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1. Introduction

In 2012, theATLAS and CMS experiments at CERN (Run 1) reported evidence of a particle consistent
with the Higgs boson at a mass of ∼125 GeV (Refs. [1–5]). This result represents a truly fundamental
discovery that is at least in the right direction to understand better the electroweak symmetry breaking
via the Higgs mechanism implemented in the standard model (SM) through one scalar SU (2)L
doublet. With this discovery the large Hadron collider (LHC) completed the particle content of the
SM. Nonetheless, an obvious question we are now facing is whether the discovered ∼125 GeV state
corresponds to the SM Higgs boson, or whether it is just the first signal of a much richer scenario of
electroweak symmetry-breaking mechanisms.

This result initiated physicists to ruminate on the different possibilities for searching for new
physics beyond the SM. One of the most promising scenarios for new physics beyond the SM is an
extended Higgs sector that has rich phenomenology (Ref. [6]). In this regard, the flavor-changing
neutral currents (FCNC) processes, such as the electroweak penguin decays b → s�+�−, are one of
these phenomena (see Ref. [7] and references therein).

Currently, the main interest is focused on the semileptonic decays of heavy hadrons�b → ��+�−
that offer cleaner probes compared to nonleptonic exclusive hadronic decays, and give valuable
insight into the nature of FCNC. These decays are forbidden at the tree level in the SM, and they
appear only at the one-loop level. Therefore, the study of these rare decays provides sensitive tests of
many new physics models beyond the SM. The new physics effects in these decays can appear either
by introducing new intermediate particles and interactions into the Wilson coefficients, or through
introducing new operators into the effective Hamiltonian of such decays.

As a matter of fact, the exclusive rare B mesons described by FCNC b → s�+�− decays at the quark
level, have been extensively studied with varying degrees of theoretical rigor and emphasis. In spite
of the progress in the exclusive rare B mesons, so far, we have not seen any clear sign of new physics
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in this b sector, but there was a tension with the SM predictions in some b → s penguin-induced
transitions. For example, the measurement by the LHCb Collaboration shows several significant
deviations on angular observables related to B → K∗μ+μ− channels from their corresponding SM
expectations (Refs. [8–21]).

Therefore, now, it is of the utmost importance to study any other such semileptonic decay modes
in another sector to clarify this situation, and point out the source of these deviations. In this context,
the FCNC processes in the baryonic sector receive special attention in searching for new physics
effects, besides the direct searches at LHC.

Apparently, the investigations of FCNC transitions for the bottom baryonic decays can represent
useful ground for finding the helicity structure of the effective Hamiltonian, which is lost in the
hadronization in the meson case (Ref. [22]).

In the last few years, several theoretical works have emerged to better understand �b → ��+�−
(l = e,μ, τ) decays in both the SM and beyond (see Refs. [23,24], and the references therein).
On the experimental side, the first experimental result on the rare baryonic decay mode �b →
�μ+μ− has recently been reported by the CDF Collaboration at Fermilab BR(�b → �μ+μ−)=
[1.73 ± 0.42 (stat)± 0.55 (syst)]× 10−6 (Ref. [25]), and the LHCb Collaboration at CERN has also
reported on this branching ratio mode BR(�b → �μ+μ−)= [0.96 ± 0.16 (stat) ± 0.13 (syst) ±
0.21 (norm)] × 10−6 (Ref. [26]).

Quite recently, the LHCb Collaboration has reported on both the differential branching ratio
of the rare decay �b → �μ+μ− and the leptons forward–backward asymmetry (AFB) in the
dilepton invariant mass-squared region 15 < q2 < 20 GeV2 as dBR(�b → �μ+μ−)/dq2

=
(

1.18+0.09
−0.08 ± 0.03 ± 0.27

)
×10−7 GeV−2, and AFB = −0.05±0.09 (stat)±0.03 (syst) (Ref. [27]).

The errors are still quite large, but one hopes to have more new results in the near future.
Consequently, deeper understanding of such rare baryonic decays is now entering a new era. One of

the motivating scenarios for new physics beyond the SM, is the two-Higgs doublet model (2HDM).
Basically, the 2HDM has two complex Higgs doublets, �1 and �2, rather than one, as in the SM,
and the 2HDM allows FCNC at tree level, which can be avoided by imposing an ad hoc discrete
symmetry. One of the possibilities for avoiding the FCNC is to couple all the quarks to �2, where
�1 does not couple to quarks at all, which is often known as type I. The second possibility is to
couple�1 to the down-type quarks, while�2 couples to the up-type quarks, which is known as type
II (Refs. [28,29]).

At the same time, there have been further works on a more general 2HDM without discrete
symmetries as in types I and II, called type III. In this type both�1 and�2 couple to all quarks, and
FCNC exists in type III at tree level (Refs. [30,31]). It implies that type III should be parameterized
so as to suppress the tree-level FCNC couplings of the first two generations while the tree-level
FCNC couplings involving the third generation can be made nonzero as long as they do not violate
the existing experimental data, like, B0 − B0 mixing.

In this work, we shall investigate the rare exclusive �b → ��+�− decays within 2HDM of
type III. With this in mind, the structure of this work is organized as follows. In Sect. 2, we
present the effective Hamiltonian for b → s�+�− transition in the 2HDM. Section 3 contains
the parametrization of the matrix elements, and the derivation of the amplitude of �b → ��+�−
decay, as well as other physical observables like decay rate, leptons forward–backward asymmetry
(A�FB), and polarization asymmetries of the� baryon in 2HDM of type III. Section 4 is devoted to the
numerical analysis of these observables. Finally, Sect. 5 contains our brief summary and concluding
remarks.
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2. The effective Hamiltonian for b → s�+�− transition

The baryonic �b → ��+�− (� = μ, τ) decays at quark level are described by FCNC b → s�+�−
transition. The effective Hamiltonian representing these decays in both SM and 2HDM can be written
in terms of a set of local operators, and takes the following basic form (Ref. [32]):

