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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 two Higgs doublet models (2HDMs). We clarify the model 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 ¢, 4. We consider the
theoretical constraints from the perturbative unitarity and for the Higgs potential to be bounded from below as
well as the experimental ones from electroweak precision observables. Also considered are the constraints on

the alignment parameters from flavor-changing  decays, Z — bb, ey, and the radiative b — sy decay. By

introducing the basis-independent Yukawa delay factor Ay 7, = [{/|(1 — gi,vv)

12 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 1o error of the top-quark Yukawa coupling is
about 6% while those of the bottom-quark and tau-lepton
ones are about 10%." In addition, the possibility of negative
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"Throughout this work, we are using the results presented in
Ref. [46] which are based on global fits of the Higgs boson couplings to
all the LHC Higgs dataat 7 TeV, 8 TeV, and 13 TeV available up to the
Summer 2018, corresponding to integrated luminosities per experi-
ment of approximately 5/fb at 7 TeV, 20/fb at 8 TeV, and up to 80/fb
at 13 TeV. We note that there are more datasets at 13 TeVup to 139/1b
and 137/fb collected with the ATLAS and CMS experiments,
respectively, see Refs. [47,48]. Though, without a combined ATLAS
and CMS analysis, it is difficult to say conclusively how much the full
13-TeV datasetimproves the measurements of Higgs boson properties
quantitatively; we observe that the 1 errors are reduced by the amount
of about 30% by comparing the results presented in Ref. [47] with
those in Ref. [45] in which the dataset up to 80/1b is used.
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top-quark Yukawa coupling has been completely ruled out
and the bottom-quark Yukawa coupling shows a preference
of the positive sign” at about 1.5¢ 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 1o 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 nonvanishing neutrino masses, 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 two Higgs 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

2Plrecisely 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 neutral Higgs boson as the
125.5 GeVone and assume that all the other Higgs bosons are
heavier or much heavier 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 {  with f=u, 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 the masses 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 Ay 7, =
C71(1 = gF,yy)'/* compared to its coupling to a pair of
massive vector bosons, gy yy. We observe that the Yukawa
delay factor Ay, 7, can be sizable even when gy, yy ~ 1if (/|
is significantly larger than 1. We consider the upper limit on
|C,| from Z — bb and ek, and, for |{,| and |¢,|, 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.”
Note that the Yukawa delay factor is basis-independent and
can be used even when some of the Higgs 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
Ay, 7 taking the aligned 2HDM in the Higgs basis. In the
Higgs basis, contrasting to the relatively well-known ®
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 Il 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. A brief summary and conclusions are made in Sec. 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 SU(2), doublets of ®; and ®, with the same
hypercharge Y = 1/2 may be given by [651*

Vo = 13(®] @) + 13(P)D,) + m3,(®]®,) + mi}(P)@;)
+ 41 (D]@))? + A (D] D,)? + A3(D] D)) (B1D,) + 44(D] D) (D] D))
+ A5(D] D)) + A (D)D) + A (D] D1 ) (P D,) + 4 (PP ) (D] D))
+ 17 (D)D) (D] D,) + 43 (DJD,) (D] D)), (1)

*In the wrong-sign alignment limit, the Yukawa couplings are equal in strength but opposite in sign to the SM ones.
“In contrast with the Higgs basis which has been taken for this work, we address it as the ® 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 Z, symmetry under ®; — £®,
and ®, - F®, is hardly broken by the nonvanishing

|

quartic couplings 44 and 4; and, in this case, we have three
rephasing-invariant CP-violating phases in the potential.
With the general parametrization of two scalar doublets
CI)I 2 as

o _( of ) o _e,f( b3 ) )
a Hwit+¢ +ia)) 2 (vt tiay) )

and denoting v; = vcos f = vcy and vy = vsinf = vsy with v = \/v? + v3, one may remove 3, 43, and Im(m?,e’)

from the 2HDM potential using three tadpole conditions:

1 .
ﬂ% — 2 Plcé + 5/13s/23 + c/jsﬁme(/lﬁelf)] + SI%MZ

Hia

1 )
W= —v? {Azsﬁ + 5/13C% + cﬂsﬁfﬁe(he’f)] +epM;,.,

, 2
Sm(m3,e) = ——

with the square of the charged Higgs-boson mass

Re(mi,e) 2

M2, = -
CﬁSﬁ 2CﬂS/j

H*

3 [2cﬂsﬂ‘3m(ﬂ5ezif) + cé?&‘m(%e"‘f) + s/%%m(/17ei§)], (3)

[Zacpsp + 2cpsyNe(dse™) + cjNe(dee”) + s;Ne(27e7)]. (4)

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 @ basis:

Vi = Yi(H{Hy) + Ya(HYH,) + Ya(HiHy) + Y3 (HIH))
+ Z{(H{HL)? + Zo(HiHo)? + Za(H{H ) (HYH) + Za(H Ho) (H5Hy)
+ Zs(H{Ho)? + Z5(H3H1 ) + Zo(H{Hy ) (HHy) + Zg (HiH, ) (HoHy)
+ Z3(MyHa) (M Ha) + Z5 (M) (H3 M), (5)

where the new complex SU(2); doublets of H; and H, are
given by the linear combinations of ®; and ®, as follows:

G+
H, = ¢, ® +e‘i5s®:< . );
! Al p=2 %(U-ﬁ-(pl—l—lGo)
Ht
Hy = —s,;D +e‘ifc<l>—< . > 6
2 p*1 px2 %((pz-‘rla) ()

with the relations

@1 = cphr + Spas Py = —Sphy + Cpiho;
a = —S/j(ll + CﬂaZ’ (7)

in terms of ¢, and a,, in Eq. (2). Incidentally, we have
that G° = ca; + spar, G = cppy + spp3, and HT =
—sﬁcﬁl+ + cﬁgb;r . Note that only the neutral component
of the H; doublet develops the nonvanishing vacuum
expectation value » and it contains only one physical

[
degree of freedom let alone the Goldstone modes. In the
so-called decoupling limit, 7, takes over the role of the SM
SU(2), doublet and the remaining three Higgs states are
accommodated only by the H, doublet.’

The potential parameters Y, ,3 and Z;_; in the Higgs
basis could be related to those in the @ basis through:

Yy =pich+uzsy+ Ne(mire®)syy,
Yy = pis;+picy —Re(mire®) sy,
Yy =—(ui —3)cpsp + Ne(mire)cos + iSm(miye), (8)

. . 6
for two real and one complex dimensionful parameters and

SFor a numerical study later, the notations of ¢; = h, ¢, = H,
and a = A are taken in the decoupling limit.

®We find that our results are consistent with those presented in,
for example, Ref. [85].

