arXiv:1112.5227v1 [hep-ph] 22 Dec 2011

Semileptonic Decays of B^{∗∗}_s mesons into D_{s1} and D^∗_{s2} in HQET

Long-Fei Gan^∗ and Ming-Qiu Huang Department of Physics, College of Science, National University of Defense Technology, Changsha, Hunan 410073, People’s Republic of China (Dated: December 23, 2011)

In the framework of the heavy quark effective theory, the leading order Isgur-Wise functions relevant to semileptonic decays of the orbitally P -wave excited B_s meson states B^{∗∗}_s , including the newly found narrow B_{s1}(5830) and B^∗_{s2}(5840) states, into the ( D_{s1}(2536), D^∗_{s2}(2573) ) doublet are calculated from QCD sum rules. With these universal form factors, the decay rates and branching ratios are also estimated.

PACS numbers: 12.39.Hg, 13.20.He, 11.55.Hx

I. INTRODUCTION

The investigation of the semileptonic b → c processes is an important source for the determination of the parameters of the standard model, such as Cabibbo-Kobayashi-Maskawa matrix element |V_{cb}|. They also provide valuable insight in quark dynamics in the nonperturbative domain of QCD. So a considerable amount of work has been carried out in the semileptonic decays of ground-state B and B_s mesons both experimentally and theoretically during the last two decades [1–9]. With the running energies of the colliders enhanced and the precision of the detectors improved, more and more excited b̄s mesons have been observed. In 2008, two orbitally excited narrow b̄s mesons, B_{s1}(5830) and B^∗_{s2}(5840), were observed by the CDF and D0 Collaborations[10, 11]. This has inspired a lot of interest in their various decay modes[12–15], among which the semileptonic decay modes are under our consideration.

The heavy quark effective theory (HQET) [16] has been proved to be an useful theoretical tool to describe the spectroscopy and matrix elements of mesons containing a heavy quark. In the heavy quark m_Q → ∞ limit, the spin and parity of the heavy quark decouple from those of the light part. So the heavy-light mesons can be categorized according to the total angular momentum of the light degree of freedom j_q. Combining j_q with the spin of the heavy quark yields a doublet of heavy-light meson states j = j_q ± 1/2. For S-wave ground states with j_q = 1/2 (L = 0), two states of negative parity form the H doublet (0^−, 1^−). For P -wave excited states with j_q = 1/2 or j_q = 3/2 (L = 1), four states of posi-

∗Electronic address: lfgan@nudt.edu.cn

tive parity form the S doublet (0^+, 1^+) and the T doublet (1^+, 2^+). The four P -wave states of b̄s system are usually denoted as B^{∗∗}_s and the newly observed B_{s1}(5830) and B^∗_{s2}(5840) mesons are considered as members of the T doublet.

The QCD sum rule method [17] has been proved to be a successful nonperturbative approach which was widely used to investigate the properties of various types of hadrons [18–21]. In our previous papers, we have employed it to investigate the semileptonic decays of ground-state B mesons into some highly excited charmed meson doublets in the framework of HQET [9], and then extended the discussion to the case of the semileptonic decays of S and T doublets of b̄s system into H and S doublets of the c̄s system [15]. We find that the semileptonic decay widths of a doublet of b̄s system into the same doublet in the c̄s system are significantly enhanced rather than those of its transitions into a different doublet. So it is reasonable to expect that the semileptonic decay widths of (B_{s1}(5830), B^∗_{s2}(5840)) into (D_{s1}(2536), D^∗_{s2}(2573)) should be comparable with the previous decay modes. In order to verify this point, we investigate these semileptonic processes in this paper. As a byproduct, we also investigate the semileptonic decays of the other B^{∗∗}_s doublet into the same final states.

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

II. PARAMETRIZATION OF DECAY MATRIX ELEMENTS IN HQET

The semileptonic decay rate of a B_s meson transition into a D_s meson is determined by the corresponding matrix elements of the weak vector and axial-vector currents (V^μ = cγ^μb and A^μ = cγ^μγ_5b) between them. These hadronic matrix elements can be parametrized in terms of form factors. In HQET, the classification of these form factors has been simplified greatly. For the transitions between the S doublet of the b̄s mesons and the T doublet of c̄s mesons, the weak matrix elements can be parametrized in terms of one Isgur-Wise function at the leading order of the heavy quark expansion. But for the transitions between (B_{s1}(5830), B^∗_{s2}(5840)) and (D_{s1}(2536), D^∗_{s2}(2573)), we need two Isgur-Wise functions to parameterize the corresponding hadronic matrix elements at the leading order of the heavy quark expansion.

According to the formalism given in Ref. [22], the heavy-light meson doublets can be expressed as effective operators. For the processes we considered, two heavy-light meson doublets S and T are involved. The operators P_0 and P^′_{1μ} that annihilate members of the S doublet with four-velocity v are, in the form,

S_v =

1 + /v 2 [P^′_{1μ}γ^μγ_5 + P_0]. (1)

The fields P^ν and P^{∗μν} that annihilate members of the T doublet with four-velocity v are in the representation

T^μ_v =

1 + /v 2 {P^{∗μν} γ_ν − √ 3 2 P^ν γ_5[g^μ_ν − 1 3 γ_ν (γ^μ − v^μ)]}, (2)

where /v = v · γ. At the leading order of the heavy quark expansion, the hadronic matrix elements of the weak currents between states in the doublets S_v and T_v′ can be calculated from h̄^{(c)}_{v′} Γh^{(b)}_v = η(y)Tr{v_σT^{(c)σ}_{v′} ΓS^{(b)}_v }, (3)