Heff = −4GF√
2

VtbV ∗
ts

{
10∑

i=1

Ci(μ)Oi(μ)+
10∑

i=1

CQi(μ)Qi(μ)

}
, (1)

where GF is the Fermi coupling constant, V ∗
tbVts are the relevant Cabibbo–Kobayashi–Maskawa

(CKM) matrix elements, and of course the terms proportional to VubV ∗
us are ignored since

|VubV ∗
us/VtbV ∗

ts| < 0.02. Also, Oi(μ) are the set of relevant local operators and Ci(μ) are the Wilson
coefficients that describe the short- and long-distance contributions renormalized at the energy scale
μ, which is usually taken to be the b-quark mass for b-quark decays. The additional operators Qi(μ)

are due to the neutral Higgs bosons (NHBs) exchange diagrams, whose forms and the corresponding
Wilson coefficients CQi(μ) can be found in Ref. [33].

As we noted earlier, in the 2HDM of type III, both the doublets can couple to the up-type and
down-type quarks, and without loss of generality, we can use a basis such that the first doublet
produces the masses of all the gauge-bosons and fermions in the SM, whereas all the new Higgs
fields originate from the second doublet. This choice permits us to write the flavor changing (FC)
part of the Yukawa Lagrangian at tree level as

LIII
Y,FC = ξU

ij Q̄iLφ̃2UjR + ξD
ij Q̄iLφ2DjR + ξ�ij �̄iLφ2�jR + h.c., (2)

where i, j are the generation indices, φ̃2 = iσ2φ2. ξU ,D,�
ij are in general nondiagonal coupling

matrices, QiL is the left-handed fermion doublet, UiR and DjR are the right-handed singlets, and �̄iL

and �jR represent a left-handed SU(2) lepton doublet and a right-handed SU(2) singlet, respectively.
In Eq. (2) all states are weak states, and can be transformed to the mass eigenstates by rotation.

After performing a proper rotation and diagonalization of the mass matrices for fermions and
for Higgses, the flavor-changing part of the Yukawa Lagrangian is reexpressed in terms of mass
eigenstates as follows (Ref. [34]):

LIII
Y,FC = 1√

2

[
Ūiξ̂

U
ij Uj + D̄iξ̂

D
ij Dj + �̄iξ̂

�
ij�j

]
H 0

− i√
2

[
Ūiγ5ξ̂

U
ij Uj + D̄iγ5ξ̂

D
ij Dj + �̄iγ5ξ̂

�
ij�j

]
A0

+ Ūi

[
ξ̂U

ij VCKM PL − VCKM ξ̂
D
ij PR

]
Dj H+ + h.c., (3)

where Ui, Di, �i are mass eigenstates of up- and down-type quarks and leptons, H 0, A0 are CP-even
and CP-odd neutral Higgses, and H± are charged Higgses. The ξU ,D,�

ij are the FC Yukawa quark
matrices for mass eigenstates that include all the FCNC couplings, VCKM = (V U

L )
†V D

L is the usual
Cabibbo–Kobayashi–Maskawa (CKM) matrix, and PL(R) = (1∓γ )5

2 are the projection operators.
Because the definition of the ξ̂U ,D,�

ij couplings is arbitrary, in order to proceed further, in this work
we adopt the Cheng–Sher ansatz (Ref. [34]),

ξ̂
U ,D,�
ij = λij

(
2mimj

)1/2
v

, (4)
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where v is the SM vacuum expectation value (vev), v = 246 GeV. This ansatz ensures that the FCNC
within the first two generations are naturally suppressed by small quark masses.

In essence, from Eq. (3), it is clear that the b → s�+�− transition at tree level
receives contributions by exchanging neutral H 0 and A0 Higgs bosons diagrams, like
∼ξ̂bs ξ̂μμ

1
q2−M 2

H0(A0)

[
(b̄(γ5)s)(μ̄(γ5)μ)

]
H 0(A0). In the following, we assume that the neutral Higgs

boson masses are heavy enough to avoid such contributions to Bs → μ+μ− decay and similar related
processes (see Ref. [5], and references therein). Thus, from the above discussion it is clear that we
can safely neglect the NHBs exchange diagrams, and the transition b → s�+�− receives contribu-
tions only at loop level by exchanging the W ±, Z , γ , and charged Higgs boson fields. Interestingly,
the charged Higgs boson exchange diagrams do not produce new operators for the b → s�+�−
transition, and only modify the value of the SM Wilson coefficients (Ref. [35]).

Consequently, the operators responsible for the dileptonic �b → ��+�− decay are only O7, O9,
O10, and the corresponding effective Hamiltonian in the SM and 2HDM for the b → s�+�− transition
can be written as

Heff (b → s�+�−) = GFαem

2
√

2π
VtbV ∗

ts

{
C2HDM

9 (μ)s̄γμ(1 − γ5)b(�̄γ
μ�)

+ C2HDM
10 (μ)s̄γμ(1 − γ5)b(�̄γ

μγ5�)

− 2mbC2HDM
7 (μ)s̄iσμν

qν

q2 (1 + γ5)b(�̄γ
μ�)

}
, (5)

with (Ref. [35])

C2HDM
7 (μ) = CSM

7 (μ)+ |λtt|2
(

y(7 − 5y − 8y2)

72(y − 1)3
+ y2(3y − 2)

12(y − 1)4
ln y

)
+ |λttλbb| eiθ

(
y(3 − 5y)

12(y − 1)2
+ y(3y − 2)

6(y − 1)3
ln y

)
, (6)

C2HDM
9 (μ) = CSM

9 (μ)+ |λtt|2
[

1 − 4 sin2 θW

sin2 θW

xy

8

(
1

y − 1
− 1

(y − 1)2
ln y

)
− y

(
47y2 − 79y + 38

108(y − 1)3
− 3y3 − 6y + 4

18(y − 1)4
ln y

)]
, (7)

C2HDM
10 (μ) = CSM

10 (μ)+ |λtt|2 1

sin2 θW

xy

8

(
− 1

y − 1
+ 1

(y − 1)2
ln y

)
, (8)

where x = m2
t

m2
W

and y = m2
t

m2
H±

. The calculations of the Wilson coefficients CSM
7 (μ), CSM

9 (μ), and

CSM
10 (μ) are performed at next-to-leading order, and their explicit expressions at the energy scale
μ = mb are given in Ref. [36], while their numerical values are listed in Table 1.

