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Abstract In the framework of heavy quark effective the-
ory, the leading-order Isgur–Wise form factors relevant to
semileptonic decays of the ground state b̄s meson Bs into
orbitally excited D-wave c̄s mesons, including the newly
observed narrow D∗

s1(2860) and D∗
s3(2860) states by the

LHCb Collaboration, are calculated with the QCD sum rule
method. With these universal form factors, the decay rates
and branching ratios are estimated. We find that the decay
widths are �(Bs → D∗

s1�ν) = 1.25+0.80
−0.60 × 10−19 GeV,

�(Bs → D
′
s2�ν) = 1.49+0.97

−0.73 × 10−19 GeV, �(Bs →
Ds2�ν) = 4.48+1.05

−0.94 × 10−17 GeV, and �(Bs → D∗
s3�ν) =

1.52+0.35
−0.31 ×10−16 GeV. The corresponding branching ratios

are B(Bs → D∗
s1�ν) = 2.85+1.82

−1.36 × 10−7, B(Bs →
D

′
s2�ν) = 3.40+2.21

−1.66×10−7,B(Bs → Ds2�ν) = 1.02+0.24
−0.21×

10−4, and B(Bs → D∗
s3�ν) = 3.46+0.80

−0.70 × 10−4. The decay
widths and branching ratios of corresponding B∗

s semilep-
tonic processes are also predicted.

1 Introduction

Recently, the LHCb Collaboration released an observation
result of two DsJ (2860) resonance states in the process of
B0
s → D̄0K−π+. They have been considered as mixtures of

the 1− and 3− states with the resonance parameters [1,2]:

mD∗
s1(2860) = (2859 ± 12 ± 6 ± 23) MeV,

�D∗
s1(2860) = (159 ± 23 ± 27 ± 72) MeV,

mD∗
s3(2860) = (2860.5 ± 2.6 ± 2.5 ± 6.0) MeV,

�D∗
s3(2860) = (53 ± 7 ± 4 ± 6) MeV.

The LHCb Collaboration also announced that this was the
first observation of a heavy flavored spin-3 resonance and the
first time that any spin-3 particle had been seen to be produced
in B decays [1]. Although DsJ (2860) had been reported
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before by the BaBar Collaboration [3,4], it has inspired a
lot of new interest in studying the spectroscopy of c̄s mesons
and the relevant processes [5–9].

Experimentally, copious samples of charm–strange
mesons are available from decays of B0

s
mesons produced at

high energy hadron colliders. These have been exploited to
study the properties of the orbitally excited c̄s mesons, such
as Ds1(2536)− and D∗

s2(2573)− states, produced in semilep-
tonic decays of B0

s
mesons [10]. The results are important not

only from the point of view of spectroscopy, but also as they
will provide input to future studies of CP violation in the
B0
s → D̄0K−π+ channel [2]. Actually, the b → c semilep-

tonic processes are the important sources for the determi-
nation of the parameters of the standard model, such as
Cabibbo–Kobayashi–Maskawa matrix element |Vcb|. They
also provide valuable insight in quark dynamics in the non-
perturbative domain of QCD. Just because of these reasons,
the semileptonic decays of B and Bs mesons have been under
investigation for many years [11–28].

In this paper, we assume that the newly observed D∗
s1

(2860) and D∗
s3(2860) mesons are the 1− and 3− states

which are members of the 1D family. Then we use the QCD
sum rule method [29–31] in the framework of heavy quark
effective theory (HQET) [14,15,32,33] to study the semilep-
tonic decays of ground b̄s meson doublet H(0−, 1−) into the
orbitally D-wave excited c̄s meson doublets F(1−, 2−) and
X (2−, 3−) containing one heavy anti-quark and one strange
quark. The QCD sum rule approach, with incorporation with
HQET, has been proved to be a successful method, which
was widely applied to investigate the properties and dynam-
ical processes of heavy hadrons containing a single heavy
quark [12,13]. We shall follow the procedure used in Refs.
[23,26,27,34,35], and study the semileptonic decays men-
tioned above.

The remainder of this paper is organized as follows. After
an introduction, we derive the formulas of the weak current
matrix elements at the leading order of HQET in Sect. 2. Then
we deduce the three-point sum rules for the relevant universal
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form factors in Sect. 3. In Sect. 4, we give the numerical
results and discussions. The decay rates and branching ratios
are also estimated in the final section.

