arXiv:hep-ph/0612066v3 9 Jan 2007

D Wave Heavy Mesons

Wei Wei, Xiang Liu, and Shi-Lin Zhu Department of Physics, Peking University, Beijing 100871, China

We first extract the binding energy Λ̄ and decay constants of the D wave heavy meson doublets (1^−, 2^−) and (2^−, 3^−) with QCD sum rule in the leading order of heavy quark effective theory. Then we study their pionic (π, K, η) couplings using the light cone sum rule, from which the parameter Λ̄ can also be extracted. We then calculate the pionic decay widths of the strange/non-strange D wave heavy D/B mesons and discuss the possible candidates for the D wave charm-strange mesons. Further experimental information, such as the ratio between Dsη and DK modes, will be very useful to distinguish various assignments for DsJ (2860, 2715).

PACS numbers: 12.39.Mk, 12.39.-x Keywords: D wave heavy meson, QCD sum rule

I. INTRODUCTION

Recently BarBar reported two new D_s states, D_{sJ} (2860) and D_{sJ} (2690) in the DK channel. Their widths are Γ = 48 ± 7 ± 10 MeV and Γ = 112 ± 7 ± 36 MeV respectively [1]. For D_{sJ} (2860) the significance of signal is 5σ in the D^0K^+ channel and 2.8 σ in the D^+K^0_s channel. Belle observed another state D_{sJ} (2715) with J^P = 1^− in B^+ → D̄^0D_{sJ} → D̄^0D^0K^+ [2]. Its width is Γ = 115 ± 20 MeV. No D^∗K or D_sη mode has been detected for all of them.

The J^P of D_{sJ} (2860) and D_{sJ} (2690) can be 0^+, 1^−, 2^+, 3^−, · · · since they decay to two pseduscalar mesons. D_{sJ} (2860) was proposed as the first radial excitation of D_{sJ} (2317) based on a coupled channel model [3] or an improved potential model [4]. Colangelo et al considered D_{sJ} (2860) as the D wave 3^− state [5]. The mass of D_{sJ} (2715) or D_{sJ} (2690) is consistent with the potential model prediction of the cs̄ radially excited 2^3S_1 state [4, 6]. Based on chiral symmetry consideration, a D wave 1^− state with mass M = 2720 MeV is also predicted if the D_{sJ} (2536) is taken as the P wave 1^+ state [7]. The strong decay widths for these states are discussed using the^3P_0 model in [8].

The heavy quark effective theory (HQET) provides a systematic expansion in terms of 1/m_Q for hadrons containing a single heavy quark, where m_Q is the heavy quark mass [9]. In HQET the heavy mesons can be grouped into doublets with definite j^P_ℓ since the angular monument of light components j_ℓ is a good quantum number in the m_Q → ∞ limit. They are^1_2^− doublet (0^−, 1^−) with orbital angular monument L = 0,^1_2^+ doublet (0^+, 1^+) and^3_2^+ doublet (1^+, 2^+) with L = 1. For L = 2 there are (1^−, 2^−) and (2^−, 3^−) doublets with j^P_ℓ =^3_2^−and^5_2^− respectively. The states with the same J^P , such as the two 1^− and two 1^+ states, can be distinguished in the m_Q → ∞ limit, which is one of the advantage of working in HQET. The D wave heavy mesons ((B^{∗′}_1 , B^∗_2 ), (B^{∗′}_2 , B_3)) were considered in the quark model [10]. The semileptonic decay of B meson to the D wave doublets was calculated using three point QCD sum rule

[11]. The decay property of the heavy mesons till L = 2 was calculated using the^3P_0 model in [12].

Light cone QCD sum rule (LCQSR) has proven very useful in extracting the hadronic form factors and coupling constants in the past decade [13]. Unlike the traditional SVZ sum rule [14], it was based on the twist expansion on the light cone. The strong couplings and semileptonic decay form factors of the low lying heavy mesons have been calculated using this method both in full QCD and in HQET [15].

In this paper we first extract the mass parameters and decay constants of D wave doublets in section II. Then we study the strong couplings of the D wave heavy doublets with light pseduscalar mesons π, K and η in section III. We work in the framework of LCQSR in the leading order of HQET. We present our numerical analysis in section IV. In section V we calculate the strong decay widths to light hadrons and discuss the possible D wave charm-strange heavy meson candidates. The results are summarized in section VI.

II. TWO-POINT QCD SUM RULES

The proper interpolating currents J^{α1 ···αj}_{j,P,jℓ} for the states with the quantum number j, P , j_ℓ in HQET were given in [16], with j the total spin of the heavy meson, P the parity and j_ℓ the angular momentum of light components. In the m_Q → ∞ limit, the currents 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_{jℓ j}′_ℓ η^{α1 ···αj} , 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) , (1) where η^{α1···αj} is the polarization tensor for the spin j state. v denotes the velocity of the heavy quark. The transverse metric tensor g^{αβ}_t = g^{αβ} − v^αv^β . 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} is a constant. Π_{P,jℓ} is a function of x. Both of them depend only on P and j_ℓ.

The interpolating currents are [16]

J^{†α}_{1,−, 32} = √ 3 4 h̄_v(−i) ( D^α_t − 1 3 γ^α_t D/_t ) q , (2) J^{†α1 ,α2} 2,−,^3_2 = √ 1 2 T^{α1,α2 ; β1,β2}h̄_v (−i) × ( D_{tβ1} D_{tβ2} − 2 5 D_{tβ1} γ_{tβ2} D/_t ) q , (3) J^{†α1 ,α2} 2,−,^5_2 = − √ 5 6 T^{α1,α2; β1,β2}h̄_vγ^5 × ( D_{tβ1} D_{tβ2} − 2 5 D_{tβ1} γ_{tβ2} D/_t ) q , (4) J^{†α,β,λ} 3,−,^5_2 = − √ 1 2 T^{α,β,λ; μ,ν,σ}h̄_v γ_{tμ}D_{tν} D_{tσ} q , (5) J^{†α}_{1,−, 12} = √ 1 2 h̄_vγ^α_t q , J^†_{0,−, 12} = √ 1 2 h̄_vγ_5q , (6)

J^{†α}_{1,+, 12} = √ 1 2 h̄_vγ^5γ^α_t q , (7)

J^{†α}_{1,+, 32} = √ 3 4 h̄_vγ^5(−i) ( D^α_t − 1 3 γ^α_t D/_t ) q , (8) J^{†α1 ,α2} 2,+,^3_2 = √ 1 2 h̄_v (−i) 2 × ( γ^{α1}_t D^{α2}_t + γ^{α2}_t D^{α1}_t − 2 3 g^{α1α2}_t D/_t ) q , (9)

where h_v is the heavy quark field in HQET and γ_{tμ} = γ_μ −v_μv/. The definitions of T^{α,β; μ,ν} and T^{α,β,λ; μ,ν,σ} are given in Appendix A.

