℑmðZ6Þ −ℑmðZ5Þ 0

1
CA: ð14Þ

Note that the quartic couplings Z2 and Z7 have nothing to
do with the masses of Higgs bosons and the mixing of the
neutral ones. They can be probed only through the cubic
and quartic Higgs self-couplings, see Eq. (5) while noting
that only theH1 doublet contains the vev v ≃ 246 GeV. We
further note that φ1 decouples from the mixing with the
other two neutral states of φ2 and a in the Z6 ¼ 0 limit, and
its mass squared is simply given by 2Z1v2 which gives
Z1 ≃ 0.13ðMH1

=125.5 GeVÞ2, and, in this decoupling limit
of Z6 → 0, the CP-violating mixing between the two states
of φ2 and a is dictated only by ℑmðZ5Þ.
Once the 3 × 3 real and symmetric mass-squared matrix

M2
0 is given, the orthogonal 3 × 3 mixing matrix O is

defined through7

ðφ1;φ2; aÞTα ¼ OαiðH1; H2; H3ÞTi ; ð15Þ

such that OTM2
0O ¼ diagðM2

H1
;M2

H2
;M2

H3
Þ with the

increasing ordering of MH1
≤ MH2

≤ MH3
, if necessary.

Note that the mass-squared matrix M2
0 involves only the

four (two real and two complex) quartic couplings

7Note that, we reserve the notations of Hi¼1;2;3 for the mass
eigenstates of three neutral Higgs bosons taking account of CP-
violating mixing in the neutral Higgs-boson sector when
ℑmðZ5;6Þ ≠ 0. In general, the neutral Higgs bosons do not carry
definite CP parities and they become mixtures of CP-even and
CP-odd states.
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fZ1; Z4; Z5; Z6g once v andMH� are given. And then, using
the matrix relation OTM2

0O ¼ diagðM2
H1
;M2

H2
;M2

H3
Þ, one

may find the following expressions for the quartic couplings
of fZ1; Z4; Z5; Z6g in terms of the three masses of neutral
Higgs bosons and the components of the 3 × 3 orthogonal
mixing matrix O8:

Z1 ¼
1

2v2
ðM2

H1
O2

φ11
þM2

H2
O2

φ12
þM2

H3
O2

φ13
Þ;

Z4 ¼
1

v2
½M2

H1
ðO2

φ21
þO2

a1Þ þM2
H2
ðO2

φ22
þO2

a2Þ
þM2

H3
ðO2

φ23
þO2

a3Þ − 2M2
H��;

Z5 ¼
1

2v2
½M2

H1
ðO2

φ21
−O2

a1Þ þM2
H2
ðO2

φ22
−O2

a2Þ
þM2

H3
ðO2

φ23
−O2

a3Þ�

−
i
v2

ðM2
H1
Oφ21

Oa1 þM2
H2
Oφ22

Oa2 þM2
H3
Oφ23

Oa3Þ;

Z6 ¼
1

v2
ðM2

H1
Oφ11

Oφ21
þM2

H2
Oφ12

Oφ22
þM2

H3
Oφ13

Oφ23
Þ

−
i
v2

ðM2
H1
Oφ11

Oa1 þM2
H2
Oφ12

Oa2 þM2
H3
Oφ13

Oa3Þ;
ð16Þ

for given v and MH� .
Now we are ready to consider the input parameters for

2HDM in the Higgs basis. First of all, the input parameters
for the Higgs potential Eq. (5) are

fY1; Y2; Y3;Z1; Z2; Z3; Z4; Z5; Z6; Z7g: ð17Þ
Using the tadpole conditions in Eq. (10), the dimensionful
parameters Y1 and Y3 can be removed from the set in favor
of v and observing that the quartic couplings Z2 and Z7 do
not contribute to the mass terms, one may consider the
following set of input parameters:

fv; Y2;MH� ; Z1; Z4; Z5; Z6;Z2; Z7g; ð18Þ
where we trade the quartic coupling Z3 with the charged
Higgs mass MH� using the relation Z3 ¼ 2ðM2

H� − Y2Þ=v2
with Y2 given. Further using MHi

and O instead of
fZ1; Z4; Z5; Z6g, we end up with the following set of input
parameters:

I ¼ fv; Y2;MH� ;MH1
;MH2

;MH3
; fO3×3g;Z2; Z7g; ð19Þ

which contains 12 real degrees of freedom. If desirable, one
may remove the unphysical massive parameter Y2 in favor
of the dimensionless quartic coupling Z3 by having an
alternative set

I 0 ¼ fv;MH� ;MH1
;MH2

;MH3
;fO3×3g;Z3;Z2;Z7g; ð20Þ

consisting of 12 real parameters as well.
For example, in the CP-conserving (CPC) case with

ℑmZ5 ¼ ℑmZ6 ¼ 0, one may denote the masses of the
three neutral Higgs bosons by Mh, MH, and MA or
OTM2

0O ¼ diagðM2
h;M

2
H;M

2
AÞ. Note that M2

h ¼ 2Z1v2

is for the SM Higgs boson in the decoupling limit of
Z6 → 0. The mixing matrix O can be parametrized as

OCPC ¼

0
B@

cγ sγ 0

−sγ cγ 0

0 0 1

1
CA; ð21Þ

introducing the mixing angle γ between the two CP-even
states φ1 and φ2. In this CP-conserving case, the relations
Eq. (16) simplify into

Z1 ¼
1

2v2
ðc2γM2

h þ s2γM2
HÞ;

Z4 ¼
1

v2
ðs2γM2

h þ c2γM2
H þM2

A − 2M2
H�Þ;

Z5 ¼
1

2v2
ðs2γM2

h þ c2γM2
H −M2

AÞ;

Z6 ¼
1

v2
ð−M2

h þM2
HÞcγsγ: ð22Þ

We observe that, in the decoupling limit of sin γ ¼ 0, Z1 ¼
M2

h=2v
2 and Z6 ¼ 0, and Z4 and Z5 are determined by the

mass differences of M2
H þM2

A − 2M2
H� and M2

H −M2
A,

respectively. Finally, for the study of the CPC case, one
may choose one of the following two equivalent sets:

ICPC ¼ fv; Y2;MH� ;Mh;MH;MA; γ;Z2; Z7g;
I 0
CPC ¼ fv;MH� ;Mh;MH;MA; γ;Z3;Z2; Z7g; ð23Þ

each of which contains 9 real degrees of freedom, and the
convention of jγj ≤ π=2 without loss of generality resulting
in cγ ≥ 0 and signðsγÞ ¼ signðZ6Þ if MH > Mh GeV.
In the presence of nonvanishing ℑmZ5 and/or ℑmZ6, the

mixing between the two CP-even states φ1;2 and the CP-
odd one a arises leading to CP violation in the neutral
Higgs sector. By introducing a rotation H2 → eiζH2,

9 we
note that the Higgs potential given by Eq. (5) is invariant
under the following phase rotations:

H2 → eþiζH2; Y3 → Y3e−iζ; Z5 → Z5e−2iζ;

Z6 → Z6e−iζ; Z7 → Z7e−iζ: ð24Þ

Considering the tadpole conditions Eq. (10), this might
imply that one of the CP phases of ℑmðZ5Þ, ℑmðZ6Þ, and8The 3 × 3 orthogonal mixing matrix O contains three inde-

pendent degrees of freedom represented by the three rotation
angles. 9Or, equivalently, H†

1H2 → eiζH†
1H2.
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ℑmðZ7Þ can be rotated away by rephasing the Higgs fields
H2. By keeping ℑmðZ7Þ as an independent input and
taking either ℑmðZ5Þ ¼ 0 or ℑmðZ6Þ ¼ 0, one may use the
following set of input parameters10:

ICPV ¼ fv; Y2;MH� ;MH1
;MH2

;MH3
; γ; fω or ηg;

Z2;ℜeðZ7Þ;ℑmðZ7Þg; ð25Þ

which contains 11 real degrees of freedom. In this case, the
mixing angle η (ω) can be fixed by solving ℑmðZ5Þ ¼ 0 or
ℑmðZ6Þ ¼ 0 when MH1;2;3

and ω (η) are given. More
explicitly, using the relations in Eq. (16), we have

ℑmðZ5Þ¼
�
M2

H3
c2ωþM2

H2
s2ω−M2

H1

v2
sγsη

−
M2

H3
−M2

H2

v2
cγcωsω

�
cη

¼
�
M2

H3
þM2

H2
−2M2

H1

2v2
sγsηþ

M2
H3
−M2

H2

2v2
sγsηc2ω

−
M2

H3
−M2

H2

2v2
cγs2ω

�
cη

ℑmðZ6Þ¼−
�
M2

H3
c2ωþM2

H2
s2ω−M2

H1

v2
cγsη

þM2
H3
−M2

H2

v2
sγcωsω

�
cη

¼−
�
M2

H3
þM2

H2
−2M2

H1

2v2
cγsηþ

M2
H3
−M2

H2

2v2
cγsηc2ω

þM2
H3
−M2

H2

2v2
sγs2ω

�
cη; ð26Þ

parametrizing the mixing matrix O as follows:

OCPV ¼OγOηOω

≡
0
B@

cγ sγ 0

−sγ cγ 0

0 0 1

1
CA
0
B@

cη 0 sη
0 1 0

−sη 0 cη

1
CA
0
B@

1 0 0

0 cω sω
0 −sω cω

1
CA

¼

0
B@

cγcη sγcω − cγsηsω sγsω þ cγsηcω
−sγcη cγcω þ sγsηsω cγsω − sγsηcω
−sη −cηsω cηcω

