arXiv:hep-ph/0404032 v1 3 Apr 2004

Exclusive semileptonic B_s decays to excited D_s mesons: Search of D_{sJ} (2317) and D_{sJ} (2460)

Ming-Qiu Huang Department of Applied Physics, Nat’l University of Defense Technology, Hunan 410073, China (Dated: April 3, 2004)

We study the exclusive semileptonic decays B_s → D^∗_{s0}ℓν̄ and B_s → D^∗_{s1}ℓν̄, where p-wave excited D^∗_{s0} and D^∗_{s1} states are identified with the newly observed D_{sJ} (2317) and D_{sJ} (2460) states. Within the framework of HQET the Isgur-Wise functions up to the subleading order of the heavy quark expansion are calculated by QCD sum rules. The decay rates and branching ratios are computed with the inclusion of the order of 1/m_Q corrections. We point out that the investigation of the B_s semileptonic decays to excited D_s mesons may provide some information about the nature of the new D^∗_{sJ} mesons.

PACS numbers: 14.40.-n, 11.55.Hx, 12.38.Lg, 12.39.Hg

I. INTRODUCTION

Recently BaBar collaboration reported a narrow state with J^P = 0^+ at a rather low mass 2317 MeV decaying to D_sπ^0 [1]. This observation was quickly confirmed by CLEO, and another narrow state with J^P = 1^+ at 2457 MeV was found in the D^∗_s π^0 channel [2]. Both states have been confirmed by Belle [3]. Since these states lie below DK or D^∗K threshold, they decay instead via isospin-violating transitions.

These newly observed states have attracted much attention because their measured masses and widths do not match the predictions from potential-based quark models [4]. To resolve the discrepancy, many theoretical speculations have appeared in the literature. Bardeen et al. interpreted them as positive-parity c̄s (0^+, 1^+) spin doublet of the D_s and D^∗_s negative-parity cs̄ (0^−, 1^−) ground states in the framework of chiral symmetry [5]. Based on the quark-antiquark picture, various theoretical models are modified to accommodate the low masses and the narrow widths for the new states [6, 7, 8, 9, 10]. QCD sum rule analysis in [11] supports the quark-antiquark postulation, both new states, D_{sJ} (2317) and D_{sJ} (2460), are identified to be the c̄s excited 0^+ and 1^+ states in the j_l =^1_2^+ doublet. Apart from the quark-antiquark interpretation, the D^∗_{sJ} (2317) meson has been interpreted as a DK molecule [12], a D_sπ molecule [13], a four-quark state [14], and a mixing of the conventional state and the four-quark state [15].

Motivated by the interpretation that the two new states are the excited p-wave D_s states belonging to the (0^+, 1^+) doublet with j_l =^1_2^+ in [11], it is worthwhile to investigate the B_s exclusive semileptonic decays to this doublet, ie. B_s → D^∗_{s0}ℓν̄ and B_s → D^∗_{s1}ℓν̄.

The search of these decay modes may provide some information to understand the nature of these new states and to clarify the controversy. Although current B factories do not produce B_s meson, these decays can be studied at future hadron B factories.

In this paper we shall use QCD sum rules [16, 17] in the framework of the heavy quark effective theory (HQET) [18, 19] to study exclusive semileptonic B_s decays to excited spin symmetry doublet (D^∗_{s0}, D^∗_{s1}) mesons. HQET is a useful tool to describe the spectroscopy and weak decays of hadrons containing a single heavy quark, it provides a systematic method to compute the properties of heavy hadrons via the 1/m_Q expansion, where m_Q is the heavy quark mass. The study for the non-strange B semileptonic decays into charmed meson doublet (0^+,1^+) in HQET can be found in the literatures by using various approaches, including HQET-based considerations [20, 21], QCD sum rules [22, 23, 24] and various quark models [25, 26, 27, 28, 29, 30]. In this work, we shall calculate the weak decay elements for B_s → D^∗_{s0}, D^∗_{s1} in HQET. Considering that most of the phase space for these decays is near zero recoil, we shall include the Λ_{QCD}/m_Q corrections in the application.

The paper is organized as follows. In Sec. II we review the formulas for the matrix elements of the weak currents including the structure of the Λ_{QCD} /m_Q corrections in HQET. The QCD sum rule analysis for the leading and subleading Isgur-Wise functions is presented in Sec. III. Section IV is devoted to numerical analysis and the applications to decay widths. This section also includes a brief summary.

II. DECAY MATRIX ELEMENTS AND THE HEAVY QUARK EXPANSION

The matrix elements of vector and axial vector currents (V^μ = c̄ γ^μ b and A^μ = c̄ γ^μγ_5 b) between B_s meson and excited D^∗_{s0} or D^∗_{s1} mesons can be parameterized as

⟨D^∗_{s0}(v^′)| V^μ |B_s(v)⟩ = 0 , ⟨D^∗_{s0}(v^′)| A^μ |B_s(v)⟩ = g_+(v^μ + v^{′μ}) + g_−(v^μ − v^{′μ}) , ⟨D^∗_{s1}(v^′, ϵ)| V^μ |B_s(v)⟩ = g_{V1} ϵ^{∗μ} + (g_{V2} v^μ + g_{V3} v^{′μ}) ϵ^∗_{αβ} v^αv^β , ⟨D^∗_{s1}(v^′, ϵ)| A^μ |B_s(v)⟩ = ig_Aε^{μαβγ} ϵ^∗_αv_βv^′_γ . (1) Here form factors g_i are functions of the dot-product, y = v · v^′, of the initial and final meson four-velocities. The differential decay rates expressed in terms of the form factors are given by

dΓ_D∗_{s0} dy = G^2_F |V_{cb}|^2m^5_B

48π^3 r^3_0 (y^2 − 1)^{3/2} [ (1 + r_0)g_+ − (1 − r_0)g_−

]_2 , (2a)

dΓ_D∗_{s1} dy = G^2_F |V_{cb}|^2m^5_B

48π^3 r^3_1 √ y^2 − 1 {[ (y − r_1) g_{V1} + (y^2 − 1)(g_{V3} + r_1g_{V2} )

]_2

+2(1 − 2r_1y + r^2_1) [ g^2_{V1} + (y^2 − 1)g^2_A ]} . (2b)

where r_0 = m_D∗_{s0} /m_{Bs} and r_1 = m_D∗_{s1} /m_{Bs} .