We first study the two point sum rules for the (1^−, 2^−) and (2^−, 3^−) doublets. We consider the following correlation functions: i ∫ d^4x e^{ikx}⟨π|T (J^α_{1,−,} 3_2 (x)J^β_{1,−, 32} )|0⟩ = −g^{αβ}_t Π_{−,} 3_2 (ω) ,

(10) i ∫ d^4xe^{ikx}⟨π|T (J^{α1α2}_{2,−, 52} (x)J^{β1β2}_{2,−, 52} )|0⟩ = 1 2 (g^{α1β1}_t g^{α2β2}_t +g^{α1β2}_t g^{α2β1}_t − 2 3 g^{α1α2}_t g^{β1β2}_t )Π_{−,} 5_2 (ω) , (11)

where ω = 2v · k. At the hadron level,

Π_{P,j l} = f^2_{P,jl} 2Λ̄_{P,jl} − ω + · · · .

At the quark-gluon level it can be calculated with the leading order lagrangian in HQET. Invoking quarkhadron duality and making the Borel transformation, we get the following sum rules from eqs. (10) and (11)

f^2_{−,} 3_2 exp [ − 2Λ̄_{−,} 3_2 T ]

= 1 2^6π^2 ∫_{ωc} 0 ω^4e^{−ω/T} dω + 1 16 m^2_0 ⟨q̄q⟩ − 1 2^5 ⟨ α_s π G^2⟩T, f^2_{−,} 5_2 exp [ − 2Λ̄_{−,} 5_2 T ]

= 1 2^7 · 5π^2 ∫_{ωc} 0 ω^6e^{−ω/T} dω + 1 120 ⟨ α_s π G^2⟩T^3 . (12)

Here m^2_0 ⟨q̄q⟩ = ⟨q̄gσ_{μν} G^{μν} q⟩. Only terms of the lowest order in α_s and operators with dimension less than six have been included. For the^5_2^− doublet there is no mixing condensate due to the higher derivation.

We use the following values for the QCD parameters: ⟨q̄q⟩ = −(0.24 GeV)^3, ⟨α_sGG⟩ = 0.038 GeV^4, m^2_0 = 0.8 GeV^2.

Requiring that the high-order power corrections is less than 30% of the perturbation term without the cutoff ω_c and the contribution of the pole term is larger than 35% of the continuum contribution given by the perturbation integral in the region ω > ω_c, we arrive at the stability region of the sum rules ω_c = 3.2 − 3.6 GeV, T = 0.8 − 1.0 GeV.

The results for Λ̄’s are

Λ̄_{−, 32} = 1.42 ± 0.08 GeV , (13) Λ̄_{−, 52} = 1.38 ± 0.09 GeV . (14)

The errors are due to the variation of T and the uncertainty in ω_c. In Fig. 1 and 2, we show the variations of masses with T for different ω_c.

FIG. 1: The variation of the mass parameter Λ̄_{−,} 3_2 with the threshold ωc (in unit of GeV) for the^3_2^− doublet. The longdashed, short dashed and solid curves correspond to ωc=3.2, 3.4, 3.6 GeV respectively.

The masses of D wave mesons in the quark model are around 2.8 GeV for D meson and 6 GeV for B meson [10]. 1/m_Q correction may be quite important for D wave

FIG. 2: The variation of the mass parameter Λ̄_{−,} 5_2 with the threshold ωc (in unit of GeV) for the^5_2^− doublet. The longdashed, short dashed and solid curves correspond to ωc=3.2, 3.4, 3.6 GeV respectively.

heavy mesons, which will be investigated in a subsequent work.

In the following sections we also need the values of f’s:

f_{−,} 3_2 = 0.39 ± 0.03 GeV^{5/2} , (15)

f_{−,} 5_2 = 0.33 ± 0.04 GeV^{7/2} . (16)

III. SUM RULES FOR DECAY AMPLITUDES

Now let us consider the strong couplings of D wave doublets^3_2^− and^5_2^− with light hadrons. For the light quark being a u (or d) quark, the D wave heavy mesons decay to pion, while for the light quark being a strange quark, it can decay either to BK or B_sη. In the following we will denote the light hadron as pion and discuss all three cases. The strong decay amplitudes for D wave 1^− and 3^− states to ground doublet (0^−, 1^−) are M(B^{∗′}_1 → Bπ) = Iϵ^μq_{tμ}g(B^{∗′}_1 B) , M(B^{∗′}_1 → B^∗π) = I iϵ^{μνρσ} ϵ_μϵ^{′∗}_ν v_ρq_{tσ} g(B^{∗′}_1 B^∗) , M(B_3 → Bπ) = I ϵ^{αβλ}(q_{tα}q_{tβ} q_{tλ} − 1 6 q^2_t (g_{tαβ} q_{tλ} +g_{tαλ}q_{tβ} + 4 3 g_{tβλ}q_{tα}))g(B_3B) , M(B_3 → B^∗π) = I iϵ^{μνσα} ϵ_{αβλ} ϵ^∗_μ v_σ , × [ q_{tν} q^β_t q^λ_t − 1 6 q^2_t ( g^β_{tν} q^λ_t + g^λ_{tν} q^β_t + 4 3 g^{βλ}_t q_{tν} )] g(B_3B^∗) , (17)

where ϵ^{αβλ}, ϵ^μ, and ϵ^′_ν are polarizations of the D wave 3^−, 1^− states and ground 1^− state respectively. I = 1,^{1√}_2 for charged and neutral pion mesons respectively, while for the K and η mesons it equals one. g(B^{∗′}_1 B) etc are the coupling constants in HQET and are related to those in full QCD by

g^{full QCD}(B^{∗′}_1 B) = √ m_B∗′_1 m_B g^{HQET}(B^{∗′}_1 B) . (18)