In the 2HDM, the free parameters are the mass of the charged Higgs boson mH± , and the coefficients
λtt , λbb. The coefficients λtt and λbb for type III of 2HDM are complex parameters of order O(1),

Table 1. The numerical values of the Wilson coefficients at μ = mb scale within the SM (Ref. [36]).

C1 C2 C3 C4 C5 C6 CSM
7 CSM

9 CSM
10

−0.248 1.107 0.011 −0.026 0.007 −0.031 −0.313 4.344 −4.669
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so that λttλbb ≡ |λttλbb|eiθ , where θ is the only single CP phase of the vacuum in this version. In
this way, λij allow the charged Higgs boson to interfere destructively or constructively with the SM
contributions.

Additionally, the Wilson coefficient C2HDM
9 (μ) receives long-distance contributions coming from

the charmonium resonances J/ψ , ψ ′, . . . , and is replaced by an effective coefficient Ceff
9 (μ)

(Ref. [36]):

Ceff
9 (μ) = C2HDM

9 (μ)η(s′)+ YSD(n, s′)+ YLD(n, s′), (9)

where the parameters n and s′ are defined as n = mc/mb, s′ = q2/m2
b, whereas, η(s′) = 1 +

αs(μ)
π

ω(s′), with

ω(s′) = −2

9
π2 − 4

3
Li2(s′)− 2

3
ln s′ ln(1 − s′)− 5 + 4s′

3(1 + 2s′)
ln(1 − s′)

− 2s′(1 + s′)(1 − 2s′)
3(1 − s′)2(1 + 2s′)

ln s′ + 5 + 9s′ − 6s′2

6(1 − s′)(1 + 2s′)
, (10)

YSD(n, s′) = h(n, s′) [3C1(μ)+ C2(μ)+ 3C3(μ)+ C4(μ)+ 3C5(μ)+ C6(μ)]

− 1

2
h(1, s′) [4C3(μ)+ 4C4(μ)+ 3C5(μ)+ C6(μ)] − 1

2
h(0, s′) [C3(μ)+ 3C4(μ)]

+ 2

9
[3C3(μ)+ C4(μ)+ 3C5(μ)+ C6(μ)], (11)

YLD(n, s′) = 3

α2
em

[3C1(μ)+ C2(μ)+ 3C3(μ)+ C4(μ)+ 3C5(μ)+ C6(μ)]

×
∑

j=ψ ,ψ ′
kj
π�(j → l+l−)Mj

q2 − M 2
j + iMj�

tot
j

, (12)

where

h(n, s′) = −8

9
ln n + 8

27
+ 4

9
x − 2

9
(2 + x)|1 − x|1/2

⎧⎨⎩ln
∣∣∣ (1−x)1/2+1
(1−x)1/2−1

∣∣∣− iπ for x ≡ 4n2/s′ < 1,

2 arctan 1
(x−1)1/2

for x ≡ 4n2/s′ > 1,

h(0, s′) = 8

27
− 8

9
ln

mb

μ
− 4

9
ln s′ + 4

9
iπ , (13)

and kj are phenomenological parameters introduced to compensate for vector meson dominance and
the factorization approximation, and are taken to be κ ∼= 1.0 and κ ∼= 2.0 for the lowest resonances
J/ψ and ψ ′ respectively, and Mj, �tot

j , and �(j → l+l−) are the masses, total widths, and partial
widths of the resonances, respectively.

Further, the Wilson coefficient C2HDM
7 (μ) receives other nonfactorizable effects coming from the

charm loop that can bring further corrections to the radiative b → sγ transition (Ref. [37]):

Ceff
7 (μ) = C2HDM

7 (μ)+ Cb→sγ (μ), (14)

while the Wilson coefficient C2HDM
10 does not change under the renormalization procedure mentioned

above, and so is independent of the energy scale, so we will let Ceff
10 (μ) ≡ C2HDM

10 (mW ).
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In terms of the above criteria, the effective Hamiltonian of Eq. (5) in the 2HDM can be rewritten
as

Heff (b → s�+�−) = GFαem

2
√

2π
VtbV ∗

ts

{
Ceff

9 (μ)s̄γμ(1 − γ5)b(�̄γ
μ�)+ Ceff

10 (μ)s̄γμ(1 − γ5)b(�̄γ
μγ5�)

− 2mbCeff
7 (μ)s̄iσμν

qν

q2 (1 + γ5)b(�̄γ
μ�)

}
, (15)

where q is the sum of 4 momenta of �+ and �−, αem is the fine structure constant, and Ceff
7 (μ),

Ceff
9 (μ), and Ceff

10 (μ) are renamed to be the modified Wilson coefficients representing the different
interactions including both the SM and 2HDM contributions.

