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Abstract In the aligned two-Higgs-doublet model, we per-
form a complete one-loop computation of the short-distance
Wilson coefficients C (′)

7,9,10, which are the most relevant ones
for b → s�+�− transitions. It is found that, when the model
parameter |ςu | is much smaller than |ςd |, the charged scalar
contributes mainly to chirality-flipped C ′

9,10, with the cor-

responding effects being proportional to |ςd |2. Numerically,
the charged-scalar effects fit into two categories: (A) CH±

7,9,10

are sizable, but C ′H±
9,10 � 0, corresponding to the (large |ςu |,

small |ςd |) region; (B)CH±
7 andC ′H±

9,10 are sizable, butCH±
9,10 �

0, corresponding to the (small |ςu |, large |ςd |) region. Taking
into account phenomenological constraints from the inclu-
sive radiative decay B → Xsγ , as well as the latest model-
independent global analysis of b → s�+�− data, we obtain
the much restricted parameter space of the model. We then
study the impact of the allowed model parameters on the
angular observables P2 and P ′

5 of B0 → K ∗0μ+μ− decay,
and we find that P ′

5 could be increased significantly to be
consistent with the experimental data in case B.

1 Introduction

The rare B → K ∗�+�− decays, being the flavor-changing
neutral-current (FCNC) processes, do not arise at tree level
and are highly suppressed at higher orders within the Stan-
dard Model (SM), due to the Glashow–Iliopoulos–Maiani
(GIM) mechanism [1]. However, new TeV-scale particles in
many extensions of the SM could affect the decay amplitude
at a similar level as the SM does. These decays play, there-
fore, a crucial role in testing the SM and probing various NP
scenarios beyond it [2]. It is particularly interesting to note
that, based on these decays, observables with a very lim-
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ited sensitivity to hadronic uncertainties can be constructed,
enhancing therefore the discovery potential for NP [3–10].

Experimentally, several interesting deviations from the
SM predictions have been observed in these decays. In 2013,
the form-factor-independent angular observable P ′

5 [8,9] of
B0 → K ∗0μ+μ− decay was measured by the LHCb col-
laboration [11], showing a 3.7σ disagreement with the SM
expectation [12–15]. Recently, the LHCb collaboration has
released new measurements of the angular observables in
this decay, based on the dataset of 3 fb−1 of integrated lumi-
nosity, and still found a 3.4σ deviation for P ′

5 [16]. More-
over, being in agreement with the LHCb measurements, a
deviation with a significance of 2.1σ was also reported by
the Belle collaboration [17]. Besides the P ′

5 anomaly, there
are some other slight deviations beyond the 2σ level, such
as the observables P2 in q2 ∈ [2, 4.3] GeV2 and P ′

4 in
q2 ∈ [14.18, 16] GeV2 [18–20]. These anomalies have trig-
gered lots of theoretical studies both within the SM and in
various NP models [8–10,12–15,18–44].

As a minimal extension of the SM scalar sector, the two-
Higgs-doublet model (2HDM) [45] can easily satisfy the
electroweak (EW) precision data and, at the same time, lead
to a very rich phenomenology [46]. The scalar spectrum con-
sists of two charged scalars H± and three neutral ones h, H ,
and A, one of which is to be identified with the SM-like Higgs
boson found at the LHC [47,48]. The direct search for these
additional scalar states would be an important task for high-
energy colliders in the next few years. It should be noted that,
complementary to the direct searches, indirect constraints on
the 2HDM could also be obtained from the rare FCNC decays
like B → K ∗�+�−, since these scalars can affect these pro-
cesses through the penguin and box diagrams. These studies
are also very helpful to gain further insights into the scalar
sector of supersymmetry and other models that have similar
scalar contents [49–51].

In a generic 2HDM, the non-diagonal couplings of neu-
tral scalars to fermions lead to tree-level FCNC interactions,
which can be avoided by imposing on the Lagrangian an
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ad hoc discrete Z2 symmetry. Depending on the Z2 charge
assignments to the scalars and fermions, this results in four
types of 2HDMs (types I, II, X, Y) [46,52] under the hypoth-
esis of natural flavor conservation (NFC) [53]. In the aligned
two-Higgs-doublet model (A2HDM) [54], on the other hand,
the absence of tree-level FCNCs is automatically guaranteed
by assuming the alignment in flavor space of the Yukawa
matrices for each type of right-handed fermions. Interest-
ingly, the A2HDM can recover as particular cases all known
specific implementations of the 2HDMs based on Z2 sym-
metries. The model also features possible new sources of CP
violation beyond that of the Cabibbo–Kobayashi–Maskawa
(CKM) matrix [55,56]. These features make the A2HDM
very attracting both in high-energy collider physics [57–63]
and in low-energy flavor physics [64–74].

In this paper, we will study the decay B0 → K ∗0μ+μ− in
the A2HDM. Our paper is organized as follows: in Sect. 2, we
give a brief overview of the A2HDM, focusing mainly on the
scalar and Yukawa sectors. In Sect. 3, a complete one-loop
computation of the short-distance (SD) Wilson coefficients
C (′)

7,9,10 is presented, and the final analytical expressions are
given both within the SM and in the A2HDM. The angu-
lar observables of B0 → K ∗0μ+μ− decay are also intro-
duced in this section. In Sect. 4, taking into account phe-
nomenological constraints from the inclusive radiative decay
B → Xsγ and the latest model-independent global analy-
sis of b → s�+�− data, we study the impact of the allowed
model parameters on the angular observables P2 and P ′

5 of
B0 → K ∗0μ+μ− decay. Finally, our conclusions are drawn
in Sect. 5. Some relevant functions for the Wilson coefficients
are collected in the appendices.