The form factors g_i can be expressed by a set of Isgur-Wise functions at each order in Λ_{QCD}/m_{c,b}. This is achieved by evaluating the matrix elements of the effective current operators arising from the HQET expansion of the weak currents. This problem has been discussed previously in Ref. [21], we outline here the analysis for the sake of completeness.

One introduces the matrix representations

H_v =

1 + /v 2 [ P^{∗μ}_v γ_μ − P_v γ_5 ] , K_v =

1 + /v 2 [ P^{′∗μ}_v γ_5γ_μ + P^′_v ] (3) composed from the fields P_v , P^{∗μ}_v and P^′_v , P^{′μ}_v that destroy mesons in the doublets j^P_ℓ =^1_2^− and^1_2^+ with four-velocity v in HQET, respectively. At leading order of the heavy quark expansion the hadronic matrix elements of weak current between the states annihilated by the fields in H_v and K_v′ are written as

h̄^{(c)}_{v′} Γ h^{(b)}_v = ζ(w) Tr { K̄_{v′} Γ H_v } . (4)

where h^{(Q)}v is the heavy quark field in the effective theory and ζ is a universal Isgur-Wise function of y.

At order Λ_{QCD}/m_Q there are contributions to the decay matrix elements originating from corrections to the HQET Lagrangian δL = 1 2m_Q [ O^{(Q)}_{kin,v} + O^{(Q)}_{mag,v} ] , O^{(Q)}_{kin,v} = h̄^{(Q)}_v (iD)^2h^{(Q)}_v , O^{(Q)}_{mag,v} = h̄^{(Q)}_v g_s 2 σ_{αβ}G^{αβ} h^{(Q)}_v (5)

and originating from the matching of the b → c flavor changing current onto those in the effective theory c̄ Γ b = h̄^{(c)}_v′ ( Γ − i 2m_c ←− /D Γ + i 2m_b Γ −→ /D ) h^{(b)}_v , (6)

where D is the covariant derivative. The matrix elements of the later operators can be parameterized as

h̄^{(c)}_{v′} i←−D_λ Γ h^{(b)}_v = Tr { S^{(c)}_λ K̄_v′ Γ H_v } , h̄^{(c)}_{v′} Γ i−→D_λ h^{(b)}_v = Tr { S^{(b)}_λ K̄_v′ Γ H_v } . (7)

The most general decomposition for S^{(Q)}_λ is

S^{(Q)}_λ = ζ^{(Q)}_1 v_λ + ζ^{(Q)}_2 v^′_λ + ζ^{(Q)}_3 γ_λ . (8)

The functions ζ_i depend on y and have mass dimension one. The translation invariance, i∂_ν (h̄^{(c)}_v′ Γ h^{(b)}v ) = (Λ̄v_ν − Λ̄^′v^′_ν ) h̄^{(c)}_v′ Γ h^{(b)}v , and the motion equation for the heavy quark, iv · Dh^{(Q)}v = 0, result in the relations between the form factors ζ^{(Q)}_i [21]

ζ^{(c)}_1 + ζ^{(b)}_1 = Λ̄ ζ , ζ^{(c)}_2 + ζ^{(b)}_2 = −Λ̄^′ ζ , ζ^{(c)}_3 + ζ^{(b)}_3 = 0 ,

ζ^{(c)}_2 = − yΛ̄^′ − Λ̄ y + 1 ζ − ζ^{(c)}_1 , ζ^{(c)}_3 = yΛ̄^′ − Λ̄ y + 1 ζ − (y − 1) ζ^{(c)}_1 , (9)

where Λ̄(Λ̄^′) = m_M (m_M ′ ) − m_Q is the difference between heavy ground state j^P_ℓ =^1_2^− (excited j^P_ℓ =^1_2^+) meson and heavy quark masses in the m_Q → ∞ limit. These relations show that all corrections to the form factors coming from the matching of the weak currents in QCD onto those in the effective theory are expressible in terms of ζ and ζ^{(c)}_1 .

The matrix elements of Λ_{QCD}/m_Q corrections from the insertions of the kinetic energy operator O_{kin} have the structure i ∫ d^4x T { O^c_{kin,v}′ (x) [ h̄^{(c)}_{v′} Γ h^{(b)}_v ] (0) } = χ^c_{ke} Tr { K̄_{v′} Γ H_v } , i ∫ d^4x T { O^{(b)}_{kin,v} (x) [ h̄^{(c)}_{v′} Γ h^{(b)}_v ] (0) } = χ^b_{ke} Tr { K̄_{v′} Γ H_v } . (10)

The functions χ^{c,b}_{ke} (y) have mass dimension and effectively correct the leading order Isgur- Wise function ζ(y) since the kinetic energy operator does not violate heavy quark spin symmetry.

There are Λ_{QCD} /m_Q corrections associated with the insertion of chromomagnetic operator O_{mag}. The QCD sum rule approach for the semileptonic B decays to ground state and excited D mesons shows that the functions parameterizing the time-ordered products of the chromomagnetic term in the HQET Lagrangian with the leading order currents are negligibly small [24, 31]. This is in agreement with the results obtained from the HQETmotivated considerations [21] and relativistic quark model [30]. Therefore, we shall neglect the chromomagnetic correction hereafter.

