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Abstract: With updated experimental data and improved theoretical calculations, several
significant deviations are being observed between the Standard Model predictions and the
experimental measurements of the branching ratios of B̄0

(s) → D
(∗)+
(s) L− decays, where L is

a light meson from the set {π, ρ,K(∗)}. Especially for the two channels B̄0 → D+K− and
B̄0
s → D+

s π
−, both of which are free of the weak annihilation contribution, the deviations

observed can even reach 4–5σ. Here we exploit possible new-physics effects in these class-
I non-leptonic B-meson decays within the framework of QCD factorization. Firstly, we
perform a model-independent analysis of the effects from twenty linearly independent four-
quark operators that can contribute, either directly or through operator mixing, to the
quark-level b → cūd(s) transitions. It is found that, under the combined constraints from
the current experimental data, the deviations observed could be well explained at the 1σ
level by the new-physics four-quark operators with γµ(1− γ5)⊗ γµ(1− γ5) structure, and
also at the 2σ level by the operators with (1 + γ5) ⊗ (1 − γ5) and (1 + γ5) ⊗ (1 + γ5)
structures. However, the new-physics four-quark operators with other Dirac structures fail
to provide a consistent interpretation, even at the 2σ level. Then, as two specific examples
of model-dependent considerations, we discuss the case where the new-physics four-quark
operators are generated by either a colorless charged gauge boson or a colorless charged
scalar, with their masses fixed both at the 1TeV. Constraints on the effective coefficients
describing the couplings of these mediators to the relevant quarks are obtained by fitting
to the current experimental data.
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1 Introduction

Flavor physics plays always an important role in testing the Standard Model (SM) of
particle physics and probing new physics (NP) beyond it [1, 2]. Here, the non-leptonic
weak decays of B mesons are of particular interest, since they provide direct access to
the fundamental parameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [3, 4] and
further insight into the strong-interaction dynamics involved in these decays. Aiming at
such a goal, the BaBar and Belle collaborations [5], as well as the LHCb experiment [6]
have already performed many high-precision measurements of these kinds of decays [7, 8].
In addition, new frontiers of precision are expected in the era of Belle II [9] and upgraded
LHCb [10].

Confronted with the plethora of high precision measurements made by these dedicated
experiments, we are forced to improve as much as possible the accuracy of theoretical
predictions about these non-leptonic weak decays. Here the main challenge we are now
facing is how to calculate reliably the hadronic matrix elements of four-quark operators in
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the effective weak Hamiltonian (see subsection 2.1). For a long time, the naive factoriza-
tion (NF) assumption [11] and modifications thereof (see, e.g., refs. [12–15] and references
therein) were used to estimate the non-leptonic B-decay amplitudes. Several more promis-
ing strategies built upon either the SU(3) flavor symmetry of strong interactions [16–18]
or the factorization theorem, such as the QCD factorization (QCDF) [19–21] and its field
theoretical formulation, the soft-collinear effective theory [22–26], as well as the pertur-
bative QCD [27–29] approach, have been developed to study the same problem. Certain
combinations of these approaches have also been adopted in, e.g., refs. [30–32].

In this paper, we shall consider the exclusive two-body B̄0
(s) → D

(∗)+
(s) L− decays, where

L ∈ {π, ρ,K(∗)}, within the QCDF framework. For these class-I non-leptonic decays, the
spectator antiquark and other light degrees of freedom of the initial B̄0

(s) mesons need to
rearrange themselves only slightly to form the heavy D(∗)+

(s) mesons together with the charm
quark created in the weak b→ cūd(s) transitions, while the light quark-antiquark pair ūd(s)
must be highly energetic and collinear to form the light meson L− but with energy ofO(mb),
wheremb denotes the bottom-quark mass. For such a configuration, a factorization formula,
valid in the heavy-quark limit up to power corrections of O(ΛQCD/mb),1 can be established
for the hadronic matrix elements governing the decays; explicitly, we have [20, 33]

〈D(∗)+
(s) L−|Qi|B̄0

(s)〉 =
∑
j

F
B(s)→D

(∗)
(s)

j (m2
L)
∫ 1

0
duTij(u) ΦL(u) +O(ΛQCD/mb) , (1.1)

where the B(s) → D
(∗)
(s) transition form factors, F

B(s)→D
(∗)
(s)

j , and the light-cone distribu-
tion amplitude (LCDA), ΦL(u), of the light meson encode all the long-distance strong-
interaction effects, both of which can be extracted from experimental data or calculated
by using non-perturbative methods like QCD sum rules and/or lattice QCD. The hard
kernels Tij(u) receive, on the other hand, contributions only from scales of O(mb) in the
heavy-quark limit and are therefore calculable perturbatively. At leading order (LO) in the
strong coupling αs, eq. (1.1) reproduces the NF result, and both the next-to-leading-order
(NLO) [20, 34] and next-to-next-to-leading-order (NNLO) [35, 36] corrections to Tij(u) are
now known.

As all the four quark flavors in b → cūd(s) transitions are different from each other,
these tree-level decays receive contributions from neither the penguin operators nor the
penguin topology. There is also no color-suppressed tree topology in these class-I decays. At
leading power in ΛQCD/mb, these decays are dominated by the color-allowed tree topology
that receives only vertex corrections, while interactions with the spectator antiquark and
the weak annihilation topology are both power-suppressed [20]. In fact, noting that the
weak annihilation topology contributes only to B̄0 → D(∗)+π− and B̄s → D

(∗)+
s K−, but

not to B̄0 → D(∗)+K− and B̄s → D
(∗)+
s π−, one can use the ratios between the branching

fractions of these two kinds of decays to probe the topology. Remarkably, the current
experimental data shows already that the impact due to such a topology is negligible [37].

1Here we treat the bottom and charm quarks as massive while the light quarks as massless. The heavy-
quark limit is defined as mb,mc � ΛQCD but with mc/mb fixed, where ΛQCD is the QCD intrinsic scale.
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Other sources of power corrections, such as the higher-twist corrections to the light-meson
LCDAs and the exchange of a single soft gluon between the B(s) → D

(∗)
(s) transitions and

the light meson, are also estimated to be quite small [20, 38]. Therefore, these class-I
non-leptonic decays are theoretically clean and the QCDF approach is expected to work
well for them. However, with the updated input parameters, the SM predictions [36, 38,
39] are found to be generically higher than the current experimental measurements [7,
8] of the branching ratios of B̄0

(s) → D
(∗)+
(s) L− decays. Especially for the two channels

B̄0 → D+K− and B̄0
s → D+

s π
−, which are free of the weak annihilation contribution, the

deviations observed can even reach 4–5σ, once the updated input parameters as well as the
higher-order power and perturbative corrections to the decay amplitudes are taken into
account [38]. As emphasized already in refs. [36, 38], it is quite difficult to accommodate
such a clear and significant discrepancy in the SM. In this paper, as an alternative, we
shall examine possible NP interpretations of the deviations observed; for recent discussions
along this line, see refs. [40–45].

In the SM, these class-I decays only receive contributions from the four-quark oper-
ators with the Dirac structure γµ(1 − γ5) ⊗ γµ(1 − γ5),2 which originate in the tree-level
W± exchanges. Beyond the SM, however, new four-quark operators with different Dirac
structures can be generated and contribute potentially to the decays considered, either
directly or through operator mixing under renormalization [46, 47]. The full set of lin-
early independent four-quark operators with four different quark flavors in all possible
extensions of the SM, together with their one- and two-loop QCD anomalous dimension
matrices (ADMs), can be found in refs. [48–50]. The calculation of O(αs) corrections to the
matching conditions for the short-distance Wilson coefficients of these operators have also
been completed [51]. Currently, the only missing ingredient aimed at a full NLO analysis
of the class-I decays in any extension of the SM is the evaluation of the hadronic matrix
elements of these four-quark operators, also at the NLO in αs. Thus, in this paper, we shall
firstly calculate the NLO vertex corrections to the hadronic matrix elements of these four-
quark operators within the QCDF framework, and then discuss in a model-independent
way possible effects of these NP operators on the class-I decays. As emphasized already
in ref. [51], such an NLO analysis in the NP sector is crucial for reducing certain unphys-
ical scale and renormalization scheme dependences present in the absence of these O(αs)
corrections [40–45]. It is numerically found that, under the combined constraints from the
current experimental data, the deviations observed could be well explained at the 1σ level
by the NP four-quark operators with γµ(1− γ5)⊗ γµ(1− γ5) structure, and also at the 2σ
level by the operators with (1 + γ5)⊗ (1− γ5) and (1 + γ5)⊗ (1 + γ5) structures. However,
the NP operators with other Dirac structures fail to provide a consistent interpretation,
even at the 2σ level. As two specific examples of model-dependent considerations, we shall
also discuss the case where the NP four-quark operators are generated by either a colorless
charged gauge boson or a colorless charged scalar. Constraints on the effective coefficients
describing the couplings of these mediators to the relevant quarks are then obtained by
fitting to the data.

2Throughout this paper, we adopt the convention where the Dirac structures before and after the symbol
“⊗” should be inserted into the quark-bilinear currents (c̄ · · · b) and (d̄(s̄) · · ·u), respectively.
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Our paper is organized as follows. In section 2 the theoretical framework is presented.
This includes the effective weak Hamiltonian describing the quark-level b → cūd(s) tran-
sitions, the calculation of O(αs) vertex corrections to the hadronic matrix elements of the
twenty linearly independent four-quark operators, and the estimate of the weak annihila-
tion contribution, within the QCDF framework. In section 3, we firstly present the updated
SM predictions for the branching ratios of these class-I decays and their ratios with respect
to the semi-leptonic B̄0

(s) → D
(∗)+
(s) `−ν̄` decay rates evaluated at q2 = m2

L, R
(∗)
(s)L, and then

discuss the NP effects both in a model-independent setup and in the case where the NP
operators are generated by either a colorless charged gauge boson or a colorless charged
scalar. Our conclusions are finally made in section 4. For convenience, the ranges for the
NP Wilson coefficients Ci(mb) allowed by the ratios R(∗)

(s)L are given in the appendix.

2 Theoretical framework

2.1 Effective weak Hamiltonian

The class-I B̄0
(s) → D

(∗)+
(s) L− decays are mediated by the quark-level b→ cūd(s) transitions.

Once the top quark, the gauge bosons W± and Z0, the Higgs boson, as well as other heavy
degrees of freedom present in any extension of the SM are integrated out, the corresponding
QCD amplitudes of the decays are computed most conveniently in the framework of effective
weak Hamiltonian [46, 47], which for the problem at hand reads3

Heff = GF√
2
VcbV

∗
uq

∑
i

Ci(µ)Qi(µ) +
∑
i,j

[
CV LLi (µ)QV LLi (µ) + CV LRi (µ)QV LRi (µ)

+CSLLj (µ)QSLLj (µ) + CSLRi (µ)QSLRi (µ) + (L↔ R)
]+ h.c. , (2.1)

where GF is the Fermi constant, and VcbV
∗
uq (q = d, s) the product of the CKM matrix

elements. Qi (i = 1, 2) are the two SM four-quark current-current operators given in the
Buchalla-Buras-Lautenbacher (BBL) basis [46], while the remaining ones in eq. (2.1) denote
the full set of twenty linearly independent four-quark operators that can contribute, either
directly or through operator mixing, to the quark-level b→ cūd(s) transitions [48–50].