1
CA: ð27Þ

Assuming cη ≠ 0 and, for example, taking γ and ω as the
input mixing angles, the remaining mixing angle η is
determined by

sηjℑmZ5¼0
¼ ðM2

H3
−M2

H2
Þcγcωsω

ðM2
H3
c2ω þM2

H2
s2ω −M2

H1
Þsγ

; ð28Þ

imposing ℑmZ5 ¼ 0. If ℑmZ6 ¼ 0 is imposed instead, η is
determined by

sηjℑmZ6¼0
¼ −

ðM2
H3

−M2
H2
Þsγcωsω

ðM2
H3
c2ω þM2

H2
s2ω −M2

H1
Þcγ

: ð29Þ

Of course, using Z3 instead of Y2, one may use the
alternative set

I 0
CPV ¼ fv;MH� ;MH1

;MH2
;MH3

; γ; fω or ηg;
Z3;Z2;ℜeðZ7Þ;ℑmðZ7Þg: ð30Þ

Incidentally, onemay choose the basis in whichℑmðZ7Þ ¼ 0
by taking the following set of input parameters:

I 00
CPV¼fv;MH� ;MH1

;MH2
;MH3

;γ;η;ω;Z3;Z2;Z7g; ð31Þ

where all the three mixing angles are independent from one
another and Z7 is real.
In passing, we note that, in the limit of cγ ¼ 1 and

sγ ¼ 0, the mixing matrix takes the simpler form

OCPVjsin γ¼0 ¼ OηOω ¼

0
B@

cη −sηsω sηcω
0 cω sω
−sη −cηsω cηcω

1
CA: ð32Þ

When cη ≃ 1 − η2=2 and sη ≃ η, the lightest H1 is SM-like
and the heavier ones H2;3 are mostly arbitrary mixtures of
φ2 and a. On the other hand, when cη ≃ jηj and
jsηj ≃ 1 − η2=2, the lightest H1 is mostly CP-odd
(H1 ∼ a) and H2 (H3) is SM-like when jsωj ≃ 1 (jcωj ≃ 1).

C. Yukawa couplings in Higgs basis

In the 2HDM, the Yukawa couplings might be given
by [94]

−LY ¼
X
k¼1;2

Q0
L y

u
kH̃ku0R þQ0

Ly
d
kHkd0R þ L0

Ly
e
kHke0R

þ H:c:; ð33Þ

in terms of the six 3 × 3 Yukawa matrices yu;d;e1;2 with the
electroweak eigenstates Q0

L ¼ ðu0L; d0LÞT , L0
L ¼ ðν0L; e0LÞT ,

u0R, d
0
R, and e0R. The two Higgs doublets H1;2 in the Higgs

basis are given by Eq. (6):

10In this CP-violating (CPV) case, we parametrize the mixing
matrix O by introducing the three mixing angles of γ, η, and ω as
explicitly shown in Eq. (27).
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H1 ¼
�
Gþ;

1ffiffiffi
2

p ðvþ φ1 þ iG0Þ
�

T
;

H2 ¼
�
Hþ;

1ffiffiffi
2

p ðφ2 þ iaÞ
�

T
; ð34Þ

and their SU(2)-conjugated doublets by

H̃1 ¼ iτ2H�
1 ¼

�
1ffiffiffi
2

p ðvþ φ1 − iG0Þ;−G−
�

T
;

H̃2 ¼ iτ2H�
2 ¼

�
1ffiffiffi
2

p ðφ2 − iaÞ;−H−
�

T
: ð35Þ

The Yukawa interactions include the following mass terms:

−LY;mass ¼
vffiffiffi
2

p ðu0Lyu1u0Rþd0Ly
d
1d

0
Rþe0Ly

e
1e

0
RþH:c:Þ; ð36Þ

which involve only the Yukawa matrices of yu;d;e1 .
Therefore, introducing two unitary matrices relating the
left/right-handed electroweak eigenstates f0L;R to the left/
right-handed mass eigenstates fL;R with f ¼ u, d, e as
follows:

u0L ¼ UuLuL; d0L ¼ UdLdL; e0L ¼ UeLeL;

u0R ¼ UuRuR; d0R ¼ UdRdR; e0R ¼ UeReR; ð37Þ

we have, for the mass terms,

−LY;mass ¼ uLMuuR þ dLMddR þ eLMeeR þ H:c:; ð38Þ

where the three diagonal matrices are

Mu ¼
vffiffiffi
2

p U†
uLy

u
1UuR ¼ diagðmu;mc;mtÞ;

Md ¼
vffiffiffi
2

p U†
dL
yd1UdR ¼ diagðmd;ms;mbÞ;

Me ¼
vffiffiffi
2

p U†
eLy

e
1UeR ¼ diagðme;mμ; mτÞ; ð39Þ

in terms of the six quark and three charged-lepton masses.
We note that U†

uLUdL ¼ VCKM ≡ V is nothing but the CKM
matrix and, by the use of it, the SUð2ÞL quark doublets in
the electroweak basis can be related to those in the mass
basis in the following two ways:

Q0
L ¼ UuL

�
uL
VdL

�
or Q0

L ¼ UdL

�
V†uL
dL

�
: ð40Þ

The first relation is used for the Yukawa interactions with
the right-handed up-type quarks and the second one for
those with the right-handed down-type quarks. Incidentally,
we also have

L0
L ¼ UeL

�
νL

eL

�
ð41Þ

by defining νL ≡ U†
eLν

0
L with no physical effects in the case

with vanishing neutrino masses.
Collecting all the parametrizations, unitary rotations, and

reparametrizations, the couplings of the neutral Higgs
bosons to two fermions are given by

−LHff ¼
1

v
½ūMuu�φ1 þ ½ūðhH

u þ hA
uγ5Þu�φ2 þ ½ūð−ihA

u − ihH
u γ5Þu�aþ 1

v
½d̄Mdd�φ1 þ ½d̄ðhH

d þ hA
dγ5Þd�φ2

þ ½d̄ðihA
d þ ihH

d γ5Þd�aþ 1

v
½ēMee�φ1 þ ½ēðhH

e þ hA
e γ5Þe�φ2 þ ½ēðihA

e þ ihH
e γ5Þe�a; ð42Þ

where three Hermitian and three anti-Hermitian Yukawa
coupling matrices are

hH
f ≡ hf þ h†

f

2
; hA

f ≡ hf − h†
f

2
; ð43Þ

with hf¼u;d;e given in terms of the 3 × 3 Yukawa matrix yf2
and two unitary matrices as

hf ≡ 1ffiffiffi
2

p U†
fL
yf2UfR : ð44Þ

We observe that the couplings of the φ1 field are diagonal in
the flavor space and their sizes are directly proportional to

the masses of the fermions to which it couples. In contrast,
those of the φ2 and a fields are not diagonal in the flavor
space leading to the tree-level Higgs-mediated FCNC and
their magnitudes are arbitrary in principle.
To avoid the tree-level FCNC, the matrices hf¼u;d;e

are desired to be diagonal which can be achieved by
requiring [94]11

11Under this requirement, the Yukawa matrix hf for the Higgs
field H2 is indeed diagonal with its diagonal components being
proportional to the hierarchical fermion masses multiplied by the
common factor ζf, see Eq. (46). For an alternative Yukawa
alignment in whichH2 can couple to light fermions sizably while
still achieving the absence of tree-level FCNCs, see Ref. [103].
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yf2 ¼ ζfy
f
1 ; ð45Þ

along with introducing the three complex alignment
parameters ζf¼u;d;e. In this case, the two aligned Yukawa

matrices yf1 and y
f
2 can be diagonalized simultaneously and

the Yukawa matrices describing the couplings of φ2 and a
fields to the fermion mass eigenstates are given by

hf ¼ ζf
Mf

v
; ð46Þ

which leads to the Hermitian and anti-Hermitian Yukawa
matrices

hH
f ¼ ℜeðζfÞ

Mf

v
; hA

f ¼ iℑmðζfÞ
Mf

v
: ð47Þ

When ℑmðζfÞ ¼ 0, the conventional 2HDMs based on the
Glashow-Weinberg condition [104] can be obtained by
choosing ζf as shown in Table I. Otherwise, the couplings
of the mass eigenstates of the neutral Higgs bosonsHi¼1;2;3

to two fermions are given by

−LHif̄f ¼
X3
i¼1

X
f¼u;d;c;s;t;b;e;μ;τ

mf

v
f̄ðgS

Hif̄f
þ igP

Hif̄f
γ5ÞfHi

ð48Þ

with the scalar and pseudoscalar couplings given by

gS
Hif̄f

¼ Oφ1i þℜeðζfÞOφ2i � ℑmðζfÞOai;

gP
Hif̄f

¼ ℑmðζfÞOφ2i ∓ ℜeðζfÞOai; ð49Þ

where the upper and lower signs are for the up-type
fermions f ¼ u, c, t and the down-type fermions
f ¼ d; s; b; e; μ; τ, respectively. The simultaneous exist-
ence of the scalar gS