Summing up all the contributions the resulting structure of the decay form factors is

g_+ = ε_c [ 2(y − 1)ζ_1 − 3ζ yΛ̄^′ − Λ̄ y + 1 ] − ε_b [¯ Λ^′(2y + 1) − Λ̄(y + 2) y + 1 ζ − 2(y − 1) ζ_1 ] , g_− = ζ + ε_c χ^c_{ke} + ε_b χ^b_{ke} ,

g_A = ζ + ε_c [ yΛ̄^′ − Λ̄ y + 1 ζ + χ^c_{ke} ] − ε_b [¯ Λ^′(2y + 1) − Λ̄(y + 2) y + 1 ζ − 2(y − 1) ζ_1 − χ^b_{ke} ] , g_{V1} = (y − 1) ζ + ε_c [ (yΛ̄^′ − Λ̄)ζ + (y − 1)χ^c_{ke} ]

−ε_b { [Λ̄^′(2y + 1) − Λ̄(y + 2)] ζ − 2(y^2 − 1) ζ_1 − (y − 1)χ^b_{ke} } , g_{V2} = 2ε_c ζ_1 , g_{V3} = −ζ − ε_c [ yΛ̄^′ − Λ̄ y + 1 ζ + 2ζ_1 + χ^c_{ke} ] + ε_b [¯ Λ^′(2y + 1) − Λ̄(y + 2)

y + 1 ζ − 2(y − 1) ζ_1 − χ^b_{ke} ] . (11) where ε_Q = 1/(2m_Q) and the superscript on ζ^{(c)}_1 is dropped. In the following sections we shall employ the QCD sum rule approach to calculate the leading and subleading Isgur- Wise functions.

III. FORM FACTORS FROM QCD SUM RULES

A. Leading Isgur-Wise function ζ

The proper interpolating current J^{α1···αj}_{j,P,jℓ} for a heavy mesonic state with the quantum number j, P , j_ℓ in HQET was given in [32]. These currents were proved to satisfy the following conditions ⟨0|J^{α1···αj} j,P,j_ℓ (0)|j ′, P^′, j^′_ℓ⟩ = f_{P jl} δ_{jj}′ δ_{P P} ′ δ_{jℓj}′_ℓ η^{α1···αj} , (12) i ⟨0|T ( J^{α1···αj} j,P,j_ℓ (x)J †β_1···β_j′ j^′,P^′,j^′_ℓ (0) ) |0⟩ = δ_{jj}′ δ_{P P} ′ δ_{jℓj}′_ℓ (−1)^j S g^{α1β1}_t · · · g^{αj βj}_t × ∫ dtδ(x − vt) Π_{P,jℓ} (x) (13) in the m_Q → ∞ limit. Where η^{α1···αj} is the polarization tensor for the spin j state, g^{αβ}_t = g^{αβ} − v^αv^β is the transverse metric tensor, S denotes symmetrizing the indices and subtracting the trace terms separately in the sets (α_1 · · · α_j ) and (β_1 · · · β_j ), f_{P,jℓ} and Π_{P,jℓ} are a constant and a function of x respectively which depend only on P and j_ℓ.

The local interpolating current for creating 0^− pseudoscalar B_s meson is taken as J^†_{0,−,1/2} = √ 1 2 h̄_vγ_5s , (14)

and the local interpolating currents for creating 0^+ and 1^+ (D^∗_{s0}, D^∗_{s1}) mesons are taken as

J^†_{0,+,1/2} = 1 √ 2 h̄_v (−i)/D_ts , J^{†α}_{1,+,1/2} = 1 √ 2 h̄_v γ^5γ^α_t (−i)/D_ts , (15)

In order to calculate this form factor using QCD sum rules, we follows the same procedure as [33] to study the analytic properties of the three-point correlators

i^2 ∫ d^4xd^4ze^{i(k′·x−k·z)}⟨0|T ( J_{0,+,1/2}(x) J^μ_A (0) J^†_{0,−,1/2}(z) ) |0⟩ = Ξ(ω, ω^′, y)L^μ_A , (16a)

i^2 ∫ d^4xd^4ze^{i(k′·x−k·z)}⟨0|T ( J^ν_{1,+,1/2}(x) J^μ_{V,A}(0) J^†_{0,−,1/2}(z) ) |0⟩ = Ξ(ω, ω^′, y)L^{μν}_{V,A} , (16b) where J^μ_V = h̄(v^′)γ^μ h(v) and J^μ_A = h̄(v^′)γ^μγ_5 h(v) are leading order vector and axial vector currents, respectively. The variables k, k^′ denote residual “off-shell” momenta which are related to the momenta p of the heavy quark in the initial state and p^′ in the final state by k = p − m_Qv, k^′ = p^′ − m_Q′ v^′, respectively. The Lorentz structures, L_{V,A}, have the forms L^μ_A = v^μ − v^{′μ} , L^{μν}_A = −iϵ^{μναβ}v_αv^′_β , L^{μν}_V = (y − 1)g^{μν}_t − v^{′μ}v^ν_t , where v^α_t = g^{αβ}_t v_β = v^α − yv^{′α}.

The coefficient Ξ(ω, ω^′, y) in (16) is an analytic scalar function in the “off-shell energies” ω = 2v · k and ω^′ = 2v^′ · k^′ with discontinuities for positive values of these variables. By saturating the double dispersion integrals for the correlators in (16) with physical intermediate states in HQET, one finds the hadronic representation of the correlator as following Ξ_{hadro}(ω, ω^′, y) = f_{−,} 1_2 f_{+,1/2}ζ(y) (2Λ̄ − ω − iϵ)(2Λ̄^′ − ω^′ − iϵ)

+ higher resonances . (17)

As the result of equation (12), only one state with j^P = 1^+ contributes to (17), the other resonance with the same quantum number j^P and different j_ℓ does not contribute.