015023-3



JAE SIK LEE and JUBIN PARK

PHYS. REV. D 106, 015023 (2022)

Zy = M€+ A8+ 2haus sy +
Z, = llsﬁ + /12(:/, + 2/134sC[;S/;
Zy=0h+20 + 4
Zy =24+ 2(4 + Ay = 2345) s —
Zs = (A + A = 2ha4s5)cjs; + Ne(2se7C) —

+ [Re(46e”)cj + NRe(hre)s5]sop,
[Ne(2e™)s + Re(e)cj]sa,

= 2us)cps; — [Me(dee™) — Re(476)]cop52p,
[Re(Age™) — Re(17€%)]c

[Re(lge’) —
+ i[Sm(Ase€) cr5 — Im(A6e™ ) cpsy + Im(A,e%)cpsg),

C2pS2ps
me(ﬂ7ei§>]C2ﬂCﬂSﬂ

ZG ( /11C + /12s )SZﬂ + 2134502ﬂcﬂsﬂ + g)te(16315>< 3Sﬁ)C + %6(176’5)(3 ﬂ S%)S%
+ i[Sm(A5e*) 555 + Sm(Ae”) cj 4 Im(A7e%)s],
Z7 = (—/115/23 + /12C§>S2ﬂ - 2/134502ﬂcﬂ5ﬂ + 9{6(1661.5)(36‘% - sé)sé + f)te(/%e’f)(clzj - 35%)6‘%
+ i[=3m(25e%) 555 + Im(26e”) 57 + Im(276%) ], 9)
|
for four real and three complex dimensionless parameters MZ M3 4diag(0,1,1) + M2, (13)

with  Ays = (A3 +44)/2 + Re(Ase**). We note that
Zy <> 2y, 23 <> Zy4, Zg <> Z7, and Zs are invariant under
the exchanges c; < 55, A3 < Ay, (Ase¥) < (Ase™4)",
(Ag7€) <> —(Ag7€)*. The tadpole conditions in the
Higgs basis, which are much simpler than those in the
® basis, as shown in Eq. (3), are

1
Y1+le)2:0; Y3 +§Z6U2:0, (10)

where the first condition comes from <‘W—”> =0 and the

second one from <5L’;> =0 and (‘W”) = 0. Note that the

second condition relates the two complex parameters of Y
and Zg.

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

@1
1
VH,mass:M?{iH+H_+§(¢l %) G)M% @2 | (11)

a

in terms of the charged Higgs bosons H*, two neutral
scalars ¢ », and one neutral pseudoscalar a. The charged
Higgs boson mass is given by

1
M%‘Ii :Y2+§Z3UZ, (12)

while the 3 x 3 mass-squared matrix of the neutral Higgs
bosons M3 takes the form

where M3 = M, + [5Z, — Re(Zs)]v? and the 3 x 3 real

and symmetric mass-squared matrix M3 is given by
MZ 2Zl me(ZG) —Tﬁm(ZG)
—Z= WNe(Zy) 2Me(Zs) —Im(Zs) |. (14)
—m(Zs) —Im(Zs) 0

Note that the quartic couplings Z, and Z; 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 the 7{; doublet contains the vev v ~ 246 GeV. We
further note that ¢; decouples from the mixing with the
other two neutral states of ¢, and a in the Zg = 0 limit, and
its mass squared is simply given by 2Z,v*> which gives
Z, ~0.13(My, /125.5 GeV)?, and, in this decoupling limit
of Zg — 0, the CP-violating mixing between the two states
of ¢, and a is dictated only by Im(Zs).

Once the 3 x 3 real and symmetric mass-squared matrix
M is given, the orthogonal 3 x 3 mixing matrix O is
deﬁned through’

(fﬂl’fﬂz’a)g = Oai(Hl’H2vH3)1T’ (15)

such that O"MGO = diag(M3; , M3, M3 ) with the
increasing ordering of My, < My, < My, if necessary.
Note that the mass-squared matrix M3 involves only the
four (two real and two complex) quartic couplings

"Note that, we reserve the notations of H i—1.23 for the mass
eigenstates of three neutral Higgs bosons taking account of CP-
violating mixing in the neutral Higgs-boson sector when
Im(Zsg) # 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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{Z,,24,Z5,Zs} once v and M+ are given. And then, using
the matrix relation O" M3O = diag(M3, , M3, . M3, ), one
may find the following expressions for the quartic couplings
of {Z,24,Zs,Z¢} in terms of the three masses of neutral
Higgs bosons and the components of the 3 x 3 orthogonal
mixing matrix o™
1

20?

1
Zy=— M, (05, + 04) +

Z) =5 (M}, 0, | + M} 0F , + My 0, 3),

M3 (0%, + 0%))

M%-I3<Oiz3 + 0%;) = 2M3,.],
1

Zs = o z[M%-II(Ozzl - 0}) + Mj, (042022 02,)
M3 (0] 5= 023)]
l
- U—(M%]l 04,1041 + M3, 0,50, + My 0,303),
1
Zs :—Z(M 0,,10,,1 + M}, 0,50, + Mj; 0,30,,3)

1041 + M%—IZO(p]ZOaZ + M%—1301/7130a3)7

2
- F <1‘41‘11 0(171

(16)

for given v and M.

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

Y1, Y2.Y3:2,,25, 25,24, Zs, Z, Z7 }. (17)

Using the tadpole conditions in Eq. (10), the dimensionful
parameters Y and Y5 can be removed from the set in favor
of v and observing that the quartic couplings Z, and Z, do
not contribute to the mass terms, one may consider the
following set of input parameters:

{’U, Yz;MHi,Z],Z4,ZS,Z6;22,Z7}, (18)

where we trade the quartic coupling Z; with the charged
Higgs mass M ;- using the relation Z; = 2(M? P Y,)/v?
with Y, given. Further using My and O instead of
{Z,,24,Z5,Zs}, we end up with the following set of input
parameters:

T={v.Yy;Mys My .My, My, . {05,3};Z,.Z7}, (19)

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

The 3 x 3 orthogonal mixing matrix O contains three inde-
pendent degrees of freedom represented by the three rotation
angles.

I/ = {U;MHi,MH] ’MHz’MHS’ {03X3};Z3;22,Z7}, (20)

consisting of 12 real parameters as well.

For example, in the CP-conserving (CPC) case with
SmZs = ImZg = 0, one may denote the masses of the
three neutral Higgs bosons by M, My, and M, or
OT M0 = diag(M3, M3, M3). Note that M; =2Z,v°
is for the SM Higgs boson in the decoupling limit of
Zs — 0. The mixing matrix O can be parametrized as

¢ s 0
OCPC == —S}, C}, 0 s (21)
0 0 1

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

1
Zl = 2—1)2(C;%M% + S%M%_I),
1
Zy = — (S3M3 + CEM3 + M3 = 203,.).
1
Zs = 372 (s2M7 + c2M3, — M3),
1 2 2
Z6 = F(—Mh +MH)C;,S},. (22)

We observe that, in the decoupling limit of siny =0, Z; =
M2 /2v* and Zg = 0, and Z, and Zs are determined by the
mass differences of My + M3 —2M;. and M3 — M3,
respectively. Finally, for the study of the CPC case, one
may choose one of the following two equivalent sets:

Tepe = {”, YZ;MHithvMHvMA»y;ZLZ7}v
Tepe ={vsMpy=, My, My My, v, 723,75, 727}, (23)

each of which contains 9 real degrees of freedom, and the
convention of |y| < z/2 without loss of generality resulting
in ¢, > 0 and sign(s,) = sign(Ze) if My > M,, GeV.