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

h̄^{(c)}_{v′} Γh^{(b)}_v = −Tr{(ξ_1(y)g_{ασ} − ξ_2(y)v^′_αv_σ)T^{(c)σ}_{v′} ΓT^{(b)α}_v }, (4)

where h^{(Q)}_{v,v}′ are the heavy quark fields in HQET, and T_v′ = γ_0T^†_v′ γ_0. v is the velocity of the initial meson and v^′ is the velocity of the final meson in each process. The Isgur-Wise form factors η(y), ξ_1(y), and ξ_2(y) are universal functions of the product of velocities y(= v · v^′). Here we should notice that each side of Eqs. (3) and (4) is understood to be inserted between the corresponding initial B_s and final D_s states. The hadronic matrix elements of B_{s0}(B^′_{s1}) → D_{s1}(D^∗_{s2})ℓν can be derived directly from the trace formalism (3) and are given as ⟨D_{s1}(v^′, ϵ)|(V − A)^μ|B_{s0}(v)⟩ √ m_{Bs0} m_{Ds1} = √ 1 6 η(y)ϵ^∗_β[(y^2 − 1)g^{βμ} − (y + 2)v^{′μ}v^β + 3v^μv^β + i(y − 1)v_ρv^′_τ ε^{βμρτ} ], (5) ⟨D^∗_{s2}(v^′, ϵ)|(V − A)^μ|B_{s0}(v)⟩ √m_{Bs0} m_{D∗s2} =η(y)v^αϵ^∗αβ [(1 − y)g^{βμ} + v^{′μ}v^β − ivρv^′τ ε^{βμρτ} ], (6) ⟨D_{s1}(v^′, ϵ^′)|(V − A)^μ|B^′_{s1}(v, ϵ)⟩ √m_{B′s1} m_{Ds1} = √ 1 6 η(y)ϵ^{′∗}_β ϵ_σ[−(y − 1)(2g^{σμ}v^β + g^{βμ}v^{′σ}) + 3v^{′σ}v^μv^β + (y − 1)(v^μ + v^{′μ})g^{σβ} + i(y + 1)ε^{βσμτ} (v_τ − v^′_τ ) − 2iv^μv_ρv^′_τ ε^{βσρτ} − iv^βv_ρv^′_τ ε^{σμρτ} ], (7) ⟨D^∗_{s2}(v^′, ϵ^′)|(V − A)^μ|B^′_{s1}(v, ϵ)⟩ √m_{B′s1} m_{D∗s2} =η(y)v^αϵ^{′∗}αβ ϵσ [g^{βμ}v^{′σ} − g^{σμ}v^β + (v^μ − v^{′μ})g^{βσ} − iε^{βσμτ} (v_τ − v^′_τ )]. (8) The hadronic matrix elements of B_{s1} → D_{s1}(D^∗_{s2})ℓν are calculated similarly from Eq. (4) as follows: ⟨D_{s1}(v^′, ϵ^′)|V^μ|B_{s1}(v, ϵ)⟩ √ m_{Bs1} m_{Ds1} = 1 6 ϵ^′_ρϵ_β{ξ_1(y)[(2y + 1)g^{μρ}v^{′β} + (y + 5)g^{βρ}(v^{′μ} + v^μ)

+ (2y + 1)v^ρg^{βμ} − 3v^ρv^{′β}(v^{′μ} + v^μ)]

+ ξ_2(y)[−2(y^2 − 1)g^{μρ}v^{′β} + (1 − y^2)g^{βρ}(v^{′μ} + v^μ) − 2(y^2 − 1)v^ρg^{βμ} + 3(y − 2)v^ρv^{′β}(v^{′μ} + v^μ)]}, (9) ⟨D_{s1}(v^′, ϵ^′)|A^μ|B_{s1}(v, ϵ)⟩ √ m_{Bs1} m_{Ds1} = i 6 ϵ^′_ρϵ_β{ξ_1(y)[−v^{′β}ε^{μρασ}v_αv^′_σ + 2(v^μ − v^{′μ})ε^{βρασ}v_αv^′_σ + v^ρε^{βμασ}v_αv^′_σ − (y + 2)ε^{βμρσ}(v^′_σ + v_σ)] − ξ_2(y)[(y^2 − 1)ε^{βμρσ}(v^′_σ + v_σ ) + (y + 1)v^{′β}ε^{μρασ}v_αv^′_σ − 2(y + 1)(v^μ − v^{′μ})ε^{βρασ}v_αv^′_σ − (y + 1)v^ρε^{βμασ}v_αv^′_σ]}, (10) ⟨D^∗_{s2}(v^′, ϵ^′)|V^μ|B_{s1}(v, ϵ)⟩ √m_{Bs1} m_{D∗s2} = i √ 6 ϵ^′_{σρ}ϵ_β {ξ_1(y)[g^{βμ}ε^{ρσατ} v_αv^′_τ − g^{βρ}ε^{μσατ} v_αv^′_τ + 2g^{βσ}ε^{μρατ} v_αv^′_τ + g^{μρ}ε^{βσατ} v_αv^′_τ + g^{μσ}ε^{βρατ} v_αv^′_τ + v^{′β}ε^{μρσα}v_α − v^με^{βρσα}v^′_α − v^{′μ}ε^{βρσα}v_α + v^ρε^{βμσα}v^′_α + v^σε^{βμρα}v_α + (y − 1)ε^{βμρσ}] + ξ_2(y)[v^σε^{βμρα}v^′_α − v^σv^{′β}ε^{μρατ} v_αv^′_τ − 2v^σv^{′μ}ε^{βρατ} v_αv^′_τ − yv^σε^{βμρα}v^′_α − (y − 1)v^σε^{βμρα}v_α]}, (11) ⟨D^∗_{s2}(v^′, ϵ^′)|A^μ|B_{s1}(v, ϵ)⟩ √m_{Bs1} m_{D∗s2} = 1 √ 6 ϵ^′_{σρ}ϵ_β {ξ_1(y)[−v^ρg^{μσ}v^{′β} + 2g^{βσ}((y + 1)g^{μρ} − v^ρv^{′μ}) − v^μv^σg^{βρ} + v^ρv^σg^{βμ} + (y + 1)g^{βρ}g^{μσ}] + ξ_2(y)[−2(1 + y)v^σg^{μρ}v^{′β} − (y + 1)v^σg^{βρ}v^{′μ} − (y + 1)v^ρv^σg^{βμ} + (y + 1)v^μv^σg^{βρ} + 3v^ρv^σv^{′β}v^{′μ}]}. (12)