2 The aligned two-Higgs-doublet model

We consider the minimal version of 2HDM, which is invari-
ant under the SM gauge group and includes, besides the SM
matter and gauge fields, two complex scalar SU (2)L dou-
blets,

φT
a (x) = eiθa√

2
(
√

2ϕ+
a , va + ρa + iηa), (a = 1, 2) , (2.1)

with the hypercharge Y = 1/2. The neutral components
of the two scalar doublets acquire the vacuum expectation
values (VEVs) 〈0|φT

a (x) |0〉 = (0, vaeiθa/
√

2). Through an
appropriate U (1)Y transformation, one can enforce θ1 = 0
and leave the relative phase θ = θ2 − θ1 as physical. Using
further a global SU (2) transformation in the scalar space,
one can rotate the original scalar basis to the so-called Higgs
basis [75–77],
(

�1

−�2

)
≡

(
cos β sin β

sin β − cos β

) (
φ1

e−iθφ2

)
, (2.2)

where the rotation angle (clockwise) tan β = v2/v1. In
the new basis, only the scalar doublet �1 gets a nonzero

VEV 〈0|�T
1 (x) |0〉 = (0, v/

√
2), with v =

√
v2

1 + v2
2 =

(
√

2GF )−1/2 � 246 GeV, and the two scalar doublets are
now parametrized, respectively, by [54]

�1 =
(

G+
1√
2

(v + S1 + iG0)

)
, �2 =

(
H+

1√
2

(S2 + i S3)

)
,

(2.3)

where G± and G0 denote the massless Goldstone fields to
be eaten by the W± and Z0 gauge bosons, respectively.
The remaining five physical degrees of freedom are given
by the two charged fields H±(x) and the three neutral
ones ϕ0

i (x) = {h(x), H(x), A(x)} = Ri j S j , where R is
an orthogonal matrix obtained after diagonalizing the mass
terms in the scalar potential. Generally, none of these three
neutral scalars can have a definite CP quantum number.

2.1 Scalar sector

The most general scalar potential for the two doublets �1

and �2 that is allowed by the EW gauge symmetry can be
written as [75–77]

V = μ1 (�
†
1�1) + μ2 (�

†
2�2) + [μ3 (�

†
1�2) + μ∗

3 (�
†
2�1)]

+ λ1 (�
†
1�1)2 + λ2 (�

†
2�2)2 + λ3 (�

†
1�1)(�

†
2�2)

+ λ4 (�
†
1�2)(�

†
2�1)

+ [(λ5 �
†
1�2 + λ6 �

†
1�1 + λ7 �

†
2�2)(�

†
1�2) + h.c.].

(2.4)

The hermiticity of the potential requires the parameters μ1,2

and λ1,2,3,4 to be real, while μ3 and λ5,6,7 could be gener-
ally complex. The minimization condition imposes the rela-
tions μ1 = −λ1v

2 and μ3 = − 1
2 λ6 v2. Since only the rel-

ative phases among λ5,6,7 are physical, the scalar potential
is finally fully characterized by 11 real parameters, v, μ2,
λ1,2,3,4, |λ5,6,7|, arg(λ5λ

∗
6) and arg(λ5λ

∗
7), four of which can

be determined by the scalar masses MH±, h, H, A. Explicitly,
inserting Eq. (2.3) into Eq. (2.4) and imposing the minimiza-
tion condition, one gets M2

H± = μ2 + 1
2λ3v

2, and the mass-
squared matrixM2 of S1,2,3 fields in terms of v and λi . Using
the orthogonal matrix R, one can then obtain the masses of
the three neutral scalars, RM2 RT = diag

(
M2

h , M
2
H , M2

A

)
.

In the CP-conserving limit, λ5,6,7 are all real and the neu-
tral scalars are CP eigenstates. The CP-odd scalar A cor-
responds to S3, with the mass given by M2

A = M2
H± +

v2
(

λ4
2 − λ5

)
, while the two CP-even scalars h and H are

orthogonal combinations of S1 and S2,
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(
h
H

)
=

(
cos α̃ sin α̃

− sin α̃ cos α̃

) (
S1

S2

)
, (2.5)

where the mixing angle α̃ is determined by

tan α̃ = M2
h − 2λ1v

2

v2λ6
= v2λ6

2λ1v2 − M2
H

. (2.6)

The masses of the two neutral scalars are given, respectively,
by M2

h = 1
2 (� − �) and M2

H = 1
2 (� + �), where

� = M2
H± + v2

(
2 λ1 + λ4

2
+ λ5

)
,

� =
√[

M2
H± + v2

(
−2 λ1 + λ4

2
+ λ5

)]2

+ 4v4λ2
6

= − 2v2λ6

sin (2α̃)
. (2.7)

Here Mh � MH by convention and the SM limit is recovered
when α̃ = 0.

2.2 Yukawa sector

The Yukawa Lagrangian of the 2HDM is most generally
given by [46,54]

LY = −[Q̄′
L(�1φ1 + �2φ2)d

′
R + Q̄′

L(�1φ̃1 + �2φ̃2)u
′
R

+L̄ ′
L(�1φ1 + �2φ2)�

′
R] + h.c., (2.8)

where φ̃a(x) ≡ iτ2φ
∗
a (x) are the charge-conjugated fields

with Y = − 1
2 , Q̄′

L and L̄ ′
L are the left-handed quark and

lepton doublets, and u′
R , d ′

R and �′
R the corresponding right-

handed singlets, in the weak-interaction basis. All fermionic
fields are written as 3-dimensional vectors and the couplings
�a , �a and �a are therefore 3×3 complex matrices in flavor
space.

Transforming to the Higgs basis, Eq. (2.8) becomes

LY = −
√

2

v
[Q̄′

L(M ′
d�1 + Y ′

d�2)d
′
R + Q̄′

L(M ′
u�̃1

+Y ′
u�̃2)u

′
R + L̄ ′

L(M ′
��1 + Y ′

��2)�
′
R] + h.c., (2.9)

where

M ′
d = 1√

2
(v1�1 + v2�2eiθ ), Y ′

d = 1√
2
(−v2�1 + v1�2eiθ ),

(2.10)

M ′
u = 1√

2
(v1�1 + v2�2e−iθ ), Y ′

u = 1√
2
(−v2�1 + v1�2e−iθ ),

(2.11)

M ′
� = 1√

2
(v1�1 + v2�2eiθ ), Y ′

� = 1√
2
(−v2�1 + v1�2eiθ ).

