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We comprehensively study the charged Higgs boson contributions to the leptonic B−
q → lν̄ (q ¼ u, c)

and semileptonic B̄ → Xqlν̄ (Xu ¼ π, ρ; Xc ¼ D,D�) decays in the type-III two-Higgs doublet model. We
employ the Cheng-Sher ansatz to suppress the tree-level flavor-changing neutral currents in the quark
sector. When the strict constraints from the ΔB ¼ 2, b → sγ, and ppðbb̄Þ → H=A → τþτ− processes are
considered, parameters χutq from the quark couplings and χll from the lepton couplings dictate the leptonic
and semileptonic B decays. It is found that, when the measured B−

u → τν̄ and indirect bound of B−
c → τν̄

obtained by LEP1 data are taken into account, RðDÞ and RðπÞ can have broadly allowed ranges; however,
the values of RðρÞ and RðD�Þ are limited to approximately the standard model (SM) results. We also find

that the same behaviors also occur in the τ-lepton polarizations and forward-backward asymmetries (A
Xq;τ
FB )

of the semileptonic decays, with the exception of AD�;τ
FB , for which the deviation from the SM due to the

charged Higgs boson effect is still sizable. In addition, the q2-dependent Aπ;τ
FB and AD;τ

FB can be very sensitive
to the charged Higgs boson effects and have completely different shapes from the SM.

DOI: 10.1103/PhysRevD.98.095007

I. INTRODUCTION

In spite of the success of the standard model (SM) in
particle physics, we are still uncertain as to the solutions for
baryogenesis, neutrino mass, and dark matter. It is believed
that the SM is an effective theory at the electroweak scale,
and thus there should be plenty of room to explore the new
physics effects in theoretical and experimental high-energy
physics.
A known extension of the SM is the two-Higgs doublet

model (2HDM), where the model can be used to resolve
weak and strong CP problems [1,2]. Because of the
involvement of new scalars, such as one CP-even, one
CP-odd, and two charged Higgs bosons, despite its original
motivation, the 2HDM provides rich phenomena in particle
physics [3–6], especially, the charged Higgs boson, which
causes lots of interesting effects in flavor physics.
According to the imposed symmetry (e.g., soft Z2 sym-
metry) to the Lagrangian in the literature, the 2HDM is
classified as type-I, type-II, lepton-specific, and flipped

models, for which a detailed introduction can be found in
Ref. [7]. Among these 2HDM schemes, only the type-II
model corresponds to the tree-level minimal supersym-
metric standard model (MSSM) case.
Recently, lepton-flavor universality has suffered chal-

lenges from tree-level B-meson decays. For instance,
BABAR [8,9], Belle [10–12], and LHCb [13,14] observed
unexpected large branching ratios (BRs) in B̄ → Dð�Þτν̄τ,
and the averaged observables were defined and measured
as [15]

RðDÞ¼ BRðB̄→Dτν̄Þ
BRðB̄→Dlν̄Þ¼0.407�0.039�0.024;

RðD�Þ¼ BRðB̄→D�τν̄Þ
BRðB̄→D�lν̄Þ¼0.304�0.013�0.007; ð1Þ

where l denotes the light leptons, and the SM predictions
using different approaches are closed to each other and
obtained as RðDÞ ≈ 0.30 [16–19] and RðD�Þ ≈ 0.25
[18–21]. Intriguingly, when the RðDÞ − RðD�Þ correlation
is taken into account, the deviation with respect to the SM
prediction is 4.1σ. Based on these observations, possible
extensions of the SM for explaining the excesses are
studied in Refs. [22–66].
Moreover, when jVubj ≈ 3.72 × 10−3 is taken from the

results of lattice QCD [67] and light-cone sum rules (LCSRs)
[68,69], the SM result of BRðB−

u → τν̄ÞSM ≈ 0.89 × 10−4 is
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slightly smaller than the current measurement of
BRðB−

u → τν̄Þexp ¼ ð1.09� 0.24Þ × 10−4 [70]. In addition
to the uncertainties of Vub and B-meson decay constant fB,
the difference between the SM prediction and experimental
data may raise from new charged current effects [71–74].
Since the B̄ → Dð�Þτν̄ and B−

u → τν̄ processes are associated
with theW�-mediated b → ðu; cÞτν̄ decays in the SM, in this
work, we study the charged Higgs boson contributions to the
decays in detail in the 2HDM framework.
The charged Higgs boson can be naturally taken as the

origin of a lepton-flavor universality violation, because its
Yukawa coupling to a lepton is usually proportional to the
lepton mass. Because of the suppression of ml=v
(v ≈ 246 GeV), we thus need an extra factor in the
coupling to enhance the charged Higgs boson effect. In
the 2HDM schemes mentioned above, it can be easily
found that only the type-II model can have a tan2 β
enhancement in the Hamiltonian of b → ðu; cÞτν̄.
However, the type-II 2HDM cannot resolve the excesses
for the following reasons: (i) The sign of type-II contri-
bution is always destructive to the SM contributions in
b → ðu; cÞτν̄, and (ii) the lower bound of the charged Higgs
mass limited by b → sγ is now mH� > 580 GeV [75], so
that the change due to the charged Higgs boson effect is
only at a percentage level. Inevitably, we have to consider
other schemes in the 2HDM that can retain the tan β
enhancement, can be a constructive contribution to the
SM, and can have a smaller mH�.
The desired scheme can be achieved when the imposed

symmetry is removed; that is, the two Higgs doublets can
simultaneously couple to the up- and down-type quarks.
This scheme is called the type-III 2HDM in the literature
[5,23,28]. In such a scheme, unless an extra assumption is
made [76], the flavor-changing neutral currents (FCNCs)
are generally induced at the tree level. In order to naturally
suppress the tree-induced ΔF ¼ 2 (F ¼ K, BdðsÞ, D)
processes, we can adopt the Cheng-Sher ansatz [77], where
the FCNC effects are parametrized to be the square root of
the production involving flavor masses. We find that the
same quark FCNC effects also appear in the charged Higgs
couplings to the quarks. Using the Cheng-Sher ansatz, it is
found that, in addition to the achievements of the tan β
enhancement factor and a smaller mH�, new unsuppressed
factors denoted by χutcðtuÞ occur at the vertices cðuÞbH�,

which play an important role in B−
u → τν̄ and RðDð�ÞÞ. We

note that the type-II 2HDM and MSSM can generate the
similar Yukawa couplings of the type-III model through the
Z2 soft-breaking term, which is from the Higgs potential,
when loop effects are considered. Because of the loop
suppression factor, the loop-induced effects from type-II
2HDM in our study are small. Although the loop effects in
supersymmetric (SUSY) models could be sizable, since we
focus on the non-SUSY models, the implications of loop-
induced FCNCs in MSSM can be found in Refs. [78–81].

With the full ϒð4SÞ data set, Belle recently reported
the measurement of B−

u → μν̄ with a 2.4σ significance,
where the corresponding BR is BRðB−

u → μν̄Þexp ¼
ð6.46� 2.22� 1.60Þ × 10−7, and the SM result is
BRðB−

u → μν̄ÞSM ¼ ð3.8� 0.31Þ × 10−7 [82]. The experi-
mental measurement approaches the SM prediction, and it is
expected that the improved measurement soon will be
obtained at Belle II [83]. In other words, in addition to the
B−
u → τν̄ channel, we can investigate the new charged current

effect through a precise measurement on theB−
u → μν̄ decay.

In order to comprehensively understand the charged
Higgs boson contributions to the b → ðu; cÞlν̄ (l ¼ e, μ, τ)
in the type-III 2HDM, in addition to the chiral suppression
channels B−

u → ðτ; μÞν̄, we study various possible observ-
ables for the semileptonic processes B̄ → ðP; VÞlν̄
(P ¼ π, D; V ¼ ρ D�), which include BRs, RðPÞ, RðVÞ,
lepton helicity asymmetry, and lepton forward-backward
asymmetry. To constrain the free parameters, we study not
only the constraints from the tree- and loop-induced
ΔB ¼ 2 processes but also the b → sγ decay, which has
arisen from the new neutral scalars and charged Higgs
boson. Although the neutral current contributions to b→sγ
are much smaller than those from the charged Higgs boson,
for completeness, we also formulate their contributions in
the paper. In addition, the upper bound of BRðB−

c → τν̄Þ <
10% obtained in Ref. [65] is also taken into account when
we investigate the B̄ → D�τν̄ decay.
LHCb reported more than a 2σ deviation from the SM

in RðKÞ ¼ BRðBþ → Kþμþμ−Þ=BRðBþ → Kþeþe−Þ ¼
0.745þ0.090

−0.074 � 0.036 [84] and RðK�Þ¼BRðB0→K�0μþμ−Þ=
BRðB0→K�0eþe−Þ¼0.69þ0.11

−0.07�0.05 [85]. Since we con-
centrate on the tree-level leptonic and semileptonic B
decays, we do not address this issue in this work. The
charged Higgs boson contributions to the b → slþl−

processes can be found in Refs. [86–91].
The paper is organized as follows: In Sec. II, we discuss

and parametrize the charged Higgs Yukawa couplings to
the quarks and leptons in the type-III 2HDM. In Sec. III, we
study the charged Higgs boson contributions to the leptonic
B−
uðcÞ → lν̄ and B̄ → ðP;VÞlν̄ decays, where the interest-

ing potential observables include the decay rate, the
branching fraction ratio, lepton helicity asymmetry, and
lepton forward-backward asymmetry. We study the tree-
and loop-induced ΔB ¼ 2 and loop-induced b → sγ proc-
esses in Sec. IV, where the contributions of neutral scalarH,
neutral pseudoscalar A, and the charged Higgs boson are
taken into account. The detailed numerical analysis and the
current experimental bounds are shown in Sec. V, and a
conclusion is given in Sec. VI.

II. YUKAWA COUPLINGS IN THE
GENERIC 2HDM

To study the charged Higgs boson contributions to the
b → qlν̄ (q ¼ u, c) decays in the type-III 2HDM, we
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analyze the relevant Yukawa couplings in this section,
especially, the charged Higgs couplings to ub and cb,
where they can make significant contributions to the
leptonic and semileptonic B decays. The characteristics
of new Yukawa couplings in the type-III model will be also
discussed.

A. Formulation of H� Yukawa couplings
to the quarks and leptons

Since the charged Higgs couplings to the quarks and the
leptons in type-III 2HDM were derived before [5], we
briefly introduce the relevant pieces in this section.
We begin to write the Yukawa couplings in the type-III
model as

−LY ¼ Q̄LYd
1DRH1 þ Q̄LYd

2DRH2 þ Q̄LYu
1URH̃1

þ Q̄LYu
2URH̃2 þ L̄Yl

1lRH1

þ L̄Yl
2lRH2 þ H:c:; ð2Þ

where the flavor indices are suppressed; QT
L ¼ ðu; dÞL and

LT ¼ ðν;lÞL are the SUð2ÞL quark and lepton doublets,
respectively; fR (f ¼ U, D, l) is the singlet fermion; Yf

1;2

are the 3 × 3 Yukawa matrices, and H̃i ¼ iτ2H�
i with τ2

being the Pauli matrix. The components of the Higgs
doublets are taken as

Hi ¼
�

ϕþ
i

ðvi þ ϕi þ iηiÞ=
ffiffiffi
2

p
�
; ð3Þ

and vi is the vacuum expectation value of Hi. We note
that Eq. (2) can recover the type-II 2HDM when Yu

1 , Y
d
2 ,

and Yl
2 vanish. The physical states for scalars can then be

expressed as

h ¼ −sαϕ1 þ cαϕ2; H ¼ cαϕ1 þ sαϕ2;

H�ðAÞ ¼ −sβϕ�
1 ðη1Þ þ cβϕ�

2 ðη2Þ; ð4Þ

where the mixing angles are defined as cαðsαÞ ¼
cos αðsin αÞ, cβ ¼ cos β ¼ v1=v, and sβ ¼ sin β ¼ v2=v

with v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
. In this work, h is the SM-like

Higgs boson while H, A, and H� are new scalar bosons.
The fermion mass matrix can be formulated as

f̄LMffR þ H:c:≡ vffiffiffi
2

p f̄LðcβYf
1 þ sβY

f
2ÞfR þ H:c: ð5Þ

Without assuming the relation between Yf
1 and Yf

2 , both
Yukawa matrices cannot be simultaneously diagonalized
[76]. Thus, the FCNCs mediated by scalar bosons are
induced at the tree level. We introduce unitary matrices Uf

L

and Uf
R to diagonalize the fermion mass matrices by

following fpL ¼ Uf
Lf

w
L and fpR ¼ Uf

Rf
w
R, where f

pðwÞ
L;R denote

the physical (weak) eigenstates. Then, the Yukawa cou-
plings of H� can be written as [5]

−LH�
Y ¼

ffiffiffi
2

p
ūR

�
−

1

vtβ
mu þ

Xu†

sβ

�
VdLHþ

þ
ffiffiffi
2

p
ūLV

�
−
tβ
v
md þ

Xd

cβ

�
dRHþ

þ
ffiffiffi
2

p
ν̄L

�
−
tan β
v

ml þ
Xl

cβ

�
lRHþ þ H:c:; ð6Þ

where tβ ¼ tan β ¼ v2=v1; V ≡ Uu
LU

d†
L denotes the

Cabibbo-Kobayashi-Maskawa (CKM) matrix, and the
X’s are defined as

Xu¼Uu
L
Yu
1ffiffiffi
2

p Uu†
R ; Xd¼Ud

L
Yd
2ffiffiffi
2

p Ud†
R ; Xl¼Ul

L
Yl
2ffiffiffi
2

p Ul†
R :

ð7Þ

Xu;d are the sources of tree-level FCNCs in the type-III
model. In order to accommodate the strict constraints from
the ΔF ¼ 2 processes, such as ΔmP (P ¼ K, Bd;s, D), we
adopt the so-called Cheng-Sher ansatz [77] in the quark and
lepton sectors, where Xf is parametrized as

Xf
ij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffimfimfj
p

v
χfij ð8Þ

and χfij are the new free parameters. Using this ansatz, it can
be seen that ΔmP arisen from the tree level is suppressed
by mdms=v2 for the K meson, mdðsÞmb=v2 for BdðsÞ, and
mumc=v2 for theDmeson. Since we do not study the origin
of neutrino mass, the neutrinos are taken as massless
particles in this work. Nevertheless, even with a massive
neutrino case, the influence on hadronic processes is small
and negligible. In addition, to simplify the numerical
analysis, in this work we use the scheme with
Xl

ij ¼ ðmli
=vÞχlliδlilj , i.e., χllilj

¼ χlliδlilj ; as a result,

the Yukawa couplings of H� to the leptons can be
expressed as

LH�
Y;l ¼

ffiffiffi
2

p tan βml

v

�
1 −

χll
sβ

�
ν̄lPRlHþ þ H:c:; ð9Þ

with PRðLÞ ¼ ð1� γ5Þ=2. The suppression factor ml=v
could be moderated using the scheme of large tan β.