On the other hand, the correlator can be calculated in QCD in the Euclidean region, i.e., for large negative values of ω and ω^′, in terms of perturbative and nonperturbative contributions. Furthermore, the nonperturbative effects are able to be encoded in vacuum expectation values of local operators, the condensates. Hence one has Π(ω, ω^′, y) = ∫ dνdν^′ ρ^{pert}(ν, ν^′, y) (ν − ω − iϵ)(ν^′ − ω^′ − iϵ) + Π_{cond} + subtractions . (18)

The QCD sum rule is obtained by equating the phenomenological and theoretical expressions for Ξ. In doing this the quark-hadron duality needs to be assumed to model the contributions of higher resonance part of Eq. (17). Generally speaking, the duality is to simulate the resonance contribution by the perturbative part above some threshold energies. In the QCD sum rule analysis for B semileptonic decays into ground state D mesons, it is argued by Blok and Shifman in [34] that the perturbative and the hadronic spectral densities can not be locally dual to each other, the necessary way to restore duality is to integrate the spectral densities over the “off-diagonal” variable ω_− = (ν − ν^′)/2, keeping the “diagonal” variable ω_+ = (ν + ν^′)/2 fixed. It is in ω_+ that the quark-hadron duality is assumed for the integrated spectral densities. We shall use the same prescription in our application.

In order to suppress the contributions of higher resonance states a double Borel transformation in ω and ω^′ is performed to both sides of the sum rule, which introduces two Borel parameters T_1 and T_2. For simplicity we shall take the two Borel parameters equal: T_1 = T_2 = 2T .

The calculations of ρ_{pert} and Π_{cond} in HQET are straightforward. In doing this, for simplicity, the residual momentum k is chosen to be parallel to v such that k_μ = (k · v)v_μ (and similar for k^′) in the theoretical calculation. Since we deal with Q̄s states, the light quark mass shall be included in calculating the spectral function and condensates. For the condensates we confine us to the operators with dimension D ≤ 5 in OPE. By performing the Taylor expansion around x_μ = 0, we obtain the expansion for the quark-condensate [35]: ⟨: ψ̄_σ(x) ←− D_αψ_ρ(y) :⟩ = ⟨q̄q⟩ 16 [im_q(γ_α)_{ρσ} − δ_{ρσ}m^2_q(x_α − y_α)] + ⟨q̄g_sσ · Gq⟩ 32 { (g_{αμ} − i 3 σ_{αμ})_{ρσ} × (x^μ − y^μ) + i 12 m_q[(γ_α)_{ρσ}(x − y)^2 + 2(/x − /y)_{ρσ}(x_α − y_α)] −m^2_q [δ_{ρσ} 6 (x − y)^2(x_α − y_α) − i 36 σ^{μν}_{ρσ} ((x − y)^2y_μg_{να} +2(x_α − y_α)y_μx_ν ) ]} . (19)

After making double Borel transformations in the variables ω and ω^′ and changing the integral variables ω_+ = (ν + ν^′)/2, ω_− = ( y + 1 y − 1 )^{1/2}(ν − ν^′)/2, one obtains the sum rule for ζ as follows

ζ(y) f_{−,} 1_2 f_{+,} 1_2 e^{−(Λ̄+Λ̄′ )/T} = 1 8π^2 1 (y + 1)^2 ∫_{ωc} 2m_s dω_+ e^{−ω+ /T} [ ω^3_+ + 3(1 + y)(m_sω^2_+ + m^2_sω_+) ]

− ⟨s̄s⟩ 8 ( 3m_s − m^2_s y + 1 T ) − 1 12 m^2_0⟨s̄s⟩ 1 + y T ( 1 − 5m_s 8T + m^2_s 48 15y + 7 T^2 )

− 1 192 ⟨ α_s π GG⟩ y − 1 y + 1 + m_s 32T ⟨ α_s π GG⟩ ( 2γ_E − ln

T^2 μ^2

+ ln y + 1 2 ) , (20)

where m^2_0 ⟨s̄s⟩ = ⟨s̄gσ_{μν} G^{μν} s⟩ with m^2_0 = 0.8GeV^2.

B. Subleading Isgur-Wise function ζ_1

In order to derive the QCD sum rule for the subleading form factor ζ_1(y) defined in (8), we consider the following three-point correlation functions

Ξ^μ_{0A}(ω, ω^′, y) = i^2 ∫ d^4xd^4z e^{i(k′·x−k·z)} ⟨0|T ( J_{0,+,1/2}(x) h̄^{(c)}_v′ i ←− /D γ^μγ_5 h^{(b)}_v (0) J^†_{0,−,1/2}(z) ) |0⟩ = Ξ_0(ω, ω^′, y)L^μ_{0A} , (21a)

Ξ^{μν}_{1A}(ω, ω^′, y) = i^2 ∫ d^4xd^4z e^{i(k′·x−k·z)} ⟨0|T ( J^ν_{1,+,1/2}(x) h̄^{(c)}_v′ i ←− /D γ^μγ_5 h^{(b)}_v (0) J^†_{0,−,1/2}(z) ) |0⟩ = Ξ_1(ω, ω^′, y)L^{μν}_A , (21b)

Ξ^{μν}_{1V} (ω, ω^′, y) = i^2 ∫ d^4xd^4z e^{i(k′·x−k·z)} ⟨0|T ( J^ν_{1,+,1/2}(x) h̄^{(c)}_v′ i ←− /D γ^μ h^{(b)}_v (0) J^†_{0,−,1/2}(z) ) |0⟩ = Ξ_2(ω, ω^′, y)L^{μν}_{ζV} + Ξ_3(ω, ω^′, y)L^{μν}_{ζ1V} , (21c)

where the Lorentz structures have the forms

L^μ_{0A} = v^μ + v^{′μ} , L^{μν}_{ζV} = g^{μν}_t (y + 1) − v^{′μ}v^ν_t , L^{μν}_{ζ1V} = v^μv^ν_t − v^{′μ}v^ν_t .

The coefficient functions Ξ_i(ω, ω^′, y) can be expressed in terms of perturbative and nonperturbative contributions in QCD theoretical calculation. These functions are used to construct the sum rules needed.