Because of the heavy quark symmetry, the coupling constants in eq. (17) satisfy

g(B^{∗′}_1 B) = g(B^{∗′}_1 B^∗) , g(B^∗_3 B) = g(B^∗_3 B^∗) . (19)

In order to derive the sum rules for the coupling constants we consider the correlators

∫ d^4x e^{ik·x}⟨π(q)|T ( J^α_{1,−,} 3_2 (x)J^†_{0,−, 12} (0) ) |0⟩ = q^α_t I G_1(ω, ω^′) , (20) ∫ d^4x e^{ik·x}⟨π(q)|T ( J^α_{1,−,} 3_2 (x)J^{†β}_{1,+, 12} (0) ) |0⟩ = (q^α_t q^β_t − 1 3 g^{αβ}_t q^2_t )I G_2(ω, ω^′) , (21) ∫ d^4x e^{ik·x}⟨π(q)|T ( J^β_{1,+, 32} (x)J^{†α}_{1,−, 32} (0) ) |0⟩ = (q^α_t q^β_t − 1 3 g^{αβ}_t q^2_t )I G^d_3(ω, ω^′) + g^{αβ}_t IG^s_3 , (22) ∫ d^4x e^{ik·x}⟨π(q)|T ( J^α_{1,−,} 3_2 (x)J^{†α1 α2}_{2,−, 32} (0) ) |0⟩ = [ 1 2 (g^{αα1}_t q^{α2}_t + g^{αα2}_t q^{α1}_t ) − 1 3 g^{α1α2}_t q^α_t ] I G^p_4(ω, ω^′) + [ q^α_t q^{α1}_t q^{α2}_t − 1 6 q^2_t (g^{αα1}_t q^{α2}_t + g^{αα2}_t q^{α1}_t + 4 3 g^{α1 α2}_t q^α_t ) ] I G^f_4 (ω, ω^′) , (23)

for the j^P_ℓ =^3_2^− doublet; ∫ d^4x e^{ik·x}⟨π(q)|T ( J^{αβλ}_{3,−, 52} (x)J^†_{0,−, 12} (0) ) |0⟩ = [ q^α_t q^β_t q^λ_t − 1 6 q^2_t (g^{αβ}_t q^λ_t + g^{αλ}_t q^β_t + 4 3 g^{βλ}_t q^α_t ) ] I G_5(ω, ω^′) , (24) ∫ d^4x e^{ik·x}⟨π(q)|T ( J^{αβ}_{2,−, 52} (x)J^†_{0,+, 12} (0) ) |0⟩ = (q^α_t q^β_t − 1 3 g^{αβ}_t q^2_t )I G_6(ω, ω^′) , (25)

4 ∫ d^4x e^{ik·x}⟨π(q)|T ( J^{αβ}_{2,−, 52} (x)J^{†γ}_{1,+, 32} (0) ) |0⟩ = 1 2 i(ϵ^{βγμν} q^α_t + ϵ^{αγμν} q^β_t )q_{tμ}v_ν I G_7(ω, ω^′) , (26) ∫ d^4x e^{ik·x}⟨π(q)|T ( J^{αβ}_{2,−, 52} (x)J^{†λ}_{1,−, 32} (0) ) |0⟩ = [ 1 2 (g^{αλ}_t q^β_t + g^{βλ}_t q^α_t ) − 1 3 g^{αβ}_t q^λ_t ] I G^p_8(ω, ω^′) + [ q^α_t q^β_t q^λ_t − 1 6 q^2_t (g^{αλ}_t q^β_t + g^{βλ}_t q^α_t + 4 3 g^{αβ}_t q^λ_t ) ] I G^f_8 (ω, ω^′) , (27) ∫ d^4x e^{ik·x}⟨π(q)|T ( J^{αβ}_{2,−, 52} (x)J^{†μνσ}_{3,−, 52} (0) ) |0⟩ = T^gI G^g_9(ω, ω^′) + T^f I G^f_9 (ω, ω^′) + T^{p1}I G^{p1}_9 (ω, ω^′)

+T^{p2}I G^{p2}_9 (ω, ω^′) , (28)

for the j^P_ℓ =^5_2^− doublet, where k^′ = k + q, ω = 2v · k, ω^′ = 2v · k^′. Note that the two P wave couplings between (2, −,^5_2 ) and (3, −,^5_2 ) in eq. (28) are not independent and satisfy the relation g^{p2}_9 = −^1_3 g^{p1}_9 .

First let us consider the function G_1(ω, ω^′) in eq. (20). As a function of two variables, it has the following pole terms from the double dispersion relation

f_{−,} 1_2 f_{−,} 3_2 g_1 (2Λ̄_{−,} 1_2 − ω^′)(2Λ̄_{−,} 3_2 − ω) + c 2Λ̄_{−,} 1_2 − ω^′ + c^′ 2Λ̄_{−,} 3_2 − ω , where f_{P,jℓ} denotes the decay constant defined in eq. (1). Λ̄_{P,jℓ} = m_{P,jℓ} − m_Q. We calculate the correlator (20) on the light-cone to the leading order of O(1/m_Q). The expression for G_1(ω, ω^′) reads − √ 6 8 i ∫_∞ 0 dt ∫ dxe^{ikx}δ(x − vt)Tr [ (D^t_α − 1 3 γ^t_αD/^t) ×(1 + v/)γ_5⟨π(q)|u(0)d̄(x)|0⟩ ] . (29)

The pion (or K/η) distribution amplitudes are defined as the matrix elements of nonlocal operators between the vacuum and pion state. Up to twist four they are [20, 21]: ⟨π(q)|d̄(x)γ_μγ_5u(0)|0⟩ = −if_πq_μ ∫_1 0 du e^{iuqx} [ φ_π(u) + 1 16 m^2_πx^2A(u) ] − i 2 f_πm^2_π x_μ qx ∫_1 0 du e^{iuqx}B(u) , ⟨π(q)|d̄(x)iγ_5u(0)|0⟩ = f_πμ_π ∫_1 0 du e^{iuqx}φ_P (u) , ⟨π(q)|d̄(x)σ_{μν} γ_5u(0)|0⟩ = i 6 (q_μx_ν − q_ν x_μ)f_πμ_π × ∫_1 0 du e^{iuqx}φ_σ (u) . (30) The expressions for the light cone wave functions φ_π(u) etc are presented in Appendix B together with the relevant parameters for π, K and η.