Hif̄f
and pseudoscalar gP

Hif̄f
couplings

for a specific Hi signals the CP violation in the neutral
Higgs sector. We figure out that there are two different
sources of the neutral Higgs-sector CP violation: (i) one is
the CP-violating mixing among the CP-even and CP-odd
states arising in the presence of nonvanishing ℑmðZ5;6Þ in
the Higgs potential and (ii) the other one is the complex

alignment parameters of ζf ’s. Note that the second source
is absent in the conventional four types of 2HDMs since
ζf’s are real in those models.
The couplings of charged Higgs bosons to two fermions

are given by

−LH�f̄↑f↓ ¼ −
ffiffiffi
2

p
½uRðh†

uVÞdL�Hþ þ
ffiffiffi
2

p
½uLðVhdÞdR�Hþ

þ
ffiffiffi
2

p
½νLheeR�Hþ þ H:c:; ð50Þ

in terms of the CKM matrix V and the 3 × 3 Yukawa
matrices hu;d;e.
Previously, we note that the Higgs potential given by

Eq. (5) is invariant under the phase rotation H2 → eiζH2 if
the complex potential parameters are accordingly rephased,
see Eq. (24). This observation extends to the Yukawa
interactions, Eq. (33), by noting that they are invariant
under the phase rotations:

H2 → eþiζH2; yu2 → eþiζyu2;

yd2 → e−iζyd2; ye2 → e−iζye2: ð51Þ

Under the alignment assumption yf2 ¼ ζfy
f
1 given by

Eq. (45), the above rephasing invariant rotations become

H2 → eþiζH2; ζu → eþiζζu;

ζd → e−iζζd; ζe → e−iζζe; ð52Þ

in terms of the complex alignment parameters. Then one
may be able to show that the scalar and pseudoscalar
couplings given by Eq. (49) are invariant under the phase
rotations given by Eq. (52) as they should be. To be explicit,
we first note that, under the phase rotationH2 → eiζH2, the
electroweak Higgs basis changes as follows:

0
B@
φ1

φ2

a

1
CA→OT

ζ

0
B@
φ1

φ2

a

1
CA with Oζ ¼

0
B@
1 0 0

0 cζ sζ
0 −sζ cζ

1
CA; ð53Þ

which leads to

O → OT
ζO; M2

0 → OT
ζM

2
0Oζ ð54Þ

TABLE I. Classification of the conventional 2HDMs satisfying the Glashow-Weinberg condition [104] which
guarantees the absence of tree-level Higgs-mediated flavor-changing neutral current (FCNC). For the four types of
2HDM, we follow the conventions found in, for example, Ref. [105].

2HDM I 2HDM II 2HDM III 2HDM IV

ζu 1=tβ 1=tβ 1=tβ 1=tβ
ζd 1=tβ −tβ 1=tβ −tβ
ζe 1=tβ −tβ −tβ 1=tβ

ζd ¼ ζe ¼ ζu ζd ¼ ζe ¼ −1=ζu ζd ¼ −1=ζe ¼ ζu ζd ¼ −1=ζe ¼ −1=ζu
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by observing that ðH1; H2; H3ÞT ¼ OTðφ1;φ2; aÞT and
diagðM2

H1
;M2

H2
;M2

H3
Þ¼OTM2

0O should remain the same,
respectively. Under the transformation O → OT

ζO, the
components of the mixing matrix O change into

Oφ1i → Oφ1i; Oφ2i → cζOφ2i − sζOai;

Oai → sζOφ2i þ cζOai: ð55Þ

On the other hand, under the rotations ζf → e�iζζf given in
Eq. (52), one may have

ℜeðζfÞ → cζℜeðζfÞ ∓ sζℑmðζfÞ;
ℑmðζfÞ → cζℑmðζfÞ � sζℜeðζfÞ; ð56Þ

with the upper and lower signs being for the up-type
massive fermions f ¼ u and the down-type massive fer-
mions f ¼ d, e, respectively. Using Eqs. (55) and (56), it is
straightforward to show that the scalar and pseudoscalar
couplings given by Eq. (49) are invariant under the phase
rotations of Eq. (52).
To summarize, assuming yf2 ¼ ζfy

f
1 with ζf¼u;d;e being

the three complex alignment parameters and combining
Eqs. (24) and (52), we note that the Higgs potential and the
Yukawa interactions are invariant under the following
phase rotations:

H2 → eþiζH2; Y3 → Y3e−iζ; Z5 → Z5e−2iζ;

Z6 → Z6e−iζ; Z7 → Z7e−iζ;

ζu → ζueþiζ; ζd → ζde−iζ; ζe → ζee−iζ; ð57Þ

which, taking account of the CP odd tadpole condition
Y3 þ Z6v2=2 ¼ 0, lead to five rephasing-invariant CPV
phases in total. This leaves us more freedom to choose the
input parameters for the Higgs potential other than ICPV
(25), I 0

CPV (30), or I 00
CPV (31). For example, one may assign

three CPV phases to the Higgs potential and take ζu real
and positive definite. In this case, the full set of input
parameter is to be

IVH⊕Yukawa
CPV jζu>0;ImðζuÞ¼0

¼ fv;MH� ;MH1
;MH2

;MH3
; γ; η;ω;Z3;Z2; Z7g

⊕ fjζuj; ζd; ζeg; ð58Þ

which contains 12 and 5 real degrees of freedom in the
Higgs potential and the Yukawa interactions, respectively,
with Z7, ζd, and ζe being fully complex.

D. Interactions with massive vector bosons

The cubic interactions of the neutral and charged Higgs
bosons with the massive gauge bosons Z and W� are
described by the three interaction Lagrangians:

LHVV ¼ gMW

�
Wþ

μ W−μ þ 1

2c2W
ZμZμ

�X
i

gHiVVHi;

LHHZ ¼ g
2cW

X
i>j

gHiHjZZ
μðHi ∂

↔

μHjÞ;

LHH�W∓ ¼ −
g
2

X
i

gHiHþW−W−μðHii∂
↔

μHþÞ þ H:c:; ð59Þ

respectively, where X ∂

↔

μY ¼ X∂μY − ð∂μXÞY, i, j ¼ 1, 2, 3
and the normalized couplings gHiVV , gHiHjZ, and gHiHþW−

are given in terms of the neutral Higgs-boson 3 × 3 mixing
matrix O by [note that detðOÞ ¼ �1 for any orthogonal
matrix O]:

gHiVV ¼ Oφ1i;

gHiHjZ ¼ sign½detðOÞ�ϵijkgHkVV ¼ sign½detðOÞ�ϵijkOφ1k;

gHiHþW− ¼ −Oφ2i þ iOai; ð60Þ

leading to the following sum rules:

X3
i¼1

g2HiVV
¼ 1 and

g2HiVV
þ jgHiHþW− j2 ¼ 1 for each i ¼ 1; 2; 3: ð61Þ

On the other hand, the quartic interactions of the neutral
and charged Higgs bosons with the massive gauge bosons
Z and W� and massless photons are given by

LHHVV ¼
1

v2

�
M2

WW
þ
μ Mμ−þM2

Z

2
ZμZμ

�X3
i;j¼1

gHiHjVVHiHj;

ð62Þ

with gHiHjVV ¼ δij and

LHþH−VV ¼
�
g2

2
Wþ

μ Wμ− þ g2Zc
2
2W

4
ZμZμ þ e2AμAμ

þ egZc22WA
μZμ

�
HþH−;

LH�HZW∓ ¼ gZgs2W
2

�
ZμW−μ

X3
i¼1

gZW−HþHi
HþHi þ H:c:

�
;

LH�HAW∓ ¼ −
eg
2

�
AμW−μ

X3
i¼1

gAW−HþHi
HþHi þ H:c:

�
;

ð63Þ

with gZW−HþHi
¼gAW−HþHi

¼−Oφ2i−iOai, c2W ¼ cos 2θW ,
and gZ ¼ g=cW ¼ e=ðsWcWÞ.
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III. CONSTRAINTS

In this Section, we consider the perturbative unitarity
(UNIT) conditions and those for the Higgs potential to be
bounded from below (BFB) to obtain the primary theo-
retical constraints on the potential parameters or, equiv-
alently, the constraints on the Higgs-boson masses
including correlations among them and the mixing among
the three neutral Higgs bosons. We further consider the
constraints on the Higgs masses and their couplings with
vector bosons taking into account the electroweak oblique
corrections to the so-called S and T parameters. We
emphasize that all the three types of constraints from the
perturbative unitarity, the Higgs potential bounded from
below, and the electroweak precision observables (EWPOs)
are independent of the basis chosen and working in the
Higgs basis does not invoke any restrictions. We also
consider the constraints on jζej, jζuj, and the product of
ζuζd taking account of the charged Higgs contributions to
the flavor-changing τ decays into light leptons, Z → bb,
ϵK, and b → sγ [96,106].12

A. Perturbative unitarity

For the unitarity conditions, we closely follow Ref. [108]
13 considering the three scattering matrices ofMS

1;2;3 which
are expressed in terms of the quartic couplings Z1−7, see
also Ref. [109]. The two 4 × 4 real and symmetric
scattering matrices MS

1 and MS
2 are given by

MS
1 ¼

�
η00 − I ηT

η Eþ I × 13×3

�
;

MS
2 ¼

�
3η00 − I 3ηT

3η 3Eþ I × 13×3

�
; ð64Þ

where η00 ¼ Z1 þ Z2 þ Z3 and I ¼ Z3 − Z4. The row
vector ηT is given by

ηT ¼ ðℜeðZ6 þ Z7Þ;−ℑmðZ6 þ Z7Þ; Z1 − Z2Þ; ð65Þ

and the 3 × 3 real and symmetric matrix E by

E¼

0
B@

Z4 þ 2ℜeðZ5Þ −2ℑmðZ5Þ ℜeðZ6 −Z7Þ
−2ℑmðZ5Þ Z4 − 2ℜeðZ5Þ −ℑmðZ6 −Z7Þ
ℜeðZ6 −Z7Þ −ℑmðZ6 −Z7Þ Z1 þZ2 −Z3