By saturating the double dispersion integral for the three-point functions in (21) with hadron states and using Eqs. (7)-(9) and (12), one can isolate the contributions from the double pole at ω = 2Λ̄, ω^′ = 2Λ̄^′:

Ξ^μ_{0A}(ω, ω^′, y) = f_{−,} 1_2 f_{+,1/2} (2Λ̄ − ω − iϵ)(2Λ̄^′ − ω^′ − iϵ) [ 2(y − 1)ζ_1(y) − −3 yΛ̄^′ − Λ̄ y + 1 ζ(y) ] L^μ_{0A} + · · · , (22a) Ξ^{μν}_{1A}(ω, ω^′, y) = f_{−,} 1_2 f_{+,1/2} (2Λ̄ − ω − iϵ)(2Λ̄^′ − ω^′ − iϵ) yΛ̄^′ − Λ̄ y + 1 ζ(y)L^{μν}_A + · · · , (22b) Ξ^{μν}_{1V} (ω, ω^′, y) = f_{−,} 1_2 f_{+,1/2} (2Λ̄ − ω − iϵ)(2Λ̄^′ − ω^′ − iϵ) [− yΛ̄^′ − Λ̄ y + 1 ζ(y)L^{μν}_{ζV} −2ζ_1(y)L^{μν}_{ζ1V} ] + · · · . (22c)

From (21) and (22) one can see that in the case of Ξ_3, the residue of the pole is proportional to the universal function ζ_1(y), the pole contribution to Ξ_1 and Ξ_2 is related to ζ(y). While for Ξ_0 the residue of the pole is proportional to both ζ(y) and ζ_1(y). QCD sum rule is obtained by equating the phenomenological and theoretical expressions for Ξ. Therefore, the sum rule for the subleading form factor ζ_1(y) can be constructed either from Ξ_3 or from Ξ_0. One can also yield the sum rule for the leading form factor in the form (yΛ̄^′ − Λ̄)ζ(y) from Ξ_0, Ξ_1 and Ξ_2, respectively.

We shall focus on the coefficient function Ξ_3(ω, ω^′, y) to construct the sum rule for the subleading form factors ζ_1(y). One obtains the sum rule for ζ_1(y) as follows

ζ_1(y) f_{−,} 1_2 f_{+,} 1_2 e^{−(Λ̄+Λ̄′ )/T} = − 1 16π^2 1 (y + 1)^3 ∫_{ωc} 2m_s dω_+e^{−ω+ /T} [ ω^4_+ + 4m_s(y + 1)(2y + 1)^2ω^3_+ ]

+ 5 96 m_sm^2_0 ⟨s̄s⟩ T − 1 96 ⟨ α_s π GG⟩ y (y + 1)^2

T . (23)

Moreover, the sum rule for the combination (yΛ̄^′ − Λ̄)ζ(y) can be obtained independently from the coefficient function Ξ_1 and Ξ_2 in (21) together with (22), respectively. We have double checked that the resulted sum rule for ζ(y) has the same form as (20). The above consistency checks confirm that our method is consistent with the general analysis of Ref. [21] described in Sec. II.

C. QCD sum rules for η^{c,b}_{ke}

For the determination of the form factor η^c_{ke}, which relates to the insertion of Λ_{QCD}/m_c kinetic operator of the HQET Lagrangian, one studies the analytic properties of the threepoint correlators

i^2 ∫ d^4xd^4x^′d^4z e^{i(k′·x′−k·x)} ⟨0|T ( J_{0,+,1/2}(x^′) O^{(c)}_{kin,v}′ (z) J^μ_A (0) J^†_{0,−,1/2}(x) ) |0⟩ = Ξ(ω, ω^′, y) L^μ_A , (24a)

i^2 ∫ d^4xd^4x^′d^4z e^{i(k′·x′−k·x)} ⟨0|T ( J^ν_{1,+,1/2}(x^′) O^{(c)}_{kin,v}′ (z) J^μ_{V,A}(0) J^†_{0,−,1/2}(x) ) |0⟩ = Ξ(ω, ω^′, y) L^{μν}_{V,A} . (24b) By saturating (24) with physical intermediate states in HQET, one can isolate the contribution of interest as the one having poles at ω = 2Λ̄, ω^′ = 2Λ̄^′. Notice that the insertions of the kinetic operator not only renormalize the leading Isgur-Wise function, but also the meson coupling constants and the physical masses of the heavy mesons which define the position of the poles. The correct hadronic representation of the correlator is

Ξ_{hadro}(ω, ω^′, y) = f_{−,1/2}f_{+,1/2} (2Λ̄ − ω − iϵ)(2Λ̄^′ − ω^′ − iϵ) ( η^c_{ke}(y) +

(G^K_{+,1/2} + K_{+,1/2} 2Λ̄^′ − ω^′ − iϵ ) ζ(y) ) + higher resonance , (25)

where K_{P,jℓ} and G^K_{P,jℓ} are defined by [32, 39] ⟨j, P, j_ℓ |O^{(Q)}_{kin,v}|j, P, j_ℓ ⟩ = K_{P,jℓ} , ⟨0|i ∫ d^4x O^{(Q)}_{kin,v}(x)J^{α1···αj}_{j,P,jℓ} (0)|j, P, j_ℓ ⟩ = f_{P,jℓ} G^K_{P,jℓ} η^{α1···αj} . (26) Within the same procedure one finds the sum rule for η^c_{ke} as [ η^c_{ke}(y) + (G^K_{+,1/2} + K_{+,1/2} 2T )ζ(y) ] f_{−,1/2}f_{+,1/2} e^{−(Λ̄+Λ̄′ )/T} = − 3 16π^2

3y + 2 (y + 1)^3 ∫_{ωc} 2m_s dω_+ e^{−ω+ /T} [ ω^4_+ + 4 3 m_s(1 + y)ω^3_+ ]

+ 5 32 m_sm^2_0 ⟨s̄s⟩ T + 1 96 ⟨ α_s π GG⟩ 3y + 1 (y + 1)^2

T , (27)

From the consideration of symmetry, the sum rule for η^b_{ke} that originates from the insertion of Λ_{QCD}/m_b kinetic operator of the HQET Lagrangian is of the same form as in (27), but with the HQET parameters G^K_{+,1/2} and K_{+,1/2} replaced by G^K_{−,1/2} and K_{−,1/2}, respectively. The definitions of G^K_{−,1/2} and K_{−,1/2} can be found in Eq. (26).