Expressing eq. (29) with the light cone wave functions, we get the expression for the correlator function in the quark-gluon level

G_1(ω, ω^′) = −i √ 6 12 f_π ∫_∞ 0 dt ∫_1 0 due^{i(1−u) ωt2} e^{iu ω′ t2} u × { i t [uφ_π(u)]^′ + 1 16 m^2_π[uA(u)]^′ + 1 2 B(u) [ iu q · v − 1 (q · v)^2t ] + μ_πuφ_p(u) + 1 6 μ_πφ_σ (u) } + · · · . (31)

After performing wick rotation and double Borel transformation with the variables ω and ω^′ the single-pole terms in eq. (29) are eliminated and we arrive at the following result:

g_1f_{−,} 1_2 f_{−,} 3_2 = √ 6 6 f_π exp

[ Λ_{−, 12} + Λ_{−, 32} T ]{ 1 2 [uφ_π(u)]^′ T^2f_1 (ω_c T )

− 1 8 m^2_π[uA(u)]^′ + m^2_π[G_1(u) + G_2(u)] −μ_π[uφ_P (u) + 1 6 φ_σ (u)]T f_0 ( ω_c T )}| | |_{u=u0} , (32)

where u_0 =^{T1}_{T1+T2} , T =^{T1T2}_{T1 +T2} . T_1, T_2 are the Borel pa-

rameters, and f_n(x) = 1 − e^{−x n} ∑ k=0 x^k k! . The factor f_n is

used to subtract the integral ∫_∞ ω_c s ne^{− sT} ds as a contribution of the continuum. The sum rules we have obtained from the correlators (20)-(28) are collected in Appendix C together with the definitions of G_1 etc.

IV. NUMERICAL RESULTS

For the ground states and P wave heavy mesons, we will use [17, 18]:

Λ̄_{−, 12} = 0.5 GeV , f_{−, 12} = 0.25 GeV^{3/2} ,

Λ̄_{+, 12} = 0.85 GeV , f_{+, 12} = 0.36 ± 0.10 GeV^{1/2} ,

Λ̄_{+, 32} = 0.95 GeV , f_{+, 32} = 0.26 ± 0.06 GeV^{5/2} .

The mass parameters and decay constants for the D wave doublets have been obtained in section II from the two point sum rule:

Λ̄_{−, 32} = 1.42 GeV , f_{−, 32} = 0.39 ± 0.03 GeV^{5/2} ,

Λ̄_{−, 52} = 1.38 GeV , f_{−, 52} = 0.33 ± 0.04 GeV^{7/2} .

We choose to work at the symmetric point T_1 = T_2 = 2T , i.e., u_0 = 1/2 as traditionally done in literature [15]. The working region for T can be obtained by requiring that the higher twist contribution is less than 30% and the continuum contribution is less than 40% of the whole sum rule, we then get ω_c = 3.2−3.6 GeV and the working region 2.0 < T < 2.5 GeV for eqs. (C2), (C6) and (C12) in Appendix C and 1.2 < T < 2.0 GeV for others. The working regions for the first three sum rules are higher than that for the others because there are zero points between 1 and 2 GeV for them and stability develops only for T above 2 GeV. From eq. (32) the coupling reads

g_{1π}f_{−,} 1_2 f_{−,} 3_2 = (0.17 ± 0.04) GeV^3 . (33)

We use the central values for the mass parameters and the error is due to the variation of T and the uncertainty of ω_c. The central value corresponds to T = 1.6 GeV and ω_c = 3.4 GeV. There is cancelation between the twist 2 and twist 3 contributions in the sum rule.

For D wave heavy mesons with a strange quark, the couplings can be obtained by the same way. Notice that in the η case, f_π should be replaced by −^{2√}_6 f_η due to the quark components of η meson, where f_η = 0.16 GeV is the decay constant of η meson. From eq. (32) we can get the couplings between the ground state doublet and D wave doublet with a strange quark,

g_{1K} f_{−,} 1_2 f_{−,} 3_2 = (0.19 ± 0.06) GeV^3 ,

g_{1η} f_{−,} 1_2 f_{−,} 3_2 = (0.28 ± 0.06) GeV^3 . (34)

The couplings between the^3_2^− and^5_2^− doublets and other doublets are collected in Table I. We can see that the SU(3)_f breaking effect is not very big here. 3 2 − 1 2 − 1 2 + 3 2 + d 3 2 + s 3 2 − f 3 2 − p π 0.17 0.086 0.16 0.10 0.056 0.071 K 0.19 0.09 0.24 0.18 0.057 0.10 η 0.28 0.046 0.22 0.11 0.030 0.078 5 2 − 1 2 − 1 2 + 3 2 + 3 2 − f 3 2 − p 5 2 − g 5 2 − f 5 2 − p π 0.11 0.36 0.072 0.13 0.12 0.015 0.05 0.01 K 0.14 0.48 0.083 0.11 0.16 0.015 0.09 0.02 η 0.12 0.42 0.074 0.10 0.14 0.008 0.08 0.01

TABLE I: The pionic couplings between^3_2^− and^5_2^− doublets and other doublets. The values are the product of coupling constants and the decay constants of initial and final heavy mesons.

With the central values of f’s, we get the absolute values of the coupling constants:

g_{1π} = (1.74 ± 0.43) GeV^{−1} , g_{1K} = (1.95 ± 0.63) GeV^{−1} , g_{1η} = (2.87 ± 0.65) GeV^{−1} . (35)

For the^5_2^− doublet we have

g_{5π} = (1.33 ± 0.29) GeV^{−3} , g_{5K} = (1.70 ± 0.42) GeV^{−3} , g_{5η} = (1.45 ± 0.30) GeV^{−3} . (36)

We do not include the uncertainties due to f’s here.