B. b-quark Yukawa couplings to H�

From Eq. (6), it can be seen that the coupling uiRbLH�

(ui ¼ u, c) in the type-II 2HDM (i.e., Xd;u ¼ 0) is sup-
pressed by mui=ðvtβÞVuib, and this effect can be neglected.
However, the situation is changed in the type-III model.
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In addition to the disappearance of suppression factor 1=tβ,
the new effectXu accompanied with the CKMmatrix in the
form of XuV=v could lead to ffiffiffiffiffiffiffiffiffiffiffiffimuimt

p =vχuuitVtb, whereffiffiffiffiffiffiffiffiffiffiffiffimuimt
p =v numerically plays the role of jVuibj and the
magnitude of the coupling is dictated by the free parameter
χuuit, which, in principle, is not suppressed. Additionally,
the uiLbRH� coupling is also remarkably modified. In
order to better comprehend the influence of the new
charged Higgs couplings on the B decays, in the rest of
this subsection, we discuss the uibH� coupling in detail.
For convenience, we rewrite the H� couplings to the b
quark and light up-type quarks as

LH�
Y ⊃

ffiffiffi
2

p

v
ūiRCL

uib
bLHþ þ

ffiffiffi
2

p

v
ūiLCR

uib
bRHþ þ H:c:;

CL
uib

¼
�
mui

tβ
δuiuj −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffimuimuj
p

sβ
χu�ujui

�
Vujb;

CR
uib

¼ Vuidj

�
tβmbδdjb −

ffiffiffiffiffiffiffiffiffiffiffiffiffimdjmb
p

cβ
χddjb

�
; ð10Þ

where uj ðdjÞ indicates the sum of all possible up- (down-)
type quarks.
In the following, we analyze the characteristics of the

CL
uðcÞb and CR

uðcÞb couplings in the type-III 2HDM with the

Cheng-Sher ansatz. Because of muVub ≪
ffiffiffiffiffiffiffiffiffiffiffiffi
mumc

p
Vcb ≪ffiffiffiffiffiffiffiffiffiffiffi

mumt
p

Vtb, we can simplify the CL
ub coupling as

ffiffiffi
2

p

v
CL
ub ≈ −

ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffi
mumt

p
vsβ

χu�tu Vtb: ð11Þ

With mu ∼ 5.4 MeV, mt ∼ 165 GeV, and v ≈ 246 GeV,
it can be found that

ffiffiffiffiffiffiffiffiffiffiffi
mumt

p
=v ≈ 3.84 × 10−3 is very close

to the value of jVubj; therefore, CL
ub can be read asffiffiffi

2
p

CL
ub=v ∼ −

ffiffiffi
2

p
χu�tu jVubj, where sβ ≈ 1 is applied.

Clearly, unlike the case in the type-II 2HDM, which is
highly suppressed bymu=ðvtβÞ, CL

ub in the type-III model is
still proportional to jVubj, can be sizable, and is controlled
by χu�tu . For the CR

ub coupling, the decomposition from
Eq. (10) can be written as

CR
ub ¼ −Vud

ffiffiffiffiffiffiffiffiffiffiffiffi
mdmb

p
χddb

cβ
− Vus

ffiffiffiffiffiffiffiffiffiffiffiffi
msmb

p
χdsb

cβ

þ Vubmb

�
tβ −

χdbb
cβ

�
: ð12Þ

The numerical values of the first two terms can be obtained
as Vud

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
md=mb

p
≈0.047 and Vus

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ms=mb

p
≈0.032≫ jVubj.

Unless χddb;sb are strictly constrained, each term with
different CKM factors may be important and cannot be
arbitrarily dropped. For clarity, we rewrite CR

ub to be

ffiffiffi
2

p

v
CR
ub ¼

ffiffiffi
2

p mbtβ
v

Vub

�
1 −

χRub
sβ

�
; ð13Þ

χRub ¼ χdbb þ
Vud

Vub

ffiffiffiffiffiffi
md

mb

r
χddb þ

Vus

Vub

ffiffiffiffiffiffi
ms

mb

r
χdsb: ð14Þ

Because of jVubj ≪ Vus;ud, the magnitude of χRub, in
principle, can be of Oð10Þ, and the resulting CR

ub is
much larger than that in the type-II 2HDM. In order
to avoid obtaining an CR

ub that is too large, we can
require a cancellation between Vud

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
md=mb

p
χddb and

Vus

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ms=mb

p
χdsb when χddb;sb both are sizable. However,

we will show that χddb;sb indeed are constrained by the
measured Bd;s mixing parameters and that their magnitudes
should be less than Oð10−2Þ.
For the processes dictated by the b → c decays, due toffiffiffiffiffiffiffiffiffiffiffiffi
mumc

p
Vub ≪ mcVcb ≪

ffiffiffiffiffiffiffiffiffiffiffi
mcmt

p
Vtb, theH� Yukawa cou-

pling of CL
cb can be simplified as

ffiffiffi
2

p

v
CL
cb ≈ −

ffiffiffi
2

p

v

ffiffiffiffiffiffiffiffiffiffiffi
mcmt

p
sβ

χu�tc Vtb

¼ −
ffiffiffi
2

p mt

v
Vcb

�
χu�tc
sβ

ffiffiffiffiffiffi
mc

mt

r
Vtb

Vcb

�
; ð15Þ

where the mc=tβ term has been ignored due to the use of
large tβ scheme and the factor in parentheses can be
numerically estimated to be 2.19χu�tc . This behavior is
similar to CL

ub, but it is χu�tc that controls the magnitude.
Clearly, if χu�tc is not suppressed, it can make a significant
contribution to the b → c transition. Using the fact that
jVcdj ffiffiffiffiffiffiffiffiffiffiffiffi

mdmb
p ≪ Vsc

ffiffiffiffiffiffiffiffiffiffiffiffi
msmb

p
, Vcbmb, we can formulate the

CR
cb coupling as

ffiffiffi
2

p

v
CR
cb ≈

ffiffiffi
2

p mbtβ
v

Vcb

�
1 −

χRcb
sβ

�
;

χRcb ¼ χdbb þ
ffiffiffiffiffiffi
ms

mb

r
Vcs

Vcb
χdsb ≈ χdbb þ 3.69χdsb: ð16Þ

Since CR
cb has the tβ enhancement, its magnitude is

comparable with the SM W-gauge coupling of gVcb=
ffiffiffi
2

p
.

For comparison, we also show the tbH� couplings as

ffiffiffi
2

p

v
CL
tb ≈

ffiffiffi
2

p mt

v
Vtb

�
1

tβ
−
χu�tt
sβ

�
; ð17Þ

ffiffiffi
2

p

v
CR
tb ≈

ffiffiffi
2

p mbtβ
v

Vtb

�
1 −

χdbb
sβ

�
; ð18Þ
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where the small effects related toVub;cb andVts;td have been
dropped. Although there is an mt enhancement in the first
term of CL

tb, 1=tβ will reduce its contribution when a large
tan β value is taken; therefore, comparing with χu�tt =sβ, this
term can be ignored, i.e., CL

tb ≈ −mtVtb χ
u�
tt =sβ. From the

above analysis, it can be seen thatCL;R
ub;cb;tb are different from

those in the type-II model not only in magnitude but also in
sign. For completeness, the other Yukawa couplings of H�
to the quarks are shown in detail in the Appendix.

III. PHENOMENOLOGICAL ANALYSIS

The charged current interactions in this model arise from
the SM W-gauge and the charged Higgs bosons. Based on
the Yukawa couplings in Eqs. (9) and (10), the effective
Hamiltonian for b → qlν̄ can be written as

Hðb → qlν̄Þ ¼ GFffiffiffi
2

p Vqb

h
ðq̄bÞV−Aðl̄νÞV−A

þ CL;l
qb ðq̄bÞS−Pðl̄νÞS−P

þ CR;l
qb ðq̄bÞSþPðl̄νÞS−P

i
; ð19Þ

where the fermionic currents are defined as ðf̄0fÞV�A ¼
f̄0γμð1� γ5Þf and ðf̄0fÞS�P ¼ f̄0ð1� γ5Þf and the dimen-
sionless coefficients for the b → u and b → c decays are
given as

CL;l
ub ¼ mtmltβ

m2
H�sβ

�
1 −

χll
sβ

�� ffiffiffiffiffiffi
mu

mt

r
Vtb

Vub
χu�tu

�
; ð20aÞ

CR;l
ub ¼ −

mbmlt2β
m2

H�

�
1 −

χll
sβ

��
1 −

χRub
sβ

�
; ð20bÞ

CL;l
cb ¼ mtmltβ

m2
H�sβ

�
1 −

χll
sβ

�� ffiffiffiffiffiffi
mc

mt

r
Vtb

Vcb
χu�tc

�
; ð20cÞ

CR;l
cb ¼ −

mbmlt2β
m2

H�

�
1 −

χll
sβ

��
1 −

χRcb
sβ

�
: ð20dÞ

Based on the interactions shown in Eqs. (19) and (20),
we investigate the charged Higgs boson influence on the
leptonic and semileptonic B decays in the type-III 2HDM.

A. Leptonic B−
q → lν̄ decays

The hadronic effect in a leptonic B decay is the B-meson
decay constant. The decay constant associated with an
axial-vector current for the Bq-meson is defined as

h0jq̄γμγ5bjB−
q ðpBq

Þi ¼ −ifBq
pμ
Bq
: ð21Þ

Using the equation of motion, the decay constant associated
with pseudoscalar current is given by

h0jq̄γ5bjB−
q ðpÞi ¼ ifBq

m2
Bq

mb þmq
: ð22Þ

From the effective interactions in Eq. (19), the decay rate
for B−

q → lν̄ can be formed as

ΓðB−
q → lν̄Þ ¼ ΓSMðB−

q → lν̄Þ
����1þm2

Bq
ðCR;l

qb − CL;l
qb Þ

mlðmb þmqÞ
����
2

;

ð23Þ

ΓSMðB−
q → lν̄Þ ¼ G2

F

8π
jVqbj2f2Bq

mBq
m2

l

�
1 −

m2
l

m2
Bq

�
2

: ð24Þ

Since a leptonic meson decay is a chirality-suppressed
process, the decay rate in Eq. (24) is proportional to m2

l.
From Eqs. (20a)–(20d), it can be seen that, in the type-II
2HDM, CL

ub ∼ CL
cb ∼ 0 and CR

ub;cb are negative in sign;
therefore, the H� contribution to the B−

q → lν̄ decay is
always destructive. The magnitude and the sign of CR;L

qb in
the type-III model can be changed due to the new effects of
χu;dij and χll,.
Before doing a detailed numerical analysis, we can

numerically understand the impact of the 2HDM on the
B−
q → lν̄ decay as follows: Taking tβ ¼ 50 and mH� ¼

300 GeV, we can see that the charged Higgs boson
contributions to the b → u and b → c decays are, respec-
tively, given as

δH
�;l

q ≡m2
Bq
ðCR;l

qb − CL;l
qb Þ

mlðmb þmqÞ

≈
�−½0.77ð1 − χRub=sβÞ þ 0.39χu�tu eiϕ3 �ð1 − χll=sβÞ;

−½1.09ð1 − χRcb=sβ þ 1.77χu�tc Þ�ð1 − χll=sβÞ;
ð25Þ

where the sign can be positive when the parameters of
χu�tu;tc and χll are properly taken and ϕ3 is the phase in Vub.
We note that the Yukawa coupling of the charged Higgs
boson to the lepton is proportional to the lepton mass;
therefore, the ratio in Eq. (25) does not depend on ml.
The lepton-flavor-dependent effect is dictated by the χll
parameter.

B. B−
q → ðP;VÞlν̄ decays

Since the semileptonic B decays involve the hadronic
QCD effects, in order to formulate the decays, we para-
metrize the form factors for a B decay to a pseudoscalar (P)
meson as
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hPðp2Þjq̄γμbjB̄ðp1Þi ¼ fBP1 ðq2Þ
�
Pμ −

P · q
q2

qμ
�
þ fBP0 ðq2ÞP · q

q2
qμ;

hPðp2Þjq̄bjB̄ðp1Þi ¼ ðmB þmPÞfBPS ðq2Þ; ð26Þ

where P ¼ p1 þ p2 and q ¼ p1 − p2. The form factors for a B decay to a vector (V) meson is defined as

hVðp2; ϵVÞjq̄γμbjB̄ðp1Þi ¼
VBVðq2Þ
mB þmV

εμνρσϵ�VνPρqσ;

hVðp2; ϵVÞjq̄γμγ5bjB̄ðp1Þi ¼ 2imVABV
0 ðq2Þ ϵ

�
V · q
q2

qμ þ iðmB þmVÞABV
1 ðq2Þ

�
ϵ�μV −

ϵ�V · q
q2

qμ
�

− iABV
2 ðq2Þ ϵ�V · q

mB þmV

�
Pμ −

P · q
q2

qμ
�
;

hVðp2; ϵVÞjq̄γ5bjB̄ðp1Þi ¼ −iϵ�V · qfBVP ðq2Þ: ð27Þ

With the equation of motion, the form factors of fBPS and fBVP can be obtained, respectively, as

fBPS ðq2Þ ≈mB −mP

mb −mq
f0ðq2Þ; fBVP ðq2Þ ≈ 2mV

mb þmq
A0ðq2Þ: ð28Þ

Using the interactions in Eq. (19) and the form factors defined above, we can obtain the transition matrix elements for
B̄ → ðP;VÞlν̄ as

MP ¼ GFffiffiffi
2

p Vqb

�
fBP1

�
Pμ −

P · q
q2

qμ
�
ðl̄νÞV−A þ

�
mlfBP0

P · q
q2

þ ðCR;l
qb þ CL;l

qb ÞðmB þmPÞfBPS
�
ðl̄νÞS−P

�
; ð29Þ

ML
V ¼ −i

GFffiffiffi
2

p Vqb

�
ϵ�V · q

�
ðCR;l

qb − CL;l
qb ÞfBPP þ 2ABV

0

mVml

q2

�
ðl̄νÞS−P

þ
�
ðmB þmVÞABV

1

�
ϵ�VμðLÞ −

ϵ�V · q
q2

qμ

�
−
ABV
2 ϵ�V · q

mB þmV

�
Pμ −

P · q
q2

qμ

��
ðl̄νÞV−A

	
;

MT
V ¼ GFffiffiffi

2
p Vqb

�
VBV

mB þmV
εμνρσϵ

�ν
V ðTÞPρqσ − iðmB þmVÞABV

1 ϵ�VμðTÞ
�
ðl̄νÞV−A; ð30Þ

where q2 dependence in the form factors is hidden and ML
V and MT

V are the longitudinal and transverse V-meson
components, respectively. From the formulations, we see that the charged Higgs boson affects only MP and the
longitudinal part of the V meson.