For the decays B^∗_{s2} → D_{s1}(D^∗_{s2})ℓν, the corresponding hadronic matrix elements are as follows: ⟨D_{s1}(v^′, ϵ^′)|V^μ|B^∗_{s2}(v, ϵ)⟩ √m_{B∗s2} m_{Ds1} = − i √ 6 ϵ^′_ρϵ_{αβ} {ξ_1(y)[g^{αμ}ε^{βρστ} v_σv^′_τ + 2g^{αρ}ε^{βμστ} v_σv^′_τ + g^{βμ}ε^{αρστ} v_σv^′_τ − g^{βρ}ε^{αμστ} v_σv^′_τ + g^{μρ}ε^{αβστ} v_σv^′_τ − v^{′α}ε^{βμρτ} v^′_τ − v^{′β}ε^{αμρτ} v_τ + v^με^{αβρτ} v^′_τ + v^{′μ}ε^{αβρτ} v_τ − v^ρε^{αβμτ} v^′_τ + (y − 1)ε^{αβμρ}] + ξ_2(y)[(y − 1)v^{′α}ε^{βμρτ} v_τ + (y − 1)v^{′α}ε^{βμρτ} v^′_τ − 2v^μv^{′α}ε^{βρστ} v_σv^′_τ − v^ρv^{′α}ε^{βμστ} v_σv^{′τ} ]}, (13) ⟨D_{s1}(v^′, ϵ^′)|A^μ|B^∗_{s2}(v, ϵ)⟩ √m_{B∗s2} m_{Ds1} = 1 √ 6 ϵ^′_ρϵ_{αβ} {ξ_1(y)[g^{μρ}v^{′α}v^{′β} − g^{βρ}v^{′α}v^{′μ} + 2g^{αρ}((y + 1)g^{βμ} − v^μv^{′β}) + g^{αμ}((y + 1)g^{βρ} − v^ρv^{′β})] + ξ_2(y)[−(1 + y)g^{μρ}v^{′α}v^{′β} − (y + 1)g^{βρ}v^{′α}(v^μ − v^{′μ}) + 2(y + 1)g^{βμ}v^ρv^{′α} + 3v^μv^ρv^{′α}v^{′β}]}, (14) ⟨D^∗_{s2}(v^′, ϵ^′)|V^μ|B^∗_{s2}(v, ϵ)⟩ √m_{B∗s2} m_{D∗s2} =ϵ^′σρϵαβ {ξ1(y)g^{ασ}[g^{μρ}v^{′β} − g^{βρ}(v^{′μ} + v^μ) + v^ρg^{βμ}] − ξ_2(y)v^σv^{′α}[g^{μρ}v^{′β} − g^{βρ}(v^{′μ} + v^μ) + v^ρg^{βμ}]}, (15)

⟨D^∗_{s2}(v^′, ϵ^′)|A^μ|B^∗_{s2}(v, ϵ)⟩ √m_{B∗s2} m_{D∗s2} =iϵ^′σρϵαβ{ξ1(y)g^{ασ}ε^{βμρτ} (v^′τ + vτ ) − ξ2(y)v^σv^{′α}ε^{βμρτ} (v^′τ + vτ )} (16)

In these matrix elements, ϵ_α (ϵ^′_α) is the polarization vector of the initial (final) vector meson and ϵ_{αβ} (ϵ^′_{σρ}) is the polarization tensor of the initial (final) tensor meson. The only unknown factors in the matrix elements above are η(y), ξ_1(y) and ξ_2(y) which should be determined by nonperturbative methods. In the following section, we will apply the QCD sum rule approach to estimate them.

III. FORM FACTORS FROM HQET SUM RULES

In order to apply QCD sum rules to study these heavy mesons, we must choose appropriate interpolating currents to represent these states. Here we adopt the interpolating currents proposed in Ref. [23] based on the study of Bethe-Salpeter equations for heavy mesons in HQET. Following the remarks given in Ref. [9], we take the interpolating currents that create heavy mesons in the T doublet and S doublet as J^{†α}_{1,+,3/2} = (−i) √ 3 4 h̄_v γ_5(D^α_t − 1 3 γ^α_t D̸_t)s, (17) J^{†αβ}_{2,+,3/2} = (−i) √ 2 T^{αβ,μν}h̄_vγ_{tμ}D_{tν} s, (18) J^†_{0,+,1/2} = 1 √ 2 h̄_v(−i)D̸_ts, (19) J^{†α}_{1,+,1/2} = 1 √ 2 h̄_vγ_5γ^α_t (−i)D̸_ts, (20)

where D^α_t = D^α − v^α(v · D) is the transverse component of the covariant derivative with respect to the velocity of the meson. The tensor T^{αβ,μν} is used to symmetrize the indices and is given by T^{αβ,μν} = 1 2 (g^{αμ}_t g^{βν}_t + g^{αν}_t g^{βμ}_t ) − 1 3 g^{αβ}_t g^{μν}_t , (21)

