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The significant divergence between the SM predictions and experimental measurements for the ratios, 𝑅𝐷(∗) ≡ B(𝐵 →𝐷(∗)𝜏−]𝜏)/B(𝐵 → 𝐷(∗)ℓ−]ℓ )with (ℓ = 𝑒, 𝜇), implies possible hint of new physics in the flavor sector. In this paper, motivated by
the “𝑅𝐷(∗) puzzle” and abundant𝐵∗ data samples at high-luminosity heavy-flavor experiments in the future, we try to probe possible
effects of new physics in the semileptonic 𝐵∗𝑢,𝑑,𝑠 → 𝑃ℓ−]ℓ (𝑃 = 𝐷,𝐷𝑠, 𝜋, 𝐾) decays induced by 𝑏 → (𝑢, 𝑐)ℓ−]ℓ transitions in the
model-independent vector and scalar scenarios. Using the spaces of NP parameters obtained by fitting to the data of 𝑅𝐷 and 𝑅𝐷∗ ,
the NP effects on the observables including branching fraction, ratio 𝑅∗𝑃, lepton spin asymmetry, and lepton forward-backward
asymmetry are studied in detail. We find that the vector type couplings have large effects on the branching fraction and ratio 𝑅∗𝑃.
Meanwhile, the scalar type couplings provide significant contributions to all of the observables. The future measurements of these
observables in the 𝐵∗ → 𝑃ℓ−]ℓ decays at the LHCb and Belle-II could provide a way to crosscheck the various NP solutions to the
“𝑅𝐷(∗) puzzle”.

1. Introduction

Thanks to the fruitful running of the 𝐵 factories and Large
Hadron Collider (LHC) in the past years, most of the 𝐵𝑢,𝑑
mesons decays with branching fractions ≳ O(10−7) have been
measured.The rare𝐵-meson decays play an important role in
testing the standardmodel (SM) and probing possible hints of
new physics (NP). Although most of the experimental mea-
surements are in good agreement with the SM predictions,
several indirect hints for NP, the tensions or the so-called
puzzles, have been observed in the flavor sector.

The semileptonic𝐵 → 𝐷(∗)ℓ]ℓ decays are induced by the
CKM favored tree-level charged current, and therefore, their
physical observables could be rather reliably predicted in the
SM and the effects of NP are expected to be tiny. In particular,
the ratios defined by 𝑅𝐷(∗) ≡ B(𝐵 → 𝐷(∗)𝜏−]𝜏)/B(𝐵 →𝐷(∗)ℓ−]ℓ ) (ℓ = 𝑒, 𝜇) are independent of the CKM matrix
elements, and the hadronic uncertainties canceled to a large
extent; thus they could be predicted with a rather high
accuracy. However, the BaBar [1, 2], Belle [3–5], and LHCb

[6] collaborations have recently observed some anomalies in
these ratios. The latest experimental average values for 𝑅𝐷(∗)
reported by the Heavy-Flavor Average Group (HFAG) are [7]

𝑅Exp𝐷 = 0.403 ± 0.040 ± 0.024,
𝑅Exp𝐷∗ = 0.310 ± 0.015 ± 0.008,

(1)

which deviate from the SM predictions

𝑅SM𝐷 = 0.300 ± 0.008,
𝑅SM𝐷∗ = 0.252 ± 0.003,

(2)

(see [8] in the first equation of (2) and [9] in the second
equation of (2)) at the levels of 2.2𝜎 and 3.4𝜎 errors,
respectively. Moreover, when the correlations between 𝑅𝐷
and 𝑅∗𝐷 are taken into account, the tension would reach
up to 3.9𝜎 level [7]. Besides, the ratio 𝑅𝐽/𝜓 ≡ B(𝐵𝑐 →𝐽/𝜓𝜏−]𝜏)/B(𝐵𝑐 → 𝐽/𝜓𝜇−]𝜇) has recently been measured
by the LHCb collaboration [10], which also shows an excess
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of about 2𝜎 from the central value range of the corresponding
SM predictions [0.25, 0.28]. In addition, another mild hint
of NP in the 𝑏 → 𝑢ℓ] induced 𝐵 → 𝜏] decay has been
observed by the BaBar and Belle collaborations [11–14]; the
deviation is at the level of 1.4𝜎 [15].

The large deviations in 𝑅𝐷(∗) and possible anomalies in
the other decay channels mentioned above imply possible
hints of NP relevant to the lepton flavor violation (LFV)
[15]. The investigations for these anomalies have been made
extensively both withinmodel-independent frameworks [16–
37] and in some specific NP models where the 𝑏 → 𝑐𝜏]𝜏
transition is mediated by leptoquarks [16, 17, 38–46], charged
Higgses [16, 47–59], charged vector bosons [16, 60, 61], and
sparticles [62–65].

In addition to 𝐵 mesons, the vector ground states of 𝑏𝑞
system, 𝐵∗ mesons, with quantum number of 𝑛2𝑠+1𝐿𝐽 = 13𝑆1
and 𝐽𝑃 = 1− [66–69], also can decay through the 𝑏 →(𝑢, 𝑐)ℓ]ℓ transitions at quark-level.Therefore, in principle, the
corresponding NP effects might enter into the semileptonic𝐵∗ decays as well. The 𝐵∗ decay occurs mainly through
the electromagnetic process 𝐵∗ → 𝐵𝛾, and the weak
decay modes are very rare. Fortunately, thanks to the rapid
development of heavy-flavor experiments instruments and
techniques, the 𝐵∗ weak decays are hopeful to be observed
by the running LHC and forthcoming SuperKEK/Belle-II
experiments [70–72] in the near future. For instance, the
annual integrated luminosity of Belle-II is expected to reach
up to ∼13 𝑎𝑏−1 and the 𝐵∗ weak decays with branching
fractions > O(10−9) are hopeful to be observed [70, 73, 74].
Moreover, the LHC experiment also will provide a lot of
experimental information for 𝐵∗ weak decays due to the
much larger beauty production cross-section of 𝑝𝑝 collision
relative to 𝑒+𝑒− collision [75].

Recently, some interesting theoretical studies for the𝐵∗ weak decays have been made within the SM in [73,
74, 76–82]. In this paper, motivated by the possible NP
explanation for the 𝑅𝐷(∗) puzzles, the corresponding NP
effects on the semileptonic 𝐵∗ decays will be studied in a
model-independent way. In the investigation, the scenarios
of vector and scalar NP interactions are studied, respectively;
their effects on the branching fraction, differential branching
fraction, lepton spin asymmetry, forward-backward asym-
metry, and ratio 𝑅∗𝑃 (𝑃 = 𝐷, 𝜋,𝐾) of semileptonic 𝐵∗ decays
are explored by using the spaces of various NP couplings
obtained through the measured 𝑅𝐷(∗) .

Our paper is organized as follows. In Section 2, after a
brief description of the effective Lagrangian for the 𝑏 →(𝑢, 𝑐)ℓ]ℓ transitions, the theoretical framework and calcula-
tions for the𝐵∗ → 𝑃ℓ]ℓ decays in the presence of variousNP
couplings are presented. Section 3 is devoted to the numerical
results and discussions for the effects of variousNP couplings.
Finally, we give our conclusions in Section 4.

2. Theoretical Framework and Calculation

2.1. Effective Lagrangian and Amplitudes. We employ the
effective field theory approach to compute the amplitudes of𝐵∗ → 𝑃ℓ]ℓ decays in a model-independent scheme. The

most general effective Lagrangian at 𝜇 = O(𝑚𝑏) for the 𝑏 →𝑝ℓ−]ℓ (𝑝 = 𝑢, 𝑐) transition can be written as [19, 21, 40, 46]

Leff = −2√2𝐺𝐹 ∑
𝑝=𝑢,𝑐

𝑉𝑝𝑏 {(1 + 𝑉𝐿) 𝑝𝐿𝛾𝜇𝑏𝐿ℓ𝐿𝛾𝜇]𝐿
+ 𝑉𝑅𝑝𝑅𝛾𝜇𝑏𝑅ℓ𝐿𝛾𝜇]𝐿 + �̃�𝐿𝑝𝐿𝛾𝜇𝑏𝐿ℓ𝑅𝛾𝜇]𝑅
+ �̃�𝑅𝑝𝑅𝛾𝜇𝑏𝑅ℓ𝑅𝛾𝜇]𝑅 + 𝑆𝐿𝑝𝑅𝑏𝐿ℓ𝑅]𝐿 + 𝑆𝑅𝑝𝐿𝑏𝑅ℓ𝑅]𝐿
+ 𝑆𝐿𝑝𝑅𝑏𝐿ℓ𝐿]𝑅 + 𝑆𝑅𝑝𝐿𝑏𝑅ℓ𝐿]𝑅 + 𝑇𝐿𝑝𝑅𝜎𝜇]𝑏𝐿ℓ𝑅𝜎𝜇]]𝐿
+ �̃�𝐿𝑝𝐿𝜎𝜇]𝑏𝑅ℓ𝐿𝜎𝜇]]𝑅} + h.c.,

(3)

where 𝐺𝐹 is the Fermi coupling constant, 𝑉𝑝𝑏 denotes the
CKM matrix elements, and 𝑃𝐿,𝑅 = (1 ± 𝛾5)/2 is the nega-
tive/positive projection operator. Assuming the neutrinos are
left-handed and neglecting the tensor couplings, the effective
Lagrangian can be simplified as

Leff = −𝐺𝐹√2
⋅ ∑
𝑝=𝑢,𝑐

𝑉𝑝𝑏 {(1 + 𝑉𝐿) 𝑝𝛾𝜇 (1 − 𝛾5) 𝑏ℓ𝛾𝜇 (1 − 𝛾5) ]
+ 𝑉𝑅𝑝𝛾𝜇 (1 + 𝛾5) 𝑏ℓ𝛾𝜇 (1 − 𝛾5) ]
+ 𝑆𝐿𝑝 (1 − 𝛾5) 𝑏ℓ (1 − 𝛾5) ]
+ 𝑆𝑅𝑝 (1 + 𝛾5) 𝑏ℓ (1 − 𝛾5) ]} + h.c.,

(4)

where 𝑉𝐿,𝑅 and 𝑆𝐿,𝑅 are the effective NP couplings (Wilson
coefficients) defined at 𝜇 = O(𝑚𝑏). In the SM, all the NP
couplings will be zero.