(2.12)

Table 1 The one-to-one correspondence between different specific
choices of the couplings ςf and the 2HDMs based on discrete Z2 sym-
metries

Model ςd ςu ς�

Type I cot β cot β cot β

Type II − tan β cot β − tan β

Type X cot β cot β − tan β

Type Y − tan β cot β cot β

Inert 0 0 0

In general, the Yukawa matrices M ′
f and Y ′

f ( f = u, d, �)
cannot be simultaneously diagonalized in flavor space. Thus,
in the mass-eigenstate basis, with diagonal fermion mass
matrices M f , the corresponding Yukawa matrices Y f remain
non-diagonal, giving rise to tree-level FCNC interactions.
The unwanted tree-level FCNCs can be eliminated by requir-
ing the alignment in flavor space of the Yukawa matrices [54]:

�2 = ξd e−iθ �1, �2 = ξ∗
u eiθ�1, �2 = ξ� e−iθ �1,

Yd,� = ςd,� Md,�, Yu = ς∗
u Mu, ς f ≡ ξ f − tan β

1 + ξ f tan β
,

(2.13)

where ξ f (ς f ) are arbitrary complex parameters and could
introduce new sources of CP violation beyond that of the
CKM matrix.

The interactions of the charged scalar with the fermion
mass-eigenstate fields then read

LH± = −
√

2

v
H+ {ū[ςd VCKMMd PR − ςu M

†
u VCKMPL ]d

+ς� ν̄M�PR�} + h.c., (2.14)

where PL(R) ≡ (1∓γ5)/2 is the left (right)-handed chirality
projector, and VCKM the CKM matrix [55,56]. Here we did
not give the neutral scalar sector [54] in LY or the FCNC
local structures induced beyond tree level (quantum correc-
tions) [64], because their effects are highly suppressed by the
muon mass in the decay B0 → K ∗0μ+μ−. The usual NFC
models [46,52], with discrete Z2 symmetries, are recovered
for particular values of ς f , as shown in Table 1.

3 B0 → K∗0µ+µ− in the A2HDM

3.1 Effective weak Hamiltonian

The rare decay B0 → K ∗0μ+μ− proceeds through the loop
diagrams both within the SM and in the A2HDM. When the
heavy degrees of freedom, including the top quark, the weak
gauge bosons, as well as the charged scalars, have been inte-
grated out, we obtain the low-energy effective weak Hamil-
tonian governing the decay [6,78]:
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Heff = −4GF√
2
VtbV

∗
ts

∑
i

(Ci Oi + C ′
i O

′
i ), (3.1)

whereGF is the Fermi coupling constant. Here we neglect the
doubly Cabibbo-suppressed contributions to Eq. (3.1) (pro-
portional to VubV ∗

us), and we focus only on the operators [6]

O7 = e

16π2 m̄b(s̄σ
μν PRb)Fμν, O ′

7 = e

16π2 m̄b(s̄σ
μν PLb)Fμν,

(3.2)

O9 = e2

16π2 (s̄γ μPLb)(μ̄γμμ), O ′
9 = e2

16π2 (s̄γ μPRb)(μ̄γμμ),

(3.3)

O10 = e2

16π2 (s̄γ μPLb)(μ̄γμγ5μ), O ′
10 = e2

16π2 (s̄γ μPRb)(μ̄γμγ5μ),

(3.4)

where m̄b = m̄b(μ) denotes the b-quark running mass in the
MS scheme.

Within the SM, the electromagnetic dipole operator O7

and the semileptonic operators O9,10 play the leading role
in the decay B0 → K ∗0μ+μ−. Besides modifying the val-
ues of the SD Wilson coefficients C7,9,10, the charged-scalar
contributions could also make the chirality-flipped operators
O ′

7,9,10 defined above to contribute in a significant manner,
especially in some regions of the parameter spaces discussed
later.

The SD Wilson coefficients Ci (μ) and C ′
i (μ) can be

obtained firstly at the matching scale μW ∼ MW pertur-
batively, by requiring equality of the one-particle irreducible
Green functions calculated in the full and in the effective the-
ory [78]. Using the renormalization group equation, one can
then getCi (μ) andC ′

i (μ) at the lower scale μb ∼ mb. During
the calculation, the limit m̄u,c → 0 and the unitarity of the
CKM matrix have been used. For simplicity, we introduce
the mass ratios:

xt = m̄2
t (μW )

M2
W

, yt = m̄2
t (μW )

M2
H±

. (3.5)

Details of the computational method could be found, for
example, in Refs. [70,78].

3.2 Wilson coefficients in the SM

In the SM, the one-loop penguin and box diagrams have
been calculated both in the Feynman (ξ = 1) and in the uni-
tary (ξ = ∞) gauge [79–87], denoted by the subscript ‘F’ and
‘U’, respectively. The different contributions to CSM

i (μW )

can be split into the following forms:

CSM
7 = Cγ -penguin

7 , (3.6)

CSM
9 = CW -box

9 + CZ -penguin
9 + Cγ -penguin

9 , (3.7)

CSM
10 = CW -box

10 + CZ -penguin
10 , (3.8)

where the corresponding parts resulting from the W -box, Z -
penguin and γ -penguin diagrams are given, respectively, by

CW -box
9,F(U) = − B0,F(U)

sin2 θW
, CW -box

10,F(U) = B0,F(U)

sin2 θW
, (3.9)

CZ -penguin
9,F(U) =

(
−4 + 1

sin2 θW

)
C0,F(U), CZ -penguin

10,F(U) = −C0,F(U)

sin2 θW
,

(3.10)

Cγ -penguin
7,F(U) = −1

2
D′

0,F(U), Cγ -penguin
9,F(U) = −D0,F(U) + 4

9
, (3.11)

where θW is the Weinberg mixing angle, and the Inami–Lim
functions [79] are defined as

B0,F = F1 (xt ) , C0,F = F3 (xt ) , D′
0,F = F6 (xt ) ,

D0,F = −4

9
F0 (xt ) + F5 (xt ) , (3.12)

in the Feynman gauge, and

B0,U = − xt
16

Lε + F4 (xt ) ,

C0,U = − xt
16

Lε − F1 (xt ) + F3 (xt ) + F4 (xt ) ,

D′
0,U = F6 (xt ) ,

D0,U = xt
4
Lε − 4

9
F0 (xt ) + 4F1 (xt ) − 4F4 (xt ) + F5 (xt ) ,

(3.13)

in the unitary gauge. Here we introduce the notation Lε ≡
1
ε

+ log

(
μ2
W

M2
W

)
, where ε = (4 − d)/2 is the dimensional

regulator of ultraviolet divergence. Explicit expressions of
the basic functions Fi (x) are given by Eqs. (A.1)–(A.9).
While each piece on the right-hand side of Eqs. (3.7) and
(3.8) depends obviously on ε in the unitary gauge, due to the
longitudinal components of the W±, Z0 and off-shell photon
propagators, the physical quantitiesCSM

7,9,10 are indeed free of
ε and are independent of the EW gauge fixings. For a recent
review of higher-order corrections to CSM

7,9,10, the reader is
referred to Ref. [88].