1. Decay amplitudes in helicity basis

To derive the angular differential decay rate, we take the coordinates of the kinematic variables in the rest frame of the lν̄
invariant mass as

q ¼

 ffiffiffiffiffi

q2
q

; 0; 0; 0
�
; pM ¼ ðEM; 0; 0; pMÞ; pM ¼

ffiffiffiffiffiffi
λM

p

2
ffiffiffiffiffi
q2

p ;

λM ¼ m4
B þm4

M þ q4 − 2m2
Bm

2
M − 2m2

Bq
2 − 2m2

Mq
2;

pν ¼ Eνð1; sin θl cosϕ; sin θl sinϕ; cos θlÞ; pl ¼ ðEl;−p⃗νÞ;

ϵVðLÞ ¼
1

mV
ðpV; 0; 0; EVÞ; ϵVð�Þ ¼ 1ffiffiffi

2
p ð0;∓1;−i; 0Þ; ð31Þ

whereM denotes the P and V meson, θl is the polar angle of a neutrino with respect to the moving direction of theM meson
in the q2 rest frame, and the components of p⃗l can be obtained from p⃗ν by using π − θl and ϕþ π instead of θl and ϕ.
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The solutions of the Dirac equation for positive and
negative energy can be expressed, respectively, as

u�ðpÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

Eþm
p

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
Eþm

p
χ�ðp⃗Þ

σ⃗ · p⃗χ�ðp⃗Þ

�
;

v�ðpÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

Eþm
p

�
σ⃗ · p⃗χ∓ðp⃗Þffiffiffiffiffiffiffiffiffiffiffiffiffi
Eþm

p
χ∓ðp⃗Þ

�
; ð32Þ

where the � indices in χ are the eigenvalues of σ⃗ · p⃗=jp⃗j
and þ ð−Þ denotes the left- (right-)handed state. If the
spatial momentum of a particle is taken as p⃗ ¼
pðsin θ cosϕ; sin θ sinϕ; cos θÞ, the eigenstates of σ⃗ · p⃗
can be found as

χþðp⃗Þ¼
�

cosθ
2

eiϕ sinθ
2

�
; χ−ðp⃗Þ¼

�
sinθ

2

−eiϕcosθ
2

�
: ð33Þ

With the Pauli-Dirac representation of γ matrices, which are
defined as

γ0¼
�
1 0

0 −1

�
; γi¼

�
0 σi

−σi 0

�
; γ5¼ γ5¼

�
0 1

1 0

�
;

ð34Þ

we get l̄u�½� � ��ð1 − γ5Þνvþ ¼ 2l̄u�½� � ��νvþ , where ½� � �� ¼
f1; γμ; σμνg and lu� denote the charged lepton in u� states.
Since we take neutrinos as massless particles, the neutrino
states are always left-handed, i.e., l̄u�½� � ��ð1 − γ5Þνv− ¼ 0.
With the chosen coordinates and the spinors in Eqs. (32)

and (33), the leptonic current in the lepton helicity basis for
the B̄ → Plν̄ decay can be derived as

l̄h¼þ=eXð1 − γ5Þν ¼ 2mlβl cos θl;

l̄h¼þð1 − γ5Þν ¼ −2
ffiffiffiffiffi
q2

q
βl;

l̄h¼−=eXð1 − γ5Þν ¼ −2
ffiffiffiffiffi
q2

q
βl sin θl;

l̄h¼−ð1 − γ5Þν ¼ 0; ð35Þ

where βl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

l=q
2

q
, and the auxiliary polarization

vector eX is defined as

jP⃗jeμX ≡ Pμ −
P · q
q2

qμ; ϵμXϵXμ ¼ −1; jP⃗j ¼
ffiffiffiffiffi
λP
q2

s
:

In order to include the V-meson polarizations in the
B̄ → Vlν̄ decay, we separate a lepton current in the lepton
helicity basis into longitudinal and transverse parts, where
the longitudinal part of the V meson is given as

l̄h¼þ=eZð1 − γ5Þν ¼ 2mlβl cos θl; ð36Þ

l̄h¼−=eZð1 − γ5Þν ¼ −2
ffiffiffiffiffi
q2

q
βl sin θl; ð37Þ

while the two transverse parts of the V meson are,
respectively, given as

l̄h¼þ=eVðTÞð1 − γ5Þν ¼ −2mlβl

( iffiffi
2

p sin θle−iϕ ðT ¼ þÞ;
iffiffi
2

p sin θleiϕ ðT ¼ −Þ;
ð38Þ

l̄h¼−=eVðTÞð1 − γ5Þν

¼ −2
ffiffiffiffiffi
q2

q
βl

( −iffiffi
2

p ð1 − cos θlÞe−iϕ ðT ¼ þÞ;
iffiffi
2

p ð1þ cos θlÞeiϕ ðT ¼ −Þ: ð39Þ

The auxiliary polarizations eZ and eVðTÞ are defined,
respectively, as

EV

mV
eμZ≡ϵμVðLÞ−

ϵ ·q
q2

qμ;

ffiffiffiffiffi
λV
2

r
eμVðTÞ≡εμνρσϵVνðTÞPρqσ:

Using the helicity basis and the lepton currents discussed
before, the B̄ → Plν̄ decay amplitudes with the charged
lepton positive and negative helicity are, respectively,
obtained as

Mh¼þ
P ¼GFVqbffiffiffi

2
p

�
2mlβl

ffiffiffiffiffi
λP

p ffiffiffiffiffi
q2

p fBP1 cosθl − 2βl

ffiffiffiffiffi
q2

q
X0l
P

�
;

ð40Þ

Mh¼−
P ¼ GFVqbffiffiffi

2
p ð−2βl

ffiffiffiffiffi
λP

p
fBP1 sin θlÞ; ð41Þ

X0l
P ¼m2

B −m2
P

q2
mlfBP0 þ ðmB þmPÞðCR;l

qb þCL;l
qb ÞfBPS :

ð42Þ

As mentioned earlier, since the V meson carries spin
degrees of freedom, we separate each lepton helicity
amplitude into longitudinal (L) and transverse (T) parts
to show the V-meson polarization effects. Therefore, we
write the helicity amplitudes of B̄ → Vlν̄ for the longi-
tudinal polarization of the V meson as

ML;h¼þ
V ¼ −i

GFVqbffiffiffi
2

p
�
2mlβlh0V cos θl − 2βl

ffiffiffiffiffi
λV

p ffiffiffiffiffi
q2

p X0l
V

�
;

ð43Þ

ML;h¼−
V ¼ −i

GFVqbffiffiffi
2

p


−2

ffiffiffiffiffi
q2

q
βlh0V sin θl

�
; ð44Þ
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h0Vðq2Þ ¼
1

2mV

ffiffiffiffiffi
q2

p �
ðm2

B −m2
V − q2ÞðmB þmVÞABV

1

−
λV

mB þmV
ABV
2

�
;

X0l
V ¼ mlABV

0 þ q2

2mV
ðCR;l

qb − CL;l
qb ÞfBVP : ð45Þ

It can be seen that the formulas for ML;h¼�
V are similar to

those for Mh¼�
P . The helicity amplitudes for the transverse

polarizations of the V meson can be derived as

MT¼�;h¼þ
V ¼ i

GFVqbffiffiffi
2

p ½−
ffiffiffi
2

p
mlβl sin θle∓iϕ�h�V ; ð46Þ

MT¼�;h¼−
V ¼∓i

GFVqbffiffiffi
2

p ½−
ffiffiffi
2

p ffiffiffiffiffi
q2

q
βlð1∓ cosθlÞe∓iϕ�h�V ;

h�V ¼
ffiffiffiffiffi
λV

p
mB þmV

VBV ∓ ðmB þmVÞABV
1 : ð47Þ

Since the charged Higgs boson affects only the longitudinal
part, MT¼�;h¼�

V are dictated by the SM. From these
obtained helicity amplitudes, it can be seen that, due to

angular-momentum conservation, Mh¼þ
P and MLðTÞ;h¼þ

V ,
which come from l̄γμð1 − γ5Þν, are chirality suppressed
and proportional to ml. However, the charged lepton in
l̄ð1 − γ5Þν, which arises from the charged Higgs interac-
tion, prefers the h ¼ þ state, and the associated contribu-
tion, in principle, exhibits no chiral suppression factor.
Nevertheless, the ml factor indeed exists in our case due to
the Cheng-Sher ansatz.

2. Angular differential decay rate, lepton helicity
asymmetry, and forward-backward asymmetry

When the three-body phase space is included, the
differential decay rates with lepton helicity and V polari-
zation as a function of q2 and cos θl can be obtained as

dΓh¼�
Pl

dq2d cos θl
¼

ffiffiffiffiffi
λP

p
512π3m3

B
β2ljMh¼�

P j2;

dΓLðTÞ;h¼�
Vl

dq2d cos θl
¼

ffiffiffiffiffi
λV

p
512π3m3

B
β2ljMLðTÞ;h¼�

V j2: ð48Þ

Using Eq. (48), we can investigate various interesting
physical quantities, such as the BR, lepton-helicity asym-
metry, lepton forward-backward asymmetry (FBA), and
polarization distributions of the V meson. We thus intro-
duce these observables in the following discussions.
When the polar angle is integrated out, the differential

decay rate with each lepton helicity as a function of q2 can
be obtained as follows: For the B̄ → Plν̄ decay, they can
be expressed as

dΓh¼�
Pl

dq2
¼ G2

FjVqbj2
ffiffiffiffiffi
λP

p
β4l

256π3m3
B

H�
P ;

Hþ
P ¼ 2m2

l

3q2
λPðfBP1 Þ2 þ 2q2jX0l

P j2;

H−
P ¼ 4

3
λPðfBP1 Þ2; ð49Þ

and for the B̄ → Vlν decay, they are shown as

dΓλ;h¼�
Vl

dq2
¼ G2

FjVqbj2
ffiffiffiffiffi
λV

p
β4l

256π3m3
B

Hλ;�
V ;

HL;þ
V ¼ 2m2

l

3
jh0V j2 þ

2λV
q2

jX0l
V j2;

HL;−
V ¼ 4q2

3
jh0V j2;

HT¼�;þ
V ¼ 2m2

l

3
jh�V j2;

HT¼�;−
V ¼ 4q2

3
jh�V j2: ð50Þ

Accordingly, the partial decay rates for B̄ → ðP;VÞlν̄ can
be directly obtained as

ΓPl ¼ G2
FjVqbj2

256π3m3
B

Z
q2max

m2
l

dq2
ffiffiffiffiffi
λP

p
β4lðHþ

P þH−
PÞ;

ΓVl ¼ G2
FjVqbj2

256π3m3
B

Z
q2max

m2
l

dq2
ffiffiffiffiffi
λV

p
β4l

X
λ¼L;T¼�

ðHλ;þ
V þHλ;−

V Þ:

ð51Þ

Moreover, the q2-dependent longitudinal polarization
and transverse polarization fractions can be defined,
respectively, as

fLVlðq2Þ ¼
P

hdΓ
L;h
Vl =dq

2P
λ;hdΓ

λ;h
Vl=dq

2
¼ HL;þ

V þHL;−
VP

λ;hH
λ;h
V

; ð52Þ

fTVlðq2Þ¼
P

T;hdΓ
T;h
Vl =dq

2P
λ;hdΓ

λ;h
Vl=dq

2
¼
P

T¼�ðHT;þ
V þHT;−

V ÞP
λ;hH

λ;h
V

: ð53Þ

Based on Eqs. (49) and (50), we define the q2-dependent
lepton helicity asymmetry as

Pl
Mðq2Þ ¼

dΓh¼þ
Ml =dq2 − dΓh¼−

Ml =q2

dΓh¼þ
Ml =dq2 þ dΓh¼−

Ml =dq2
; ð54Þ

where the sum of V polarizations is indicated in dΓh¼�
Vl .

Thus, the results for the pseudoscalar and vector meson
processes can be, respectively, formulated as
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Pl
Pðq2Þ ¼

2
3
ðm2

l − 2q2ÞλPðfBP1 Þ2=q2 þ 2q2jX0l
P j2

2
3
ðm2

l þ 2q2ÞλPðfBP1 Þ2=q2 þ 2q2jX0l
P j2 ; ð55Þ

Pl
Vðq2Þ ¼

2
3
ðm2

l − 2q2ÞðPλ¼L;�jhλV j2Þ þ 2λV=q2jX0l
V j2

2
3
ðm2

l þ 2q2ÞðPλ¼L;�jhλV j2Þ þ 2λV=q2jX0l
V j2 :

ð56Þ

In addition, using the helicity decay rates, the q2-
independent lepton helicity asymmetry can be defined as
[24,27,53,92,93]

Pl
M ¼ Γh¼þ

Ml − Γh¼−
Ml

Γh¼þ
Ml þ Γh¼−

Ml

; ð57Þ

where the formulations for B̄ → ðP;VÞlν̄ with charged
Higgs boson effects can be found as

Pl
P ¼

R q2max

m2
l

dq2
ffiffiffiffiffi
λP

p
β4l½23 ðm2

l − 2q2ÞλPðfBP1 Þ2=q2 þ 2q2jX0l
P j2�R q2max

m2
l

dq2
ffiffiffiffiffi
λP

p
β4l½23 ðm2

l þ 2q2ÞλPðfBP1 Þ2=q2 þ 2q2jX0l
P j2�

; ð58Þ

Pl
V ¼

R q2max

m2
l

dq2
ffiffiffiffiffi
λV

p
β4l½23 ðm2

l − 2q2ÞðPλ¼L;�jhλV j2Þ þ 2λV=q2jX0l
V j2�R q2max

m2
l

dq2
ffiffiffiffiffi
λV

p
β4l½23 ðm2

l þ 2q2ÞðPλ¼L;�jhλV j2Þ þ 2λV=q2jX0l
V j2�

: ð59Þ

From the angular differential decay rates shown in
Eq. (48), the lepton FBA can be defined as

AM;l
FB ðq2Þ ¼

R
1
0 dzðdΓMl=dq2dzÞ −

R
0
−1 dzðdΓMl=dq2dzÞR

1
0 dzðdΓMl=dq2dzÞ þ

R
0
−1 dzðdΓMl=dq2dzÞ

;

ð60Þ

where z ¼ cos θl and dΓMl=ðdq2dzÞ have included all
possible lepton helicities and polarizations of the V meson.
The FBAs mediated by the charged Higgs boson and W
boson in B̄ → ðP;VÞlν̄l are obtained as

AP;l
FB ðq2Þ ¼ −

2ml
ffiffiffiffiffi
λP

p
fBP1 ReðX0l�

P Þ
Hþ

P þH−
P

;

AV;l
FB ðq2Þ ¼

1P
λ¼L;�ðHλ;þ

V þHλ;−
V Þ

�
−2ml

ffiffiffiffiffi
λV

p ffiffiffiffiffi
q2

p Reðh0VX0l�
V Þ

þ 4q2
ffiffiffiffiffi
λV

p
ABV
1 VBV

�
: ð61Þ

From the above equations, it can be seen that AP;l
FB and the

longitudinal part of AV;l
FB depend on ml and are chiral

suppressed. Since mτ=mb ∼ 0.4 is not highly suppressed, it
can be expected that B̄ → Pτν̄ can have a sizable FBA. AV;l

FB
does not vanish in the chiral limit; therefore, it can be
sizable for a light lepton.
The observations of the tau polarization and FBA rely on

tau-lepton reconstruction. Because of the involvement of
one invisible neutrino in the final state, it is experimentally
challenging to measure these observables. As an alternative
to the τ reconstruction, the extraction of τ polarization and
FBA through an angular asymmetry of visible particles in a

tau decay was recently proposed in Refs. [94,95], where the
τ → πντ decay is the most sensitive channel. Using this
approach, a statistical precision of 10% can be reached
at Belle II with an integrated luminosity of 50 ab−1. The
detailed study can be found in Ref. [95].