We use the method of [83–87] to calculate the helicity
amplitudes. The square of amplitudes for the 𝐵∗ → 𝑃ℓ−]ℓ
decay can be written as the product of leptonic (𝐿𝜇]) and
hadronic (𝐻𝜇]) tensors,

M (𝐵∗ → 𝑃ℓ−]ℓ)2 = ⟨𝑃ℓ−]ℓ Leff
 𝐵∗⟩2

= ∑
𝑖,𝑗

𝐿𝑖𝑗𝜇]𝐻𝑖𝑗,𝜇], (5)

where the superscripts 𝑖 and 𝑗 refer to four operators in the
effective Lagrangian given by (4) (the tensors related to the
scalar and pseudoscalar operators can be understood through
the relations given by (21) and (22)); in the SM, 𝑖 = 𝑗
corresponds to the operator 𝑝𝛾𝜇(1 − 𝛾5)𝑏ℓ𝛾𝜇(1 − 𝛾5)]. For
convenience in writing, these superscripts are omitted below.
Inserting the completeness relation

∑
𝑚,𝑛

𝜖𝜇 (𝑚) 𝜖∗] (𝑛) 𝑔𝑚𝑛 = 𝑔𝜇], (6)

the product of 𝐿𝜇] and𝐻𝜇] can be further expressed as

𝐿𝜇]𝐻𝜇] = ∑
𝑚,𝑚,𝑛,𝑛

𝐿 (𝑚, 𝑛)𝐻 (𝑚, 𝑛) 𝑔𝑚𝑚𝑔𝑛𝑛 . (7)
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Here, 𝜖𝜇 is the polarization vector of the virtual intermediate
states, which is𝑊∗ boson in the SM and named as 𝜔 in this
paper for convenience of expression.The quantities 𝐿(𝑚, 𝑛) ≡𝐿𝜇]𝜖𝜇(𝑚)𝜖∗] (𝑛) and 𝐻(𝑚, 𝑛) ≡ 𝐻𝜇]𝜖∗𝜇(𝑚)𝜖](𝑛) are Lorentz
invariant and therefore can be evaluated in different reference
frames. In the following evaluation, 𝐻(𝑚, 𝑛) and 𝐿(𝑚, 𝑛) will
be calculated in the𝐵∗-meson rest frame and the ℓ−]ℓ center-
of-mass frame, respectively.

2.2. Kinematics for 𝐵∗ → 𝑃ℓ−]ℓ Decays. In the 𝐵∗-meson
rest frame with daughter 𝑃-meson moving in the positive 𝑧-
direction, the momenta of particles 𝐵∗ and 𝑃 are

𝑝𝜇𝐵∗ = (𝑚𝐵∗ , 0, 0, 0) ,
𝑝𝜇𝑃 = (𝐸𝑃, 0, 0, →𝑝) .

(8)

For the four polarization vectors, 𝜖𝜇(𝜆𝜔 = 𝑡, 0, ±), one can
conveniently choose [83, 84]

𝜖𝜇 (𝑡) = 1
√𝑞2 (𝑞0, 0, 0, −

→𝑝) ,

𝜖𝜇 (0) = 1
√𝑞2 (

→𝑝 , 0, 0, −𝑞0) ,

𝜖𝜇 (±) = 1√2 (0, ±1, −𝑖, 0) ,

(9)

where 𝑞0 = (𝑚2
𝐵∗ − 𝑚2

𝑃 + 𝑞2)/2𝑚𝐵∗ and |→𝑝| = 𝜆1/2(𝑚2
𝐵∗ ,𝑚2

𝑃, 𝑞2)/2𝑚𝐵∗ , with 𝜆(𝑎, 𝑏, 𝑐) ≡ 𝑎2+𝑏2+𝑐2−2(𝑎𝑏+𝑏𝑐+𝑐𝑎)and𝑞2 = (𝑝𝐵∗ − 𝑝𝑃)2 being the momentum transfer squared, are
the energy and momentum of the virtual 𝜔. The polarization
vectors of the initial 𝐵∗-meson can be written as

𝜖𝜇 (0) = (0, 0, 0, 1) ,
𝜖𝜇 (±) = 1√2 (0, ∓1, −𝑖, 0) .

(10)

In the ℓ − ]ℓ center-of-mass frame, the four momenta of
lepton and antineutrino pair are given as

𝑝𝜇ℓ = (𝐸ℓ, →𝑝 ℓ sin 𝜃, 0, →𝑝 ℓ cos 𝜃) ,
𝑝𝜇]ℓ = (→𝑝 ℓ , − →𝑝 ℓ sin 𝜃, 0, − →𝑝 ℓ cos 𝜃) ,

(11)

where 𝐸ℓ = (𝑞2 +𝑚2
ℓ)/2√𝑞2, |→𝑝 ℓ| = (𝑞2 −𝑚2

ℓ)/2√𝑞2, and 𝜃 is
the angle between the 𝑃 and ℓ three-momenta. In this frame,
the polarization vector 𝜖𝜇 takes the form

𝜖𝜇 (𝑡) = (1, 0, 0, 0) ,
𝜖𝜇 (0) = (0, 0, 0, 1) ,
𝜖𝜇 (±) = 1√2 (0, ∓1, −𝑖, 0) .

(12)

2.3. Hadronic Helicity Amplitudes. For the 𝐵∗ → 𝑃ℓ−]ℓ
decay, the hadronic helicity amplitudes 𝐻𝑉𝐿,𝑅

𝜆𝐵∗𝜆𝜔
and 𝐻𝑆𝐿,𝑅

𝜆𝐵∗𝜆𝜔
are defined by

𝐻𝑉𝐿
𝜆𝐵∗𝜆𝜔

(𝑞2)
= 𝜖∗𝜇 (𝜆𝜔) ⟨𝑃 (𝑝𝑃) 𝑝𝛾𝜇 (1 − 𝛾5) 𝑏 𝐵∗ (𝑝𝐵∗ , 𝜆𝐵∗)⟩ ,

(13)

𝐻𝑉𝑅
𝜆𝐵∗𝜆𝜔

(𝑞2)
= 𝜖∗𝜇 (𝜆𝜔) ⟨𝑃 (𝑝𝑃) 𝑝𝛾𝜇 (1 + 𝛾5) 𝑏 𝐵∗ (𝑝𝐵∗ , 𝜆𝐵∗)⟩ ,

(14)

𝐻𝑆𝐿
𝜆𝐵∗𝜆𝜔

(𝑞2) = ⟨𝑃 (𝑝𝑃) 𝑝 (1 − 𝛾5) 𝑏 𝐵∗ (𝑝𝐵∗ , 𝜆𝐵∗)⟩ , (15)

𝐻𝑆𝑅
𝜆𝐵∗𝜆𝜔

(𝑞2) = ⟨𝑃 (𝑝𝑃) 𝑝 (1 + 𝛾5) 𝑏 𝐵∗ (𝑝𝐵∗ , 𝜆𝐵∗)⟩ , (16)

which describe the decay of three helicity states of 𝐵∗ meson
into a pseudoscalar 𝑃 meson and the four helicity states of
virtual 𝜔. It should be noted that 𝜆𝜔 in 𝐻𝑆𝐿,𝑅

𝜆𝐵∗𝜆𝜔
(𝑞2), (15) and

(16), should always be equal to 𝑡.
For 𝐵∗ → 𝑃 transition, the matrix elements of the vector

and axial-vector currents can be written in terms of form
factors𝑉(𝑞2) and 𝐴0,1,2(𝑞2) as
⟨𝑃 (𝑝𝑃) 𝑝𝛾𝜇𝑏 𝐵∗ (𝜖, 𝑝𝐵∗)⟩ = − 2𝑖𝑉 (𝑞