In the presence of nonvanishing ImZs and/or ImZj, the
mixing between the two CP-even states ¢, and the CP-
odd one a arises leading to CP violation in the neutral
Higgs sector. By introducing a rotation H, — e“H,,” we
note that the Higgs potential given by Eq. (5) is invariant
under the following phase rotations:

H, - e“gHz;
Z() - Zﬁe_ic,

Y3 d Y3e_i§, Z5 - Zse_ZiC,
Z7 g Z7e_i§. (24)

Considering the tadpole conditions Eq. (10), this might
imply that one of the CP phases of Im(Zs), Im(Zg), and

°Or, equivalently, H|H, — e“H[H,.
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Im(Z;) can be rotated away by rephasing the Higgs fields
H,. By keeping Im(Z;) as an independent input and
taking either Im(Zs) = 0 or Im(Zy) = 0, one may use the
following set of input parameters :

Tepy = {0, Yo; Mys, My My, My,.y, {worn};

Z2, 9%6(27), r«\‘51'1'1(27)}, (25)
which contains 11 real degrees of freedom. In this case, the
mixing angle # (w) can be fixed by solving Im(Zs) = 0 or

Im(Zg) =0 when My ,. and @ (7) are given. More
explicitly, using the relations in Eq. (16), we have

2 2 2 2 _ 2
N B My co+My,so—My,
Sm(Zs) = 5 5,8,

2 2
My —My,

2

M3 M, —2M3, MY, —MY
= sySnCZw

22 SySn 202
2 2
My~ My,
S eS| ©

w

Sm(Zg)=— { o /Sy

2 2 2 2 2
My co+ My, so—My,

2 2
MHg_MHz
2 SyCwSw | Cy
v
2 2 2 2 2
My, M3, -2M, My —-M3,
- c}/anZ(u

29?2 rn 20?2
) 2
+MH3 —MH2

> } (26)

parametrizing the mixing matrix O as follows:

¢, s, 0 ¢, 0 sy 1 0 O
=|-s ¢ O I 0 0 ¢, Sy
0 0 1 -5, 0 ¢, 0 —s, ¢,
CyCy SyCy = CySpSey  SySe 1 €48,Cq
=| =50y C,Co 5,580 €Sy —S,85,Co | (27)
=Sy —CySe ChCo

Assuming ¢, # 0 and, for example, taking y and w as the
input mixing angles, the remaining mixing angle 7 is
determined by

"In this CP-violating (CPV) case, we parametrize the mixing
matrix O by introducing the three mixing angles of y, , and w as
explicitly shown in Eq. (27).

2 2
(MH3 - MHz)cycmsm

N = , 28
W50 T (0, G Msd - M )5, )

Sy

imposing ImZs; = 0. If ImZg = 0 is imposed instead, 7 is
determined by

(M%J'; - M%-Iz)sycwsa)

Sylsmg.—0 = = . (29)
1ImZs=0 (M%,}cg, + M%,ZS,%, - M%,l)cy

Of course, using Z; instead of Y,, one may use the
alternative set

Tepy = {v;Mpy=, My, My, My, .y, {worn};
Z3; Zz, SRC(Z’]), Sm(Z'/)} (30)

Incidentally, one may choose the basis in which Im(Z;) = 0
by taking the following set of input parameters:

IgPV = {U;MHi,MH] ,MHZ,MH3,]/,71,C();Z3;22,Z7}, (31)

where all the three mixing angles are independent from one
another and Z; is real.

In passing, we note that, in the limit of ¢, =1 and
s, = 0, the mixing matrix takes the simpler form

Cy —SpSw  SyCo
0CPV|siny:0 = 0770(1) = 0 Co S . (32)
=S, —CpSw  CyCo

When ¢, ~ 1 —#?/2 and s, ~p, the lightest H, is SM-like
and the heavier ones H, ; are mostly arbitrary mixtures of
@, and a. On the other hand, when c¢,~|y| and
s,/ ~1—»?/2, the lightest H, is mostly CP-odd
(H, ~ a) and H, (H3) is SM-like when |s,,| ~ 1 (Jc, | =~ 1).

C. Yukawa couplings in Higgs basis

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

Ly =Y OV yiFuly + QOyiH,dY + LIy H,el
k=1,2

+ H.c., (33)

in terms of the six 3 x 3 Yukawa matrices y}’5* with the
electroweak eigenstates Q9 = (u9,d%)7, LY = (19, 0)7,
u%, d%, and €. The two Higgs doublets H, , in the Higgs

basis are given by Eq. (6):
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H, = <G+,%(v+(pl +iGO)>T,
Hy = <H+,\/L§((p2 + ia))T, (34)

and their SU(2)-conjugated doublets by

. 1 T

= i1t = (5 (0 01 = 16,6 )

- 1 T

H2 = l.TzHZ = <ﬁ (§02 - ia), —H_> . (35)

The Yukawa interactions include the following mass terms:
v —
_EY,mass :ﬁ(u(L)Y?M% Ly1d0 +eLY1eR +H.c. ) (36)

which involve only the Yukawa matrices of y!<.

Therefore, introducing two unitary matrices relating the
left/right-handed electroweak eigenstates f9 . to the left/
right-handed mass eigenstates f; x with f =u, d, e as
follows:

0 _
up =Uy, ug,

0
L
_ 0 _ 0 _
up = U, ug, dp = Uy, dg, ep =
we have, for the mass terms,
—Ly mass = U Myug + d Mydg + e M,eg + He., (38)

where the three diagonal matrices are

L

+ [d(ih4 + ihfys)d]a +

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

h/+h;
2 b

h,—h'
g

4
2 ’ (3)

H A
hf hf

with hs_, 4, given in terms of the 3 x 3 Yukawa matrix y‘é
and two unitary matrices as

1
hy=—U ylu, . 44
f \/E fLYZ fr ( )

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

1 o
Hff — [”M ulgy + [a(hf +hiys)ule, + [a(=ihy —

U .
M \/’u”Lyl ug — dlag(mw mg, m,),
M :—Z/{ a4, = diag(m My, my),
d 2 a Y1hdg g(my b)
v T e ST
M, = EZ/leLy1 ep = diag(m,,m,,m;), (39)

in terms of the six quark and three charged-lepton masses.
We note that L{LU 4, = Vckm =V is nothing but the CKM
matrix and, by the use of it, the SU(2), quark doublets in
the electroweak basis can be related to those in the mass
basis in the following two ways:

VT
Q%:LIML<‘Z§ ) or 22&%( duL>. (40)
L L

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

LY :ueL<VL) (41)

er

by defining v; = U ZL Y 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

ihllys)ula -+ 1 [@Mdlp, + (A + yys)dlg,

1. _ /. .
eMeelpy + [e(he + heys)elps + [e(ihe + ihe'ys)ela, (42)

[

the masses of the fermions to which it couples. In contrast,
those of the ¢, 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 hy_, 4,
are desired to be diagonal which can be achieved by
requiring [94]"'

""Under this requirement, the Yukawa matrix h for the Higgs
field H, is indeed diagonal with its diagonal components being
proportional to the hierarchical fermion masses multiplied by the
common factor {;, see Eq. (46). For an alternative Yukawa
alignment in which H, can couple to light fermions sizably while
still achieving the absence of tree-level FCNCs, see Ref. [103].
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yjzf = CfY{, (45)

along with introducing the three complex alignment
parameters (y_, 4.. In this case, the two aligned Yukawa
matrices y{ and y'é can be diagonalized simultaneously and
the Yukawa matrices describing the couplings of ¢, and a
fields to the fermion mass eigenstates are given by

h, = (46)

R
which leads to the Hermitian and anti-Hermitian Yukawa
matrices

hf}' = me(gf)%, h? = ifsm(é})#. (47)
When Sm({y) = 0, the conventional 2HDMs based on the
Glashow-Weinberg condition [104] can be obtained by
choosing ¢ as shown in Table I. Otherwise, the couplings
of the mass eigenstates of the neutral Higgs bosons H;_ ;3
to two fermions are given by

3

mf - .
_EH,-.?f = Z Z Tf (gili}f + lgzi.;ﬂs)f H;
i=1 f=u,d,c,s.tbepnrt

(48)
with the scalar and pseudoscalar couplings given by
gi],?f = O(p]i + S)te(gf)0¢2l + Sm(Cf)Oai,
gZ,ff = Tsm(Cf)O(pz, F me(éf)Oa,-, (49)

where the upper and lower signs are for the up-type
fermions f=u, ¢, t and the down-type fermions
f=d,s,b,e,u,t, respectively. The simultaneous exist-
ence of the scalar gls_ll_ 7 and pseudoscalar gI’_JIi 7 couplings

for a specific H; 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 Im(Zs ) in
the Higgs potential and (i) the other one is the complex

TABLE 1.

alignment parameters of {’s. Note that the second source
is absent in the conventional four types of 2HDMs since
{’s are real in those models.