3. Phenomenological observables of �b → ��+ �− decay in the 2HDM
3.1. Matrix elements

To get the matrix elements for�b → ��+�− decay, it is necessary to sandwich the effective Hamil-
tonian of b → s�+�− between the initial and final baryon states. Equation (15) has 4 basic hadronic
matrix elements: 〈�|s̄γμb|�b〉, 〈�|s̄γμγ5b|�b〉, 〈�|s̄iσμνqνb|�b〉, and 〈�|s̄iσμνγ5qνb|�b〉. These
hadronic matrix elements in terms of a set of unknown form factors are parameterized
as (Ref. [38])

〈�|s̄γμb|�b〉 = ū�
[
f1(q

2)γμ + if2(q
2)σμνqν + f3(q

2)qμ
]
u�b ,

〈�|s̄γμγ5b|�b〉 = ū�
[
g1(q

2)γμγ5 + ig2(q
2)σμνγ5qν + g3(q

2)γ5qμ
]
u�b ,

〈�|s̄iσμνqνb|�b〉 = ū�
[
f T
1 (q

2)γμ + if T
2 (q

2)σμνqν + f T
3 (q

2)qμ
]
u�b ,

〈�|s̄iσμνγ5qνb|�b〉 = ū�
[
gT

1 (q
2)γμγ5 + igT

2 (q
2)σμνγ5qν + gT

3 (q
2)γ5qμ

]
u�b . (16)

Currently, there are some studies in the literature on�b → � transition form factors such as heavy
quark effective theory (HQET) (Ref. [39]), lattice QCD calculations (Ref. [40]), the light-cone sum
rules approach (Ref. [41]), the perturbative QCD approach (Ref. [42]), the QCD sum rule approach
(Ref. [43]), and the Bethe–Salpeter equation approach (Ref. [44]). In the present work, based on
lattice QCD calculations (Ref. [40]), the form factors f1(q2), f2(q2), f3(q2), g1(q2), g2(q2), g3(q2),
f T
1 (q

2), f T
2 (q

2), f T
3 (q

2), gT
1 (q

2), gT
2 (q

2), and gT
3 (q

2), introduced above in Eq. (16), are related to the
helicity form factors of Ref. [40] as follows:

f+(q2) = f1(q
2)− q2

(m�b + m�)
f2(q

2), (17)

f⊥(q2) = f1(q
2)− (m�b + m�)f2(q

2), (18)

f0(q
2) = f1(q

2)+ q2

(m�b − m�)
f3(q

2), (19)

g+(q2) = g1(q
2)+ q2

(m�b − m�)
g2(q

2), (20)
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g⊥(q2) = g1(q
2)+ (m�b − m�)g2(q

2), (21)

g0(q
2) = g1(q

2)− q2

(m�b + m�)
g3(q

2), (22)

h+(q2) = f T
2 (q

2)+ (m�b + m�)

(m�b − m�)
f T
3 (q

2), (23)

h⊥(q2) = f T
2 (q

2)− f T
1 (q

2)

(m�b + m�)
, (24)

h̃+(q2) = gT
2 (q

2)− gT
3 (q

2), (25)

h̃⊥(q2) = gT
2 (q

2)+ gT
1 (q

2)

(m�b − m�)
. (26)

The above helicity form factors f+(q2), f⊥(q2), f0(q2), g+(q2), g⊥(q2), g0(q2), h+(q2), h⊥(q2),
h̃+(q2), and h̃⊥(q2) are parameterized based on lattice QCD calculations in the following way
(Ref. [40]):

f (q2) = 1

1 − q2/(mf
pole)

2

[
af

0 + af
1 κ(q

2)
]
, (27)

where

κ(q2) =
(
t+ − q2

)1/2 − (t+ − t0)1/2(
t+ − q2

)1/2 + (t+ − t0)1/2
. (28)

Here, t0 = q2
max = (m�b − m�)2, t+ = (mB + mK )

2, mB = 5.279 GeV, mK = 0.494 GeV, and the
values of the parameters af

0, af
1, and mf

pole to the first-order fit are collected in Table 2.

Table 2. The central values for the form factors parameters af
0 and af

1 involved in the fit of Eq. (27) using the
lattice QCD approach (Ref. [40]). Values of the pole masses m∗

pole are from the Particle Data Group (Ref. [52]),
while mpole masses were taken from the lattice QCD calculations (Ref. [53]).

Parameter Value mf
pole (GeV) Parameter Value mpole (GeV)

af+
0 0.4221 5.416∗ ag0

1 −1.0290 5.367∗

af+
1 −1.1386 5.416∗ ag⊥

1 −1.1357 5.750
af0

0 0.3725 5.711 ah+
0 0.4960 5.416∗

af0
1 −0.9389 5.711 ah+

1 −1.1275 5.416∗

af⊥
0 0.5182 5.416∗ ah⊥

0 0.3876 5.416∗

af⊥
1 −1.3495 5.416∗ ah⊥

1 −0.9623 5.416∗

ag⊥ ,g+
0 0.3563 5.750 ãh⊥ ,̃h+

0 0.3403 5.750

ag+
1 −1.0612 5.750 ãh+

1 −0.7697 5.750

ag0
0 0.4028 5.367∗ ãh⊥

1 −0.8008 5.750
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With the above definitions of transition matrix elements, and the form factors, we get the effective
amplitude for �b → ��+�− decay:

M(�b → ��+�−) = GFαem

4
√

2π
VtbV ∗

ts

{
�̄γ μ� ū�

[
A1γμ(1 + γ5)+ B1γμ(1 − γ5)

+ iσμνqν
(

A2(1 + γ5)+ B2(1 − γ5)
)

+ qμ
(

A3(1 + γ5)+ B3(1 − γ5)
)]

u�b

+ �̄γ μγ5� ū�
[
D1γμ(1 + γ5)+ E1γμ(1 − γ5)

+ iσμνqν
(

D2(1 + γ5)+ E2(1 − γ5)
)

+ qμ
(

D3(1 + γ5)+ E3(1 − γ5)
)]

u�b

}
, (29)

where the various functions Ai, Bi, Dj, and Ej (i, j = 1, 2, 3) are defined as

Ai = Ceff
9 (fi − gi)− 2mbCeff

7

q2 (f T
i + gT

i ),

Bi = Ceff
9 (fi + gi)− 2mbCeff

7

q2 (f T
i − gT

i ),

Dj = Ceff
10 (fj − gj), Ej = Ceff

10 (fj + gj). (30)