1
CA:

ð66Þ

The third 3 × 3 scattering matrix MS
3 is Hermitian which

takes the form of

MS
3 ¼

0
B@

2Z1 2Z5

ffiffiffi
2

p
Z6

2Z�
5 2Z2

ffiffiffi
2

p
Z�
7ffiffiffi

2
p

Z�
6

ffiffiffi
2

p
Z7 Z3 þ Z4

1
CA: ð67Þ

Then, the unitarity conditions are imposed by requiring that
the 11 eigenvalues of the three scattering matrices MS

1;2;3

and the quantity I should have their moduli smaller than 4π.
When Z6 ¼ Z7 ¼ 0, the 12 unitarity conditions simplify

into

jZ3 � Z4j < 4π;

jZ3 � 2jZ5jj < 4π;

jZ3 þ 2Z4 � 6jZ5jj < 4π;

jZ1 þ Z2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðZ1 − Z2Þ2 þ 4jZ5j2

q
j < 4π;

jZ1 þ Z2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðZ1 − Z2Þ2 þ Z2

4

q
j < 4π;

j3Z1 þ 3Z2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9ðZ1 − Z2Þ2 þ ð2Z3 þ Z4Þ2

q
j < 4π: ð68Þ

While taking Z1¼Z2¼Z3¼Z4¼Z5¼ 0, one may have

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jZ6j2 þ jZ7j2

q
< 2

ffiffiffi
2

p
π;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jZ6j2 þ jZ7j2 þ jZ2
6 þ Z2

7j
q

<
4π

3
: ð69Þ

Then, by combining them, one may arrive at the following
UNIT conditions for individual parameters [108]:

jZ1;2;5j< 2π=3; jZ6;7j< 2
ffiffiffi
2

p
π=3;

jZ3−Z4j< 4π ∪ j2Z3þZ4j< 4π ∪ jZ3þ2Z4j< 4π: ð70Þ

B. Higgs potential bounded-from-below

We consider the following 5 necessary conditions for
the most general 2HDM Higgs potential with explicit
CP violation to be bounded-from-below in a marginal
sense [108]14:

Z1≥0; Z2≥0;

2
ffiffiffiffiffiffiffiffiffiffi
Z1Z2

p
þZ3≥0; 2

ffiffiffiffiffiffiffiffiffiffi
Z1Z2

p
þZ3þZ4−2jZ5j≥0;

Z1þZ2þZ3þZ4þ2jZ5j−2jZ6þZ7j≥0: ð71Þ

Note that though the quartic couplings Z2 and Z7 have no
direct relations to the masses and mixing of Higgs bosons

12We refer to, for example, Ref. [107] for an extensive study
of flavor observables in the conventional 2HDMs taking the Φ
basis.

13We keep our conventions for the potential parameters.

14Denoting the quartic part of the scalar potential as V4, a
marginal stability requirement means that V4 ≥ 0 for any
direction in field space tending to infinity [75]. In contrast, a
strong stability requirement is V4 > 0 without the equality sign.
In this work, we adopt the marginal stability requirement.
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but they are interrelated with the other five quartic
couplings of Z1;3−6 through the UNIT and BFB conditions.

C. Electroweak precision observables

The electroweak oblique corrections to the so-called S,
T, and U parameters [110,111] provide significant con-
straints on the quartic couplings of the 2HDM. Fixing
U ¼ 0 which is suppressed by an additional factor
M2

Z=M
2
BSM

15 compared to S and T, the S and T parameters
are constrained as follows:

ðS − Ŝ0Þ2
σ2S

þ ðT − T̂0Þ2
σ2T

− 2ρST
ðS − Ŝ0ÞðT − T̂0Þ

σSσT

≤ R2ð1 − ρ2STÞ; ð72Þ

withR2 ¼ 2.3, 4,61, 5.99, 9.21, 11.83 at 68.3%, 90%, 95%,
99%, and 99.7% confidence levels (CLs), respectively. For
our numerical analysis, we adopt the 95% CL limits. The
central values and their standard deviations are given by16

ðŜ0;σSÞ ¼ ð0.00;0.07Þ; ðT̂0;σTÞ ¼ ð0.05;0.06Þ; ð73Þ

with a strong correlation ρST ¼ 0.92 between S and T
parameters. The electroweak oblique parameters, which
are defined to arise from new physics only, are in excellent
agreementwith theSMvalues of zero for the referencevalues
of MHSM

¼ 125.25 GeV and Mt ¼ 172.5 GeV [112].
In 2HDM, the S and T parameters might be estimated

using the following expressions [113,114]:

SΦ ¼ −
1

4π

�
ð1þ δH

�
γZ Þ2F0

ΔðMH� ;MH�Þ

−
Xð1;3Þ;ð2;3Þ

ði;jÞ¼ð1;2Þ
ðgHiHjZ þ δ

HiHj

Z Þ2F0
ΔðMHi

;MHj
Þ
�
;

TΦ ¼ −
ffiffiffi
2

p
GF

16π2αEM

�
−
X3
i¼1

jgHiH−Wþ þ δHi
W j2FΔðMi;MH�Þ

þ
Xð1;3Þ;ð2;3Þ

ði;jÞ¼ð1;2Þ
ðgHiHjZ þ δ

HiHj

Z Þ2FΔðMHi
;MHj

Þ
�
: ð74Þ

In this work, we ignore the vertex corrections δH
�

γZ , δ
HiHj

Z ,

and δHi
W since the size of the most of the quartic couplings

are smaller than 3 and the quantum corrections proportional
to ∼Z2

i =16π
2 might be negligible. Then, we observe that all

the relevant couplings are determined by the three physical

couplings of gHiVV since g2HiHjZ
¼ jϵijkjg2HkVV

¼ jϵijkjO2
φ1k

and jgHiH−Wþj2 ¼ 1 − g2HiVV
¼ 1 −O2

φ1i
. The one-loop

functions are given by17

FΔðm0; m1Þ ¼ FΔðm1; m0Þ ¼
m2

0 þm2
1

2
−

m2
0m

2
1

m2
0 −m2

1

ln
m2

0

m2
1

;

F0
Δðm0; m1Þ ¼ F0

Δðm1; m0Þ

¼ −
1

3

�
4

3
−
m2

0 lnm
2
0 −m2

1 lnm
2
1

m2
0 −m2

1

−
m2

0 þm2
1

ðm2
0 −m2

1Þ2
FΔðm0; m1Þ

�
: ð75Þ

We note that FΔðm;mÞ ¼ 0 and F0
Δðm;mÞ ¼ 1

3
lnm2.18

When g2H1VV
¼ 1, neglecting the Z2-dependent vertex

correction factors δH
�

γZ , δHi
W , and δ

HiHj

Z , SΦ and TΦ are
symmetric under the exchange MH2

↔ MH3
and they are

identically vanishing when MH2
¼ MH3

¼ MH� .19

D. Flavor constraints on the alignment parameters

The alignment parameters ζf¼u;d;e are constrained by
considering the charged Higgs contributions to the low
energy observables such as flavor-changing τ decays,
leptonic and semileptonic decays of pseudoscalar mesons,
the Z → bb̄ process, B meson mixing, the CPV parameter
ϵK inK meson mixing, and the radiative b → sγ decay [96].
In this work, we consider the flavor constraints on the
absolute sizes of ζe, ζu, and ζd. Note that, we neglect the
constraints on the products of the alignment parameters
taking account of only the single constraints on the absolute
values of ζe, ζu, and ζd under the assumption that they are
fully independent from each other.
The flavor-changing τ decays into light leptons provide

the following constraint on jζej [96]:

jζej ≤ 200

�
MH�

500 GeV

�
; ð76Þ

at 95% CL. On the other hand, the constraint on jζuj may
come from the Z-peak precision observables involving the
Z → bb̄ decay assuming the quantum corrections to the
Zbb̄ vertex beyond the SM is dominated by the charged
Higgs contributions. More explicitly, the ratio Rb ¼ ΓðZ →
bb̄Þ=ΓðZ → hadronsÞ is used by neglecting the contribu-
tions depending on jζdj which are suppressed by the factor
m̄tðMZÞ=m̄bðMZÞ ∼ 60 compared to those depending on

15Here, MBSM denotes some heavy mass scale involved with
new physics beyond the Standard Model.

16See the 2020 edition of the review “10. Electroweak Model
and Constraints on New Physics” by J. Erler and A. Freitas in
Ref. [112].