IV. ΔB= 2 AND b → sγ PROCESSES IN THE
GENERIC 2HDM

It is known that tree-level FCNCs can occur in the
generic 2HDM; therefore, the measured mass difference
ΔMq0 (q0 ¼ d, s) of a neutral Bq0 meson will give a strict
limit on the parameters Xd

q0b;bq0 . In our approach, due to the
Cheng-Sher ansatz, the ΔB ¼ 2 process, mediated by the
neutral scalars at the tree level, is proportional to
mq0mbt2β=v

2ðχdq0bÞ2. Although the tree-level effect has a

suppression factor mq0=v, the factor t2β can largely enhance
its contribution; hence, ΔMq0 will severely bound the
χdq0b;bq0 parameters.
In addition to the tree-level effects, we find through box

diagrams that the charged Higgs boson contributions to
ΔB ¼ 2 can be significant when tβ is large, and χutt;ct and
χdbb are of Oð0.1Þ–Oð1Þ. The same charged Higgs boson
effects also contribute to the radiative b → sðdÞγ decay via
penguin diagrams. Since b → sγ is measured well in
experiments, in this study, we focus only on the b → sγ
decay. It is of interest to investigate whether the sizable
new parameters χutt;ct and χdbb in the generic 2HDM can
accommodate the ΔMq0 and b → sγ data. Hence, in this
section, we formulate the contributions of the charged
Higgs boson and neutral Higgs bosons to the Bd;s-B̄d;s

mixings and b → sγ process.
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A. Charged Higgs boson contributions to the ΔMq0

We first consider the charged Higgs boson contributions
to the ΔB ¼ 2 processes, where the typical Feynman
diagrams mediated by Wþ-Hþ, Gþ-Hþ, and Hþ-Hþ are
sketched in Fig. 1 and Gþ is the charged Goldstone boson.
Since the Yukawa couplings of H� to the quarks are
associated with the quark masses, the vertices that involve
heavy quarks can enhance the loop H� effects. Thus, we
consider only the top-quark loop contributions in the
B-meson system. Accordingly, the relevant charged
Higgs interactions are shown as

LH�
Y ⊃

ffiffiffi
2

p

v
Vtbt̄ðmtζ

u
ttPL þmbζ

d
bbPRÞbHþ

þ
ffiffiffi
2

p

v
Vtq0 t̄ðmtζ

u
tq0PL −mbζ

d
tq0PRÞq0Hþ þ H:c:;

ð62Þ

where the parameters ζfij are defined as

ζutt ≈
1

tβ
−
χu�tt
sβ

; ζdbb ≈ tβ

�
1 −

χdbb
sβ

�
;

ζutq0 ≈
1

tβ
−
χLtq0

sβ
; ζdtq0 ¼ tβ

� ffiffiffiffiffiffiffi
mq0

mb

r χdbq0

sβ

Vtb

Vtq0

�
;

χLtq0 ¼ χu�tt þ
ffiffiffiffiffiffi
mc

mt

r
Vcq0

Vtq0
χu�ct : ð63Þ

Detailed discussions for the couplings of tq0H� can be
found in the Appendix. From Eqs. (62) and (63), when
χfij ¼ 0, the vertices in the type-II 2HDM are reproduced.
Unlike the type-II model, where ζutt;tq0 ≪ 1 for tβ ∼mt=mb,
ζutt;tq0 in the type-III model can be of the order of unity even

at small tβ. We will show the impacts of these new 2HDM
parameters on the flavor physics in the following analysis.
Based on the convention in Ref. [96], the effective

Hamiltonian for Bq0-B̄q0 mixing can be written as

HΔB¼2
eff ¼ G2

FðV�
tbVtq0 Þ2

16π2
m2

W

�X5
i¼1

CiðμÞQi þ
X3
i¼1

C̃iðμÞQ̃i

�
;

ð64Þ

where the effective operators with the color indices α and β
are given as

Q1 ¼ ðb̄αγμPLq0αÞðb̄βγμPLq0βÞ;
Q2 ¼ ðb̄αPLq0αÞðb̄βPLq0βÞ;
Q3 ¼ ðb̄βPLq0αÞðb̄αPLq0βÞ;
Q4 ¼ ðb̄αPLq0αÞðb̄βPRq0βÞ;
Q5 ¼ ðb̄βPLq0αÞðb̄αPRq0βÞ: ð65Þ

The operators Õj can beobtained fromOj usingPR instead of
PL. The Wilson coefficients at the scale μ ¼ mb ¼ 4.6 GeV
can be related to those at μH scale and are given as [96]

CiðmbÞ ≈
X
k;j

ðbði;jÞk þ ηcði;jÞk ÞηakCjðμHÞ; ð66Þ

where μH ¼ mH� , η ¼ αsðμHÞ=αsðmtÞ, CjðμHÞ are the
Wilson coefficients at the μH scale, and the magic numbers

for ak, b
ði;jÞ
k , and cði;jÞk can be found in Ref. [96]. To obtain

CjðμHÞ, we adopt the ’t Hooft–Feynman gauge for the
propagator of the W-gauge boson; therefore, the charged
Goldstone G� boson effects have to be taken into account.
To show the results of the box diagrams, we define
some useful parameters as xt ¼ m2

t =m2
W , yt ¼ m2

t =m2
H� ,

yW ¼ m2
W=m

2
H� , and yb ¼ m2

b=m
2
H� . Thus, the effective

Wilson coefficients at the μH scale can be formulated as

C1ðμHÞ ¼ 4ζutq0ζ
u�
tt ð2y2t IWH

1 ðyt; yWÞ þ xtytIWH
2 ðyt; yWÞÞ

þ 2ðζutq0ζu�tt Þ2xtytIHH
1 ðytÞ; ð67aÞ

C2ðμHÞ ¼ −4ðζutq0ζd�bbÞ2xby2t IHH
2 ðytÞ; ð67bÞ

TABLE I. Values of quark masses, Biq parameters, and η̂iB at the mb scale in the regularization-independence momentum subtraction
scheme, where the Biq results are quoted from Ref. [104]. The decay constants of the Bd;s mesons are from Ref. [106], and fBc

is from
Ref. [107].

mb ms mq0 fBs
fBd

fBc
B1q0 B2q0 B3q0

4.6 GeV 0.10 GeV 5.4 MeV 0.231 GeV 0.191 GeV 0.434 GeV 0.84 0.88 1.10

B4q0 B5q0 η̂1B η̂2B η̂3B η̂44B η̂45B η̂54B η̂55B

1.12 1.89 0.848 1.708 −0.016 2.395 0.061 0.431 0.094

FIG. 1. The representative box diagrams for the Bq0 -B̄q0 mixing
with the intermediates of Wþ-Hþ, Gþ-Hþ, and Hþ-Hþ, where
Gþ is the charged Goldstone boson.
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C4ðμHÞ ¼ 8
m2

b

m2
t
ζdtq0ζ

d�
bbð2ytIWH

2 ðyt; yWÞ þ xty2t IWH
1 ðyt; yWÞÞ

þ 8ðζdtq0ζu�tt Þðζutq0ζd�bbÞxby2t IHH
2 ðytÞ; ð67cÞ

C5ðμHÞ ¼ −8ðζutq0ζu�tt Þðζdtq0ζd�bbÞxbytIHH
1 ðytÞ; ð67dÞ

where the loop integral functions are defined as

IWH
1 ðyt; yWÞ

¼
Z

1

0

dx1

Z
x1

0

dx2
x2

ð1 − x1 þ ytx2 þ yWðx1 − x2ÞÞ2
;

ð68aÞ

IWH
2 ðyt; yWÞ

¼
Z

1

0

dx1

Z
x1

0

dx2
x2

1 − x1 þ ytx2 þ yWðx1 − x2Þ
;

ð68bÞ

IHH
1 ðytÞ ¼

Z
1

0

dx
xð1 − xÞ

1 − xþ ytx
; ð68cÞ

IHH
2 ðytÞ ¼

Z
1

0

dx
xð1 − xÞ

ð1 − xþ ytxÞ2
: ð68dÞ

The effectiveWilson coefficients for the Õ1;2 operators at
μH scale are given as

C̃1ðμHÞ ¼ 2ðζdtq0ζd�bbÞ2xbybIHH
1 ðytÞ;

C̃2ðμHÞ ¼ −4ðζdtq0ζu�tt Þ2xby2t IHH
2 ðytÞ: ð69Þ

We have checked that our results are the same as those
obtained in Ref. [97] when yb ¼ χu;dij ¼ 0. Using Eq. (66)
and the magic numbers shown in Ref. [96], we obtain the
Wilson coefficients CiðmbÞ at the μ ¼ mb scale as

C1ðmbÞ ≈ 0.848C1ðμHÞ;
C2ðmbÞ ≈ 1.708C2ðμHÞ;
C3ðmbÞ ≈ −0.016C2ðμHÞ;
C4ðmbÞ ≈ 2.395C4ðμHÞ þ 0.431C5ðμHÞ;
C5ðmbÞ ≈ 0.061C4ðμHÞ þ 0.904C5ðμHÞ: ð70Þ

The matrix elements of the renormalized operators for
ΔB ¼ 2 are defined as [96]

hBq0 jQ̂1ðμÞjB̄q0 i ¼
1

3
f2Bq0

mBq0B1q0 ðμÞ; ð71aÞ

hBq0 jQ̂2ðμÞjB̄q0 i¼−
5

24

� mBq0

mbðμÞþmq0 ðμÞ
�

2

f2Bq
mBq0B2q0 ðμÞ;

ð71bÞ

hBq0 jQ̂3ðμÞjB̄q0 i ¼
1

24

� mBq0

mbðμÞ þmq0 ðμÞ
�

2

f2Bq0
mBq0B3q0 ðμÞ;

ð71cÞ

hBq0 jQ̂4ðμÞjB̄q0 i ¼
1

4

� mBq0

mbðμÞ þmq0 ðμÞ
�

2

f2Bq0
mBq0B4q0 ðμÞ;

ð71dÞ

hBq0 jQ̂5ðμÞjB̄q0 i ¼
1

12

� mBq0

mbðμÞ þmq0 ðμÞ
�

2

f2Bq0
mBq0B5q0 ðμÞ;

ð71eÞ

where Biq0 denote the nonperturbative QCD bag para-
meters and the mixing matrix elements in the SM are
related to B1q0 . Using the results obtained by the HPQCD
[98], FNAL-MILC [99], and RBC-UKQCD [100]
Collaborations, the lattice QCD results with Nf ¼ 2þ 1

averaged by the flavor lattice averaging group can be found
as B1d ≈ 0.80 and B1s ≈ 0.84 [101]. In our numerical
calculations, the quark masses and Biq0 parameters at the
mb scale in the Landau regularization-independence
momentum subtraction scheme [96,102–104] and the
decay constants of Bq0 are shown in Table I, where, for
self-consistency, all Biq values are quoted from Ref. [104].
Because of Bis ≈ Bid, we adopt Bis ¼ Bid ≡ Biq0 . As a
result, hBq0 jHΔB¼2

eff jB̄q0 i can be written as

hBq0 jHΔB¼2
eff jB̄q0 i ¼ hBq0 jHΔB¼2

eff jB̄q0 iSMð1þ ΔH�
q0 Þ: ð72Þ

The SM result and the charged Higgs boson contributions
can be formulated as

hBq0 jHΔB¼2
eff jB̄q0 iSM ¼ G2

FðV�
tbVtq0 Þ2

48π2
m2

Wf
2
Bq0

mBq0 η̂1BB1q0 ð4S0ðxtÞÞ;

ΔH�
q0 ¼ 1

4S0ðxtÞ
�
C1ðμHÞ þ C̃1ðμHÞ þ

m2
Bq0

8ðmb þmq0 Þ2η̂1BB1q0
½ð−5η̂2BB2q0 þ η̂3BB3q0 ÞðC2ðμHÞ þ C̃2ðμHÞÞ

þ ð6η̂44BB4q0 þ 2η̂45BB5q0 ÞC4ðμHÞþð6η̂54BB4q0 þ 2η̂55BB5q0 ÞC5ðμHÞ�
	
; ð73Þ
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where 4S0ðm2
t =m2

WÞ ¼ 3.136ðm2
t =m2

WÞ0.76 ≈ 9.36 [105];
η̂iB are the QCD corrections, and their values are shown
in Table I. Accordingly, the mass difference between the
physical Bq0 states can be obtained by

ΔMH�
q0 ¼ 2jhBq0 jHΔB¼2

eff jB̄q0 ij ¼ ΔMSM
q0 j1þ ΔH�

q0 j: ð74Þ

Taking Vtd ≈ 0.0082e−iϕ1 with ϕ1 ≈ 21.9°, Vts ≈ −0.04,
and mt ¼ m̄tðm̄tÞ ≈ 165 GeV, the Bq0 -meson oscillation
parameters ΔMd;s in the SM are, respectively, estimated as

ΔMSM
d ≈ 3.20 × 10−13 GeV ¼ 0.487 ps−1;

ΔMSM
s ≈ 1.13 × 10−11 GeV ¼ 17.22 ps−1; ð75Þ

where the current data are ΔMexp
d ¼ ð0.5065�

0.0019Þ ps−1 and ΔMexp
s ¼ ð17.756� 0.021Þ ps−1 [70].

