arXiv:1307.3633v2 [hep-ph] 16 Jul 2013

Strong coupling constant of vector bottomonium to the pseudoscalar and vector B_c mesons via QCD sum rules

A. Abbasi^{†1} ,V. Bashiry^{∗2} †Department of Physics, Eastern Mediterranean University, G. Magusa, North Cyprus, Mersin 10, Turkey.

∗Cyprus International University, Faculty of Engineering, Nicosia, Northern Cyprus, Mersin 10, Turkey 1e-mail: akbar.abbasi@emu.edu.tr 2e-mail:bashiry@ciu.edu.tr

The strong coupling constant g_{ΥB}ps_{c B}V_c is evaluated using the three-point QCD sum rules. The correlation functions used to calculate these strong coupling constants contain contributions of both B^V_c and B^{ps}_c mesons as off-shell states with contributions of two gluon condensates as a radiative corrections. The results, g_{ΥB}V_{c B}P S_c = 1.67 ± 0.52 GeV^{−1} for B^{P s}_c off-shell and g_{ΥB}P S_{c B}V_c = (0.87 ± 0.25) GeV^{−1} for B^V_c off-shell are calculated for the relevant couplings.

PACS numbers: 11.55.Hx, 13.75.Lb, 13.25.Ft, 13.25.Hw

I. INTRODUCTION

As a result of the fact that the golden age for quarkonium physics has passed, not only the exciting advances in quantum chromodynamics (QCD) improves our calculation tools but also explosion of related experimental activities (see for instance [1–3]) have increased our knowledge related to the properties of quarkonium including the mass , decay constant, form factor of transitions and spectrum [4]-[12].

Heavy quarkonium like bottomonium is specially important. It can have many bound states and decay channels used to study and determine different parameters of Standard Model(SM) and QCD. In particular, measurements of bottomonium masses[13], total widths, coupling constants[14–17] branching ratio can serve as benchmarks for the low energy predictions of QCD.

In this work, we evaluate the strong coupling constants, g_{ΥB}V_{c B}P S_c in the framework of three-point QCD sum rules. We consider contributions when one of the B^V_c and B^{P S}_c mesons is off-shell state.We also include two gluon condensate diagrams as radiative corrections.

These coupling constants help us to describe the intermediate state of two body decay of Υ meson into B^V_c and B^{P S}_c mesons. These intermediate states decay into the final stats with the exchange of virtual mesons. Note that, without understanding the mechanism of intermediate states we are not able to analyze the results of ongoing experiments properly. To obtain the precise information about such transitions it is necessary to know the coupling constants of participating mesons. Hence, we have to get information about the mass and decay constant of the participating particles before calculating the strong coupling constants. It is worth mentioning that the masses can be obtained by means of the experimental results i.e, the Particle Data Group[18]. The decay constants, on the other hand, can be calculated theoretically via different non-perturbative methods. The generic formulas for both mass and decay constants of vector, axial-vector, pseudoscalar and scalar mesons can be found in ref.[12]. The determination of the strong coupling constants for the heavy-heavy-heavy mesons is important. However, these interactions are in a region of QCD where the non-perturbative methods must be used. Therefore, we applied QCD sum rules [19] as non-perturbative approaches. This powerful method has been widely used for calculating the form factors and coupling consultant of various decay modes. For instance , the coupling constants, D^∗D_sK, D^∗_s DK [20, 21], D_0D_sK, D_{s0}DK [21], D^∗Dρ [22], D^∗Dπ [23, 24], DDρ [25], DDJ/ψ [26], D^∗DJ/ψ [27], D^∗D^∗π [28, 29], D^∗D^∗J/ψ [30], D_sD^∗K, D^∗_s DK [31], DDω [32], D^∗D^∗ρ [33], B_{s0}BK, B_{s1}B^∗K [34], D^⋆_s DK^∗(892)[35] and different heavy-heavy-light modes[16] have been studied.

In the present paper we calculate the Υ(1S)B^V_c B^{P S}_c strong coupling constat with QCD sum rules. In section 2, we introduce the QCD sum rules technique for completeness. Finally, numerical analysis and discussion are presented.