where g^{αβ}_t = g^{αβ} − v^αv^β 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 m_Q → ∞ limit, without mixing with states of the same quantum number but different s_l. Thus we can define one-particle-current couplings as follows: ⟨H_{s1}(v, ε)|J^α_{1,+,3/2}|0⟩ = f_{1,+,3/2} √ m_{Hs1} ε^{∗α}, for J^P = 1^+; (22) ⟨H^∗_{s2}(v, ε)|J^{αβ}_{2,+,3/2}|0⟩ = f_{2,+,3/2}√m_H∗_{s2} ε^{∗αβ} , for J^P = 2^+; (23) ⟨H_{s1}(v, ε)|J^α_{0,+,1/2}|0⟩ = f_{0,+,1/2} √ m_{Hs0} , for J^P = 0^+; (24) ⟨H^∗_{s2}(v, ε)|J^α_{1,+,1/2}|0⟩ = f_{1,+,1/2}√m_H∗_{s2} ε^{∗α}, for J^P = 1^+. (25)

The decay constants f_{1,+,3/2}, f_{2,+,3/2}, f_{0,+,1/2}, and f_{1,+,1/2} 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_1(y), ξ_2(y), and η(y) from QCD sum rules. Let us consider ξ_1(y) and ξ_2(y) first. The jumping-off point is the following three-point correlation function: Ξ^{σμα}(ω, ω^′ , y) = i^2 ∫ d^4xd^4ze^{i(k′ ·x−k·z)}⟨0|T [J^σ_{1,+,3/2}(x)J^{μ(v,v′ )}_{V,A} (0)J^{α†}_{1,+,3/2}(z)|0⟩ = Ξ_1(ω, ω^′ , y)L^{σμα}_{ξ1(V,A)} + Ξ_2(ω, ω^′ , y)L^{σμα}_{ξ2(V,A)}, (26) where J^{μ(v,v′ )}_V = h(v^′ )γ^μh(v) and J^{μ(v,v′ )}_A = h(v^′ )γ^μγ_5h(v) are the weak currents, J^{σ(α)}_{1,+,3/2} is the interpolating current defined in Eq. (17). Ξ_i(ω, ω^′ , y) (i = 1, 2) are analytic functions in ω = 2v · k and ω^′ = 2v^′ · k^′, and are not continual when ω and ω^′ locate on the positive real axis. k(= P − m_bv) and k^′ (= P^′ − m_cv^′) are the residual momenta of the initial and final meson states, respectively. The scalar functions Ξ_i(ω, ω^′ , y) (i = 1, 2) also depend on the velocity transfer y = v · v^′. L^{σμα}_{ξ1(V,A)} and L^{σμα}_{ξ2(V,A)} are Lorentz structures.

To calculate the phenomenological or the physical part of the correlator (26), we insert two complete sets of intermediate states with the same quantum number as the current J_{1,+,3/2}(x) and isolate the contribution from the double pole at ω = 2Λ̄, ω^′ = 2Λ̄: Ξ^{σμα}(ω, ω^′ , y) = f^2_{1,+,3/2} (2Λ̄ − ω − iϵ)(2Λ̄ − ω^′ − iϵ) [ξ_1(y)L^{σμα}_{ξ1} + ξ_2(y)L^{σμα}_{ξ2} ] + · · · , (27)

where “· · · ” denotes contributions from higher resonances and continuum states, f_{1,+,3/2} is the decay constant defined in Eq. (22). As we can see from the equations (26) and (27), the pole contribution to Ξ_1(ω, ω^′ , y) is proportional to the universal function ξ_1(y) while that to Ξ_2(ω, ω^′ , y) is proportional to ξ_2(y). By isolating the different Lorentz structures, the sum rules for ξ_1(y) and ξ_2(y) can be constructed from Ξ_1(ω, ω^′ , y) and Ξ_2(ω, ω^′ , y), respectively.

The theoretical side of the correlator is calculated by means of the operator product expansion. The perturbative part are usually expressed as a double dispersion integral in ν and ν^′ plus possible subtraction terms. Therefore the theoretical expressions for the correlation functions in (26) are of the form

Ξ^{theo}_{1,2} (ω, ω^′ , y) ≃ ∫ dνdν^′ ρ^{pert}_{1,2} (ν, ν^′ , y) (ν − ω − iε)(ν^′ − ω^′ − iε) + subtractions + Ξ^{cond}_{1,2} (ω, ω^′ , y). (28)

The perturbative spectral densities can be calculated straightforward from HQET Feynman rules. We consider only the leading order of perturbation here and the perturbative spectral densities of the two sum rules for ξ_1(y) and ξ_2(y) are,

ρ^{pert}_{ξ1} (ν, ν^′, y) = − 3 2^8π^2 1 (y + 1)^{5/2}(y − 1)^{3/2}

[(ν + ν^′) − 16m_s(y + 1)](ν^2 − 2yνν^′ + ν^{′2})

× Θ(ν)Θ(ν^′)Θ(2yνν^′ − ν^2 − ν^{′2}), (29) and ρ^{pert}_{ξ2} (ν, ν^′ , y) = − 3 2^8π^2 1 (y + 1)^{7/2}(y − 1)^{5/2}