2)
𝑚𝐵∗ + 𝑚𝑃

⋅ 𝜀𝜇]𝜌𝜎𝜖]𝑝𝜌𝑃𝑝𝜎𝐵∗ ,
(17)

⟨𝑃 (𝑝𝑃) 𝑝𝛾𝜇𝛾5𝑏 𝐵∗ (𝜖, 𝑝𝐵∗)⟩ = 2𝑚𝐵∗𝐴0 (𝑞2) 𝜖 ⋅ 𝑞𝑞2 𝑞𝜇
+ (𝑚𝑃 + 𝑚𝐵∗) 𝐴1 (𝑞2) (𝜖𝜇 − 𝜖 ⋅ 𝑞𝑞2 𝑞𝜇) + 𝐴2 (𝑞2)
⋅ 𝜖 ⋅ 𝑞
𝑚𝑃 + 𝑚𝐵∗

[(𝑝𝐵∗ + 𝑝𝑃)𝜇 − 𝑚
2
𝐵∗ − 𝑚2

𝑃𝑞2 𝑞𝜇] ,
(18)

with the sign convention 𝜖0123 = −1. Furthermore, using the
equations of motion,

𝑖𝜕𝜇 (𝑝𝛾𝜇𝑏) = [𝑚𝑏 (𝜇) − 𝑚𝑝 (𝜇)] 𝑝𝑏, (19)

𝑖𝜕𝜇 (𝑝𝛾𝜇𝛾5𝑏) = − [𝑚𝑏 (𝜇) + 𝑚𝑝 (𝜇)] 𝑝𝛾5𝑏, (20)

one can write the matrix elements of scalar and pseudoscalars
currents as

⟨𝑃 (𝑝𝑃) 𝑝𝑏 𝐵∗ (𝜖, 𝑝𝐵∗)⟩ = 1
𝑚𝑏 (𝜇) − 𝑚𝑝 (𝜇)

⋅ 𝑞𝜇 ⟨𝑃 (𝑝𝑃) 𝑝𝛾𝜇𝑏 𝐵∗ (𝜖, 𝑝𝐵∗)⟩ = 0,
(21)

⟨𝑃 (𝑝𝑃) 𝑝𝛾5𝑏 𝐵∗ (𝜖, 𝑝𝐵∗)⟩ = − 1
𝑚𝑏 (𝜇) + 𝑚𝑝 (𝜇)

⋅ 𝑞𝜇 ⟨𝑃 (𝑝𝑃) 𝑝𝛾𝜇𝛾5𝑏 𝐵∗ (𝜖, 𝑝𝐵∗)⟩ = − (𝜖 ⋅ 𝑞)
⋅ 2𝑚𝐵∗𝑚𝑏 (𝜇) + 𝑚𝑝 (𝜇)𝐴0 (𝑞2) ,

(22)

in which𝑚𝑏(𝜇) and𝑚𝑝(𝜇) are the running quark masses.
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Then, by contracting above hadronic matrix elements
with the polarization vectors in the 𝐵∗-meson rest frame, we
obtain five nonvanishing helicity amplitudes

𝐻0𝑡 (𝑞2) = 𝐻𝑉𝐿
0𝑡 (𝑞2) = −𝐻𝑉𝑅

0𝑡 (𝑞2) = 2𝑚𝐵∗
→𝑝

√𝑞2
⋅ 𝐴0 (𝑞2) ,

(23)

𝐻00 (𝑞2) = 𝐻𝑉𝐿
00 (𝑞2) = −𝐻𝑉𝑅

00 (𝑞2)
= 1
2𝑚𝐵∗√𝑞2

[
[
(𝑚𝐵∗ + 𝑚𝑃) (𝑚2

𝐵∗ − 𝑚2
𝑃 + 𝑞2)

⋅ 𝐴1 (𝑞2) + 4𝑚
2
𝐵∗
→𝑝2𝑚𝐵∗ + 𝑚𝑃

𝐴2 (𝑞2)]]
,

(24)

𝐻±∓ (𝑞2) = 𝐻𝑉𝐿
±∓ (𝑞2) = −𝐻𝑉𝑅

∓± (𝑞2) = − (𝑚𝐵∗ + 𝑚𝑃)
⋅ 𝐴1 (𝑞2) ∓ 2𝑚𝐵∗

→𝑝𝑚𝐵∗ + 𝑚𝑃

𝑉(𝑞2) , (25)

𝐻
0𝑡 (𝑞2) = 𝐻𝑆𝐿

0𝑡 (𝑞2) = −𝐻𝑆𝑅
0𝑡 (𝑞2)

= − 2𝑚𝐵∗
→𝑝𝑚𝑏 (𝜇) + 𝑚𝑐 (𝜇)𝐴0 (𝑞2) .

(26)

It is obvious that only the amplitudes with 𝜆𝐵∗ = 𝜆𝑃 − 𝜆𝜔 =−𝜆𝜔 survive.
2.4. Leptonic Helicity Amplitudes. Expanding the leptonic
tensor in terms of a complete set of Wigner’s 𝑑𝐽-functions
[9, 83, 87], 𝐿𝜇]𝐻𝜇] can be rewritten as a compact form

𝐿𝜇]𝐻𝜇] = 18 ∑
𝜆ℓ,𝜆]ℓ

,𝜆𝜔,𝜆

𝜔,𝐽,𝐽


(−1)𝐽+𝐽

⋅ ℎ𝑖𝜆ℓ,𝜆]ℓ
ℎ𝑗∗
𝜆ℓ,𝜆]ℓ

𝛿𝜆𝐵∗ ,−𝜆𝜔𝛿𝜆𝐵∗ ,−𝜆𝜔
× 𝑑𝐽𝜆𝜔,𝜆ℓ−1/2𝑑𝐽𝜆𝜔,𝜆ℓ−1/2𝐻𝑖

𝜆𝐵∗𝜆𝜔
𝐻𝑗∗

𝜆𝐵∗𝜆

𝜔

,
(27)

in which 𝐽 and 𝐽 run over 1 and 0, 𝜆()𝜔 and 𝜆ℓ run over their
components, and massless right-handed antineutrinos with𝜆]ℓ = 1/2. In (27), ℎ𝑖,𝑗

𝜆ℓ,𝜆]ℓ
are the leptonic helicity amplitudes

defined as

ℎ𝑉𝐿,𝑅𝜆ℓ,𝜆]ℓ
= 𝑢ℓ (𝜆ℓ) 𝛾𝜇 (1 − 𝛾5) ]] (12) 𝜖𝜇 (𝜆𝜔) , (28)

ℎ𝑆𝐿,𝑅
𝜆ℓ,𝜆]ℓ

= 𝑢ℓ (𝜆ℓ) (1 − 𝛾5) ]] (12) . (29)

In the ℓ − ]ℓ center-of-mass frame, taking the exact forms of
the spinors and polarization vectors, we finally obtain four
nonvanishing contributions

ℎ𝑉𝐿,𝑅−1/2,1/2


2 = 8 (𝑞2 − 𝑚2

ℓ) , (30)

ℎ𝑉𝐿,𝑅1/2,1/2


2 = 8 𝑚2

ℓ2𝑞2 (𝑞2 − 𝑚2
ℓ) , (31)

ℎ𝑆𝐿,𝑅1/2,1/2


2 = 8𝑞2 − 𝑚2

ℓ2 , (32)

ℎ𝑉𝐿,𝑅1/2,1/2

 ×
ℎ𝑆𝐿,𝑅1/2,1/2

 = 8 𝑚ℓ

2√𝑞2 (𝑞
2 − 𝑚2

ℓ) . (33)

2.5. Observables of 𝐵∗ → 𝑃ℓ−]ℓ Decays. With the ampli-
tudes obtained in above subsections, we then present the
observables considered in our following evaluations. The
double differential decay rate of𝐵∗ → 𝑃ℓ−]ℓ decay iswritten
as

𝑑Γ𝑑𝑞2𝑑 cos 𝜃 =
𝐺2𝐹 𝑉𝑝𝑏2(2𝜋)3

→𝑝8𝑚2
𝐵∗

13 (1 −
𝑚2
ℓ𝑞2 )

⋅ M (𝐵∗ → 𝑃ℓ−]ℓ)2 ,
(34)

where the factor 1/3 is caused by averaging over the spins
of initial state 𝐵∗. Using the standard convention for 𝑑𝐽-
function [88], we finally obtain the double differential decay
rates with a given leptonic helicity state (𝜆ℓ = ±1/2), which
are

𝑑2Γ [𝜆ℓ = −1/2]𝑑𝑞2𝑑 cos 𝜃 = 𝐺2𝐹
𝑉𝑝𝑏2 →𝑝256𝜋3𝑚2

𝐵∗

13𝑞2 (1 −
𝑚2
ℓ𝑞2 )