II. COUPLING CONSTANTS AND QCD SUM RULES

The three-point correlation function associated with the Υ(1S)B^V_c B^{P S}_c vertex is given by Π^{BP Sc}_{μν} (p^′, q) = i^2 ∫ d^4x d^4y e^{ip′·x} e^{iq·y}⟨0|T ( j^{BVc}_ν (x) j^{BP Sc} (y) j^{Υ†}_μ (0) ) |0⟩ (1)

for B^{P S}_c off-shell, and

Π^{BVc}_{μν} (p^′, q) = i^2 ∫ d^4x d^4y e^{ip′ ·x} e^{iq·y}⟨0|T ( j^{BP Sc} (x) j^{BVc}_ν (y) j^{Υ†}_μ (0) ) |0⟩ (2)

for B^V_c off-shell. Where q = p − p^′ is transferred momentum and T is the time ordering operator. The mesons can be described in terms of the quark contents as follows: j^{BVc}ν (x) = c(x)γ_ν b(x) j^{BP Sc} (y) = c(y)γ_5b(y) j^Υ_μ (0) = b(0)γ_μb(0) (3)

We aim to calculate the correlation functions in two different approaches. In phenomenological or physical side, they can be evaluated in terms of hadronic parameters such as masses, decay constants and coupling constants. In theoretical or QCD side, on the other hand, they are calculated in terms of QCD parameters, which are quark and gluon parameters, by means of the operator product expansion (OPE) in deep Euclidean region. By comparing the sufficient structures calculated in two different approaches of the same correlation function, a relation between hadronic parameters and QCD degrees of freedom can be found. Furthermore, the contribution of the higher states and continuum can be suppressed by applying double Borel transformation with respect to the variables, p^2 and p^{′2}.

Regarding the phenomenological approach, we insert the complete sets of Υ, B^V_c and B^{P S}_c states (with conserving the quantum numbers of corresponding interpolating currents) inside correlation functions (Eq.(1) and Eq.(2)). After integrating over x and y, we get the following result for the correlation function Eq.(1): Π^{BP SC}_{μν} (p^′, q) = ⟨0|j^{BVc}_ν |B^V_c (p^′, ϵ)⟩⟨0|j^{BP SC} |B^{P S}_C (q)⟩⟨B^V_c (p^′, ϵ)B^{P S}_C (q)|Υ(p, ϵ^′)⟩⟨Υ(p, ϵ^′)|j^Υ_μ |0⟩ (q^2 − m^2_{BP SC} )(p^2 − m^2_Υ)(p^{′2} − m^2_{BVc} ) + ... (4) where .... is the contribution of the higher states with the same quantum numbers and continuum states. The matrix elements of the above equation can be related to the hadronic parameters as follows: ⟨0|j^{BVc}ν |B^V_c (q, ϵ)⟩ = m_BV_c f_BV_c ϵ_ν ⟨0|j^{BP SC} |B^{P S}_C (p^′)⟩ = i m^2_{BP SC} f_BP S_C m_b + m_c ⟨Υ(p, ϵ^′)|j^Υ_μ |0⟩ = m_Υf_Υϵ^{∗′}_μ ⟨B^V_c (p^′, ϵ)B^{P S}_C (q)|Υ(p, ϵ^′)⟩ = ig^{BP Sc}_{ΥBP Sc BVc} ε^{αβθη}ϵ^∗_θϵ^′_ηp^′_β p_α (5) where g^{BP Sc}_{ΥBP Sc BVc} is form factor when B^{P S}_c is off-shell and ϵ. ϵ^′ are the polarization vectors of the B^V_c and Υ, respectively. Applying Eq. (5) in Eq. (4) and use the summation over polarization vectors withe help of the, ϵ_ν ϵ^∗_θ = −g_{νθ} + q_ν q_θ m^2_{BVc} , ϵ^′_j ϵ^{′ ∗}_μ = −g_{jμ} + p_j p_μ m^2_Υ

, (6)

The final result for the phenomenological or physical side for B^{P S}_C off-shell is as follows :