{(ν + ν^′)[(4y − 1)(ν^2 + ν^{′2}) − 2(3y^2 − y

+ 1)νν^′] − 64m_s(y + 1)[3yν^2 − 2νν^′(2y^2 + 1) + 2yν^{′2}]} × Θ(ν)Θ(ν^′)Θ(2yνν^′ − ν^2 − ν^{′2}), (30)

respectively. Assuming quark-hadron duality, the contributions from higher resonances are usually approximated by the integrations of the perturbative spectral densities above some threshold. Equating the phenomenological and theoretical representations, the contributions of higher resonances in the phenomenological expression (27) can be eliminated. Following the arguments in Refs. [1, 24], we can not directly assume local duality between the perturbative and the hadronic spectral densities, but first integrate the spectral densities over the “off-diagonal” variable ν_− = ν − ν^′ , keeping the “diagonal” variable ν_+ =^{ν+ν′}_2 fixed. Then the quark-hadron duality is assumed for the integrations of the spectral densities in ν_+. The integration region is restricted by the Θ functions above in terms of the variables ν_− and ν_+ and usually the triangular region defined by the bounds: 0 ≤ ν_+ ≤ ω_c, −2 √_{y−1} y+1 ν_+ ≤ ν_− ≤ 2 √_{y−1} y+1 ν_+ is chosen. A double Borel transformation in ω and ω^′ is performed on both sides of the sum rules, in which for simplicity we take the Borel parameters equal [1, 5, 6]: T_1 = T_2 = 2T . It eliminates the subtraction terms in the dispersion integral (28) and improves the convergence of the operator product expansion series. Our calculations are confined at the leading order of perturbation. 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 rules for the form factors ξ_1(y) and ξ_2(y) as follows:

ξ_1(y)f^2_{1,+,3/2}e^{−(2Λ̄1,+,3/2 )/T} = 1 8π^2 1 (y + 1)^3 ∫_{ωc} 2m_s dν_+e^{− ν+T} [ν^4_+ + m_s(y + 1)ν^3_+] − ⟨g_ss̄σ · Gs⟩ 12 (1 + m_s 4T ) − T 32 3y + 1 (y + 1)^2 ⟨ α_s π GG⟩, (31) ξ_2(y)f^2_{1,+,3/2}e^{−(2Λ̄1,+,3/2 )/T} = 1 8π^2 1 (y + 1)^4 ∫_{ωc} 2m_s dν_+e^{− ν+T} [3ν^4_+ + 2m_s(y + 1)ν^3_+] − T 24 2y + 1 (y + 1)^3 ⟨ α_s π GG⟩, (32) where ⟨g_ss̄σ · Gs⟩ = m^2_0⟨s̄s⟩ with m^2_0 = 0.8GeV^2.

The derivation of the sum rule for the Isgur-Wise function η(y) is completely similar. Only now the correlation function we need to consider is

i^2 ∫ d^4xd^4ze^{i(k′ ·x−k·z)}⟨0|T [J^α_{1,+,3/2}(x)J^{μ(v,v′ )}_{V,A} (0)J^†_{0,+,1/2}(z)|0⟩ = Ξ(ω, ω^′ , y)L^{αμ}_{V,A}, (33) where J^{μ(v,v′ )}_{V,A} are also the weak currents, J^α_{1,+,3/2} and J_{0,+,1/2} are the interpolating current defined in Eqs. (17) and (19). Here only one Lorentz structure L^{αμ}_{V,A} appears. By repeating the procedure above, we reach the sum rule for η(y) as below: η(y)f_{0,+,1/2}f_{1,+,3/2}e^{−(Λ̄0,+,1/2+Λ̄1,+,3/2)/T} = 1 16π^2 1 (y + 1)^3 ∫_{ωc1} 2m_s dν_+e^{− ν+T} [ν^4_+ + 2m_s(y + 1)ν^3_+

+ 3m^2_s(y + 1)ν^2_+] + ⟨g_ss̄σ · Gs⟩ 12 (1 − m_s 8T ) − T 48 y − 5 (y + 1)^2 ⟨ α_s π GG⟩. (34)

IV. NUMERICAL RESULTS AND DISCUSSIONS

Now let us evaluate the sum rules derived in the previous section numerically. First, we specify the input parameters into our calculation. For the vacuum condensation parameters, we adopt the standard values: ⟨qq⟩ = −(0.24)^3 GeV^3, ⟨α_sGG⟩ = 0.04 GeV^4, and ⟨s̄s⟩ = (0.8 ± 0.2) ⟨qq⟩. The mass of the strange quark is m_s = 150 MeV. For masses of the initial B_{s1}, B^∗_{s2}, B_{s0}, and B^′_{s1} mesons, we use M_{Bs1} = 5829.4 MeV, M_B∗_{s2} = 5839.7 MeV, M_{Bs0} = 5718 MeV [25], and M_B′_{s1} = 5765 MeV. For masses of the final D_{s1} and D^∗_{s2} mesons, we use M_{Ds1} = 2535.4 MeV and M_D∗_{s2} = 2572.6 MeV [26].

In order to obtain information of Isgur-Wise function ξ_{1,2}(y) and η(y) with less systematic uncertainty, we can divide the three-point sum rules (31), (32), and (34) with the square roots of relevant two-point sum rules for the decay constants, as many authors did [1, 5, 6]. This can-not only reduce the number of input parameters but also improve stabilities of the three-point sum rules. The two-point QCD sum rule we need here are [27]

f^2_{1,+,3/2}e^{−2Λ̄+,3/2/T} = 1 64π^2 ∫_{ωc} 2m_s dνe^{− νT} (ν^4 + 2m_sν^3) − 1 12 m^2_0⟨s̄s⟩ − 1 32 ⟨ α_s π GG⟩T. (35) and f^2_{0,+,1/2}e^{−2Λ̄0,+,1/2/T} = 3 64π^2 ∫_{ωc0} 2m_s dνe^{− νT} (ν^4 + 2m_sν^3 − 6m^2_sν^2 − 12m^3_sν) − 1 16 m^2_0⟨s̄s⟩ × (1 − m_s T + 4 3 m^2_s T^2 ) + 3 8 m^2_s⟨s̄s⟩ − m_s 16 ⟨ α_s π GG⟩. (36) After the divisions have been done, the Isgur-Wise functions ξ_1(y), ξ_2(y), and η(y) depend only on the Borel parameter T and the continuum thresholds. The determination of the Borel parameter is an important step of sum rules. After a careful analysis, we find the sum rules for ξ_1(y) and ξ_2(y) have a common sum rule “window”: 0.55 GeV < T < 0.65 GeV, which overlaps with that of the two-point sum rule (35) [27]. For the sum rule of η(y), we choose the “window” as 0.5 GeV < T < 0.65 GeV. Note that the Borel parameter in the three-point sum rules is twice that in the two-point sum rules. In the evaluation, we have taken 2.9 GeV < ω_c < 3.1 GeV and 2.9 GeV < ω_{c0} < 3.1 GeV. The regions of

FIG. 1: (a) Dependence of ξ_1(y) on Borel parameter T at y = 1. (b) Prediction for the Isgur-Wise functions ξ_1(y) at T = 0.6 GeV.