The couplings of charged Higgs bosons to two fermions
are given by

—Lyepp, = —V2[ug(hV)d, JH + V2[u; (Vhy)dg] H
+V2[7rh,eg]H + He., (50)

in terms of the CKM matrix V and the 3 x 3 Yukawa
matrices h,, 4.

Previously, we note that the Higgs potential given by
Eq. (5) is invariant under the phase rotation H, — e*“H, 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 - C-HCHQQ

y§ - e7yg,

y5 — e™ys,
ys = e7ys. (51)

Under the alignment assumption y'; ={ fy{ given by
Eq. (45), the above rephasing invariant rotations become

Hz - C_HZHZ;

Cq— e,

Cu g e+l§Cu b

z:e - e_igée’ (52)

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 rotation H, — e¢’H,, the
electroweak Higgs basis changes as follows:

1 (4] 1 0 0
@ | = 0? @y | with O,=10 ¢ s, (53)
a a 0 —s: ¢
which leads to
0 - 0?0; M3 - OZ:M(%Oé (54)

Classification of the conventional 2HDMs satistying 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 1 2HDM 11 2HDM 111 2HDM IV
' 1/t 1/t 1/t 1/t
Cy 1/t —ty 1/t —ty
e 1/t —ty —ly 1/t
Cd:é’ezgzt é’d:Ce:_l/gu é’d:_l/ge:Cu gd:_l/ge:_l/gu
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by observing that (H,,H,, H;)" = 0% (¢,,¢,,a)" and
diag(M3; M7, .M}, )= 0" MGO should remain the same,
respectively. Under the transformation O — 020, the
components of the mixing matrix O change into

0pi > Opin O 921 = 5¢Oaiv

O4i = 5:0,,; +¢c0,. (55)

- 0

23

On the other hand, under the rotations { ; — e~ given in
Eq. (52), one may have

Ne(¢y) = cMe(Cy) F s:3m(Ly),

with the upper and lower signs being for the up-type
massive fermions f = u and the down-type massive fer-
mions f = d, e, respectively. Using Egs. (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 y2 ¢ fy{ with £y, 4, being
the three complex alignment parameters and combining
Eqgs. (24) and (52), we note that the Higgs potential and the
Yukawa interactions are invariant under the following
phase rotations:

H, — etH,; Y5 — Yie7i, Zs — Zse %,
Z() g Zﬁe_ig, Z7 d Z7e_i§;
Cu - Cue+i§7 Cd - Cde_ig’ ge - Cee_in (57)

which, taking account of the CP odd tadpole condition
Y5+ Zev?/2 =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 Zcpy
(25), Zipy (30), or Z¢py (31). For example, one may assign
three CPV phases to the Higgs potential and take {, real
and positive definite. In this case, the full set of input
parameter is to be

IVHGBYukaWa|
CPV £u>0,8m(¢,)=0

={v;Mys My My, My,.y.0.0:Z3:Z,, Z7}
@ {|é’u|7§d’ge}’ (58)

which contains 12 and 5 real degrees of freedom in the
Higgs potential and the Yukawa interactions, respectively,
with Z;, {4, and ¢, 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:

1
Lyyy = gMy (W,TW_” + EZ#ZO ZgHiVVHh
1

Lynz = 2c ZQHHZZ (H;0,H,),
Cw

i>j

LHHiW¥ = _EZgHiH+W_W_”(HiiaﬂH+> + H.C., (59)

respectively, where X(gﬂY =X0,Y - (0,X)Y,i,j=1,2,3
and the normalized couplings gy vy, gn, H,Z> and gy -
are given in terms of the neutral Higgs-boson 3 x 3 mixing
matrix O by [note that det(O) = £1 for any orthogonal

matrix O]:

9H, vV = 04),1'»

IHH,Z = sign[det(O)]e;jxgu,vv = sign[det(O0)]e;x O, «-
9H.H W~ = O(ﬂzl + lOaw (60)

leading to the following sum rules:

3
Zg%,[w =1 and
p

Givv + |9uprw-I? =1 foreachi=1,2,3.  (61)
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

1
ﬁHva—_<M%VWJrMﬂ =" D) Z Zﬂ) ZQHH vwHiH ),
=1

(62)
with gH,-HjVV = 5,1 and

2
g 9
Ly+u-vy = <2 £

Wiwe + 42W 77, + eAA,

+ egzcgwAﬂz,,> HYH,

52 3
Ly=pzws = gzg w <ZMW_” Zgzw-H+H,-H+Hi + H-C->’
i=1

eg Z
£HiHAW¥:_2< W=+ gAWH*HHH—i_HC)
(63)

With gzw-p+ 1, = Jaw-r+1, = —0,,i —1Oyis Cow = €08 20y,

and g, = g/cy = e/ (swew).
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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 |{,|, |{,|, and the product of
£,.¢ 4 taking account of the charged Higgs contributions to
the flavor-changing 7z decays into light leptons, Z — bb,
ek, and b — sy [96,106]."

A. Perturbative unitarity

For the unitarity conditions, we closely follow Ref. [108]
considering the three scattering matrices of M} , ; which
are expressed in terms of the quartic couplings Z,_;, see
also Ref. [109]. The two 4 x4 real and symmetric
scattering matrices M3 and M3 are given by

13

Moo — 1 n'
Mf—( );
n E+IX13X3
3100 — 1 3T
MS:< 100 n ) (64)
37’] 3E+IX13><3

where 1y =21+ 2, + 25 and [ =Z5—Z4. The row
vector 5 is given by

7’]T = (9{6(26 + Z7), —;Nsm(Z6 + Z7), Zl — Zz), (65)

and the 3 x 3 real and symmetric matrix E by

Zy+2Ne(Zs)  —23m(Zs) Ne(Zg—2Z7)
E=| -23m(Zs) Z,-2Ne(Zs) -Sm(Zgy—2Z;)
Ne(Zg—2Z7) —-Sm(Zg—2Z;) Z1+Z,—2Z;
(66)

The third 3 x 3 scattering matrix M3 is Hermitian which
takes the form of

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

*We keep our conventions for the potential parameters.

27, 27Zs  \2Z
M=\ 2z 22, V277 |. (67)
V2Z; 27, Z3+ 7,4
Then, the unitarity conditions are imposed by requiring that

the 11 eigenvalues of the three scattering matrices M3, 5
and the quantity / should have their moduli smaller than 4z.