2 Analytic formulations for semileptonic decay
amplitudes B(∗)

s → (D∗
s1, D

′
s2)�ν and

B(∗)
s → (Ds2, D∗

s3)�ν

The semileptonic decay rate of a Bs meson transition into
a Ds meson is determined by the corresponding matrix ele-
ments of the weak vector and axial-vector currents (Vμ =
cγ μb and Aμ = cγ μγ5b) between them. These hadronic
matrix elements can be parametrized in terms of some weak
form factors. In HQET, the classification of these form fac-
tors has been simplified greatly. At the leading order of the
heavy quark expansion, the matrix elements involved in the
transitions between the H doublet of the b̄s mesons and the
F or X doublet of c̄s mesons can be parametrized in terms
of only one Isgur–Wise function.

According to the formalism given in Refs. [36,37], the
heavy–light meson doublets can be expressed as effective
operators. For the processes (Bs, B∗

s ) → (D∗
s1, D

′
s2)�ν, two

heavy–light meson doublets H and F are involved. The oper-
ators P and P∗

μ, which annihilate members of the H doublet
with four-velocity v, are of the form

Hv = 1 + v/

2
[P∗

μγ μ − Pγ5]. (1)

The fields D∗
1ν and D′μν

2 , which annihilate members of the
F doublet with four-velocity v, are in the representation

Fμ
v = 1+v/

2

[
D′μν

2 γ5γν −D∗
1ν

√
3

2

(
gμν − 1

3
γ ν(γ μ+vμ)

)]
,

(2)

wherev/ = v·γ . For the processes (Bs, B∗
s ) → (Ds2, D∗

s3)�ν,
the final heavy hadronic states, annihilated by the operators
Dαβ

2 and D∗μνσ
3 , are in another doublet X with four-velocity

v, namely

Xμν
v = 1 + v/

2
×

[
D∗μνσ

3 γσ −
√

3

5
γ5D

αβ
2

(
gμ
α g

ν
β

−γα

5
gν
β(γ μ − vμ)− γβ

5
gμ
α (γ ν − vν)

)]
. (3)

At the leading order of the heavy quark expansion, the
hadronic matrix elements of weak current between states in
the doublets Hv and Fv′ can be calculated from

h̄(c)
v′ �h(b)

v = ξ(y)Tr{vσ F
(c)σ
v′ �H (b)

v }, (4)

while the corresponding matrix elements between states
annihilated by fields in Hv and Xv′ are derived from

h̄(c)
v′ �h(b)

v = ζ(y)Tr{vαvβX
(c)αβ

v′ �H (b)
v }, (5)

where h(Q)

v,v′ are the heavy quark fields in HQET, and Xv′ =
γ0X

†
v′γ0. v is the velocity of the initial meson and v′ is the

velocity of the final meson in each process. � denotes the
Lorentz structure γ μ −γ μγ5 of the weak current. The Isgur–
Wise form factors ξ(y) and ζ(y) are universal functions of
the product of velocities y(= v · v′). Here we should notice
that each side of Eqs. (4) and (5) is understood to be inserted
between the corresponding initial b̄s and final c̄s states. The
hadronic matrix elements of Bs(B∗

s ) → D∗
s1(D

′
s2)�ν can be

derived directly from the trace formalism (4) and are given
as

〈D∗
s1(v

′
, ε′)|(V − A)μ|Bs(v)〉√

mBsmD∗
s1

= 1

3

√
3

2
ξ(y)ε

′∗
β [vβ

(
(y + 2)v′μ − 3vμ

) − (y2 − 1)gβμ

− i(y − 1)εβμσρvσ v′
ρ], (6)

〈D′
s2(v

′, ε′)|(V − A)μ|Bs(v)〉√
mBsmD

′
s2

=−ξ(y)ε′
αβvα

[
(y − 1)gβμ−vβv′μ+iεβμσρvσ v′

ρ

]
, (7)

〈D∗
s1(v

′, ε′)|(V − A)μ|B∗
s (v, ε)〉√

mB∗
s
mD∗

s1

= −1

3

√
3

2
ξ(y)ε

′∗
β εσ [3vβvμv′σ −(y − 1)

× (gβσ
(
v′μ + vμ

) − gβμv′σ + 2gμσ vβ)

− i(vβεμσρτ vρv′
τ + 2vμεβσρτ vρv′

τ

+ (y + 1)εβμσρ(v′
ρ − vρ))], (8)

〈D′
s2(v

′, ε′)|(V − A)μ|B∗
s (v, ε)〉√

mB∗
s
mD

′
s2

= −ξ(y)ε
′∗
αβεσ vα[gβσ

(
v′μ − vμ

) − gβμv′σ + vβgμσ

+ iεβμσρ(vρ − v′
ρ)]. (9)

The hadronic matrix elements of Bs(B∗
s ) → Ds2(D∗

s3)�ν are
calculated similarly from Eq. (5) as follows:

〈Ds2(v
′, ε′)|(V − A)μ|Bs(v)〉√

mBsmDs2

= −1

5

√
3

5
ζ(y)ε

′∗
αβ [(y2 − 1)(vβgμα + vαgμβ)

+ vαvβ((3 − 2y)v′μ + 5vμ)

− i(y + 1)(vαεμβσρ + vβεμασρ)vσ v′
ρ], (10)
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〈D∗
s3(v

′, ε′)|(V − A)μ|Bs(v)〉√
mBsmD∗

s3

= ζ(y)ε
′∗
αβρvαvβ [(y + 1)gμρ − vρv′μ − iεμρστ vσ v′

τ ],
(11)

〈Ds2(v
′, ε′)|(V − A)μ|B∗

s (v, ε)〉√
mB∗

s
mDs2

= −1

5

√
3

5
ζ(y)ε

′∗
αβεσ [(y + 1)(−gμβvαv′σ

− vβ(gμαv′σ + 3vαgμσ ) + (v′μ − vμ)

× (vαgσβ + vβgσα)) + 5vμvαvβv′σ

− i((2vαvμεσβρτ − vαvβεμσρτ + 2vβvμεσαρτ )vρv′
τ

+ (y − 1)(vαεμσβρ + vβεμσαρ)(vρ + v′
ρ))], (12)

〈D∗
s3(v

′, ε′)|(V − A)μ|B∗
s (v, ε)〉√

mB∗
s
mD∗

s3

= ζ(y)ε
′∗
αβρεσ vαvβ [gρσ (v′μ + vμ) − gμρv′σ − gμσ vρ

+ iεμρστ (v′
τ + vτ )]. (13)

In these matrix elements, εα (ε′
α) is the polarization vector

of the initial (final) vector meson while ε′
αβ and ε′

αβρ are
the polarization tensors of final tensor mesons. In the deriva-
tion of the matrix elements and formulas below, we have
used aMathematica package, calledFeynCalc [38]. The only
unknown factors in the matrix elements above are the Isgur–
Wise form factors ξ(y) and ζ(y), which should be determined
through nonperturbative methods. In the following section,
we will employ the QCD sum rule approach to estimate them.

It is worth noting that the matrix elements of the weak
current between Bs mesons and excited Ds mesons vanish at
zero recoil in the heavy quark limit due to the heavy quark
symmetry. The heavy quark 1/mQ corrections, which can be
finite at this kinematic point, may provide significant modifi-
cation of the decay rates calculated in the heavy quark limit.
Meanwhile, one could expect the calculations of 1/mQ cor-
rections, especially for so many decay processes considered
in this work, to be tedious as one has to deal with lots of sub-
leading-order form factors, and they all should be estimated
by nonperturbative methods. On the other hand, it can be
expected that the 1/mQ corrections might still be under con-
trol, as suggested by some previous work, e.g. [14,15,23].
Hence the calculations in this work have been confined at the
leading order of the heavy quark expansion.

3 Form factors from HQET sum rules

In order to apply QCD sum rules to study the heavy mesons,
we must choose appropriate interpolating currents to rep-
resent them. Here we adopt the interpolating currents pro-
posed in Refs. [39,40] based on the study of Bethe–Salpeter

equations for heavy mesons in HQET. Following the remarks
given in Refs. [26,27], we take the interpolating currents that
create heavy mesons in the H , F , and X doublets as

J †
0,−,1/2 = 1√

2
h̄vγ5s, (14)

Jα†
1,−,1/2 = 1√

2
h̄vγ

α
t s, (15)

Jα†
1,−,3/2 = −

√
3

4
h̄v

(
Dα
t − 1

3
γ α
t �Dt

)
�Dts, (16)

Jαβ†
2,−,3/2 = − 1√

2
T αβ,μν h̄vγ5γtμDtν �Dts, (17)

Jαβ†
2,−,5/2 = −

√
5

6
T αβ,μνhvγ5

(
DtμDtν − 2

5
Dtμγtν �Dt

)
s,

(18)

Jαβλ†
3,−,5/2 = − 1√

2
T αβλ,μνσ hvγtμDtνDtσ s, (19)

where Dα
t = Dα − vα(v · D) is the transverse component

of the covariant derivative with respect to the velocity of
the meson. The tensors T αβ,μν and T αβλ,μνσ are used to
symmetrize the indices and given by

T αβ,μν = 1

2
(gαμ

t gβν
t + gαν

t gβμ
t ) − 1

3
gαβ
t gμν

t , (20)