We can also extract the mass parameter from the strong coupling formulas obtained in the last section. By putting the exponential factor on the left side of eq. (C6) and differentiating it, one obtains

Λ̄_{−, 32} = T^2 2 d[φ_π (u_0)T f_0(^{ωc}_T ) −^1_4 m^2_πA(u_0)^1_T ]/dT [φ_π (u_0)T f_0(^{ωc}_T ) −^1_4 m^2_πA(u_0)^1_T −^1_3 μ_πφ_σ (u_0)] . (37) With ω_c = 3.2−3.6 and the working region 2.0 < T < 2.5 GeV, we get

Λ̄_{1,−, 32} = 1.36 − 1.56 GeV , (38)

which is consistent with the value obtained by two point sum rule. We present the variation of mass with T and ω_c in Fig. 3.

FIG. 3: The variation of the mass parameter Λ̄_{−,} 3_2 with

the threshold ωc (in unit of GeV) for the^3_2^− doublet from LCQSR. The long-dashed, short dashed and solid curves correspond to ωc=3.2, 3.4, 3.6 GeV respectively.

V. STRONG DECAY WIDTHS FOR D WAVE HEAVY MESONS

Having calculated the coupling constants, one can obtain the pionic decay widths of D wave heavy mesons.

The widths for D wave states decaying to 0^−, 1^−, 1^+ states are

Γ(B^{∗′}_1 → B^0π^−) = 1 24π M_B M_B∗′_1 g^2_1 |p_1|^3 ,

Γ(B^{∗′}_1 → B^{∗0}π^−) = 1 12π M_B∗ M_B∗′_1 g^2_1 |p_1|^3 ,

Γ(B^{∗′}_1 → B^0_1 π^−) = 1 36π M_{B1} M_B∗′_1 g^2 |p_1|^5 ,

Γ(B^∗_2 → B^{∗0}π^−) = 1 36π M_B∗ M_{B2} g^2_1 |p_1|^3 ,

Γ(B_3 → B^0π^−) = 1 140π M_B M_{B3} g^2_5|p_1|^7 ,

Γ(B_3 → B^{∗0}π^−) = 1 105π M_B∗ M_{B3} g^2_5 |p_1|^7 , (39)

where |p_1| is the moment of final state π. Note that

g(B^∗_2 B^∗) =

√_2 3 g(B^{∗′}_1 B^∗) =

√_2 3 g_1.

A. Nonstrange case

We take 2.8 GeV and 6.2 GeV for the masses of D wave charmed and bottomed mesons respectively. M_D = 1.87 GeV, M_D∗ = 2.01 GeV, M_{D1} = 2.42 GeV, M_B = 5.28 GeV, M_B∗ = 5.33 GeV [19] and M_{B1} = 5.75 GeV from quark model prediction [10]. After summing over the charged and neutral modes, we get the results listed in Table II. Dπ D^∗π D1π D^∗π D^{∗′}_1 → 9-27 13-39 0.2 D^∗_2 → 5-13 Bπ B^∗π B1π B^∗π B^{∗′}_1 → 16-46 27-79 0.3 B^∗_2 → 9-27

TABLE II: The decay widths (in unit MeV) of the charmed and bottomed D wave (1^−, 2^−) to ground doublets and π.

B. Strange case

We use M_{Ds} = 1.97 GeV, M_D∗_s = 2.11 GeV, M_{Bs} = 5.37 GeV, M_B∗_s = 5.41 GeV [19]. Then for the charmstrange sector we have Table III. We do not consider the DK^∗ mode and three-body modes in the present work.

For the 2^−, 3^− states with j_ℓ =^5_2 , we find that the widths are quite small and the branching fraction is perhaps more useful. In the charm-strange sector the ratio of widths (central values) for DK, D^∗K, D_sη and D^∗η modes is 1 : 0.4 : 0.1 : 0.02.

DK D^∗K Dsη D^∗_s η D^{∗′}_{s1} → 8-28 10-48 8-22 8-20 D^∗_{s2} → 4-16 3-7 BK B^∗K Bsη B^∗_s η B^{∗′}_{s1} → 12-52 18-84 11-27 16-42 B^∗_{s2} → 6-28 6-14

TABLE III: The decay widths (in unit MeV) of the charmstrange and bottom-strange D wave (1^−, 2^−) to ground doublets and K/η.

VI. CONCLUSION

In this work we extract the mass and decay constants using the traditional two point sum rule and calculate the strong couplings of D wave heavy meson doublets with light hadrons π, K and η using LCQSR in the leading order of HQET. We also extract the mass parameter from LCQSR for the coupling within the same D wave doublet. The extracted mass parameters from two approaches are consistent with each other. We then calculate the widths of D wave heavy mesons decaying to light hadrons.

We have not considered the 1/m_Q correction and radiative corrections. Heavy quark expansion works well for B mesons where the 1/m_b correction is under control and not so large. However, the 1/m_c correction is not so small for the charmed mesons. It will be desirable to consider both the 1/m_Q and radiative corrections in the future investigation.

According to our present calculation, the ratios such as^{Γ(DsJ (2860)→DK)}

Γ(D_{sJ} (2860)→D_s η) are useful in distinguishing various

interpretations of D_{sJ} (2860) and D_{sJ} (2715). Treating D_{sJ} (2860) as a D wave 1^− state, we find the above ratio is 0.4 − 2.2. If it is the radial excitation of D^∗_s , this ratio is 0.09 [8].

The pionic widths of D wave states are not very large. With a mass of 2.86 GeV, the partial decay width of the 1^− D wave D_s state into DK and Dη modes is 34 − 118 MeV. With a mass of 2.715 GeV its pionic width is 15−57 MeV. Note that DK^∗ modes may be equally important. So detection of other decay channels, such as D_sη and D^∗K modes, will be very helpful in the classification of these new states.