3.2. The differential decay rate for �b → ��+�−

The differential decay rate of �b → ��+�− is given by

d� = 1

4m�b

⎛⎝∏
f

d3pf

(2π)3
1

2Ef

⎞⎠ (2π)4δ4

⎛⎝p�b −
∑

f

pf

⎞⎠ |M|2. (31)

Here, |M|2 is the squared amplitude averaged over the initial polarization and summed over the final
polarizations. After lengthy, but straightforward calculations, one can get the double differential
decay rate in terms of the various form factors in the 2HDM:

d2�(ŝ, z)

dŝ dz
= G2

F α
2
em

214π5 |VtbV ∗
ts|2 m�bv� λ

1/2(1, r, ŝ)T(ŝ, z), (32)

where ŝ = q2/m2
�b

, z = cos θ is the angle between p�b and p+ in the center of mass frame of the

�+�− pair, v� = (
1 − 4m�bm2

�/ŝ
)1/2

, λ(1, r, ŝ) = 1 + r2 + ŝ2 − 2r − 2ŝ − 2rŝ is the usual triangle
function. The function T(ŝ, z) is given by

T(ŝ, z) = T0(ŝ)+ z T1(ŝ)+ z2 T2(ŝ), (33)
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with

T0(ŝ) = 32m2
�m

2
�b

ŝ(1 + r − ŝ)(|D3|2 + |E3|2)
+ 64m2

�m
3
�b
(1 − r − ŝ)Re(D∗

1E3 + D3E∗
1)+ 64m2

�b

√
r(6m2

� − ŝm2
�b
)Re(D∗

1E1)

+ 64m2
�m

3
�b

√
r
(

2m�b ŝ Re(D∗
3E3)+ (1 − r + ŝ)Re(D∗

1D3 + E∗
1 E3)

)
+ 32m2

�b
(2m2

� + m2
�b

ŝ)
(
(1 − r + ŝ)m�b

√
r Re(A∗

1A2 + B∗
1B2)

− m�b(1 − r − ŝ)Re(A∗
1B2 + A∗

2B1)− 2
√

r
[

Re(A∗
1B1)+ m2

�b
ŝ Re(A∗

2B2)
])

+ 8m2
�b

(
4m2

�(1 + r − ŝ)+ m2
�b

[(1 − r)2 − ŝ2]
)(

|A1|2 + |B1|2
)

+ 8m4
�b

(
4m2

�[λ+ (1 + r − ŝ)ŝ] + m2
�b

ŝ[(1 − r)2 − ŝ2]
)(

|A2|2 + |B2|2
)

− 8m2
�b

(
4m2

�(1 + r − ŝ)− m2
�b

[(1 − r)2 − ŝ2]
)(

|D1|2 + |E1|2
)

+ 8m5
�b

ŝv2
�

(
− 8m�b ŝ

√
r Re(D∗

2E2)+ 4(1 − r + ŝ)
√

r Re(D∗
1D2 + E∗

1 E2)

− 4(1 − r − ŝ)Re(D∗
1E2 + D∗

2E1)+ m�b[(1 − r)2 − ŝ2]
[
|D2|2 + |E2|2

])
, (34)

T1(ŝ) = −16m4
�b

ŝv�
(
λ(1, r, ŝ)

)1/2 {2 Re(A∗
1D1)− 2 Re(B∗

1E1)

+ 2m�b Re(B∗
1D2 − B∗

2D1 + A∗
2E1 − A∗

1E2)
}

+ 32m5
�b

ŝ v�
(
λ(1, r, ŝ)

)1/2 {m�b(1 − r)Re(A∗
2D2 − B∗

2E2)

+ √
r Re(A∗

2D1 + A∗
1D2 − B∗

2E1 − B∗
1E2)

}
, (35)

and

T2(ŝ) = 8m6
�b

v2
� λ(1, r, ŝ)ŝ

(
(|A2|2 + |B2|2 + |D2|2 + |E2|2

)
− 8m4

�b
v2
� λ(1, r, ŝ)

(
|A1|2 + |B1|2 + |D1|2 + |E1|2

)
. (36)

The unpolarized differential decay rate of�b → ��+�− can be obtained from Eq. (32) by integrating
out the angular-dependent variable z which, in turn, yields(

d�(ŝ)

dŝ

)
0

= G2
F α

2
emm�b

213π5 |VtbV ∗
ts|2v� λ

1/2(1, r, ŝ)
[
T0(ŝ)+ 1

3
T2(ŝ)

]
. (37)

3.3. Leptons forward–backward asymmetry of �b → ��+�−

Another useful observable to look for new physics effects in �b → ��+�− decay is the leptons
forward–backward asymmetry (AFB). Since AFB depends on the chirality of the hadronic and leptonic
currents, this observable is therefore very sensitive to new physics beyond the SM through shifting its
zero value position. To calculate the leptons forward–backward asymmetry, we consider the double
differential decay rate formula for the process �b → ��+�− defined in Eq. (32).
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The normalized leptons forward–backward asymmetry is defined as

AFB(ŝ) =
∫ 1

0
d�

dŝ dz dz − ∫ 0
−1

d�
dŝ dz dz∫ 1

0
d�

dŝ dz dz + ∫ 0
−1

d�
dŝ dz dz

. (38)

Following the same procedure as for the differential decay rate, one can easily get the expression
for the leptons forward–backward asymmetry:

AFB(ŝ) = T1(ŝ)

2
(
T0(ŝ)+ T2(ŝ)/3

). (39)

3.4. �b → ��+�− decay with polarized �

Now let us consider the case when the final�baryon is polarized.As we already noted, unlike mesonic
decays, the baryonic decays could keep the helicity structure of their interactions. The importance
of the polarization of baryons in general is coming in due to their right-handed couplings, which
are suppressed in the SM, and they include different combinations of structures within the Wilson
coefficients Ceff

7 (μ), Ceff
9 (μ), and Ceff

10 (μ). For this reason, the baryonic decays are considered to
be one of the promising tools to search for new physics beyond the SM.