When Zg = Z; = 0, the 12 unitarity conditions simplify
into
|Z3 + Z4| < 471',
|Z3 + 2|Z5|| < 471',
|Z3 + 2Z4 + 6|Zs|| < 471',

|Z,+Z, = \/(Z1 —Zy)* +4|Zs|*| < 4x,

|Z) + Zy £/ (Z) = Z,)* + Z3| < 4=,

|3ZI + 322 + \/9(Z1 - Zz>2 + (223 + Z4)2| < 4. (68)

While taking Z, =27, =73 =7, =75 =0, one may have

V12l + 12, < 22,

4r
VIZeP +1z:P + 12+ 2] < T (69)

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

|Zy 55| <2m/3,
|Z3 — Z4| < 477: U

|Z6.1] <2v21/3,

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:

Z,20, Z,20;

2\/ZIZZ+Z3ZO, 2\/ZIZZ+ZQ+Z4—2|25|ZO,
204 2o+ Za+ Zo 42|25 =2|Z6 + 25| 20. (71)

Note that though the quartic couplings Z, and Z; have no
direct relations to the masses and mixing of Higgs bosons

14Df:noting the quartic part of the scalar potential as V,, a
marginal stability requirement means that V, >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 Z; 5_¢ 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=0 Which is suppressed by an additional factor
M%/M% SM > compared to S and T, the S and T parameters
are constrained as follows:

(S=58)* (T =Tp)* (S = 8o)(T = Ty)
2 b} — 2PsT
oy or OsoT
< R*(1-p3p), (72)

with R? = 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 by'®
(8,05) = (0.00,0.07),  (Ty,07) = (0.05,0.06), (73)
with a strong correlation pgr = 0.92 between S and T
parameters. The electroweak oblique parameters, which
are defined to arise from new physics only, are in excellent
agreement with the SM values of zero for the reference values
of My, = 12525 GeV and M, = 172.5 GeV [112].

In 2HDM, the S and T parameters might be estimated
using the following expressions [113,114]:

1 +
Sp = i [(1 + 88 P Fy\ (M, My-)
(1.3).(2.3) .
- Z (9r,m,2 + 67 '/)ZF/A(MHi’MH,)],
(j)=(1.2)
V2Gp
“—'ﬁzg{mew+%WwMﬂw

1.3).(2.
HH;
+ X(%w+%)WM%Mw}(W
(i.j)=(1.2)

. . . +  HH;
In this work, we ignore the vertex corrections 652 , 0,7,

and 5;" since the size of the most of the quartic couplings
are smaller than 3 and the quantum corrections proportional
to ~Z?/16x% might be negligible. Then, we observe that all
the relevant couplings are determined by the three physical

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

1%See the 2020 edition of the review “10. Electroweak Model
and Constraints on New Physics” by J. Erler and A. Freitas in
Ref. [112].

couplings of g vy since QH Hiz = |€zjk|gHAVV €3k O
and |gyp-wel*=1-ghyy =1-0; ;. The one- loop
functions are given by 17

mz—i—m2 mim? m?
Fa(mg,my) = Fa(my,my) = 02 l_mzo_,ilz —3
0 1 1
Fy(mg,my) = Fy(my,mg)
1[4 milnm§—minmi
313 m3 —m?
m? —l—m
_WFAO"O”"O (75)
0 1

18

We note that Fp(m,m) =0 and F)(m,m) =%Inm?.

When ngVV =1, neglecting the Z°- dependent vertex

. + H. H.H ;
correction factors 6;’2 , Oy, and 6," ', S¢ and Tq are

symmetric under the exchange My, < M u, and they are
identically vanishing when My, = My, = My-. 1

D. Flavor constraints on the alignment parameters

The alignment parameters {y_, 4, are constrained by
considering the charged Higgs contributions to the low
energy observables such as flavor-changing 7 decays,
leptonic and semileptonic decays of pseudoscalar mesons,
the Z — bb process, B meson mixing, the CPV parameter
€g in K meson mixing, and the radiative b — sy decay [96].
In this work, we consider the flavor constraints on the
absolute sizes of {,, {,, and {,. 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 {,, {,,, and {; under the assumption that they are
fully independent from each other.

The flavor-changing 7 decays into light leptons provide
the following constraint on |{,| [96]:

My
500 GeV)’ (76)

2] <200 <
at 95% CL. On the other hand, the constraint on |{, | may
come from the Z-peak precision observables involving the
Z — bb decay assuming the quantum corrections to the
Zbb vertex beyond the SM is dominated by the charged
Higgs contributions. More explicitly, the ratio R, = I'(Z —
bb)/T(Z — hadrons) is used by neglecting the contribu-
tions depending on |{,| which are suppressed by the factor
m,(My)/m,(Mz) ~ 60 compared to those depending on

See for example, Ref. [115].

"®Here and after, In m? could be understood as, for example,
In [m 2/(1 GeV)? if necessary.

“The Sg and T parameters are independent of My when

gva*l
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|C.|- It turns out that the upper limit on |{,| linearly
increases with M+ as follows [96]:

M,
<072+ 119 —2
Cul = + (500 GeV

) (95% CL). (77)

To be very strict, the above upper limit should be applied
only when |{,;| = 0. The similar while more direct upper
limit |{,| could be obtained by considering the CPV
parameter €x in K meson mixing which depends on |{,,|
only neglecting the masses of the light d and s quarks.
Actually the limit from e is slightly stronger than that from
7Z — bb by the amount of about 10% [96]. In this work, for
the upper limit on |{,|, we apply the slightly weaker
constraint from Z — bb given by Eq. (77) while consid-
ering it valid independently of {,. In passing, for the
AB =2 processes mediated by box diagrams with
exchanges of W* and/or H* bosons, we note that the
leading Wilson coefficients which are not suppressed by the
light quark mass depend ¢{, and ;. When {; = 0, one
might obtain the similar upper limit on |{,| as that from
€g [96]

There is no limit on ¢, independently of {,, and/or £, but
one may extract some interesting information on
considering the radiative b — sy decay. Numerically,
the decay amplitude can be cast into the following form
[106,116]*:

2
A~ ASM{l _ 018, (M)
My
2
+o.01|§u|2<w> } (78)
M.

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

Cula~ 20< M- )2. (79)

500 GeV

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

**Note that the product ¢, ¢, is the rephasing invariant quantity
in our convention, see Eq. (52).

M+ \2
(500 [E}eV)
MHi

0.72 + 1.19(sp5)

104l Z 20

(80)

and ¢{,{, > 0. Most generally, allowing ¢,{,; 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

My

<20 ——H-
i 20 (s

>2 (95% CL).  (81)

For the summary, we present the upper limits on |{,|,
and |¢,{,| and the lower limit on |{,| 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 777z~ [117-120], bb
[121], 77 [122-124], WW [125], ZZ [126-129], Zh 55 Gev
[130,131], etc. On the other hand, the charged Higgs
boson search channels include the decay modes into 7+v
[132,133], tb [134-136], cb [137], cs [138,139], and
Whiss 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 77~ final state excludes the
presence of a heavy neutral Higgs with M, below about
1 TeV at 95% CL in the minimal supersymmetric extension
of the SM (MSSM) when, depending on scenarios,
tanf 2 15 ~ 25 and the exclusion contour reaches up to
M, = 1.6 TeV for tanf = 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 , ;. 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 — 77 and H* > w
by taking |{,| < 1, but it might be still allowed to have
|C.| Z 20 and M, < 1 TeV if one can suppress the branch-
ing fraction into 77~ by choosing the other alignment
parameters of £, and {,; 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.

Cul,
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The 95% CL limits on the alignment parameters as functions of M- obtained by considering the charged Higgs contributions

to low energy observables [96]. (Upper Left) The upper limit on |{,| from flavor-changing z decays into light leptons, see Eq. (76).
(Upper Right) The upper limit on [{,| from R, and €, see Eq. (77). (Lower Left) The minimum value of |{,| required to satisfy the
b — sy constraint through the destructive interference when {,{, is positive, see Eq. (80). The R, and eg constraints on |{,| are
combined. (Lower Right) The upper limit on the product of |{,| and |{,| from b — sy when ¢, and ¢, are complex, see Eq. (81).