Π^{BP Sc}_{μν} (p^′, p) = −g^{BP SC}_{ΥBP Sc BVc} (q^2) f_Υf_BP S_C f_BV_c m^2_{BP SC} m_b+m_c mΥmB^Vc (q^2 − m^2_{BP SC} )(p^2 − m^2_Υ)(p^{′2} − m^2_{BVc} ) ε^{αβμν} p^′_βp_α + .... (7) The only structure appearing is ε^{αβμν} p^′_βp_α. We are going to compare the coefficient of this structure for further calculation from different approaches of the correlation functions. Note that, we can also present the similar expression of the phenomenological part of the correlation function when B^V_c meson is off-shell as follows:

Π^{BVc}_{μν} (p^′, p) = −g^{BVC}_{ΥBP Sc BVc} (q^2) f_Υf_BP S_C f_BV_c^m 2 BP S C m_b+m_c mΥmB^Vc (q^2 − m^2_{BVC} )(p^2 − m^2_Υ)(p^{′2} − m^2_{BP Sc} ) ε^{αβμν} p^′_β p_α + .... (8) Now, we will to calculate the correlation functions with theoretical(QCD) approach in deep Euclidean space (p^2 → −∞

FIG. 1. (a) and (b): Bare loop diagram for the B^{P S}_c and B^V_c off-shell, respectively;

and p^{′2} → −∞). Here, the correlation function, Π^i_{μν} (p^′, p), where i is either B^V_c or B^{P S}_c , consists of perturbative(bare loop see fig. (1) and non-perturbative parts(the contributions of two gluon condensate diagrams fig. (2) )as: Π^i_{μν} (p^′, p) = (Π_{per} + Π_{nonper} ) ε^{αβμν} p^′_β p_α, (9)

The perturbative part is a double dispersion integral as follows: Π_{per} = − 1 4π^2 ∫ ds^′ ∫ ds ρ(s, s^′, q^2) (s − p^2)(s^′ − p^{′2})

+ subtraction terms, (10)

FIG. 2. Two gluon condensate diagram as a radiative corrections for the B^{P S}_c off-shell;

here, ρ(s, s^′, q^2) is spectral density.

The aim is to evaluate the spectral density with the help of the bare loop diagrams (a) and (b) in Fig.(1) for B^V_c and B^{P S}_c off-shell, respectively. The method used based on Feynman parameterizations with several Double Borel Transformations (see also [36]). The Feynman amplitude for the diagram (a) is as follows: Π_{μν,(a)} = N_c ∫ d^4k (2π)^4 { T r [ i(k̸ + m_b) k^2 + m^2_b γ_ν i(p̸^′+ k̸ + m_c) (p^′ + k)^2 − m^2_c γ_5 i(p̸+ k̸ + m_b) (p + k)^2 − m^2_b γ_μ ] } , (11)

where; N_c = 3 is the number of colors.

Employed Feynman parameterization is as follows: 1 ABC = ∫_1 0 xdx ∫_1 0 dy 1 (A − B)xy + (B − C)x + C (12)

After performing the four-integral over k , Schwinger parameterization is used; 1 Δ^n = 1 Γ(n) ∫_∞ 0 dαα^{n−1}e^{−αΔ}, (13) to write the denominator in exponential form. As a result, Eq. (11) can be re-written as:

Π_{μν,(a)} = N_c (2π)^2

∫_1 0 xdx ∫_1 0 dy ∫_∞ 0 dαe^{−αΔ}(m_b(1 − xy) + m_cxy) (14) where Δ = [m^2_b (1 − xy) + m^2_c xy] − p^2xxy − p^{′2}xxy − q^2x^2yy, x = 1 − x and y = 1 − y.

Applying Double Borel Transformation ^B(M^2_1 ) ^B(M^2_2 ) on Π_{μν} that transforms p^2 → M^2_1 and p^2 → M^2_2 , with the following equation:

B_p2 e^{−αp2} = δ( 1 M^2

− α) , (15)

we get:

Π_{μν,(a)} = N_c 4π^2

∫_1 0 xdx ∫_1 0 dy ∫_∞ 0 dα[m_b(1 − xy) + m_cxy]e^{−α{[m2b (1−xy)+m2c xy]−q2 x2yy}}δ(σ_1 − αxxy)δ(σ_2 − αxxy) (16) where; σ_i = 1/M^2_i .