FIG. 2: (a) Dependence of ξ_2(y) on Borel parameter T at y = 1. (b) Prediction for the Isgur-Wise functions ξ_2(y) at T = 0.6 GeV.

these continuum thresholds are fixed by analyzing the corresponding two-point sum rules [27]. Following the discussions in Refs. [1, 24], the upper limit ω_c for ν_+ in (31) and (32) is just the same as that for ν in (35). For ω_{c1} in Eq. (34), it should be in the region^1_2 [(y + 1) − √ y^2 − 1]ω_{c0} ⩽ ω_{c1} ⩽^1_2 (ω_{c0} + ω_c). So it can also be fixed in the region 2.9 GeV < ω_{c1} < 3.1 GeV. The results are shown in Fig. 1, Fig. 2, and Fig. 3, where we have fixed ω_c = 3.0 GeV in the two-point sum rule (35) and ω_{c0} = 3.0 GeV in Eq. (36).

The curves for ξ_1(y), ξ_2(y), and η(y) shown in the figures above can be parametrized by the linear approximations

ξ_1(y) = ξ_1(1)[1 − ρ^2_{ξ1} (y − 1)], ξ_1(1) = 1.03 ± 0.03, ρ^2_{ξ1} = 0.75 ± 0.04; (37) ξ_2(y) = ξ_2(1)[1 − ρ^2_{ξ2} (y − 1)], ξ_2(1) = 1.00 ± 0.03, ρ^2_{ξ2} = 1.4 ± 0.1; (38) η(y) = η(1)[1 − ρ^2_η(y − 1)], η(1) = 0.45 ± 0.03, ρ^2_η = 1.02 ± 0.03. (39)

The errors mainly come from the uncertainty due to ω_c’s and T . It is difficult to estimate

FIG. 3: (a) Dependence of η(y) on Borel parameter T at y = 1. (b) Prediction for the Isgur-Wise functions η(y) at T = 0.58 GeV.

the systematic errors which are brought in by the quark-hadron duality. Using the linear approximates for the universal form factors above, we can calculate the semileptonic decay rates of processes B_{s1}(B^∗_{s2}) → D_{s1}(D^∗_{s2})ℓν and B_{s0}(B^′_{s1}) → D_{s1}(D^∗_{s2})ℓν. 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_1(y), ξ_2(y), and η(y) from the matrix elements (5)-(16) given in Sec. II. After some derivation, the formulas of the differential decay rates of the processes B_{s1}(B^∗_{s2}) → D_{s1}(D^∗_{s2})ℓν appear as dΓ dy (B_{s1} → D_{s1}ℓν) =

G^2_F |V_{cb}|^2m^2_{Bs1} m^3_{Ds1} 3^4 × 2^5π^3

{ξ_1(y)^2[(r^2_1 + 1)(26y^3 + 18y^2 + 21y − 11) − 2r_1

× (16y^4 + 8y^3 − 12y^2 − y + 43)] + 2ξ_2(y)^2(y^2 − 1)^2[(r^2_1 + 1)(13y − 4) − 2r_1(8y^2 − 4y + 5)] − 2ξ_1(y)ξ_2(y)(y^2 − 1)[(r^2_1 + 1)(26y^2 + 5y − 13) − 2r_1(16y^3 − 3y + 5)]}, (40) dΓ dy (B_{s1} → D^∗_{s2}ℓν) =

G^2_F |V_{cb}|^2m^2_{Bs1} m^3_D∗_{s2} 3^4 × 2^5π^3

{ξ_1(y)^2[(r^2 + 1)(46y^3 + 54y^2 + 159y + 11) − 2r_2

× (32y^4 + 40y^3 + 156y^2 + 25y + 17)] + 2ξ_2(y)^2(y^2 − 1)^2[(r^2 + 1)(23y + 4) − 2r_2(16y^2 + 4y + 7)] − 2ξ_1(y)ξ_2(y)(y^2 − 1)[(r^2 + 1)(46y^2 + 31y + 13) − 2r_2(32y^3 + 24y^2 + 27y + 7)]}, (41) dΓ dy (B^∗_{s2} → D_{s1}ℓν) =

G^2_F |V_{cb}|^2m^2_B∗_{s2} m^3_{Ds1} 5 × 3^3 × 2^5π^3

{ξ_1(y)^2[(r^2_3 + 1)(46y^3 + 54y^2 + 159y + 11) − 2r_3

× (32y^4 + 40y^3 + 156y^2 + 25y + 17)] + 2ξ_2(y)^2(y^2 − 1)^2[(r^2_3 + 1)(23y + 4) − 2r_3(16y^2 + 4y + 7)] − 2ξ_1(y)ξ_2(y)(y^2 − 1)[(r^2_3 + 1)(46y^2 + 31y + 13) − 2r_3(32y^3 + 24y^2 + 27y + 7)]}, (42) dΓ dy (B^∗_{s2} → D^∗_{s2}ℓν) =