3.3 Wilson coefficients in the A2HDM

In the A2HDM, the charged-scalar exchanges lead to addi-
tional contributions to C7,9,10 and could also make the
chirality-flipped operators O ′

7,9,10 to contribute in a signifi-
cant manner, through the Z0- and γ -penguin diagrams shown
in Fig. 1. Since we have neglected the light lepton mass, there
is no contribution from the SM W -box diagrams with the W±
bosons replaced by the charged scalars H±.

For each Feynman diagram shown in Fig. 1, the contribu-
tions are identical in the two gauges. The total Wilson coeffi-
cientsC7,9,10 are split into two parts, one is from the SM con-
tributions CSM

7,9,10, and the other from the charged-scalar ones

123
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b

s

s μ+

μ−

Z, γ

t

H±

(1.4)

bbb

b

ss s

μ+ μ+
μ+

μ− μ−
μ−γ,Zγ,Z

Z, γt

t

t

t

H±

H±

H±
H±

(1. 1()1 . 1()2 .3)

Fig. 1 Z - and γ -penguin diagrams involving the charged-scalar exchanges in the A2HDM

CH±
7,9,10. For the chirality-flipped operators,C ′

7,9,10 = C ′H±
7,9,10,

because the SM contributions are well suppressed by the fac-
tor m̄s/m̄b. For convenience, we decompose these new con-
tributions in such a way as to render explicit their dependence
on the couplings ςu and ςd :

CH±
7 = |ςu |2 C7, uu + ςdς

∗
u C7, ud, (3.14)

CH±
9 = |ςu |2 C9, uu, (3.15)

CH±
10 = |ςu |2 C10, uu, (3.16)

C ′H±
7 = m̄s

m̄b

(
|ςu |2 C7, uu + ςuς

∗
d C7, ud

)
, (3.17)

C ′H±
9 =

(
−1 + 4 sin2 θW

)
C ′H±

10

+ m̄bm̄s

M2
W

[|ςu |2 C ′
9, uu + 2� (

ςuς
∗
d

)
C ′

9, ud

+ |ςd |2 C ′
9, dd], (3.18)

C ′H±
10 = m̄bm̄s

M2
W

[|ςu |2 C ′
10, uu + 2� (

ςuς
∗
d

)
C ′

10, ud

+ |ςd |2 C ′
10, dd], (3.19)

where the coefficients of the different combinations of the
couplings ςu and ςd are given by Eqs. (B.1)–(B.10). In the
particular cases of type II and type Y 2HDMs with large tan β,
the only terms enhanced by a factor tan2 β originate from the
|ςd |2 part contributing only toC ′H±

9,10. The Wilson coefficients

C (′)H±
7,9,10 are found to be invariant under a global U(1) trans-

formation, ςu → eiχςu and ςd → eiχςd . This invariance is
well anticipated, since it corresponds to an unphysical phase
transformation of the second Higgs doublet, �2 → eiχ�2,
a leftover freedom in the Higgs basis [75,76]. There is an
implicit μW dependence via the s, b, t-quark masses, which
depend on the precise definitions and have to be specified
when going beyond the leading logarithm (LL). As we eval-

uate C (′)H±
7,9,10 only at the leading order (LO) in αs , whether

the running masses m̄q(μW ) or the pole masses mq are used
does not matter too much. As a consequence, we choose the
pole masses mq as input in Eqs. (3.17)–(3.19).

Our results for the chirality-flipped Wilson coefficients
C ′H±

7,9,10 are presented for the first time in the A2HDM. In

the particular cases of the Z2 symmetric 2HDMs, our results
agree with the ones calculated in Refs. [89–92]. It is also
noted that the next-to-leading order QCD corrections to
CH±

7,9,10 in the supersymmetry and type-II 2HDM have already
been calculated in Refs. [93–97].

3.4 Angular observables in B0 → K ∗0μ+μ− decay

The angular distribution of the B0 → K ∗0(→ K+π−)μ+μ−
decay is described by the dimuon invariant mass squared q2

as well as the three angles θ�, θK ∗ and φ, where θ� is defined
as the angle between the flight direction of the μ+ (μ−) and
the opposite direction of the B0 (B̄0) in the rest frame of the
dimuon system, and θK ∗ the angle between the flight direc-
tion of the K+ (K−) and that of the B0 (B̄0) in the K ∗0 (K̄ ∗0)

rest frame, while φ is the angle between the plane containing
the dimuon pair and the plane containing K+ and π− mesons
in the B0 (B̄0) rest frame. In terms of these four kinematic
variables, the full angular decay distribution of the decay is
then given by [6,98]

d4�̄[B0 → K ∗0μ+μ−]
dq2 d cos θ� d cos θK ∗ dφ

= 9

32π
[ Ī s1 sin2 θK ∗ + Ī c1 cos2 θK ∗

+ ( Ī s2 sin2 θK ∗ + Ī c2 cos2 θK ∗) cos 2θ�

+ Ī3 sin2 θK ∗ sin2 θ� cos 2φ + Ī4 sin 2θK ∗ sin 2θ� cos φ

+ Ī5 sin 2θK ∗ sin θ� cos φ

+ Ī s6 sin2 θK ∗ cos θ� + Ī7 sin 2θK ∗ sin θ� sin φ

+ Ī8 sin 2θK ∗ sin 2θ� sin φ + Ī9 sin2 θK ∗ sin2 θ� sin 2φ],
(3.20)

where the angular coefficients Ī (a)
i are functions of q2 only,

and the relations Ī s1 = 3 Ī s2 , Ī c1 = − Ī c2 and Ī c6 = 0
hold when the muon mass is neglected. The correspond-
ing expression for the CP-conjugated mode B̄0 → K̄ ∗0(→
K−π+)μ+μ− is obtained from Eq. (3.20) by the replace-
ments Ī (a)

i → I (a)
i [6,98]. Explicit forms of the angu-

lar coefficients Ī (a)
i (I (a)

i ) can be found, for example, in
Refs. [6,10,16].
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The self-tagging property of the decay B0 → K ∗0μ+μ−
makes it possible to determine both the CP-averaged and the
CP-asymmetric quantities defined, respectively, by [6]

S(a)
i = (I (a)

i + Ī (a)
i )/

(
d�

dq2 + d�̄

dq2

)
,

A(a)
i = (I (a)

i − Ī (a)
i )/

(
d�

dq2 + d�̄

dq2

)
. (3.21)

The previously studied observables, such as the q2 distribu-
tions of the forward–backward asymmetry AFB and the CP
asymmetry ACP, can be expressed in terms of these angular
observables.