IV. NUMERICAL ANALYSIS

From the relation gy vy = O, given in Eq. (60) and
the expressions for the H; couplings to the two SM
fermions given in Eq. (49), one might define the
Yukawa delay factor Ay 7, 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:

Apjr = \/(QIS,]-f = gmvv)® + (9;1]7)2

= 15,1(1 = gy, vv) /2, (82)

where we use the relation ), ., 02, = 1fori=1.We
observe that the delay factor Ay 7, 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 47 and {,, 4. 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.”!

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 Z;_;, we take the following set of
input parameters’’:

Téoe ={0.Y212,,25, 23,24, 25, Z6. Z7}.  (83)

?'In Ref. [140], the authors take As 6.7 for the fitting parameters
in addition to the Higgs masses m;, = 125.10 GeV, My, M,,
M =, and the mixing angle &. In our notations, they use the set of
input parameters of {v; My«, My, My, M4,v;Zs, Zg, Z7}. Com-
paring to Z¢p given in Eq. (23), we find that the potential
parameters Zs and Zg are used more than needed while Z, and Z5
are missing in the set. Note that Z5 and Zg are entirely fixed when
the mixing angle and the three neutral Higgs masses are given, see
Eq. (22), and the parameter Z, should be included at least because
it is independent of the Higgs masses and mixing like as Z.

*To have T e from Eq. (18), we trade M ;= with Z3. Note that
the dimensionful parameter Y, is irrelevant for the UNIT and
BFB constraints.
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FIG. 2. The UNIT and BFB constraints using Z. gpc, see Eq. (83): (Left) Scatter plots (red) of Z, versus Z; (upper left), Z, versus Z;
(upper right), Zs versus Z; (lower left), and Z; versus Zg (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 Egs. (68) and (69). (Right) The normalized distributions of the quartic couplings obtained by requiring
only the UNIT (red) and the combined UNIT @ BFB conditions.

In the left panel of Fig. 2, we show the scatter plots of Z,
versus Z; (upper left), Z, versus Z; (upper right), Zs
versus Z; (lower left), and Z; versus Zg (lower right). The
plots are produced by randomly generating the quartic
couplings in the T4, set. In each plot, the black points are
obtained by imposing only the simplified UNIT conditions
of Egs. (68) and (69). The full consideration of the UNIT
conditions based on the scattering matrices Mf72,3 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 |Zg + Z;| 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:

Tepe ={viMpy= My, =My My My,y:Z5,2,, 27}, (84)
referring to Eq. (23). In the Z{p. set, all the massive
parameters are physical Higgs masses except v =
(V2Gr)™"/? ~246.22 GeV. We assume that the neutral state
h = H, is the lightest Higgs boson and plays the role of the
SM Higgs boson in the decoupling limit of s, = 0 by taking
My, = 125.5 GeV [76], and, for the masses of heavy Higgs
bosons, we randomly generate their masses squared between
M%,l and (1.5 TeV)?2. For the mixing angle y, we take the
convention of |y| < /2 without loss of generality resulting in
¢, > 0 and sign(s,) = sign(Zs). For the implementation of
the UNIT and BFB constraints using the set Zp, we recall
the quartic couplings Z, 4 5 ¢ in terms of the Higgs masses and
the mixing angle y in the CPC case given by Eq. (22).

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

1
SCPC — -
— 5, Fy (M4, My,)),
V2Gp
167%agy
+ $;FA(My. My ) — c;F A (My, My)
_S%FA(MA’Mh)]’

[Fy(Mys . My:) — c;Fy(My, Mp)
TSPC —

[Fa(My.Mp:) + c;FA(My. My:)

(85)
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Correlations among the S and T parameters, mass differences, and the mixing angle y using the set Z{p-. (Left) Scatter plots of

S versus Mg+ — M, (upper left), T versus My — M, (upper right), and T versus S (lower left) with the combined UNIT @& BFB &
ELW,s¢, constraints imposed (black). The red points are with the small angle condition |y| < 0.1. In the lower-right plot, as a reference,
the 95% CL ELW constraint on the S and 7 parameters according to Egs. (72) and (73) is shown. (Right) Scatter plots of M= — M,
versus M+ — My (upper left), M= — M, versus My — M4 (upper right), M = — My versus My — M4 (lower left), and M- — M,
versus y (lower right) with the combined UNIT @ BFB @ ELWysq, constraints imposed (black). The red and blue points are for

My > 500 GeV and My > 1 TeV, respectively.

ignoring the vertex corrections. We observe that 7€ is
identically vanishing when My =M, and, when
Mys ~My~My > M, we obtain®

SCPCZ_L lnMéi_cz 1nM/21+MH—MA
@ Az | 3 "\ 3 3M,

o InM; 5
"\ 3 18/

TCPCz \/EGF 2<MA_MHi)2 CZZ(MH_MHi>2
T l6rtapy 3 ’ 3
M?, 20My—My)?* M
o e

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

“For Sg, note that InM3/3 + (My —My)/3M 4] —
(In M3 /3 + (My — My)/3My) = (My — M,)* /9M;,.

2(mg —my)*  (mg —m,)*
Fy(mo,my) = -
3 30m2
)
+O[(mo 3’”1) }
my
Inm?  (mg—m;) (mg—m)?
Fl(mo.my) — 0 o= my) (mg—m
alimo.m) ===+ 30m”?
)3
+o[<’"° ;”1)} (87)
my

for my ~ m; and

m? 1 m2 m m?
FA(mo,ml):_l‘l'(_‘l‘ln—g) %+O|:<m_(2)> nm_g:|’

2 2 mj 1 1
Inm? 5 2m? mé m?
F , =— 1 = 4270 002 )1In—2|, (88
a(mo,my) == 18 3 7O Lt ) 102 (88)

for my > my.

In the left panel of Fig. 3, we show the S and 7" parameters
imposing the UNIT, BFB, and ELW constraints abbreviated
by the combined UNIT @ BFB @ ELWgsq, ones. Note that
the 95% CL ELW limits are adopted and the heavy Higgs
masses squared are scanned up to (1.5 TeV)?. We find that
takes values in the range between —0.02 and 0.05 whose
absolute values are smaller than 63 = 0.07, see Eq. (73).
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Actually, we find that |S| < o5 even with only the UNIT and
BFB constraints imposed. Note that S is mostly negative
(positive) when M+ > (<)M,. Specifically, we find that
S~—-1/47r(5/18)~—-0.02 when My —-M, =0 and
y = n/2. The T parameter takes its value between —0.02
and 0.13 which are given by the delimited range determined
by —0.02 < § < 0.05, the strong correlation pgr = 0.92 and
R§5% = 5.99, see Eqgs. (72) and (73) and the lower-right plot
in the left panel of Fig. 3. Incidentally, we observe that 7 = 0
when M= = M, though it quickly deviates from 0 when
My: # M,. In the right panel of Fig. 3, we show the
correlations among the mass differences and the mixing
angle y using the set Zp-. We find that

’

My — M 4| /GeV <200(100
My — M| /GeV < 200(110
M2 — M, |/GeV <200(110

7| $0.8(0.14

s

s

. (89)

_ — O T

when M= 2 500 GeV (1 TeV).