The NP four-quark operators can be further split into eight separate sectors, among
which there is no mixing [50, 51]. Firstly, the operators belonging to the two sectors V LL
and V LR, which are relevant for tree-level contributions mediated by heavy charged gauge
bosons in any extension of the SM, can be written, respectively, as [50, 51]

QV LL1 = cαγ
µ(1− γ5)bβ qβγµ(1− γ5)uα ,

QV LL2 = cαγ
µ(1− γ5)bα qβγµ(1− γ5)uβ , (2.2)

QV LR1 = cαγ
µ(1− γ5)bβ qβγµ(1 + γ5)uα ,

QV LR2 = cαγ
µ(1− γ5)bα qβγµ(1 + γ5)uβ , (2.3)

3Here we assume that the NP scale µ0 satisfies the condition µ0 � mb, ensuring therefore that all the
NP effects can be accounted for by such a local effective weak Hamiltonian.
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A+ iα

jβ

i g2√
2
Vijγ

µδαβ

[
∆L

ij(A)PL +∆R
ij(A)PR

]

H+ iα

jβ

i g2√
2
Vijδαβ

[
∆L

ij(H)PL +∆R
ij(H)PR

]

Figure 1. Feynman rules for the couplings of a colorless charged gauge boson A+ (upper) and a
colorless charged scalar H+ (lower) to an up- (iα) and a down-type (jβ) quark, with the strengths
normalized to that of the SM tree-level W+ exchange, where g2 is the SU(2)L gauge coupling and
PL(R) = 1

2 (1∓ γ5) denote the left- and right-handed chirality projectors.

where α, β are the color indices, and QV LLi are identical to the SM operators Qi given in
the BBL basis [46]. Secondly, the operators belonging to the two sectors SLL and SLR,
which are relevant for tree-level contributions generated by new heavy charged scalars, are
given, respectively, by [50, 51]

QSLL1 = cα(1− γ5)bβ qβ(1− γ5)uα ,
QSLL2 = cα(1− γ5)bα qβ(1− γ5)uβ ,
QSLL3 = cασ

µν(1− γ5)bβ qβσµν(1− γ5)uα ,
QSLL4 = cασ

µν(1− γ5)bα qβσµν(1− γ5)uβ , (2.4)
QSLR1 = cα(1− γ5)bβ qβ(1 + γ5)uα ,
QSLR2 = cα(1− γ5)bα qβ(1 + γ5)uβ , (2.5)

where σµν = 1
2 [γµ, γν ]. Finally, the operators belonging to the four remaining chirality-

flipped sectors V RR, V RL, SRR and SRL are obtained, respectively, from eqs. (2.2)–
(2.5) by making the interchanges (1 ∓ γ5) ↔ (1 ± γ5). It should be noted that, due to
parity invariance of strong interactions, the QCD ADMs of the chirality-flipped sectors are
identical to that of the original sectors, simplifying therefore the renormalization group
(RG) analysis of these operators [50].

The short-distance Wilson coefficients Ci(µ) and Ci(µ) in eq. (2.1) can be reliably
calculated by using the RG-improved perturbation theory [46, 47]. Explicit expressions
up to the NNLO in αs for the SM part can be found, e.g., in ref. [52], and will be used
throughout this paper. For the NP part, on the other hand, one can easily obtain the NLO
results of Ci(µb) evaluated at the typical scale µb ' mb that is appropriate for the non-
leptonic B-meson decays, by solving the RG equations satisfied by these short-distance
Wilson coefficients, based on the one- and two-loop QCD ADMs of the NP four-quark
operators [48–50], as well as the O(αs) corrections to the matching conditions for Ci(µ0)
evaluated at the NP scale µ0 [51]. Here, for later convenience, we show in figure 1 the
Feynman rules describing the couplings of both a colorless charged gauge boson A+ and
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a colorless charged scalar H+ to an up- (iα) and a down-type (jβ) quark, the strengths
of which have been normalized to that of the tree-level W+ exchange in the SM. For
further details about the matching and evolution procedures in the case of these tree-
level mediators, the readers are referred to ref. [51] and references therein. Throughout
this paper, we shall assume that the NP Wilson coefficients Ci(µ) as well as the effective
couplings ∆L,R

ij (A) and ∆L,R
ij (H) are all real, and take the same values for both the b→ cūd

and b→ cūs transitions.

2.2 Calculation of one-loop vertex corrections

To obtain the non-leptonic B-decay amplitudes, we must also calculate the hadronic matrix
elements of the local four-quark operators present in eq. (2.1). To this end, we shall adopt
the QCDF approach [19–21], within the framework of which the hadronic matrix element
of a four-quark operator satisfies the factorization formula given by eq. (1.1). For the SM
contribution, the hard kernels Tij(u) have been calculated up to the NNLO in αs [35, 36],
and will be used throughout this paper. For the NP contribution, on the other hand,
we shall calculate the one-loop vertex corrections to the hard kernels Tij(u), completing
therefore a full NLO analysis of the class-I non-leptonic B̄0

(s) → D
(∗)+
(s) L− decays in the case

where the short-distance Wilson coefficients of the four-quark operators are also known at
the same order [51]. Such an NLO analysis in the NP sector is helpful for reducing the
dependence of the final decay amplitudes on certain unphysical scale and renormalization
scheme [51], as will be detailed in subsection 3.5.

As mentioned already in the last section, at leading power in ΛQCD/mb, these class-I
non-leptonic decays are dominated by the color-allowed tree topology with the lowest-order
Feynman diagram shown in figure 2, and the hard kernels Tij(u) receive only the “non-
factorizable” vertex corrections [20], with the corresponding one-loop Feynman diagrams
shown in figure 3. It should be noted that, as the light quark-antiquark pair (ūq) has to be in
a color-singlet configuration to produce an energetic light meson L in the leading Fock-state
approximation, the hard kernels Tij(u) only receive non-vanishing contributions from the
color-singlet operators starting at the zeroth order in αs and from the color-octet operators
starting at the first order in αs, respectively. This implies that Tij(u) ∝ 1 + O(α2

s) + · · ·
for the color-singlet and Tij(u) ∝ O(αs) + · · · for the color-octet operators, respectively. It
is also observed that, although there exist both collinear and infrared divergences in each
of the four vertex diagrams shown in figure 3, these divergences cancel when one sums
over all the four diagrams, yielding therefore a finite and perturbatively calculable O(αs)
correction to the hard kernels Tij(u) [20, 21]. Explicit evaluations of these one-loop vertex
diagrams with insertions of the SM current-current operators in the Chetyrkin-Misiak-
Münz (CMM) basis [53, 54] can be found, e.g., in refs. [20, 36, 55]. Our results for the
one-loop vertex corrections to the hard kernels Tij(u), which arise from insertions of the
NP four-quark operators present in eq. (2.1) into the Feynman diagrams shown in figure 3,
will be presented below. This, together with the NLO results of the NP Wilson coefficients
Ci(µb) [48–51], completes our analysis at the NLO in αs.
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b
■

B̄q D(∗)
q

c

L

q ū

q̄

Figure 2. Leading-order Feynman diagram contributing to the hard kernels Tij(u), where the local
four-quark operators are represented by the black square.

b
■

B̄q D(∗)
q

c

L

q ū

q̄

b
■

B̄q D(∗)
q

c

L

q ū

q̄

b
■

B̄q D(∗)
q

c

L

q ū

q̄

b
■

B̄q D(∗)
q

c

L

q ū

q̄

Figure 3. “Non-factorizable” vertex corrections to the hard kernels Tij(u) at the NLO in αs, where
the other captions are the same as in figure 2.

• For operators with γµ(1− γ5)⊗ γµ(1− γ5) structure, we have

〈D(∗)+
(s) (p′)L−(q)|cαγµ(1− γ5)bβ qβγµ(1− γ5)uα|B̄0

(s)(p)〉 = ± ifL
∫ 1

0
duΦL(u)

×
[
〈D+

(s)|c̄/qb|B̄
0
(s)〉 · T

V LL(u, z)− 〈D∗+(s) |c̄/qγ5b|B̄0
(s)〉 · T

V LL(u,−z)
]
, (2.6)

where q = p−p′,4 and the upper (lower) sign applies when L is a pseudoscalar (vector)
meson. fL and ΦL denote respectively the decay constant and the leading-twist
LCDA of the light meson L, while the reduced matrix elements 〈D(∗)+

(s) |c̄ · · · b|B̄
0
(s)〉

can be further parameterized in terms of the B(s) → D
(∗)
(s) transition form factors.

The one-loop hard kernel T V LL(u, z) is given by

T V LL(u, z) = αs
4π

CF
Nc

[
−6 ln µ2

m2
b

− 18 + F V LL(u, z)
]
, (2.7)

where CF = (N2
c − 1)/(2Nc), with Nc = 3 being the number of colors, and

F V LL(u, z) =
(

3 + 2 ln u
ū

)
ln z2 + fV LL(u, z) + fV LL(ū, 1/z) , (2.8)

with

fV LL(u, z) = −u(1− z2)
[
3(1− u(1− z2)) + z

]
[1− u(1− z2)]2

ln[u(1− z2)]− z

1− u(1− z2)

+ 2
{

ln[u(1− z2)]
1− u(1− z2) − ln2[u(1− z2)]− Li2[1− u(1− z2)]− {u→ ū}

}
.

(2.9)
4Although taking the same symbol, the light-meson momentum q can be clearly distinguished in the

context from the quark field q present in the four-quark operator.
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Here z = mc/mb, ū = 1− u, and the dilogarithm is defined by

Li2(x) = −
∫ x

0

ln(1− t)
t

dt . (2.10)

In the limit z → 0, our results coincide with that for the charmless B-meson
decays presented in refs. [21, 56], where the four-quark operators are also defined
in the BBL basis. In addition, we have also checked explicitly that, by using the
relations among the short-distance Wilson coefficients [52, 54, 57]

CBBL
1 = 1

2C
CMM
1 + αs

4π

[
−5

6C
CMM
1 − 2CCMM

2

]
+O(α2

s) ,

CBBL
2 = −1

6C
CMM
1 + CCMM

2 + αs
4π

[
−11

18C
CMM
1 + 2

3C
CMM
2

]
+O(α2

s) , (2.11)

corresponding to the four-quark operators defined in the BBL and CMM bases respec-
tively, our results for the hadronic matrix elements 〈D(∗)+

(s) L−|
∑
i=1,2 C

V LL
i QV LLi |B̄0

(s)〉,
with the operators QV LLi given in the BBL basis, agree up to the NLO in αs with that
presented in refs. [36, 55, 58], where the calculations are however performed with the
four-quark operators defined in the CMM basis. To reproduce the results presented
in ref. [20], on the other hand, one should keep in mind that the LO relations among
the short-distance Wilson coefficients are used when transforming from one operator
basis to another.

• For operators with γµ(1− γ5)⊗ γµ(1 + γ5) structure, we obtain

〈D(∗)+
(s) (p′)L−(q)|cαγµ(1− γ5)bβ qβγµ(1 + γ5)uα|B̄0

(s)(p)〉 = − ifL
∫ 1

0
duΦL(u)

×
[
〈D+

(s)|c̄/qb|B̄
0
(s)〉 · T

V LR(u, z)− 〈D∗+(s) |c̄/qγ5b|B̄0
(s)〉 · T

V LR(u,−z)
]
, (2.12)

where the one-loop hard kernel T V LR(u, z) is now given by

T V LR(u, z) = αs
4π

CF
Nc

[
6 ln µ2

m2
b

+ 6 + F V LR(u, z)
]
, (2.13)

with

F V LR(u, z) = −
(

3 + 2 ln ū
u

)
ln z2 − fV LL(ū, z)− fV LL(u, 1/z) . (2.14)

It has been checked that, in the limit z → 0, the above results are also reduced to
that for the charmless B-meson decays given in refs. [21, 56].