We end this subsection by noting that the QCD O(α_s) corrections have not been included in the sum rule calculations. However, the Isgur-Wise functions obtained from the QCD sum rule actually are a ratio of the three-point correlator to the two-point correlator results. While both of these correlators subject to large perturbative QCD corrections, the remaining corrections to the form factors themselves may in fact be small because of cancellation. This is what happens in the case of analysis for B semileptonic decay to ground state and excited charmed mesons [36, 37].

IV. NUMERICAL RESULTS AND PREDICTIONS FOR SEMILEPTONIC DECAY WIDTHS

We now turn to the numerical evaluation of these sum rules and the phenomenological implications. In order to obtain information for ζ(y), ζ_1(y) and η^{c,b}_{ke} (y) from the sum rules, we need the related decay constants, f_{−,1/2} and f_{+,1/2}, defined in (12) as input. The QCD sum rule calculations for the correlators of two heavy-light currents give [11, 38]:

f^2_{−,1/2} e^{−2Λ̄/T} = 3 16π^2 ∫_{ω0} 2m_s dω(ω^2 + 2m_sω − 2m^2_s )e^{−ω/T} − 1 2 ⟨s̄s⟩ ( 1 − m_s 2T + m^2_s 2T^2 )

+ m^2_0 8T^2 ⟨s̄s⟩ ( 1 − m_s 3T + m^2_s 3T^2 ) − m_s 16T^2 ⟨ α_s π GG⟩ ( 2γ_E − 1 − ln

T^2 μ^2 ) ,(28)

f^{′2}_{+,1/2}e^{−2Λ̄′/T} = 3 64π^2 ∫_{ω1} 2m_s [ω^4 + 2m_sω^3 − 6m^2_s ω^2 − 12m^3_s ω]e^{−ω/T} dω − 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 16π ⟨α_sG^2⟩ . (29)

These two-point sum rules can be used to eliminate the explicit dependence of three-point sum rules on f_{−,1/2} and f_{+,1/2}, as well as on Λ̄ and Λ̄^′. This procedure may help to reduce the uncertainties in the calculation.

For the QCD parameters entering the theoretical expressions, we take the standard values

⟨q̄q⟩ = −(0.24 ± 0.01)^3 GeV^3 , ⟨ α_s π GG⟩ = (0.012 ± 0.004) GeV^4 . (30)

The strange/nonstrange condensate ratio is adopted as ⟨s̄s⟩ = (0.8 ± 0.1)⟨q̄q⟩. The strange quark mass is taken as m_s(1GeV) = 0.15 GeV, and the cut-off parameter is chosen as μ = 1 GeV.

Let us evaluate numerically the sum rules for ζ(y) and ζ_1(y). The continuum thresholds ω_0 and ω_1 in (28) and (29) are determined by requiring stability of these sum rules. One finds that 1.7 GeV < ω_0 < 2.2 GeV and 2.6 GeV < ω_1 < 3.1 GeV [11, 33, 38]. Imposing usual criterion on the ratio of contribution of the higher-order power corrections and that of the continuum, we find that for the central values of the condensates given in (30), if the threshold parameter ω_c lies in the range 2.3 < ω_c < 2.7 GeV, there is an acceptable “stability window” T = 0.8 − 1.2 GeV in which the calculation results do not change appreciably.

The values of the form factors ζ(y) and ζ_1(y) at zero recoil as functions of the Borel parameter are shown in Fig. 1(a) and 2(a), for three different values of the continuum threshold ω_c. One can see that the variation is quit moderate in the range 0.8 < T < 1.2 GeV. The numerical results for ζ(y) and ζ_1(y) are shown in Fig. 1(b) and 2(b), where the curves refer to three different values of ω_c and T is fixed at T = 1.0 GeV.

FIG. 1: Fig. 1(a) shows the dependence of ζ(1) on the Borel parameter T for the continuum threshold in the range 2.3 < ω_c < 2.7 GeV; Fig. 1(b) shows Isgur-Wise function ζ(y) with T = 1.0 GeV.

In order to evaluate numerically the sum rules for η^c_{ke}(y) and η^b_{ke}(y), we need to specify the following HQET parameters as input, which are obtained by QCD sum rules [11, 39, 40]:

K_{+,3/2} = −(1.6 ± 0.30) GeV^2 , G^K_{+,3/2} = −(1.0 ± 0.45) GeV K_{−,1/2} = −(1.2 ± 0.20) GeV^2 , G^K_{−,1/2} = −(1.6 ± 0.6) GeV . (31)

In Fig. 3(a), the sum rule for η^c_{ke}(y) is plotted at zero recoil as a function of Borel parameter for various choices of the continuum thresholds in the range 2.5 < ω_c < 2.9. Fig. 3(b) shows the y dependence of the form factor η^c_{ke}(y) for the central value of HQET parameters and T = 1.2 GeV. It should be noted that apart from the uncertainty from the sum rule working window, there is uncertainty to a large extent due to the variation of K^′s and G^′_K s in the numerical analysis. The numerical evaluation for the sum rule of η^b_{ke}(y) can follow the same procedure.

The numerical analysis shows that all Isgur-Wise functions ζ(y), ζ_1(y) and η^{c,b}_{ke} (y) are

FIG. 2: Numerical result for the sum rule (23): (a) dependence of ζ_1(1) on the Borel parameter T for the continuum threshold in the range 2.3 < ω_c < 2.7 GeV; (b) The form factor ζ_1(y) with T = 1.0 GeV.