Acknowledgments: W. Wei thanks P. Z. Huang for discussions. This project is supported by the National Natural Science Foundation of China under Grants 10375003, 10421503 and 10625521, Ministry of Education of China, FANEDD and Key Grant Project of Chinese Ministry of Education (NO 305001). X.L. thanks the support from the China Postdoctoral Science Foundation (NO 20060400376).

7 APPENDIX A

The T^{α,β; μ,ν} and T^{α,β,λ; μ,ν,σ} are defined as T^{α,β; μ,ν} = 1 2 (g^{αμ}g^{βν} + g^{α,ν} g^{β,μ}) − 1 3 g^{αβ}_t g^{μν}_t , T^{α,β,λ; μ,ν,σ} = 1 6 (g^{αμ}g^{βν} g^{λσ} + g^{αμ}g^{βσ}g^{λβ} + g^{αν} g^{βμ}g^{λσ} + g^{αν} g^{βσ}g^{λμ} + g^{ασ}g^{βμ}g^{λν} + g^{ασ} g^{βν} g^{λμ}) − 1 9 (g^{αβ}_t g^{μν}_t g^{λσ}_t + g^{αλ}_t g^{μν}_t g^{βσ}_t + g^{βλ}_t g^{μν}_t g^{ασ}_t ) . The tensor structures for G wave, F wave and two P wave decays in eq. (28) for the coupling between the two^5_2^− state are T^g = T^{μ,ν,σ;μ1 ,ν1,σ1} T^{α,β;α1,β1} q_{μ1} q_{ν1} q_{σ1} q_{α1} q_{β1} , T^f = 1 3 {[ q^μ_t q^α_t q^β_t − 1 6 q^2_t (g^{μα}_t q^β_t + g^{μβ}_t q^α_t + 4 3 g^{αβ}_t q^μ_t ) ] g^{νσ}_t + (μ, ν, σ) } , T^{p1} = 1 6 [ g^{μα}_t g^{νσ}_t q^β_t + g^{μβ}_t g^{νσ}_t q^α_t + (μ, ν, σ) ] , T^{p2} = 1 3 (q^μ_t g^{νσ}_t + q^ν_t g^{μσ}_t + q^σ_t g^{μν}_t )g^{αβ}_t .

APPENDIX B

The distribution amplitudes φ_π etc can be parameterized as [20, 21]

φ_π(u) = 6uū [ 1 + a_1C^{3/2}_1 (ζ) + a_2C^{3/2}_2 (ζ) ] , ϕ_p(u) = 1 + [ 30η_3 − 5 2 ρ^2_η ] C^{1/2}_2 (ζ) + [ − 3η_3ω_3 − 27 20 ρ^2_η − 81 10 ρ^2_ηa_2 ] C^{1/2}_4 (ζ) , ϕ_σ (u) = 6u(1 − u) { 1 + ( 5η_3 − 1 2 η_3ω_3 − 27 20 ρ^2_η − 3 5 ρ^2_ηa_2 )} C^{3/2}_2 (ζ) ,

g_π(u) = 1 + [ 1 + 18 7 a_2 + 60η_3 + 20 3 η_4 ] C^{1/2}_2 (ζ) + [ − 9 28 a_2 − 6η_3ω_3 ] C^{1/2}_4 (ζ) , A(u) = 6uū { 16 15 + 24 35 a_2 + 20η_3 + 20 9 η_4 + [ − 1 15 + 1 16 − 7 27 η_3ω_3 − 10 27 η_4 ] C^{3/2}_2 (ζ) + [ − 11 210 a_2 − 4 135 η_3ω_3 ] C^{3/2}_4 (ζ) } + ( − 18 5 a_2 + 21η_4ω_4 ) { 2u^3(10 − 15u + 6u^2) ln u + 2ū^3(10 − 15ū

+6ū^2) ln ū + uū(2 + 13uū) } , (B1)

where ū ≡ 1 − u, ζ ≡ 2u − 1. C^{3/2,1/2}_{1,2} (ζ) are Gegenbauer polynomials. Here g_π(u) = B(u)+φ_π (u). a^{π,η}_1 = 0, a^K_1 = 0.06, a^{π,K,η}_2 = 0.25, η^{π,K}_3 = 0.015, η^η_3 = 0.013, ω^{π,K,η}_3 = −3, η^π_4 = 10, η^K_4 = 0.6, η^η_4 = 0.5, ω^{π,K,η}_4 = 0.2. ρ^2_π etc give the mass corrections and are defined as ρ^2_π =

(m_u+m_d)^2

m^2_π , ρ 2 K =^{m2s}_{m2K} , ρ^2_η =^{m2s}_{m2η} . m_s = 0.125 GeV. μ_π =

m^2_π m_u+m_d (1 − ρ 2 π), μ_{K,η} =^{m2K,η}_{ms} (1 − ρ^2_{K,η}). f_π = 0.13 GeV, f_K = 0.16 GeV, f_η = 0.156 GeV. All of them are scaled at μ = 1 GeV.

APPENDIX C

In this appendix we collect the sum rules we have obtained for the strong couplings of D wave heavy doublets with light hadrons.

g_1f_{−,} 1_2 f_{−,} 3_2 = √ 6 6 f_π exp [ Λ_{−, 1} 2 + Λ_{−,} 3_2 T ]{ 1 2 [uφ_π(u)]^′ T^2f_1 (ω_c T ) − 1 8 m^2_π[uA(u)]^′ + m^2_π[G_1(u) + G_2(u)] −μ_π [ uφ_P (u) + 1 6 φ_σ (u) ] T f_0 ( ω_c T )}| | |_{u=u0} , (C1)

g_2f_{+,} 1_2 f_{−,} 3_2 = √ 6 4 f_π exp

[ Λ_{+, 1} 2 + Λ_{−,} 3_2 T ] u { φ_π (u)T f_0 (ω_c T ) − 1 4 m^2_πA(u) 1 T − 1 3 μ_πφ_σ (u) }| | |_{u=u0} , (C2)

g^d_3 f_{+,} 3_2 f_{−,} 3_2 = 1 8 f_π exp

[ Λ_{+, 3}

2 + Λ_{−,} 3_2 T ]{ [(u(1 − u)φ_π(u)]^′ T^2f_1 ( ω_c T ) − 1 4 m^2_π[(u(1 − u)A(u)]^′