2

× {1 + 𝑉𝐿2 [(1 − cos 𝜃)2𝐻2
−+ + (1 + cos 𝜃)2𝐻2

−+

+ 2 sin2 𝜃𝐻2
00] + 𝑉𝑅2 [(1 − cos 𝜃)2𝐻2

+−

+ (1 + cos 𝜃)2𝐻2
−+ + 2 sin2 𝜃𝐻2

00]
− 4R𝑒 [(1 + 𝑉𝐿) 𝑉∗𝑅 ] [(1 + cos 𝜃2)𝐻+−𝐻−+

+ sin2 𝜃𝐻2
00]} ,

(35)

𝑑2Γ [𝜆ℓ = 1/2]𝑑𝑞2𝑑 cos 𝜃 = 𝐺2𝐹
𝑉𝑝𝑏2 →𝑝256𝜋3𝑚2

𝐵∗

13𝑞2 (1 −
𝑚2
ℓ𝑞2 )

2 𝑚2
ℓ𝑞2

× {{{{{
(1 + 𝑉𝐿2 + 𝑉𝑅2) [sin2 𝜃 (𝐻2

−+ + 𝐻2
+−)

+ 2 (𝐻0𝑡 − cos 𝜃𝐻00)2] − 4R𝑒 [(1 + 𝑉𝐿) 𝑉∗𝑅 ]
⋅ [sin2 𝜃𝐻−+𝐻+− + (𝐻0𝑡 − cos 𝜃𝐻00)2]
+ 4R𝑒 [(1 + 𝑉𝐿 − 𝑉𝑅) (𝑆∗𝐿 − 𝑆∗𝑅)]
⋅ √𝑞2𝑚ℓ

[𝐻
0𝑡 (𝐻0𝑡 − cos 𝜃𝐻00)] + 2 𝑆𝐿 − 𝑆𝑅2 𝑞

2

𝑚2
ℓ

⋅ 𝐻2
0𝑡

}}}}}
.

(36)
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Using (35) and (36), one can get the explicit forms of various
observables of 𝐵∗ → 𝑃ℓ−]ℓ decays as follows:

(i) The differential decay rate is

𝑑Γ𝑑𝑞2 =
𝐺2𝐹 𝑉𝑝𝑏2 →𝑝96𝜋3𝑚2

𝐵∗

13𝑞2 (1 −
𝑚2
ℓ𝑞2 )

2

× {{{{{
(1 + 𝑉𝐿2 + 𝑉𝑅2)

⋅ [(𝐻2
−+ + 𝐻2

+− + 𝐻2
00) (1 + 𝑚

2
ℓ2𝑞2) +

3𝑚2
ℓ2𝑞2 𝐻2

0𝑡]
− 2R𝑒 [(1 + 𝑉𝐿) 𝑉∗𝑅 ]
⋅ [(2𝐻−+𝐻+− + 𝐻2

00) (1 + 𝑚
2
ℓ2𝑞2) +

3𝑚2
ℓ2𝑞2 𝐻2

0𝑡]
+ 3R𝑒 [(1 + 𝑉𝐿 − 𝑉𝑅) (𝑆∗𝐿 − 𝑆∗𝑅)]𝐻

0𝑡𝐻0𝑡

𝑚ℓ

√𝑞2

+ 32 𝑆𝐿 − 𝑆𝑅2𝐻2
0𝑡

}}}}}
.

(37)

(ii) The 𝑞2 dependent ratio is

𝑅∗𝑃 (𝑞2) ≡ 𝑑Γ (𝐵∗ → 𝑃𝜏−]𝜏) /𝑑𝑞2
𝑑Γ (𝐵∗ → 𝑃ℓ−]ℓ) /𝑑𝑞2 , (38)

where ℓ denotes the light lepton.
(iii) The lepton spin asymmetry is

𝐴𝑃𝜆 (𝑞2)
= 𝑑Γ [𝜆ℓ = −1/2] /𝑑𝑞2 − 𝑑Γ [𝜆ℓ = 1/2] /𝑑𝑞2𝑑Γ [𝜆ℓ = −1/2] /𝑑𝑞2 + 𝑑Γ [𝜆ℓ = 1/2] /𝑑𝑞2 .

(39)

(iv) The forward-backward asymmetry is

𝐴𝑃𝜃 (𝑞2)
= ∫

0

−1
𝑑 cos 𝜃 (𝑑2Γ/𝑑𝑞2𝑑 cos 𝜃) − ∫1

0
𝑑 cos 𝜃 (𝑑2Γ/𝑑𝑞2𝑑 cos 𝜃)

𝑑Γ/𝑑𝑞2 . (40)

The SM results can be obtained from above formulae by
taking 𝑉𝐿 = 𝑉𝑅 = 𝑆𝐿 = 𝑆𝑅 = 0.

In the following evaluations, in order to fit the NP spaces,
we also need the observables of 𝐵 → 𝐷(∗)ℓ−]ℓ decays, which
have been fully calculated in the past years. In this paper, we
adopt the relevant theoretical formulae given in [46].

3. Numerical Results and Discussions

3.1. Input Parameters. Before presenting our numerical
results and analyses, we would like to clarify the values of
input parameters used in the calculation. For theCKMmatrix
elements, we use [89]

𝑉𝑐𝑏 = 4.181+0.028−0.060 × 10−2,𝑉𝑢𝑏 = 3.715+0.060−0.060 × 10−3.
(41)

For the well-measured Fermi coupling constant 𝐺𝐹, the
masses of mesons and leptons, and the running masses of
quarks at 𝜇 = 𝑚𝑏, we take their central values given by PDG
[88]. The total decay widths (or lifetimes) of 𝐵∗ mesons are
essential for estimating the branching fraction; however there
is no available experimental data until now. According to the
fact that the electromagnetic process 𝐵∗ → 𝐵𝛾 dominates
the decays of 𝐵∗meson, we take the approximation Γtot(𝐵∗) ≃Γ(𝐵∗ → 𝐵𝛾); the latter has been evaluated within different
theoretical models [90–96]. In this paper, we adopt the most
recent results [95, 96]

Γtot (𝐵∗+) ≃ Γ (𝐵∗+ → 𝐵+𝛾) = (468+73−75) eV, (42)

Γtot (B∗0) ≃ Γ (𝐵∗0 → 𝐵0𝛾) = (148 ± 20) eV, (43)

Γtot (𝐵∗0𝑠 ) ≃ Γ (𝐵∗0𝑠 → 𝐵0𝑠𝛾) = (68 ± 17) eV. (44)

Then the residual inputs are the transition form factors,
which are crucial for evaluating the observables of 𝐵∗ →𝑃ℓ−]ℓ and 𝐵 → 𝐷(∗)ℓ−]ℓ decays. For the 𝐵 → 𝐷(∗) tran-
sitions, the scheme of Caprini, Lellouch, and Neubert (CLN)
parametrization [97] is widely used, and the CLN parameters
can be precisely extracted from the well-measured 𝐵 →𝐷(∗)ℓ−]ℓ decays; numerically, their values read [7]

𝜌2𝐷 = 1.128 ± 0.033,
𝑉1 (1) 𝑉𝑐𝑏 = (41.30 ± 0.99) × 10−3;

(45)

𝜌2𝐷∗ = 1.205 ± 0.026,
ℎ𝐴1 (1) 𝑉𝑐𝑏 = (35.38 ± 0.43) × 10−3,

𝑅1 (1) = 1.404 ± 0.032,
𝑅2 (1) = 0.854 ± 0.020.

(46)

However, for the 𝐵∗𝑢,𝑑,𝑠 → 𝑃𝑢,𝑑,𝑠 transition, there is no
experimental data and ready-made theoretical results to use
at present. Here, we employ the Bauer-Stech-Wirbel (BSW)
model [98, 99] to evaluate the form factors for both 𝐵∗ → 𝑃
and 𝐵 → 𝐷(∗) transitions. Using the inputs 𝑚𝑢 = 𝑚𝑑 =0.35GeV, 𝑚𝑠 = 0.55GeV, 𝑚𝑐 = 1.7GeV, 𝑚𝑏 = 4.9GeV, and
𝜔 = √⟨→𝑝 2⊥⟩ = 0.4GeV, we obtain the results at 𝑞2 = 0,

𝐴𝐵∗→𝐷
0 (0) = 0.71,

𝐴𝐵∗→𝐷
1 (0) = 0.75,
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𝐴𝐵∗→𝐷
2 (0) = 0.62,

𝑉𝐵∗→𝐷 (0) = 0.76;
(47)

𝐴𝐵∗𝑠 →𝐷𝑠
0 (0) = 0.66,

𝐴𝐵∗𝑠 →𝐷s
1 (0) = 0.69,

𝐴𝐵∗𝑠 →𝐷𝑠
2 (0) = 0.59,

𝑉𝐵∗𝑠 →𝐷𝑠 (0) = 0.72;

(48)

𝐴𝐵∗→𝜋
0 (0) = 0.34,

𝐴𝐵∗→𝜋
1 (0) = 0.38,

𝐴𝐵∗→𝜋
2 (0) = 0.30,

𝑉𝐵∗→𝜋 (0) = 0.35;

(49)

𝐴𝐵∗𝑠 →𝐾
0 (0) = 0.28,

𝐴𝐵∗𝑠 →𝐾
1 (0) = 0.29,

𝐴𝐵∗𝑠 →𝐾

2 (0) = 0.26,
𝑉𝐵∗𝑠 →𝐾 (0) = 0.30;

(50)

𝐹𝐵→𝐷
0 (0) = 𝐹𝐵→𝐷

1 (0) = 0.70; (51)

𝐴𝐵→𝐷∗

0 (0) = 0.63,
𝐴𝐵→𝐷∗

1 (0) = 0.66,
𝐴𝐵→𝐷∗

2 (0) = 0.69,
𝑉𝐵→𝐷∗ (0) = 0.71.