In order to include the new physics contributions, when
we use the ΔMexp

q0 to bound the free parameters, we take

the SM predictions to be ΔMSM
d ¼ 0.555þ0.073

−0.046 ps−1 and
ΔMSM

s ¼ 16.8þ2.6
−1.5 ps−1 [106], in which the next-to-

leading-order (NLO) QCD corrections [108–110] and
the uncertainties from various parameters, such as CKM
matrix elements, decay constants, and the top-quark mass,
are taken into account. Hence, from Eq. (74), the bounds
from ΔB ¼ 2 can be used as

0.76≲ j1þ ΔH�
d j≲ 1.15;

0.87≲ j1þ ΔH�
s j≲ 1.38: ð76Þ

B. ΔMq0 from the tree FCNCs

To formulate the scalar boson contributions to ΔMq0 at
the tree level, we write the Yukawa couplings of scalars H
and A to the quarks with Cheng-Sher ansatz as [5]

−LH;A
Y ¼ tβ

v
d̄iL

�
mdiδij −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffimdimdj
p

sβ
χdij

�
djRðH − iAÞ þH:c:

ð77Þ

The effective Hamiltonian for the ΔB ¼ 2 process medi-
ated by the neutral scalar bosons H and A at the μH scale
can then be straightforwardly obtained as

HΔB¼2
S ¼ −

�
mbtβ
vsβ

�
2 mq0

4mb

�
ðχd�q0bÞ2

�
1

m2
H
−

1

m2
A

�
Q2

þ ðχdbq0 Þ2
�

1

m2
H
−

1

m2
A

�
Q̃2

þ 2χdbq0 χ
d�
q0b

�
1

m2
H
þ 1

m2
A

�
Q4

�
: ð78Þ

It can be seen that, when mH ¼ mA, the contributions
from the operators Q2 and Q̃2 vanish. We note that
the box diagrams, mediated by Z-HðAÞ, G0-HðAÞ, and
HðAÞ-HðAÞ, involve the qi-b-HðAÞ FCNC couplings,
which are the same as the tree contributions. Thus, it is
expected that the box contributions will be smaller than the
tree; therefore, we do not further discuss such box diagrams
and neglect their contributions.
Using Eq. (66) and the hadronic matrix elements

shown in Eq. (71), the ΔMq0 , which combines the SM
and S ¼ H þ A effects, can be found as

ΔMS
q0 ¼ 2jhBq0 jHΔB¼2

S jB̄q0 ij ¼ ΔMSM
q0 j1þ ΔS

q0 j; ð79Þ

where the H and A contributions are expressed as

ΔS
q0 ¼ −

1

4S0ðxtÞ
� ffiffiffi

2
p

π2t2β
ffiffiffiffiffiffiffiffiffiffixbxq0

p
2GFðV�

tbVtq0 Þ2sβ

� m2
Bq0

ðmb þmq0 Þ2η̂1BB1q0

× ½ð−5η̂2BB2q0 þ η̂3BB3q0 ÞðCS
2 þ C̃S

2Þ
þ ð6η̂44BB4q0 þ 2η̂45BB5q0 ÞCS

4�; ð80Þ

xbðq0Þ ¼ m2
bðq0Þ=m

2
W , the η̂iB are the QCD factors as shown

in Table I, and the factors CS
2 , C̃

S
2 , and CS

4 are defined,
respectively, as

CS
2 ¼ ðχd�q0bÞ2

�
1

m2
H
−

1

m2
A

�
;

C̃S
2 ¼ ðχdbq0 Þ2

�
1

m2
H
−

1

m2
A

�
;

CS
4 ¼ 2χd�q0b χ

d
bq0

�
1

m2
H
þ 1

m2
A

�
: ð81Þ

Since Eq. (79) is directly related to χdbq0;q0b, in order to show
the ΔMq0 constraint on the different parameters, here we do
not combine the neutral scalar with the charged Higgs
boson contributions. According to Eq. (76), the bounds on
ΔS

d;s can be given as

0.76≲ j1þ ΔS
dj≲ 1.15;

0.87≲ j1þ ΔS
s j≲ 1.38: ð82Þ

C. Charged Higgs boson contributions
to the b → sγ process

In addition to the ΔB ¼ 2 processes, the penguin-
induced b → sγ decay is also sensitive to new physics.
The current experimental value is BRðB̄→XsγÞexp¼
ð3.32�0.15Þ×10−4 for Eγ > 1.6 GeV [15], and
the SM prediction with next-to-next-to-leading-order
(NNLO) QCD corrections is BRðB̄ → XsγÞSM ¼
ð3.36� 0.23Þ × 10−4 [111,112]. Since the SM result is
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close to the experimental data, we can use the B̄ → Xsγ
decay to give a strict bound on the new physics effects. The
effective Hamiltonian arisen from the W� and H� bosons
for b → sγ at the μH scale can be written as

Hb→sγ ¼ −
4GFffiffiffi

2
p V�

tsVtbðC7γðμHÞQ7γ þ C8γðμHÞQ8G

þ C0
7γðμHÞQ0

7γ þ C0
8γðμHÞQ0

8GÞ; ð83Þ

where the electromagnetic and gluonic dipole operators are
given, respectively, as

Q7γ ¼
e

16π2
mbs̄σμνPRbFμν;

Q8G ¼ gs
16π2

mbs̄ασμνTa
αβPRbβGa

μν ð84Þ

and theQ0
7γ;8G operators can be obtained from the unprimed

operator usingPL instead ofPR.Wenote thatC0
7γ;8G from the

SM contributions are suppressed by ms and are negligible;
therefore, the main primed operators are from the new
physics effects.
According to the charged Higgs interactions in Eq. (62),

the relevant Feynman diagrams for b → sðγ; gÞ are
sketched in Fig. 2, and the H� contributions to CH�

7γ;8G at
the μH scale can be derived as

CH�
7γð8GÞðμHÞ ¼ ζu�ts ζuttCH�

7ð8Þ;LLðytÞ þ ζu�ts ζdbbC
H�
7ð8Þ;RLðytÞ;

C0H�
7γð8GÞðμHÞ ¼ ζd�ts ζdbbC

H�
7ð8Þ;RRðytÞ þ ζd�ts ζuttCH�

7ð8Þ;LRðytÞ;
ð85Þ

where the loop integral functions are defined as

CH�
7;LLðytÞ ¼

yt
72

�
8y2t þ 5yt − 7

ð1 − ytÞ3
−
6ytð2 − 3ytÞ
ð1 − ytÞ4

lnðytÞ
�
;

ð86aÞ

CH�
8;LLðytÞ ¼

yt
24

�
y2t − 5yt − 2

ð1 − ytÞ3
−

6yt
ð1 − ytÞ4

lnðytÞ
�
; ð86bÞ

CH�
7;RLðytÞ ¼

yt
12

�
3 − 5yt
ð1 − ytÞ2

þ 2ð2 − 3ytÞ
ð1 − ytÞ3

lnðytÞ
�
; ð86cÞ

CH�
8;RLðytÞ ¼

yt
4

�
3 − yt

ð1 − ytÞ2
þ 2

ð1 − ytÞ3
lnðytÞ

�
; ð86dÞ

C0H�
7ð8Þ;RRðytÞ ¼ −ðm2

b=m
2
t ÞCH�

7ð8Þ;LLðytÞ, and C0H�
7ð8Þ;LRðytÞ ¼

−CH�
7ð8Þ;RLðytÞ. From Eq. (85), we can easily understand the

effects of the type-II 2HDM as follows: Taking χutt;ct ¼
χdbb;sb ¼ 0 in Eq. (85), ðζu�ts ζuttÞtype-II is suppressed by 1=t2β,
and ðζubbζu�ts Þtype-II ¼ 1 becomes tβ independence. As a
result, the mass of charged Higgs boson in the type-II
2HDM is limited to bemH� > 580 GeV at 95% confidence
level (C.L.) when NNLO QCD corrections are taken into
account [75]. In the generic 2HDM, since the new
parameters χutt;ct=cβ and χdbb=sβ are involved in Eq. (85),
we have more degrees of freedom to reduce ζubbζ

u�
ts away

from unity; thus, the charged Higgs mass can be lighter
than 580 GeV.
To calculate the BR of B̄ → Xsγ, we employ the results

in Refs. [113,114], which are shown as

BRðB̄ → XsγÞ ¼ 2.47 × 10−3ðjC7γðμbÞj2
þ jC0

7γðμbÞj2 þ NðEγÞÞ; ð87Þ

where NðEγÞ ¼ ð3.6� 0.6Þ × 10−3 denotes a nonperturba-

tive effect; C7γðμbÞ ¼ CSM
7γ ðμbÞ þ CH�

7γ ðμbÞ and C0
7γðμbÞ ¼

C0H�
7γ ðμbÞ are the Wilson coefficients at the μb scale, and

their relations to the initial conditions at the higher-energy
scalar μH occur through renormalization group (RG)
equations. Using Eq. (87) and BRðB̄ → XsγÞSM≈
3.36 × 10−4, we obtain CSM

7γ ≈ −0.364 at μb ≈ 2.5 GeV.
The NLO [115–117] and NNLO [118] QCD corrections to
the C7γðμbÞ in the 2HDM have been calculated. In this
study, the charged Higgs boson effects with RG running are
taken from Refs. [113,114], and they are written as

Cð0ÞH�
7γ ðμbÞ ¼ κ7C

ð0ÞH�
7γ ðμHÞ þ κ8C

ð0ÞH�
8G ðμHÞ; ð88Þ

where κ7;8 are the LO QCD effects, for which their values
with different values of μH can be found in Refs. [113,114].

D. H=A contributions to the b → sγ process

In addition to the charged currents, the b → sγ
process can be generated through the FCNCs in the
type-III 2HDM, where the corresponding Feynman dia-
grams for b → sðγ; gÞ are shown in Fig. 3. From the
diagrams, it can be seen that, unlike the m2

t =m2
H� result

from the H� and top-quark loops, the b-quark loops are
suppressed by m2

b=m
2
H;A. Therefore, it is expected that the

FIG. 2. Penguin diagrams for b → sðγ; gÞ with the intermediate
of H�.
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radiative b decay induced by the neutral currents will be
much smaller than the charged currents.
Using the Yukawa couplings in Eq. (77), we can derive

the Wilson coefficients of C7γ and C0
7γ at the μH scale,

defined in Eq. (83), as

CS
7γ ¼ −

t2βQb

4V�
tsVtb

ffiffiffiffiffiffi
ms

mb

r
χdsb
sβ

N S;

C0S
7γ ¼ −

t2βQb

4V�
tsVtb

ffiffiffiffiffiffi
ms

mb

r
χd�bs
sβ

N �
S; ð89Þ

N S ¼ −
�
1 −

χd�bb
sβ

��
J1

�
m2

b

m2
A

�
þ J1

�
m2

b

m2
H

��

þ
�
1 −

χdbb
sβ

��
J2

�
m2

b

m2
A

�
− J2

�
m2

b

m2
H

��
; ð90Þ

where the superscript S denotes the scalar contributions;
Qb ¼ −1=3 is the electric charge of b quark, and the
functions J1;2 are defined as

J1ðyÞ ¼
y
6

�
1

1 − y
þ y lnðyÞ
ð1 − yÞ2

�
;

J2ðyÞ ¼
y
2

�
−

1

1 − y
þ ðy − 2Þ lnðyÞ

ð1 − yÞ2
�
: ð91Þ

The contributions of H and A bosons to the chromomag-
netic dipole operators can be related to the electromagnetic
dipole operators, and the relations can be easily found as

Cð0ÞS
8G ¼ Cð0ÞS

7γ =Qb. We can apply the result in Eq. (88) to get
the Wilson coefficients at the μb scale as

Cð0ÞS
7γ ðμbÞ ¼ κ7C

ð0ÞS
7γ ðμHÞ þ κ8C

ð0ÞS
8G ðμHÞ: ð92Þ

Using Eq. (87), we can directly obtain the S-mediated
BRðB̄ → XsγÞ.

V. NUMERICAL ANALYSIS AND DISCUSSIONS

A. Numerical and theoretical inputs

In addition to the parameter values shown in Table I, the
values of the CKM matrix elements used in the following
analysis are taken as [15]

Vub ≈ 0.0037e−iϕ3 ; ϕ3 ¼ 73.5°;

VcdðsÞ ≈ −0.22ð0.973Þ; Vcb ≈ 0.0393;

Vtd ≈ 0.0082e−iϕ1 ; ϕ1 ¼ 21.9°;

Vts ≈ −0.040; Vtb ≈ 1.0: ð93Þ

To study the semileptonic B̄ → ðP; VÞlν̄ decays, we need
the information for the B̄ → ðP;VÞ transition form factors.
For the B̄ → π decay, we use the results obtained by the
LCSRs and express them as [68,69]

fBπ1 ðq2Þ ¼ f1ð0Þ
1 − q2=5.322

�
1þ rBZq2=5.322

1 − αBZq2=m2
B

�
;

fBπ0 ðq2Þ ¼ f1ð0Þ
1 − q2=33.81

; ð94Þ

where we take f1ð0Þ ¼ 0.245, αBZ ¼ 0.40, and
rBZ ¼ 0.64. It is worth mentioning that lattice QCD results
with Nf ¼ 2þ 1 for the B̄ → π form factors, calculated by
the HPQCD [119], FNAL-MILC [67], and RBC-UKQCD
[120] Collaborations, recently have made significant
progress. The detailed summary of the lattice QCD results
can be found in Ref. [101]. We checked that the results
of LCSRs are consistent with the values of Table IV in
Ref. [120]. For the B̄ → ρ decay, the form factors based on
the LCSRs are given as [121]

VBρðq2Þ ¼ 1.045
1 − q2=ð5.32Þ2 −

0.721
1 − q2=38.34

;

ABρ
0 ðq2Þ ¼ 1.527

1 − q2=ð5.28Þ2 −
1.220

1 − q2=33.36
;

ABρ
1 ðq2Þ ¼ 0.220

1 − q2=37.51
;

ABρ
2 ðq2Þ ¼ 0.009

1 − q2=40.82
−

0.212
ð1 − q2=40.82Þ2 : ð95Þ

Recently, the B → Dð�Þ form factors associated with
various types of currents, which are formulated in the heavy
quark effective theory (HQET) [122], were studied up to
OðΛQCD=mb;cÞ and OðαsÞ in Ref. [18], where several fit
scenarios were shown. We summarize the relevant results
of Ref. [18] with the “th:Lw≥1 þ SR” scenario in the
Appendix, where the th:Lw≥1 þ SR scenario combines
the QCD sum rule constraints and the QCD lattice data
[16]. The parametrizations of HQET form factors are
different from those shown in Eqs. (26) and (27), and

FIG. 3. The same as Fig. 2 but with the intermediates of neutral
scalar bosons H and A.
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their relations can be straightforwardly found as follows:
For B → D, they are

fBD1 ðq2Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p ½ðmB þmDÞhþðwÞ

− ðmB −mDÞh−ðwÞ�;

fBD0 ðq2Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
�ðmB þmDÞ2 − q2

mB þmD
hþðwÞ

þ q2 − ðmB −mDÞ2
mB −mD

h−ðwÞ
�
; ð96Þ

while for B → D� they can be written as

VBD� ðq2Þ ¼ mB þmD�

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p hVðwÞ;

ABD�
0 ðq2Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
�ðmB þmD�Þ2 − q2

2mD�
hA1

ðwÞ

−
m2

B −m2
D� þ q2

2mB
hA2

ðwÞ

−
m2

B −m2
D� − q2

2mD�
hA3

ðwÞ
�
;

ABD�
1 ðq2Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ðmB þmD� Þ2 − q2

mB þmD�
hA1

ðwÞ;

ABD�
2 ðq2Þ ¼ mB þmD�

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
�
mD�

mB
hA2

ðwÞ þ hA3
ðwÞ

�
; ð97Þ

where w ¼ ðm2
B þm2

Dð�Þ − q2Þ=ð2mBmDð�Þ Þ and the hi
functions and their relations to the leading and subleading
Isgur-Wise functions can be found in the Appendix.

B. Case with χ dbq0 ≠ 0 and χ utt;ct = χ
d
bb = χ

l
l = 0

The free parameters involved in this study are χutt, χuct;tc,
χuut;tu, χdbb, χ

d
bs;sb, χ

d
bd;db, tβ, and the scalar masses mH;A;H� .