With the structure of the amplitudes at large recoil, it
is possible to build clean observables whose sensitivity to
the B → K ∗ transition form factors is suppressed by αs or
�QCD/mb [9]. These include the so-called P ′

i and Pi observ-
ables defined by [9,99,100]

P1 = S3

2Ss2
, P2 = Ss6

8Ss2
, P3 = S9

4Ss2
, (3.22)

P ′
4 = S4

2
√−Ss2S

c
2

, P ′
5 = S5

2
√−Ss2S

c
2

,

P ′
6 = S7

2
√−Ss2S

c
2

, P ′
8 = S8

2
√−Ss2S

c
2

. (3.23)

The numerical impact of charged-scalar contributions on
some of these observables will be discussed in the next sec-
tion.

4 Numerical results and discussions

4.1 Choice of the model parameters

For the considered decay B0 → K ∗0μ+μ−, only three
model parameters, the charged-scalar mass MH± and the two
alignment parameters ςu and ςd , are involved. In the follow-
ing we assume the parameters ςu,d to be real, indicating that
the only source of CP violation in the A2HDM is still due
to the CKM matrix. Following the previous studies, we now
give the preset ranges of these model parameters:

• The charged-scalar mass is assumed to lie in the range
MH± ∈ [80, 1000] GeV, where the lower bound comes
from the LEP direct search [101], while the upper bound
from the unitarity and stability of the scalar poten-
tial [102–105].

• The alignment parameter ςu is assumed to lie in the range
|ςu | ≤ 2, to be compatible with the current data of loop-
induced processes, such as Z → bb̄, b → sγ , B0

s,d–B̄0
s,d

mixings, as well as the h(125) decays [62,63,65–69].

• The alignment parameter ςd is only mildly constrained
through phenomenological requirements that involve
additionally other model parameters. So we let it to be a
free parameter.

• In the 2HDMs with discrete Z2 symmetries, the param-
eters ςu and ςd are not independent but are related to
each other through the ratio of the VEVs tan β = v2/v1.
The upper limit for tan β also comes from the unitarity
and stability of the scalar potential [102–105]; we assume
here tan β ≤ 50.

4.2 Constraints on the model parameters

For the other input parameters, we take MZ = 91.1876 GeV,
MW = 80.385 GeV,mt = (174.2±1.4) GeV,mb = (4.78±
0.06) GeV, and m̄s(2 GeV) = (96+8

−4) MeV [106]. Since

C ′H±
7 = m̄s/m̄bCH±

7 and m̄s � m̄b, the contribution from
O ′

7 will be safely neglected.

The Wilson coefficientCH±
7 is severely constrained by the

inclusive decay B → Xsγ . The branching ratio of B → Xsγ

measured by CLEO [107], Belle [108–110] and BaBar [111–
113], lead to the combined average [114]

Bexp(B → Xsγ )
∣∣
Eγ >1.6 GeV

= (3.43 ± 0.21stat. ± 0.07syst.) × 10−4, (4.1)

which is in good agreement with the updated SM predic-
tion [115]

BSM(B → Xsγ )
∣∣
Eγ >1.6 GeV = (3.36 ± 0.23) × 10−4.

(4.2)

It should be noted that the chromomagnetic dipole operator
O8 = gs

16π2 m̄b (s̄σμν PRT ab)Ga
μν also plays an important

role in the decay B → Xsγ . However, at the LO in αs ,
this operator contributes to B → Xsγ only via its mixing
with O7. It is then found that, at the matching scale μW =
160 GeV, the Wilson coefficientsCH±

7 andCH±
8 should fulfill

the constraint [115]:

− 0.0634 ≤ CH±
7 (μW ) + 0.242CH±

8 (μW ) ≤ 0.0464,

(4.3)

where CH±
8 = |ςu |2 C8, uu + ςdς

∗
u C8, ud [89], with the func-

tions C8, uu and C8, ud given, respectively, by Eqs. (B.11) and
(B.12).

Under the constraint from Eq. (4.3), we show in Fig. 2 the
allowed regions in the ςu–ςd plane (ςd > 0), with three rep-
resentative values of the charged-scalar mass, MH± = 80,
300 and 500 GeV as benchmarks. The case with ςd < 0
is obtained from Fig. 2 with the changes ςu → −ςu and
ςd → −ςd . It is observed that the allowed range of ςd
becomes quite large when ςu tends to 0; particularly, when
ςu = 0, no constraint on ςd is obtained, because in this
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Fig. 2 The allowed regions in the ςu–ςd plane (ςd > 0) under the
constraint from Eq. (4.3). The blue, red, and green bands correspond to
MH± = 80, 300 and 500 GeV, respectively

limit the SM result is recovered. When ςd = 0, on the other
hand, a bound on ςu can be set with the allowed range of
|ςu | further strengthened for smaller values of the charged-
scalar mass. These qualitative observations are consistent
with those observed previously in Refs. [64–66]. However,
the allowed regions for ςu and ςd are further reduced com-
pared to those obtained in Refs. [64–66], because the updated
SM prediction (cf. Eq. (4.2)) becomes now more compatible
with the current experimental data (cf. Eq. (4.1)). It is also
found that the preset maximum value |ςu | = 2 is reached
when |ςd | varies within a range away from 0, rather than
at ςd = 0; for example, taking MH± = 80 GeV, we find
that |ςu | approaches 2 when 0.6 < |ςd | < 0.8. This novel
observation motivates us to display the ςd -axis in the loga-
rithmic coordinate, making clear the correlation between ςu
and ςd in the range |ςd | < 1. The inversely proportional and
parabolic boundary curves in the first quadrant indicate that
the NP contribution to CH±

7 (cf. Eq. (3.14)) is dominated by
the ςdς

∗
u and |ςu |2 terms, respectively. As the large same-

sign solutions for ςu and ςd obtained in Refs. [64,65], cor-
responding to the case when the NP influence is about twice
the size of the SM contribution but with an opposite sign, are
already excluded by the isospin asymmetry of B → K ∗γ
decays [66,116], they are not shown in Fig. 2.