FIG. 3: Results of the numerical evaluation for the sum rules (27). The curves refer to choices of the threshold parameters: ω_c = 2.5, ω_c = 2.7, ω_c = 2.9, from top to bottom.

slowly varying functions in the allowed kinematic range for B_s → D^∗_{s0}ℓν̄ and B_s → D^∗_{s1}ℓν̄ decays. They can be well fitted by the linear approximation

ζ(y) = ζ(1) ( 1 − 0.5(y − 1) ) , ζ(1) = 0.45 ± 0.05 GeV ζ_1(y) = −ζ_1(1) ( 1 + 0.4(y − 1) ) , ζ(1) = 0.65 ± 0.06 GeV η^c_{ke}(y) = −η^c_{ke}(1) ( 1 − 0.9(y − 1) ) , η^c_{ke}(1) = 1.7 ± 0.2 GeV , η^b_{ke}(y) = −η^b_{ke}(1) ( 1 − 0.9(y − 1) ) , η^b_{ke}(1) = 1.6 ± 0.2 GeV . (32)

The errors reflect the uncertainty due to ω’s and T . The uncertainty due to the variation of the QCD and HQET parameters is not included, which may reach 5% or more. The systematic error resulted from the use of quark-hadron duality above ω_c is difficult to estimate. Conservatively speaking, there is a 10% systematic error.

Above parameterizations of the Isgur-Wise functions can be used to calculate the total semileptonic rates and decay branching ratios by integrating Eqs. (2a) and (2b). The values of Λ̄ and Λ̄^′ can be obtained from two-point sum rules (28) and (29), respectively. They are: Λ̄ = 0.62 GeV [38] and Λ̄^′ = 0.86 GeV [11]. The quark masses are taken to be m_b = 4.7 GeV, m_c = 1.4 GeV. We use the physical masses, m_{Bs} = 5.369 [41], m_D∗_{s0} = 2.317 and m_D∗_{s1} = 2.457 [3], for B_s, D^∗_{s0} and D^∗_{s1} mesons. The maximal values of y in the present case are y_{0max} = (1 + r^2_0)/2r_0 = 1.374 and y_{1max} = (1 + r^2_1)/2r_1 = 1.321.

In Table I we present our results for decay rates and branching ratios, as well as those in the infinitely heavy quark limit. We have taken τ_{Bs} = 1.46 ps [41]. In the calculation, the central values for the Isgur-Wise functions in (32) are taken, and the theoretical uncertainties are not included. The ratios of the two semileptonic rates for B_s decays into D^0_{s0} and D^∗_{s1} mesons both in taking account of the 1/m_Q corrections and in the infinitely heavy quark mass limit are R_{Br} ≡ B(B_s → D^∗_{s0}ℓν̄) B(B_s → D^0_{s1} ℓν̄) = { 2.05 with 1/m_Q , 1.16 m_Q → ∞ . (33)

The branching ratio for B_s → D^∗_{s0}ℓν̄ decay exceeds the one for B_s → D^∗_{s1}ℓν̄ in both cases.

With 1/m_Q m_Q → ∞ Decay Γ Br Γ Br R B → D^∗_{s1}ℓν̄ 0.38 0.10 0.31 0.08 1.23 B → D^∗_{s0}ℓν̄ 0.78 0.20 0.36 0.09 2.17

TABLE I: Decay rates Γ (in units of |V_{cb}/0.04|^2 × 10^{−15} GeV) and branching ratios BR (in %) for B_s → D^{(∗∗)}_s ℓν̄ decays in taking account of the 1/m_Q corrections and in the infinitely heavy quark mass limit. R is a ratio of branching ratios including O(1/m_Q) corrections to branching ratios in the infinitely heavy quark mass limit.

The numerical predictions in Table I indicate that a substantial part of the inclusive semileptonic B_s decays should go to excited D_s meson states. In future hadron B factories the D_s resonant states can be produced directly in a considerable amount of branching ratio from the weak decay of the B_s meson. The study of the semileptonic B_s decays to excited D_s states can provide some information about the structure and the properties for the newly observed D^∗_{sJ} states.

From Table I we see that the B → D^∗_{s0}ℓν̄ decay rate receives large 1/m_Q contributions and gets a sharp increase, while the B → D^∗_{s1}ℓν̄ decay rate is only moderately increased by subleading 1/m_Q corrections. The reason for this is as following. From Eqs. (1) and (11) we see that the decay matrix elements at zero recoil are determined by form factors g_+(1) and g_{V1} (1), which receive non-vanishing contributions from first order heavy quark mass corrections. Explicitly,

g_+(1) = − 3 2 (ε_c + ε_b)(Λ̄^′ − Λ̄)ζ(1) , g_{V1} (1) = (ε_c − 3ε_b)(Λ̄^′ − Λ̄)ζ(1) . (34)

At zero recoil the form factor g_{V1} is suppressed by a very small factor ε_c −3ε_b ≈ 0.04GeV^{−1}. As a result the B_s → D^∗_{s1}eν decay rate is only slightly increased by subleading 1/m_Q corrections. On the other hand, B_s → D^∗_{s0}eν decay rate receives a large enhancement from 1/m_Q corrections. Note that the sharp increase of B_s → D^∗_{s0}eν decay rate by 1/m_Q corrections does not imply the breakdown of the heavy quark expansion. This is because the allowed kinematic ranges for B → D_{S0}ℓν̄ is fairly small, the contribution to the decay rate of the rather small 1/m_Q corrections is substantially increased. Hence it is rather a result of kinematical and dynamical effects.

In summary, we have presented the investigation for semileptonic B_s decays into excited D_s mesons. Within the framework of HQET we have applied the QCD sum rules to calculate the universal Isgur-Wise functions up to the subleading order of the heavy quark expansion. The differential decay widths and the branching ratios for the decays B_s →

D^∗_{s0}ℓν̄ and B_s → D^∗_{s1}ℓν̄ are computed up to the order of 1/m_Q corrections. The decay rates are substantially influenced by the inclusion of the first order 1/m_Q corrections.