17See, for example, Ref. [115].
18Here and after, lnm2 could be understood as, for example,

ln ½m2=ð1 GeVÞ2� if necessary.
19The SΦ and TΦ parameters are independent of MH1

when
g2H1VV

¼ 1.
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jζuj. It turns out that the upper limit on jζuj linearly
increases with MH� as follows [96]:

jζuj ≤ 0.72þ 1.19
�

MH�

500 GeV

�
ð95% CLÞ: ð77Þ

To be very strict, the above upper limit should be applied
only when jζdj ¼ 0. The similar while more direct upper
limit jζuj could be obtained by considering the CPV
parameter ϵK in K meson mixing which depends on jζuj
only neglecting the masses of the light d and s quarks.
Actually the limit from ϵK is slightly stronger than that from
Z → bb̄ by the amount of about 10% [96]. In this work, for
the upper limit on jζuj, we apply the slightly weaker
constraint from Z → bb̄ given by Eq. (77) while consid-
ering it valid independently of ζd. In passing, for the
ΔB ¼ 2 processes mediated by box diagrams with
exchanges of W� and/or H� bosons, we note that the
leadingWilson coefficients which are not suppressed by the
light quark mass depend ζu and ζd. When ζd ¼ 0, one
might obtain the similar upper limit on jζuj as that from
ϵK [96].
There is no limit on ζd independently of ζu and/or ζe, but

one may extract some interesting information on ζd
considering the radiative b → sγ decay. Numerically,
the decay amplitude can be cast into the following form
[106,116]20:

A ∼ASM

�
1 − 0.1ζuζd

�
500 GeV
MH�

�
2

þ 0.01jζuj2
�
500 GeV
MH�

�
2
�
: ð78Þ

When ζuζd is negative, the interference with the SM
amplitude is always constructive and the product is con-
strained to be small and, as usual, jζdj can be significantly
larger (smaller) than 1 only when jζuj is very small (large).
On the contrary, if ζuζd is positive, jζdj could be large
independently of jζuj. In this case, a destructive interfer-
ence occurs and the experimental constraints can be
satisfied when

ζuζd ∼ 20

�
MH�

500 GeV

�
2

: ð79Þ

Combining the upper limit on jζuj given by Eq. (77), we
observe that the destructive interference can always occur
when

jζdj≳ 20
ð MH�
500 GeVÞ

2

0.72þ 1.19ð MH�
500 GeVÞ

; ð80Þ

and ζuζd > 0. Most generally, allowing ζuζd to be com-
plex, it turns out that the rough 95% CL upper limit on the
absolute value of the product is basically saturated by the
relation given by Eq. (79) [96] or

jζujjζdj≲ 20

�
MH�

500 GeV

�
2

ð95% CLÞ: ð81Þ

For the summary, we present the upper limits on jζej, jζuj,
and jζeζdj and the lower limit on jζdj in Fig. 1.
Before closing this section, we briefly comment on the

constraints from the heavy Higgs boson searches carried
out at the LHC. The heavy neutral Higgs bosons have been
searched through their decays into τþτ− [117–120], bb̄
[121], tt̄ [122–124], WW [125], ZZ [126–129], Zh125 GeV
[130,131], etc. On the other hand, the charged Higgs
boson search channels include the decay modes into τ�ν
[132,133], tb [134–136], cb [137], cs [138,139], and
Wh125 GeV [130]. Basically, the experimental upper limits
on the product of the production cross section and the decay
rate into a specific search mode have been analyzed to
obtain the allowed parameter space of a specific model. For
example, the search in the τþτ− final state excludes the
presence of a heavy neutral Higgs with MA below about
1 TeVat 95% CL in the minimal supersymmetric extension
of the SM (MSSM) when, depending on scenarios,
tan β ≳ 15 ∼ 25 and the exclusion contour reaches up to
MA ¼ 1.6 TeV for tan β ¼ 60 [118]. While in the aligned
2HDM taken in this work, the Yukawa couplings of the up-
and down-type quarks and the charged leptons to heavy
Higgs bosons are completely uncorrelated and the inter-
pretation of the experimental limits is much more involved.
This is because the three alignment parameters of ζu;d;e are
independent from each other while all of them are involved
in the calculation of the decay rate pertinent to a specific
search mode. In principle, one can easily avoid the
constraints from, for example, H=A → ττ and H� → τν
by taking jζej ≪ 1, but it might be still allowed to have
jζej ≳ 20 andMA < 1 TeV if one can suppress the branch-
ing fraction into τþτ− by choosing the other alignment
parameters of ζu and ζd appropriately. In this respect, a
thorough analysis of the experimental search results in the
framework of aligned 2HDM with three independent
alignment parameters deserves an independent full con-
sideration. In this work, we simply assume that the
parameter space considered in the next Section could be
made more or less safe from the LHC constraints from no
observation of significant excess in the heavy Higgs boson
searches by judiciously manipulating the three alignment
parameters which are otherwise uncorrelated.

20Note that the product ζuζd is the rephasing invariant quantity
in our convention, see Eq. (52).
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IV. NUMERICAL ANALYSIS

From the relation gH1VV ¼ Oφ11
given in Eq. (60) and

the expressions for the Hi couplings to the two SM
fermions given in Eq. (49), one might define the
Yukawa delay factor ΔH1f̄f by the amount of which the
decoupling of the Yukawa couplings of the lightest Higgs
boson is delayed compared to its coupling to a pair of
massive vector bosons:

ΔH1f̄f ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðgS

H1f̄f
− gH1VVÞ2 þ ðgP

H1f̄f
Þ2

q

¼ jζfjð1 − g2H1VV
Þ1=2; ð82Þ

where we use the relation
P

α¼φ1;φ2;a O
2
αi ¼ 1 for i ¼ 1. We

observe that the delay factor ΔH1f̄f defined above is basis-
independent and can be generally used even in the CPV
case. Anticipating that the impacts on the Yukawa delay
factor due to the CP-violating phases of Z5;6;7 and ζu;d;e are
redundant, we consider the CP-conserving (CPC) case for
our numerical study for simplicity. For a recent global
analysis of the aligned CPC 2HDM taking account of

several phenomenological constraints as well as theoretical
requirements, we refer to Ref. [140] but with a caution.21

A. UNIT and BFB constraints

First of all, we consider the UNIT and BFB constraints.
Observing that the two conditions depend only on the
quartic couplings Z1−7, we take the following set of
input parameters22:

IZ
CPC ¼ fv; Y2;Z1; Z2; Z3; Z4; Z5; Z6; Z7g: ð83Þ
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FIG. 1. The 95% CL limits on the alignment parameters as functions ofMH� obtained by considering the charged Higgs contributions
to low energy observables [96]. (Upper Left) The upper limit on jζej from flavor-changing τ decays into light leptons, see Eq. (76).
(Upper Right) The upper limit on jζuj from Rb and ϵK , see Eq. (77). (Lower Left) The minimum value of jζdj required to satisfy the
b → sγ constraint through the destructive interference when ζuζd is positive, see Eq. (80). The Rb and ϵK constraints on jζuj are
combined. (Lower Right) The upper limit on the product of jζuj and jζdj from b → sγ when ζu and ζd are complex, see Eq. (81).

21In Ref. [140], the authors take λ5;6;7 for the fitting parameters
in addition to the Higgs masses mh ¼ 125.10 GeV, MH, MA,
MH� , and the mixing angle α̃. In our notations, they use the set of
input parameters of fv;MH� ;Mh;MH;MA; γ;Z5; Z6; Z7g. Com-
paring to I 0

CPC given in Eq. (23), we find that the potential
parameters Z5 and Z6 are used more than needed while Z2 and Z3

are missing in the set. Note that Z5 and Z6 are entirely fixed when
the mixing angle and the three neutral Higgs masses are given, see
Eq. (22), and the parameter Z2 should be included at least because
it is independent of the Higgs masses and mixing like as Z7.

22To have IZ
CPC from Eq. (18), we tradeMH� with Z3. Note that

the dimensionful parameter Y2 is irrelevant for the UNIT and
BFB constraints.
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In the left panel of Fig. 2, we show the scatter plots of Z2

versus Z1 (upper left), Z4 versus Z3 (upper right), Z5

versus Z1 (lower left), and Z7 versus Z6 (lower right). The
plots are produced by randomly generating the quartic
couplings in the IZ

CPC set. In each plot, the black points are
obtained by imposing only the simplified UNIT conditions
of Eqs. (68) and (69). The full consideration of the UNIT
conditions based on the scattering matrices MS

1;2;3 pro-
duces the red points. The results obtained by simulta-
neously imposing the full UNIT and BFB conditions
(UNIT ⊕ BFB) are denoted by the blue points. We find
our results are very consistent with those presented in
Ref. [108]. After imposing the UNIT and UNIT ⊕ BFB
conditions, we note that the normalized distributions of the
quartic couplings are no longer flat as shown in the right
panel of Fig. 2. As in the left panel, the distributions of the
quartic couplings obtained by requiring only the UNIT
(red) conditions and the combined UNIT ⊕ BFB condi-
tions are in red and blue, respectively. We note that the
smaller jZ6 þ Z7j and the positive Z3 values are preferred
by further imposing the BFB conditions in addition to the
UNIT ones, see Eq. (71).