+2m^2_π [ G_3(u) + G_4(u) + 2G_5(u) ] + 2μ_π [ u(1 − u)φ_p(u) + 1 6 φ_σ (u) ] T f_0 (ω_c T )}| | |_{u=u0} , (C3) g^s_3f_{+,} 3_2 f_{−,} 3_2 = − 1 48 f_π exp

[ Λ_{+, 3}

2 + Λ_{−,} 3_2 T ]{ [(u(1 − u)φ_π(u)]^{′′′} T^4f_3 ( ω_c T ) + 2μ_π [( u(1 − u)φ_p(u) )′′

+ 1 6 φ_σ (u)^{′′} ] T^3f_2 ( ω_c T ) − m^2_π [ 4 ( u(1 − u)φ_π(u) )′ + 1 4 ( u(1 − u)A(u) )′′′

+ 3 2 A(u)^′ − 2(1 − 2u)B(u) − 2 ( u(1 − u)B(u) )′ − 4G_6(u) ] T^2f_1 (ω_c T )

−8m^2_πμ_π [ u(1 − u)φ_p(u) + 1 6 φ_σ (u) ] T f_0 ( ω_c T )}| | |_{u=u0} , (C4)

g^p_4 f_{−,} 3_2 f_{−,} 3_2 = √ 6 96 f_π exp [ Λ_{−, 3} 2 + Λ_{−,} 3_2 T ]{ m^2_πA(u)T f_0 (ω_c T ) − 2 3 μ_π [ (1 − u)φ_σ (u) ]′ T^2f_1 (ω_c T )}| | u=u_0 , (C5)

g^f_4 f_{−,} 3_2 f_{−,} 3_2 = √ 6 4 f_π exp [ Λ_{−, 3} 2 + Λ_{−,} 3_2 T ] u(1 − u) { φ_π (u)T f_0 (ω_c T ) − 1 4T m^2_πA(u) − 1 3 μ_π φ_σ (u) }| | |_{u=u0} , (C6)

g_5f_{−,} 1_2 f_{−,} 5_2 = 1 2 f_π exp [ Λ_{−, 3} 2 + Λ_{−,} 3_2 T ] u^2 { φ_π (u)T f_0 (ω_c T ) − 1 4T m^2_πA(u) + 1 3 μ_πφ_σ (u) }| | |_{u=u0} , (C7)

g_6f_{+,} 1_2 f_{−,} 5_2 = − √ 15 20 f_π exp

[Λ_{+, 1}

2 + Λ_{−,} 5_2 T ]{ [ u^2φ_π(u) ]′ T^2f_1 ( ω_c T ) − 1 4 m^2_π [ u^2A(u) ]′

− 1 2 m^2_π [ G_7(u) + 2G_8(u) + 2G_5(u) ] + 2μ_πu [ uφ_p(u) + 1 3 φ_σ (u) ] T f_0 ( ω_c T )}| | |_{u=u0} , (C8)

g_7f_{+,} 3_2 f_{−,} 5_2 = − √ 10 30 f_π exp

[ Λ_{+, 32} + Λ_{−, 52} T ]{ − 1 4 [ u^2(1 − u)φ_π(u) ]′′ T^3f_2 (ω_c T ) − 1 12 μ_π [ 7 ( u(1 − 2 7 u)φ_σ (u) )′

+ ( u^2(1 − u)φ_σ(u) )′′ ] T^2f_1 (ω_c T ) + m^2_π [ u^2(1 − u)φ_π(u) + 7 8 uA(u) + 1 16 ( u^2(1 − u)A(u) )′′ ] T f_0 (ω_c T ) + 1 3 m^2_πμ_πu^2(1 − u)φ_σ (u) }| | |_{u=u0} , (C9)

g^p_8 f_{−,} 3_2 f_{−,} 5_2 = √ 10 18 f_π exp

[ Λ_{−, 32} + Λ_{−, 52} T ]{ 1 8 [ u^2(1 − u)φ_π(u) ]′′′ T^4f_3 ( ω_c T ) + 1 4 μ_π [( u^2(1 − u)φ_p(u) )′′

+ 1 3 ( u(1 − 5 2 u)φ_σ (u) )′′ ] T^3f_2 ( ω_c T ) − 1 2 m^2_π [( u^2(1 − u)φ_π(u) )′ + 27 40 ( uA(u) )′

+ 1 16 ( u^2(1 − u)A(u) )′′′ − 1 5 u ( 1 − 3 2 u ) B(u) − 1 2 ( u^2(1 − u)B(u) )′ − G_9(u) + 9 5 G_2(u) ] T^2f_1 (ω_c T ) − m^2_πμ_π [ u^2(1 − u)φ_p(u) + 1 3 ( 1 − 5 2 u ) φ_σ (u) ] T f_0 (ω_c T )}| | |_{u=u0} , (C10)

g^f_8 f_{−,} 3_2 f_{−,} 5_2 = √ 10 15 f_π exp

[ Λ_{1,−, 32} + Λ_{2,−, 52} T ]{ − 1 2 [ u^2(1 − u)φ_π (u) ]′ T^2f_1 ( ω_c T ) + 1 8 m^2_π [ u^2(1 − u)A(u) ]′ +m^2_π [ G_{10}(u) − 2G_{11}(u) + 2G_{12}(u) − 6G_{13}(u) ] −μ_πu(1 − u) [ uφ_p(u) + 1 12 φ_σ (u) ] T f_0 ( ω_c T )}| | |_{u=u0} , (C11) g^g_9 f^2_{−,} 5_2 = √ 15 6 f_π exp