(52)

To be conservative, 15% uncertainties are assigned to these
values in our following evaluation. Moreover, with the
assumption of nearest pole dominance, the dependences of
form factors on 𝑞2 read [98, 99]

𝐹0 (𝑞2) ≃ 𝐹0 (0)1 − 𝑞2/𝑚2
𝐵𝑞(0
+)

,

𝐹1 (𝑞2) ≃ 𝐹1 (0)1 − 𝑞2/𝑚2
𝐵𝑞(1
−)

,

𝐴0 (𝑞2) ≃ 𝐴0 (0)1 − 𝑞2/𝑚2
𝐵q(0
−)

,

𝐴1 (𝑞2) ≃ 𝐴1 (0)1 − 𝑞2/𝑚2
𝐵𝑞(1
+)

,

𝐴2 (𝑞2) ≃ 𝐴2 (0)1 − 𝑞2/𝑚2
𝐵𝑞(1
+)

,

𝑉 (𝑞2) ≃ 𝑉 (0)1 − 𝑞2/𝑚2
𝐵𝑞(1
−)

,
(53)

where 𝐵𝑞(𝐽𝑃) is the state of 𝐵𝑞 with quantum number of 𝐽𝑃
(𝐽 and 𝑃 are the quantum numbers of total angular momenta
and parity, respectively).

With the theoretical formulae and inputs given above,
we then proceed to present our numerical results and dis-
cussion, which are divided into two scenarios with different
simplification for our attention to the types of NP couplings
as follows:

(i) Scenario I: taking 𝑆𝐿 = 𝑆𝑅 = 0, i.e., only considering
the NP effects of 𝑉𝐿,𝑅 couplings

(ii) Scenario II: taking 𝑉𝐿 = 𝑉𝑅 = 0, i.e., only considering
the NP effects of 𝑆𝐿,𝑅 couplings

In these two scenarios, we consider all the NP parameters
to be real for our analysis. In addition, we assume that only
the third generation leptons get corrections from the NP in
the 𝑏 → (𝑢, 𝑐)ℓ]ℓ processes and for ℓ = 𝑒, 𝜇 the NP is
absent. In the following discussion, the allowed spaces of NP
couplings are obtained by fitting to 𝑅𝐷 and 𝑅𝐷∗ (1), with
the data varying randomly within their 1𝜎 error, while the
theoretical uncertainties are also considered and obtained by
varying the inputs randomly within their ranges specified
above.

3.2. Scenario I: Effects of 𝑉𝐿 and 𝑉𝑅 Type Couplings. In this
subsection, we vary couplings 𝑉𝐿 and 𝑉𝑅 while keeping all
other NP couplings to zero. Under the constraints from
the data of 𝑅𝐷 and 𝑅∗𝐷, the allowed spaces of new physics
parameters, 𝑉𝐿 and 𝑉𝑅, are shown in Figure 1. In the fit, the𝐵 → 𝐷(∗) form factors based on CLN parametrization
and BSW model are used, respectively; it can be seen from
Figure 1 that their corresponding fitting results are consistent
with each other, but the constraint with the former is
much stronger due to the relatively small theoretical error.
Therefore, in the following evaluations and discussions, the
results obtained by using CLN parametrization are used. In
addition, our fitting result in Figure 1 agreeswell with the ones
obtained in the previous works, for instance, [26, 35].

From Figure 1, we find that (i) the allowed spaces of(𝑉𝐿, 𝑉𝑅) are bounded into four separate regions, namely,
solutions A-D. (ii) Except for solution A, the other solutions
are all far from the zero point (0, 0) and result in very large
NP contributions. Taking solution C (D) as an example,
the SM contribution is completely canceled out by the NP
contribution related to 𝑉𝐿, and the 𝑉𝑅 coupling presents
sizable positive (negative) NP contribution to fit data. The
situation of solutionB is similar, but only𝑉𝐿 coupling presents
sizableNP contribution.Numerically, one can easily conclude
that the NP contributions of solutions B-D are about two
times larger than the SM,which seriously exceeds our general



Advances in High Energy Physics 7

AB

C

D

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5
V
R

0.0 0.5 1.0−0.5−1.5−2.0 −1.0−2.5
VL

: BSW
: CLN

(a)

: BSW
: CLN

−0.2

−0.1

0.0

0.1

0.2

V
R

0.0 0.1 0.2 0.3 0.4−0.1
VL

(b)

Figure 1:The allowed spaces of𝑉𝐿 and𝑉𝑅 obtained by fitting to𝑅𝐷 and𝑅𝐷∗ .The red and green regions are obtained by using the form factors
of CLN parametrization and BSWmodel, respectively. (b) shows the minimal result (solution A) of the four solutions shown in (a).

expectation that the amplitudes should be dominated by the
SM and the NP only presents minor corrections. In this point
of view, the minimal solution (solution A) is much favored
than solutions B-D. So, in our following discussions, we pay
attention only to solution A, which is replotted in Figure 1(b)
and numerical result is

𝑉𝐿 = 0.14+0.06−0.06,
𝑉𝑅 = 0.05+0.06−0.07.

solution A

(54)

Using the values of NP couplings given by (54), we then
present our theoretical predictions for B(𝐵∗ → 𝑃𝜏−]𝜏)
and 𝑞2-integrated 𝑅∗𝑃 in Table 1, in which the SM results are
also listed for comparison. The 𝑞2-dependence of differential
observables 𝑑Γ/𝑑𝑞2, 𝑅∗𝑃, 𝐴𝑃𝜆, and 𝐴𝑃𝜃 for 𝐵∗− → 𝐷0𝜏−]𝜏
and 𝜋0𝜏−]𝜏 decays is shown in Figure 2; the case of 𝐵∗0 →
𝐷+𝜏−]𝜏 and 𝐵∗0𝑠 → 𝐷+

𝑠 𝜏−]𝜏 (𝐵∗0 → 𝜋+𝜏−]𝜏 and 𝐵∗0𝑠 →𝐾+𝜏−]𝜏) is similar to the one of 𝐵∗− → 𝐷0𝜏−]𝜏 (𝐵∗− →𝜋0𝜏−]𝜏) decay, not shown here. The following are some
discussions and comments:

(1) From Table 1, it can be seen that the branching
fractions of 𝑏 → 𝑐𝜏]𝜏 induced 𝐵∗𝑢,𝑑,𝑠 decays are at the
level of O(10−8 − 10−7), while the 𝑏 → 𝑢𝜏]𝜏 induced
decays are relatively rare due to the suppression
caused by the CKM factor. In addition, the difference
between the branching fractions of three decaymodes
induced by 𝑏 → 𝑐𝜏]𝜏 (or 𝑏 → 𝑢𝜏]𝜏) transition is
mainly attributed to the relation of total decay widths,
Γtot(𝐵∗−) : Γtot(𝐵∗0) : Γtot(𝐵∗0𝑠 ) ∼ 1 : 2 : 6, illustrated
by (42), (43), and (44).

(2) Comparing with the SM results, one can easily find
from Table 1 that B(𝐵∗ → 𝑃𝜏−]𝜏) are enhanced

about 20% by the NP contributions of 𝑉𝐿 and 𝑉𝑅.
It can also be clearly seen from Figures 2(a) and
2(b). However, as shown in Figures 2(a) and 2(b),
due to the large theoretical uncertainties caused by
the form factors, the NP hints are hard to be totally
distinguished from the SM results.

(3) The theoretical uncertainties can be well controlled
by using the ratio 𝑅∗𝑃 instead of decay rate due to the
cancelation of nonperturbative errors; therefore 𝑅∗𝑃
is much suitable for probing the NP hints. From the
last three rows of Table 1, it can be found that the NP
prediction for 𝑅∗𝑃 significantly deviates from the SM
result. In particular, as Figures 2(c) and 2(d) show,
the NP effects can be totally distinguished from the
SM at 𝑞2 ≳ 7GeV2 even though the theoretical errors
are considered. So, future measurements on 𝐵∗ →𝑃𝜏−]𝜏 decays can make further test on the NPmodels
which provide possible solutions to the 𝑅𝐷 and 𝑅𝐷∗
problems.