To reduce the number of free parameters without the loss
of generality, we adopt χqij ¼ χqji and take the new free
parameters to be real numbers with the exception of χutu;ut.
Thus, the parameters χddb;sb and χutc in leptonic B−

q → lν̄
become correlated to χdbd;bs and χuct in the ΔB ¼ 2 and
b → sγ processes.
According to Eq. (78), it can be seen that the involving

parameters in S-mediated ΔB ¼ 2 processes are related
only to χdbs and χdbd. To understand how strict the
experimental bounds on the χdbq0 are, we first discuss the

simple situation with χutt;ct ¼ χdbb ¼ 0. Thus, the contours

of j1þ ΔS;H�
d½s� j as a function of χdbd½s� and tan β are shown in

Fig. 4(a) [Fig. 4(b)], where the solid and dashed lines
denote the tree-level S-mediated and loop H�-mediated
effects, respectively, and mH ¼ mA ¼ mH� ¼ 600 GeV is
used. From the plots, we can see that the tree-induced ΔMS

s

gives a stronger constraint in the region of χdbs > 0.
However, in the regions of χdbd > 0 and χdbq0 < 0, the

H� contributions to Bq0 mixings become dominant. In
addition to the ffiffiffiffiffiffiffiffiffiffixbxq0

p suppression in ΔMS
q0 , the loop effect

can be over the tree effect, because χdbq0 in ΔMH�
q0 is linear

dependent, but it is quadratic in ΔMS
q0 ; as a result, when

χdbq0 is of Oð10−2Þ, the ΔMH�
q0 can be larger than ΔMS

q0 .
As mentioned earlier, the charged Higgs boson contri-

butions to the b → qlν̄ processes are destructive in the
type-II 2HDM. From Eq. (20), when χutc ¼ χdbb ¼ χll ¼ 0,
the sign change of CR;l

qb relies on the magnitude of χRqb;
however, the feasibility is excluded by the ΔMq0 constraint
due to the result of χdbq0 ∼Oð10−2Þ. Hence, in such cases,

(a) (b)

FIG. 4. Contours of j1þ ΔS;H�
dðsÞ j and BRðB−

u → τν̄Þ104 as a function of χdbdðsÞ and tan β for χutt;ct ¼ χdbb ¼ 0, where mH ¼ mA ¼
mH� ¼ 600 GeV is used.
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the charged Higgs boson effect in the type-III model is
also destructive to the SM result. To illustrate the H�
influence on the leptonic decays, we show the contours
of BRðB−

u → τν̄Þ (dot-dashed lines) in units of 10−4 in
Figs. 4(a) and 4(b). Since χdbd and χdbs both appear in χRub,
as shown in Eq. (14), when we focus on one of them, the
other is set to vanish. From the plot, it can be seen that
BRðB−

u → τν̄Þ is always smaller than the SM result:

BRðB−
u → τν̄ÞSM ≈ 0.89 × 10−4: ð98Þ

In addition, the resulting BRðB−
u → τν̄Þ is even smaller than

the experimental lower bound of 1σ errors. Since similar
behavior also occurs in B−

c → τν̄, here, we just show the
B−
u → τν̄ decay. Hence, only considering the χdbq0 effect will

not cause interesting implications in the leptonic B−
q decay.

The χdbs also affects the radiative b → sγ decay through
the intermediates ofH� and S shown in Figs. 2 and 3. Since
the quark in the S-mediated penguin diagram is the b quark,
due to the suppression of m2

b=m
2
HðAÞ, the contribution of

jχdbsj ¼ 0.02 to Cð0ÞS
7γ in Eq. (89) is of Oð10−4Þ and is thus

negligible. According to Eq. (85), the χdbs of the H�

contribution appears only in C0H�
7γð8GÞ and shows up by

means of ζd�ts ζdbb and ζd�ts ζutt. Although the former has a t2β
enhancement, due to them2

b=m
2
t suppression inCH�

7ð8Þ;RR, the
associated contribution is much smaller than the latter,
which is insensitive to tβ. We find that, with jχdbsj ¼ 0.02,

the result is jC0H�
7γ j ≈ 0.012 and is still much less than

jCSM
7γ j. We note that the situation with χutt;ct ¼ χdbb ¼ 0 is

similar to the type-II model; therefore, with jχdbsj < Oð0.1Þ,
the charged Higgs boson effect on b → sγ is insensitive to

tβ and χdbs but is sensitive to mH� . To numerically show the
result, we plot the contours of BRðB̄ → XsγÞ in units of
10−4 in Fig. 5, where the dashed line denotes the 2σ upper
limit of the experimental data and the lower bound on the
charged Higgs mass is given by mH� > 580 GeV.
According to the above analysis, we learn that when

χutt;ct ¼ χdbb ¼ 0 is taken in the type-III 2HDM, due to the
strict limits of ΔMd and ΔMs, the χdbd and χdbs effects
contributing to B−

q → lν̄ and b → sγ are small and have no
interesting implications on the phenomena of interest. For
simplicity, we thus take χdbd ¼ χdbs ¼ 0 in the following
analysis; that is, we consider only the charged Higgs boson
contributions.

C. Correlation with the constraint
from the H=A → τ + τ − limits

In the 2HDM, mH� indeed correlates with mHðAÞ.
According to the study in Ref. [5], the allowed mass
difference can be mH −mH� ∼ 100 GeV if mA ¼ mH is
used. Since mH� ¼ 300 GeV is taken in our numerical
analysis, the effects arisen from mS ≡mHðAÞ ∼ 400 GeV in
the 2HDM cannot be arbitrarily dropped. Using this
correlation, it was pointed out that the upper limit of
tau-pair production through the ppðbb̄Þ → H=A → τþτ−
processes measured in the LHC can give a strict bound on
the parameter space, which is used to explain the RðDð�ÞÞ
anomalies [123].
In order to understand how strict the constraint from the

LHC data is, we now write the scalar Yukawa couplings to
the quarks, proposed in Ref. [123], as

LH0 ⊃−YbQ̄3H0bR−YcQ̄3H̃cR−YτL̄3H0τRþH:c:; ð99Þ

where H0T ¼ ðHþ; ðH þ iAÞ= ffiffiffi
2

p Þ,QT
3 ¼ ðV�

jbu
j
L; bLÞ, and

j denotes the flavor index. It can be seen that the parameters
shown in the bb̄ → H=A → τþτ− processes are associated
with Yb and Yτ. In our model, the parameters Yb;τ are given,
respectively, as

Yb ¼
ffiffiffi
2

p
mbtβ
v

�
1 −

χdbb
sβ

�
;

Yτ ¼
ffiffiffi
2

p
mτtβ
v

�
1 −

χlτ
sβ

�
: ð100Þ

Comparing with Eq. (9), it can be seen that the lepton
couplings to HðAÞ are the same as those to H�. Because of
the FCNC and CKM matrix effects, the H�cLbR coupling
shown in Eq. (10) is generally different from Yb; however,
when we take χdbb ¼ χdsb ¼ χddb ¼ 0, they become the same
and are Yb ¼

ffiffiffi
2

p
mbtβ=v.

According to the ATLAS search for the τ-pair production
through the resonant scalar decays, in which the result was

FIG. 5. Contours of BRðB̄ → XsγÞ (in units of 10−4) as a
function of χdbs and mH� for χutt;ct ¼ χdbb ¼ 0, where the dashed
line denotes the 2σ upper limit of the data.
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measured at
ffiffiffi
s

p ¼ 13 TeV with a luminosity of 3.2 fb−1, it
was shown in Ref. [123] that the allowed values of Yb

and Yτ in Eq. (99) should satisfy jYbYτjv2=m2
S < 0.3 for

mS ¼ 400 GeV. Thus, using tβ ¼ 50, we can obtain the
limit from Eq. (100) as

jð1 − χlτ =sβÞð1 − χdbb=sβÞj < 1.70; ð101Þ

where mbðmSÞ ¼ 3.18 GeV and mτ ¼ 1.78 GeV are
applied. Hence, we will take Eq. (101) as an input to
bound the χlτ and χdbb parameters.

D. Constraints of b → sγ and Bq0 mixings

From Eq. (85), there are two terms contributing to
CH�
7γð8GÞ, where the associated charged Higgs boson effects

are ζu�ts ζutt and ζu�ts ζdbb. Using the definitions in Eq. (63),
it can be seen that the new factor χL�ts χu�tt =s2β in the
first term is insensitive to tβ > 10; however, ζu�ts ζdbb ∝
1 − tβðχL�ts =sβÞð1 − χdbb=sβÞ (unity denotes the result of
the type-II model) formed in the second term can be largely
changed by a large tβ. In addition, we see that CH�

7ð8Þ;LL and

CH�
7ð8Þ;RL are negative values, and the magnitude of the

former is approximately one order smaller than that of
the latter; that is, ζu�ts ζdbb indeed dominates. Because of the
negative loop integral value, it can be understood that the
Wilson coefficient CH�

7γ ðμbÞ in the type-II model is the same
sign as CSM

7γ ðμbÞ; thus, mH� is severely limited, and the low
bound is mH� > 580 GeV, as shown in Ref. [75] and
confirmed in Fig. 5.
Because of new Yukawa couplings involved in the

type-III model, e.g., χutt;ct and χdbb, the b → sγ constraint
on mH� can be relaxed. To see the b → sγ constraint, we
scan the parameters with the sampling points of 5 × 105, for

which the results are shown in Figs. 6(a) and 6(b), where in
both plots tβ ¼ 50 is fixed, and the scanned regions of
parameters are set as mH� ¼½150;400�GeV, χuct ¼ ½−1; 1�,
χdbb ¼ ½−2; 2�, and χlτ ¼ ½−2; 2�. Since χutt and χuct in χLts
appear in addition form, we take χutt ¼ 0 for simplicity,
although it is not necessary. From the results, it can be
clearly seen that, due to the new charged Higgs boson
effects, the bound on mH� is much looser than that in the
type-II model. From Fig. 6(b), the sampling points are
condensed at χdbb ≈ 1, because ð1 − χdbb=sβÞ becomes small
when χdbb approaches one.
We now know that H� can be as light as a few hundred

GeV in the type-III model. In order to include the
contributions of all χdtt;ct and χdbb with large tβ and
combine the constraints from the ΔB ¼ 2 processes
shown in Eq. (76) altogether, we fix tβ ¼ 50 and mH� ¼
300 GeV and use the sampling points of 5 × 105 to scan
the involved parameters. The allowed parameter spaces,
which consider only the B̄ → Xsγ constraint, are shown in
Fig. 7(a), and those of combining the B̄ → Xsγ and ΔMd;s

constraints are given in Fig. 7(b), where jχutt;ctj ≤ 1,
jχdbbj ≤ 1, and jχlτ j ≤ 2 have been used. Comparing
Figs. 7(a) and 7(b), it can be obviously seen that
ΔB ¼ 2 processes can further exclude some free
parameter spaces.

E. Charged Higgs boson on the leptonic
B−
q → lν̄ decays

After analyzing the b → sγ and ΔB ¼ 2 constraints, we
study the charged Higgs boson contributions to the leptonic
and semileptonic B decays in the remaining part of the
paper. In order to focus on the χutc;tu and χll effects, we fix
χdbb ¼ χddb;sb ¼ 0, tβ ¼ 50, and mH� ¼ 300 in the follow-
ing numerical analyses, unless stated otherwise. With the

(a) (b)

FIG. 6. Allowed parameter spaces by the B̄ → Xsγ constraint, where χutt ¼ 0 and tan β ¼ 50 are fixed.
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(a) (b)

FIG. 7. Allowed parameter spaces by the constraint from (a) B̄ → Xsγ and (b) B̄ → Xsγ þ ΔMq0 , where χdbb ¼ ½−1; 1� and χlτ ¼
½−2; 2� are taken and tan β ¼ 50 and mH� ¼ 300 GeV are used.

(a)

(c) (d)

(b)

FIG. 8. Contours for (a) BRðB−
u → μν̄Þ in units of 10−7, (b) BRðB−

u → τν̄Þ in units of 10−4, (c) BRðB−
c → μν̄Þ in units of 10−4,

and (d) BRðB−
c → τν̄Þ, where the hatched region denotes −2 < δH

�;l
q < 0. The dot-dashed lines in (b) and (d) are the constraint

from Eq. (101).
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numerical inputs, the BRs of leptonic B−
u;c decays in the SM

are estimated as

BRðB−
u → μν̄ÞSM ≈ 3.95 × 10−7;

BRðB−
u → τν̄ÞSM ≈ 0.98 × 10−4;

BRðB−
c → μν̄ÞSM ≈ 0.84 × 10−4;

BRðB−
c → τν̄ÞSM ≈ 0.02: ð102Þ

From Eqs. (23) and (25), there are two ways to enhance

the BR of B−
q → lν̄: One is δH

�;l
q > 0, and the other is

δH
�;l

q < −2. For clarity, the contours for B−
u → ðμ; τÞν̄ and

B−
c → ðμ; τÞν̄ as a function of χlμ;τ and χutu;tc are shown in

Figs. 8(a)–8(d), where we have chosen the weak phase of

χu�tu to be the same as Vub so that δH
�;l

u is real, where the

hatched regions denote −2 < δH
�;l

q < 0 and the dot-dashed
lines are the constraint from the H=A → τþτ− decays,

shown in Eq. (101). δH
�;l

q > 0 occurs in the up-right and
down-left unhatched regions, while other unhatched

regions are for δH
�;l

q < −2. From the results, if we do

not further require the values of δH
�;l

q , both δH
�;l

q > 0 and

δH
�;l

q < −2 can significantly enhance the BRðB−
q → lν̄Þ.

From Figs. 8(b) and 8(d), although the measured values
of BRðB−

u → τν̄Þ and the indirect upper bound of
BRðB−

c → τν̄Þ < 10% [65] can constrain the parameters
to be a small region, the constraint from the pp → H=A →
τþτ− processes further excludes the region of χlτ < −0.7. If

BRðB−
u → μν̄Þ can be measured at Belle II, the χlμ param-

eter can be further constrained.

F. Charged Higgs boson on the
B̄d → ðπ + ;ρ+ Þlν̄ decays

Compared to the charged B-meson decays, B̄d →
ðπþ; ρþÞlν̄ have larger BRs; thus, we discuss the neutral
B-meson decays. With the LCSR form factors, the BRs of
these decays in the SM are given in Table II, where the
current measurements of light lepton channels are also
shown. From the table, we can see that the BRs for
B̄d → ðπþ; ρþÞlν̄ (here l ¼ e, μ) in the SM are close to
the observed values. Because of the H� Yukawa coupling
to the lepton being proportional to tβml=v, the charged
Higgs boson contributions to the light lepton channels are
small. Thus, we can conclude that the consistency between
the data and the SM verifies the reliability of the LCSR
form factors in the B̄ → ðπ; ρÞ transitions. In the following
analysis, we study the charged Higgs boson influence on
the τ-lepton modes and their associated observables.
From Table II, the ratios of branching fractions for

B̄d → ðπþ; ρþÞlν̄ in the SM can be estimated as

RðπÞ ¼ BRðB̄d → πþτν̄Þ
BRðB̄d → πþeðμÞν̄Þ ≈ 0.731;

RðρÞ ¼ BRðB̄d → ρþτν̄Þ
BRðB̄d → ρþeðμÞν̄Þ ≈ 0.585: ð103Þ

(a) (b)

FIG. 9. Contours for (a) RðπÞ and (b) RðρÞ as a function of χutu and χlτ , where the hatched regions are the observed B−
u → τν̄ within 2σ

errors and the dot-dashed lines denote the constraint from the pp → H=A → τþτ− processes.

TABLE II. Branching ratio for B̄d → ðπþ; ρþÞlν̄ based on the LCSR form factors and the measured data.