Motivated by the latest LHCb and Belle measurements
of b → s�+�− decays, there exist several global fits for
the NP contributions to the Wilson coefficients C (′)

9,10 [18–
20,29]. We use two of these global fit results to further con-
strain the A2HDM parameters. One is obtained from the
combined fit to the b → s (μ+μ−, γ ) mesonic decays (at
μb = 4.8 GeV) [19]:

−2.2 ≤ CNP
9 ≤ −0.4, −0.5 ≤CNP

10 ≤ 2.0,

−1.3 ≤ C ′NP
9 ≤ 3.7, −1.0 ≤C ′NP

10 ≤ 1.6, (4.4)

given at the 3σ level. This fit includes the branching ratios and
optimized angular observables of B → K ∗μ+μ− and Bs →

Fig. 3 The allowed regions in the ςu–ςd plane (ςd > 0) under the
constraint from Eq. (4.3) as well as the bounds on CH±

9,10 and C ′H±
9,10 from

Eqs. (4.4) and (4.5). The other captions are the same as in Fig. 2

φμ+μ−, the branching ratios of B → Kμ+μ−, the branch-
ing ratios of B → Xsμ

+μ− (restricted only to the range
1 GeV2 ≤ q2 ≤ 6 GeV2) and B → Xsγ , the branching ratio
of Bs → μ+μ−, as well as the isospin asymmetry and the
time-dependent CP asymmetry of B → K ∗γ . Furthermore,
both the large- and the low-recoil data are included for the
exclusive b → sμ+μ− decays, resulting in nearly a hundred
observables in total in the analysis [19]. The other global
fit includes, besides the time-integrated branching ratio of
Bs → μ+μ− and the branching ratio of B → Xs�

+�− inte-
grated over the range 1 GeV2 ≤ q2 ≤ 6 GeV2, the currently
available data on �b → �(→ pπ−) μ+μ− decay, which
involves the branching ratio, the rate of longitudinally polar-
ized lepton pair, as well as the leptonic and the hadronic
forward–backward asymmetries; numerically, this fit gives
(at μb = 4.2 GeV) [29]

0.9 ≤CNP
9 ≤ 2.5, 1.8 ≤CNP

10 ≤ 4.2,

−1.3 ≤C ′NP
9 ≤ 1.8, 1.0 ≤C ′NP

10 ≤ 3.1, (4.5)

at the 1σ level. It is interesting to note that the latter prefers
a shift to C9 that is opposite in sign compared to the
former [29]. Since the Wilson coefficients CH±

9,10(μW ) and

C ′H±
9,10(μW ) are calculated only at the LO, they should be

evolved to the lower scale μb at the LL approximation, which
means that they are actually not running [117]. Thus, we can
apply directly the bounds given by Eqs. (4.4) and (4.5) to
CH±

9,10 and C ′H±
9,10. To be more conservative, we require each of

these coefficients to lie within the smaller lower and bigger
upper bounds of these two global fits. Using these bounds as
well as the constraint from Eq. (4.3), we find that the allowed
parameter space in the ςu–ςd plane are significantly reduced,
especially for the model parameter ςu , as shown in Fig. 3.
This means that CH±

9,10 play a major role in the small |ςd |
region (|ςd | < 1) and C ′H±

9,10 can be quite sizable when ςu
approaches 0.
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Fig. 4 The allowed regions in the ςd–MH± plane when ςu = 0 (a) and in the ςu–MH± plane when ςd = 0 (b), under the constraint from Eq. (4.3)
as well as the bounds on CH±

9,10 and C ′H±
9,10 from Eqs. (4.4) and (4.5)

It is also interesting to note that, under the constraint from
Eq. (4.3) as well as the bounds on CH±

9,10 and C ′H±
9,10 from

Eqs. (4.4) and (4.5), we could obtain a bound on ςd even
when ςu equals 0. Such a bound arises entirely from the
information on C ′H±

9,10 due to the |ςd |2 terms in these two Wil-
son coefficients (cf. Eqs. (3.18) and (3.19)). For illustration,
the allowed regions in the ςd–MH± plane when ςu = 0 and
in the ςu–MH± plane when ςd = 0 are shown in Fig. 4.
Numerically, we obtain |ςu | ≤ 0.506, 0.763 and 0.990, and
|ςd | ≤ 212, 476 and 622, corresponding to MH± = 80, 300
and 500 GeV, respectively. This means that the more accurate
C ′NP

9,10 can be better used to restrict the parameter ςd .

4.3 P2 and P ′
5 in the A2HDM

In this subsection, with the constrained parameter space for
ςu and ςd , we investigate the impact of A2HDM on the angu-
lar observables P2 and P ′

5 in the decay B0 → K ∗0μ+μ−.
As there are involved only three model parameters ςu , ςd
and MH± in Eqs. (3.14)–(3.19), the five Wilson coefficients
(C ′H±

7 is neglected because m̄s � m̄b) are expected to be
highly correlated with each other. Using the allowed val-
ues of ςu and ςd with three benchmark values of charged-
scalar mass obtained in the previous subsection, we show
in Fig. 5 the correlations among these five Wilson coeffi-
cients. One can see that, while CH±

7 is hardly correlated

with the other four Wilson coefficients (Fig. 5a–d), CH±
9

and CH±
10 are obviously linearly correlated with each other

and the slope depends only on the charged-scalar mass MH±
(Fig. 5e), with the blue, red, and green lines obtained with
MH± = 80, 300, and 500 GeV, respectively. In addition,
C ′H±

9 and C ′H±
10 are found to be approximately linearly cor-

related with each other (Fig. 5f), and the slope starts to be
nearly a constant when MH± ≥ 250 GeV, which explains
why the two lines with MH± = 300 and 500 GeV almost

overlap completely in Fig. 5f. In fact, from the analytic
expressions for these Wilson coefficients (cf. Eqs. (3.15)–
(3.16) and (3.18)–(3.19), together with (B.3)–(B.10)), we
find that CH±

9 /CH±
10 → −1 + 4 sin2 θW [1 + 4/(9xt )] and

C ′H±
9 /C ′H±

10 → −1 + 4 sin2 θW when MH± goes to infinity.
This explains why the lines shown in Fig. 5e, f get closer to
each other with larger MH± .