Performing integral over α and using exponential representation of the other delta function as: δ(x) = 1 2π ∫_∞ −∞ e^{ikx}dk (17) the acquired equation is;

Π_{μν,(a)} = N_c 8π^3

∫_1 0 dx x ∫_1 0 dy y ∫_∞ −∞ dk[m_b(1 − xy) + m_cxy]e^{−σ1{} m2 b (1−xy)+m2c xy xxy −^{q2 xy}_x +i^{yk}_y }eiσ_2 k (18) Then applying the Double Borel Transformation with respect to σ_1 and σ_2 with the following definition: B_σ e^{−ασ} = δ(s − α) , (19) after the Double Borel Transformation is applied, integral over k, y and x are performed, respectively. The spectral density is obtained as follows: ρ^{BP Sc} (s, s^′, q^2) = ρ^{BVc} (s, s^′, q^2) = N_c 2q^2λ^{3/2}(s, s^′, q^2) { 2q^2 log[r] { m_b(2sm^2_c + q^4 − q^2(s + 2s^′) + s^′(s^′ − s))

+ 2sm^2_b m_c + 2sm^3_b + sm_c(2m^2_c + q^2 − s + s^′) }

− √ λ(s, s^′, q^2)(m_b − m_c) (√ λ_1(q^2 + s − s^′) − √ λ(m^2_b , m^2_c , q^2)(q^2 + s − s^′) + 2s^′(q^2 + s) − (q^2 − s)^2 − s^{′2} ) } (20)

where λ(a1, a2, a3) = a1^2 + a2^2 + a3^2 − 2a1a3 − 2a2a3 − 2a1a2 , λ_1 = (m^4_b − m^2_c − s + s^′)^2 − 4m^2_b q^2 and r = (m^2_b − m^2_c )(q^2 + s − s^′) + √ λ_1λ(s, s^′, q^2) + q^2(s + s^′) − (s − s^′)^2 (m^2_b − m^2_c )(q^2 + s − s^′) + √ λ(m^2_b , m^2_c , q^2) √ λ(s, s^′, q^2) + q^2(q^2 − s − s^′)

(21)

To calculate the nonperturbative contributions in the QCD side, we can consider the gluon condensate diagrams and quark condensate diagrams. But, the heavy quark contributions can safely be neglected since their contributions are proportional with the inverse of the heavy quark mass. Therefore, as a nonperturbative part, we can consider contributions of the gluon condensates presented in (a), (b), (c), (d), (e) and (f) in Fig. (2).

These diagrams are calculated in the Fock–Schwinger fixed–point gauge[37–39] where we assume x^μA^a_μ = 0 for the gluon field A^a_μ. Then, the vacuum gluon field is as:

A^a_μ(k^′) = − i 2 (2π)^4G^a_{ρμ}(0) ∂ ∂k^′_ρ δ^{(4)}(k^′), (22)

where k^′ is the gluon momentum and the quark-gluon-quark vertex is used as: Γ^a_{ijμ} = igγ_μ ( λ^a 2 ) ij , (23)

Durring the calculation we come across the following two types of integrals: [40, 41]: I_0[a, b, c] = ∫ d^4k (2π)^4 1 [k^2 − m^2_b ]^a [(p + k)^2 − m^2_b ]^b [(p^′ + k)^2 − m^2_c ]^c ,

I_μ[a, b, c] = ∫ d^4k (2π)^4 k_μ [k^2 − m^2_b ]^a [(p + k)^2 − m^2_b ]^b [(p^′ + k)^2 − m^2_c ]^c

, (24)

where k is the momentum of the spectator quark b. These integrals can be calculated by flipping to Euclidean space–time and using Schwinger representation for the Euclidean propagator 1 (k^2 + m^2)^n = 1 Γ(n) ∫_∞ 0 dα α^{n−1}e^{−α(k2 +m2)} , (25) this kind of expression is very suitable for the Borel transformation since

B_{p̂}2 (M^2)e^{−αp2} = δ(1/M^2 − α) . (26) where M is so called Borel parameter. Performing integration over loop momentum and over the two parameters which we have used in the exponential representation of propagators [38], and applying double Borel transformations over p^2 and p^{′2}, the Borel transformed form of the integrals in Eq. (24) are calculated (see [38]): Î_0(a, b, c) = i (−1)^{a+b+c} 16π^2 Γ(a)Γ(b)Γ(c)