T αβλ,μνσ = 1

6
(gαμ

t gβν
t gλσ

t + gαμ
t gβσ

t gλν
t + gαν

t gβμ
t gλσ

t

+ gαν
t gβσ

t gλμ
t + gασ

t gβν
t gλμ

t + gασ
t gβμ

t gλν
t )

− 1

15
(gαβ

t gμν
t gλσ

t + gαβ
t gμσ

t gλν
t + gαβ

t gνσ
t gλμ

t

+ gαλ
t gμν

t gβσ
t + gαλ

t gμσ
t gβν

t + gαλ
t gνσ

t gβμ
t

+gβλ
t gμν

t gασ
t + gβλ

t gμσ
t gαν

t + gβλ
t gνσ

t gαμ
t ),

(21)

where gαβ
t = gαβ − vαvβ is the transverse part of the metric

tensor relative to the velocity of the heavy meson.
These currents have non-vanishing projections only to the

corresponding states of the HQET in the mQ → ∞ limit,
without mixing with states of the same quantum number but
different sl [39]. Thus we can define one-particle-current cou-
plings as follows:

〈Hs0(v, ε)|J †
0,−,1/2|0〉 = f0,−,1/2

√
mHs0 , for J P = 0−;

(22)

〈Hs1(v, ε)|Jα†
1,−,1/2|0〉 = f1,−,1/2

√
mHs1ε

∗α, for J P = 1−;
(23)

〈H∗
s1(v, ε)|Jα†

1,−,3/2|0〉 = f1,−,3/2
√
mH∗

s1
ε∗α, for J P = 1−;

(24)

〈H ′
s2(v, ε)|Jαβ†

2,−,3/2|0〉 = f2,−,3/2
√
mH ′

s2
ε∗αβ, for J P = 2−;

(25)
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〈Hs2(v, ε)|Jαβ†
2,−,5/2|0〉 = f2,−,5/2

√
mHs2ε

∗αβ, for J P = 2−;
(26)

〈H∗
s3(v, ε)|Jαβλ†

3,−,5/2|0〉 = f3,−,5/2
√
mH∗

s3
ε∗αβλ, for J P = 3−.

(27)

The decay constants f0,−,1/2, f1,−,1/2, f1,−,3/2, f2,−,3/2,
f2,−,5/2, and f3,−,5/2 are low-energy parameters which are
determined by the dynamics of the light degree of freedom.

With these currents, we can now estimate the Isgur–Wise
functions ξ(y) and ζ(y) from QCD sum rules. First comes
the ξ(y). The jumping-off point is the following three-point
correlation function:

�αμ(ω, ω
′
, y) = i2

∫
d4xd4zei(k

′ ·x−k·z)〈0|T [Jα
1,−,3/2(x)

× Jμ(v,v
′
)

V,A (0)J †
0,−,1/2(z)]|0〉 = �1(ω, ω

′
, y)Lαμ

ξ(V,A),

(28)

where Jμ(v,v
′
)

V = h(v
′
)γ μh(v) and Jμ(v,v

′
)

A = h(v
′
)γ μγ5

h(v) are the weak currents. J0,−,1/2 and Jα
1,−,3/2 are the inter-

polating currents defined in Eqs. (14) and (16). Here it is
worth noting that ξ(y) can also be estimated by choosing the
interpolating current (15) for the initial state and the current
(17) for the final state because of the heavy quark symme-
try. �1(ω, ω

′
, y) is an analytic function in ω = 2v · k and

ω′ = 2v′ · k′, and is not continual when ω and ω′ are located
on the positive real axis. k (= P−mbv) and k

′
(= P ′−mcv

′)
are the residual momenta of the initial and final meson states,
respectively. The scalar function �1(ω, ω

′
, y) also depends

on the velocity transfer y = v · v′. Lαμ

ξ(V,A) are the Lorentz
structures.

To calculate the phenomenological or the physical part of
the correlator (28), we insert two complete sets of interme-
diate states with the same quantum numbers as the currents
J0,−,1/2 and Jα

1,−,3/2, then we isolate the contribution from

the double pole at ω = 2�̄−,1/2, ω′ = 2�̄−,3/2:

�αμ(ω, ω
′
, y)

= f0,−,1/2 f1,−,3/2

(2�̄−,1/2−ω−iε)(2�̄−,3/2−ω′−iε)
ξ(y)Lαμ

ξ + · · · ,

(29)

where “· · · ” denotes the contribution from higher resonances
and continuum states, while f1,−,3/2 is the decay constant
defined in Eq. (22). As we can see from Eqs. (28) and (29),
the pole contribution to �1(ω, ω

′
, y) is proportional to the

universal function ξ(y). The QCD sum rule then can be con-
structed directly from �1(ω, ω