Here, we present the formulas for the polarized differential decay rates of �b → ��+�−. In the
calculations, we have included the lepton masses, and we define a 4-dimensional spin vector for the
polarized � baryon in terms of a unit vector, ξ̂ , along the direction of � spin in its rest frame as

sμ =
(−→p� · ξ̂

m�
, ξ̂ +

−→p� · ξ̂
m�(E� + m�)

−→p�
)

. (40)

We also introduce 3 orthogonal unit vectors along the longitudinal, transverse, and normal
components of � polarization in the �b rest frame as

êL =
−→p�
|−→p�| , êT =

−→p+ × −→p�
|−→p+ × −→p�| , êN = êT × êL, (41)

where −→p� and −→p+ are 3-dimensional vector momenta of the � and �+ in the center of mass of the
�+�− system. With these spin vectors, one can get the polarized differential decay rate for any spin
direction ξ̂ along the � baryon spin components:

d�(ξ̂ )

dŝ
= 1

2

(
d�

dŝ

)
0

[
1 + (

PL êL + PN êN + PT êT
) · ξ̂

]
, (42)

where PL, PN, and PT are the longitudinal, normal, and transverse polarizations of � baryon,
respectively, and

(
d�/dŝ

)
0 is the unpolarized decay width defined in Eq. (37). These polarization

asymmetries Pi (i = L, N, T) are obtained from

Pi(ŝ) =
d�
dŝ (ξ̂ = êi)− d�

dŝ (ξ̂ = −êi)

d�
dŝ (ξ̂ = êi)+ d�

dŝ (ξ̂ = −êi)
, (43)
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where

PL(ŝ) = 16m2
�b

(
λ(1, r, ŝ)

)1/2
2(T0(ŝ)+ T2(ŝ)/3)

[
8m2

�m�b

(
Re(D∗

1E3 − D∗
3E1)+ √

r Re(D∗
1D3 − E∗

1 E3)
)

− 4m2
�m

2
�b

ŝ
(
|D3|2 − |E3|2

)
− 4m�b(2m2

� + m2
�b

ŝ)Re(A∗
1B2 − A∗

2B1)

− 4

3
m3
�b

ŝ v2
�

(
3 Re(D∗

1E2 − D∗
2E1)+ √

r Re(D∗
1D2 − E∗

1 E2)
)

− 4

3
m�b

√
r(6m2

� + m2
�b

ŝ v2
�)Re(A∗

1A2 − B∗
1B2)− 2

3
m4
�b

ŝ(2 − 2r + ŝ)v2
�(|D2|2 − |E2|2)

+ (4m2
� + m2

�b
(1 − r + ŝ))(|A1|2 − |B1|2)− (4m2

� − m2
�b
(1 − r + ŝ))(|D1|2 − |E1|2)

− 1

3
m2
�b
(1 − r − ŝ) v2

� (|A1|2 − |B1|2 + |D1|2 − |E1|2)

− 1

3
m2
�b

[
12m2

�(1 − r)+ m2
�b

ŝ(3(1 − r + ŝ)+ v2
�(1 − r − ŝ))

](
|A2|2 − |B2|2)

]
, (44)

PN(ŝ) = 8πm3
�b

v�
(
ŝ
)1/2

2(T0(ŝ)+ T2(ŝ)/3)

[
− 2m�b(1 − r + ŝ)

√
r Re(A∗

1D1 + B∗
1E1)

+ 4m2
�b

ŝ
√

r Re(A∗
1E2 + A∗

2E1 + B∗
1D2 + B∗

2D1)

− 2m3
�b

ŝ
√

r(1 − r + ŝ)Re(A∗
2D2 + B∗

2E2)

+ 2m�b(1 − r − ŝ)
(

Re(A∗
1E1 + B∗

1D1)+ m2
�b

ŝ Re(A∗
2E2 + B∗

2D2)
)

− m2
�b

(
(1 − r)2 − ŝ2

)
Re(A∗

1D2 + A∗
2D1 + B∗

1E2 + B∗
2E1)

]
, (45)

PT(ŝ) = −8πm3
�b

vl
(
ŝλ(1, r, ŝ)

)1/2
2(T0(ŝ)+ T2(ŝ)/3)

[
m2
�b
(1 − r + ŝ)

(
Im(A∗

2D1 − A∗
1D2)

− Im(B∗
2E1 − B∗

1E2)
)

+ 2m�b

(
Im(A∗

1E1 − B∗
1D1)

− m2
�b

ŝ Im(A∗
2E2 − B∗

2D2)
)]

. (46)

4. Numerical analysis

In this section, we investigate the sensitivity of the branching ratio, differential branching ratio,
leptons forward–backward asymmetry, and polarization asymmetries of� baryon on the parameters
of the 2HDM within the full kinematical interval of the dilepton invariant mass 4m2

� ≤ q2 ≤
(m�b − m�)2. The main arbitrary parameters of type III are |λtt|, |λbb|, mH± , and the phase angle θ .
Typically, the |λtt| and |λbb| parameters in theYukawa couplings of type III can be complex, λttλbb =
|λttλbb|eiθ , where the range of variations for |λtt|, |λbb|, and the phase angle θ are determined from the

experimental results of the electric dipole moments of neutrons, B0–B0 mixing, Rb ≡ �(Z→bb)
�(Z→hadrons) ,

Br(b → sγ ), and ρ0 = M 2
W

M 2
Z cos2 θ

(Refs. [44–47]). The physical regions for these parameters have

become more controlled as time goes on. The experimental bounds on the neutron electric dipole
moments and Br(b → sγ ), as well as mH± ≥ 160 GeV, obtained at LEP II constrain λttλbb to be less
than 1 and θ to be in the range 60◦–90◦. Similarly, the experimental mixing parameter xd = �MB

�B
,
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Table 3. Values of input parameters used in our numerical analysis (Ref. [52]).

m�b = 5.62 GeV, mb = 4.8 GeV, mμ = 0.105 GeV,
mτ = 1.77 GeV, |VtbV ∗

ts | = 45 × 10−3, mc = 1.3 GeV,
α−1 = 137, GF = 1.17 × 10−5 GeV−2,
τ�b = 1.383 × 10−12 s, m� = 1.115 GeV

(a) (b)

(c) (d)

Fig. 1. The central values of branching ratios for the �b → ��+�− (� = μ, τ ) decays as functions of λtt

without long-distance contributions (a,c) and with long-distance contributions (b,d).