(M^2_1 )^{2−a−b}(M^2_2 )^{2−a−c} U_0(a + b + c − 4, 1 − c − b) , Î_{0μ}(a, b, c) = Î_1(a, b, c)p_μ + Î_2(a, b, c)p^′_μ , (27) where

Î_1(a, b, c) = i (−1)^{a+b+c+1} 16π^2 Γ(a)Γ(b)Γ(c)

(M^2_1 )^{2−a−b}(M^2_2 )^{3−a−c} U_0(a + b + c − 5, 1 − c − b) ,

Î_2(a, b, c) = i (−1)^{a+b+c+1} 16π^2 Γ(a)Γ(b)Γ(c)

(M^2_1 )^{3−a−b}(M^2_2 )^{2−a−c} U_0(a + b + c − 5, 1 − c − b) , (28)

and M^2_1 and M^2_2 are the Borel parameters. The function U_0(α, β) is as follows:

U_0(a, b) = ∫_∞ 0 dy(y + M^2_1 + M^2_2 )^ay^b exp [ − B_{−1} y − B_0 − B_1y ] , where

B_{−1} = 1 M^2_1 M^2_2 [ m^2_c M^4_1 + m^2_b M^4_2 + M^2_2 M^2_1 (m^2_b + m^2_c − q^2) ] , B_0 = 1 M^2_1 M^2_2 [ (m^2_b + m^2_c )M^2_1 + 2M^2_2 m^2_b ] , B_1 = m^2_b M^2_1 M^2_2

. (29)

Hat in above equations indicates the results of integrals after the double Borel transformation. As a result of the lengthy calculations we get the following expressions for the two gluon condensate contributions as radiative corrections: Π^{BVc}_{nonper} = 2πα_s⟨G⟩^2 3 (6m_b^3(Î_0(1, 4, 1) − Î_1(4, 1, 1) + Î_2(1, 4, 1)) + m_b(6m^2_c (Î_0(1, 1, 4) + Î_2(1, 1, 4)) + 3Î_0(1, 2, 2) + 6Î_0(1, 3, 1) − Î_0(2, 1, 2) − Î_0(2, 2, 1) + 2Î_1(1, 2, 2) + 6Î_1(1, 3, 1) − 6Î_1(3, 1, 1) + 3Î_2(1, 2, 2) + 6Î_2(1, 3, 1) − Î_2(2, 1, 2) − Î_2(2, 2, 1)) + 6m_b^2m_c(Î_1(4, 1, 1) − Î_2(1, 4, 1)) + m_c(−6m^2_cÎ_2(1, 1, 4) − 6Î_2(1, 1, 3) − 3Î_2(1, 2, 2) + Î_2(2, 1, 2) + Î_2(2, 2, 1))) (30) for B^V_c off-shell and Π^{BP Sc}nonper = − 2πα_s⟨G⟩^2 3 (6m_b^3(Î_0(1, 4, 1) − Î_1(4, 1, 1) + Î_2(1, 4, 1)) + m_b(6m^2_c (Î_0(1, 1, 4) + Î_2(1, 1, 4)) − Î_0(1, 2, 2) + 6Î_0(1, 3, 1) + Î_0(2, 1, 2) − Î_0(2, 2, 1) + 6Î_1(1, 3, 1) − 2Î_1(2, 1, 2) − 6Î_1(3, 1, 1) − Î_2(1, 2, 2) + 6Î_2(1, 3, 1) + Î_2(2, 1, 2) − Î_2(2, 2, 1)) + 6m_b^2m_c(Î_1(4, 1, 1) − Î_2(1, 4, 1)) + m_c(−6m^2_cÎ_2(1, 1, 4) − 6Î_2(1, 1, 3) + Î_2(1, 2, 2) − 3Î_2(2, 1, 2) + Î_2(2, 2, 1))) (31) for B^{P S}_c off-shell.