′
, y) by isolating the Lorentz

structures.
The theoretical side of the correlator is calculated by

means of the operator product expansion. The perturbative
part can be expressed as a double dispersion integral in ν and
ν

′
plus possible subtraction terms. Therefore the theoretical

expression for the correlation function in (28) is of the form

�theo
1 (ω, ω

′
, y) 


∫
dνdν

′ ρpert(ν, ν
′
, y)

(ν − ω − iε)(ν ′ − ω
′ − iε)

+ subtractions + �cond
1 (ω, ω

′
, y). (30)

The first term on the right hand side of Eq. (30) is the per-
turbative contribution, while “subtractions” means the sub-
traction terms resulted from the dispersion relation. The
third term �cond

1 (ω, ω
′
, y) denotes the contribution from

quark and gluon condensates. The perturbative spectral den-
sity ρpert(ν, ν

′
, y) can be calculated straightforwardly from

HQET Feynman rules. At the leading order of perturbation
and heavy quark expansion, we obtain the perturbative spec-
tral density of the sum rule for ξ(y) as

ρ
pert
ξ (ν, ν′, y) = 3

8π2

1

(y + 1)3/2(y − 1)5/2
ν′

× [3ν2 + (2y + 1)(ν′)2 − 2(2yν + ν)ν′]
×�(ν)�(ν′)�(2yνν′ − ν2 − ν′2). (31)

Assuming quark–hadron duality, the contribution from
higher resonances is usually approximated by the integra-
tion of the perturbative spectral density above some thresh-
old. Equating the phenomenological and theoretical repre-
sentations, the contribution of higher resonances in the phe-
nomenological expression (29) can be eliminated. Following
the arguments in Refs. [12,13,41], we cannot directly assume
local duality between the perturbative and the hadronic spec-
tral densities, but we first integrate the spectral density over
the “off-diagonal” variable ν− = ν − ν

′
, keeping the “diag-

onal” variable ν+ = ν+ν
′

2 fixed. Then quark–hadron dual-
ity is assumed for the integration of the spectral density in
ν+. The integration region is restricted by the � functions
above in terms of the variables ν− and ν+, and usually the
triangular region defined by the bounds: 0 ≤ ν+ ≤ ωc,

−2
√

y−1
y+1ν+ ≤ ν− ≤ 2

√
y−1
y+1ν+ is chosen. A double Borel

transformation in ω and ω
′
is performed on both sides of the

sum rule, in which for simplicity we take the Borel param-
eters equal [12,13,20–22]: T1 = T2 = 2T . It eliminates the
subtraction terms in the dispersion integral (30) and improves
the convergence of the operator product expansion series. Our
calculations are confined at the leading order of perturba-
tion. Among the operators in the operator product expansion
series, only those with dimension D ≤ 5 are included. For
the condensates of higher dimension (D > 5), their values
are negligibly small and their contributions are suppressed
by the double Borel transformation. So they can be safely
omitted. Finally, we obtain the sum rule for the form factor
ξ(y) as follows:
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ξ(y) f0,−,1/2 f1,−,3/2e
−(�̄0,−,1/2+�̄1,−,3/2)/T

= 1

16π2

1

(y + 1)3

∫ ωc1

0
dν+e−ν+/T

×[ν4+ − 4ms(y + 1)ν3+ + 3m2
s (y + 1)ν2+]

+ T

24

3y − 4

(y + 1)2

〈 αs

4π
GG

〉
. (32)

The derivation of the sum rule for ζ(y) is totally similar.
Only the correlation function one needs to consider now is

i2
∫

d4xd4zei(k
′ ·x−k·z)

×〈0|T [Jαβ

2,−,5/2(x)J
μ(v,v

′
)

V,A (0)J †
0,−,1/2(z)|0〉

= �2(ω, ω
′
, y)Lαβμ

V,A , (33)

where Jμ(v,v
′
)

V,A are also the weak currents. J0,−,1/2 and

Jαβ

2,−,5/2 are the interpolating currents defined in Eqs. (14)
and (18). By repeating the above procedure, we reach the
perturbative spectral density:

ρ
pert.
ζ (ν, ν′, y) = 3

2π2

1

(y + 1)7/2(y − 1)5/2

×[5ν3 + (2y2 − 2y + 1)(3ν + ν′)(ν′)2

+ 3(1 − 4y)ν2ν′]�(ν)�(ν′)
×�(2yνν′ − ν2 − ν′2). (34)