B. Electroweak constraints

Coming to the electroweak (ELW) constraints, since the
oblique corrections are expressed in terms of the masses
and couplings of Higgs bosons, it is more natural and
convenient to take the following set of input parameters:

I 0
CPC ¼fv;MH� ;Mh ¼MH1

;MH;MA;γ;Z3;Z2;Z7g; ð84Þ

referring to Eq. (23). In the I 0
CPC set, all the massive

parameters are physical Higgs masses except v ¼
ð ffiffiffi

2
p

GFÞ−1=2 ≃ 246.22 GeV.We assume that the neutral state
h ¼ H1 is the lightest Higgs boson and plays the role of the
SM Higgs boson in the decoupling limit of sγ ¼ 0 by taking
MH1

¼ 125.5 GeV [76], and, for the masses of heavy Higgs
bosons, we randomly generate their masses squared between
M2

H1
and ð1.5 TeVÞ2. For the mixing angle γ, we take the

convention of jγj ≤ π=2without loss of generality resulting in
cγ ≥ 0 and signðsγÞ ¼ signðZ6Þ. For the implementation of
the UNIT and BFB constraints using the set I 0

CPC, we recall
the quartic couplingsZ1;4;5;6 in terms of theHiggsmasses and
the mixing angle γ in the CPC case given by Eq. (22).
Using the set I 0

CPC for the input parameters in the CPC
case, the S and T parameters given by Eq. (74) take the
following simpler forms:

SCPCΦ ¼ −
1

4π
½F0

ΔðMH� ;MH�Þ − c2γF0
ΔðMA;MHÞ

− s2γF0
ΔðMA;MhÞ�;

TCPC
Φ ¼

ffiffiffi
2

p
GF

16π2αEM
½FΔðMA;MH�Þ þ c2γFΔðMH;MH�Þ

þ s2γFΔðMh;MH�Þ − c2γFΔðMA;MHÞ
− s2γFΔðMA;MhÞ�; ð85Þ
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FIG. 2. The UNIT and BFB constraints using IZ
CPC, see Eq. (83): (Left) Scatter plots (red) of Z2 versus Z1 (upper left), Z4 versus Z3

(upper right), Z5 versus Z1 (lower left), and Z7 versus Z6 (lower right) with the UNIT conditions imposed. For the blue points, the
necessary BFB conditions are additionally imposed. Also shown are the points in black which are obtained by requiring only the
simplified UNIT conditions in Eqs. (68) and (69). (Right) The normalized distributions of the quartic couplings obtained by requiring
only the UNIT (red) and the combined UNIT ⊕ BFB conditions.
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ignoring the vertex corrections. We observe that TCPC
Φ is

identically vanishing when MH� ¼ MA and, when
MH� ∼MA ∼MH ≫ Mh, we obtain23

SCPCΦ ≃ −
1

4π

�
lnM2

H�

3
− c2γ

�
lnM2

A

3
þMH −MA

3MA

�

− s2γ

�
lnM2

A

3
−

5

18

��
;

TCPC
Φ ≃

ffiffiffi
2

p
GF

16π2αEM

�
2ðMA −MH�Þ2

3
þ c2γ

2ðMH −MH�Þ2
3

þ s2γ
M2

H�

2
− c2γ

2ðMA −MHÞ2
3

− s2γ
M2

A

2

�
; ð86Þ

keeping the leading terms. To obtain Eq. (86) for
the approximated expressions of the S and T parameters,
we use

FΔðm0; m1Þ ¼
2ðm0 −m1Þ2

3
−
ðm0 −m1Þ4

30m2
1

þO
�ðm0 −m1Þ5

m3
1

�
;

F0
Δðm0; m1Þ ¼

lnm2
1

3
þ ðm0 −m1Þ

3m1

−
ðm0 −m1Þ2

30m2
1

þO
�ðm0 −m1Þ3

m3
1

�
; ð87Þ

for m0 ∼m1 and

FΔðm0;m1Þ¼
m2

1

2
þ
�
1

2
þ ln

m2
0

m2
1

�
m2

0þO
��

m4
0

m2
1

�
ln
m2

0

m2
1

�
;

F0
Δðm0;m1Þ¼

lnm2
1

3
−

5

18
þ2

3

m2
0

m2
1

þO
��

m4
0

m4
1

�
ln
m2

0

m2
1

�
; ð88Þ

for m1 ≫ m0.
In the left panel of Fig. 3, we show the S and T parameters

imposing the UNIT, BFB, and ELW constraints abbreviated
by the combined UNIT ⊕ BFB ⊕ ELW95% ones. Note that
the 95% CL ELW limits are adopted and the heavy Higgs
masses squared are scanned up to ð1.5 TeVÞ2.We find that S
takes values in the range between −0.02 and 0.05 whose
absolute values are smaller than σS ¼ 0.07, see Eq. (73).

FIG. 3. Correlations among the S and T parameters, mass differences, and the mixing angle γ using the set I 0
CPC. (Left) Scatter plots of

S versus MH� −MA (upper left), T versus MH� −MA (upper right), and T versus S (lower left) with the combined UNIT ⊕ BFB ⊕
ELW95% constraints imposed (black). The red points are with the small angle condition jγj < 0.1. In the lower-right plot, as a reference,
the 95% CL ELW constraint on the S and T parameters according to Eqs. (72) and (73) is shown. (Right) Scatter plots of MH� −MA
versus MH� −MH (upper left), MH� −MA versus MH −MA (upper right), MH� −MH versus MH −MA (lower left), and MH� −MA
versus γ (lower right) with the combined UNIT ⊕ BFB ⊕ ELW95% constraints imposed (black). The red and blue points are for
MH� > 500 GeV and MH� > 1 TeV, respectively.

23For SΦ, note that ½lnM2
A=3þ ðMH −MAÞ=3MA�−

½lnM2
H=3þ ðMA −MHÞ=3MH� ≃ ðMH −MAÞ3=9M3

A.

YUKAWA ALIGNMENT REVISITED IN THE HIGGS BASIS PHYS. REV. D 106, 015023 (2022)

015023-15



Actually, we find that jSj < σS even with only the UNITand
BFB constraints imposed. Note that S is mostly negative
(positive) when MH� > ð<ÞMA. Specifically, we find that
S ≃ −1=4πð5=18Þ ≃ −0.02 when MH� −MA ¼ 0 and
γ ¼ π=2. The T parameter takes its value between −0.02
and 0.13 which are given by the delimited range determined
by−0.02 < S < 0.05, the strong correlation ρST ¼ 0.92 and
R2
95% ¼ 5.99, see Eqs. (72) and (73) and the lower-right plot

in the left panel of Fig. 3. Incidentally, we observe thatT ¼ 0
when MH� ¼ MA though it quickly deviates from 0 when
MH� ≠ MA. In the right panel of Fig. 3, we show the
correlations among the mass differences and the mixing
angle γ using the set I 0

CPC. We find that

jMH−MAj=GeV≲200ð100Þ;
jMH� −MHj=GeV≲200ð110Þ;
jMH� −MAj=GeV≲200ð110Þ;

jγj≲0.8ð0.14Þ; ð89Þ
when MH� ≳ 500 GeV (1 TeV).
We show the correlations among the heavy Higgs-boson

masses and the mixing angle γ in the left panel of Fig. 4.
Requiring the ELW constraint in addition to the UNIT ⊕
BFB ones, we find that Z1 and γ take values near to 0 and
Z4 and Z5 positive ones more likely, see the right panel of
Fig. 4. We find that the UNIT and BFB conditions
combined with the ELW constraint restrict the quartic
couplings as follows:

0.1≲ Z1 ≲ 2.0; 0≲ Z2 ≲ 2.1;

−2.4≲ Z3 ≲ 8.0; −6.3≲ Z4 ≲ 6.0;

−1.9≲ Z5 ≲ 1.6; −2.7≲ Z6 ≲ 2.7;

−2.7≲ Z7 ≲ 2.7: ð90Þ

C. Alignment of Yukawa couplings

Now, we have come to the point to address the alignment
of Yukawa couplings. When we talk about the alignment of
the Yukawa couplings in general 2HDMs, we imply: (i) the
alignment of them in the flavor space and (ii) the alignment
of the lightest Higgs-boson couplings to a pair of the SM
fermions in the decoupling limit of MH;A;H� → ∞. By (i),
we precisely mean the assumption that the two Yukawa
matrices of yf1 and yf2 are aligned in the flavor space or
yf2 ¼ ζfy

f
1 , see Eq. (45), which, in the CPC case, leads to

gS
H1f̄f

¼ Oφ11
þ ζfOφ21

¼ cγ − ζfsγ; ð91Þ

with f ¼ u and d for the up- and down-type quarks,
respectively, and f ¼ e for the three charged leptons.
Then, by (ii), one might mean

gS
H1f̄f

→ 1 as MH;A;H� → ∞: ð92Þ

In Eq. (91), we note that the quantity cγ is nothing but the
coupling gH1VV ¼ Oφ11

¼ cγ which is driven to take the
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FIG. 4. The UNIT ⊕ BFB ⊕ ELW95% constraints (magenta) using I 0
CPC, see Eq. (84). For comparisons, we also show the results after

applying only the UNIT ⊕ BFB constraints (blue).: (Left) Scatter plots of MA versus MH (upper left), MH� versus MH (upper right),
MH� versus MA (lower left), and MH� versus γ (lower right). (Right) The normalized distributions of the quartic couplings and the
mixing angle γ.
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SM value of 1 by the combined UNIT, BFB, and ELW
constraints as MH;A;H� increases. Therefore, from Eq. (82),
the Yukawa delay factor simplifies to ΔH1f̄f ¼ jζfsγj, and
the alignment of the lightest Higgs-boson couplings to the
SM fermions in the decoupling limit is delayed by the
amount of jζfsγj which can not be ignored even when
jsγj ≪ 1 if jζfj is significantly larger than 1.
For a quantitative study, in addition to I 0

CPC given by
Eq. (84), we have added the following set of input
parameters containing three real parameters:

Iζ
CPC ¼ fζu; ζd; ζeg: ð93Þ

In the left panel of Fig. 5, we show the correlations between
each of the three alignment parameters ζf¼u;d;e and the
mixing angle γ when the absolute value of the correspond-
ing coupling gS