We apply the double Borel transformations with respect to the p^2(p^2 → M^2) and p^{′2} → (p^{′2} → M^{′2}) to the physical side as well as the perturbative and non-perturbative part of the theoretical side. Now, we can compare the coefficient of the selected structure from both sides(physical sides and QCD side). Our results related to the sum rules for the corresponding form factors are as follows:

g^i_{ΥB}P S_{c BcV} (q^2) =

(q^2 − m^2_{(i)})

f_Υf_BP S_C f_BV_c m^2_{BP S} C m_b+m_c mΥmB^Vc e^m 2 Υ M 2 e m2 (j) M ′2 [ 1 4 π^2 ∫_{s0} 4m^2_b ds ∫_s′_0

(m_b+m_c)^2

ds^′ρ^{(i)}(s, s^′, q^2)

θ[1 − (f^{(i)}(s, s^′))^2]e^{−s}M^2 e^{−s} ′ M ′2 + Π(i)nonper ] , (32)

i and j are either B^{P S}_c or B^V_c where we required (i ≠ j). Iis worth mentioning that the double Borel transformation used during the calculations is as follows:

B̂ 1 (p^2 − m^2_1)^m 1 (p^{′2} − m^2)^n → (−1)^{m+n} 1 Γ(m) 1 Γ(n) e^{−m21/M 2} e^{−m2/M ′ 2} 1 (M^2)^{m−1}(M^{′ 2})^{n−1}

. (33)

III. NUMERICAL ANALYSIS

In this section we calculate the value of the strong coupling constants. In foregoing numerical analyses, we use, m_BP S_c = (6.277 ± 0.006) GeV [18], m_BV_c = (6.74 ± 0.10) GeV [14], m_Υ = (9.460 ± 0.26) GeV [18], m_c = 1.3 GeV , m_b = 4.7 GeV [42], f_Υ = (746 ± 62) MeV [13], f_BV_c = (810 ± 100) MeV [14] and f_BP S_c = (400 ± 40) MeV [17].

We also need the value or range of the auxiliary parameters i.e, the continuum thresholds( s_0 and s^′_0) and the Borel mass parameters( M^2 and M^{′2}). Our results are required to be weakly dependent on them or independent of them. Then, we search for working regions of these auxiliary parameters where the dependence of the form factors is weak. We also look for the working regions for the Borel mass parameters M^2 and M^{′2} requiring that both the contributions of the higher states and continuum be mainly suppressed and the contributions coming from higher dimensions operators be ignorable. With the aforementioned conditions, we get, 15 GeV^2 ≤ M^2 ≤ 30 GeV^2 and 10 GeV^2 ≤ M^{′2} ≤ 25 GeV^2 for both B^{P S}_c and B^V_c off-shell associated with the ΥB^{P S}_c B^V_c vertex. The dependence of form factors on Borel parameters for B^V_c off-shell are shown in Figs.(3 and 4). These figures indicate the weak dependency of form factors B^V_c off-shell in terms of the Borel mass parameters in the working regions. We find the similar behaviour for the B^{P S}_c off-shell case, but we find it unnecessary to the related figures.

FIG. 3. g^{BVc}_{ΥBVc BP Sc} (Q^2 = 25 GeV^2) as a function of the Borel mass M^2. The continuum thresholds, s0 = 99.2 GeV^2,

s^′_0 = 48.68 GeV^2 and M^{′2} = 15 GeV^2 are used.

The continuum thresholds, s_0 and s^′_0 are obtained on the condition that they are not be greater than the energy of the first excited states with the same quantum numbers. Then in our numerical calculations the following regions for

FIG. 4. g^{BVc}_{ΥBVc BP Sc} (Q^2 = 25 GeV^2) as a function of the Borel mass M^2. The continuum thresholds, s0 = 99.2 GeV^2, s^′_0 = 48.68 GeV^2 and M^2 = 20 GeV^2 are used.

s and s^′ channels are used: (m_Υ + 0.3)^2 ≤ s_0 ≤ (m_Υ + 0.5)^2 in s channel for both off-shell cases and (m_BP S_C + 0.3)^2 ≤ s^′_0 ≤ (m_BP S_C + 0.7)^2 and (m_BV_c + 0.3)^2 ≤ s^′_0 ≤ (m_BV_c + 0.7)^2 for the case when B^{P S}_c and B^V_c are off-shell states in s′ channel, respectively. Note that, we follow the procedure in the QCD sum rules where the continuum thresholds, Borel mass parameters and q^2 are independent from each other. However, some uncertainties occur with this standard assumption(see for instance [43]).