We show the correlations among the heavy Higgs-boson
masses and the mixing angle y in the left panel of Fig. 4.
Requiring the ELW constraint in addition to the UNIT &
BFB ones, we find that Z; and y take values near to 0 and
Z4 and Zs 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:
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63 <7, <60,
2.7 <Zs <27,

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 (i) the alignment
of the lightest Higgs-boson couplings to a pair of the SM
fermions in the decoupling limit of My 4 5+ — co. By (i),
we precisely mean the assumption that the two Yukawa
matrices of y{ and y*zf are aligned in the flavor space or

yg = fyf , see Eq. (45), which, in the CPC case, leads to

o1

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

s _
971 = Opi1t T 870,10 = ¢, = Cpsys

gf{]?fﬁl as My 4 g+ — 0. (92)
In Eq. (91), we note that the quantity ¢, is nothing but the

coupling gy vy = 0,1 = ¢, which is driven to take the
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FIG.4. The UNIT @ BFB @ ELWs¢, constraints (magenta) using Z¢p, see Eq. (84). For comparisons, we also show the results after
applying only the UNIT @ BFB constraints (blue).: (Left) Scatter plots of M, versus My (upper left), M+ versus My (upper right),
M = versus M, (lower left), and M= versus y (lower right). (Right) The normalized distributions of the quartic couplings and the

mixing angle y.
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FIG. 5.
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(Left) Scatter plots of ¢, versus y (upper left), {; versus y (upper right), and ¢, versus y (lower left) obtained by scanning

—r/2 <y < x/2 and the three real parameters of the set IEPC in the ranges of -2 < ¢, <2and —10 < {;, < 10. On each {; —y plane,
the regions satisfying | gfil [ 1| < 0.1 and | gzl [T 1| < 0.1 are denoted in red and blue, respectively. (Right) Scatter plot of ¢, versus
¢, with 1/100 < ¢, < 2. The four lines represent the four conventional 2HDMs as denoted taking 1/2 < 15 < 100.

SM value of 1 by the combined UNIT, BFB, and ELW
constraints as My 4 -+ increases. Therefore, from Eq. (82),
the Yukawa delay factor simplifies to Ay 7, = [{ss,|, and
the alignment of the lightest Higgs-boson couplings to the
SM fermions in the decoupling limit is delayed by the
amount of |{ss,| which can not be ignored even when
|s,| < 1if |{f| is significantly larger than 1.

For a quantitative study, in addition to Zp given by
Eq. (84), we have added the following set of input
parameters containing three real parameters:

IEIPC = {Cw cd’ Ce} (93)

In the left panel of Fig. 5, we show the correlations between
each of the three alignment parameters {;_, 4. and the
mixing angle y when the absolute value of the correspond-
ing coupling gzl 7 is within 10% range of the SM value of

1 or -1/ <0.1 and \gzlff+1|<0.l forgls_llff>0

s
|gH1ff
(red) and gf{l; ;< 0 (blue), respectively. Scanning
s _ _ s
ly| < x/2, I 7p = 1 near y = 0. At y = +x/2, the I, 7
coupling takes the value of 1 when {; == 1 (red). While if
{; = %1, we note that gf;]?f = —1laty = £x/2 (blue). In
the right panel of Fig. 5, by the four lines, we show the
correlations between {; and {, in the four conventional

2HDMs** based on appropriately defined discrete Z,
symmetries taking 1/100 <, = 1/t3 <2, see Table L
We observe that both {,; and {, are bounded only in the
type-1 2HDM between 1/100 and 2. Otherwise, at least one
of them is limitless in principle. Therefore, except the
type-1 2HDM, 9}9{1 4, and/or gﬁll se could be largely deviated

from 1 in the decoupling limit even when ¢, 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 My 4 y+ — oo under the assumption of

y{ oS y{ as in Eq. (45), we consider a simplified scenario in
which the mixing angle |siny| is inversely proportional to
1 /Mlzqi reflecting the behavior of [siny| = |gyyy| 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 |y| versus M-
together with the three curves showing the cases of
siny=(125GeV/My-)? (black), siny=(200GeV/M :)?
(red), and siny = (350 GeV/My-)?* (blue) from bottom
to top.”> The input parameters are the same as in Fig. 4

*The parameters ¢, and ¢, 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.

»The choice of siny = (mg/M = )? is equivalent to fix Zg =
(M3 — m?)cosysiny/v? ~ (mg/v)> when My~ My=> M,
and sin(y) < 1, see Eq. (22).
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and the combined UNIT @ BFB @ ELWgysq, constraints
are imposed. For illustration, we take the case of siny =
(200 GeV/M - )?. The coupling of the lightest Higgs
boson H to a pair of massive vector bosons are constrained
by the precision LHC Higgs data [46]. We note that, for
example, cosy = gy,yy 2 0.95 or [siny| = |gyyy| < 0.3
can be satisfied when My: 2 400 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 @
ELWysq, 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 Z(p- and IEPC as
follows:

SCN200: {M, = My, = 1255 GeV, My = M, = M- = [200...1500] GeV;

siny = £(200 GeV/M - )?*; Z

, =1[0...2]. 2y = [-3...8. Z, = [-3...3]}

@ {¢, = [1/100...2]. £, = [~100...100],£, = [-100...100]}. (94)

together with the combined UNIT @ BFB @ ELWys,
constraints imposed. In this scenario, the Yukawa delay
factor is given by

(200 GeV)?
2
M.

|Zs|v?
M?F ’

=~ |¢y| (95)

AHlf‘f|SCN200 = |Cf|

with Zg|gcnao0 = 0.66. Note that, we use the approximation
Zov* = (Mf; — Mj)c,s, ~ M7,.s, in the above equation.

In the upper-right frame of Fig. 6, we show the scatter
plot of g3 ;, versus My taking SCN200 in which the
upper limit on |{,| from R, and e is applied, see Eq. (77).
We observe that the coupling g;?,l au 18 Within about 30% and
10% ranges of the SM value of 1 when M+ > 500 GeV
and M+ > 1 TeV, respectively. As previously discussed,
the alignment of the coupling 91511 7 is delayed by the
amount of {siny compared to the coupling gy vy and
gfil au 1s most deviated from its SM value of 1 by the
amount of

200 GeV?
MHi

Vv 2
50.32<M> . (96)
M,

AHlﬁu|SCNzoo,\¢u|s2 = |‘:u|<

To make this point clear, we add the blue and red lines
showing gfm‘m taking £, = 0.2, 1, and 2 and the magenta
one showing gy yy. We indeed see that gﬁllﬁu is most close
to gy, vy When ¢, = 0.2 and the two lines taking {, = 2
provide the envelope which includes all the scattered
points.26 In the lower frames of Fig. 6, the scatter plots
of 915;[ 4 Versus M- (left) and i1,z Versus My (right) are

*Note that the line segments for §, = 2 with My < 500 GeV
are located outside the scattered region implying that they are
excluded by the upper limit on [{,| from R, and €.

|

shown. They are basically the same since {,; and £, are
varied in the same range of [—100, 100]. And the same
arguments are applied as in the case of gfil - the lines with
{ae = 0.5 are most close to gy, yy among the blue and red
lines and those with {,;, = 100 provide the envelopes
which include all the scattered points. We see that gf{l g and

gfil s can be largely deviated from their SM values of 1
when || is large:

Ap,aa.mze |SCN200,|CJ\§100,|C(,\SlOO

200 GeV? 1.500 TeV) 2
~ el (o) s 18(M ) o)
H* H*

Incidentally, we observe that the constraint on |{,| from the
flavor-changing = decays into light leptons excludes the
region with [g3; ;| 2 60 and M- < 250 GeV which is not
seen in the window chosen for the scatter plot of 91S'11 se
versus M+ in Fig. 6, see Eq. (76).