• For operators with (1− γ5)⊗ (1− γ5) structure, we have

〈D(∗)+
(s) (p′)L−(q)|cα(1− γ5)bβ qβ(1− γ5)uα|B̄0

(s)(p)〉 = ifL µm

∫ 1

0
duΦm(u)

×
[
〈D+

(s)|c̄b|B̄
0
(s)〉 · T

SLL(u, z)− 〈D∗+(s) |c̄γ5b|B̄0
(s)〉 · T

SLL(u,−z)
]
, (2.15)
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where the parameters µm are defined, respectively, as µp(µ) = m2
L/[mu(µ) +mq(µ)]

for a pseudoscalar and µv(µ) = mLf
⊥
L (µ)/fL for a vector meson, with mu,q(µ) being

the running quark masses in the MS scheme and f⊥L (µ) the scale-dependent transverse
decay constant of a vector meson. When all three-particle contributions are neglected,
the twist-3 two-particle LCDA Φp(u) is determined completely by the equations of
motion, with its asymptotic form given exactly by Φp(u) = 1 [56, 59], while Φv(u) is
related to the twist-2 LCDA Φ⊥(u) of a transversely polarized vector meson by [56, 60]

Φv(u) ≡
∫ u

0
dv

Φ⊥(v)
1− v −

∫ 1

u
dv

Φ⊥(v)
v

= 3
∞∑
n=0

αLn,⊥(µ)Pn+1(2u− 1) , (2.16)

where the second equation is obtained by inserting the Gegenbauer expansion of
Φ⊥(u), with αLn,⊥(µ) being the Gegenbauer moments with αL0,⊥ = 1, and Pn(x) the
Legendre polynomials. For further details about these hadronic parameters, the
readers are referred to ref. [56] and references therein.

The reduced matrix elements of the scalar and pseudoscalar currents are related,
respectively, to that of the vector and axial-vector currents by

〈D+
(s)|c̄b|B̄

0
(s)〉 = 1

mb(µ)−mc(µ) 〈D
+
(s)|c̄/qb|B̄

0
(s)〉 , (2.17)

〈D∗+(s) |c̄γ5b|B̄0
(s)〉 = − 1

mb(µ) +mc(µ) 〈D
∗+
(s) |c̄/qγ5b|B̄0

(s)〉 . (2.18)

The one-loop hard kernel TSLL(u, z) reads

TSLL(u, z) = αs
4π

CF
Nc

[
−4(u− ū)(1− z)

1 + z
ln µ2

m2
b

+ FSLL(u, z)
]
, (2.19)

where

FSLL(u, z) = 2
[(u− ū)(1− z)

1 + z
+ ln u

ū

]
ln z2 + fSLL(u, z) + fSLL(ū, 1/z) , (2.20)

with

fSLL(u, z) = −2
{
u(1− z) [u(1− z) + 2z]− 1

1− u(1− z2) ln[u(1− z2)] + 5u
1 + z

+ ln2[u(1− z2)]

+ Li2[1− u(1− z2)]
}
− {u→ ū} . (2.21)

• For operators with σµν(1− γ5)⊗ σµν(1− γ5) structure, we get

〈D(∗)+
(s) (p′)L−(q)|cασµν(1− γ5)bβ qβσµν(1− γ5)uα|B̄0

(s)(p)〉 = ifL µm

∫ 1

0
duΦm(u)

×
[
〈D+

(s)|c̄b|B̄
0
(s)〉 · T

TLL(u, z)− 〈D∗+(s) |c̄γ5b|B̄0
(s)〉 · T

TLL(u,−z)
]
, (2.22)
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where the one-loop hard kernel T TLL(u, z) is given by

T TLL(u, z) = αs
4π

CF
Nc

[
−48 ln µ2

m2
b

+ F TLL(u, z)
]
, (2.23)

with

F TLL(u, z) = 8
[
3 + (u− ū)(1− z)

z + 1 ln u
ū

]
ln z2 + fTLL(u, z) + fTLL(ū, 1/z) , (2.24)

and

fTLL(u, z) = −8(4u+ 3)
1 + z

+ 8(1− z)
1 + z

{
u
[
(u− 2)z2 − 2z + 2− u

]
− 1

1− u(1− z2) ln[u(1− z2)]

+ (1− 2u)
[

ln2[u(1− z2)] + Li2[1− u(1− z2)]
]

+ {u→ ū}
}
. (2.25)

• For operators with (1− γ5)⊗ (1 + γ5) structure, we have

〈D(∗)+
(s) (p′)L−(q)|cα(1− γ5)bβ qβ(1 + γ5)uα|B̄0

(s)(p)〉 = ∓ ifL µm
∫ 1

0
duΦm(u)

×
[
〈D+

(s)|c̄b|B̄
0
(s)〉 · T

SLR(u, z)− 〈D∗+(s) |c̄γ5b|B̄0
(s)〉 · T

SLR(u,−z)
]
, (2.26)

where the upper (lower) sign applies when L is a pseudoscalar (vector) meson, and
the one-loop hard kernel TSLR(u, z) reads

TSLR(u, z) = αs
4π

CF
Nc

FSLR(u, z) , (2.27)

with

FSLR(u, z) = 2 ln u
ū

ln z2 − 6 + fSLR(u, z) + fSLR(ū, 1/z) , (2.28)

and

fSLR(u, z) =
{
u2(z− 1)2(3z2 + 4z+ 2)− 2

[1−u(1− z2)]2
ln[u(1− z2)] + z2

(1 + z)2 [1−u(1− z2)]

+ 2
[

2 ln[u(1− z2)]
1−u(1− z2) − ln2[u(1− z2)]−Li2[1−u(1− z2)]

]}
−{u→ ū} .

(2.29)

It is noted that, in the limit z → 0, our results are consistent with that for the
charmless B-meson decays presented in refs. [21, 56, 61].

The one-loop vertex corrections to the hard kernels Tij(u) with insertions of the
chirality-flipped four-quark operators can be easily obtained from the results given above
by changing, if necessary, the overall signs of the reduced matrix elements 〈D+

(s)|c̄ · · · b|B̄
0
(s)〉

– 10 –
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Figure 4. Annihilation diagrams contributing to the class-I B̄0
(s) → D

(∗)+
(s) L− decays at O(αs).

The other captions are the same as in figure 2.

and 〈D∗+(s) |c̄ · · · b|B̄
0
(s)〉. It should be noted that our calculations of the hadronic matrix ele-

ments of these four-quark operators are performed in the naive dimensional regularization
scheme with anti-commuting γ5 in D = 4− 2ε dimensions, which matches exactly the one
used for evaluations of the short-distance Wilson coefficients Ci(µ) [50, 51]. This ensures,
therefore, the renormalization scheme and scale independence of the non-leptonic decay
amplitudes up to the NLO in αs.

2.3 Estimate of weak annihilation contribution

We now proceed to discuss the power-suppressed weak annihilation contribution to the
class-I B̄0

(s) → D
(∗)+
(s) L− decays, with the corresponding Feynman diagrams shown in fig-

ure 4. It must be emphasized that, due to the presence of endpoint singularities, the
weak annihilation topology cannot be computed self-consistently within the QCDF frame-
work [20, 21]. Nevertheless, we shall still follow the conventions used in refs. [21, 56, 62]
to make an estimate of the weak annihilation effect in these class-I decays. Instead of
considering all the four-quark operators present in eq. (2.1), we shall focus only on the SM
current-current operators. Our purpose is to demonstrate that, even with the weak anni-
hilation contribution taken into account, the deviations observed in the branching ratios
of these class-I decays could not be explained in the SM, as will be shown numerically in
subsection 3.2.

Following the same conventions as used in refs. [21, 56, 62], one can write the weak
annihilation contribution to the decay amplitude of a class-I non-leptonic decay as

Aann(B̄0
(s) → D

(∗)+
(s) L−) = CF

N2
c

C2(µh)Ai1(µh)B
D

(∗)+
(s) L− , (2.30)

where

B
D

(∗)+
(s) L− = ± i GF√

2
VcbV

∗
uq fB0

(s)
f
D

(∗)+
(s)

fL , (2.31)

with the upper sign applied when both final-state mesons are pseudoscalar or longitudinally
polarized vector mesons, and the lower when one of them is a vector meson. The Wilson
coefficient C2(µh) and the building blocks Ai1(µh) should be evaluated at an intermediate
scale µh =

√
mb Λh, with Λh = 0.5 GeV [56]. Since the treatment of weak annihilation

topology within the QCDF framework is model-dependent anyway, we shall assume that the
building blocks Ai1(µh) take the same expressions as for the charmless B-meson decays [21,
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56, 62], although the asymptotic forms of the D(∗)
(s) LCDAs are quite different from that of

a light charged charmless meson [20]. Explicitly, we have [21, 56, 62]

Ai1(µh) ≈ 2παs(µh)
[
9
(
XA − 4 + π2

3

)
+ rM1

χ (µh) rM2
χ (µh)X2

A

]
, (2.32)

when both final-state mesons are pseudoscalar,

Ai1(µh) ≈ 6παs(µh)
[
3
(
XA − 4 + π2

3

)
+ rM1

χ (µh) rM2
χ (µh)

(
X2
A − 2XA

)]
, (2.33)

when one of them is a pseudoscalar and the other a vector meson, whereas

Ai1(µh) ≈ 18παs(µh)
[(
XA − 4 + π2

3

)
+ rM1

χ (µh) rM2
χ (µh)(XA − 2)2

]
, (2.34)

when both of them are longitudinally polarized vector mesons. Here the model parameter
XA is parameterized by the prescription [21, 56, 62]

∫ 1

0

du

u
→ XA =

(
1 + %A e

iϕA

)
ln
mB0

(s)

Λh
, (2.35)

with %A ≤ 2 and ϕA ∈ [0, 2π], which means that we have assigned a 200% uncertainty to
the default value obtained with %A = 0. The ratios rMχ are defined as

rPχ (µ) = 2m2
P

mb(µ) [m1(µ) +m2(µ)] = 2µp(µ)
mb(µ) , rVχ (µ) = 2mV

mb(µ)
f⊥V (µ)
fV

= 2µv(µ)
mb(µ) , (2.36)

for a pseudoscalar (P ) and a vector (V ) meson respectively, where m1,2 are the current
quark masses of the two valence constituents of the meson considered. In view of the
large uncertainties brought by the phenomenological parameters %A and ϕA, it is generally
expected that such a model-dependent treatment should give the correct order of magnitude
of the weak annihilation effect in B-meson decays into both the charmless [21, 56, 62] and
the heavy-light final states [20, 43].