We study dependence of the form factors on q^2 with the values of auxiliary parameters by using these working regions. We have found that our numerical results are very well described by the following fit function:

g^i_{ΥB}V_{c B}P S_c (Q^2) = ae^{−bQ2} + c (34)

where Q^2 = −q^2, i stands for B^{P S}_c and B^V_c off-shell cases and the value of a, b and c are given in table I. The generic behaviour of this function for B^V_c off-shell and B^{P S}_c off-shell cases is shown in fig.(5).

The coupling constants are the numerical values of form factors at Q^2 = −m^2_{meson} (see also [22]), where m_{meson} is the mass of the on shell mesons.

TABLE I. Value of a, b and c for fit function for B^{P S}_c and B^V_c off-shell cases B^V_c off-shell B^{P S}_c off-shell a 1.21 0.97 b 0.034 0.042 c 1.36 0.73

Using Q^2 = −m^2_{BP Sc} in Eq. (34), the g^{BP Sc}_{ΥBVc BP Sc} = 1.67 ± 0.52 GeV^{−1} and g^{BVc}_{ΥBVc BP Sc} = 0.87 ± 0.25 GeV^{−1} are obtained for B^{P S}_c and B^V_c off-shell cases, respectively. The average of the values of the coupling constants for B^V_c and B^{P s}_c off-shell cases, i.e., g_{ΥB}V_{c B}P S_c is as follows:

g_{ΥB}V_{c B}P S_c = (1.27 ± 0.34) GeV^{−1}. (35)

The errors in our numerical calculation result from the interval of the working regions for the auxiliary parameters as well as the uncertainties of the input parameters.

FIG. 5. g^{BVc}_{ΥBVc BP Sc} as a function of Q^2. Red and blue lines are for B^{P S}_c and B^V_c off-shell cases, respectively.

IV. ACKNOWLEDGEMENT

The authors are grateful to K. Azizi for their useful discussions.

[1] P. del Amo Sanchez et al., (BABAR Collaboration), SLAC-PUB-14090, BABAR-PUB-10-005, May 2010, arXiv:1005.1096 [hep-ex].

[2] D. Acosta et al., (CDF Collaboration), Phys.Rev. D71, 032001 (2005); Phys.Rev. Lett.94, 101803 (2005); T. Aaltonen, et al., (CDF Collaboration), Phys. Rev. Lett. 100, 082001(2008).

[3] Q. -L. Liao, X. -G. Wu, J. Jiang, Z. Yang, Z. -Y. Fang and J. -W. Zhang, Phys. Rev. D 86, 014031 (2012) [arXiv:1204.2594 [hep-ph]].

[4] N. Brambilla et al., CERN-2005-005, (CERN, Geneva, 2005), arXiv:hep-ph/0412158. [5] E. Eichten et al., Rev. Mod. Phys. 80, 1161 (2008) arXiv:hep-ph/0701208.

[6] S. Eidelman, H. Mahlke-Kruger, and C. Patrignani, in C. Amsler et al. (Particle Data Group), Phys. Lett. B667, 1029 (2008).

[7] S. Godfrey and S.L. Olsen, Ann. Rev. Nucl. Part. Sci. 58 51 (2008), arXiv:0801.3867 [hep-ph]. [8] T. Barnes and S.L. Olsen, Int. J. Mod. Phys. A24, 305 (2009).

[9] G.V. Pakhlova, P.N. Pakhlov, and S.I. Eidelman, Phys. Usp. 53 219 (2010), [Usp. Fiz. Nauk 180 225 (2010)]. [10] N. Brambilla et al., Eur. Phys. J. C71, 1534 (2011) arXiv:1010.5827 [hep-ph]. [11] V. Bashiry, Phys. Rev. D 84, 076008 (2011) [arXiv:1109.5212 [hep-ph]].