H1f̄f
is within 10% range of the SM value of

1 or jgS
H1f̄f

− 1j < 0.1 and jgS
H1f̄f

þ 1j < 0.1 for gS
H1f̄f

> 0

(red) and gS
H1f̄f

< 0 (blue), respectively. Scanning

jγj ≤ π=2, gS
H1f̄f

≃ 1 near γ ¼ 0. At γ ¼ �π=2, the gS
H1f̄f

coupling takes the value of 1 when ζf ¼∓ 1 (red). While if
ζf ¼ �1, we note that gS

H1f̄f
¼ −1 at γ ¼ �π=2 (blue). In

the right panel of Fig. 5, by the four lines, we show the
correlations between ζd and ζe in the four conventional

2HDMs24 based on appropriately defined discrete Z2

symmetries taking 1=100 < ζu ¼ 1=tβ < 2, see Table I.
We observe that both ζd and ζe are bounded only in the
type-I 2HDM between 1=100 and 2. Otherwise, at least one
of them is limitless in principle. Therefore, except the
type-I 2HDM, gS

H1d̄d
and/or gSH1ēe

could be largely deviated

from 1 in the decoupling limit even when ζu is limited.
To concentrate on the alignment of the lightest Higgs-

boson couplings to a pair of the SM fermions in the
decoupling limit of MH;A;H� → ∞ under the assumption of
yf2 ∝ yf1 as in Eq. (45), we consider a simplified scenario in
which the mixing angle jsin γj is inversely proportional to
1=M2

H� reflecting the behavior of jsin γj ¼ jgHVV j being
suppressed by the quartic powers of the heavy Higgs-boson
masses at leading order [141]. In the upper-left frame
of Fig. 6, we show the scatter plot for jγj versus MH�

together with the three curves showing the cases of
sinγ¼ð125GeV=MH�Þ2 (black), sinγ¼ð200GeV=MH�Þ2
(red), and sin γ ¼ ð350 GeV=MH�Þ2 (blue) from bottom
to top.25 The input parameters are the same as in Fig. 4

FIG. 5. (Left) Scatter plots of ζu versus γ (upper left), ζd versus γ (upper right), and ζe versus γ (lower left) obtained by scanning
−π=2 ≤ γ ≤ π=2 and the three real parameters of the set Iζ

CPC in the ranges of −2 < ζu < 2 and −10 < ζd;e < 10. On each ζf − γ plane,
the regions satisfying jgS

H1f̄f
− 1j < 0.1 and jgS

H1f̄f
þ 1j < 0.1 are denoted in red and blue, respectively. (Right) Scatter plot of ζd versus

ζe with 1=100 < ζu < 2. The four lines represent the four conventional 2HDMs as denoted taking 1=2 < tβ < 100.

24The parameters ζd and ζe are completely uncorrelated in the
general 2HDM based on the relation Eq. (45) as shown by the
scattered black dots in the right panel of Fig. 5.

25The choice of sin γ ¼ ðm6=MH�Þ2 is equivalent to fix Z6 ¼
ðM2

H −m2
hÞ cos γ sin γ=v2 ∼ ðm6=vÞ2 when MH ∼MH� ≫ Mh

and sinðγÞ ≪ 1, see Eq. (22).
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and the combined UNIT ⊕ BFB ⊕ ELW95% constraints
are imposed. For illustration, we take the case of sin γ ¼
ð200 GeV=MH�Þ2. The coupling of the lightest Higgs
bosonH1 to a pair of massive vector bosons are constrained
by the precision LHC Higgs data [46]. We note that, for
example, cos γ ¼ gH1VV ≳ 0.95 or jsin γj ¼ jgHVV j≲ 0.3
can be satisfied when MH� ≳ 400 GeV for this choice.
We further assume that the masses of the heavy Higgs

bosons of H, A, and H� are degenerate. This assumption
reflects the fact that the combined UNIT ⊕ BFB ⊕
ELW95% constraints prefers quite degenerate heavy-
Higgs bosons when they weigh more than about
400 GeV as shown in the left panel of Fig. 4. We dub
this scenario SCN200 in which we precisely fix and vary
the input parameters in the two sets of I 0

CPC and Iζ
CPC as

follows:

SCN200∶ fMh ¼ MH1
¼ 125.5 GeV;MH ¼ MA ¼ MH� ¼ ½200…1500� GeV;

sin γ ¼ �ð200 GeV=MH�Þ2;Z2 ¼ ½0…2�; Z3 ¼ ½−3…8�; Z7 ¼ ½−3…3�g
⊕ fζu ¼ ½1=100…2�; ζd ¼ ½−100…100�; ζe ¼ ½−100…100�g; ð94Þ

together with the combined UNIT ⊕ BFB ⊕ ELW95%

constraints imposed. In this scenario, the Yukawa delay
factor is given by

ΔH1f̄fjSCN200 ¼ jζfj
ð200 GeVÞ2

M2
H�

≃ jζfj
jZ6jv2
M2

H�
; ð95Þ

with Z6jSCN200 ≃ 0.66. Note that, we use the approximation
Z6v2 ¼ ðM2

H −M2
hÞcγsγ ≃M2

H�sγ in the above equation.
In the upper-right frame of Fig. 6, we show the scatter

plot of gSH1ūu
versus MH� taking SCN200 in which the

upper limit on jζuj from Rb and ϵK is applied, see Eq. (77).
We observe that the coupling gSH1ūu

is within about 30% and
10% ranges of the SM value of 1 when MH� > 500 GeV
and MH� > 1 TeV, respectively. As previously discussed,
the alignment of the coupling gS

H1f̄f
is delayed by the

amount of ζf sin γ compared to the coupling gH1VV and
gSH1ūu

is most deviated from its SM value of 1 by the
amount of

ΔH1ūujSCN200;jζuj≤2 ¼ jζuj
�
200 GeV
MH�

�
2

≤ 0.32
�
500 GeV
MH�

�
2

: ð96Þ

To make this point clear, we add the blue and red lines
showing gSH1ūu

taking ζu ¼ 0.2, 1, and 2 and the magenta
one showing gH1VV . We indeed see that gSH1ūu

is most close
to gH1VV when ζu ¼ 0.2 and the two lines taking ζu ¼ 2

provide the envelope which includes all the scattered
points.26 In the lower frames of Fig. 6, the scatter plots
of gS

H1d̄d
versusMH� (left) and gSH1ēe

versusMH� (right) are

shown. They are basically the same since ζd and ζe are
varied in the same range of ½−100; 100�. And the same
arguments are applied as in the case of gSH1ūu

: the lines with
ζd;e ¼ 0.5 are most close to gH1VV among the blue and red
lines and those with ζd;e ¼ 100 provide the envelopes
which include all the scattered points. We see that gS

H1d̄d
and

gSH1ēe
can be largely deviated from their SM values of 1

when jζd;ej is large:

ΔH1d̄d;H1ēejSCN200;jζdj≤100;jζej≤100
¼ jζd;ej

�
200 GeV
MH�

�
2 ≲ 1.8

�
1.500 TeV

MH�

�
2

: ð97Þ

Incidentally, we observe that the constraint on jζej from the
flavor-changing τ decays into light leptons excludes the
region with jgSH1ēe

j≳ 60 andMH� ≲ 250 GeV which is not
seen in the window chosen for the scatter plot of gSH1ēe

versus MH� in Fig. 6, see Eq. (76).
Of course, the alignment parameters ζd;e are constrained

by the precision LHCHiggs data. From the observation that
the absolute values of the couplings of the SM-like H1 to a
pair of bottom quarks and tau leptons are required to be
consistent with 1 within about 10% at 1σ level [46], one
might have jgS

H1d̄d
� 1j≲ 0.1 and jgSH1ēe

� 1j≲ 0.1.27 For

the positive sign, the condition jgS
H1d̄d

− 1j < 0.1 constrains

jζdj≲ 6, see the red points in the left panel of Fig. 7. On the
other hand gS

H1d̄d
∼ −1 allows the larger values of ζd given

by ζd ¼ ð1þ cos γÞ=sin γ ≃�2M2
H�=ð200 GeVÞ2, see the

26Note that the line segments for ζu ¼ 2withMH� ≲ 500 GeV
are located outside the scattered region implying that they are
excluded by the upper limit on jζuj from Rb and ϵK .