Model B̄d → πþeðμÞν̄ B̄d → πþτν̄ B̄d → ρþeðμÞν̄ B̄d → ρþτν̄

SM 1.43 × 10−4 1.05 × 10−4 2.87 × 10−4 1.68 × 10−4

Exp [70] ð1.45� 0.05Þ × 10−4 <2.5 × 10−4 ð2.94� 0.21Þ × 10−4 None
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Using Eq. (51), the contours for RðπÞ and RðρÞ as a
function of χutu and χlτ are shown in Figs. 9(a) and 9(b),
respectively, where the hatched regions denote BRðB−

u →
τν̄Þexp with 2σ errors. According to the results, it can be
found that, due to the constraint of B−

u → τν̄, the allowed
RðρÞ is limited to being a very narrow range of
∼ð0.58; 0.60Þ. From Fig. 9(b), since RðρÞ and BRðB−

u →
τν̄Þ do not overlap at the down-right region, basically, this

δH
�;τ

u < 0 region has been excluded by the data of B−
u → τν̄.

The reason why B−
u → τν̄ gives a strict limit on B̄d → ρþτν̄

can be understood from Eq. (30), where both decays share
the same CR;τ

ub − CL;τ
ub charged Higgs boson effect. On the

contrary, B̄d → πþτν̄ is related to CR;τ
ub þ CL;τ

ub , so RðπÞ can

have a wider range of values. Although the pp → H=A →
τþτ− constraint (dot-dashed line) does not affect the
allowed values of RðπÞ and RðρÞ, it can reduce the allowed
region of χlτ .
Although it is difficult to measure the lepton polarization

in the B̄d → ðπþ; ρþÞlν̄, we theoretically investigate the
charged Higgs boson contributions to the semileptonic B
decays. Using Eqs. (58) and (59), the lepton helicity
asymmetries in the SM can be found as

PeðμÞ
π ≈ −1ð−0.986Þ; Pτ

π ≈ −0.134;

PeðμÞ
ρ ≈ −1ð−0.992Þ; Pτ

ρ ≈ −0.565: ð104Þ

Because of the fact that the helicity asymmetry is strongly
dependent on ml, it can be understood that only τν̄ modes
can be away from unity. All lepton polarizations show
negative values, because the V − A current in the SM
dominates. The sign of τ-lepton polarization in B̄ → Dτν̄
can be flipped to be a positive sign. In order to show theH�
influence, the contours for Pτ

π and Pτ
ρ as a function of χutu

and χlτ are given in Fig. 10, where the constraint from
pp → H=A → τþτ− (dot-dashed line) with χdbb ¼ 0 is also
shown. With the B−

u → τν̄ constraint, the allowed values of
Pτ
ρ are limited in a narrow region around the SM value.

However, the allowed values of Pτ
π are wider and can have

both negative and positive signs.
The lepton FBAs are also interesting observables in the

semileptonic B decays. Following the formulas in Eq. (61),
we show the FBAs of B̄d → πþτν̄ and B̄d → ρþτν̄ as a
function of q2 in Figs. 11(a) and 11(b), respectively, where
the solid line is the SM and the dashed line is the type-II
model. For the type-III 2HDM, we select two benchmarks

(a) (b)

FIG. 11. q2-dependent lepton forward-backward asymmetry for (a) B̄d → πþτν̄ and (b) B̄d → ρþτν̄ in the SM (solid line), type-II
(dashed line), and type-III 2HDM (dotted and dot-dashed lines).

FIG. 10. Contours for Pτ
π and Pτ

ρ.
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that obey the B−
u → τν̄ constraint as follows: The dotted

line is χutu ¼ −0.3 and χlτ ¼ 1.37, which lead to RðπÞ ≈
0.855 and RðρÞ ≈ 0.595; and the dot-dashed line denotes
χutu ¼ −0.8 and χlτ ¼ −0.60, which lead to RðπÞ ≈ 0.550
and RðρÞ ≈ 0.577. From Fig. 11(a), we can see that Aπ;τ

FB can
be largely changed by the charged Higgs boson effect;
in other words, a zero point can occur in Aπ;τ

FB, where the
zero point usually occurs in the ρþ channel, as shown in
Fig. 11(b). Hence, we can use the characteristics of FBA
to test the SM by examining the shape of Aπ;τ

FB. From
Fig. 11(b), due to the strict limit of B−

u → τν̄, the shape
change of Aρ;τ

FB in the type-III model is small.

G. Charged Higgs boson on the
B−
u → ðD0;D�0Þlν̄ decays

From Eq. (51) and the HQET form factors introduced
previously, the BRs for the B−

u → ðD0; D�0Þlν̄ decays in
the SM can be estimated, as shown in Table III, where the
current experimental results are also included [70]. It can be
seen that the BRs of the light lepton channels in the SM are
consistent with the experimental data; however, the τν̄
mode results are somewhat smaller than those in the current
data. The ratios of branching fractions are obtained as
RðDÞSM ≈ 0.309 and RðD�ÞSM ≈ 0.257, which are consis-
tent with the results obtained in the literature.

As discussed before, the H� contributions to B−
u →

D0lν̄ and B−
u → D�0lν̄ are associated with CR;l

cb þ CL;l
cb

and CR;l
cb − CL;l

cb , respectively, and the same factor
CR;l
cb − CL;l

cb also appears in the B−
c → lν̄ decay; that

is, RðD�Þ and BRðB−
c → τν̄Þ have a strong correlation

[42,50,65]. Although there is no direct measurement of
the B−

c → τν̄ decay, the indirect upper limit on the
BRðB−

c → τν̄Þ can be obtained by the lifetime of Bc
with a result of 30% [50] and the LEP1 data [65] with a
result of 10%. We show RðDÞ and RðD�Þ as a function
of χutc and χlτ in Fig. 12 (left panel), where the shaded
regions denote the results for 0.1 ≤ BRðB−

c → τν̄Þ ≤ 1
and the dot-dashed line is the upper bound from the
pp → H=A → τþτ− processes with χdbb ¼ 0. For clarity,
we also show the regions for δH

�
c > 0 and δH

�
c < −2 in

the plot. From the results, we can clearly see that, due
to the limit of BRðB−

c → τν̄Þ < 10%, the maximal value
of the charged Higgs boson contribution to RðD�Þ can
be only approximately 0.265; however, the values of
RðDÞ can be within a 1σ world average.
According to Eqs. (58) and (59), it is expected that the

helicity asymmetry of a light lepton will negatively
approach unity and that only τ-lepton polarizations can
significantly deviate from one. With HQET form factors,
the lepton polarizations in the SM are estimated as

FIG. 12. Left panel: RðDÞ, RðD�Þ, and BRðB−
c → τν̄Þ as a function of χutc and χlτ , where the shaded regions denote the situation of

0.1 ≤ BRðB−
c → τν̄Þ ≤ 1. Right panel: Contours for Pτ

D and Pτ
D� . The dot-dashed lines are the constraint shown in Eq. (101) with

χdbb ¼ 0.

TABLE III. Branching ratios for B−
u → ðD0; D�0Þlν̄ in the SM and the associated experimental data.

Model B−
u → D0lν̄ B−

u → D0τν̄ B−
u → D�0lν̄ B−

u → D�0τν̄

SM 2.10% 6.48 × 10−3 5.74% 1.48%
Exp [70] ð2.27� 0.11Þ% ð7.7� 2.5Þ × 10−3 ð5.69� 0.19Þ% ð1.88� 0.20Þ%
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PeðμÞ
D ≈ −1ð−0.962Þ; Pτ

D ≈ 0.320;

PeðμÞ
D� ≈ −1ð−0.986Þ; Pτ

D� ≈ −0.506; ð105Þ

where Belle’s current measurement is Pτ
D� ¼ −0.38�

0.51þ0.21
−0.16 [12]. Intriguingly, the sign of Pτ

D is opposite to
that of Pτ

D� , and the situation is different from the negative
sign in Pτ

π . We find that the origin of the difference in sign
between Pτ

π and Pτ
D is from the meson mass. Because of

mD ≫ mπ , the positive helicity becomes dominant in
B−
u → D0τν̄. To see the influence of the charged Higgs

boson on the τ polarizations, we show the contours for Pτ
D

and Pτ
D� in the right panel in Fig. 12. With the limit of

BRðB−
c → τν̄Þ < 10%, it is found that Pτ

D can be largely
changed by the charged Higgs boson effect, and the
allowed range of Pτ

D� is narrow and can be changed by
∼10%, where the change in RðD�Þ from the same H�
effects is only ∼3%.
Finally, we discuss the lepton FBAs in the B−

u →
ðD0;D�0Þlν̄ decays. As discussed in the B̄d→

ðπþ;ρþÞlν̄ decays, only ADð�Þ;τ
FB are sensitive to the charged

Higgs boson effects. Thus, we show the AD½��;τ
FB as a function

of q2 in Fig. 13(a) [Fig. 13(b)], where the solid line denotes
the SM result and the dashed line is the type-II model
with RðDð�ÞÞ ¼ 0.220 (0.252). We use two benchmarks
to show the effects of the type-III 2HDM: The dotted
line is the result of χutc ¼ 0.3 and χlτ ¼ 1.37 which cause
RðDð�ÞÞ ≈ 0.331ð0.262Þ, and the dot-dashed line denotes
χutc ¼ −0.8 and χlτ ¼ −0.60 which cause RðDð�ÞÞ≈
0.145ð0.261Þ. From Fig. 13(a), similar to the case in
Aπ;τ
FB, A

D;τ
FB can have a vanishing point in the type-III model

when it crosses the q2 axis. Usually, the zero point occurs in

B−
u → D�0lν̄, and the position of the zero point is sensitive

to the new physics, as shown in Fig. 13(b). Hence, based
on our analysis, we can use this characteristics of FBA to
test the SM.

VI. CONCLUSION

We studied the constraints of the b → sγ and ΔB ¼ 2
processes in the type-III 2HDMwith the Cheng-Sher ansatz,
where the detailed analyses included the neutral scalars H
and A (tree + loop) and charged Higgs boson (loop) effects.
It was found that the tree-induced ΔB ¼ 2 processes
produce strong constraints on the parameters χddb and χdsb,
and, due to the mb=mHðAÞ suppression, the loop-induced
b → sγ process by the same H, A effects is small. When we
ignore the χddb;sb effects, the dominant contributions to the
rare processes are the charged Higgs boson.
We demonstrated that due to the new parameters involved,

i.e., χutt;tc and χdbb, the mass of the charged Higgs boson in
the type-III model can be much lighter than that in the type-II
model when the b → sγ constraint is satisfied. Taking
mH� ¼ 300 GeV and tan β ¼ 50, we comprehensively
studied the charged Higgs boson contributions to the
leptonic B−

u;c → lν̄ and semileptonic B̄u;d → ðP;VÞlν̄
(P ¼ πþ, D0; V ¼ ρþ, D�0) decays in the generic 2HDM.
In addition to the constraints from the low-energy flavor

physics, such as Bd;s-B̄d;s mixings and Bs → Xsγ, we also
consider the constraint from the upper limit of pp →
H=A → τþτ− measured in the LHC. It was found that
the tau-pair production cross section can further constrain
the χlτ parameter to be j1 − χlτ j < 1.70 with χdbb ¼ 0.
The main difference in the b → ðu; cÞlν̄ decays between

type II and type III is that the former is always destructive to

(a) (b)

FIG. 13. τ-lepton forward-backward asymmetry as a q2 dependence for (a) B−
u → D0τν̄ and (b) B−

u → D�0τν̄, where the solid line is
from the SM; the dashed line is the type-II model with RðDð�ÞÞ ≈ 0.220ð0.252Þ; the dotted (dot-dashed) line is from χutc ¼ 0.3 ð−0.8Þ
and χlτ ¼ 1.37 ð−0.60Þ, and the corresponding results are RðDÞ ≈ 0.331 (0.145) and RðD�Þ ≈ 0.262 (0.261).
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the SM results and the latter can make the situation
constructive. Therefore, BRðB−

u → ðμ; τÞν̄Þ can be
enhanced from the SM results to the current experimental
observations. Although B−

c → τν̄ has not yet been
observed, the charged Higgs boson can also enhance its
branching ratio from 2% to the upper limit of 10%, where
the upper limit is obtained from the LEP1 data.
Since a heavy lepton can be significantly affected by the

charged Higgs boson, we analyzed the potential observ-
ables in the B̄d → ðπþ; ρþÞτν̄ and B−

u → ðD0; D�0Þτν̄
decays. It was shown that, since B−

uðcÞ → τν̄ and B−
u →

ρþðD�0Þτν̄ are strongly correlated to the same charged
Higgs boson effects, the allowed RðρþÞ, RðD�Þ, Pτ

ρ, Pτ
D� ,

and Aρ;τ
FB are very limited in terms of deviating from the SM.

Although the change in AD�;τ
FB is not large, the deviation is

still sizable. In contrast, the observables in the πþ and D0

channels are sensitive to the charged Higgs boson effects
and exhibit significant changes.
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APPENDIX: VERTICES AND FORM FACTORS

1. H� Yukawa couplings to the quarks

According to Eq. (6), we write the charged Higgs
Yukawa couplings to the quarks as

LH�
Y;q ¼

ffiffiffi
2

p

v
ūiRCL

uidk
dkLHþ þ

ffiffiffi
2

p

v
ūiLCR

uidk
dkRHþ þ H:c:;

CL
uidk

¼
�
mui

tβ
δij −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffimuimuj
p

sβ
χu�ji

�
Vujdk ;

CR
uidk

¼ Vuidj

�
tβmdjδjk −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimdjmdk
p

cβ
χdjk

�
; ðA1Þ

where uj and dj denote the sum of all possible up- and
down-type quarks, respectively. We showed the b-quark-
related Yukawa couplings in the text. Here, we discuss the
H� Yukawa couplings to d and s quarks. In the numerical
discussions, we used muðdÞ ≈ 5.4 MeV, ms ≈ 0.1 GeV,
mc ≈ 1.3 GeV, and mt ≈ 165 GeV.

a. udH + vertex

Following Eq. (A1), we write the CL
ud coupling as

ffiffiffi
2

p

v
CL
ud ¼

ffiffiffi
2

p

v

��
1

tβ
−
χu�uu
sβ

�
muVud −

ffiffiffiffiffiffiffiffiffiffiffiffi
mumc

p
sβ

χu�cuVcd

−
ffiffiffiffiffiffiffiffiffiffiffi
mumt

p
sβ

χu�tu Vtd

�
: ðA2Þ

It can be seen that the first and third terms are negligible
due to the suppressions of mu=v and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mu=mt

p
Vtd, respec-

tively. Although the second term is somewhat larger, it is
also negligible based on the result of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mumc

p
Vcd=v∼

−1.0 × 10−4. Hence, it is a good approximation to take
CL
ud ∼ 0. For the CR

ud coupling, it can be decomposed to be

ffiffiffi
2

p

v
CR
ud ¼

ffiffiffi
2

p

v

�
tβmdVud

�
1 −

χddd
sβ

�
−

ffiffiffiffiffiffiffiffiffiffiffiffi
msmd

p
cβ

χdsdVus

−
ffiffiffiffiffiffiffiffiffiffiffiffi
mbmd

p
cβ

χdbdVub

�

≈
ffiffiffi
2

p mdtβ
v

Vud

�
1 −

χRud
sβ

�
;

χRud ¼ χddd þ
ffiffiffiffiffiffi
ms

md

r
Vus

Vud
χdds; ðA3Þ

where we have neglected the Vtd contribution in χRud.
Taking tβ ∼ 50 and j1 − χRud=sβj ∼ 2, we obtain CR

ud ∼
5.7 × 10−3, and this charged Higgs coupling indeed is 2
orders of magnitude smaller than the charged W-gauge
boson coupling of g=

ffiffiffi
2

p
≈ 0.467. Thus, we can also take

CR
ud ∼ 0 as a leading-order approximation.

b. cdH + vertex

From the definition in Eq. (A1), we write CL
cd as

ffiffiffi
2

p

v
CL
cd ¼

ffiffiffi
2

p

v

��
1

tβ
−
χu�cc
sβ

�
mcVcd −

ffiffiffiffiffiffiffiffiffiffiffiffi
mcmu

p
sβ

χu�ucVud

−
ffiffiffiffiffiffiffiffiffiffiffi
mcmt

p
sβ

χu�tc Vtd

�

≈ −
ffiffiffi
2

p mc

vsβ
Vcd χ

L
cd;

χLcd ¼ χu�cc þ
ffiffiffiffiffiffi
mu

mc

r
Vud

Vcd
χu�uc þ

ffiffiffiffiffiffi
mt

mc

r
Vtd

Vcd
χu�tc ; ðA4Þ

where we have dropped 1=tβ term in the second line.