(4) From Figures 2(e)–2(h) it can be found that the
NP contribution of solution A has little effect on
the observables 𝐴𝑃𝜆 and 𝐴𝑃𝜃 in the whole 𝑞2 region,
which can be understood from the following analyses.
Because the NP contribution of solution A is dom-
inated by the left-handed coupling 𝑉𝐿, we can find
that |M(𝐵∗ → 𝑃ℓ−]ℓ)| ∝ |(1 + 𝑉𝐿)|2 in the limit
of (1 + 𝑉𝐿) ≫ 𝑉𝑅. As a result, the NP contributions
(solution A) to the numerator and denominator of𝐴𝑃𝜆
and 𝐴𝑃𝜃 cancel each other out to a large extent. For𝐴𝑃𝜆, the cases of solutions B, C, and D are similar to
solution A.

3.3. Scenario II: Effects of 𝑆𝐿 and 𝑆𝑅 Type Couplings. In this
subsection, we only consider the effects of scalar interactions𝑆𝐿 and 𝑆𝑅 and take the other NP couplings to be zero. Under
the 1𝜎 constraint from the data of 𝑅𝐷 and 𝑅∗𝐷, the allowed
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Figure 2: The 𝑞2-dependence of the differential observables 𝑑Γ/𝑑𝑞2, 𝑅∗𝑃, 𝐴𝑃
𝜆, and 𝐴𝑃

𝜃 for 𝐵∗− → 𝐷0𝜏−]𝜏 and 𝜋0𝜏−]𝜏 decays within the SM
and scenario I.
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Figure 3: The allowed spaces of 𝑆𝐿 and 𝑆𝑅 obtained by fitting to the data of 𝑅𝐷 and 𝑅𝐷∗ . The other captions are the same as in Figure 1.

Table 1:The theoretical predictions for the branching fractions of 𝐵∗ → 𝑃𝜏−]𝜏 decays and 𝑅∗𝑃 within the SM and the two scenarios.The first
error is caused by the uncertainties of form factors, CKM factors, and Γ𝑡𝑜𝑡(𝐵∗); and the second error given in the last two columns is caused
by the NP couplings.

Obs. SM Prediction Scenario I Scenario II
B(𝐵∗− → 𝐷0𝜏−]𝜏) 0.87+0.46−0.32 × 10−8 1.04+0.54+0.06−0.38−0.05 × 10−8 1.00+0.51+0.03−0.36−0.04 × 10−8
B(𝐵∗0 → 𝐷+𝜏−]𝜏) 2.74+1.29−0.94 × 10−8 3.27+1.66+0.19−1.14−0.15 × 10−8 3.13+1.52+0.10−1.13−0.11 × 10−8
B(𝐵∗0𝑠 → 𝐷+

𝑠 𝜏−]𝜏) 5.13+3.67−2.13 × 10−7 6.13+4.51+0.35−2.48−0.28 × 10−7 5.89+3.93+0.20−2.39−0.22 × 10−7
B(𝐵∗− → 𝜋0𝜏−]𝜏) 1.42+0.79−0.50 × 10−10 1.71+0.91+0.09−0.63−0.07 × 10−10 1.74+0.94+0.10−0.62−0.10 × 10−10
B(𝐵∗0 → 𝜋+𝜏−]𝜏) 0.99+0.38−0.41 × 10−9 1.08+0.55+0.06−0.37−0.05 × 10−9 1.09+0.52+0.06−0.39−0.06 × 10−9
B(𝐵∗0𝑠 → 𝐾+𝜏−]𝜏) 0.95+0.65−0.40 × 10−9 1.14+0.78+0.06−0.46−0.05 × 10−9 1.20+0.87+0.08−0.47−0.08 × 10−9𝑅∗𝐷 0.298+0.012−0.010 0.355+0.015+0.020−0.011−0.016 0.341+0.048+0.011−0.026−0.012𝑅∗𝜋 0.677+0.013−0.014 0.816+0.017+0.044−0.012−0.035 0.827+0.126+0.046−0.073−0.048𝑅∗𝐾 0.638+0.017−0.015 0.770+0.021+0.042−0.015−0.034 0.810+0.144+0.052−0.084−0.054

spaces of 𝑆𝐿 and 𝑆𝑅 are shown in Figure 3. Similar to scenario
I, four solutions for 𝑆𝐿 and 𝑆𝑅 are found in scenario II,
which can be seen from Figure 3(a); and the fitting results
obtained by using form factors in CLN parametrization and
BSW model are consistent with each other. Solutions B-D
result in so large NP contributions; therefore, in the following
discussion, we pay our attention to solution A, which are
replotted in Figure 3(b). The numerical result of solution A
is

𝑆𝐿 = −0.46+0.24−0.24,
𝑆𝑅 = 0.70+0.23−0.24.

(55)

Using these values, we present in Table 1 our numerical
predictions of scenario II for the observables, B(𝐵∗ →𝑃𝜏−]𝜏) and 𝑞2-integrated 𝑅∗𝑃. Moreover, the 𝑞2 distributions
of differential observables 𝑑Γ/𝑑𝑞2, 𝑅∗𝑃,𝐴𝑃𝜆, and𝐴𝑃𝜃 are shown
in Figure 4. The following are some discussions for these
results:

(1) From Table 1 and Figures 4(a) and 4(b), it can be
found that the B(𝐵∗ → 𝑃𝜏−]𝜏) and 𝑅∗𝑃 can be

enhanced about 15% compared with the SM results
by the NP contributions. Similar to the situation of
scenario I, the NP effect of 𝑆𝐿 and 𝑆𝑅 on 𝑅∗𝑃 is much
more significant than the one on branching fraction
due to the theoretical uncertainties of 𝑅∗𝑃 which can
be well controlled. In particular, as Figures 4(a) and
4(b) show, the spectra of the SM and NP for 𝑅∗𝑃 can
be clearly distinguished at middle 𝑞2 region.

(2) The main difference between the effects of scalar and
vector couplings on the 𝐵∗ → 𝑃𝜏−]𝜏 decays is
that the former only contributes to the longitudinal
amplitude, which can be found from (37). As a result,
their effects on B(𝐵∗ → 𝑃𝜏−]𝜏) and 𝑅∗𝑃 are a little
different, which can be seen by comparing Figures
2(a)–2(d) with Figures 4(a)–4(d).

(3) Another significant difference between the scalar and
vector couplings is that only the leptonic helicity
amplitudes of scalar type with 𝜆ℓ = 1/2 survive,
which can be easily found from (35) and (36).
Therefore, as Figures 4(e) and 4(f) show, the scalar
couplings lead to significant NP effects on 𝐴𝑃𝜆, which
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Figure 4: The 𝑞2-dependence of the differential observables 𝑑Γ/𝑑𝑞2, 𝑅∗𝑃, 𝐴𝑃
𝜆, and 𝐴𝑃

𝜃 for 𝐵∗− → 𝐷0𝜏−]𝜏 and 𝜋0𝜏−]𝜏 decays within the SM
and scenario II.
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is obviously different from predictions of vector cou-
plings in scenario I (Figures 2(e) and 2(f)). Besides,
as Figures 4(e) and 4(f) show, 𝑆𝐿 and 𝑆𝑅 couplings
also have large contributions to the𝐴𝑃𝜃 at all 𝑞2 region,
which is another difference with the vector couplings
(Figures 2(g) and 2(h)). Therefore, the future mea-
surements on these observables will provide strict
tests on the SM and various NP models.

4. Summary

In this paper, motivated by the observed “𝑅𝐷∗ and 𝑅𝐷
puzzles” and its implication of NP, we have studied the
NP effects on the 𝑏 → (𝑐, 𝑢)ℓ−]ℓ induced semileptonic𝐵∗𝑢,𝑑,𝑠 → 𝑃ℓ−]ℓ (𝑃 = 𝐷,𝐷𝑠, 𝜋, 𝐾) decays in a model-
independent scheme. Using the allowed spaces of vector and
scalar couplings obtained by fitting to the data of 𝑅𝐷∗ and𝑅𝐷, the NP effects on the decay rate, ratio 𝑅∗𝑃, lepton spin
asymmetry, and forward-backward asymmetry are studied in
vector and scalar scenarios, respectively. It is found that the
vector couplings present large contributions to the decay rate
and 𝑅∗𝑃, but their effects on𝐴𝑃𝜆 and𝐴𝑃𝜃 are very tiny. Different
from the vector couplings, the scalar couplings present sig-
nificant effects not only on the decay rate and 𝑅∗𝑃 but also on
𝐴𝑃𝜆 and𝐴𝑃𝜃.The future measurements on the 𝐵∗𝑢,𝑑,𝑠 → 𝑃ℓ−]ℓ
decays will further test the predictions of the SM and NP and
confirm or refute possible NP solutions to 𝑅𝐷∗ and 𝑅𝐷.
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sensitivity to new physics,” Physical Review D: Particles, Fields,
Gravitation and Cosmology, vol. 85, no. 9, 2012.

[10] R. Aaij et al., “Measurement of the Ratio of Branching Fractions
B(𝐵+𝑐 → 𝐽/𝜓𝜏+]𝜏)/B(𝐵+𝑐 → 𝐽/𝜓𝜇+]𝜇),” Physical Review
Letters, vol. 120, no. 12, 2018.