In order to separate the weak annihilation contribution from that of the dominant
color-allowed tree topology, we introduce the effective coefficients b1(D(∗)+

(s) L−) defined by

b1(D(∗)+
(s) L−) = CF

N2
c

C2(µh)Ai1(µh)
B
D

(∗)+
(s) L−

A
D

(∗)+
(s) L−

, (2.37)

with

AD+
(s)P

− = i
GF√

2
VcbV

∗
uq fP− F

B(s)→D(s)
0 (m2

P−)
(
m2
B(s)
−m2

D+
(s)

)
, (2.38)

AD∗+
(s)P

− = −i GF√
2
VcbV

∗
uq fP− A

B(s)→D∗
(s)

0 (m2
P−) 2mD∗+

(s)

(
ε∗ · p

)
, (2.39)
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AD+
(s)V

− = −i GF√
2
VcbV

∗
uq fV − F

B(s)→D(s)
+ (m2

V −) 2mV −
(
η∗ · p

)
, (2.40)

AD∗+
(s)V

− = i
GF√

2
VcbV

∗
uq fV −

1
2mD∗+

(s)

[(
m2
B(s)
−m2

D∗+
(s)
−m2

V −
)(
mB(s) +mD∗+

(s)

)

×A
B(s)→D∗

(s)
1 (m2

V −)−
4m2

B(s)
|~q|2

mB(s) +mD∗+
(s)

A
B(s)→D∗

(s)
2 (m2

V −)
]
, (2.41)

where

|~q| = 1
2mB(s)

√(
m2
B(s)
−m2

D∗+
(s)
−m2

V −

)2
− 4m2

D∗+
(s)
m2
V − (2.42)

is the momentum of the two final-state mesons in the parent rest frame. Then, including
also the LO contributions from the four-quark operators present in eq. (2.1), we can write
the total decay amplitude of a given channel as [20, 36]:5

A(B̄0
(s) → D

(∗)+
(s) L−) = A

D
(∗)+
(s) L−

[
a1(D(∗)+

(s) L−) + b1(D(∗)+
(s) L−)

]
. (2.43)

Note that, due to angular momentum conservation, the polarization vectors εµ of D∗+(s)
and ηµ of V in the final states take only the longitudinal part in eqs. (2.39) and (2.40).
The decay amplitudes of B̄0

(s) → D∗+(s)V
− modes are more complicated and, to leading

power in ΛQCD/mb, dominated also by the longitudinal polarization, with the transverse
parts being suppressed by O(mV /mB(s)); their explicit expressions could be found, e.g.,
in ref. [20]. The effective coefficients a1(D∗+(s)L

−) can be expressed in terms of the short-
distance Wilson coefficients Ci(µ) as well as the perturbatively calculable hard kernels
Tij(u) convoluted with the light-meson LCDAs ΦL,m(u). For the SM contributions, both
the NLO [20, 34] and the NNLO [35, 36] corrections to a1(D∗+(s)L

−) are known. Combining
our calculations of the one-loop vertex corrections to Tij(u) as well as the O(αs) corrections
to the matching conditions for the short-distance Wilson coefficients [51], the effective
coefficients a1(D∗+(s)L

−) associated with the complete set of NP four-quark operators present
in eq. (2.1) are now known up to the NLO in αs.

3 Numerical results and discussions

3.1 Input parameters

To update the SM predictions of B̄0
(s) → D

(∗)+
(s) L− decays presented in ref. [36], we should

firstly update the theoretical input parameters, which include the strong coupling constant
αs, the quark masses, the CKM matrix elements, the lifetimes of B0

(s) mesons, as well as the
hadronic parameters like the B(s) → D

(∗)
(s) transition form factors and the decay constants

and Gegenbauer moments of light mesons. We use the two-loop relation between pole
5It should be noted that the effective weak annihilation coefficients b1(D(∗)+

(s) L−) are relevant only for
the six decay modes shown in table 4.
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and MS mass [74], to convert the top-quark pole mass mpole
t to the scale-invariant mass

mt(mt). The three-loop running for αs is used throughout this paper. For convenience,
we collect in table 1 all the input parameters used throughout this paper. To obtain the
theoretical uncertainty of an observable, we vary each input parameter within its 1σ range
and then add each individual uncertainty in quadrature. In addition, we have included the
uncertainty due to the variation of the renormalization scale µb ∈ [mb/2, 2mb].

For the B → D(∗) transition form factors, we take the “Lw≥1 +SR” fit results obtained
in ref. [75], in which both O(ΛQCD/mb,c) and O(αs) contributions as well as the uncertain-
ties in the predictions of the form-factor ratios at O(ΛQCD/mb,c) are consistently included
within the framework of heavy quark effective theory (HQET).6 For the Bs → D

(∗)
s tran-

sition form factors, on the other hand, we use the improved lattice QCD determinations
presented in refs. [83, 84], while the experimental values of the differential semi-leptonic
B̄0
s → D

(∗)+
s `−ν̄` decay rates are taken from the LHCb collaboration [85, 86].7 As a com-

parison, we list in table 2 our results for some of these transition form factors evaluated
at q2 = m2

K− or q2 = m2
π− , together with the ones used in refs. [36, 38]. It can be seen

that our results for these transition form factors are all consistent within errors with that
presented in ref. [38], while being much more precise than the ones used in ref. [36]. This
justifies our choices of the form factors given in refs. [75, 83, 84], rather than adopting
the more complete analysis performed in the heavy-quark-expansion framework, where the
form-factor uncertainties including O(Λ2

QCD/m
2
c) corrections, the strong unitarity bounds,

and a consistent treatment of the flavor symmetry (breaking) are all taken into account in
the global fit [76, 77].

3.2 Updated predictions for branching ratios

Our updated SM predictions for the branching ratios of B̄0
(s) → D

(∗)+
(s) L− decays at different

orders in αs are given in table 3, together with the results obtained in refs. [36, 38] as a
comparison. The experimental data is taken from the Particle Data Group [7] and/or the
Heavy Flavor Averaging Group [8]. For the decay modes B̄0

s → D+
s π
− and B̄0

s → D+
s K

−,
we have also replaced the previous LHCb results by the latest updates [88] when performing
the averages given in ref. [8]. It can be seen that our updated results are generally higher
than the current experimental data, even at the LO, and the higher-order perturbative
corrections always add constructively to the LO results.8 Especially for the decay modes
B̄0

(s) → D
(∗)+
(s) π− and B̄0

(s) → D
(∗)+
(s) K−, the difference in central values is at 30–70% level

and, after taking into account the theoretical and experimental uncertainties, the deviation
can even reach about 4–5σ. It must be pointed out that such a large deviation has been
observed for the first time in ref. [38], where the values of B(s) → D

(∗)
(s) transition form

factors were taken from ref. [76]. Compared with the results presented in ref. [36], our
6For other similar analyses including the missing higher-order pieces in the relations among the HQET

form factors, the readers are referred to refs. [76–82] and references therein.
7It should be noted that the unitarity bounds applied in the lattice [83, 84] and experimental [85, 86]

determinations of the Bs → D
(∗)
s transition form factors are much looser than imposed in refs. [75–77].

8Due to the sizable decay width difference, ys ≡ ∆Γs
2Γs

= 0.062± 0.004 [8], the measured branching ratios
of B̄0

s decays should be multiplied by a factor 1− y2
s , when compared with the theoretical predictions [89].
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QCD and electroweak parameters [7]

GF [10−5GeV−2] αs(mZ) mZ [GeV] mW [GeV]
1.1663787 0.1179± 0.0010 91.1876 80.379

Quark masses [GeV] [7, 63]

mpole
t mb(mb) mc(mc) ms(2 GeV) 2ms/(mu +md)

172.76± 0.30 4.18+0.03
−0.02 1.27± 0.02 0.093+0.011

−0.005 27.3+0.7
−1.3

CKM matrix elements [64, 65]

|Vud| |Vus| |Vcb|[10−3]
0.9744129+0.0000096

−0.0000513 0.224791+0.000170
−0.000098 42.41+0.40

−1.51

Lifetimes and masses of B0
(s) and D

(∗)+
(s) mesons [7, 8]

τB0 [ps] mB0 [MeV] mD+ [MeV] mD∗+ [MeV]
1.519± 0.004 5279.65± 0.12 1869.66± 0.05 2010.26± 0.05

τB0
s
[ps] mB0

s
[MeV] mD+

s
[MeV] mD∗+

s
[MeV]

1.516± 0.006 5366.88± 0.14 1968.35± 0.07 2112.2± 0.4

Decay constants of B0
(s) and D

(∗)+
(s) mesons [MeV] [66–69]

fB0 fD+ fD∗+ f⊥D∗+

190.9± 4.1 211.9± 1.1 223.5± 8.4 202± 16
fB0

s
fD+

s
fD∗+

s
f⊥
D∗+

s

227.2± 3.4 249.0± 1.2 268.8± 6.6 256+16
−17

Masses, decay constants, and Gegenbauer moments of light mesons

π− K− ρ− K∗−

mL[MeV] 139.57 493.68 775.26 891.67 [7]

fL[MeV] 130.2± 1.7 155.6± 0.4 216± 6 211± 7
f⊥L [MeV] — — 160± 11 163± 8 [66, 70, 71]

αL1 — −0.0525+0.0033
−0.0031 — 0.06± 0.04

αL2 0.116+0.019
−0.020 0.106+0.015

−0.016 0.17± 0.07 0.16± 0.09 [70–73]

Table 1. Summary of the theoretical input parameters used throughout this paper. The values
of the CKM matrix elements are taken from the CKMfitter tree-only fit results as of Summer
18 [64, 65]. The transverse decay constants f⊥

D
(∗)+
s

and f⊥L are given at the scales 1.27 GeV [68]
and 1 GeV [71], respectively. The Gegenbauer moments of light pseudoscalar and vector mesons are
evaluated at µ = 2 GeV and µ = 1 GeV, respectively.
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Form factor This work Ref. [38] Ref. [36]

FB→D0 (m2
K−) 0.671± 0.011 0.672± 0.011 0.670± 0.031

AB→D
∗

0 (m2
K−) 0.664± 0.018 0.708± 0.038 0.654± 0.068

FBs→Ds
0 (m2

π−) 0.666± 0.012 0.673± 0.011 0.700± 0.100

A
Bs→D∗

s
0 (m2

π−) 0.630± 0.069 0.689± 0.064 0.520± 0.060

Table 2. Numerical results for some of the B(s) → D
(∗)
(s) transition form factors evaluated at

q2 = m2
K− or q2 = m2

π− , together with the ones used in refs. [36, 38].

Decay mode LO NLO NNLO NNLO# Ref. [36] Ref. [38] Exp. [7, 8]

B̄0 → D+π− 4.20 4.45+0.25
−0.40 4.58+0.22

−0.38 4.74+0.61
−0.69 3.93+0.43

−0.42 2.65± 0.15

B̄0 → D∗+π− 3.77 4.00+0.29
−0.40 4.13+0.27

−0.39 4.26+0.75
−0.80 3.45+0.53

−0.50 2.58± 0.13

B̄0 → D+ρ− 10.98 11.64+0.88
−1.18 11.96+0.82

−1.15 12.28+1.40
−1.63 10.42+1.24

−1.20 7.6± 1.2

B̄0 → D∗+ρ− 10.32 10.95+1.40
−1.55 11.28+1.40

−1.56 11.61+1.88
−2.01 9.24+0.72

−0.71 6.0± 0.8

B̄0 → D+K− 3.18 3.37+0.17
−0.29 3.48+0.14

−0.28 3.01+0.32
−0.31 3.26± 0.15 2.19± 0.13

B̄0 → D∗+K− 2.82 3.00+0.20
−0.29 3.10+0.19

−0.28 2.59+0.39
−0.37 3.27+0.39

−0.34 2.04± 0.47

B̄0 → D+K∗− 5.48 5.80+0.48
−0.62 5.94+0.46

−0.61 5.25+0.65
−0.63 4.6± 0.8

B̄0
s → D+

s π
− 4.23 4.49+0.27

−0.41 4.61+0.23
−0.39 4.39+1.36

−1.19 4.42± 0.21 3.23± 0.18

B̄0
s → D∗+s π− 3.51 3.73+0.88

−0.84 3.84+0.90
−0.85 2.24+0.56

−0.50 4.30+0.90
−0.80 2.4+0.7

−0.6

B̄0
s → D+

s K
− 3.21 3.41+0.18

−0.30 3.52+0.15
−0.29 3.69+0.60

−0.65 3.34+1.04
−0.90 2.41± 0.16

B̄0
s → D∗+s K− 2.62 2.79+0.65

−0.61 2.88+0.66
−0.63 3.02+0.99

−0.97 1.67+0.42
−0.37 1.63± 0.50

Table 3. Updated SM predictions for the branching ratios (in units of 10−3 for b→ cūd and 10−4 for
b→ cūs transitions) of B̄0