Numerically, we get
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mu=mc

p
Vud=jVcdj ≈ 0.28 andffiffiffiffiffiffiffiffiffiffiffiffiffi

mt=mc

p jVtd=Vcdj ≈ 0.09; therefore, χL21 is dominated
by χu�cc. Nevertheless, with the result of

ffiffiffi
2

p
mcVcd=v≈

−1.6 × 10−3, the CL
cd effect is 2 orders of magnitude

smaller than the contribution of the W boson in the SM.
This contribution can be ignored for a phenomenological
analysis. Similarly, we write CR

cd as

ffiffiffi
2

p

v
CR
cd ¼

ffiffiffi
2

p

v

�
tβmdVcd

�
1 −

χd11
sβ

�
−

ffiffiffiffiffiffiffiffiffiffiffiffi
msmd

p
cβ

χd21Vcs

−
ffiffiffiffiffiffiffiffiffiffiffiffi
mbmd

p
cβ

χd31Vcb

�
: ðA5Þ
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Using tβ ∼ 50, we find that the first, second, and third terms
in CR

cd are around 1.3 × 10−3 with j1 − χd11=sβj ¼ 2,
9.1 × 10−3, and 2.5 × 10−3, respectively; that is, CR

cd is
dominated by the χdsd term and can be one order
smaller than the SM gauge coupling of ðg= ffiffiffi

2
p ÞVcd.

Taking the case with 1=cβ ≈ tβ, a simple expression can
be given as

ffiffiffi
2

p

v
CR
cd ≈ −

ffiffiffi
2

p mdtβ
v

Vcs

ffiffiffiffiffiffi
ms

md

r
χdsd ≈ 8.3 × 10−4tβ χdsdVcd:

ðA6Þ

c. tdH + vertex

The CL
td coupling is expressed as

ffiffiffi
2

p

v
CL
td ¼

ffiffiffi
2

p

v

��
1

tβ
−
χu�tt
sβ

�
mtVtd −

ffiffiffiffiffiffiffiffiffiffiffi
mtmc

p
sβ

χu�ct Vcd

−
ffiffiffiffiffiffiffiffiffiffiffi
mtmu

p
sβ

χu�ut Vud

�

≈
ffiffiffi
2

p mt

v
Vtd

�
1

tβ
−
χLtd
sβ

�
;

χLtd ¼ χu�tt þ
ffiffiffiffiffiffi
mc

mt

r
Vcd

Vtd
χu�ct : ðA7Þ

Since the coefficient of χu�ut term is a factor of 4 smaller
than that of χu�ct , we dropped the χu�ut term. From Eq. (A7),
it can be seen that the CL

td effect in the generic 2HDM is
comparable to the SM coupling of ðg= ffiffiffi

2
p ÞVtd, where

χLtd is the main parameter. Because of mdVtd ≪ffiffiffiffiffiffiffiffiffiffiffiffi
msmd

p
Vts ≪

ffiffiffiffiffiffiffiffiffiffiffiffi
mbmd

p
Vtb, the CR

td Yukawa coupling can
be simplified as

ffiffiffi
2

p

v
CR
td ≈ −

ffiffiffi
2

p mbtβ
v

ffiffiffiffiffiffi
md

mb

r
χdbdVtb: ðA8Þ

Intriguingly, unlike the case in CL
td, CR

td has no Vtd

suppression; thus, its value with a large tβ scheme can

be even larger than ðg= ffiffiffi
2

p ÞVtd in the SM. Moreover,
when χu�tt and χu�ct are in the range of Oð0.1Þ–Oð1Þ,
χLtd in CL

td can be small if the cancellation occurs between
χu�tt and χu�ct . However, since the cancellation cannot occur
in Eq. (A8), χdbd will be directly bounded by the rare
decays.

d. uðcÞsH + vertex

To analyze the uðcÞ-s-Hþ couplings, CL;R
us and CL;R

cs can
be reduced to be, respectively,

ffiffiffi
2

p

v
CL
us ¼

ffiffiffi
2

p

v

��
1

tβ
−
χu�uu
sβ

�
muVus −

ffiffiffiffiffiffiffiffiffiffiffiffi
mumc

p
sβ

χu�cuVcs

−
ffiffiffiffiffiffiffiffiffiffiffi
mumt

p
sβ

χu�tu Vts

�
∼Oð10−4Þ; ðA9Þ

ffiffiffi
2

p

v
CL
cs ¼

ffiffiffi
2

p

v

��
1

tβ
−
χu�cc
sβ

�
mcVcs −

ffiffiffiffiffiffiffiffiffiffiffiffi
mcmu

p
sβ

χu�ucVus

−
ffiffiffiffiffiffiffiffiffiffiffi
mcmt

p
sβ

χu�tc Vts

�

≈ −
ffiffiffi
2

p mc

vsβ
Vcs

�
χu�cc þ

ffiffiffiffiffiffi
mt

mc

r
Vts

Vcs
χu�tc

�

≈ −
ffiffiffi
2

p mc

vsβ
Vcsðχu�cc − 0.45χu�tc Þ; ðA10Þ

where
ffiffiffi
2

p
CL
us=v is around 10−4 and is thus negligible.

Although
ffiffiffi
2

p
mc=vVcs ∼ 7.4 × 10−4, it is still 2 orders

smaller than the gauge coupling in the SM. In the
phenomenological analysis, the CL

cs effect can be neglected.
Similarly, the CR

us and CR
cs couplings can be simplified as

ffiffiffi
2

p

v
CR
us ≈

ffiffiffi
2

p mstβ
v

Vus

�
1 −

χRus
sβ

�
;

χRus ¼ χdss þ
ffiffiffiffiffiffi
md

ms

r
Vud

Vus
χdds; ðA11Þ

ffiffiffi
2

p

v
CR
cs ≈

ffiffiffi
2

p mstβ
v

Vcs

�
1 −

χRcs
sβ

�
;

χRcs ¼ χdss þ
ffiffiffiffiffiffi
mb

ms

r
Vcb

Vcs
χdbs: ðA12Þ

e. tsH + vertex

Using mtVts ∼ 6.72 GeV <
ffiffiffiffiffiffiffiffiffiffiffi
mcmt

p
Vcs ∼ 14.8 GeV

and msVts ≪
ffiffiffiffiffiffiffiffiffiffiffiffi
msmb

p
Vtb ∼ 0.66 GeV, we can simplify

CL;R
ts to be

ffiffiffi
2

p

v
CL
ts ≈

ffiffiffi
2

p mt

v
Vts

�
1

tβ
−
χLts
sβ

�
;

χLts ¼ χu�tt þ
ffiffiffiffiffiffi
mc

mt

r
Vcs

Vts
χu�ct ;ffiffiffi

2
p

v
CR
ts ≈ −

ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffi
mbms

p
vcβ

χdbsVtb: ðA13Þ

It can be seen that, due to the new factor χLts,
ffiffiffi
2

p
CL
ts=v can

be comparable with the SM coupling of gVts=
ffiffiffi
2

p
without

relying on the large tβ scheme.
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2. B̄ → ðD;D�Þ form factors in the HQET

We summarize the relevant B̄ → Dð�Þ form factors with
the corrections of ΛQCD=mb;c and αs, which are shown in
Ref. [18]. To describe the B̄ → ðD;D�Þ transition form
factors based on the HQET, it is convenient to use the
dimensionless kinetic variables, defined as

v¼ pB

mB
; v0 ¼ pDð�Þ

mDð�Þ
; w¼ v · v0 ¼m2

B þm2
Dð�Þ − q2

2mBmDð�Þ
:

ðA14Þ

Thus, the B̄ → D form factors can be defined as

hDjc̄bjB̄i ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
hSðwþ 1Þ;

hDjc̄γμbjB̄i ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p ðhþðvþ v0Þμ þ h−ðv − v0ÞμÞ;
hDjc̄σμνbjB̄i ¼ i

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD

p
hTðv0μvν − v0νvμÞ; ðA15Þ

while the form factors for B̄ → D� are

hD�jc̄γ5bjB̄i ¼ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
hPϵ� · v;

hD�jc̄γμbjB̄i ¼ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p
hVεμναβϵ�νv0αvβ;

hD�jc̄γμγ5bjB̄i ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ½hA1
ðwþ 1Þϵ�μ

− hA2
ðϵ� · vÞvμ − hA3

ðϵ� · vÞv0μ�;
hD�jc̄σμνbjB̄i ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBmD�

p ½hT1
ϵ�αðvþ v0Þβ

þ hT2
ϵ�αðv − v0Þβ þ hT3

ðϵ� · vÞvαv0β�;
ðA16Þ

where h−, hA2
, and hT2;3

vanish in the heavy quark limit and
the remaining form factors are equal to the leading-order
Isgur-Wise function ξðwÞ.
We take the parametrization of the leading-order Isgur-

Wise function as [18,124]

ξðwÞ
ξðw0Þ

≃ 1 − 8a2ρ̄2�z� þ ½V21ρ̄
2� − V20 þ Δðeb; ec; αsÞ�z2�;

ðA17Þ

where V21 ¼ 57.0, V20 ¼ 7.5; z� and a are defined,
respectively, as [124]

z� ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
wþ 1

p
−

ffiffiffi
2

p
affiffiffiffiffiffiffiffiffiffiffiffi

wþ 1
p þ ffiffiffi

2
p

a
; a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ rD
2

ffiffiffiffiffi
rD

p
s

; ðA18Þ

rD ¼ mD=mB, w0 is determined from zðw0Þ ¼ 0; ρ̄2� is the
slope parameter of ξðwÞ=ξðw0Þ, and Δðeb; ec; αsÞ denotes
the correction effects of Oðeb;cÞ with ebðcÞ ¼ Λ̄=mbðcÞ and
OðαsÞ. We take the results using the fit scenario of th∶
Lw≥1 þ SR shown in Ref. [18]. In addition to ρ̄2� ¼
1.24� 0.08, the values of subleading Isgur-Wise functions
at w ¼ 1 are given in Table IV. Using these results, the
correction of Oðeb;cÞ and OðαsÞ can be obtained as

Δðeb; ec; αsÞ ≈ 0.582� 0.298; ðA19Þ

where we adopt the 1S scheme for mb and use the
value ofm1S

b ¼ 4.71� 0.05 GeV [18]. In addition, δmbc ¼
mb −mc ¼ 3.40� 0.02 GeV and Λ̄ ¼ 0.45 GeV are used.
Following the notation in Ref. [18], the form factors

up to Oðeb;cÞ and OðαsÞ can be expressed by factoring
out ξ as hi ¼ ĥiξ, where the ĥi for the B̄ → D decay are
given as [18]

ĥþ ¼ 1þ α̂s

�
CV1

þ wþ 1

2
ðCV1

þ CV3
Þ
�
þ ðec þ ebÞL̂1;

ðA20aÞ

ĥ− ¼ α̂s
wþ 1

2
ðCV2

− CV3
Þ þ ðec − ebÞL̂4; ðA20bÞ

ĥS ¼ 1þ α̂sCS þ ðec þ ebÞ
�
L̂1 − L̂4

w − 1

wþ 1

�
; ðA20cÞ

ĥT ¼ 1þ α̂sðCT1
− CT2

þ CT3
Þ þ ðec þ ebÞðL̂1 − L̂4Þ;

ðA20dÞ

for B̄ → D�, the associated ĥi are shown as [18]

ĥV ¼ 1þ αsCV1
þ ecðL̂2 − L̂5Þ þ ebðL̂1 − L̂4Þ; ðA21aÞ

ĥA1
¼ 1þ α̂sCA1

þ ec

�
L̂2 − L̂5

w − 1

wþ 1

�

þ eb

�
L̂1 − L̂4

w − 1

wþ 1

�
; ðA21bÞ

ĥA2
¼ α̂sCA2

þ ecðL̂3 þ L̂6Þ; ðA21cÞ

TABLE IV. The results of subleading Isgur-Wise functions using the fit scenario of th∶Lw≥1 þ SR.

FS χ̂2ð1Þ χ̂02ð1Þ χ̂03ð1Þ ηð1Þ η0ð1Þ
th∶Lw≥1 þ SR −0.06� 0.02 −0.00� 0.02 0.04� 0.02 0.31� 0.04 0.05� 0.10
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ĥA3
¼ 1þ α̂sðCA1

þ CA3
Þ þ ecðL̂2 − L̂3 þ L̂6 − L̂5Þ

þ ebðL̂1 − L̂4Þ; ðA21dÞ

ĥP ¼ 1þ α̂sCP þ ec½L̂2 þ L̂3ðw − 1Þ þ L̂5

− L̂6ðwþ 1Þ� þ ebðL̂1 − L̂4Þ; ðA21eÞ

ĥT1
¼ 1þ α̂s

�
CT1

þ w − 1

2
ðCT2

− CT3
Þ
�
þ ecL̂2 þ ebL̂1;

ðA21fÞ

ĥT2
¼ α̂s

wþ 1

2
ðCT2

þ CT3
Þ þ ecL̂5 − ebL̂4; ðA21gÞ

ĥT3
¼ α̂sCT2

þ ecðL̂6 − L̂3Þ: ðA21hÞ

The w-dependent functions CΓi
can be found in

Refs. [18,125], and the subleading Isgur-Wise functions
are [122]

L̂1 ¼ −4ðw− 1Þ χ̂2 þ 12 χ̂3; L̂2 ¼ −4 χ̂3; L̂3 ¼ 4 χ̂2;

L̂4 ¼ 2η− 1; L̂5 ¼ −1; L̂6 ¼ −2
1þ η

wþ 1
; ðA22Þ

where the w-dependent functions χ̂i and η can be approxi-
mated, respectively, as

χ̂2ðwÞ ≃ χ̂2ð1Þ þ χ̂02ð1Þðw − 1Þ;
χ̂3ðwÞ ≃ χ̂03ð1Þðw − 1Þ;
ηðwÞ ≃ ηð1Þ þ η0ð1Þðw − 1Þ: ðA23Þ
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