G^2_F |V_{cb}|^2m^2_B∗_{s2} m^3_D∗_{s2} 5 × 3^3 × 2^5π^3

{ξ_1(y)^2[(r^2_4 + 1)(74y^3 + 66y^2 + 141y − 11) − 2r_4

× (48y^4 + 40y^3 + 84y^2 + 15y + 83)] + 2ξ_2(y)^2(y^2 − 1)^2[(r^2_4 + 1)(37y − 4) + r_4(−48y^2 + 8y − 26)] − 2ξ_1(y)ξ_2(y)(y^2 − 1)[(r^2_4 + 1)(74y^2 + 29y − 13) − r_4(96y^3 + 32y^2 + 26y + 26)]}, (43)

while for the processes B_{s0}(B^′_{s1}) → D_{s1}(D^∗_{s2})ℓν, they can be found to be dΓ dy (B_{s0} → D_{s1}ℓν) =

G^2_F |V_{cb}|^2m^2_{Bs0} m^3_{Ds1}

3^2 × 2^3π^3

|η(y)|^2(y − 1)^{5/2}(y + 1)^{3/2}[(r^2_5 + 1)(2y + 1)

− 2r_5(y^2 + y + 1)], (44) dΓ dy (B_{s0} → D_{s2}ℓν) =

G^2_F |V_{cb}|^2m^2_{Bs0} m^3_{Ds2}

3^2 × 2^3π^3

|η(y)|^2(y − 1)^{5/2}(y + 1)^{3/2}[(r^2_6 + 1)(4y − 1)

− 2r_6(3y^2 − y + 1)], (45) dΓ dy (B^′_{s1} → D_{s1}ℓν) =

G^2_F |V_{cb}|^2m^2_B′_{s1} m^3_{Ds1}

3^3 × 2^3π^3

|η(y)|^2(y − 1)^{5/2}(y + 1)^{3/2}[(r^2_7 + 1)(7y − 1)

− 2r_7(5y^2 − y + 2)], (46) dΓ dy (B^′_{s1} → D_{s2}ℓν) =

G^2_F |V_{cb}|^2m^2_B′_{s1} m^3_{Ds2}

3^3 × 2^3π^3

|η(y)|^2(y − 1)^{5/2}(y + 1)^{3/2}[(r^2_8 + 1)(11y + 1)

− 2r_8(7y^2 + y + 4)], (47)

where r_i (i = 1, · · · , 8) is the ratio between the mass of the final D_s meson and that of the initial B_s meson in each process, e.g., r_1 =^{MDs1}_{MBs1} . The maximal values of y for these semileptonic processes are given in Table I. In addition, we need |V_{cb}| = 0.04 and

TABLE I: The maximal value of y for each process: y_{max} = (1 + r^2_i )/2r_i (i = 1, 2, · · · , 8).

B_{s1} B_{s2} B_{s0} B^′_{s1} D_{s1}ℓν 1.36707 1.36872 1.34934 1.3568 D_{s2}ℓν 1.35364 1.35525 1.33628 1.34358

G_F = 1.166 × 10^{−5}GeV^{−2}. By integrating the differential decay rates over the kinematic region 1.0 ≤ y ≤ y_{max}, we get the decay widths of these semileptonic decay modes which are listed in Table II. Although the widths of B_{s1} and B^∗_{s2} have not yet been measured experimentally, they were estimated early in Ref. [28] to be around 1 MeV. Theoretically, their strong decays were investigated in Ref. [13]. As we know, the main decay modes of these excited B_s mesons are strong decays. Therefore we can approximately take the strong decay widths as the total widths for an estimation of order of the branching ratios of these processes. In fact, the two-body strong decay widths of B_{s1} and B^∗_{s2} are computed to be 98keV and 5MeV in Ref. [13]. The masses of B_{s0} and B^′_{s1} are considered to lie below the thresholds of B^∗K and BK, so their main decay modes are isospin violating

TABLE II: Predictions for the decay widths and branching ratios

Decay mode Decay width (GeV) Branching ratio B_{s1} → D_{s1}ℓν (2.1 ± 0.2) × 10^{−14} ∼ 10^{−10} B_{s1} → D^∗_{s2}ℓν (2.8 ± 0.2) × 10^{−14} ∼ 10^{−10} B^∗_{s2} → D_{s1}ℓν (1.8 ± 0.1) × 10^{−14} ∼ 10^{−11} B^∗_{s2} → D^∗_{s2}ℓν (2.9 ± 0.2) × 10^{−14} ∼ 10^{−11} B_{s0} → D_{s1}ℓν (1.1 ± 0.2) × 10^{−16} ∼ 10^{−12} B_{s0} → D^∗_{s2}ℓν (1.0 ± 0.2) × 10^{−16} ∼ 10^{−12} B^′_{s1} → D_{s1}ℓν (0.8 ± 0.1) × 10^{−16} ∼ 10^{−12} B^′_{s1} → D^∗_{s2}ℓν (1.5 ± 0.3) × 10^{−16} ∼ 10^{−12}

decays and radiative decays and are supposed to have width of about 100 keV [25]. Using these widths, we estimate the orders of the branching ratios of the semileptonic decays (see Table II). Note that the semileptonic decay branching ratios of B_{s0} and B^′_{s1} should be 3 orders of magnitude lower if their masses lie above the thresholds of B^∗K and BK. As we can see from Table II, the semileptonic decay widths of (B_{s1}, B^∗_{s2}) into (D_{s1}, D^∗_{s2}) are significantly larger than those of (B_{s0}, B^′_{s1}) into (D_{s1}, D^∗_{s2}), as was expected. The present precision of the experimental measurement of the branching ratio of the B_s mesons has reached up to 10^{−7} ∼ 10^{−8} [26]. Therefore, all the branching ratios of these processes are so small that it is difficult to find them in experiments. However, we can still expect that with the precision of the detector improved, the decays B_{s1} → D_{s1}(D_{s2})ℓν might be seen in the LHCb experiment.