(s) → D
(∗)+
(s) L− decays at different orders in αs, together with the results

obtained in refs. [36, 38] as a comparison. The column marked by NNLO# represents our results
obtained with the weak annihilation contribution included. For the channel B̄0 → D∗+ρ−, only the
longitudinal polarization amplitude is considered. The experimental data is taken from refs. [7, 8],
with the longitudinal polarization fraction of B̄0 → D∗+ρ− decay taken from ref. [87]. For the
decay modes B̄0

s → D+
s π
− and B̄0

s → D+
s K

−, the previous LHCb results have been superseded
by the latest updates [88] when performing the averages given in ref. [8]. The measured branching
ratios of B̄0

s decays should also be multiplied by a factor 1− y2
s , with ys = 0.062± 0.004 [8], when

compared with the corresponding theoretical predictions [89].
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updated central values of the branching ratios of B̄0 decays are increased by about 16%
for D+ and 20% for D∗+ final states, respectively. This is mainly due to the following two
reasons: firstly, our input of the CKM matrix element |Vcb| is about 7.4% larger than the
one used in ref. [36], where the value of |Vcb| extracted from exclusive semi-leptonic B-meson
decays as of 2016 was used instead. Secondly, our inputs for the B → D and B → D∗

transition form factors, whose theoretical information available since the analysis of ref. [36]
has been systematically taken into account [75], are now about 4.7% and 6.5% larger than
the corresponding ones used in ref. [36], when evaluated at q2 = 0. It is also observed that
the theoretical uncertainties of the branching ratios of B̄0

s → D
(∗)+
s π− and B̄0

s → D
(∗)+
s K−

decays are significantly reduced with respect to that obtained in ref. [36]. This is mainly
due to the improved lattice determinations of the Bs → D

(∗)
s transition form factors [83, 84].

Especially for the two channels B̄0
s → D∗+s π− and B̄0

s → D∗+s K−, our updated results are
about 70% larger than that given in ref. [36], due mainly to the increase of the transition
form factor ABs→D∗

s
0 by about ∼ 21% (see also table 2). On the other hand, our central

values of the branching ratios are slightly larger for the B̄0
(s) → D+

(s)L
− but smaller for the

B̄0
(s) → D∗+(s)L

− decays than the corresponding ones presented in ref. [38], while being in
perfect agreement within errors. This is also attributed mainly to the different inputs of
the CKM matrix element |Vcb| and the B(s) → D

(∗)
(s) transition form factors.

As can be seen from table 3, our estimate of the weak annihilation contribution, al-
though being plagued by large uncertainties due to the model parameters %A and ϕA,
always contributes constructively to the dominant color-allowed tree amplitude, with its
effect being less than 5% on the final branching ratios. Thus, the weak annihilation effect
does not help to reconcile the deviations observed in the class-I non-leptonic decays [36, 38].
To see the relative size of the weak annihilation contribution in these decays, we show in
table 4 our estimates of the effective coefficients |b1(D(∗)+

(s) L−)| defined by eq. (2.37) and the
ratios |a1(D(∗)+

(s) L−)/(a1(D(∗)+
(s) L−) + b1(D(∗)+

(s) L−))|. The latter can also be extracted from
the measured ratios of branching fractions [8], Br(B̄0 → D(∗)+K−)/Br(B̄0 → D(∗)+π−) for
|a1(D(∗)+π−)/(a1(D(∗)+π−) + b1(D(∗)+π−))| and Br(B̄0

s → D
(∗)+
s π−)/Br(B̄0

s → D
(∗)+
s K−)

for |a1(D(∗)+
s K−)/(a1(D(∗)+

s K−) + b1(D(∗)+
s K−))|, after correcting the factorizable SU(3)-

breaking corrections [37]. The values obtained in such a way are shown in the last column
of table 4 as a comparison. It can be seen that both methods give similar magnitudes of
the weak annihilation contributions, with our estimated results being positive while the
extracted values negative, and no sign of an enhanced weak annihilation topology is shown
in these class-I non-leptonic decays, as is generally expected both within the QCDF frame-
work [20, 43] and based on the SU(3)-flavor symmetry of strong interactions [37]. As a
consequence, from now on, we shall no longer consider the weak annihilation contribution.

3.3 Updated predictions for |a1(D
(∗)+
(s) L−)| and R

(∗)
(s)L

The CKM matrix element |Vcb| and the B(s) → D
(∗)
(s) transition form factors are key inputs

aimed at precise theoretical predictions for the absolute branching ratios of B̄0
(s) → D

(∗)+
(s) L−

decays, and their uncertainties are still non-negligible. As can be seen from table 2, while
the B(s) → D(s) transition form factors have reached a precision of less than ∼ 2% [75, 83],
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Decay mode |b1| |a1/(a1 + b1)| |a1/(a1 + b1)|exp.

B̄0 → D+π− 0.019 +0.051
−0.051 0.982± 0.056 1.040 +0.022

−0.022

B̄0 → D∗+π− 0.017 +0.065
−0.064 0.984± 0.075 1.016 +0.031

−0.032

B̄0 → D+ρ− 0.015 +0.038
−0.038 0.987± 0.043

B̄0 → D∗+ρ− 0.015 +0.045
−0.044 0.986± 0.050

B̄0
s → D+

s K
− 0.026 +0.068

−0.068 0.976± 0.072 1.003 +0.021
−0.020

B̄0
s → D∗+s K− 0.025 +0.095

−0.095 0.977± 0.106 1.048 +0.043
−0.046

Table 4. Our estimates of the weak annihilation coefficients |b1(D(∗)+
(s) L−)| defined by eq. (2.37),

with the default values obtained by setting ρA = 0 and the errors by varying %A and ϕA within
the intervals ρA ∈ [0, 2] and φA ∈ [0, 2π] respectively. The ratios |a1(D(∗)+

(s) L−)/(a1(D(∗)+
(s) L−) +

b1(D(∗)+
(s) L−))| obtained both from a direct estimate within the QCDF framework and by following

the method proposed in ref. [37] are also shown in the third and the last column, respectively.

the uncertainties of the B(s) → D∗(s) counterparts are still large, especially for ABs→D∗
s

0
with only a ∼ 11% precision [84]. Furthermore, different choices of |Vcb| also affect the final
results of the absolute branching ratios [36, 38]. In order to minimize the impacts of these
input parameters, one can consider the ratios of the non-leptonic B̄0

(s) → D
(∗)+
(s) L− decay

rates with respect to the corresponding differential semi-leptonic B̄0
(s) → D

(∗)+
(s) `−ν̄` decay

rates evaluated at q2 = m2
L, where ` refers to either an electron or a muon, and q2 is the

four-momentum squared transferred to the lepton pair. In this way, one obtains [12, 20, 90]9

R
(∗)
(s)L ≡

Γ(B̄0
(s) → D

(∗)+
(s) L−)

dΓ(B̄0
(s) → D

(∗)+
(s) `−ν̄`)/dq2 |q2=m2

L

= 6π2 |Vuq|2 f2
L |a1(D(∗)+

(s) L−)|2X(∗)
L , (3.1)

which by construction are free of the uncertainty related to |Vcb|. Neglecting the masses of
light leptons, we have exactly XL = X∗L = 1 for a vector meson L, valid both for the sum
of and separately for the longitudinal and the transverse polarization of the D∗+(s) mesons
in the final state. This is due to the kinematic equivalence between the production of the
lepton pair via the SM weak current with γµ(1− γ5) structure in semi-leptonic decays and
that of a vector meson with four-momentum qµ in non-leptonic decays [12, 20]. For a light
pseudoscalar meson L, on the other hand, X(∗)

L depend on both the form-factor ratios and
the kinematic factors (see eq. (68) in ref. [12] for their explicit expressions), and deviate
numerically from 1 at a few percent level or below with our inputs for the B(s) → D

(∗)
(s)

transition form factors. Eq. (3.1) offers, therefore, a way to compare the values of the
effective coefficients |a1(D(∗)+

(s) L−)| fitted from the experimental data with their theoretical
predictions based on the QCDF approach, which are collected in table 5, together with

9Here we assume that the semi-leptonic B̄0
(s) → D

(∗)+
(s) `−ν̄` decays do not receive any NP contributions

beyond the SM, as indicated by the current experimental data [7, 8, 91].

– 18 –



J
H
E
P
1
0
(
2
0
2
1
)
2
3
5

|a1(D(∗)+
(s) L−)| LO NLO NNLO Ref. [36] Ref. [38] Exp.

|a1(D+π−)| 1.028 1.059 +0.017
−0.019 1.073 +0.005

−0.010 1.073 +0.012
−0.014 1.0727+0.0125

−0.0140 0.88± 0.04

|a1(D∗+π−)| 1.028 1.059 +0.017
−0.019 1.075 +0.006

−0.011 1.071 +0.013
−0.014 1.0713+0.0128

−0.0137 0.92± 0.04

|a1(D+ρ−)| 1.028 1.059 +0.017
−0.019 1.073 +0.005

−0.010 1.072 +0.012
−0.014 0.92± 0.08

|a1(D∗+ρ−)| 1.028 1.059 +0.017
−0.019 1.075 +0.006

−0.011 1.071 +0.013
−0.014 0.80± 0.06

|a1(D+K−)| 1.028 1.059 +0.018
−0.019 1.075 +0.007

−0.011 1.070 +0.010
−0.013 1.0702+0.0101

−0.0128 0.92± 0.04

|a1(D∗+K−)| 1.028 1.059 +0.018
−0.019 1.078 +0.009

−0.012 1.069 +0.010
−0.013 1.0687+0.0103

−0.0125 0.94± 0.11

|a1(D+K∗−)| 1.028 1.058 +0.017
−0.019 1.071 +0.004

−0.009 1.070 +0.010
−0.013 1.02± 0.10

|a1(D+
s π
−)| 1.028 1.059+0.017

−0.019 1.073+0.005
−0.010 1.073+0.012

−0.014 1.0727+0.0125
−0.0140 0.90± 0.04

|a1(D∗+s π−)| 1.028 1.059+0.017
−0.019 1.075+0.006

−0.011 1.071+0.013
−0.014 1.0713+0.0128

−0.0137 0.83± 0.13

|a1(D+
s K

−)| 1.028 1.059+0.018
−0.019 1.075+0.007

−0.011 1.070+0.010
−0.013 1.0702+0.0101

−0.0128 0.89± 0.05

|a1(D∗+s K−)| 1.028 1.059+0.018
−0.019 1.078+0.009

−0.012 1.069 +0.010
−0.013 1.0687+0.0103

−0.0125 0.79± 0.14

Table 5. Theoretical and experimental values of the effective coefficients |a1(D(∗)+
(s) L−)|. The ex-

perimental errors are estimated by adding the uncertainties of the non-leptonic branching ratios and
the semi-leptonic differential decay rates in quadrature. Note that, at leading power in ΛQCD/mb,
|a1(D(∗)+

(s) L−)| calculated within the QCDF framework depend only on the light meson L.

the available results presented in refs. [36, 38]. In addition, we give in table 6 the values
of the ratios R(∗)

(s)L extracted from the current experimental data as well as our updated
theoretical predictions at different orders in αs, which will be used later to analyze the NP
effects in these class-I non-leptonic decays.