The most interesting results are shown in Fig. 5g–j,
which suggest that the charged scalars cannot affect the left-
and right-handed semileptonic operators at the same time,
under the constraints shown in Figs. 2 and 3. According to
Eqs. (3.15) and (3.16), sizable CH±

9,10 need a large |ςu |, which
in turn implies that |ςd | cannot be too large due to the con-
straints shown in Figs. 2 and 3. Together with the small factor
m̄bm̄s/M2

W and the preset range |ςu | ≤ 2, this renders the

coefficients C ′H±
9,10 quite small (cf. Eqs. (3.18)–(3.19)). The

same argument applies to the opposite case: sizable C ′H±
9,10 are

possible only with a large |ςd |, which then implies a small
|ςu |, resulting in quite small CH±

9,10. These qualitative analy-
ses explain the strong correlations observed in Fig. 5g–j, and
motivate us to consider the following two specific cases for
the NP Wilson coefficients:

Case A:CH±
7,9,10 are sizable, butC ′H±

9,10 � 0; (4.6)

Case B:CH±
7 andC ′H±

9,10 are sizable, butCH±
9,10 � 0. (4.7)

They are associated to the (large |ςu |, small |ςd |) and (small
|ςu |, large |ςd |) regions, respectively.

In Fig. 6, we show our predictions for the two angular
observables P2 and P ′

5 at large recoil both within the SM
and in the A2HDM, with the Wilson coefficients obtained
in the above two cases, together with the experimental data
from the LHCb [11,16], Belle [17] and BaBar [118] col-
laborations. Here we follow closely the method used in
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Fig. 5 Correlations among the
five Wilson coefficients using
the allowed values of ςu and ςd
with three benchmark values of
charged-scalar mass obtained in
the previous subsection. The
other captions are the same as in
Fig. 2
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Fig. 6 The q2 dependence of the angular observables P2 and P ′
5, both

within the SM (central value by a red curve and its uncertainty by a
yellow band) and in the A2HDM (the green and blue bands correspond

to the case A and case B, respectively). The experimental data from
the LHCb [11,16], Belle [17] and BaBar [118] collaborations are rep-
resented by the corresponding error bars in different q2 bins

Table 2 The zero-crossing points of P2 (nonzero one) and P ′
5 both

within the SM and in the A2HDM

SM Case A Case B

q2
0 (P2) 3.43+0.33

−0.32 (3.02, 3.90) (3.02, 4.79)

q2
0 (P ′

5) 2.02+0.19
−0.15 (1.77, 2.32) (1.79, 4.85)

Refs. [6,13,18]: Firstly, we take as input the combined
LCSR-lattice fit results for the B → K ∗ transition form
factors provided in Ref. [13], which allow us to retain all
the correlated uncertainties among these form factors. Sec-
ondly, we have included the hadronic uncertainties due to
non-factorizable power corrections associated with the non-
perturbative charm loops [13,30], the latest discussions of
which could be found in Refs. [119,120]. Finally, these two
angular observables are computed within the SM, with their
respective uncertainties obtained by adding in quadrature the
individual uncertainty due to the B → K ∗ form factors,
the non-factorizable charm-loop contributions, and the para-
metric input (mainly from mb(m̄b) = 4.18+0.04

−0.03 GeV and
mc = 1.4 ± 0.2 GeV). For the NP contributions, however,
we consider only the uncertainties of the model parameters
and perform a random flat scan within their allowed regions.
One can see clearly that there is only a small impact on P2 and
P ′

5 in case A, where the chirality-flipped operators O ′
9,10 are

absent, while in case B P ′
5 could be increased significantly to

be consistent with the experimental data and reduce P2 when
the dimuon invariant mass squared q2 is higher than the zero-
crossing point q2

0 . Numerical results for the zero-crossing
points of P2 (nonzero one) and P ′

5 are given in Table 2, both
within the SM and in the A2HDM. It is observed that the
impact on q2

0 in case B is more pronounced than in case A.

Type–I,X

Type–II,Y

Fig. 7 Allowed regions in the tan β − MH± plane corresponding to
different Z2-symmetric 2HDMs, under the constraint from Eq. (4.3) as
well as the bounds on CH±

9,10 and C ′H±
9,10 from Eqs. (4.4) and (4.5)

4.4 2HDMs with Z2 symmetries

In the generic 2HDMs with discreteZ2 symmetries, the three
alignment parameters ς f will be reduced to a single param-
eter tan β = v2/v1 ≥ 0, as indicated in Table 1. There are,
therefore, only two model parameters, tan β and MH± , in the

Wilson coefficients C (′)H±
7,9,10. We show in Fig. 7 the allowed

regions in the tan β–MH± plane corresponding to the four

different types of 2HDMs with Z2 symmetries. As C (′)H±
7,9,10

do not depend on the parameter ς�, the type I (II) and type X
(Y) models are indistinguishable from each other. However,
one can clearly distinguish types I and X from types II and Y
models. As shown in Fig. 7, the bound MH± > 432 GeV is
obtained for types II and Y 2HDMs, while there is no further
bound found for MH± in types I and X 2HDMs with sizable
tan β.