[11] J. P. Lees et al., “Evidence of 𝐵+ → 𝜏+] decays with hadronic 𝐵
tags,” Physical Review D, vol. 88, no. 3, 2013.

[12] B. Aubert et al., “Search for𝐵+ → ℓ+]ℓ recoiling against𝐵− →𝐷0ℓ−]𝑋,” Physical Review D, vol. 81, no. 5, 2010.
[13] I. Adachi et al., “Evidence for 𝐵− → 𝜏−]𝜏 with a hadronic

tagging method using the full data sample of belle,” Physical
Review Letters, vol. 110, no. 13, 2013.

[14] B. Kronenbitter et al., “Measurement of the branching fraction
of 𝐵+ → 𝜏+]𝜏 decays with the semileptonic tagging method,”
Physical Review D, vol. 92, no. 5, 2015.

[15] G. Ciezarek, M. Franco Sevilla, B. Hamilton et al., “A challenge
to lepton universality in B-meson decays,” Nature, vol. 546, pp.
227–233, 2017.

[16] M. Freytsis, Z. Ligeti, and J. T. Ruderman, “Flavor models for𝐵 → 𝐷(*)𝜏],” Physical Review D: Particles, Fields, Gravitation
and Cosmology, vol. 92, no. 5, 2015.

[17] L. Calibbi, A. Crivellin, and T. Ota, “Effective field theory ap-

proach to 𝑏 → 𝑠ℓℓ( ), 𝐵 → 𝐾(*)]] and 𝐵 → 𝐷(*)𝜏] with
third generation couplings,” Physical Review Letters, vol. 115, no.
18, 2015.

[18] R. Alonso, B. Grinstein, and J. M. Camalich, “Lepton univer-
sality violation with lepton flavor conservation in B-meson
decays,” Journal of High Energy Physics, vol. 2015, no. 10, 2015.

[19] M. Tanaka and R. Watanabe, “New physics in the weak interac-
tion of 𝐵 → 𝐷(*)𝜏],” Physical Review D: Particles, Fields, Gravi-
tation and Cosmology, vol. 87, no. 3, 2013.

[20] S. Fajfer, J. F. Kamenik, I. Nišandžić, and J. Zupan, “Implications
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“Physics of leptoquarks in precision experiments and at particle
colliders,” Physics Reports, vol. 641, pp. 1–68, 2016.

[41] Y. Sakaki, M. Tanaka, A. Tayduganov, and R. Watanabe, “Prob-
ing new physics with q2 distributions in 𝐵 → 𝐷(*)𝜏],” Physical

Review D: Particles, Fields, Gravitation and Cosmology, vol. 91,
no. 11, 2015.

[42] M. Bauer and M. Neubert, “Minimal Leptoquark Explanation
for the𝑅𝐷(*) ,𝑅𝐾, and (𝑔−2)𝜇 anomalies,”Physical Review Letters,
vol. 116, no. 14, 2016.

[43] S. Fajfer andN.Košnik, “Vector leptoquark resolution ofR𝐾 and𝑅𝐷(*) puzzles,” Physics Letters B, vol. 755, pp. 270–274, 2016.
[44] S. Sahoo and R. Mohanta, “Lepton flavor violating B meson

decays via a scalar leptoquark,” Physical Review D: Particles,
Fields, Gravitation and Cosmology, vol. 93, no. 11, 2016.

[45] R. Barbieri, G. Isidori, A. Pattori, and F. Senia, “Anomalies in
B-decays and U(2) flavor symmetry,” The European Physical
Journal C, vol. 76, no. 2, 2016.

[46] Y. Sakaki, R.Watanabe,M. Tanaka, andA. Tayduganov, “Testing
leptoquark models in 𝐵 → 𝐷(*)𝜏],” Physical Review D:
Particles, Fields, Gravitation and Cosmology, vol. 88, no. 9, 2013.

[47] A. Celis, M. Jung, X. Li, and A. Pich, “Sensitivity to charged
scalars in 𝐵 → 𝐷(*)𝜏]𝜏 and 𝐵 → 𝜏]𝜏 decays,” Journal of High
Energy Physics, vol. 13, no. 1, 2013.

[48] A. Celis, M. Jung, X. Q. Li, and A. Pich, “Scalar contributions to𝑏 → 𝑐(𝑢)𝜏] transitions,” Physics Letters B, vol. 771, pp. 168–179,
2017.

[49] X. Q. Li, “R(D) and R(D*) anomalies and their phenomenolog-
ical implications,” Nuclear and Particle Physics Proceedings, vol.
287-288, pp. 181–184, 2017.

[50] J.M. Cline, “Scalar doublet models confront 𝜏 and 𝑏 anomalies,”
Physical Review D, vol. 93, no. 7, 2016.

[51] C. S. Kim, Y. W. Yoon, and X. B. Yuan, “Exploring top quark
FCNCwithin 2HDM type III in associationwith flavor physics,”
Journal of High Energy Physics, vol. 2015, no. 12, pp. 1–30, 2015.

[52] A. Crivellin, J. Heeck, and P. Stoffer, “Perturbed lepton-specific
two-higgs-doublet model facing experimental hints for physics
beyond the standard model,” Physical Review Letters, vol. 116,
no. 8, 2016.

[53] D. S. Hwang, “Transverse spin polarization of 𝜏− in 𝐵0 →𝐷+𝜏−] and charged higgs boson,” 2015, https://arxiv.org/abs/
1504.06933.

[54] A. Crivellin, C. Greub, and A. Kokulu, “Flavor-phenomenology
of two-Higgs-doublet models with generic Yukawa structure,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 87, no. 9, 2013.

[55] U. Nierste, S. Trine, and S. Westhoff, “Charged-Higgs-boson
effects in the 𝐵 → 𝐷𝜏]𝜏 differential decay distribution,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 78, no. 1, 2008.

[56] K. Kiers and A. Soni, “Improving constraints on tan𝛽/m: using𝐵 → 𝐷𝜏],” Physical Review D: Particles, Fields, Gravitation and
Cosmology, vol. 56, no. 9, 1997.

[57] M. Tanaka, “Charged Higgs effects on exclusive semi-tauonic B
decays,” Zeitschrift für Physik C Particles and Fields, vol. 67, no.
2, pp. 321–326, 1995.

[58] W. S. Hou, “Enhanced charged Higgs boson effects in 𝐵− →𝜏], 𝜇] and 𝑏 → 𝜏] + 𝑋,” Physical Review D: Particles, Fields,
Gravitation and Cosmology, vol. 48, no. 5, 1993.

[59] Y. Sakaki and H. Tanaka, “Constraints on the charged scalar
effects using the forward-backward asymmetry on 𝐵 →𝐷(*)𝜏]𝜏,” Physical Review D, vol. 87, no. 5, 2013.

[60] S. M. Boucenna, A. Celis, J. Fuentes-Martin, A. Vicente, and J.
Virto, “Non-abelian gauge extensions for B-decay anomalies,”
Physics Letters B, vol. 760, pp. 214–219, 2016.

https://arxiv.org/abs/1504.06933
https://arxiv.org/abs/1504.06933


Advances in High Energy Physics 13

[61] C. Hati, G. Kumar, and N. Mahajan, “𝐵 → 𝐷(*)𝜏] excesses in
ALRSM constrained from B, D decays and 𝐷0 → 𝐷0 mixing,”
Journal of High Energy Physics, vol. 2016, no. 1, 2016.

[62] D. Das, C. Hati, G. Kumar, and N. Mahajan, “Towards a unified
explanation of 𝑅𝐷(*) , 𝑅𝐾 and (𝑔 − 2)𝜇 anomalies in a left-right
model with leptoquarks,” Physical Review D: Particles, Fields,
Gravitation and Cosmology, vol. 94, no. 5, 2016.

[63] R.-M. Wang, J. Zhu, H. M. Gan, Y. Y. Fan, Q. Chang, and Y.
G. Xu, “Probing R-parity violating supersymmetric effects in
the exclusive 𝑏 → 𝑐ℓ−]ℓ decays,” Physical Review D: Particles,
Fields, Gravitation and Cosmology, vol. 93, no. 9, 2016.

[64] B. Wei, J. Zhu, J. H. Shen, R. M. Wang, and G. R. Lu, “Prob-
ing the R-parity violating supersymmetric effects in 𝐵𝑐 →𝐽/𝜓ℓ−]ℓ, 𝜂𝑐ℓ−]ℓ and Λ 𝑏 → Λ 𝑐ℓ−]ℓ decays,” 2018, https://arxiv
.org/abs/1801.00917.

[65] N. G. Deshpande and A.Menon, “Hints of R-parity violation in
B decays into 𝜏],” Journal of High Energy Physics, vol. 2013, no.
1, 2013.

[66] N. Isgur andM. B.Wise, “Spectroscopy with heavy-quark sym-
metry,” Physical Review Letters, vol. 66, no. 9, 1991.

[67] S. Godfrey and R. Kokoski, “Properties of P-wave mesons with
one heavy quark,” Physical Review D: Particles, Fields, Gravita-
tion and Cosmology, vol. 43, no. 5, 1991.