�MB and �B being the mass difference and the average width for the B0-meson mass eigenstates,
controls |λtt| to be less than 0.3 (Ref. [34]). Further constraints come from experimental results,
like BR(B → τν), R(D∗) = �(B→D∗μνμ)

�(B→D∗�ν�) , and BR(t → cg) (Ref. [34]). On the other hand, the
experimental value of the parameter Rb constrains the size of |λbb| to be around 50. (See, e.g.,
Refs. [34,35], and references therein). From the CLEO data of BR(B → Xsγ ), some constraint on
mH± in model III can also be found (Ref. [46]).

The other main input parameters are listed in Tables 2 and 3, while the values of the Wilson
coefficients in the SM are presented in Table 1. The obtained numerical results are shown in Figs. 1–5.
From the figures it is clear that the long-distance contributions (the charmonium resonances) can
give real effects on those observables by taking into account the first two low-lying resonances J/ψ
and ψ ′.

For the sake of convenience, Fig. 1 shows the |λtt| dependence of the branching ratios BR(�b →
��+�−) (� = μ, τ ) in the SM and the 2HDM of type III for |λbb| = 50, θ = 90◦, and for different
values of mH± with and without LD contributions, respectively. In Fig. 1, we have respected both
the upper limit of |λtt| ≤ 0.3 and the lower limit of mH± ≥ 160 GeV (Refs. [1,34,48]). From Fig. 1,
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Table 4. The obtained central values of the branching ratios for �b → ��+�− in both the SM and 2HDM.
The experimental branching ratio for �b → �μ+μ− in units of 10−6 are measured by the CDF BR(�b →
�μ+μ−)=1.73 ± 0.42 (stat) ± 0.55 (syst) (Ref. [25]), and LHCb BR(�b → �μ+μ−)=0.96 ± 0.16 (stat) ±
0.13 (syst)± 0.21 (norm) (Ref. [26]) Collaborations, respectively.

Branching ratio ×10−6 �b → �μ+μ− �b → �μ+μ− �b → �τ+τ− �b → �τ+τ−

without LD with LD without LD with LD

SM 1.9 12.38 0.48 4.49
mH = 160 GeV, |λtt| = 0.05 2.35 12.78 0.57 4.55
mH = 160 GeV, |λtt| = 0.10 3.47 14.33 0.71 4.67
mH = 160 GeV, |λtt| = 0.15 5.26 16.09 0.96 4.86
mH = 200 GeV, |λtt| = 0.05 2.34 12.68 0.55 4.54
mH = 200 GeV, |λtt| = 0.10 3.06 13.95 0.66 4.63
mH = 200 GeV, |λtt| = 0.15 4.39 15.21 0.82 4.77
mH = 300 GeV, |λtt| = 0.05 2.09 12.54 0.52 4.52
mH = 300 GeV, |λtt| = 0.10 2.51 12.93 0.59 4.57
mH = 300 GeV, |λtt| = 0.15 3.17 14.04 0.68 4.65
mH = 700 GeV, |λtt| = 0.05 1.95 12.41 0.49 4.50
mH = 700 GeV, |λtt| = 0.10 2.02 12.48 0.52 4.51
mH = 700 GeV, |λtt| = 0.15 2.14 12.58 0.54 4.53

it follows that the new physics contribution of type III 2HDM can offer one maximum 6–7 times
enhancement for the branching ratio BR(�b → �μ+μ−) at mH± = 160 GeV and |λtt| = 0.3
(Refs. [25,26]). Furthermore, one can see from Fig. 1(a) that when 0.05 ≤ |λtt| ≤ 0.15 for 160 GeV
≤ mH± ≤ 300 GeV, the contribution of type III 2HDM exceeds the SM ones by at most 1–2 times.
The numerical values of the branching ratios for �b → ��+�− (� = μ, τ ) with and without LD
contribution in the SM and 2HDM are summarized in Table 4.

Generally speaking, the branching ratios in 2HDM always exceed the SM predictions, and become
more important at 0.05 ≤ |λtt| ≤ 0.15 when 160 GeV ≤ mH± ≤ 300 GeV. The general behavior
of 2HDM contributions is that an increase in the values of |λtt| creates an increase in the values of
the branching ratios, while an increase in the values of mH± causes a decrease in the values of the
branching ratios. For example, when mH± = 700 GeV the branching ratios within 2HDM exceed the
SM results slightly, but still agree with a recent CDF measurement BR(�b → �μ+μ−)= [1.73 ±
0.42 (stat) ± 0.55 (syst)] × 10−6 (Ref. [25]), and the LHCb Collaboration BR(�b → �μ+μ−)=
[0.96 ± 0.16 (stat)± 0.13 (syst)± 0.21 (norm)] × 10−6 (Ref. [26]). Thus, a sensitive measurement
of BR(�b → ��+�−) (� = μ, τ ), as well as the value of |λtt|, will in future play a critical role in
establishing new physics beyond the SM, in particular 2HDM.

In Fig. 2, we show the dependence of the differential branching ratios of �b → ��+�− (� =
μ, τ ) on q2 with and without LD contributions by using the reference values for the parameters as
specified before: |λtt| = 0.15, |λbb| = 50, and θ = 90◦. From Fig. 2, the agreement of the SM with
experimental data in the dilepton-invariant mass-squared region 15 < q2 < 20 GeV2 for μ+μ−
channel is clear (Ref. [27]). Also, one can see that the 2HDM effects are significant for both muon
and tau pairs being in the final state.