[ Λ_{−, 52} + Λ_{−, 52} T ] u^2(1 − u)^2 { φ_π (u)T f_0 (ω_c T ) − 1 4 m^2_πA(u) 1 T − 1 3 μ_πφ_σ (u) }| | u=u_0 , (C12)

g^f_9 f^2_{−,} 5_2 = √ 15 45 f_π exp

[ Λ_{−, 52} + Λ_{−, 52} T ]{ − 1 4 [ u^2(1 − u)^2φ_π(u) ]′′ T^3f_2 ( ω_c T ) + 1 12 μ_π [( u^2(1 − u)^2φ_σ (u) )′′ , − 3 8 ( u(1 − u)^2φ_σ (u) )′ ] T^2f_1 (ω_c T ) + m^2_π [ u^2(1 − u)^2φ_π (u) − 1 8 u(3 + 7u)A(u) −3 ( G_{10}(u) + 2G_{11}(u) + 2G_{12}(u) − 6G_{13}(u) )] T f_0 ( ω_c T ) − 1 3 m^2_πμ_π u^2(1 − u)^2φ_σ (u) }| | |_{u=u0} , (C13)

g^{p1}_9 f^2_{−,} 5_2 = − √ 15 45 f_π exp

[ Λ_{2,−, 52} + Λ_{3,−, 52} T ]{ 1 24 μ_π [ u^2(1 − u)φ_σ (u) ]′′′ T^4f_3 ( ω_c T )

− 1 8 m^2_π [ 3 2 (u(1 − 2u)A(u))^{′′} + u(2 − 3u)B(u) + ( u^2(1 − u)B(u) )′

+2G_9(u) − 6G_2(u) ] T^3f_2 (ω_c T ) − 1 6 m^2_πμ_π [ u^2(1 − u)^2φ_σ (u) ]′ T^2f_1 ( ω_c T )}| | |_{u=u0} , (C14)

The G’s are defined as integrals of light cone wave function B(u)

G_1(u) ≡ ∫_u 0 tB(t)dt, G_2(u) ≡ ∫_u 0 dx ∫_x 0 B(t)dt , G_3(u) ≡ ∫_u 0 t(1 − t)B(t)dt, G_4(u) ≡ ∫_u 0 dx ∫_x 0 (1 − 2t)B(t)dt , G_5(u) ≡ ∫_u 0 dx ∫_x 0 dy ∫_y 0 B(t)dt , G_6(u) ≡ ∫_u 0 B(t)dt , G_7(u) ≡ ∫_u 0 t^2B(t)dt , G_8(u) ≡ ∫_u 0 dx ∫_x 0 tB(t)dt , G_9(u) ≡ ∫_u 0 (1 − 3t)B(t)dt , G_{10}(u) ≡ ∫_u 0 t^2(1 − t)B(t)dt , G_{11}(u) ≡ ∫_u 0 dx ∫_x 0 t(1 − 3 2 t)B(t)dt , G_{12}(u) ≡ ∫_u 0 dx ∫_x 0 dy ∫_y 0 (1 − 3t)B(t)dt , G_{13}(u) ≡ ∫_u 0 dx ∫_x 0 dy ∫_y 0 dz ∫_z 0 B(t)dt .

[1] BABAR Collaboration, B. Aubert et al., arXiv:

hep-ex/0607082.

[2] Belle Collaboration, K. Abe et al., arXiv:

hep-ex/0608031.

[3] E.V. Beveren and G. Rupp, Phys. Rev. Lett. 97, 202001 (2006).

[4] F.E. Close, C.E. Thomas, O. Lakhina and E.S. Swanson, arXiv: hep-ph/0608139.

[5] P. Colangelo, F.D. Fazio and S. Nicotri, Phys. Lett. B 642, 48 (2006).

[6] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).

[7] M.A. Nowak, M. Rho, I. Zahed, Acta Phys. Polon. B 35, 2377 (2004).

[8] B. Zhang, X. Liu, W. Deng and S.L. Zhu, arXiv:

hep-ph/0609013.

[9] B. Grinstein, Nucl. Phys. B 339, 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. B 343, 1 (1990); F. Hussain, J.G. Körner, K. Schilcher, G. Thompson and Y.L. Wu, Phys. Lett. B 249, 295 (1990); J.G. Körner and G. Thompson, Phys. Lett. B 264, 185 (1991).

[10] A. Le Yaouanc, L. Oliver, O, Pène and J.C. Raynal, Phys.

Rev. D 8, 2223 (1973); D 11, 1272 (1975); S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985); E.J. Eichten, C.T. Hill and C. Quigg, Phys. Rev. Lett. 71, 4116 (1993).

[11] P. Colangelo, F.D. Fazio and G. Nardulli, Phys. Lett. B 478, 408 (2000).

[12] F.E. Close, E.S. Swanson, Phys. Rev. D 72, 094004 (2005).

[13] I.I. Balitsky, V.M. Braun and A.V. Kolesnichenko, Nucl.

Phys. B 312, 509 (1989); V.M. Braun and I.E. Filyanov, Z. Phys. C 44, 157 (1989) ; V.L. Chernyak and I.R. Zhitnitsky, Nucl. Phys. B 345, 137 (1990).

[14] M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Nucl.

Phys. B 174, 385, 448, 519 (1979).

[15] V.M. Belyaev, V.M. Braun, A. Khodjamirian and R.

Rückl, Phys. Rev. D 51, 6177 (1995); P. Colangelo et al., Phys. Rev. D 52, 6422 (1995); T.M. Aliev, N.K. Pak and M. Savci, Phys. Lett. B 390, 335 (1997) ; P. Colangelo and F.D. Fazio, Eur. Phys. J. C 4, 503 (1998); Y.B.

Dai and S.L. Zhu, Eur. Phys. J. C 6, 307 (1999); Y.B. Dai et al., Phys. Rev. D 58, 094032 (1998); Erratumibid. D 59, 059901 (1999); W. Wei, P.Z. Huang and S.L. Zhu, Phys. Rev. D 73, 034004 (2006).

[16] 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).

[17] E. Bagan, P. Ball, V.M. Braun and H.G. Dosch, Phys.

Lett. B 278, 457 (1992); M. Neubert, Phys. Rev. D 45, 2451 (1992); D.J. Broadhurst and A.G. Grozin, Phys. Lett. B 274, 421 (1992).

[18] S.L. Zhu and Y.B. Dai, Mod. Phys. Lett. A 14, 2367 (1999).

[19] Particle Data Group, W.M. Yao et al., J. Phys. G 33, 1 (2006).

[20] P. Ball, JHEP 9901, 010 (1999).

[21] P. Ball, V. Braun and A. Lentz, JHEP 0605, 004 (2006).