Then the sum rule for ζ(y) appears to be

ζ(y) f0,−,1/2 f2,−,5/2e
−(�̄0,−,1/2+�̄2,−,5/2)/T

= 1

8π2

1

(y + 1)4

∫ ωc2

0
dν+e−ν+/T

×[3ν4+ + 2ms(y + 1)ν3+ + 6m2
s (y + 1)ν2+]

+ T

3 × 25

13y − 25

(y + 1)3

〈 αs

4π
GG

〉
. (35)

4 Numerical results and discussions

Now comes the evaluation of the sum rules derived in the pre-
vious section numerically. First, we specify the input param-
eters in our calculation. For the vacuum condensation param-
eters, we adopt the standard values: 〈qq〉 = −(0.24)3 GeV3,
〈αsGG〉 = 0.04 GeV4, and 〈s̄s〉 = (0.8 ± 0.2) 〈qq〉. The
mass of the strange quark is ms = 150 MeV. For the masses
of the initial Bs and B∗

s mesons, we use MBs = 5366.7 MeV
and MB∗

s
= 5415.4 MeV [42]. For the masses of the final

D∗
s1, D

′
s2, Ds2, and D∗

s3 mesons, we use MD∗
s1

= 2859 MeV
[1], MD

′
s2

= 2810 MeV [6], MDs2 = 2820 MeV [6], and

MD∗
s3

= 2860.5 MeV [1].
In order to obtain information of the Isgur–Wise functions

ξ(y) and ζ(y) with less systematic uncertainty, we can divide
the three-point sum rules (32) and (35) with the square roots

of relevant two-point sum rules for the decay constants, as
many authors did [12,13,20–22]. This cannot only reduce the
number of input parameters but also improve the stabilities
of the three-point sum rules. In the calculation of ξ(y), the
two-point QCD sum rules we need are

f 2
0,−,1/2e

−2�̄0,−,1/2/T

= 3

16π2

∫ ω0

2ms

dνe−ν/T (ν2 + 2msν − 2m2
s )

−1

2
〈s̄s〉

(
1 − ms

2T
+ m2

s

2T 2

)

+ m2
0

8T 2 〈s̄s〉
(

1 − ms

3T
+ m2

s

3T 2

)

− ms

16T 2

〈 αs

4π
GG

〉 (
2γE − 1 − ln

T 2

μ2

)
(36)

in Ref. [43] and

f 2
1,−,3/2e

−2�̄1,−,3/2/T

= 7

2560π2

∫ ω1

2ms

dνe−ν/T (ν6 + 2msν
5 − 10m2

sν
4)

−T 3

2

〈 αs

4π
GG

〉
(37)

in Ref. [6]. Here the cutoff parameter μ is fixed at 1 GeV and
the Euler parameter γE = 0.577. In order to calculate ζ(y),
we need the two-point QCD sum rules (36) and

f 2
2,−,5/2e

−2�̄2,−,5/2/T

= 1

640π2

∫ ω2

2ms

dνe−ν/T (ν6 + 2msν
5 − 10m2

sν
4)

−3T 3

8

〈 αs

4π
GG

〉
(38)

in Ref. [6].
After the divisions have been done, the Isgur–Wise func-

tions ξ(y) and ζ(y) depend only on the Borel parameter
T and the continuum thresholds. The determination of the
Borel parameter is an important step of the QCD sum rule
method. After a careful analysis, we find that the sum rule
for ξ(y) works well in a sum rule “window”: 0.4 GeV <

T < 0.6 GeV, which overlaps with that of the two-point
sum rule (36) [43]. For the sum rule of ζ(y), we choose the
“window” as 0.5 GeV < T < 0.7 GeV. Note that the Borel
parameters in the three-point sum rules are twice of those
in the two-point sum rules. In the evaluation, we have taken
2.0 GeV < ω0 < 2.4 GeV, 2.8 GeV < ω1 < 3.2 GeV,
and 3.2 GeV < ω2 < 3.6 GeV [26,27]. The regions of
these continuum thresholds are fixed by analyzing the corre-
sponding two-point sum rules [43]. Following the discus-
sions in Refs. [12,13,41], the upper limits ωc1 for ν+ in
Eq. (32) and ωc2 in Eq. (35) should be evaluated in the
regions 1

2 [(y + 1) − √
y2 − 1]ω0 � ωc1 � 1

2 (ω0 + ω1)
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Fig. 1 a Dependence of ξ(y) on the Borel parameter T at y = 1. b Prediction for the Isgur–Wise functions ξ(y) at T = 0.45 GeV
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Fig. 2 a Dependence of ζ(y) on the Borel parameter T at y = 1. b Prediction for the Isgur–Wise functions ζ(y) at T = 0.55 GeV

and 1
2 [(y + 1) − √

y2 − 1]ω0 � ωc2 � 1
2 (ω0 + ω2). So

they can be fixed in the regions 2.4 GeV < ωc1 < 2.6 GeV
and 2.5 GeV < ωc2 < 2.7 GeV. Taking account of all these
parameters, we get the results that are shown in Figs. 1 and
2, where we have fixed ω0 = 2.1 GeV in the two-point sum
rule (36), ω1 = 3.0 GeV in Eq. (37), and ω2 = 3.4 GeV in
Eq. (38).