From table 5, one can see that our results for the effective coefficients |a1(D(∗)+
(s) L−)| at

the NNLO in αs are well consistent with that obtained in ref. [36], up to slight variations
induced by the updated input parameters from αs(mZ), the Gegenbauer moments, as well
as the quark masses.10 As emphasized already in refs. [20, 36], an essentially universal
value of |a1(D(∗)+

(s) L−)| ' 1.07 (1.06) at the NNLO (NLO) is predicted within the QCDF
framework, which is however consistently higher than the central values fitted from the
current experimental data. As shown in the last column of table 6, the deviations observed
in B̄0

(s) → D
(∗)+
(s) π− and B̄0

(s) → D
(∗)+
(s) K− decay modes are particularly remarkable, with

some of them reaching even up to 4–5σ. This is attributed to the increased theoretical
predictions [36] and, at the same time, the decreased experimental measurements [7, 8] of

10Here we adopt the MS scheme for the bottom- and charm-quark masses, which means that the mass
ratio z = mc(µ)/mb(µ) and the logarithmic terms in the hard kernels Tij(u) should be understood as
ln [µ2/mb(µ)2], with the renormalization scale chosen at µb = mb(mb).
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R
(∗)
(s)L LO NLO NNLO Exp. Deviation (σ)

Rπ 1.01 1.07+0.04
−0.05 1.10+0.03

−0.03 0.74± 0.06 5.4

R∗π 1.00 1.06+0.04
−0.05 1.10+0.03

−0.04 0.80± 0.06 4.3

Rρ 2.77 2.94+0.19
−0.19 3.02+0.17

−0.18 2.23± 0.37 1.9

RK 0.78 0.83+0.03
−0.03 0.85+0.01

−0.02 0.62± 0.05 4.5

R∗K 0.72 0.76+0.03
−0.03 0.79+0.01

−0.02 0.60± 0.14 1.3

RK∗ 1.41 1.49+0.11
−0.11 1.53+0.10

−0.10 1.38± 0.25 0.6

Rsπ 1.01 1.07+0.04
−0.05 1.10+0.03

−0.03 0.77± 0.07 4.3

R∗sπ 1.00 1.06+0.05
−0.05 1.10+0.03

−0.04 0.65+0.22
−0.19 2.2

RsK 0.78 0.82+0.03
−0.03 0.85+0.01

−0.02 0.58± 0.06 4.4

R∗sK 0.71 0.75+0.03
−0.03 0.78+0.02

−0.02 0.42± 0.14 2.5

Table 6. Theoretical and experimental values of the ratios R(∗)
(s)L, in units of GeV2 for b → cūd

and 10−1 GeV2 for b → cūs transitions, respectively. The levels of deviations between the NNLO
predictions and the current experimental data are shown in the last column.

the absolute branching ratios, together with their reduced uncertainties, as compared to
the previous analysis performed at the NLO in αs within the same framework [20].

As pointed out already in refs. [36, 38], it is quite difficult to understand the large
deviations observed in these class-I non-leptonic B-meson decays in the SM, by simply
considering the higher-order power and perturbative corrections to the decay amplitudes
based on the QCDF approach [20, 92]. Thus, as an alternative, we shall in the next subsec-
tions resort to possible NP explanations of these deviations, firstly in a model-independent
setup by considering the NP effects from twenty linearly independent four-quark opera-
tors present in eq. (2.1), and then within two model-dependent scenarios where the NP
four-quark operators are mediated by either a colorless charged gauge boson or a colorless
charged scalar. See also refs. [40–45] for recent discussions along this line.

3.4 Model-independent analysis

With our prescription for the effective weak Hamiltonian given by eq. (2.1), possible NP
effects would be signaled by the non-vanishing NP Wilson coefficients Ci that accompany
the corresponding NP four-quark operators. As a model-independent analysis, we shall
use the ten ratios R(∗)

(s)L collected in table 6 to constrain these NP Wilson coefficients Ci,
both at the characteristic scale µb = mb (low-scale scenario) and at the electroweak scale
µW = mW (high-scale scenario).
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3.4.1 Low-scale scenario

Firstly, let us consider the case where only a single NP four-quark operator is present in
eq. (2.1). The resulting constraints on the corresponding NP Wilson coefficient Ci(mb)
from the ratios R(∗)

(s)L are shown in figures 5–9. The allowed ranges for Ci(mb) under the
individual and combined constraints from R

(∗)
(s)L varied within 1σ (68.27% confidence level

(C.L.)) and 2σ (95.45% C.L.) error bars are collected in table 7 given in the appendix.11

In this case, the following observations can be made:

• As can be seen from figure 5, all the deviations observed in B̄0
(s) → D

(∗)+
(s) L− decays

could be explained simultaneously by the two NP four-quark operators with γµ(1−
γ5) ⊗ γµ(1 − γ5) structure. As these two operators appear already in the SM, this
means that we can account for the observed deviations collected in table 6 by a shift
to the SM Wilson coefficients C1 and/or C2. The final allowed ranges for the NP
Wilson coefficients CV LL1 (mb) and CV LL2 (mb) under the combined constraints from
the ten ratios R(∗)

(s)L varied within 1σ error bars are found to be

CV LL1 (mb) ∈ [−1.04,−0.849] , CV LL2 (mb) ∈ [−0.181,−0.148] . (3.2)

One can see that the constraint on CV LL2 (mb) is much stronger than on CV LL1 (mb).
This is due to the fact that CV LL2 (mb) gives the leading contribution to the effec-
tive coefficients a1(D(∗)+

(s) L−), while CV LL1 (mb) is suppressed by 1/Nc at the LO and
further by CF /4π at the NLO in αs, within the QCDF framework [20, 36].

• From figures 6 and 7, one can see that the NP four-quark operators with either
(1+γ5)⊗ (1−γ5) or (1+γ5)⊗ (1+γ5) structure could also be used to account for the
observed deviations but now at the 2σ level, with the corresponding allowed ranges
for the NP Wilson coefficients given, respectively, by

CSRL1 (mb) ∈ [0.390, 0.989] , CSRL2 (mb) ∈ [0.112, 0.283] ,
CSRR1 (mb) ∈ [−0.848,−0.335] , CSRR2 (mb) ∈ [−0.283,−0.112] . (3.3)

The much weaker constraints on C
SRL(R)
1 (mb) with respect to on C

SRL(R)
2 (mb) are

also due to the fact that the latter always provide the leading contributions to
the hard kernels Tij(u). For the decay modes where L is a light pseudoscalar me-
son, the hadronic matrix elements of these (pseudo-)scalar four-quark operators, al-
though being formally power-suppressed, would be chirally-enhanced by the factors
2µp(µ)/(mb(µ)∓mc(µ)) and hence be not much suppressed numerically for realistic
bottom- and charm-quark masses [21, 56]. This explains the important role played
by these (pseudo-)scalar four-quark operators in non-leptonic B-meson decays both
within the SM [21, 56]12 and in various NP models [42, 61, 93–97].

11For the cases where there exist two different solutions for Ci(mb) allowed by these constraints, we quote
only the one closer to the SM point where C1(mb) = −0.143 and C2(mb) = 1.058, while all Ci(mb) = 0.

12Within the SM, the (pseudo-)scalar four-quark operators originate from the Fierz transformation of the
penguin operators Q6,8; for more details see, e.g., refs. [21, 56].
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Figure 5. Constraints on the NP Wilson coefficients CV LL1 (mb) (left) and CV LL2 (mb) (right) from
the ratios Rπ (red), R∗π (blue), Rρ (yellow), RK (green), R∗K (pink), RK∗ (orange), Rsπ (purple),
RsK (black), R∗sπ (cyan), as well as R∗sK (brown), respectively. The horizontal bounds represent
the experimental ranges within 1σ (dark gray) and 2σ (light gray) error bars.

• As can be seen from table 7, the remaining NP four-quark operators with other Dirac
structures present in eq. (2.1) are already ruled out by the combined constraints from
the ten ratios R(∗)

(s)L collected in table 6, even at the 2σ level. As the matrix elements
〈L−|q̄(1±γ5)u|0〉 ≡ 0 for a light charged vector meson L−, there is no LO contribution
to the decay amplitudes of B̄0

(s) → D+
(s)ρ
− and B̄0

(s) → D+
(s)K

∗− decays from the NP
four-quark operators with (1 ± γ5) ⊗ (1 ± γ5) and (1 ± γ5) ⊗ (1 ∓ γ5) structures.
This explains why the two ratios Rρ and RK∗ receive insignificant contributions from
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Figure 6. Same as in figure 5 but for the NP Wilson coefficients CSRL1 (mb) (left) and CSRL2 (mb)
(right).

these operators (see also the third and the sixth plot in figures 6 and 7). For the NP
four-quark operators with σµν(1±γ5)⊗σµν(1±γ5) structures, on the other hand, the
ratios Rπ, R∗π, RK and R∗K receive only negligible contributions from the NP Wilson
coefficients CSLL4 (mb) and CSRR4 (mb) due to 〈L−|q̄σµν(1 ± γ5)u|0〉 ≡ 0 for a light
charged pseudoscalar meson L−, while contributions from CSLL3 (mb) and CSRR3 (mb)
depend crucially on whether the final-state heavy mesons are D+

(s) or D
∗+
(s) , as shown

in figures 8 and 9. As a consequence, the tensor four-quark operators also fail to
provide a simultaneous explanation of the ten ratios R(∗)

(s)L collected in table 6, even
at the 2σ level.
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Figure 7. Same as in figure 5 but for the NP Wilson coefficients CSRR1 (mb) (left) and CSRR2 (mb)
(right).

• Due to the relatively larger experimental uncertainties of the three ratios Rρ, R∗K , and
RK∗ , their constraints on the NP Wilson coefficients are much weaker. More precise
measurements of these decay modes are, therefore, expected from the LHCb [10]
and Belle II [9] experiments, which will be helpful to further discriminate the NP
contributions from CV LLi (mb), CSRLi (mb), and CSRRi (mb).

We now consider the case where two NP four-quark operators with the same Dirac
but different color structures are present in eq. (2.1), and allow the corresponding two
NP Wilson coefficients to vary simultaneously. To obtain the allowed regions for the NP
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Figure 8. Same as in figure 5 but for the NP Wilson coefficients CSLL3 (mb) (left) and CSLL4 (mb)
(right).

Wilson coefficients, we follow the strategies used in refs. [98, 99]: each point in the NP
parameter space corresponds to a theoretical range constructed for the ratios R(∗)

(s)L in the
point, with the corresponding theoretical uncertainty taken also into account. If this range
has overlap with the 2σ range of the experimental data on R(∗)

(s)L, this point is then assumed
to be allowed. Here the theoretical uncertainty at each point in the NP parameter space is
obtained in the same way as in the SM, i.e., by varying each input parameter within its re-
spective range and then adding the individual uncertainty in quadrature. Such a treatment
is motivated by the observation that, while the experimental data yields approximately a
Gaussian distribution for the branching ratios of B̄0

(s) → D
(∗)+
(s) L− decays, a theoretical

– 25 –



J
H
E
P
1
0
(
2
0
2
1
)
2
3
5

0.25

0.50

0.75

1.00

1.25

0.25

0.50

0.75

1.00

1.25

1

2

3

0.025

0.050

0.075

0.100

0.00

0.05

0.10

0.05

0.10

0.15

0.20

0.25

0.50

0.75

1.00

0.000

0.025

0.050

0.075

0.25

0.50

0.75

1.00

0.000

0.025

0.050

0.075

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

0.25

0.50

0.75

1.00

1.25

0.25

0.50

0.75

1.00

1.25

1

2

3

0.025

0.050

0.075

0.100

0.00

0.05

0.10

0.05

0.10

0.15

0.20

0.25

0.50

0.75

1.00

0.000

0.025

0.050

0.075

0.25

0.50

0.75

1.00

0.000

0.025

0.050

0.075

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

Figure 9. Same as in figure 5 but for the NP Wilson coefficients CSRR3 (mb) (left) and CSRR4 (mb)
(right).

calculation does not. As the latter depends on a set of hadronic input parameters like
the heavy-to-heavy transition form factors as well as the decay constants and Gegenbauer
moments of the light mesons, for which no probability distribution is known, it is more
suitable to assume that these theory parameters have no particular distribution but are
only constrained in certain allowed ranges with an equal weighting, irrespective of how
close they are from the edges of the allowed ranges [64, 100].