In Fig. 3, the leptons AFB for �b → ��+�− (� = μ, τ ) decay as functions of q2 are presented.
Figure 3(a,b) describes the leptons AFB in the �b → �μ+μ− channel with and without LD contri-
butions, from which one can easily distinguish between the SM and 2HDM. It is clear from the figure
that in the SM the zero position of AFB is due to the opposite signs of CSM

7 (μ) and CSM
9 , whereas
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(a) (b)

(c) (d)

Fig. 2. The central values of the differential branching ratios for the �b → ��+�− (� = μ, τ ) decays as
functions of q2 without long-distance contributions (a,c) and with long-distance contributions (b,d). The solid
(red), dashed (black), dashed-dot (blue), and dotted (green) lines represent SM, mH =160 GeV, mH =200 GeV,
and mH =300 GeV, respectively. The recent experimental result LHCb (Ref. [27]) is also presented in (a).

(a) (b)

(c) (d)

Fig. 3. The central values of the leptons forward–backward asymmetry for the�b → ��+�− (� = μ, τ ) decay
as functions of q2 without long-distance contributions (a,c) and with long-distance contributions (b,d). The
line conventions are same as given in the legend of Fig. 2.
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(a) (b)

(c) (d)

Fig. 4. The central values of the longitudinal � polarization asymmetries for the �b → ��+�− (� = μ, τ )
decays as functions of q2 without long-distance contributions (a,c) and with long-distance contributions (b,d).
The line conventions are same as given in the legend of Fig. 2.

in 2HDM, the signs of Ceff
7 (μ) and Ceff

9 (μ) are the same and have considerable contributions, and
hence the zero point of AFB completely disappears. Moreover, it should be noted that at q2 ≤ 5 GeV2

the signs of AFB in the SM and 2HDM are completely different. Thus, determining the sign of AFB

in this domain can give unambiguous information about the existence of the charged Higgs particle.
This property is considered to be one of the most promising tools in looking for new physics beyond
the SM.

For �b → �τ+τ− the AFB with and without LD contributions are represented in Fig. 3(c,d). For
this channel, the AFB are found to be insensitive to effects coming from different mH± masses in the
2HDM, and the 2HDM prediction for AFB in the region q2 � 15–17 GeV2 is slightly smaller than
the SM one.

Figure 4 shows the dependence of longitudinal polarization asymmetry of the � baryon on
the square of momentum transfer. In Fig. 4(a,b), the effects of 2HDM show overall considerable
deviations from SM results in the low momentum transfer regions 0 < q2 < 5 GeV2 for the
�b → �μ+μ− channel, the PL asymmetry of the � baryon is large and negative in all cases. On
the other hand, for the �b → �τ+τ− channel in Fig. 4(c,d), the PL asymmetry of the � baryon in
2HDM is indistinguishable from that in the SM. Therefore, the PL asymmetry of the � baryon for
the muonic mode is predictive for establishing new physics beyond the SM. However, one can easily
see that the PN asymmetry of the� baryon is very sensitive to the sign of the Ceff

7 (μ) in 2HDM, and
its result is also distinguishable from the SM as shown in Fig. 5. The PN asymmetry of the� baryon
is negative in the low momentum transfer regions 1 < q2 < 10 GeV2, positive and large in the high
momentum transfer regions 10 < q2 < 20 GeV2. In the low region, increasing mH± decreases the
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(a) (b)

(c) (d)

Fig. 5. The central values of the normal � polarization asymmetries for the �b → ��+�− (� = μ, τ ) decays
as functions of q2 without long-distance contributions (a,c) and with long-distance contributions (b,d). The
line conventions are same as given in the legend of Fig. 2.

values of the normal polarization asymmetry. For example, with mH± = 160 GeV the values of PN

decrease to about 60% of the SM results. Therefore, independent measurements of branching ratios
and measurements of longitudinal and normal polarization asymmetries for�b → ��+�− in future
experiments will be a useful tool for establishing the 2HDM.

Finally, from Eq. (46) it is clear that the transverse polarization asymmetry of the � baryon is
proportional to the imaginary parts of C∗eff

7 (μ) and C∗eff
9 (μ). These imaginary parts are quite small

in the 2HDM, as well as in the SM, and hence the values of the transverse polarization asymmetries
of the � baryon at different values of mH± and |λtt| are almost equal to zero. For this reason we do
not show them here.

5. Conclusion

In this paper, we have carried out a comprehensive analysis on �b → ��+�− (� = μ, τ ) decays in
the general 2HDM of type III. We have calculated the branching ratios, differential branching ratios,
leptons forward–backward asymmetry, and � baryon polarizations using lattice QCD calculations
of the relevant �b → � form factors. We have shown that the branching ratios and the differential
branching ratios in 2HDM deviate sizably from those of the SM, especially in the large momentum
transfer region. For the leptons forward–backward asymmetry in �b → ��+�− (� = μ, τ ) decays
the deviations from the SM are very mild in 2HDM. Moreover, in the 2HDM of type III the zero
point of the AFB completely disappears, and the sign predicted in 2HDM is different from that in the
SM at q2 ≤ 5 GeV2 in the muon channel. In short, we think that the orders of the obtained values
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of the branching ratios, differential branching ratios, leptons AFB, PL, and PN polarizations of the�
baryon in �b → ��+�− (l = μ, τ ) decays can be measured at the LHCb.

To conclude, even though there are several angular distributions that have already been measured at
the LHCb (see, e.g., Ref. [27]), and several updated theoretical discussions on such decay (Refs. [49–
51]), still one needs precise measurement of such quantities, like the branching ratio, differential
branching ratio, leptons forward–backward asymmetry, and polarization asymmetry of the� baryon
in �b → ��+�− (l = μ, τ ) decays, which will be helpful in searching for charged Higgs particles,
and open the possibility of establishing new physics beyond the SM.
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