The curves for ξ(y) and ζ(y) shown in the figures above
can be parametrized by the linear approximations:

ξ(y) = ξ(1) − ρ2
ξ (y − 1),

ξ(1) = 0.046 ± 0.009, ρ2
ξ = 0.089, (39)

ζ(y) = ζ(1) − ρ2
ζ (y − 1),

ζ(1) = 0.803 ± 0.067, ρ2
ζ = 1.18. (40)

The errors are resulted from the sum rule working “window”
and reflect the uncertainty due to the continuum threshold

ωc and the Borel parameter T . The uncertainty due to the
variation of the QCD and HQET parameters is not included
here, which may reach 5 % or more [23]. Using the lin-
ear approximations for the universal form factors above,
one can calculate the semileptonic decay rates of processes
Bs(B∗

s ) → D∗
s1(D

′
s2)�ν and Bs(B∗

s ) → Ds2(D∗
s3)�ν. For

this purpose, we have to derive firstly the formulas for the
differential decay rates of these processes in terms of the
Isgur–Wise functions ξ(y) and ζ(y) from the matrix ele-
ments (6)–(13) given in Sect. 2. After some derivation, the
formulas of the differential decay rates of the processes
Bs(B∗

s ) → D∗
s1(D

′
s2)�ν appear as

d�

dy
(Bs → D∗

s1�ν) =
G2

F |Vcb|2m2
Bs
m3

D∗
1s

72π3 |ξ(y)|2(y − 1)5/2

× (y + 1)3/2[(r2
1 + 1)(2y + 1)

− 2r1(y
2 + y + 1)], (41)
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d�

dy
(Bs → D

′
s2�ν) =

G2
F |Vcb|2m2

Bs
m3

D
′
2s

72π3 |ξ(y)|2(y − 1)5/2

× (y + 1)3/2[(r2
2 + 1)(4y − 1)

− 2r2(3y
2 − y + 1)], (42)

d�

dy
(B∗

s → D∗
s1�ν) =

G2
F |Vcb|2m2

B∗
s
m3

D∗
1s

216π3 |ξ(y)|2(y − 1)5/2

× (y + 1)3/2[(r2
3 + 1)(7y − 1)

− 2r3(5y
2 − y + 2)], (43)

d�

dy
(B∗

s → D
′
s2�ν) =

G2
F |Vcb|2m2

B∗
s
m3

D
′
2s

216π3 |ξ(y)|2(y − 1)5/2

× (y + 1)3/2[(r2
4 + 1)(11y + 1)

− 2r(7y2 + y + 4)], (44)

while for the processes Bs(B∗
s ) → Ds2(D∗

s3)�ν, they can be
found to be

d�

dy
(Bs → Ds2�ν) = G2

F |Vcb|2m2
Bs
m3

D2s

1000π3 |ζ(y)|2(y − 1)5/2

× (y + 1)7/2[(r2
5 + 1)(7y − 3)

− 2r5(4y
2 − 3y + 3)], (45)

d�

dy
(Bs → D∗

s3�ν) =
G2

F |Vcb|2m2
Bs
m3

D∗
3s

360π3 |ζ(y)|2(y − 1)5/2

× (y + 1)7/2[(r2
6 + 1)(11y + 3)

− 2r6(8y
2 + 3y + 3)], (46)

d�

dy
(B∗

s → Ds2�ν) =
G2

F |Vcb|2m2
B∗
s
m3

D2s

3000π3 |ζ(y)|2(y − 1)5/2

× (y + 1)7/2[(r2
7 + 1)(23y + 3)

− 2r7(16y2 + 3y + 7)], (47)

d�

dy
(B∗

s → D∗
s3�ν) =

G2
F |Vcb|2m2

B∗
s
m3

D∗
3s

1080π3 |ζ(y)|2(y − 1)5/2

× (y + 1)7/2[(r2
8 + 1)(31y − 3)

− 2r8(20y2 − 3y + 11)], (48)

where ri (i = 1, . . . , 8) is the ratio between the mass of
the final c̄s meson and that of the initial b̄s meson in each

process, e.g., r1 = MD∗
s1

MBs
. The maximal values of y for these

semileptonic processes are given in Table 1.
In addition, we need the input parameters Vcb = 0.04 and