With the constrained model parameters shown in Fig. 7,
we then show in Fig. 8 the q2 dependence of P2 and P ′

5
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Fig. 8 The q2 dependence of the angular observables P2 and P ′
5 in the types I and X (the green band) and the types II and Y (the blue band)

2HDMs. The other captions are the same as in Fig. 6.

in the four different types of 2HDMs with Z2 symmetries.
One can see that, compared with the SM predictions, both
P2 and P ′

5 are reduced in the types I and X (the green band),
but increased in the types II and Y (the blue band) 2HDMs,
only by a small amount. This is because the charged-scalar
effect on the left- and right-handed semileptonic operators
is controlled by the same parameter tan β and, under the
constraint shown in Fig. 7, sizable C ′H±

9,10 are not allowed in
these models. It is, therefore, concluded the 2HDMs with Z2

symmetries cannot explain the so-called P ′
5 anomaly.

5 Conclusions

In this paper, we have presented a complete one-loop cal-

culation of the SD Wilson coefficients C (′)H±
7,9,10 due to the

charged-scalar exchanges through the Z0- and γ -penguin
diagrams within the A2HDM. ForC ′H±

9,10, although being sup-

pressed by the factor m̄b m̄s/M2
W , they could play an impor-

tant role in interpreting the observed P ′
5 anomaly in the decay

B0 → K ∗0μ+μ−, when the model parameter |ςd | is large.
Under the constraints from the branching ratio B(B →

Xsγ ) and the recent global fit results of b → s�+�− data,
we have obtained the allowed parameter spaces in the ςu–ςd
plane, corresponding to three representative charged-scalar
masses. We found that CH±

9,10 play a major role in the small

|ςd | region (|ςd | < 1), while C ′H±
9,10 are most important when

the model parameter ςu approaches 0. When ςu is far away
from 0 and |ςd | ≥ 1, on the other hand, the impact of
CH±

7 will become more significant. Within the constrained
parameter space, numerically, the effects of these NP Wil-
son coefficients can be divided into the following two cases:
(A) CH±

7,9,10 are sizable, but C ′H±
9,10 � 0, corresponding to the

(large |ςu |, small |ςd |) region; (B)CH±
7 andC ′H±

9,10 are sizable,

but CH±
9,10 � 0, corresponding to the (small |ςu |, large |ςd |)

region. We have then discussed their impacts on the angular
observables P2 and P ′

5 in the decay B0 → K ∗0μ+μ−. It
is found that there is only a small impact on P2 and P ′

5 in
case A, while case B could obviously increase P ′

5 to be con-
sistent with the experimental data and reduce P2 when the
dimuon invariant mass squared q2 is higher than the zero-
crossing point.

Finally, we have explored the constraints on tan β and
MH± in four types of Z2-symmetric 2HDMs. The role of
chirality-flipped operators O ′

9,10 becomes much more impor-
tant for large values of tan β. Even with the current data, the
types I and X and types II and Y could be clearly distin-
guished from each other. However, the charged-scalar effect
on P2 and P ′

5 in these models is found to be small and does
not help to explain the so-called P ′

5 anomaly.
Future precise measurements of the angular observables

in b → s�+�− decays, especially with a finer binning of
q2, would be very helpful to provide a more definite answer
concerning the observed anomalies by the LHCb and Belle
collaborations, restricting further or even deciphering the NP
models.
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A Basic function

The basic functions Fi (x) introduced in Eqs. (3.12) and
(3.13) are defined, respectively, as

F0(x) = ln x, (A.1)

F1(x) = x

4 − 4x
+ x ln x

4(x − 1)2 , (A.2)

F2(x) = x

96(x − 1)
− x2 ln x

96(x − 1)2 , (A.3)

F3(x) = x

8

[
x − 6

x − 1
+ (3x + 2) ln x

(x − 1)2

]
, (A.4)

F4(x) = −3x(x − 3)

32(x − 1)
+ x(x2 − 8x + 4) ln x

16(x − 1)2 , (A.5)

F5(x) = −19x3 + 25x2

36(x − 1)3 + (5x2 − 2x − 6)x2 ln x

18(x − 1)4 , (A.6)

F6(x) = 8x3 + 5x2 − 7x

12(x − 1)3 − (3x − 2)x2 ln x

2(x − 1)4 , (A.7)

F7(x) = x(53x2 + 8x − 37)

108(x − 1)4 + x(−3x3 − 9x2 + 6x + 2) ln x

18(x − 1)5
,

(A.8)

F8(x) = x(18x4 + 253x3 − 767x2 + 853x − 417)

540(x − 1)5

− x(3x4 − 6x3 + 3x2 + 2x − 3) ln x

9(x − 1)6 . (A.9)

B Wilson coefficients in A2HDM

The coefficients of the different combinations of the cou-
plings ςu and ςd in Eqs. (3.14)–(3.19) are given, respectively,
by

C7, uu = −1

6
F6(yt ), (B.1)

C7, ud = −4

3
F1(yt ) − 80

17
F2(yt ) − 3

17
F5(yt ) + 1

17
F6(yt ),

(B.2)

C9, uu = 8

9
F1(yt ) − 896

51
F2(yt ) − 1

17
F5(yt ) − 14

153
F6(yt )

− xt
2

(
−4 + 1

sin2 θW

)
F1(yt ), (B.3)

C10, uu = xt
2 sin2 θW

F1(yt ), (B.4)

C ′
9, uu = yt

xt
F8(yt ), (B.5)

C ′
9, ud = yt

xt
F7(yt ), (B.6)

C ′
9, dd = yt

xt

[
2

9
F0 (xt ) + 20

9
F1(yt ) + 928

51
F2(yt )

− 2

17
F5(yt ) − 11

153
F6(yt )

]
, (B.7)

C ′
10, uu = − 1

17
[80F2(yt ) + 3F5(yt ) − F6(yt )], (B.8)

C ′
10, ud = 1

sin2 θW

[
− 1

12
F1(yt ) + 30

17
F2(yt )

+ 9

136
F5(yt ) − 3

136
F6(yt )

]

− 1

6

(
−4 + 1

sin2 θW

)
F1(yt ), (B.9)

C ′
10, dd = − 1

sin2 θW

[
1

2
F1(yt ) + F2(yt )

]

+
(

−4 + 1

sin2 θW

)
F2(yt ), (B.10)

and for the Wilson coefficient CH±
8 , we have [89]

C8, uu = 1

34
[720F2(yt ) + 27F5(yt ) + 8F6(yt )], (B.11)

C8, ud = 2F1(yt ) − 1

17
[240F2(yt ) + 9F5(yt ) − 3F6(yt )].

(B.12)
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