[12] V. Bashiry, K. Azizi and S. Sultansoy, Phys. Rev. D 84, 036006 (2011) [arXiv:1104.2879 [hep-ph]]. [13] E. V. Veliev, K. Azizi, H. Sundu, G. Kaya and A. Turkan, Eur. Phys. J. A 47, 110 (2011) [arXiv:1103.4330 [hep-ph]]. [14] Z. -G. Wang, arXiv:1203.6252 [hep-ph].

[15] B. Osorio Rodrigues, M. E. Bracco, M. Nielsen and F. S. Navarra, Nucl. Phys. A 852, 127 (2011) [arXiv:1003.2604 [hep-ph]]. [16] H. Sundu, J. Y. Sungu, S. Sahin, N. Yinelek and K. Azizi, Phys. Rev. D 83, 114009 (2011) [arXiv:1103.0943 [hep-ph]]. [17] E. V. Veliev, K. Azizi, H. Sundu and N. Aksit, J. Phys. G 39, 015002 (2012) [arXiv:1010.3110 [hep-ph]]. [18] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012) [19] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B 147, 385 (1979). [20] M. E. Bracco, A. Cerqueira Jr., M. Chiapparini, A. Lozea, M. Nielsen, Phys. Lett. B 641, 286-293 (2006). [21] Z. G. Wang, S. L. Wan, Phys. Rev. D 74, 014017 (2006).

[22] B. O. Rodrigues, M. E. Bracco, M. Nielsen, F. S. Navarra, arXiv:1003.2604v1[hep-ph]. [23] F.S. Navarra, M. Nielsen, M.E. Bracco, M. Chiapparini and C.L. Schat, Phys. Lett. B 489, 319 (2000). [24] F. S. Navarra, M. Nielsen, M. E. Bracco, Phys. Rev. D 65, 037502 (2002).

[25] M. E. Bracco, M. Chiapparini, A. Lozea, F. S. Navarra and M. Nielsen, Phys. Lett. B 521, 1 (2001). [26] R.D. Matheus, F.S. Navarra, M. Nielsen and R.R. da Silva, Phys. Lett. B 541, 265 (2002). [27] R. D. Matheus, F. S. Navarra, M. Nielsen and R. Rodrigues da Silva, Int. J. Mod. Phys. E 14, 555 (2005). [28] Z. G. Wang, Nucl. Phys. A 796, 61 (2007); Eur. Phys. J. C 52, 553 (2007); Phys. Rev. D 74, 014017 (2006). [29] F. Carvalho, F. O. Duraes, F. S. Navarra and M. Nielsen, Phys. Rev. C 72, 024902 (2005). [30] M. E. Bracco, M. Chiapparini, F. S. Navarra and M. Nielsen, Phys. Lett. B 605, 326 (2005). [31] M. E. Bracco, A. J. Cerqueira, M. Chiapparini, A. Lozea and M. Nielsen, Phys. Lett. B 641, 286 (2006). [32] L. B. Holanda, R. S. Marques de Carvalho and A. Mihara, Phys. Lett. B 644, 232 (2007). [33] M. E. Bracco, M. Chiapparini, F. S. Navarra and M. Nielsen, Phys. Lett. B 659, 559 (2008). [34] Z. G. Wang, Phys. Rev. D 77, 054024 (2008).

[35] K. Azizi and H. Sundu, J. Phys. G 38, 045005 (2011) [arXiv:1009.5320 [hep-ph]]. [36] V. A. Nesterenko, A. V. Raryushkin, Sov. J. Nucl. Phys. 39, 811 (1984). [37] V. A. Fock, Sov. Phys. 12, 404 (1937). [38] J. Schwinger, Phys. Rev. 82, 664 (1951). [39] V. Smilga, Sov. J. Nucl. Phys. 35, 215 (1982). [40] T. M. Aliev, M. Savci, Eur. Phys. J. C 47 (2006) 413.

[41] V. V. Kiselev, A. K. Likhoded, A. I. Onishchenko, Nucl. Phys. B 569 (2000) 473. [42] B. L. Ioffe, Prog. Part. Nucl. Phys. 56, 232 (2006).

[43] W. Lucha, D. Melikhov and S. Simula, Phys. Rev. D 79, 0960011 (2009).