In summary, we have performed a study of the semileptonic decays of the orbitally P - wave excited B_s meson states B^{∗∗}_s , including the newly observed B_{s1}(5830) and B^∗_{s2}(5840) mesons into the T doublet of D^{∗∗}_s mesons, D_{s1}(2536) and D^∗_{s2}(2573), within the framework of HQET. We employ QCD sum rules to estimate the leading-order universal form factors describing these weak transitions. Different from the semileptonic processes of lower Heavy-light meson states, two universal Isgur-Wise functions ξ_1(y) and ξ_2(y) are need to parameterize the hadronic matrix elements in the weak transitions B_{s1}(B^∗_{s2}) → D_{s1}(D^∗_{s2})ℓν at the leading order of the heavy quark expansion. The predicted branching ratios of these processes are prohibitively tiny, so it is difficult to find them in experiments. The decay widths of B_{s1} → D_{s1}(D_{s2})ℓν are comparatively large so that we expect they might be seen in the future LHCb experiment. It is worth noting that the Isgur-Wise functions ξ_1(y) and ξ_2(y) which parameterize the hadronic matrix elements of the weak currents between the states in the T doublet of b̄s system and those in the same doublet of c̄s system approximately satisfy the normalization condition, ξ_1(y = 1) = 1 and ξ_2(y = 1) = 1, which is implied by the heavy quark flavor symmetry at the leading order of the heavy quark expansion.

Acknowledgments

This work was supported in part by the National Natural Science Foundation of China under Contract No. 10975184.

[1] M. Neubert, Phys. Rev. D 45, 2451 (1992); 46, 3914 (1992).

[2] A. K. Leibovich, Z. Ligeti, I. W. Stewart, and M. B. Wise, Phys. Rev. Lett. 78, 3995 (1997);

Phys. Rev. D 57, 308 (1998).

[3] A. Deandrea, N. Di Bartolomeo, R. Gatto, G. Nardulli, and A. D. Polosa, Phys. Rev. D 58, 034004 (1998); V. Morénas, A. Le Yaouanc, L. Oliver, O. Pène, and J. C. Raynal, ibid. 56, 5668 (1997).

[4] D. Ebert, R. N. Faustov, and V. O. Galkin, Phys. Rev. D 61, 014016 (1999); 75, 074008 (2007).

[5] M. Q. Huang and Y. B. Dai, Phys. Rev. D 59, 034018 (1999); 64, 014034 (2001). [6] P. Colangelo, F. De Fazio, and G. Nardulli, Phys. Lett. B 478, 408 (2000). [7] M. Q. Huang, Phys. Rev. D 69, 114015 (2004).

[8] T. M. Aliev, K. Azizi, and A. Ozpineci, Eur. Phys. J. C 51, 593 (2007); T. M. Aliev and M.

Savci, Phys. Rev. D 73, 114010 (2006).

[9] L. F. Gan and M. Q. Huang, Phys. Rev. D 79, 034025 (2009); 79, 117501 (2009). [10] CDF Collaboration, T. Aaltonen et al., Phys. Rev. Lett. 100, 082001 (2008). [11] D0 Collaboration, V. M. Abazov et al., Phys. Rev. Lett. 100, 082002 (2008). [12] X. H. Zhong and Q. Zhao, Phys. Rev. D 78, 014029 (2008). [13] Z. G. Luo, X. L. Chen, and X. Liu, Phys. Rev. D 79, 074020 (2009). [14] Z. G. Luo, X. L. Chen, X. Liu, and S. L. Zhu, Eur. Phys. J. C 60, 403 (2009). [15] L. F. Gan and M. Q. Huang, Phys. Rev. D 82, 054035 (2010).

[16] M. Neubert, Phys. Rep. 245, 259 (1994), and references therein; Aneesh V. Manohar and Mark B. Wise, Heavy Quark Physics ( Cambridge University Press, New York, 2000).

[17] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Nucl. Phys. B 147, 385 (1979); ibid.

147, 448 (1979); V. A. Novikov, M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Fortschr. Phys. 32, 11 (1984).

[18] Zhi-Gang Wang and Xiao-Hong Zhang, Commun. Theor. Phys. 54, 323 (2010). [19] Xu-Hao Yuan and Liang Tang, Commun. Theor. Phys. 54, 495 (2010). [20] Jian-Rong Zhang and Ming-Qiu Huang, Commun. Theor. Phys. 54, 1075 (2010). [21] Xing-Gang Wu, Yao Yu, Gu Chen, and Hua-Yong Han, Commun. Theor. Phys. 55, 635 (2011).

[22] A. F. Falk, Nul. Phys. B 378, 79 (1992); A. F. Falk and M. Luke, Phys. Lett. B 292, 119 (1992).

[23] Y. B. Dai, C. S. Huang, M. Q. Huang, and C. Liu, Phys. Lett. B 390, 350 (1997); Y. B.

Dai, C. S. Huang, and M. Q. Huang, Phys. Rev. D 55, 5719 (1997). [24] B. Blok and M. Shifman, Phys. Rev. D 47, 2949 (1993).

[25] W. A. Bardeen, E. J. Eichten, and C. T. Hill, Phys. Rev. D 68, 054024 (2003). [26] K. Nakamura et al., Particle Data Group, J. Phys. G 37, 075021 (2010). [27] Y. B. Dai, C. S. Huang, C. Liu, and S. L. Zhu, Phys. Rev. D 68, 114011 (2003). [28] R. Akers et al. (OPAL Collaboration), Z. Phys. C 66, 19 (1995).