[68] E. J. Eichten, C. T. Hill, and C. Quigg, “Properties of orbitally
excited heavy-light (Qq−) mesons,” Physical Review Letters, vol.
71, no. 25, 1993.

[69] D. Ebert, V. O. Galkin, and R. N. Faustov, “Mass spectrum
of orbitally and radially excited heavy-light mesons in the
relativistic quark model,” Physical Review D: Particles, Fields,
Gravitation and Cosmology, vol. 57, no. 9, 1998, Erratum:
Physical Review D, vol. 59, no. 1, 1998.

[70] T. Abe et al., “Belle II technical design report,” 2010, https://arxiv
.org/abs/1011.0352.

[71] R. Aaij et al., “Implications of LHCb measurements and future
prospects,”The European Physical Journal C, vol. 73, no. 4, 2013.

[72] R. Aaij et al., “LHCb detector performance,” International Jour-
nal of Modern Physics A, vol. 30, no. 7, 2015.

[73] Q. Chang, P. P. Li, X. H. Hu, and L. Han, “Study of nonleptonic𝐵*𝑠 → 𝑀1𝑀2 (𝑀 = 𝐷,𝐷𝑠, 𝜋, 𝐾) weak decays with factoriza-
tion approach,” International Journal of Modern Physics A, vol.
30, no. 27, 2015.

[74] Q. Chang, X. Hu, J. Sun, X. Wang, and Y. Yang, “Study on
nonleptonic 𝐵*𝑞 → 𝐷𝑞𝑉 and 𝑃𝑞𝐷* weak decays,” Advances in
High Energy Physics, vol. 2015, Article ID 767523, 8 pages, 2015.

[75] R. Aaij et al., “Measurement of 𝜎(𝑝𝑝 → 𝑏𝑏𝑋) at√𝑠 = 7TeV in
the forward region,” Physics Letters B, vol. 694, no. 3, pp. 209–
216, 2010.

[76] B. Grinstein and J. Martin Camalich, “Weak decays of excited B
mesons,” Physical Review Letters, vol. 116, no. 14, 2016.

[77] Z. G.Wang, “Semileptonic decays 𝐵*𝑐 → 𝜂𝑐ℓ]ℓ with QCD sum
rules,”Communications inTheoretical Physics, vol. 61, no. 1, 2014.

[78] K. Zeynali, V. Bashiry, and F. Zolfagharpour, “Form factors and
decay rate of𝐵𝑐* → 𝐷𝑠1+1− decays in theQCD sum rules,”The
European Physical Journal A, vol. 50, 2014.

[79] V. Bashiry, “Investigation of the rare exclusive 𝐵*𝑐 → 𝐷𝑠]]
decays in the framework of the QCD sum rules,” Advances in
High Energy Physics, vol. 2014, Article ID 503049, 10 pages, 2014.

[80] G. Z. Xu, Y. Qiu, C. P. Shen, and Y. J. Zhang, “𝐵*𝑠,𝑑 → 𝜇+𝜇− and
its impact on 𝐵𝑠,𝑑 → 𝜇+𝜇−,” The European Physical Journal C,
vol. 76, no. 11, 2016.

[81] Q. Chang, L. X. Chen, Y. Y. Zhang, J. F. Sun, and Y. L. Yang,
“𝐵𝑑,𝑠 → 𝐷*

𝑑,𝑠𝑉 and𝐵*𝑑,𝑠 → 𝐷𝑑,𝑠𝑉 decays inQCD factorization
and possible puzzles,”The European Physical Journal C, vol. 76,
no. 10, 2016.

[82] Q. Chang, J. Zhu, X. L. Wang, J. F. Sun, and Y. L. Yang, “Study of
semileptonic 𝐵* → 𝑃ℓ]ℓ decays,” Nuclear Physics B, vol. 909,
pp. 921–933, 2016.

[83] J. G. Korner and G. A. Schuler, “Exclusive semi-leptonic decays
of bottommesons in the spectator quark model,” Zeitschrift für
Physik C Particles and Fields, vol. 38, no. 3, pp. 511–518, 1988,
Erratum: Zeitschrift für Physik C Particles and Fields, vol. 41,
no. 4, 1989.

[84] J. G. Körner and G. A. Schuler, “Exclusive semileptonic heavy
meson decays including lepton mass effects,” Zeitschrift für
Physik C Particles and Fields, vol. 46, no. 1, pp. 93–109, 1990.

[85] K. Hagiwara, A. D.Martin, andM. F.Wade, “Exclusive semilep-
tonic B-meson decays,” Nuclear Physics B, vol. 327, no. 3, pp.
569–594, 1989.

[86] K. Hagiwara, A. D.Martin, andM. F.Wade, “Helicity amplitude
analysis of 𝐵 → 𝐷*𝑙V decays,” Physics Letters B, vol. 228, no. 1,
pp. 144–148, 1989.

[87] A. Kadeer, J. G. Körner, and U. Moosbrugger, “Helicity analysis
of semileptonic hyperon decays including lepton-mass effects,”
The European Physical Journal C, vol. 59, no. 1, pp. 27–47, 2009.

[88] C. Patrignani et al., “Review of particle physics,” Chinese Physics
C, vol. 40, no. 10, 2016.

[89] J. Charles et al., “CP violation and the CKM matrix: assessing
the impact of the asymmetric B factories,”TheEuropeanPhysical
Journal C, vol. 41, no. 1, pp. 1–131, 2005,Updated results and plots
available at: http://ckmfitter.in2p3.fr.

[90] J. L. Goity and W. Roberts, “Radiative transitions in heavy
mesons in a relativistic quark model,” Physical Review D: Part-
icles, Fields, Gravitation and Cosmology, vol. 64, no. 9, 2001.

[91] D. Ebert, R. N. Faustov, and V. O. Galkin, “Radiative M1-decays
of heavy–light mesons in the relativistic quark model,” Physics
Letters B, vol. 537, no. 3-4, pp. 241–248, 2002.

[92] S.-L. Zhu, Z.-S. Yang, and W.-Y. P. Hwang, “𝐷* → 𝐷𝛾 and𝐵* → 𝐵𝛾 as derived from QCD sum rules,” Modern Physics
Letters A, vol. 12, no. 39, pp. 3027–3035, 1997.

[93] T. M. Aliev, D. A. Demir, E. Iltan, and N. K. Pak, “Radiative𝐵* → 𝐵𝛾 and𝐷* → 𝐷𝛾 decays in light-coneQCD sum rules,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 54, no. 1, 1996.

[94] P. Colangelo, F. De Fazio, and G. Nardulli, “Radiative heavy
meson transitions,”Physics Letters B, vol. 316, no. 4, pp. 555–560,
1993.

[95] H. M. Choi, “Decay constants and radiative decays of heavy
mesons in light-front quark model,” Physical Review D: Parti-
cles, Fields, Gravitation and Cosmology, vol. 75, no. 7, 2007.

[96] C. Y. Cheung and C. W. Hwang, “Strong and radiative decays
of heavy mesons in a covariant model,” Journal of High Energy
Physics, vol. 2014, no. 4, 2014.

[97] I. Caprini, L. Lellouch, andM. Neubert, “Dispersive bounds on
the shape of 𝐵 → 𝐷(*)ℓ] form factors,” Nuclear Physics B, vol.
530, no. 1-2, pp. 153–181, 1998.

[98] M. Wirbel, B. Stech, and M. Bauer, “Exclusive semileptonic
decays of heavy mesons,” Zeitschrift für Physik C Particles and
Fields, vol. 29, no. 4, pp. 637–642, 1985.

[99] M. Bauer andM.Wirbel, “Formfactor effects in exclusiveD and
B decays,” Zeitschrift für Physik C Particles and Fields, vol. 42,
no. 4, pp. 671–678, 1989.

https://arxiv.org/abs/1801.00917
https://arxiv.org/abs/1801.00917
https://arxiv.org/abs/1011.0352
https://arxiv.org/abs/1011.0352
http://ckmfitter.in2p3.fr


Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

High Energy Physics
Advances in

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Advances in  
Condensed Matter Physics

Optics
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Astronomy
Advances in

 Antennas and
Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 International Journal of

Geophysics

Advances in
Optical
Technologies

Hindawi
www.hindawi.com

Volume 2018

Applied Bionics  
and Biomechanics
Hindawi
www.hindawi.com Volume 2018

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com Volume 2018

Mathematical Physics
Advances in

Hindawi
www.hindawi.com Volume 2018

Chemistry
Advances in

Hindawi
www.hindawi.com Volume 2018

Journal of

Chemistry

Hindawi
www.hindawi.com Volume 2018

Advances in
Physical Chemistry

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ahep/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/acmp/
https://www.hindawi.com/journals/ijo/
https://www.hindawi.com/journals/aa/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijge/
https://www.hindawi.com/journals/aot/
https://www.hindawi.com/journals/abb/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/amp/
https://www.hindawi.com/journals/ac/
https://www.hindawi.com/journals/jchem/
https://www.hindawi.com/journals/apc/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/
https://www.hindawi.com/