In the case where two NP Wilson coefficients are present simultaneously, we show
in figure 10 the allowed regions in the (CV LL2 (mb), CV LL1 (mb)), (CSRL2 (mb), CSRL1 (mb)),
and (CSRR2 (mb), CSRR1 (mb)) planes, under the combined constraints from the ten ratios

– 26 –



J
H
E
P
1
0
(
2
0
2
1
)
2
3
5

-1.0 -0.5 0.0 0.5

-6

-4

-2

0

2

4

6

-0.5 0.0 0.5 1.0

-4

-3

-2

-1

0

1

2

3

-1.0 -0.5 0.0 0.5 1.0

-4

-2

0

2

4

Figure 10. Allowed regions in the (CV LL2 (mb), CV LL1 (mb)) (left), (CSRL2 (mb), CSRL1 (mb)) (mid-
dle), and (CSRR2 (mb), CSRR1 (mb)) (right) planes, under the combined constraints from the ratios
R

(∗)
(s)L varied within 2σ error bars.

R
(∗)
(s)L varied within 2σ error bars. It is readily to see that, due to the partial cancellation

between contributions from the two NP Wilson coefficients, the allowed regions for the NP
parameter space become potentially larger than in the case where only one NP Wilson
coefficient is present. In the presence of two NP four-quark operators with other Dirac
structures, on the other hand, there exist no allowed regions for the corresponding NP
Wilson coefficients that can provide a simultaneous explanation of the ratios R(∗)

(s)L, even
at the 2σ level.

3.4.2 High-scale scenario

From the point of view of constructing specific NP models and correlating the low-energy
constraints with the direct searches performed at high-energy frontiers, it is also interesting
to provide constraints on the NP Wilson coefficients Ci(µW ) that are given at the elec-
troweak scale µW = mW . To this end, we must take into account the RG evolution of
these short-distance Wilson coefficients from µW down to the low-energy scale µb = mb,
at which the hadronic matrix elements of the NP four-quark operators are evaluated. The
most generic formulae for the RG equations satisfied by the NP Wilson coefficients Ci(µ)
can be written as

µ
dCj(µ)
dµ

= γij(µ)Ci(µ) , (3.4)

where γij are the QCD ADMs of the NP four-quark operators, with their one- and two-loop
results given already in refs. [48–50]. By solving eq. (3.4), one can then obtain the evolution
matrices Û(µb, µW ), which connect the Wilson coefficients at different scales [46, 47]:

~C(µb) = Û(µb, µW ) ~C(µW ) , (3.5)

where, once specific to our case with the effective weak Hamiltonian given by eq. (2.1), ~C is
a two-dimensional column vector and Û(µb, µW ) a 2×2 matrix for each V LL (V RR), V LR
(V RL), SLR (SRL) sector, while ~C is a four-dimensional column vector and Û(µb, µW ) a
4× 4 matrix in the SLL (SRR) sector [50].

Here, instead of re-performing a detailed analysis of the NP effects at the electroweak
scale, we focus only on the case where only a single NP four-quark operator is present in
eq. (2.1), and investigate how the three solutions obtained in the low-scale scenario change
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when looked at the electroweak scale. Following the same way as in the low-scale scenario,
we show in figures 11–13 the allowed ranges for the NP Wilson coefficients Ci(mW ), under
the constraints from the ratios Rπ, R∗π, Rρ, RK , R∗K , RK∗ , Rsπ, RsK , R∗sπ, as well as R∗sK .
It is found that, due to the RG evolution, the resulting allowed range for CV LL1 (mW ) is
now given by CV LL1 (mW ) ∈ [3.12, 4.86], and should be therefore discarded as it is much
larger than the SM case with C1(mW ) = 0 and C2(mW ) = 1 at the LO in αs [47], while
the allowed range for CV LL2 (mW ) remains almost the same as in the low-scale scenario (see
eq. (3.2)), with

CV LL2 (mW ) ∈ [−0.169,−0.138] , (3.6)

under the combined constraints from the ten ratios R(∗)
(s)L at the 1σ level. On the other hand,

the NP four-quark operators with either (1 + γ5)⊗ (1− γ5) or (1 + γ5)⊗ (1 + γ5) structure,
could still provide a reasonable explanation of the deviations observed in B̄0

(s) → D
(∗)+
(s) L−

decays at the 2σ level, with the resulting allowed ranges for the NP Wilson coefficients
given, respectively, by

CSRL1 (mW ) ∈ [0.177, 0.448] , CSRL2 (mW ) ∈ [0.054, 0.138] ,
CSRR1 (mW ) ∈ [−0.343,−0.160] , CSRR2 (mW ) ∈ [−0.128,−0.051] , (3.7)

which, compared with the results obtained in the low-scale scenario (see eq. (3.3)), indicate
a large RG evolution effect in these (pseudo-)scalar four-quark operators [50].

3.5 Model-dependent analysis

As found in the last subsection, the deviations observed in B̄0
(s) → D

(∗)+
(s) L− decays could

be well explained by the NP four-quark operators with γµ(1 − γ5) ⊗ γµ(1 − γ5) structure
at the 1σ level, and also by the operators with (1 + γ5)⊗ (1− γ5) and (1 + γ5)⊗ (1 + γ5)
structures at the 2σ level, in a most general model-independent way. In this subsection,
as two specific examples of model-dependent considerations, we shall investigate the case
where the NP four-quark operators are generated by either a colorless charged gauge boson
or a colorless charged scalar, with their masses being in the ballpark of a few TeV. Fitting
to the current experimental data on the ratios R(∗)

(s)L collected in table 6, we can then obtain
constraints on the effective coefficients describing the couplings of these mediators to the
relevant quarks (see figure 1).

3.5.1 Colorless charged gauge boson

Starting with the Feynman rules given in figure 1 and after integrating out the heavy
colorless charged gauge boson A+, we can obtain the effective weak Hamiltonian describing
the quark-level b→ cūd(s) transitions mediated by A+ [51]:

Hgauge
eff = GF√

2
VcbV

∗
uq

{
λLL(A)

[
CV LL1 (µ)QV LL1 (µ) + CV LL2 (µ)QV LL2 (µ)

]
+ λLR(A)

[
CV LR1 (µ)QV LR1 (µ) + CV LR2 (µ)QV LR2 (µ)

]
+ (L↔ R)

}
+ h.c. , (3.8)
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Figure 11. Constraints on the NP Wilson coefficients CV LL1 (mW ) (left) and CV LL2 (mW ) (right).
The other captions are the same as in figure 5.

with

λLL(A) = m2
W

m2
A

∆L
cb(A)

(
∆L
uq(A)

)∗
, λLR(A) = m2

W

m2
A

∆L
cb(A)

(
∆R
uq(A)

)∗
, (3.9)

where mA is the mass of the colorless charged gauge boson A+, and ∆L,R
i,j (A) represent

the reduced couplings of A+ to an up- and a down-type quark. The short-distance Wilson
coefficients Ci(µb) at the low-energy scale µb = mb can be obtained through a two-step RG
evolution [49, 101]

~C(µb) = Û(µb, µW ) Û(µW , µ0) ~C(µ0) , (3.10)
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Figure 12. Constraints on the NP Wilson coefficients CSRL1 (mW ) (left) and CSRL2 (mW ) (right).
The other captions are the same as in figure 5.

where the evolution matrices Û(µb, µW ) and Û(µW , µ0) are evaluated in an effective theory
with f = 5 and f = 6 quark flavors, respectively. Analytic expressions for these evolu-
tion matrices can be found in ref. [101]. The matching conditions for the short-distance
Wilson coefficients Ci(µ0), including the O(αs) corrections, at the initial scale µ0 = mA

have been calculated in ref. [51]. Together with the one-loop vertex corrections to the
hard kernels Tij(u) calculated in subsection 2.2, this enables us to perform a full NLO
analysis of the NP effects in the class-I non-leptonic B̄0

(s) → D
(∗)+
(s) L− decays. Especially,

such a full NLO analysis is helpful for reducing the dependence of the effective coefficients
a
V LL(R)
1 (D(∗)+

(s) L−) and a
V RR(L)
1 (D(∗)+

(s) L−) on the renormalization scale µ. This is illus-
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Figure 13. Constraints on the NP Wilson coefficients CSRR1 (mW ) (left) and CSRR2 (mW ) (right).
The other captions are the same as in figure 5.

trated in figure 14 for the effective coefficients aV LL1 (D+K−) (normalized by λLL(A)) and
aV LR1 (D+K−) (normalized by λLR(A)), with

a
V LL(R)
1 (D+K−) = C

V LL(R)
2 (µ) + C

V LL(R)
1 (µ)
Nc

+ C
V LL(R)
1 (µ)

∫ 1

0
duT V LL(R)(u, z)ΦK(u) ,

(3.11)

where the one-loop hard kernels T V LL(u, z) and T V LR(u, z) are given, respectively, by
eqs. (2.7) and (2.13). It can be seen that the scale dependence is reduced for the real part,
but not for the imaginary part, since the latter vanishes at the LO in αs.
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Figure 14. Dependence of the efficient coefficients aV LL1 (D+K−) and aV LR1 (D+K−) on the renor-
malization scale µ, both at the LO (dashed lines) and at the NLO order (dash-dotted lines).

Specific to the case where the NP four-quark operators are mediated by a heavy col-
orless charged gauge boson A+, with its mass mA fixed at 1 TeV, we have generally four
nonzero effective couplings, λLL(A), λLR(A), λRR(A), and λRL(A), which might be inde-
pendent of each other. In order to simplify our analysis and reduce the number of free NP
parameters, we shall consider the following three different scenarios:

• In scenario I, we consider the case where only one effective coefficient is nonzero in
eq. (3.8). Under the individual and combined constraints from the ratios Rπ, R∗π,
Rρ, RK , R∗K , RK∗ , Rsπ, RsK , R∗sπ, as well as R∗sK collected in table 6, we can obtain
the allowed ranges for this nonzero effective coefficient, which are shown in figures 15
and 16. It can be seen that in this scenario only the case with a nonzero λLL(A)
could provide a simultaneous account for the deviations observed in B̄0

(s) → D
(∗)+
(s) L−

decays, with the resulting allowed range given by

λLL(A) ∈ [−0.162,−0.132] (3.12)

at the 1σ level. Such a conclusion is also consistent with the recent observation made
in ref. [44], which claims that part of the deviations can be reduced by a left-handed
W ′ model through a −10% shift in the b → cūd(s) decay amplitudes. All the other
three cases are, however, ruled out already by the combined constraints from the
ratios R(∗)

(s)L, even at the 2σ level.