27The negative value of gS
H1d̄d

∼ −1 is less preferred than
the positive one gS

H1d̄d
∼þ1 at the level of about 1.5σ considering

the b-quark loop contributions to the H1 coupling to two gluons
[46]. While, for gSH1 ēe

, the current data precision is yet insufficient
to tell its sign. In this work, we consider both signs for gS

H1d̄d
and

gSH1 ēe
.
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blue points in the left panel of Fig. 7. In the same panel for

ζd versus MH� , we also show the lower limit on jζdj from
b → sγ through the destructive interference by the magenta

lines, see Eq. (80) and the lower-left panel of Fig. 1. We

observe that the two regions with jgS
H1d̄d

þ 1j < 0.1 are

mostly outside the band delimited by the two magenta lines
implying that large values of jζdj for gSH1d̄d

∼ −1 are hardly

constrained by b → sγ. For gSH1ēe
, the same arguments are

FIG. 6. (Upper Left) The same as in the lower-right plot in the left panel of Fig. 4 but for jγj versus MH� with the UNIT ⊕ BFB ⊕
ELW95% constraints imposed. The three curves show the cases of jsin γj ¼ ð125 GeV=MH�Þ2 (black), jsin γj ¼ ð200 GeV=MH�Þ2 (red),
and jsin γj ¼ ð350 GeV=MH�Þ2 (blue) from bottom to top. (Upper Right) Scatter plot of gSH1ūu

versusMH� taking SCN200 in which the
upper limit on jζuj from Rb and ϵK is applied, see Eq. (77). The blue (red) lines are for cos γ þ ð−Þζujsin γj for ζu ¼ 2, 1, 0.2 from the
outermost lines to the magenta one which is for gH1VV ¼ cos γ. (Lower Left) Scatter plot of gS

H1d̄d
versusMH� taking SCN200. The blue

(red) lines are for cos γ þ ð−Þζdjsin γj for ζd ¼ 100, 50, 20, 10, 0.5 from the outermost lines to themagenta onewhich is for gH1VV ¼ cos γ.
(Lower Right) The same as in the lower-left plot but for gSH1 ēe

versusMH� with the lines for cos γ � ζejsin γj for ζe ¼ 100, 50, 20, 10, 0.5.
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applied, see the right panel of Fig. 7. Note that the
constraints from the flavor-changing τ decays into light
leptons given by Eq. (76) are too weak to affect those on
gSH1ēe

by the precision LHC Higgs data.
Lastly, we comment on the wrong-sign alignment limit

in the four types of conventional 2HDMs in which the H1

couplings to the down-type quarks and/or those to the
charged leptons are equal in strength but opposite in sign to
the corresponding SM ones. The two couplings gS

H1d̄d
and

gSH1ēe
are completely independent from each other in

general 2HDM, but, in the conventional four types of
2HDMs, they are related. We observe that the couplings are
given by either cos γ − sin γ=tβ or cos γ þ tβ sin γ in any
type of 2HDMs, see Table I. In this case, cos γ − sin γ=tβ ¼
�1 for the tβ value which makes cos γ þ tβ sin γ ¼ ∓1.
This implies that, independently of 2HDM type and
regardless of the heavy Higgs-mass scale, all four types
of 2HDMs could be viable against the LHCHiggs precision
data in the wrong-sign alignment limit.

V. CONCLUSIONS

We have studied the alignment of Yukawa couplings in
the framework of general 2HDMs identifying the lightest
neutral Higgs boson as the 125 GeV one discovered at the
LHC. We take the so-called Higgs basis [73,74,88–92] for
the Higgs potential in which only one of the two doublets
contains the nonvanishing vacuum expectation value v.
For the Yukawa couplings, rather than invoking the

Glashow-Weinberg condition [104] based on appropriately
defined discrete Z2 symmetries, we require the absence of
tree-level FCNCs by assuming that the Yukawa matrices
describing the couplings of the two Higgs doublets to the
SM fermions are aligned in the flavor space [93–95].
For a numerical study, we further assume that the seven

quartic couplings Zi¼1–7 appearing in the Higgs potential
and the three alignment parameters ζf¼u;d;e for Yukawa
couplings are all real by anticipating that the impacts due to
CP-violating phases of Z5;6;7 and ζf’s on the alignment of
Yukawa couplings are redundant. In this case, in addition to
the vev v and masses of the SM fermions, the model can be
fully described by specifying the following set of 11 free
parameters:

fMh ¼MH1

¼ 125.5GeV;MH;MA;MH� ;γ;Z2;Z3;Z7;ζu;ζd;ζeg;

whereMh;H (withMh < MH) andMA denote the masses of
CP-even and CP-odd neutral Higgs bosons, respectively,
and the mixing between the two CP-even neutral states is
described by the angle γ. The quartic couplings Z1;4;5;6 are
determined in terms of Mh;H;A, MH� , γ, and v. The quartic
couplingZ3 is related to the massive parameter Y2 appearing
in the Higgs potential through Y2 ¼ M2

H� − Z3v2=2. On the
other hand, the other quartic couplings Z2 and Z7 have no
direct relevance to the masses and mixing of Higgs bosons,
but we observe that they are interrelated with the other five
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FIG. 7. Scatter plots of ζd versus MH� (left) and ζe versus MH� (right) taking SCN200. The red and blue points denote the regions
where gS

H1d̄d
and gSH1 ēe

are within the 10% ranges of the values of 1 and −1, respectively. The magenta lines in the left panel denote

jζdjMIN required to satisfy the b → sγ constraint through the destructive interference when ζuζd is positive, see Eq. (80) and the lower-
left panel of Fig. 1.
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quartic couplings of Z1;3−6 through the perturbative unitarity
(UNIT) conditions and those for the Higgs potential to be
bounded from below (BFB).We note that theUNITandBFB
conditions are basis-independent, i.e., the same in any
basis [108]. Also considered are the constraints from the
electroweak (ELW) oblique corrections to the S and T
parameters which are expressed in terms of the physical
observable quantities of Mh;H;A, MH� , and gHiVV which are
again invariant under a change of basis [84]. We further
consider the constraints on the alignment parameters ζf¼u;d;e

from flavor-changing τ decays, Rb, ϵK , and the radiative
b → sγ decay.
For the independent model parameters and the rephasing

invariant combinations of CP-violating phases, among the
several points already discussed in the literature, we high-
light the following ones:
(1) The general 2HDM potential can be fully specified

with the masses of the charged and three neutral
Higgs bosons, the orthogonal neutral-Higgs boson
mixing matrix O3×3 and the three dimensionless
quartic couplings of Z2;3;7 in addition to the vev v.

(2) For the CP phases, as far as the Higgs potential and
the three complex alignment parameters for the
Yukawa couplings are involved, the Lagrangians
are invariant under the following phase rotations:

H2→ eþiζH2;

Y3→Y3e−iζ; Z5 →Z5e−2iζ;

Z6→Z6e−iζ; Z7 →Z7e−iζ;

ζu → ζueþiζ; ζd → ζde−iζ; ζe → ζee−iζ; ð98Þ

which, taking account of the CP odd tadpole
condition Y3 þ Z6v2=2 ¼ 0, lead to the following
five rephasing-invariant CPV phases:

Arg½Z6ðZ�
5Þ1=2�; Arg½Z7ðZ�

5Þ1=2�; Arg½ζuðZ5Þ1=2�;
Arg½ζdðZ�

5Þ1=2�; and Arg½ζeðZ�
5Þ1=2�; ð99Þ

pivoting, for example, around the complex quartic
coupling Z5.

Incidentally, it is well known that the 3 alignment param-
eters are the same ζu ¼ ζd ¼ ζe ¼ 1=tβ in the type-I
2HDM. In this case, they cannot be significantly larger
than 1 since tβ ≪ 1 leads to a nonperturbative top-quark
Yukawa coupling and a Landau pole close to the TeV scale.
Therefore, in the type-I model among the 4 conventional
2HDMs, all the Yukawa couplings of the lightest Higgs
boson most quickly approach the corresponding SM values
as the masses of the heavy neutral Higgs bosons increase
and their decouplings are least delayed.
We further suggest the following points as the main

results specifically pertinent to our analysis:

(1) By scanning the heavy Higgs masses up to 1.5 TeV,
we find that the UNITand BFB conditions combined
with the ELW constraint restrict the quartic cou-
plings as follows:

0.1≲ Z1 ≲ 2.0; 0≲ Z2 ≲ 2.1;

−2.4≲ Z3 ≲ 8.0; −6.3≲ Z4 ≲ 6.0;

−1.9≲ Z5 ≲ 1.6; −2.7≲ Z6 ≲ 2.7;

−2.7≲ Z7 ≲ 2.7; ð100Þ

and, when MH� ≳ 500 GeV (1 TeV), we also find
that

jMH −MAj=GeV≲ 200ð100Þ;
jMH� −MHj=GeV≲ 200ð110Þ;
jMH� −MAj=GeV≲ 200ð110Þ;

jγj≲ 0.8ð0.14Þ: ð101Þ

(2) As the masses of heavy Higgs bosons increase,
compared to the gH1VV coupling of the lightest Higgs
boson to a pair of massive vector bosons, the
decoupling of the Yukawa couplings to the lightest
Higgs boson is delayed by the amount of the
Yukawa delay factor ΔH1f̄f ¼ jζfjð1 − g2H1VV

Þ1=2
which is basis-independent and can be generally
used even in the presence of CPV phases. Therefore,
though gH1VV approaches its SM value of 1 very
quickly as the masses of heavy Higgs bosons
increase, the coupling of H1 to a pair of fermions
can significantly deviate from its SM value if jζfj is
large. Note that jζuj is constrained to be small by Rb
and ϵK , see Eq. (77). While jζdj and jζej are
constrained to be small by the LHC precision Higgs
data when the corresponding Yukawa couplings are
with the similar strength and the same sign as the SM
ones, but it could be large when the Yukawa
coupling takes the wrong sign.

(3) The wrong-sign alignment, in which the H1 cou-
plings to a pair of f-type fermions are equal in
strength but opposite in sign to the corresponding
SM ones, occurs when ζf ¼ ð1þ cos γÞ=sin γ inde-
pendently of the heavy Higgs-boson masses. In the
conventional four types of 2HDMs, ζf ¼ −tβ or
1=tβ and the Yukawa couplings are given by either
cos γ − sin γ=tβ or cos γ þ tβ sin γ in any type of
2HDMs. We observe that cos γ − sin γ=tβ ¼ ∓1 for
the tβ value making cos γ þ tβ sin γ ¼ �1 and any
type of conventional 2HDMs is viable against the
LHC Higgs precision data.

(4) Last but not least, by combining with the upper limit
on jζuj from Rb and ϵK , we derive the lower limit on
jζdj independently of ζu and ζe when the non-SM
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contribution to b → sγ is about two times of the SM
one at the amplitude level.
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