With the assumption that the newly discovered states D^∗_{sJ} (2317) and D^∗_{sJ} (2460) can be identified with spin symmetry doublet (D^∗_{s0},D^∗_{s1}), it is worthwhile to study the semileptonic B_s decays to these newly observed states. In hadron B factories these p-wave excited D_s states can be produced directly from the semileptonic decay of the B_s meson with a considerable amount of branching ratio. A measurement of the B_s → D^∗_{sJ} can provide some information on the nature of the new D^∗_{sJ} mesons.

Acknowledgments

I am very grateful to Y. B. Dai and C. S. Lam for their stimulating discussions and useful suggestions. I would like to thank the McGill University for warm hospitality. This work was supported in part by the National Natural Science Foundation of China under Contract No. 10275091.

[1] BaBar Collaboration, B. Aubert et al., Phys. Rev. Lett. 90, 242001 (2003). [2] CLEO collaboration, D. Besson et al., Phys. Rev. D68, 032002 (2003). [3] BELLE Collaboration, P. Krokovny et al., Phys. Rev. Lett. 91, 262002 (2003). [4] S. Godfrey and N. Isgur, Phys. Rev. D32, 189 (1985); S. Godfrey and R. Kokoski, Phys.

Rev. D43, 1679 (1991); M. Di Pierro and E. Eichten, Phys. Rev. D64, 114004 (2001). [5] W. A. Bardeen, E. J. Eichten, and C. T. Hill, Phys. Rev. D68, 054024 (2003). [6] P. Colangelo and F. De Fazio, Phys. Lett. B 570, 180 (2003). [7] R. N. Cahn and J. D. Jackson, Phys. Rev. D68, 037502 (2003). [8] S. Godfrey, Phys. Lett. B 568, 254 (2003).

[9] A. Datta and P. J. O’Donnell, Phys. Lett. B 572, 164 (2003). [10] C. H. Chen and H. n. Li, hep-ph/0307075.

[11] Y. B. Dai, C. S. Huang, C. Liu, and S. L. Zhu, Phys. Rev. D 68, 114011 (2003). [12] T. Barnes, F.E. Close, and H.J. Lipkin, Phys. Rev. D68, 054006 (2003). [13] A.P. Szczepaniak, Phys. Lett. B567, 23 (2003).

[14] H.Y. Cheng and W.S. Hou, Phys. Lett. B566, 193 (2003); K. Terasaki, Phys. Rev. D68, 011501 (2003).

[15] T. Browder, S. Pakvasa, and A.A. Petrov, Phys. Lett. B 578, 363 (2004). [16] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B147, 385 (1979); B147, 448 (1979); V. A. Novikov, M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Fortschr. Phys. 32, 11 (1984).

[17] For a recent review on the QCD sum rule methods see: P. Colangelo and A. Khodjamirian, hep-ph/0010175, published in the Boris Ioffe Festschrift “At the Frontier of Particle Physics/Handbook of QCD”, 1495-1576, edited by M. Shifman (World Scientific, Singapore, 2001).

[18] B. Grinstein, Nucl. Phys. B339, 253 (1990); E. Eichten and B. Hill, Phys. Lett. B 234, 511 (1990); A. F. Falk, H. Georgi, B. Grinstein, and M. B. Wise, Nucl. Phys. B343, 1 (1990).

[19] For a review, see, M. Neubert, Phys. Rep. 245, 259 (1994). [20] N. Isgur and M.B. Wise, Phys. Rev. D 43, 819 (1991).

[21] A.K. Leibovich, Z. Ligeti, I.W. Steward, and M.B. Wise, Phys. Rev. D 57, 308 (1998). [22] P. Colangelo, G. Nardulli, A. A. Ovchinnikov, and N. Paver, Phys. Lett. B 269, 201 (1991);

P. Colangelo, G. Nardulli, and N. Paver, ibid. 293, 207 (1992).

[23] M. Q. Huang and Y. B. Dai, Phys. Rev. D 59, 034018 (1999). M. Q. Huang, C. Z. Li, and Y. B. Dai, ibid. 61, 054010 (2000).

[24] M. Q. Huang and Y. B. Dai, Phys. Rev. D 64, 014034 (2001). [25] A. Wambach, Nucl. Phys. B434 647 (1995).

[26] S. Veseli and I. Dunietz, Phys. Rev. D 54, 6803 (1996); S. Veseli and M. G. Olsson, ibid.

54, 886 (1996).

[27] V. Morenas, A. Le Yaouanc, L. Oliver, O. Pène, and J.-C. Raynal, Phys. Rev. D 56, 5668 (1997).

[28] A. Deandrea, N. Di Bartolomeo, R. Gatto, G. Nardulli, and A. D. Polosa, Phys. Rev. D 58, 034004 (1998).

[29] Y. B. Dai, C. S. Huang, and H. Y. Jin, Z. Phys. C 60, 527 (1993).

[30] D. Ebert, R.N. Faustov and V.O. Galkin, Phys. Rev. D 61, 014016 (2000); 62, 014032 (2000).

[31] M. Neubert, Z. Ligeti and Y. Nir, Phys. Lett. B 301, 101 (1993); Phys. Rev. D 47, 5060 (1993).

[32] 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). [33] M. Neubert, Phys. Rev. D 45, 2451 (1992); 46, 3914 (1992). [34] B. Blok and M. Shifman, Phys. Rev. D 47 2949 (1993). [35] V. Elias, T. G. Steele, and M. D. Scadron, Phys. Rev. D 38, 1584 (1988). [36] M. Neubert, Phys. Rev. D 47, 4063(1993).

[37] P. Colangelo, F. De Fazio, and N. Paver, Phys. Rev. D 58, 116005 (1998). [38] T. Huang and C. W. Luo, Phys. Rev. D 50, 5775 (1994). [39] Y. B. Dai and S. L. Zhu, Phys. Rev. D 58, 074009 (1998).

[40] P. Ball and V. M. Braun, Phys. Rev. D 49, 2472 (1994); P. Ball, Nucl. Phys. B421,539 (1994).

[41] K. Hagiwara et al., Particle Data Group, Phys. Rev. D 66, 010001 (2002).