GF = 1.166 × 10−5 GeV−2. By integrating the differential

Table 1 The maximal value of y for each process: ymax = (1+r2
i )/2ri

(i = 1, 2, . . . , 8)

D∗
s1�ν D′

s2�ν Ds2�ν D∗
s3�ν

Bs 1.20493 1.21673 1.21427 1.20457

B∗
s 1.21105 1.22304 1.22055 1.21069

Table 2 Predictions for the decay widths and branching ratios

Decay mode Decay width (GeV) Branching ratio

B0
s → D∗

s1�ν 1.25+0.80
−0.60 × 10−19 2.85+1.82

−1.36 × 10−7

B0
s → D

′
s2�ν 1.49+0.97

−0.73 × 10−19 3.40+2.21
−1.66 × 10−7

B∗
s → D∗

s1�ν 0.96+0.62
−0.46 × 10−19 1.38+0.88

−0.67 × 10−12

B∗
s → D

′
s2�ν 2.19+1.46

−1.08 × 10−19 3.13+2.08
−1.54 × 10−12

B0
s → Ds2�ν 4.48+1.05

−0.94 × 10−17 1.02+0.24
−0.21 × 10−4

B0
s → D∗

s3�ν 1.52+0.35
−0.31 × 10−16 3.46+0.80

−0.70 × 10−4

B∗
s → Ds2�ν 5.12+1.20

−1.07 × 10−17 7.31+1.72
−1.52 × 10−10

B∗
s → D∗

s3�ν 1.74+0.40
−0.36 × 10−16 2.49+0.57

−0.52 × 10−9

decay rates over the kinematic region 1.0 ≤ y ≤ ymax, we get
the decay widths of these semileptonic decay modes, which
are listed in Table 2.

Notice that the lifetime of B0
s meson is τB0

s
= 1.5ps,

which means the total decay width is about �B0
s

= 4.388 ×
10−13 GeV. There has been no experimental result for the
total width of the B∗

s meson by now, but we know that its
dominant decay mode is the radiative decay B∗

s → Bsγ

[42], the width of which is calculated theoretically to be about
�B∗

s
= 0.07 keV [44,45]. We can take it as the total width of

B∗
s meson for a rough estimation for the branching rations of

its semileptonic decays. Taking all these into account, we get
the final branching ratios of the semileptonic decays men-
tioned above (see Table 2). It is worth noting that the large
errors in decay widths of (B0

s , B
∗
s ) → (D∗

s1, D
′
s2)�ν are due

to the relative large error in the form factor ξ(y), which
comes from the systematical uncertainty of the QCD sum
rule approach. It can be expected that the 1/mQ corrections
may provide significant modification of the decay rates and
improve the precision of the results, which may be taken into
account in further work. As we can see in Table 2, the branch-
ing ratio of B∗

s semileptonic decays into the D∗
s1(2860) and

D∗
s3(2860) are too small to be observed, while the branching

ratios of B0
s semileptonic decays into these states are large

enough to be measured by future experiments, such as the
LHCb experiment.

In summary, we have studied the semileptonic decays of
the ground state b̄s meson doublet (0−, 1−) into the 1D
excited family of c̄s meson, including the newly observed
D∗
s1(2860) and D∗

s3(2860) mesons by the LHCb Collabo-
ration. In the framework of HQET, we have employed the
QCD sum rule approach to estimate the leading-order univer-
sal form factors describing these weak transitions. With these
universal form factors, the decay widths and branching ratios
are estimated. We find that the decay widths are �(Bs →
D∗
s1�ν) = 1.25+0.80

−0.60 × 10−19 GeV, �(Bs → D
′
s2�ν) =

1.49+0.97
−0.73 × 10−19 GeV, �(Bs → Ds2�ν) = 4.48+1.05

−0.94 ×
10−17 GeV, and �(Bs → D∗

s3�ν) = 1.52+0.35
−0.31×10−16 GeV.
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The corresponding branching ratios are B(Bs → D∗
s1�ν) =

2.85+1.82
−1.36 × 10−7, B(Bs → D

′
s2�ν) = 3.40+2.21

−1.66 × 10−7,

B(Bs → Ds2�ν) = 1.02+0.24
−0.21 × 10−4, and B(Bs →

D∗
s3�ν) = 3.46+0.80

−0.70 × 10−4. We find that the branching
ratios of some processes are large enough to be observed in
future experiments. Measurements of these processes will
be helpful for clarifying the properties of the orbitally 1D
excited family of c̄s meson, such as mixing in these states.
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