• In scenario II, we consider the case where all the four effective coefficients are
nonzero, but with the additional left-right symmetric assumption on the reduced
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Figure 15. Constraints on the effective coefficients λLL(A) (left) and λLR(A) (right) from the
ratios R(∗)

(s)L collected in table 6. The other captions are the same as in figure 5.

couplings [102]:
∆L
cb(A) = ∆R

cb(A) , ∆L
uq(A) = ∆R

uq(A) , (3.13)

which implies that the four effective couplings are all equal to each other, λLL(A) =
λLR(A) = λRR(A) = λRL(A). The resulting constraints on the effective coefficient
λLL(A) in this case are shown in the left panel of figure 17. One can see clearly that
such a scenario fails to provide a simultaneous explanation of the deviations observed
in B̄0

(s) → D
(∗)+
(s) L− decays, even at the 2σ level. It is also observed that, due to

λLL(A) = λLR(A) and λRR(A) = λRL(A), the hadronic matrix elements of QV LL1,2
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Figure 16. Constraints on the effective coefficients λRR(A) (left) and λRL(A) (right) from the
ratios R(∗)

(s)L collected in table 6. The other captions are the same as in figure 5.

and QV RR1,2 are exactly canceled, respectively, by that of QV LR1,2 and QV RL1,2 for the
B̄0

(s) → D+
(s)π

− and B̄0
(s) → D+

(s)K
− decays. This explains why the ratios R(s)π and

R(s)K are insensitive to the NP contributions, as shown in the left panel of figure 17.

• In scenario III, we consider instead the case where the left- and right-handed reduced
couplings are asymmetric [102]:

∆L
cb(A) = −∆R

cb(A) , ∆L
uq(A) = −∆R

uq(A) , (3.14)

which implies that, while all the four effective couplings are still nonzero, they satisfy
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Figure 17. Constraints on the effective coefficient λLL(A) from the ratios R(∗)
(s)L collected in table 6,

in the scenarios where the left- and right-handed reduced couplings are symmetric (scenario II, left)
and asymmetric (scenario III, right), defined respectively by eqs. (3.13) and (3.14). The other
captions are the same as in figure 5.

now the relation λLL(A) = λRR(A) = −λLR(A) = −λRL(A). As shown in the right
panel of figure 17, such a scenario also fails to provide a simultaneous account for the
ten ratios R(∗)

(s)L collected in table 6, even at the 2σ level. Note that in this case the
ratios R(s)π and R(s)K receive no contributions from the NP four-quark operators,
which is now due to λLL(A) = λRR(A) and λLR(A) = λRL(A), resulting in therefore
an exact cancellation between the hadronic matrix elements of QV LL(R)

1,2 and QV RR(L)
1,2

for the decay modes involved.
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3.5.2 Colorless charged scalar

Let us now proceed to discuss the case where the NP four-quark operators are generated by
a heavy colorless charged scalar H+, with its mass mH fixed also at 1 TeV. The resulting
effective weak Hamiltonian for the quark-level b → cūd(s) transitions mediated by such a
charged scalar is now given by [51]

Hscalar
eff = −GF√

2
VcbV

∗
uq

{
λLL(H)

[
CSLL1 (µ)QSLL1 (µ) + CSLL2 (µ)QSLL2 (µ)

+ CSLL3 (µ)QSLL3 (µ) + CSLL4 (µ)QSLL4 (µ)
]

+ λLR(H)
[
CSLR1 (µ)QSLR1 (µ) + CSLR2 (µ)QSLR2 (µ)

]
+ (L↔ R)

}
+ h.c. , (3.15)

where

λLL(H) = m2
W

m2
H

∆L
cb(H)

(
∆L
uq(H)

)∗
, λLR(H) = m2

W

m2
H

∆L
cb(H)

(
∆R
uq(H)

)∗
, (3.16)

and ∆L,R
i,j (H) represent the reduced couplings of H+ to an up- and a down-type quark,

as defined in figure 1. It should be noted that, at the matching scale µ0 = mH , only the
Wilson coefficients CSLL2 (µ0), CSLR2 (µ0), CSRR2 (µ0), and CSRL2 (µ0) are nonzero at the LO,
while all the remaining ones appear firstly at the NLO in αs, with their explicit expressions
given already in ref. [51]. To get their values at the low-energy scale µb = mb, we should
also perform a two-step RG evolution as in eq. (3.10), where the analytic formulae for the
evolution matrices Û(µb, µW ) and Û(µW , µ0) can be found in ref. [101]. This, together with
the O(αs) vertex corrections to the hard kernels Tij(u) presented in subsection 2.2, makes it
possible to investigate the NP effects on the class-I non-leptonic B̄0

(s) → D
(∗)+
(s) L− decays, in

a RG-improved way completely at the NLO in αs. The reduction of the scale-dependence of
the effective coefficients rKχ aSLL1 (D+K−) (normalized by −λLL(H)) and rKχ aSLR1 (D+K−)
(normalized by −λLR(H)), as an example, is shown in figure 18, with

rKχ a
SLL
1 (D+K−)=

2m2
K−

mb(µ)[mu(µ)+ms(µ)]

[
CSLL2 (µ)+ CSLL1 (µ)

Nc
+CSLL4 (µ)+ CSLL3 (µ)

Nc

+CSLL1 (µ)
∫ 1

0
duTSLL(u,z)Φp(u)+CSLL3 (µ)

∫ 1

0
duT TLL(u,z)Φp(u)

]
,

rKχ a
SLR
1 (D+K−)=

2m2
K−

mb(µ)[mu(µ)+ms(µ)]

[
CSLR2 (µ)+ CSLR1 (µ)

Nc

+CSLR1 (µ)
∫ 1

0
duTSLR(u,z)Φp(u)

]
. (3.17)

A similar behavior is also observed in the chirality-flipped sectors (SRR and SRL).
As in the case for the charged gauge boson, we shall also split the discussions into

three different scenarios. Firstly, in scenario-I where only one nonzero effective coefficient
is present in eq. (3.15), it is found that all the deviations observed in B̄0

(s) → D
(∗)+
(s) L−
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Figure 18. Dependence of the effective coefficients rKχ aSLL1 (D+K−) and rKχ aSLR1 (D+K−) on the
renormalization scale µ. The other captions are the same as in figure 14.

decays could be explained simultaneously only in the presence of a nonzero λRR(H) or
λRL(H), as shown in figure 19. The resulting allowed ranges for λRR(H) and λRL(H) are
given, respectively, as

λRR(H) ∈ [−0.083,−0.033] , λRL(H) ∈ [0.038, 0.096] . (3.18)

All the other cases in the presence of only a single effective coefficient are, however, ruled
out already by the combined constraints from the ratios R(∗)

(s)L collected in table 6 at the
2σ level. As an explicit example, we show in figure 20 the individual constraint on the
two effective coefficients λLL(H) and λLR(H) from the ratios Rπ, R∗π, Rρ, RK , R∗K , RK∗ ,
Rsπ, RsK , R∗sπ, as well as R∗sK , respectively. Secondly, we show in the left and the right
panel of figure 21 the individual constraint on the effective coefficient λLL(H) from the
ten ratios R(∗)

(s)L, in the scenarios where the left- and right-handed reduced couplings are
symmetric (scenario-II with ∆L

cb(H) = ∆R
cb(H) and ∆L

uq(H) = ∆R
uq(H)) and asymmetric

(scenario-III with ∆L
cb(H) = −∆R

cb(H) and ∆L
uq(H) = −∆R

uq(H)), respectively. One can
see clearly that both of these two scenarios fail to provide a simultaneous account for the
deviations observed in B̄0

(s) → D
(∗)+
(s) L− decays.

4 Conclusions

In this paper, motivated by the deviations observed between the updated SM predictions
and the current experimental measurements of the branching ratios of B̄0

(s) → D
(∗)+
(s) L−
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Figure 19. Constraints on the effective coefficients λRR(H) (left) and λRL(H) (right) from the
ratios R(∗)

(s)L collected in table 6. The other captions are the same as in figure 5.

decays with L ∈ {π, ρ,K(∗)}, we have investigated possible NP effects in these class-I
non-leptonic B-meson decays. In order to facilitate a full NLO analysis, we have also
calculated the one-loop vertex corrections to the hadronic matrix elements of the NP four-
quark operators involved in these decays, within the QCDF framework.

Firstly, we have performed a model-independent analysis of the effects from twenty
linearly independent four-quark operators that can contribute, either directly or through
operator mixing, to the quark-level b→ cūd(s) transitions. Under the combined constraints
from the ten ratios R(∗)

(s)L collected in table 6, we found that the deviations observed could
be well explained at the 1σ level by the NP four-quark operators with γµ(1−γ5)⊗γµ(1−γ5)
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Figure 20. Constraints on the effective coefficients λLL(H) (left) and λLR(H) (right) from the
ratios R(∗)

(s)L collected in table 6. The other captions are the same as in figure 5.

structure, and also at the 2σ level by the operators with (1 + γ5)⊗ (1− γ5) and (1 + γ5)⊗
(1 + γ5) structures. However, the NP operators with other Dirac structures fail to provide
a consistent interpretation, even at the 2σ level. In the case where only a single nonzero
NP Wilson coefficient is present in the effective weak Hamiltonian given by eq. (2.1), the
resulting allowed ranges for the corresponding NP Wilson coefficients are obtained both
at the low-energy scale µb = mb and at the electroweak scale µW = mW . In the case
where two NP four-quark operators with the same Dirac but different color structures are
present in eq. (2.1), with the corresponding two NP Wilson coefficients varied simultane-
ously, it was found that only in the (CV LL2 (mb), CV LL1 (mb)), (CSRL2 (mb), CSRL1 (mb)), and
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Figure 21. Same as in figure 17 but for the effective coefficient λLL(H) in the colorless scalar case.

(CSRR2 (mb), CSRR1 (mb)) planes are there allowed regions that can provide a simultaneous
explanation of the ten ratios R(∗)

(s)L collected in table 6 at the 2σ level.
As two specific examples of model-dependent considerations, we have also performed

a full NLO analysis in the case where the NP four-quark operators are mediated by either
a colorless charged gauge boson or a colorless charged scalar, with their masses fixed both
at 1TeV. In each of these two cases, three different scenarios were considered. In scenario I
where only one effective coefficient is nonzero, we found that all the deviations observed
in B̄0

(s) → D
(∗)+
(s) L− decays could be explained simultaneously only in the presence of a

nonzero λLL(A) in the case for a colorless charged gauge boson, as well as a nonzero
λRR(H) or λRL(H) in the case for a colorless charged scalar, while all the other cases are
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ruled out already by the combined constraints from the ten ratios R(∗)
(s)L, even at the 2σ

level. On the other hand, both of the other two scenarios where the left- and right-handed
reduced couplings are symmetric (scenario-II) and asymmetric (scenario-III) fail to provide
a simultaneous account for the deviations observed in B̄0

(s) → D
(∗)+
(s) L− decays.

As a final comment, it should be mentioned that our conclusions about the NP Wilson
coefficients in the model-independent framework as well as the effective coefficients in
the two model-dependent scenarios are very flavor-specific. If additional flavor-university
assumptions were made between the different generations, e.g., between the up and charm
quarks, other processes mediated by the tree-level b → cc̄d(s) and loop-level b → d(s)qq̄
transitions will be involved, which are expected to provide further constraints on the NP
parameter space [40–43]. At the same time, in order to further discriminate the different
solutions found for the deviations observed in these class-I non-leptonic B-meson decays,
more precise measurements, especially of the decay modes involving ρ and K∗ mesons, are
urgently expected from the LHCb [10] and Belle II [9] experiments.
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A Allowed ranges for Ci(mb) under the constraints from R
(∗)
(s)L

In this appendix, we give in table 7 the allowed ranges for the NP Wilson coefficients
Ci(mb) under the individual and combined (last column) constraints from the ten ratios
R

(∗)
(s)L varied within 1σ and 2σ error bars, respectively. For further details, the readers are

referred to the main text presented in subsection 3.4.
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