Of course, the alignment parameters {, . are constrained
by the precision LHC Higgs data. From the observation that
the absolute values of the couplings of the SM-like H, to a
pair of bottom quarks and tau leptons are required to be
consistent with 1 within about 10% at 1o level [46], one
might have |g3, -, + 1] S0.1 and |gf; ,, £ 1] < 0.1.” For

the positive sign, the condition — 1| < 0.1 constrains

|9§1121d
|C4] < 6, see the red points in the left panel of Fig. 7. On the
other hand gfil 5q ~ —1 allows the larger values of {; given

by {; = (1 +cosy)/siny ~ +2M3, /(200 GeV)?, see the

“"The negative value of g5 - ~—1 is less preferred than
the positive one gz] 4y~ Tlat the level of about 1.56 considering

the b-quark loop contributions to the H; coupling to two gluons

[46]. While, for gﬁ,l s¢» the current data precision is yet insufficient

to tell its sign. In this work, we consider both signs for gz 5, and
1

S
gH|Ee'
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FIG. 6. (Upper Left) The same as in the lower-right plot in the left panel of Fig. 4 but for |y| versus M- with the UNIT & BFB &
ELWys¢, constraints imposed. The three curves show the cases of |siny| = (125 GeV/M =+ )? (black), |siny| = (200 GeV/M - )? (red),
and |siny| = (350 GeV/M ;= )? (blue) from bottom to top. (Upper Right) Scatter plot of gill au Versus My taking SCN200 in which the
upper limit on |{, | from R, and e is applied, see Eq. (77). The blue (red) lines are for cosy + (—)¢,|siny| for £, = 2, 1, 0.2 from the
outermost lines to the magenta one which is for gy vy = cosy. (Lower Left) Scatter plot of gz] o4 Versus My taking SCN200. The blue
(red) lines are for cos y + (—),|siny| for £, = 100, 50, 20, 10, 0.5 from the outermost lines to the magenta one which is for g,y = cosy.
(Lower Right) The same as in the lower-left plot but for gf,l 2, versus M = with the lines for cos y £ ¢, |siny| for ¢, = 100, 50, 20, 10, 0.5.

blue points in the left panel of Fig. 7. In the same panel for
{4 versus My, we also show the lower limit on |{,| from
b — sy 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 |gi,1 5t 11 <0.1 are

mostly outside the band delimited by the two magenta lines
implying that large values of || for 915’11 4 ~ —1 are hardly

constrained by b — sy. For gf{]ée, the same arguments are
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FIG. 7. Scatter plots of {; versus M= (left) and {, versus M+ (right) taking SCN200. The red and blue points denote the regions
where gzl ¢ and 9151,@6 are within the 10% ranges of the values of 1 and —1, respectively. The magenta lines in the left panel denote

|¢4/M™N required to satisfy the b — sy constraint through the destructive interference when ¢, ¢, is positive, see Eq. (80) and the lower-

left panel of Fig. 1.

applied, see the right panel of Fig. 7. Note that the
constraints from the flavor-changing 7 decays into light
leptons given by Eq. (76) are too weak to affect those on
glsj,1 . 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 H
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 gill g and

g,silz,e are completely independent from each other in
general 2HDM, but, in the conventional four types of
2HDM:s, they are related. We observe that the couplings are
given by either cosy —siny/t4 or cosy + tzsiny in any
type of 2HDMss, see Table 1. In this case, cosy —siny/t; =
+1 for the 75 value which makes cosy + fgsiny = F1.
This implies that, independently of 2HDM type and
regardless of the heavy Higgs-mass scale, all four types
of 2HDM s could be viable against the LHC Higgs 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 Z, 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 Z,_,_; appearing in the Higgs potential
and the three alignment parameters {;_, 4, for Yukawa
couplings are all real by anticipating that the impacts due to
CP-violating phases of Zs ; and {;’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:

{Mh :MH]
=125.5GeV,. My, My My-.7.7, 25, 27:C 0 CarCo )

where M, ;; (with M, < M) and M, 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 y. The quartic couplings Z; 45 are
determined in terms of M, 4, My=, v, and v. The quartic
coupling Z; is related to the massive parameter Y, appearing
in the Higgs potential through Y, = M7, — Z;v*/2. On the
other hand, the other quartic couplings Z, and Z, 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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quartic couplings of Z; ;_¢ through the perturbative unitarity
(UNIT) conditions and those for the Higgs potential to be
bounded from below (BFB). We note that the UNIT and BFB
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 M, 5 4, M+, and gy vy Which are
again invariant under a change of basis [84]. We further
consider the constraints on the alignment parameters { s, 4.,
from flavor-changing 7 decays, R, €g, and the radiative
b — sy 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 and the three dimensionless
quartic couplings of Z, ;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:

H, — e*"C'Hz;

Y3 Yie™,  Zs— Zse e,

Ze— Zge it Z;—Ze7C;

Cu=Cue™, Ly=lee, L=, (98)

which, taking account of the CP odd tadpole
condition Y5 + Z¢v?/2 = 0, lead to the following
five rephasing-invariant CPV phases:

Arg[Zs(Z5)'?),  Arg[Z7(Z:)'?];  Argl¢,(Z5)'?),
Arg[¢,(Z3)'?], and Arg(Z,(Z5)', (99)

pivoting, for example, around the complex quartic

coupling Zs.
Incidentally, it is well known that the 3 alignment param-
eters are the same {, ={;,={, = 1/t5 in the type-l
2HDM. In this case, they cannot be significantly larger
than 1 since 75 < 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:
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By scanning the heavy Higgs masses up to 1.5 TeV,
we find that the UNIT and BFB conditions combined
with the ELW constraint restrict the quartic cou-
plings as follows:

0.1 <7, £2.0,
—2.4 <75 <8.0,
-1.9<Zs < 1.6,
27527, 527,

0<2,<2.1,
—6.3 < 7, < 6.0,
—27<Zg <217,

(100)

and, when M= 2 500 GeV (1 TeV), we also find
that

My — M| /GeV < 200(100),

\M: — My|/GeV < 200(110),

M — M| /GeV < 200(110),
7] < 0.8(0.14). (101)

As the masses of heavy Higgs bosons increase,
compared to the gy vy 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 Ay 7, = [/|(1 = gfyy)'/?
which is basis-independent and can be generally
used even in the presence of CPV phases. Therefore,
though gy, vy approaches its SM value of 1 very
quickly as the masses of heavy Higgs bosons
increase, the coupling of H; to a pair of fermions
can significantly deviate from its SM value if || is
large. Note that |{,,| is constrained to be small by R,
and eg, see Eq. (77). While |{,| and |{,| 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.

The wrong-sign alignment, in which the H; cou-
plings to a pair of f-type fermions are equal in
strength but opposite in sign to the corresponding
SM ones, occurs when {; = (1 + cosy)/siny inde-
pendently of the heavy Higgs-boson masses. In the
conventional four types of 2HDMs, {y = —t; or
1/t and the Yukawa couplings are given by either
cosy —siny/tg or cosy +tgsiny in any type of
2HDMs. We observe that cosy —siny/t; = F1 for
the 74 value making cosy + 75siny = +1 and any
type of conventional 2HDMs is viable against the
LHC Higgs precision data.

Last but not least, by combining with the upper limit
on |{,| from R, and e, we derive the lower limit on
|¢4| independently of ¢, and ¢, when the non-SM
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contribution to b — sy is about two times of the SM
one at the amplitude level.
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